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:.PREFACE

This book is a. general reference on the theory and application of passive non-
destructive, assay (NDA) techniques, or .PANDA. It is part of a four-volume set on
nuclear material measurement and accountability sponsored. by the US. Nuclear.Reg-
ulatory Commission (NRC). Although we discuss a few active NDA techniques, they
have been treated in detail in another book in the NRC series authored by T. Gozani.

The. book's intended audience: ranges from NDA neophytes to .experienced practi-
tioners. While the major motivation to write this book was provided by the NRC,
there has. long been a desire at Los Alamos. to prepare a. text of this kind., Many of the
techniques and instruments described herein were developed :at Los Alamos, and we
welcome. the opportunity to describe the techniques more completely than is. possible
in reports or papers.

We hope that you will find this text a useful and lasting reference tothe interesting
subject of passive NDA.

Doug Reilly, Norbert Ensslin, and Hastings Smith, Jr.
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Introduction:

The term nondestructive assay (NDA) is applied to a series of measurement tech-
niques for nuclear fuel materials. The techniques measure radiation induced or emitted
spontaneously from the nuclear material; the measurements are. nondestructive in that
they do not alter the physical or chemical state of the nuclear material. In some
cases, the emitted radiation is unique to the isotope(s) of interest and the radiation
intensity can often be related to the mass of the isotopes. Other techniques to mea-
sure nuclear material involve sampling the material and analyzing the sample with:
destructive chemical procedures. NDA obviates the need for sampling, reduces oper-
ator exposure, and is much faster than chemical assay; unfortunately NDA is usually
less accurate than chemical assay. The development of NDA reflects a trend toward
automation and workforce reduction that is occurring throughout our society. NDA
measurements are applied in all fuel-cycle facilities for material accounting, process
control, criticality control, and perimeter monitoring.

The original impetus for NDA development was the need for increased nuclear
material safeguards. As safeguards. agencies throughout the world needed more nu-
clear material measurements, it became clear that rapid measurement methods were
required that would not alter the state of nuclear material items. Development efforts
to address these needs were supported by the US Nuclear Regulatory Commission, the
Department of Energy, and the International Atomic Energy Agency. Rapid nonde-
structive measurement techniques are required by the safeguards inspectors who must
verify the inventories of nuclear material held throughout the world.

NDA techniques are characterized as passive or active depending on whether they
measure radiation from the spontaneous decay of the nuclear material or radiation
induced by an external source. This book emphasizes passive NDA techniques, al-
though certain active techniques like gamma-ray absorption densitometry and x-ray
fluorescence are discussed here because of their intimate relation to passive assay
techniques.

The principal NDA techniques are classified as gamma-ray assay, neutron assay,
and calorimetry. Gamma-ray assay techniques are treated in Chapters 1-10. Chapters
1-6 deal with basic subjects including the origin of gamma rays, gamma-ray interac-
tions, detectors, instrumentation, and general measurement principles. Chapters 7-10
cover applications to uranium enrichment, plutonium isotopic composition, absorption
densitometry, and x-ray fluorescence.
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Neutron assay techniques are the subject of Chapters 11-17. Chapters 11-13 cover
the origin of neutrons, neutron. interactions,. arid. neutron detectors.. Chapters 14-17
cover the theory and applications of total and coincidence neutron counting.

Chapter 18 deals with the assay of irradiated nuclear fuel, which uses both gamma-
ray and neutron assay techniques. Chapter 19 covers perimeter monitoring, which uses
gamma-ray and neutron detectors of high sensitivity to check that no unauthorized
nuclear material crosses a facility boundary. The subject of Chapter. 20 is attribute and
semiquantitative measurements. The goal of these measurements is a rapid verification
of the contents of. nuclear material containers to assist physical inventory verificatiOns.
Waste auid'holidup measurements :are also treated in this chapter. Chapters 21: and'22
cover caorimet theory and application, andChapter 231 is: brief aPlication guide
to ilustrate which techiques can be usedd to: solve certain me.surement problems.
Appendices A- contain infoation on statistical treatmhent ofa: data, radiation
safetyandon criticaiti safety..
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The Origin of Gamma Rays

Douglas Rel..

1.1 GAMMA RAYS AND THE ELECTROMAGNETIC
SPECTRUM

Gamma rays are high-energy electromagnetic radiation emitted in the deexcitation
of the atomic nucleus. Electromagnetic, radiation includes' such diverse phenomena
as radio, television, microwaves, infrared radiation, light, ultraviolet radiation, x rays,
and gamma rays. These radiations all propagate' through vacuum with the speed of
light. They can be described as wave phen'omena involving electric and magnetic field
oscillations analogous to mechanical oscillations such as water waves or sound. They
differ from each other only in the frequency of oscillation. Although given different
names, electromagnetic radiation actually forms a continuous spectrum, from low-
frequency radio waves at a few cycles per second to gamma rays ai 10i 8 I Hz and
above (see Figure 1.1). The parameters used to describe 'an electromagnetic wave-
frequency, wavelength, and energy-are related and may be used interchangeably. it is
common practice to use frequency 6i wavelength for radio waves, colorior wavelength
for light waves (including infrared and ultraviolet), and energy for x rays and gamma
rays.

Frequency Wavelength Energy
(liz) (meters) (electron Volts)

Gowan --ys .-1-1(1 Uev)

l-1 .I1o'(1 keV)
loll- UIltavllet

10 % ,\\ V-silie. I (1 OV)

101 - :i " •

Short Rollo Wav es 1 .2

. . . . ." 1 9 -- l : -- 1 .0

-- 10=
I kiaot I1d Loag ftdio We-o

1O Power Lima

Fig. 1.1 The electromagnetic spectrum showing the
relationship between gamma rays, x rays,
light waves, and radio waves.
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Visible light is emitted during changes in the chemical state of elements and com-
pounds. These changes usually involve the outermost and least tightly bound atomic
electrons. The colors of the emitted light are characteristic of. the radiating elements
and compounds and typically have energies of about 1 eV.* X rays and gamma rays
are very high energy -light with: overlapping" energy ranges of 10 keV and above. X
rays are emitted during changes in the state of inner or more tightly bound electrons,
whereas gamma rays are emitted during changes in the state of nuclei. The energies
of the emitted radiations are characteristic of the radiating elements and nuclides.

Knowledge of theseihigh-energy:electromagnetic radiations began-in Germany in
1895 with the discovery of x rays by Wilhelm Roentgen. After. observing that a zinc
sulfide screen glowed when it was placed near a cathode-ray discharge tube, Roentgen
found:that the radiation that caused the glow was dependent onthe electrode materials
andthe tube voltagel ht it was not bent eby ectricrthimagnetic fields, and that it could
readily • netratedendsepatter. Natural radioactiVity wasjdiscovyrd the following year
in France by Henin Becquerel, who observed that salis gave off a natural
radiation that: ctuld expose or. blacken a photographic plate. While studying these
phenomena, Marie and Pierre Curie isolated and identified the radioactive elements
polonium and radium. They determined that the pihenomena were characteristic of the
element, not its,chemical form.

Tese: "radioactive :rays". were, intensely studied in many laboratories. In 1899
in England, Erriest RutherfOrd discovered that 95% of the radiation was effectively
stop ' by 0.02 mm of aluminum and 50% of the remaining radiation was stopped
byi 5mam of aluminum or "1.5: mm of copper. .Rutherford nam the first component
alpa and the second, more penetratng radiation,"bet" .Both of these radiations

were tleflected :by electric alnd magnetic fields,- though inopposite directions; this
fact: indicated that the radiations carried elctrical charge. In 1900: Paul Villard and
Henri Becquerel notedt!hat a photographic plate was affected by, radioactive materials
even when .the plate was shield by. 20 cm of .in or . 2 to 3 cm of lead. They
also noted that this penetrating radiation showed no magnetic deflection. In 1903
Rutherford named this component "gamma" and stated that "gamma rays are probably
like Roentgen rays." Thus the thivee major radiations were identified and named for
the first three letters of the Greek alphabet: a, ( and -y.

As indicated by the brief description of their discovery, gamma rays often accom-
pany the spontaneous alpha or be4 dgcay of unstable nuclei. X rays are identical to
gamma rays except that they are emitted during rearrangement of the atomic elec-
tron structure rather than changes in nuclear structure. X-ray energies are unique to
each element but the same for different isotopes o6'. on element. They frequently
accompany nuclear decay: processes,. which 1dirpt .he atomic electron shell.

The electron volt (eV) is a unit of energy equal to the kinetic energy gained by an electron
accelerated through a potential diffeiencelof 1 V; I eV equals 1.602 x 10-19 J. This small
unit and the multiple units keV (10. eV) and MeV (106 eV) are useful for describing atomic
and molecular phenomena.,
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Gamma rays from spontaneous nuclear decay are emitted with a rate and energy
(color) spectrum that is unique to the nuclear species that is decaying: This uniqueness

provides the basis for most gamma-ray assay. techniques: .by counting the number of
gamma rays emitted with a specific energy, it is possible* to determine the number of
nuclei that' emit'that characteristic radiation.

1.2 CHARACTERISTICS OF NUCLEARDECAY

1.2.1 Nuclear Decay Processes: Geneali.

The atomic nucleus is assumed to be a bound configuration of protons and neutrons.
Protons and neutrons, have nearly the, same mass andi differ principally in. charge:
protons have a positive charge of 1 and neutrons are electrically neutral. Different
elements have nuclei with different numbers: of neutrons and protons.. The number of
protons in the nucleus is called the atomic number and given the symbol Z. In the
neutral atom, the number of protons is equal to the number of electrons. The: number
of neutrons'in the nucleus is given the symbol N. The total number of nucleons
(protons and neutrons) in the nucleus is called;the atomic mass number and given the
symbol A (A = Z.+ N). . .

For all nuclear decay processes, the number of! unstable nuclei of a' given species
is found to diminish exponentially with time:

n = no e-At (1-1)

where n = number of nuclei of a given species at time t
no= number of nuclei at t = 0
A = decay constant, the parameter characterizing the exponential.

Each nuclear species has a characteristic decay constant. Radioactive decay is most
commonly discussed in terms of the nuclear half-life, T11/ 2, which is related to the
decay constant by

Ti/2 = (en 2)/A. . (1-2)

The half-life is the time necessary for the number of unstable nuclei of one species to
diminish by one-half. (Half-lives are commonly tabulated in nuclear data tables). The
decay rate or specific activity can be represented in terms of the* half-life as follows:

1.32 x 10 16AT1 R2 =.(1-3)
A T1/2

where R = rate in decays per second per gram
A = atomic weight
T1/2= half-life in years.

Equation 1-3 is often used to estimate the activity per gram of a sample.
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An alpha or beta decay of a given nuclear species is not always accompanied
by gamma-ray emission. The fraction of decays that is accompanied by the emission

of a specific energy gamma ray is called the branching intensity. For. example, the
most intense gamma ray emitted by 235U has an energy of 185.7 keY and a branching
intensity of 54%. Uranium-235 decays by alpha-particle emission .with a half-life of
7.038 X 108 yr. Equation 1-3 thus implies an alpha emission rate of 7.98 x 104/
g-s. Only 54% of the alpha particles are accompanied by a- 185.7-keV gamma ray;
therefore, the specific activity of this gamma ray isA4.3 × 104/g-s.

Of the natural decay radiations only the gamma ray is of interest for nondestructive
assay of bulk nuclear materials because the alpha- and beta-particle ranges are very
short in condensed matter. Consider the following ranges in copper metal:

5-MeV a: 0.01 mm or 0.008 g/cm2

1-MeV A: 0.7 mm or 0.6 gkcm 2

0.4O-MeV -y: 12 mm or 10.9 g/cm2 (mean free path).

1.2.2 Alpha Decay

The alpha particle is a doubly ionized (bare) 4He 2 nucleus. It is a very stable,
tightly bound nuclear configuration. When a nucleus decays by alpha emission, the
resulting:daughter nucleus has a charge that is two units less than the parent nucleus
and an atomic mass that is four units less. This generic reaction can be represented
as follows:

AXz -, A- 4Xz_2+ 4He2 . (1-4)

The decay can occur only if the mass of the neutral parent atom is greater than the
sum of the masses of the daughter and the neutral 4He atom. The mass difference
between the parent and the decay products is called the Q-value and is equal to the
kinetic energy of the decay products:

Q = (Mp Md - MHe)C2  (1-5)

where Mp,d,He = neutral atomic mass.of the parent, daughter, and "He atom
c = velocity of light.

When the parent nucleus decays, most of the energy Q goes to the alpha particle

because of its lower mass:

Ea = Q(A - 4)/A. (1-6)

The remainder of the available energy goes into the recoil of the daughter nucleus..
Most of the approximately 160 known alpha emitters are heavy nuclei with atomic

numbers greater than 82. The energy of the emitted alpha particle ranges from 4 to
10 MeV and the half-lives vary from 10-6 s:to 1010 yr. The short-lived nuclei emit

high-energy alpha particles when they decay.
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Immediately after the decay of the parent nucleus, the daughter nucleus can be either
in the ground state or in an excited state. In the latter case the nucleus can relax by
either of two mechanisms: gamma-ray emission or internal conversion. The radiative
relaxation leads. to emission of one or more gamma rays (typically, ..10- " s after
the alpha emission).with discreet energies whose sum equals the original excitation
energy. During internal conversion the nucleus transfers the excitation energy directly
to one of the most tightly bound atomic electrons, usually a K electron. The electron
leaves the atom with an energy equal to the difference of the, transition energy and
the electron binding. energy. The resulting vacancy leads to the emission of x rays
or: electrons.: called Auger electronsi with: the characteristic energy spectrum of the
daughter element. The probability of' internal conversion increases strongly with
atomic number (Z) and with decreasing excitation energy.

In some cises :the alpha decay leads to an excited state that lives much longer than
10-14 s. If the lifetime of this state is longer than :approximately 10- 6 s, it is called
an isomer of the grourid-state, nucleus. An; example of an isomer. is the alpha decay
of 239pu that leads to..235U:

S2319PU -23'5mU (26 min 99.96%) 235U

239pu-- 23 5U(0.04%). (1-7)

The common decay mode of 2 39
Pu leads first to the isomer 2 3 5AU, which has a

half-life of 26 min. The direct decay to 2U occurs only 0.04% of the time. One of
the longest lived isomers is 1mNbl, with:- a half-life of 60 days.

All the alpha particles, gamma rays,.and internal conversion electrons emitted dur-
ing the decay process have discreet, characteristic energies. The observation of these
characteristic :spectra showed that nuclei have discreet allowed, states or energy lev-
els analogous to the allowed states of atomic electrons. The various spectroscopic
observations have provided infornation. for -developing the nuclear level schemes pre-
sented in handbooks:such as the Table9Of lsotopes (Ref. 1). An example appears
in Figure l.i showing the lower energy levels of .235U. populated during the alpha
decay of 23gPu. These levels give .rise*:itthe characteristic gamma-rayspectrum of
23 gPU. Note that the characeristic gamma-'ray spectrum is commonly associated with
the parent or decaying nucleus even ihough the energies are' determinied by the levels
of the daughter nucleus. Although.tSis practice may seem confusing,: it is universally
followed for gamma rays. The co6rnfusion iisfurth ggravated by the 'common use of
x-ray nomenclature that associates :the characteristic x rays.with the daughter element.
Hence the alpha decay of 2 3 9 Pu leads t6: 25 U and is accompanied by ithe emission of2 agPU gammarays and uranium x rays.- :"

1.2.3 Beta Decay

In the beta decay process the atomic number (Z) increases or decreases by one
unit and the atomic mass number (A) stays constant. In effect, neutrons and protons
change state. The three types of beta decay are 03-, 3•-, and electron capture.



)

,- 2;41x104 y-

tz$

Fig. 1.2 Diagram of some of the nuclear energy levels of 235 U. The.wlevels are populated during the decay of 2q pu
and give rise to the characteristic gamma-ray spectrum of 239Pu. Figure adapted from Ref. 1.
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Beta-minus decay was the first detected process; the -7 particle was'found to be a
normal electron. During the decay process the nucleus changes state according to the
following formula:

AXZ * AXz+ +e- (1-8)

The )3- decay process can be thought of as the decay of a neutron into a proton,
an electron, and an electron antineutrino. The decay. is energetically possible for a
free neutron and occurs with a half-life of 12.8 Min. This is the common beta-decay
process for nuclei with high atomic number and: for fission-Vroduct nuclei, which
usually have significantly more neutronsothan protons.

During /3+ decay the nucleus changes state according to the following formula:

AXz Axz_ 1 +e+'+z/e. (1-9)

Electron capture 'competes with the 6+ decay process. The nucleus interacts. with an
inner atomic electron and, in effect, captures it, changing a proton into-a neutron with
the emission of a positron and an electron neutrino. The forpmula' for this process, is

AXz +e- AXzI-+ .v (1-10)

All unstable nuclei with atomic number less than 82 decay by at least one of the three
processes and sometimes by all three: (see Figure 1.3). Beta decay occurs whenever
it is energetically possible. It is: energeiically possible if the following conditions are

.met for .the masses of the neutral. parent atoms (p) and the potential daughter atom
(d):

0- decay: M,> M d

0T+ decay: M,> Md + 2m.

Electron capture: M,> Md. (1-11)

S 6 4
u29

EC ..

7EC
Y ~64Zn

64.Ni2 8

Fig. 1.3 Nuclear decay scheme of 64Cu showing three possible
beta decay processes.
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Beta decay can be to the ground state or to an excited state in the daughter nucleus. In
the latter case the excited state decays by gamma-ray emission or internal conversion.

1.3 X-RAY PRODUCTION

1.3.1 The Bohr Model of the Atom

In the'simple Bohr model of the atom, the positive nucleus contains protons and
neutrons and has an approximate radius of 1.4 x 10-15 (A'/ 3 )m and an approximate
density of 2 x 1014 g/cm 3. The nucleus is surrounded by a cloud of negative electrons
in discrete, well-defined energy levels or orbitals. The radii of these orbitals are in
the range 10-' to 10-8 m. The original Bohr model had well-localized orbits and led
to the familiar planetary diagram of the atom. Although not accepted at present, this
concrete model is, useful for explaining x-ray production.

The different enegy levels are designated K, LI, L2, L3, M1, ... , M5, and so forth.
(As an example, consider the electron energy levels of uranium illustrated in Figure
1.4.) The electric force between an electron and the positively charged nucleus varies
as the inverse square of the separation; therefore, the electrons closer to the nucleus
have a higher binding energy B,. The binding energy is the energy required to remove
the electron from the atom. The K-shell electrons are always the most tightly bound.
Quantum mechanics gives a good description of the energies of each level and -how
the. levels fill up for different elements. The chemical properties of the elements are
determined by the electron configuration.

In its normal resting configuration the atom is stable and does not radiate. If an
electron moves from a higher to a lower energy level, it radiates an x ray.

URANIUM LEVEL ENERGY (keV)

L 3  17.168

L 2 20.948

-L 121.758

K CC K a 2

K 115.61

Fig. 1.4 Electron energy levels in uranium. Transitions be-
tween the levels shown give rise to the K-series x
rays.
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1.3.2 X-Ray Production Mechanisms

Various interactions ionize or remove an electron from an atom. All energetic,
charged particles interact with electrons as they pass through matter. X-ray and
gamma-ray photons also interact with atomic electrons. Nuclear interactions such as
internal conversion:or electron capture can cause the ionization of atomic electrons.

When an electron leaves an atom, the atom is in an excited state, with energy, B. by
virtue of the vacancy in the i&h electron level. This vacancy may be filled by a more
loosely bound electron from an outer. orbital:, the jth level. The change in energy level
is accompanied' by the emission of an:x !ray with: energy B. - Bj or by the emission
of an Auger electron with energy Bi - 2B,. In the latter case the atom transfers, its
excess energy directly to an electron in an outer orbital. The fraction of vacancies in
level i that result in x-ray emission. is defined as the .fluorescence yield W,. Figure
1.5 shows the variation of the K-shell fluorescence yield with atomic number. X-ray
emission is more probable for high-Z elements (for Z > 70,'WK: > 95%).

1.0

0.9

gO.a0.5
_. .0.7

>. 0.6

0.5
LU

0.47
LU
CC 0.3
0

0.2

0.1

Fig. 1.5 Variation of the K-shell 0
fluorescence yield, WK, 10 20 30 40 50 60 70 80 90 100

with atomic number. ATOMIC NUMBER

High-Z materials have high internal conversion coefficients, which means that their
normal decay modes lead to vacancies in an inner electron shell (usually K or L) and
the production of characteristic x rays. Because these vacancies occur in the daughter
atom, the x-ray energies are characteristic of the daughter element. In condensed
materials the charged particles (a, 0) and gamma rays from the nuclear decay are
stopped in the parent material by a series of interactions with atomic electrons; this
leads to the production of x rays that: are characteristic of the parent atom. Plutonium
metal emits uranium x rays by virtue of the internal conversion process that occurs
after alpha decay. It also emits plutonium x rays by virtue of alpha-pari cle-induced
x-ray fluorescence.
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1.3.3 Characteristic X-Ray Spectra

Each element emits a characteristic x-ray spectrum. All elements have the same
x-ray pattern, but the x-ray: energies are different. Figure 1.6 shows the characteristic
x rays from uranium and: lead.

Early investigators developed the system commonly used today for naming x rays.
A roman letter. indicates the final level to which the electron moves, and a Greek
letter plus a number indicates the electron's initial energy level. (The Greek letter
was originally related to .te x-ray energy and.the number to its ..intensity). Table. 1,1
gives the major K x rays of.uranium and plutonium. The L and M xxrays are of lower
energy: and are tabulated in the literature.

W~z

z
wU

-J
M

80

60

40

20

80

60

40

20

90 100

ENERGY (keV)

Fig. 1.6 Characteristic x-ray spectra from lead and uranium. Note
that the pattern is the same but shifted in energy.

1.4 MAJOR GAMMA RAYS FROM NUCLEAR MATERIAL

:1.4.1 Typical Spectra

Figures 1.7 through 1.12 show typical uranium, plutonium, and thorium gamma-ray
spectra. The spectra were measured with high-resolution germanium detector systems.
Figure 1.7 shows the spectrum of highly enriched uranium from 0 to 3 MeV, with
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Table 1-1. Major K x rays of uranium and -plutoniuma
Levels Energy (keV) Intensityb

X Ray (Final - Initial).. Uranium Plutonium• Uranium 'Plutonium

Ka2 K - L2 94.67 99.55 61.9 62.5
Kai K - L3 98.44 103.76 100 100
:K)31 K -M3 111.30 .117.26 22.0 %22.2

K#l2  K-N2-5 114.5. 120.6 12.3 1 2.5

K/a3  K - M 2  110.41 :116.27 11.6 11.7

aOther x rays in the K series are weaker than those listed here. The energies

and intensities are from-Ref. 1.

:bRelative intensity, 100 is maximum.

characteristic, gamma rays: from 235U and.the 238U daughter 234mpa. The intense
gamma rays between 140 and 210 keV are often used for the assay of 23SU (Figure
1.8 shows this region in more detail). For comparison, Figure 1.9 shows a spectrum of
depleted uranium; the spectrum shows the 231U daughter radiations often used for 2a8U
assay. Figures 1.10 and 1.:l 1 are gamma-ray spectra of plutonium with approximate
2 4 0 pU concentrations of 14% and 6%, respectively. Note the differences in relative

peak heights between the two spectra; these differences are used to determine the
plutonium isotopic composition (see discussion in Chapter 8). Figure 1.12 shows the
characteristic gamma-ray spectrum of 23 2 Th; all major thorium gamma: rays come
from daughternuclides.

1.4.2 Major Ga mma-Ray Signatures for Nuclear Material Assay

In principle, any of the gamma rays from nuclear material can be used t0 determine
the mass of the isotope that produces them. In practice, certain gamma rays are used
more frequently than others because of their intensity, penetrability, and freedom from
interference. The ideal signature would be ani. intense (>104 y7g-s) gamma ray with
an energy of several million electron volts. The mass attenuation coefficients of all
materials show a broad minimum between 1 to 5 MeV and there are very few natural
gamma rays above 1 MeV that can cause interference. Unfortunately, such gamma
rays' do not exist for uranium or plutonium.

Table 1-2 lists the gamma rays most commonly used for the nondestructive analysis
of the major uranium and plutonium isotopes.



CHANNEL

106

105

104
-j

Z 10z
< 02
m 10

10°
z
0

102

101

100
2000 2200 2400 2600 2800 3000 .3200 3400 3600 3800 4000

CHANNEL

Fig. 1.7 High-resolution gamma-ray spectrum of highly enriched uranium (93% 235U). Energies are given in kiloelectron
volts. (S.E. and D.E. are the single- and double-escape peaks of the 2614-keV gamma ray.)

C.,



93% U35
OQ

i0 9

-Ii 8

z
< 106

.z
:, 1O 3
0.

o102

iol
0 50 100 150 200 250

ENERGY (keV)
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Fig. 112 Gamnma-ray spectrum of .32Th and its daughter products.
Thorium-232 emits no significant gamma rays of its own. The
daughter nuclides grow into equilibrium with the 232Th parent
over a period of approximately 35 yr. [Figure adapted from
F. Adams and R. Dams, AppliedGamma-Ray Spectroscopy,
3rd ed.. (Pergamon Press, Oxford, 1970).]
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Table 1-2. Major NDA gamma-ray signatures

Energya
Isotope (keV)

234 U 120.9
2.3 U 143.8

.185.7
2 3

.
8 u 766.4c

1001.0c238 pu 152.7
766.4

2 39
Pu 129.3

413.7
240pu 45.2

160.3
642.5241pu 148.6
208.01

241 Am 59.5
125.3

Activitya

(-Y/g-S)

9.35 x 104
8.40 x 103
4.32 x 104
2.57 x 101
7.34 x 101
5.90 X 106

1.387 x. 105
1.436 x 105

3.416 x 10
4

3.80 x 106
3.37 x 104

1.044 x W0.

7.15 x 106
2.04i Fx 107

4.54. X 1010
5.16 x 106

Mean Free Pathb(mm)
(High-Z, p) (Low-Z, p)

0.23 69
0.36 73
0.69 80

10.0 139
13.3 159
0.40 75
9.5 139
0.27 71
3.7 106
0.07 25
0.45 76
7.4 .127
0.37 74
0.86 83
0.14 38
0.26 70

S ata for uranium isotopes are from Ref. 1; data for plutonium
isotopes are from Ref. 2 (energy and branching ratio) and Ref.
3 (half-life).
.bThe mean free path is the absorber thickness that reduces the
gamma-ray intensity to li/e. The mean free path in, uranium or
plutonium oxide (p = 10 g/cm3 ) is given for the, high-density,
high-atomic-number case (high-Z, p). The mean free path in
aluminum oxide (p = 1 g/cm 3) is given for the low-density, low-
atomic-number case (low-Z, p). Attenuation data are from Ref. 4.
cFrom the 238U daughter 2J4mPa. Equilibrium assumed.
dFrom the 241pu daughter 237U. Equilibrium assumed.

1.4.3 Fission-Product Gamma Rays

Considerable interest has been shown in the measurement of irradiated fuel from
nuclear reactors. The irradiated fuel has a high monetary value and a high safeguards
value because of the plutonium, prQdu ed during reactor operation. Gamma rays from
the spontaneous. decay o0f uranium and plutonium. cannot be used for, measurement
of irradiated fuel., because they are overwhelmed by the very intense gamma rays
emitted by fission products that.build up. in the fuel during irradiation. The total
gamma-ray intensity of'the. fission products from light-water-reactor fuel irradiated to
33 000 MWdAtU (megawatt days per ton of uranium) is approximately 2 x 1010 y//g-s
(g = gram of uranium) one year after removal of the fuel from the reactor, whereas
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the major uranium and plutonium gamma rays have intensities in the range 103 to
104 -y/g-s. In some instances the intensity of one or more fission products can be
measured and related to the mass of the contained nuclear material.

Certain high-Z nuclei can fission or split into two or three medium-Z daughter
nuclei. The fission process can occur spontaneously or it can be induced when, the
parent nucleus absorbs a neutron. Spontaneous fission is more probable in nuclei
with even atomic mass numbers (A). Induced fissioncan .occur after absorption of
either thermal or fast neutrons in nucle•i::with 0dd Mass numbers; it only occurs after
absorption of fast neutrons in eve-numbered: nuclei. The fission process was first
discovered in 1939 by Otto ýHahn and Freidrich Sirassman and correctly interpreted
in the same year by Lise Meitner and Otto Frisch.

The fission of a nucleus is:a cataclysmic event when compared with the alpha-, and
beta-decay processes described in Sections 1.2.2 and 1.2.3. The energy. released in
fissionis approximately 200 MeV. Most of this energy is carried as kinetic energy by
the two (rarely three) daughter nuclei (called fission products or fission fragments).
The fissioning nucleus also emits an average of two prompt neutrons and, six prompt
gamma rays at the instant it splits.. A typical fission reaction is illustrated by the
formula

n + 235u92 13 7Cs55 + 97Rb37 + 2n . (1-12)

This formula illustrates only. one of the many possible fission reactions. The fission-
product nuclei themselves are unstable. They have an excess of neutrons and decay
by neutron emission or fl- decay (fruently accompanied by gamma-ray emission);
the radiations. from these reactions are! called delayed neutrons and gamma rays. The
fission products have half-lives ranging from seconds to years. The gamma rays from
fission products can be used to measure irradiated fuel materials.

Typical spectra from irradiated fuel, are shown in Figures 1.13 and 1.14. Figure
1.13 shows a spectrum from highly erched uranium ffiel used in a imaterials test
reactor. Figure 1.. 14 shows an irradiatd light-water-reactor fuel spectrum. The most
commonly measured fission-product gamma ray is fro l'3 Cs at 661.6 keV. This
fission product has a high yield and a sufficienily long' half-life (30.2 yr)-so that its
concentration is proportional to the :tbtal number offissions that have oc'curred: in the
fuel. (See Chapter 18 for a more complete discussion of'the fission reaction and the
measurement.of irradiated ftuel.)

1.4.4 Background Radiation

All gamma-ray detectors Will give 'some response even in the absence of a mea-
surement sample; This response is du6 to the ambient background in the location of
the detector. The ambient background consists f adiation from niucleari material in
nearby: storage areas, c6smic-ray interactions, and natural radioactivity in the local
environment.



20 Douglas Reilly

Z0

. .1 I.I.

380 1140 1900. 2660 3420
760 1520 2280 3040 3800

CHANNEL NUMBER
Fig. 1.13 Gamma-ray spectrum'of highly enriched uranium fuel irradiated in a materi-

als test reactor. The.sample had an average burnup of 36.9% and a cooling
time of, 1.59 yr.

The radiation from the nuclear material stored nearby is of the same nature as the
radiation from the samples to be measured. This background spectrum is similar to
the spectra shown in Figures 1.7 through 1.12. It often has a high Compton continuum
resulting from- degradation and scattering in the materials that separate the detector
from the storage area. Background radiation from nuclear material can be minimized
with a judicious choice of detector location and shielding.

At the earth's surface, cosmic rays consist primarily of high-energy gamma rays and
charged particles. Although a neutron component exists, it has little effect on gamma-
ray detectors. The charged particles are mostly muons but also include electrons and
protons. The muon flux at sea level is approximately 0.038/cm 2-s; at an altitude of
2000 m, the muon flux increases to approximately 0.055/cm2 -s. The muon interacts
with matter as though it were a heavy electron and its rate of energy loss when passing
through typical solid or liquid detector materials is approximately 8.6 MeV/cm. A
typical penetrating muon deposits approximately 34 MeV in a 40-mm-thick detector.
Because this is much more energy than can be deposited by gamma rays from uranium
or plutonium, muon interactions' often overload or saturate the detector electronics.
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Fig. 1.14 Gamma-ray spectrum of irradiated pressurized-water-reactor fuel
having a burnup of 32 000 MWdltU' (megawatt days per ton of ura-
nium) and a cooling time of 9 months.

For a detector with a front surface area of 20 cm 2, the typical muon interaction rate
at sea level is approximately 0.75/s.

All materials have varying degrees of natural radioactivity. For example: the
human body and even gamma-ray detectors have some measurable natural radioac-
tivity: building materials such as concrete can be especially active. The major radioac-
tive species in natural materials are 40 K, 23 2Th and its daughters, and 235U and 238U
and their: daughters. Potassium-40 has a natural abundance of 0.0117% and decays
by electron capture (10.67%) and/3- decay (89.33%) with a half-life of 1.277. x 109
yr. The electron capture is accompanied by the emission'of a 1.461-MeV gamma ray
that is: evident in almost all background gamma-ray spectra. Potassium is present in
most organic matter, with 40K being the major source of radioactivity.

Thorium is a common trace element in many terrestial rocks. Thorium-232 is the
natural parent to the thorium decay series, which goes through 10 generations before
reaching the stable nuclide 20spb. The half-life of 232Th is 1.41 x 10l0 yr. Its major
gamma-ray activity comes from 208T1, 212Bi, and 228Ac.
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Uranium is also found as a trace element in many rocks, although it is less common
than thorium. The gamma-ray spectrum of unprocessed uranium ore is much different
from that of uranium seen in the nuclear fuel cycle. Because of the long half-life of
the daughter 230Th (8 x l04 yr), later generations'.take a long time to grow back
into equilibrium after any chemical. treatment that separates uranium daughters from
the natural ore. Figure 1.15 shows a typical spectrum of uranium ore .(compare with
Figure 1.9). Natural chemical processes in different rocks can often leach out. some of
the daughter nuclides and cause different ores to have, different gamma-ray emissions.

The natural sources discussed above are common and contribute to the background
gamma-ray spectrum in most locations.: Other sources 'of background are occasionally
encountered; such as materials contaminated-by radioactive tracers. Slag from steel
furnaces, which can have measurable levels of 60Co, and uranium tailings are used
as a concrete: aggregate in some areas. The use of such materials in buildings can
contribute to background radiation levels.

1.5 ADDrrIONAL GAMMA-RAY PRODUCTION REACTIONS

The discussion in Section 1.4 has been limited to gamma rays that come from
the natural decay reactions of radioactive nuclides; these gamma rays provide the
bulk of the signatures useful for nondestructive assay. This section discusses gamma
rays produced in other nuclear reactions. Some of these radiations can interfere with
nondestructive analysis.

1.5.1 Bremstahlung (Braking Radiation)

Charged particles continuously decelerate as they move through condensed materi-
als. As they decelerate, they emit photons with a continuous energy spectrum known
as bremsstrahlung; these photons are of interest because their energiesare often similar
to those used for nondestructive assay.

Beta particles from nuclear decay often emit bremsstrahlung photons while stopping.
Although betaparticles have avery short range in condensed matter and rarely escape
from the host material,* the bremsstrahlung photons often escape and are detected
along with the gamma 'rays of interest for nondestructive assay. Internal conver-
sion electrons can also contribute' to, the production of bremsstrahlung radiation. The
discrete gamma rays emitted by a decaying nucleus ýmay be superimpos ed on a con-

tinuous bremsstrahlung background. The electron linac (linear accelerator) uses the
bremsstrahlung reaction to produce high-energy photons .for nuclear research, nuclear
medicine, and active nondestructive: assay of nuclear materials (Ref. ,5).
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1.5.2 Particle Reactions

When nuclei interact with other particles, charged or neutral, they often emit gamma
rays as products of the interaction. The neutron capture reaction (n,,y) is a classic
example. Usually the new nucleus is radioactive and is created in an excited state
from which it can decay by gamma-ray emission. The following formulas- illustrate
the neutron-capture reaction that breeds plutonium: in a fission reactor.

n+ 2 38U 7y+ 2S3U (23 min)
239U e-+ p + 239Np (2.3 days)

23 9Np- e- + P + 29Pu (24 119 yr)

Gamma rays from the capture reaction have discreet energies that are characteristic
of the levels of the! daughter nucleus. Their energies are typically 8 to 9 MeV: for
high-atomic-number nuclei.

Inelastic scattering of neutrons (n,n'-y) is usually accompanied. by gamma-ray emis-
sion. The gamma rays have discrete eneigies that are characteristic of the levels in
the target nucleus. Gamma rays produced by this reaction are usually not of interest
for nondestructive a"say.

Amajor source of neutrons from plutonium compounds a.nd :UF 6 is the interaction of
alpha. particles from nuclear decay with. low-atomic-number nuclei in. the compound
or surrounding imat ix material. The (4,n) reaction is frequently accompanied by
gamma-ray emission from the excited product nucleus." The fluorine reaction: canbe
written as follows:

19F(an) 22Na.

The fluorine reaction usually proceeds to the ground state of 22Na and does not result
in gamma-ray emission. However,. the subsequent #+ decay of 22Na leads to gamma
rays with energies of 511 and 1275 keV. These radiations are evident Iinsamples
of PuF4 and 23SpuO 2 with trace fluorine impurities. They are not+ useful as! assay
signatures, but may. be a source of interference.,
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Gamma-Ray Interactions with Matter
G. Nelson and D. Reilty.

2.1 INTRODUCTION

A knowledge of gamma-ray interactions is. important to the nondestructive assayist
in order to understand gamma-ray detection and attenuation. A. gammaray must
interact with a detector in order to be "seen.". Although the major isotopes of uranium
and plutonium emit gamma rays at fixed energies and rates, the gamma-ray intensity
measured outside a sample is always attenuated because of gamma-ray interactions
with the sample. This attenuation must be carefully considered when using gamma-ray
NDA instruments.

This chapter discusses the exponential attenuation of gamma rays in bulk materi-
als and describes the major gamma-ray interactions, gamma-ray shielding, filtering,
and collimation. The treatment given here is necessarily brief. For a more detailed
discussion, see Refs. 1 and 2.

2.2 EXPONENTIAL ATTENUATION

Gamma rays were first identified in 1900 by Becquerel and Villard as a component
of the radiation from uranium and radium that had much higher penetrability than alpha
and beta particles. In 1909, Soddy and. Russell found that gamma-ray attenuation
followed an exponential law and that the ratio of the attenuation coefficient to the
density of the attenuating material was nearly constant for all materials.

2.2.1 The Fundamental Law of Gamma-Ray Attenuation

Figure 2.1 illustrates a simple attenuation experiment. When gamma radiation
of intensity 1o is incident. on an absorber of thickness L, the emerging intensity (I)
transmitted by the absorber is given by.. the exponential expression

1 = 10 e-feL (2-i)

27
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Fig. 2.1 The fundamental law of
gamma-ray attenua-
lion, The transmitted
gamma-ray intensity I is
a function of gamma-ray
energy, absorber com-
position, and absorber
thickness.

-IIl
'0 - ' L I

where /ts is the attenuation coefficient (expressed in cm- 1 ). The ratio I/lo is
called the gamma-ray transmission. Figure 2.2 illustrates exponential attenuation for
three different gamma-ray energies and shows that the transmission increases with
increasing gamma-ray energy and decreases with increasing absorber thickness. Mea-
surements with different sources and absorbers show that the attenuation 'coefficient
Ie depends on the gamma-ray energy and' the atomic number (Z) and density (p) of
the absorber. For example, lead has a high density and atomic number and transmits
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Fig. 2.2 Transmission of gamma rays through lead absorbers.
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a much lower fraction of incident gamma radiation than, does a similar thickness
of aluminum or steel. The attenuation coefficient in Equation 2-1 is called the linear
attenuation coefficient. Figure 2.3 shows the linearattenuation of solid sodium iodide,
a common material used in.:gamma-ray detectors.:

Alpha and beta particles -have a welldefined range or stopping distance; however,
as Figure 2.2 shows,. gamma rays do. not have a unique range. The reciprocal of the
attenuation coefficient I liq has units of length and is often called the mean free. path.
Theý mean free;path is the average distancea gamma ray travels in the absorber before
interacting; :it is also the% absorber :thickness that- produces a transmission of l/e, or
0.37.

103
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Fig. 2.3 Linear attenuation.coefficient of Nal showing
contributions from photoelectric absorption,
Compton scattering, and pair production.
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2.2.2 Mass Attenuation Coefficient

The linear attenuation coefficient is the simplest absorption coefficient to measure.
experimentally, but it is not usually tabulated because of its dependence on the density
of the absorbing material. For example,* at a given energy, the linear, attenuation
coefficients of water, ice, and steam are, all different, even though the same material
is involved.

Gamma: rays interact primarily with atomic. electrons; therefore,. the attenuation
coefficient must be proportional. to the electron density P, which is proportional to the
bulk density of the absorbing material. However, for a given material the ratio of:the
electron density to the bulk: density is a constant, Z/A, independent of bulk density.
The ratio Z/A is nearly constant for all except the heaviest elements and hydrogen.

P = Z p/A. (2-2)

where P = electron density
Z = atomic number
p = mass density
A = atomic mass.

The ratio of the linear attenuation coefficient to the density (uj/p).is called the mass
attenuation coefficient p and has the dimensions of: area per unit mass (cm2/g). The
units of this coefficient hint that one may think of it as the effective cross-sectional
area of electrons per unit mass of absorber. The mass attenuation coefficient can be
written in terms of a reaction cross section, u(cm2):

N0 u (2-3)

A=

where No is Avagadro's number (6.02 x 1023) and A is the atomic weight of the
absorber. The cross section is the probability of a gamma ray interacting with a single
atom. Chapter 12 gives a more complete definition of the cross-section 'concept. Using
the mass attenuation coefficient,:Equation 2-1 can be rewritten as

1= 10 e-PpL =Io e-PX (2-4)

where x = pL.

The mass attenuation coefficient is independent of density; for the example mentioned
above, water, ice, and steam all have the same value of p. This coefficient is more
commonly tabulated than the linear attenuation coefficient because it quantifies the
gamma-ray interaction probability of an individual element. References 3 and 4 are
widely used tabulations of the mass attenuation coefficients of the elements. Equation
2-5 is used to calculate the mass.attenuation coefficient for compound materials:
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u = (2-5)

where i, = mass attenuation coefficient of ith element
wi = weight. fraction of ith element.

The use of Equation 2-5 is illustrated below for solid uranium hexafluoride (UF6 ) at
200 keV:

j,, = mass attenuation coefficient of U at 200 keV 1.23 cm 2/g
pf = mass attenuation coefficient of F at 200 keV 0.123 crn2/g
w, = weight fraction of U in UF6 = 0.68
wf weight. fraction of F in UF6 = 0.32

p = density of:solid UF68 = 5.1 g/cm'

IL -1Uw,. + fw! ' 1.23 x: 0.68+ 0.123 x 0.32 =0.88 cm2 /g

tg =pp. 0.88 x 5.1 =4.5 cm,.

2.3 INTERACTION PROCESSES

The gamma rays of interest to NDA applications fall in the range 10 to 2000 keV
and interact with detectors and absorbers by three major processes: photoelectric
absorption, Compton scattering, and pair production.:-In the photoelectric absorption
process, the gamma ray loses all of itsenergy in one interaction. The probability for
this process depends very strongly on gamma-ray energy Ey and atomic number Z.
In Compton scattering, ýthe gamma ray loses only part of its:energy in one interaction.
The probability for this process is weakly dependent on E and, Z. The gamma ray
can lose: all of its energy, in one:pair-production interaction. However, this process is
relatively unimportant for fissile material assay since it has a threshold above 1 MeV.
Reference 3 is recommended for more detailed physical descriptions of the interaction
processes.

2.3.1 Photoelectric Absorption

A gamma ray may interact with a bound atomic electron in such a way that it
loses all of its energy and-ceases to exist as a gamma ray (see Figure 2.4). Some
of the gamma-ray energy is used to overcome the electron binding energy, and most
of the remainder is transferred to the freed electron as kinetic energy.. A very small
amount of recoil energy remains with the atom to conserve momentum. This, is called
photoelectric absorption because it: is the gamma-ray analog of the process discovered

by Hertz in 1887 whereby photons of visible light liberate electrons from a metal
surface. Photoelectric absorption is important for gamma-ray:detection because the
gamma ray gives up all its, energy, and the resulting pulse falls in the full-energy peak.
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Fig. 2.4 A schematic representation of the photo-
electric absorption process. Photoelectron

The probability of photoelectric absorption depends on the gamma-ray energy, the
electron binding energy, and the atomic number of the atom. The probability is greater
the more tightly bound the electron; therefore, K electrons are most affected (over
80% of the interactions involve K electrons), provided the gamma-ray energy exceeds
the K-electron binding energy. The probability is given approximately by. Equation
2-6, which shows that the interaction is more important for heavy atoms like lead and
uranium and low-energy gamma rays:

-oc Z4/E 3  (2-6)

where r = photoelectric mass attenuation coefficient.

This proportionality is only approximate because the exponent of Z varies in the range
4.0 to 4.8. As the gamma-ray energy decreases, the probability of photoelectric ab-
sorption increases rapidly (see Figure 2.3). Photoelectric absorption is the predominant
interaction for low-energy gamma rays, x rays, and bremsstrahlung.

The energy' of the photoelectron E, released by the interaction is the difference
between the gamma-ray energy E-y and the electron binding energy Eb:

Ee yE Eb. (2-7)

In most detectors, the photoelectron is stopped quickly in the active volume of the
detector, which emits a small output pulse whose amplitude is proportional to the
energy deposited by the photoelectron. The electron binding energy is not lost but
appeIars as characteristic: x rays emitted in coincidence with the photoelectron. In most
cases, these x rays are absorbed in the detector in coincidence with the photoelectron
and the resulting output pulse is proportional to the total energy of the incident gamma
ray. For low-energy gamma rays in very small detectors, a sufficient number of K
x rays can escape 'from the:.detector to cause escape peaks in the observed spectrum;
the peaks appear below the: full-energy peak by an amount: equal to the energy of the
x ray.

Figure 2.5 shows the photoelectric mass attenuation coefficient of lead. The in-
teraction probability increases rapidly as energy decreases, but then becomes much

r
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smaller at a gamma-ray energy just below the binding energy of the K electron. This
discontinuity is called the K edge; below this energy the gamma ray does not have suf-
ficient energy to dislodge a K electron. Below the K edge the interaction probability
increases again until the energy drops below the binding energies of the L electrons;
these discontinuities are called the Li, L1i, and LII1 edges. The presence of these
absorption edges is important for densitometry and x-ray fluorescence measurements
(see Chapters 9 and 10).

102 L edges

101 Kedge

* ' 1.0
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2

PHOTON ENERGY (MeV)

Fig. 2.5 Photoelectric mass attenuation coefficient of
lead.

2.3.2 lCompton Scattering

Compton scattering is the process whereby a gamma ray interacts with a free or
weakly bound electron (Eý >» Eb) and transfers part of its energy to the electron (see
Figure 2.6). Conservation of energy and momentum allows only a partial energy trans-
fer when the electron is not bound tightly enough for the atom to absorb recoil energy.
This interaction involves the outer, least tightly bound electrons in the scattering atom.
Thetelectron becomes a free electron with kinetic energy equal to the difference of the
energy lost by the gamma'ray and the'electron binding energy. Because the electron
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Fig. 2.6 A schematic representation of Copipton E' Scattered
scattering. gamma

binding energy is very small compared to the gamma-ray energy, the kinetic energy

of the electron is very nearly equal to the energy lost by the gamma ray:

E, = F '- E' (2-8)

where Ee = energy of scattered electron
F. -energy of incident gamma ray
E = energy of scattered gamma ray.

Two particles leave the interaction site: the freed electron and the scattered gamma
ray. The directions of the electron and the scattered gamma ray depend on the amount
of energy transferred to the electron during the interaction. Equation 2-9 gives the
energy of the scattered gamma ray, and Figure 2.7 shows the energy of the scattered
electron as a function of scattering angle and incident gamma-ray energy.

E- mOc2/(l - cos 4, + mOc 2/E) (2-9)

where mac 2 - rest energy of electron = 511 keV
4= angle between incident.and scattered gamma rays (see Figure 2.6).

This energy is minimum for a head-on collision where..the gamma ray is scattered
180 0and the electron moves forward in the direction of the incident gamma ray. For
this case the energy of the scattered gamma ray is given .by Equation 2710 and the
energy of the scattered electron is given by Equation 2-11:

E'(min) moc 2 /(2 + moc2 /E)
- m 2c

2 /2 = 256 keV; if E»> mOc2/2. (2-10)

E,(max) = E/[l + moc 2/(2E)]
E - moc2/2 = E - 256 keV; if E > moc2/2. (2-11)
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Fig. 2.7 Energy of Compton-scattered electrons as a function of scat-
tering angle and incident gamma-ray energy (E-(). The ,
sharp discontinuity, corresponds to the maximum energy that
can .be. transferred in a single scattering.

For very small angle scatterings (• _ 0"), the energy of the scattered gamma ray is
only slightly less than the energy of the incident gamma ray and the scattered electron
takes very little energy away from the interaction. The energy given to the :scattered
electron ranges from near zero to the maximum given by Equation 2-11.

When a Compton scattering occurs in a detector, the scattered electron is usually
stopped in the detection medium and the detector produces an output pulse that, is
proportional to the energy lost by the incident gamma ray.. Compton scatterings in a
detector produces a spectrum of output pulses from zero up to the maximum energy
given by Equation 2-11. It is difficult to relate the Compton-scattering:spectrum to
the energy of the incident gamma ray. Figure 2.8 shows the measured gamma-ray
spectrum from a monoenergetic gamma-ray source ('3 7 Cs). The full-eigy peak at
662 keV is formed by interactions -where the gamma ray loses all of its energy in
the detector either by a single photoelectric absorption or by a series of Compton
scatterin gs followed by photoelectric absorption. The spectrum of events below the
full-energy peak: is formed by Compton scatterings where the gamma ray loses only
part of its energy in the detector. The step near 470 keV corresponds to the maximum
energy that can be transferred to an electron by a 662-keV gammaý ray in; a. single,
Compton: scattering. This step is called a Compton edge; the energy of the Compton
edge is given by Equation 2-11 and plotted in Figure 2.9. The small'peak at: 188 keV
in Figure 2.8 is called a backscatter peak. The backscatter peak is formed when the
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gamma ray undergoes a large-angle scattering (-180°) in the material surrounding the
detector and then is absorbed in the detector. The energy of the backscatter peak is
given by Equation 2-10, which shows that the maximum energy is 256 keV. The sum
of the energy of the backscatter peak and the Compton edge equals the energy of the
incident gamma ray. Both features are the result of large-angle Compton scattering of
the incident gamma ray. The event contributes to the backscatter peak when only the
scattered gamma ray deposits its energy in the detector, it contributes to the Compton
edge when only the scattered electron deposits its energy in the detector.
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Fig. 2.8 High-resolution spectrum of 1-7CS showing full-energy pho-
topeak, Compton edge, and backscauer peak from the 662-
keV gamma ray. Events below the photopeak are caused by
Compton scattering in the detector and surrounding
materials.

Because Compton scattering involves the least tightly bound electrons, the nucleus
has only a minor influence and the probability for interaction is nearly. independent
of atomic number. The interaction probability depends on the.electron density, which
is. proportional to Z/A and nearly constant for all materials. The Compton-scattering
probability is a slowly varying function of gamma-ray energy (see Figure 2.3).

2.3.3 Pair Production

A gamma ray with an energy of at least 1.022 MeV can create an electron-positron
pair when it is under the influence of the strong electromagnetic field in the vicinity of a
nucleus (see Figure 2.10). In this interaction the nucleus receives a very small amount
of recoil energy to conserve momentum, but the nucleus is otherwise unchanged and
the gamma ray disappears. This interaction has:a threshold of 1.022 MeV because that
is the minimum energy required to create the electron and positron. If the gamma-
ray, energy exceeds 1.022 MeV, the excess energy is shared between the electron
and positron. as kinetic energy. This interaction process is relatively unimportant
for nuclear material assay because most important gamma-ray signatures are below
1.022 MeV..
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Fig. 2.9 Energy of the Compton edge versus the energy of the inci-
dent gamma ray.
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Fig. 2.10 A schematic representation of pair produc-
tion.

.The. electron and positron from.. pair production are rapidly slowed down
in the absorber. After losing its .kinetic energy, the positron combines with
an. electron in an annihilation process, which releases two gamma rays with
energies of 0.511 MeV. These lower energy gamma rays may interact further
with the absorbing material or may escape. In a gamma-ray detector, this
interaction often gives three peaks for a high-energy gamma ray (see Figure
2.11).; The kinetic energy of the electron and positron is absorbed in the de-
tector.. One or both of the annihilation gamma rays may escape from the de-
tector. or, they may both. be absorbed. If both annihilation gamma rays are
absorbed in the detector, the interaction contributes to the full-energy peak
in the measured spectrum; if one of the annihilation gamma rays escapes from
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the detector, the interaction contributes to the single-escape peak located 0.511 MeV
below the full-energy peak; if both gamma rays-escape, the interaction contributes to
the double-escape peak located 1.022 MeV below the full-energy peak. The relative
heights of the three peaks.depend. on the energy of the incident gamma ray and the
size of the detector. These escape peaks may arise when samples of irradiated fuel,
thorium, and 232U are measuredibecause these materials have important gamma rays
above the pair-production threshold. Irradiated fuel is sometimes measured using
the 2186-keV gamma ray from the fission-product 144Pr. The gamma-ray spectrum
of 144Pr in Figure 2:11 shows the single-: and double-escape peaks that arise from
pair-production interactions of the 2186-keV gamma ray in a germanium detector.

133o 5 284.4-day Ce144-17.3-min PrW

1 ~55cM3 
CM~Id 0. U)

10 ." Absorber: 1.18 c l
Sou.rc distanoe: 10 cm

104
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Fig. 2.11 Gamma-ray spectrum of the fission-product 14 4 Pr showing
single-escape (SE) and double-escape (DE) peaks (1674 and
1163) that arise from pair-production .interactions of 2186-
keV gamma rays in a germanium detector.

Pair production is impossible for gamma rays with energy less than 1.022 MeV.
Above this threshold, the probability of the interaction increases rapidly with energy
(see Figure 2.3). The probability of pair production varies approximately as the square
of the atomic number Z and is significant in high-Z elements such as lead or uranium.
In lead, approximately 20% of the interactions of 1.5-MeV gamma rays are through
the pair-production process, and the fraction increases to 50% at 2.0 MeV. For carbon,
the corresponding interaction fractions are 2% and 4%.

2.3.4 Total Mass Attenuation Coefficient

The three interaction processes described above all contribute to the total mass
attenuation coefficient. The relative importance of the three interactions depends on
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gamma-ray energy and the atomic number of the absorber. Figure 2.12 shows a com-
posite of mass attenuation curves covering a wide, range of energy and: atomic number.
It shows dramatically the. interplay0 of the three processes. All elements except hy-
drogen show a sharp, low-energy rise that indicates where photoelectric absorption
is the dominant interaction. The position of the rise is very dependent on atomic
number. Above the low-energy rise, the value of the mass attenuation coefficient
decreases gradually, indicating the region where Compton scattering is the dominant
interaction.. The mass attenuation coefficients for all elements with atomic number
less than 25 (iron). are nearly identical% in: the energy range 200 %to 2000 :keV. The
attenuation curves converge, for all elements in the range 1 to 2: MeV. The .shape
of the mass attenuation curve of.,hydrogen, shows that it 'interacts with 1gamma.rays
with eenergy greater than 10 keVialmost exclusively... byC ompton scattering. Above
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Fig. 2.12 Mass attenuation coefficients of selected elements. Also in-
dicated are gamma-ray energies commonly encountered in
NDA of uranium and plutonium.
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2. MeV, the pair-production interaction becomes important for high-Z elements and
the mass: attenuation coefficient begins to rise again.. An understanding of the major
features of Figure 2.12 is very helpful to the understanding of NDA techniques.

2.4FILTERS:

In, many assay applications, the gamma rays of interest can be measured more easily
if lower energy gamma rays can be absorbed before they reach the detector. The lower
energy gamma rays can cause. significant count-rate-related losses in the detector and
spectral distortion if: they are not removed. IThe removal process is -often called
filtering.: A perfect filter;material would have a transmission of zero below the energy
of interest !and: a transmission of unity above. that energy, but as Figure 2.12 shows,
such a material does not exist. However, useful filters can be obtained by selecting
absorbers of appropriate atomic number such that the sharp rise in photoelectric cross
section is near ithe energy of the gamma rays that must be attenuated but well below
the energy of the assay gamma rays.

Filtering is usually employed in the measurement of plutonium gstMma-ray qpectra.
Except immediately after chemical separation of americium, all plutonium samples
have significant levels of 24 'Am, which emits a ivery intense gamma ray at 60 keV.
In most samples, this gamma ray is the most intense gamma ray in the spectrum and
must be attenuated so that the plutonium gamma rays can be accurately measured. A
thin sheet oficadmium is commonly used to attenuate the I41Am activity. Table 2-1
shows the effect of a cadmium, filter on the spectrum from a 2-g disk of plutonium
metal. In the absence of the filter, the 60-keV gamma ray dominates the spectrum and
may even paalyze the detector. A 1- to 2-mam cadmium filter drastically attenuates
the 60-keV ýactivity but only slightly attenuates' the: ýhigher energy plutonium lines.
The. plutonium. spectrum below 250 keV is usually measured with a cadmium filter.

When only dthe 239pu 4'14-keV. gamma ray is .of interest, lead may be used as the
filter materiil because it(will attenuate gamma rays in the. 100- to 200-keV region and
will stop mst of the 60-'keV gamma rays. It is interesting to note that at 60 keV the
mass attenuation- coefficients of lead and cadmium are essentially equal, in spite of
the higher Z of lead (82) relative to cadmium. (48). This is because the K edge of
lead appears at 88 keV, as discussed in, Section 2.3.1.

A cadmim :filter is Often used when measung 23 U because it attenuates gamma
rays and x rays in the 90- to 120-keV region and does not significantly affect the
186-keV gamma ray from 235U. Filters may Ialso be used for certain irradiated fuel
measurements. The 2186-keV gamma ray from the fission products 144Ce- 144pr is
measured in some applications as an indicator of the residual fuel material in leached
hulls produced at a reprocessing plant (seenChapter 18). The major fission-product
gamma-ray activity is in the 500- to 900-keV region and can be selectively reduced
relative to the 2186-keV gamma ray using a 10- to 15-cm-thick lead filter.
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Table 2-1. Effect of cadmium filter.on plutonium spectrum.
Plutonium Signal (counts/s)a

Absorber (cm) 60 keV 129 keV 208 keV 4i4 keV

0 3.57 x 106 1.29 x 104 8.50 x 10:i. 2.M x 104,
0.1 2.40 x 104 0.67 x 104 .6.76 x 104, 1.85 x 104

0.2 1.86 x 102 . 0.34 x 104 5.37 x lo6 1.69 x 104

a 241Am =0.135%; 239pu 81.9.%; 2 4
1P. - 1.3%. Signal from 2-g disk of

plutonium metal, 1 cm diam x 0.13 cm thick...

Graded filters with two or more materials are sometimes used to attenuate the
characteristic x rays from the primary filter material before they interact in the detector.
When gamma rays are absorbed in the primary filter material, the interaction produces
copious amounts of x .rays. For example, when the 60-keV gamma rays from 241Am
are absorbed in a thin cadmium filter, a significant flux of 23-keV x rays can be
produced. If these x rays create a problem in the detector, they can be easily attenuated
with a very thin sheet of copper. Because the K x rays of copper at 8 keV are usually
of sufficiently low energy, they do not interfere with the measurement. If the primary
filter material is lead, cadmium is used to absorb the characteristic. K.x rays of lead at
73 and 75 keV, and copper is used to absorb the characteristic K x rays of cadmium at
23 keV. In graded filters, the lowest Z material is always placed next to.the detector.

2.5 SHIELDING

In NDA instruments, shields and collimators are required to limit the detector
response to background gamma rays and to shield the operator and detector from
transmission and activation sources. Gamma-ray shielding materials' should be of
high density and high atomic number so that they have a high total linear attenua-
tion coefficient and. a high photoelectric absorption :probability. The most common
shielding material is lead because it is readily available, has a density of 11.35 g/cm3

and an atomic number of 82, and is relatively inexpensive. Lead can be molded into
marxy shapes; however, because of its high ductility it cannot be Imachined easily or
hold a given shape unless supported by a rigid material.

In some applications, an alloy of tungsten (atomic number 74) is used in place of
lead because: it has:significantly higher: density (17 g/cm3), Can be machined easily,
and: holds a shape well. Table :2-2 shows some of the: attenuatibn properties of the two
materials. The tungsten is alloyed with nickel and copper to improve its machinability..
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Table 2-2 shows that at energies above 500 keV the tungsten alloy has a significantly
higher linear attenuation coefficient than lead because of its higher density. Thus,
the same shielding effect can be achieved with a thinner shield.. Atlenergies below
500,keV, the difference between the attenuation properties of the two materials is
less significant; the higher density of the tungsten alloy is offset by the lower atomic
number. The tungsten alloy is used where space is severely limited or where machin-
ability and mechanical strength are important. However, the tungsten material is over
thirty times more expensive than lead; therefore, it is used sparingly and is almost
never used for massive shields& The -alloy is often used to :hold intense gamma-ray
transmission sources or to collimate; gamma-ray detectors.:

Table 2-2. Attenuation properties of lead and tungsten

Attenuation Coefficient (cm-.') Thickness (cm)a

Energy (keV) Lead Tungsten6  Lead Tungsten6

1000 0.77 .1.08 2.98 2.14

500 1.70 2.14 1.35 1.08

200 .10.6 11.5 0.22 0.20

100. 60.4 64.8 0,038 0.036

SThickness of absorber with 10% transmission.

bAlloy: 90% tungsten, 6% nickel, 4% copper.
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Gammia-Ray Detectors
Hastings A. Smith, Jr., and Marcia Lucas,

3.1 MNTRODUCTON

In order for a gamma ray to be detected, it must interact with matter, that interaction
must be recorded. Fortunately, the, electromagnetic nature of gamma-ray photons
allows them to interact strongly with the charged electrons in the atoms of all matter.
The key process by which a gamma ray is detected is ionization, where it gives up
part or all of its energy to an electron. The ionized electrons collide with other atoms
and liberate many more electrons. The liberated charge is collected,$ either directly (as
with a proportional: counter or a solid-state semiconductor detector):or indirectly' (as
with a scintillation detector), in order to register the presence of -the gamma :ray 'and
measure its energy. The final result is:an electrical pulse whose Voltageý is proportional
to the energy deposited in the detecting medium.

In this chapter, .we will present some general information on types of! gamma-ray
detectors that are used in nondestructive assay:(NDA) of nuclearfmaterials. The elec-
tronic instrumentation associated with gamma-ray detection is discussed in: Chapter 4.
More in-depth treatments of the design and:operation of gamma-ray' detectors can be
found in Refs. 1 and 2.

3.2 TYPES OF DETEC.ORS

Many different detectors have been used' to register the gamma ray and its energy.
in NDA, it is usually necessary to measure not only the amount of radiation emanating
from .a sample but also its energy spectrum. Thus, the detectors of most use in NDA
applications are those whose signal outputs are proportional to the energy deposited
by the gamma ray in the sensitive volume of the detector.

3.2.1 Gas-Filled, Detectors

Gas counters consist of a sensitive volume of gas between -two. electrodes. (See
Figure 3.1.) In most designs the outer electrode is the cylindrical wall .of the gas
pressure vessel, and the inner: (positive) electrode is a thin wire positioned at the
center of the cylinder. In some designs (especially of ionization chambers) both
electrodes can be positioned in the gas separate from the gas pressure vessel.

43
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GAS
TUBE

SIGNAL

C.. R

Fig. 3.1 The equivalent circuit for a gas-filled detector. The
gas constitutes the sensitive (detecting) volume. The
potential difference between the tube housing and the
center wire produces a strong electric field in the gas
volume. The electrons from ionizations in the gas
travel to the center wire under the influence of the
electric field, producing a chargesurge on the wire
for each detection event.

An ionization chamber is a gas-filled counter for which the voltage between the
electrodes is low enough that only the primary ionization charge is collected. The
electrical output signal is proportional to the energy deposited in the'gas volume.

If the voltage between the electrodes is increased, the ionized electrons attain enough
kinetic energy to cause further ionizations. One then has a proportional counter that
can be tailored for specific applications by varying the gas pressure and/or the operat-
ing voltage. The output signal is still proportional to the energy deposited in the gas by
the incident gamma-ray photon, and the energy resolution is intermediate between Nal
scintillation counters and germanium (Ge) solid-state detectors. Proportional counters
have been used for spectroscopy of gamma rays and x rays whose energies are low
enough (a few tens of keV) to interact with reasonable efficiency in the counter gas.

If the operating voltage is increased further, charge multiplication !in the gas volume
increases (avalanches) until the space charge produced by the residual ions inhibits
further ionization. As a result, the amount of ionization saturates and becomes in-
dependent of the initial energy deposited in the gas. This type of detector is known
as the Geiger-Mueller (GM) detector. A GM tube gas counter does not differentiate
among the kinds of particles it deteicts or their energies; it counts, oly the number of
particles entering the detector. This type of detector is the heart of the conventional
#-j- dosimeter used in health physics.

Gas counters do not have much use in gamma-ray NDA of nuclear materials.
The scintillation and solid-state detectors are much. more desirable for obtaining the
spectroscopic detail needed in the energy range typical of uranium and plutonium
radiation (approximately 100-1000 keV). Gas counters are described in more detail in
Chapter 13, since they are more widely used for neutron detection.
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3.2.2 Scintillation Detectors

The sensitive volume of a scintillation detector is a luminescent material (a solid,
liquid, or gas) that is viewed by a device that detects the gamma-ray-induced light
emissions [usually a photomultiplier tube (PMT)]. The scintillation material may be
organic or inorganic; the latter is more common. Examples of organic scintillators
are anthracene, plastics, and liquids. The latter two are less efficient than anthracene
(the standard against which other scintillators are compared). Some common inor-
ganic scintillation materials are sodium iodide (Nal), cesium iodide (CsI), zinc sulfide
(ZnS), and lithium iodide (Lil). The most common scintillation detectors are solid,.
and the most popular are the inorganic crystals Nal and CsI. A new scintillation ma-
terial, bismuth germanate. (Bi4Ge 3O12), commonly referred .to .as B§60 has, become
popular in applications where its high gamma counting efficiency anI/or its lower
neutron sensitivity outweigh' considerations of :energy resolution (Rlfs:. :3 land 4). A
comprehensive discussion of scintillation detectors may be found in Refas. 1,;2, and 5.

When gamma rays interact in scintillator material, ionized (excited) atoms in the
scintillator material "relax" to a lower-energy state and emit photons of light. In
a pure inorganic scintillator crystal, the return of the atom to lower-energy states
with the emission .of:a photon is an inefficient process. Furthermore, the 'emitted
photons are: usually too high in energy to lie in the range of wavelengths to which
the PMT is sensitive. Small amounts of impurities (called activaiors) are added to
all scintillators 'to enhance the emission of visible photons. :Crystal de-excitations
channeled through these impurities give rise to photons that can activate the PMT.
One important consequence of luminescence through activator impurities is that the
bulk scintillator crystal is transparent to the scintillation light. A .common example
of scintillator activation encountered in gamma-ray measurements is: thallium-doped
sodium iodide [Nal(TI)].

The scintillation light is emitted isotropically; so the scintillator is' typically sur-
rounded with reflective material (such as MgO) to minimize the loss of light and then
is optically coupled to the photocathode of a PMT' (See Figure 3.2.) Scintillation pho-
tons incident on the photocathode .liberate electrons through the photoelectric effect,
and these photoelectrons are then accelerated by a stronj electric field i :the PMT. As
these photoelectrons are accelerated, they collide 'with electrodes in the tube (known
as dynodes) releasing additional electrons. This: increased electron flux is then further
accelerated to collide with succeeding electrodes, causing a large muitiplication (by a
factor of 10 or more) of the electron flux from its initial value at the. photocathode
surface. Finally, the amplified charge burst arrives at the output electrode (the anode)
of the tube. The magnitude of this charge surge is proportional to; h nitial. amount
of charge liberated at the photocathtde of the PMT; the, constant of P0roportionality is
the gain of the PMT. Furtfiermnore by virtue ofithe physics of the photoelectric effect,
the initial number of photoelectrons liberated at the photocathode: is proportional to
the amount of light incident on 'the phototube, which, in turn, is proportional to the
amount of energy deposited in the scintillator 'by the gamma ray (assuming tno light
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loss from the scintillator volume). Thus, an output signal is produced that is pro-
portional to the energy deposited by the gamma ray in the scintillation medium. As
discussed above, however, the spectrum of deposited energies (even for. a monoen-
ergetic photon flux) is quite varied, because of the occurrence of, the, photoelectric
effect, Compton effecti, and various scattering phenomena in, the scintillation medium
and statistical fluctuations associatedwith all of these processes. This is discussed in
more detail in Section:3.3.

.. CI , •. . .R .PHOTOCATHODESCINTILLATOR !

2 4 6 8 10 12 14 ANODE

1 ., 3 5 7 9 11 13.

LIGHT PHOTOMULTIPLIER
PIPE TUBE

Fig. 3.2 Typical arrangement of components in a scintillation detector. The scm-
tillator and.photomultiplier tube are often optically linked by a light
pipe. The dynodes (I-13 in the figure) are arranged to allow successive
electron cascades through the tube volume. The final charge burst is
collected by. the anode and is usually passed to a preamplifier for con-
version to a voltage pulse.

3.2.3 Solid-State Detectors

In solid~state detectors, the charge produced by the photon interactions is collected
directly. The gamma-ray energy. resolution of these detectors is dramatically better
than that of scintillation detectors; so greater spectral detail can be measured and used
for SNM evaluations., A generic representation of the solid-state detector is shown in
Figure 3.3. The sensitive volume is an electronically conditioned region (known as the
depleted, region) in a semiconductor material in which liberated. electrons .and holes
move' freely. Germanium possesses the most ideal electronic characteristics in this
regard and is the most widely used semiconductor material in solid-state detectors. As
Figure 3.3. suggests, the detector functions as a solid-state proportional counter, with
the ionization charge swept directly to the electrodes by the high electric field in the
.semiconductor,. produced by the bias voltage. The collected charge is converted to a
voltage, pulse by a preamplifier. The mostppular early odesigns .sed lithium-difted

germanium [Ge(Li)] as the detection medium. The lithium served to inhibit trapping
of charge at. impurity sites in the! crystal ý lattice during the charge collection process.
In recent years, manufacturers have produced hyp'erpure germanium (HPGe) crystals,
essentially eliminating the need for the lithium doping and simplifying operation of
the detector.
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Fig. 3.3 Typical arrangement of components in a solid-state detector,
The crystal is a reverse-biased p-n junction that conducts
charge when ionization is produced in the sensitive region.
The signal is usually'fed to a charge-sensitive preamplifier for
conversion to a voltage pulse (see Chapter 4).
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(a) (b) (c)
Fig. 3.4 Illustration of various solid-state detector crystal corfigura-

tions: (a) open-ended cylindrical or true coaxial, (b) closed-
ended cylindrical, and (c) planar. The p-type; and n-type semi-
conductor materials.are labeled accordingly. :The regions
labeled i are the depleted regions that serve as the detector
sensitive volumes. In the context of semiconductor diode junc-
tions, this region is referred to as the intrinsic region or a p-i-

n junction..

Solid-state detectors are produced mainly in two configurations: planar and coaxial.
These terms refer to the detector crystal shape and the manner in which it. is wired
into the detector circuit., The most commonly encountered detector configurations

are: illustrated in Figure 3.4. Coaxial detectors are produced either. with open-ended
(the so-called true coaxial) or closed-ended crystals [Figure 3.4 (a-b)]. In both cases
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the electric field for charge collection is primarily radial, with some axial compo-
nent present in the closed-ended configuration. Coaxial detectors can be produced
with large sensitive volumes and therefore with large detection efficiencies at high
gamma-ray energies. In addition, the radial electric field geometry makes the coaxial
(especially the open-ended coaxial) solid-state detectors best for fast timing applica-
tions.. The planar detector consists of a crystal of either rectangular or circular cross
section and a sensitive thickness of I-20 mm [for example, Figure 3.4 (c)]. The
electric field is perpendicular to the cross-sectional..area of the crystal. The crystal
thickness is selected on the basis of the gamma-ray energy region relevant to the appli-
cation of interest, -with, the:small thicknesses optimum for.low-energy measurements
(for example in the L-x-ray region for slpecial nuclear material). Planar detectors
usually achieve the be.gt.energy Iresoluti•nbecause of their low capacitance; they are
preferred.for detailed. spectroscopy, such as. the analysis of the :complex low-energy
gamma-ray and x-ray spectra of uranium and plutonium.

Because of their high resolution, semiconductor detectors are relatively sensitive to
performance degradation from radiation damage. The amount of damage produced in
the detector crystal per unit of incident flux is greatest for neutron radiation. Thus,
in environments where neutron levels:are high (such as accelerators, reactors, or in-
struments with intense.neutron sources), the most significant radiation damage effects
will be observed. Furthermore, radiation idamage effects can be of;concem in NDA
applications where large amounts:of nucear material are continuously measured with
high-resolution gamma-ray spectroscopi equipment-for example, :in measurements
of plutonium. isoitopics in. a high-throughput .mode.

The primary;'effect .of radiation damage is: the creation of dislocation sites in the
detector crystal. This increases the.amountof charge trapping, reduces the amplitudes
of some full-energy pulses, anid produces low-energy tails in the spectrum photopeaks.
In effect, the resolution is degraded, and spectral detail is lost. An example of this
type of effect is .shown in Figure 3.5. (Ref. 6). It has been generally observed that
significant performance degradation begins with a neutron fluence of approximately
10' n/cm 2 , and detectors become unusable at a fluence of approximately 1010 n/cM2

(Ref. 7). However, the new n-typeHPGe crystals are demonstrably less vulnerable to
neutron damige :procedures 'have been:deýsribed in which the effects of the radiation
damage can be: reversed through Warming (annealing) the detector crystal (Ref. 8).

Further details i-on ithe design and use of solid-state detectors for gamma-ray spec-

troscopy may be found in Refs. .1, 2, and 9.
In the quiescent state, :the reverse-bias-diode configuration of a germanium solid-

state detector results in very low currents in the detector (usually in the pico- to
nanoampere range). This leakage current can be further reduced from its room-
temperature value by cryogenic cooling of solid-state medium, typically to liquid
nitrogen temperature (77K). This co~ling. reduces the natural, thermally generated
electrical noise in: the crystal but constitties the main disadvantage of such detectors:
the deMectork pakage must incluide capacity for cooling, and this usually involves a
dewar for containig the liqhid coolant. In recent years, attempts have been made
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Fig. 3.5 The deterioration of a high-resolution solid-state detector• gamma spec-
trum with increasing neutron fluence (4'). The width of the
1 33-Me V W°Co photopeak is indicated in each spectrum. Only the
high-energy portion of the spectrum is shown.. Also noted is the width
of an electronic pulser peak. (Adapted from Ref. 6.) .
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to cool the detector material electronically (Ref. 10), but these efforts are still in the
experimental. stages, and the capability is just beginning to be available commercially.

Another popular solid-state detector material for photon spectroscopy is lithium-
drifted silicon [Si(Li)]. The lower atomic number of silicon compared to germanium
reduces the photoelectric efficiency by a factor of about 50 (see Chapter 2), but this
type of detector has been widely used in the measurement of x-ray spectra in the
1- to 50-keV energy range and finds some application in x-ray fluorescence (XRF)
measurements (see Chapter 10). The low photoelectric efficiency of silicon above
50 keV is an advantage when measuring low-energy x raysand gamma rays, because it
means that sensitivity to high-energy gamma rays is greatly reduced. Silicon detectors
are most heavily used in charged-partilcleispectroscopy and are also used for Compton-
recoil spectroscopy of high-ener gy garmma rays.

Other solid-state detection media besides germanium and silicon have been applied
to gamma-ray spectroscopy. In NDA measurements,' as well as many other applica-
tions of gamma-ray spectroscopy, it would: be advantageous. to have high-resolution
detectors operating at room temperature!, thereby eliminating the cumbersome appa-
ratus necessary for cooling the detector crystal. Operation of room-temperature semi-
conductor materials: such as CdTe, HgI 2,: and GaAs has been extensively researched
(Ref. 1 D) Their higher average atomic numbers, provide greater photoelectric effi-
ciency per unit'volume of material. Some of their performance characteristics are
summarized in Table 3-1. However, these detector materials have enjoyed limited ap-
plication to NDA problems to date, largely because it has not been possible to produce
crystals sufficiently large for the ittal detection efficiencies needed in NDA applica-
tions. Ai crystal-growth technology improves, these detectors may become more
attractive as convenient, high-resolution room-temperature detectors for gamma-ray
spectroscopy of nuclear materials.

Table 3-1. Comparison of several semiconductor detector materials
Energy per Best 7 -Ray Energy

Atomic e-h Pair (b)" Resolution at 122 keVb
Material Numbers (eV) (keV)

Ge (77 K) 32 2.96 0.46
CdTe (300 K) 48, 52 4.43 3.80
HgI 2 (300 K) 80, 53 6.50 3.50
GaAs (300 K) 31, 33. 4.2 2.60
NaI (300 K)Y 11, 53 14.2
'This quantity determines the number of charge carriers produced in

an interaction. (See Section 3.3.3.)
bRepresentative. resolution data, as tabulated in Ref. 12. Energy

resolution is discussed further in Section 3.3.3 and in Chapter 5.
'While not a semiconductor material, Nal is included in the table

for convenient comparison.
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3.3 CHARACTERISTICS OF DETECTED SPECTRA

In gamma-ray spectroscopy applications, the detectors produce output pulses whose
magnitudes are proportional to the energy deposited in the detecting medium by the
incident photons. The measurement system includes some method of sorting all of
the generated pulses and displaying their relative numbers. The basic tool for accom-
plishing this task is the multichannel analyzer (MCA), whose operation is discussed
in Chapter 4. The end result of multichannel analysis is a histogram (spectrum) of the
detected output pulses, sorted by magnitude. The pulse-height spectrum is a direct
representation of the energy spectrum of the gamma-ray interactions in the detection
medium and constitutes the spectroscopic information used in gamma-ray NDA.

3.3.1 Generic Detector Response

Regardless of the type of detector used, the measured spectra have many features
in common. Consider the spectrum of a monoenergetic gamma-ray source of energy
E0 . The gamma-ray spectrum produced by the decaying nuclei is illustrated in Fig-
ure 3.6(a). The gamma-ray photons originate from nuclear transitions that involve
specific energy changes. There is a very small fluctuation in these energy values
because ýof two effects: (1) the quantum uncertainties in the energies of the transi-
tions (the so-called Heisenberg Uncertainty), and (2) recoil effects as the gamma-ray
photons are emitted. These uncertainties are finite, but negligible compared with the
other energy-broadening effects discussed below and so are not shown on the figure.
Thus, the "ideal" monoenergetic gamma-ray spectrum from free decaying nuclei is
essentially a sharp line at the energy E0 .

Since detected gamma-ray photons do not usually come from free nuclei but are
emitted in material media, some of them undergo scattering before they emerge from
the radioactive sample. This scattering leaves the affected photons with slightly less
energy than E0 , and the energy spectrum of photons emitted from a material sample is
slightly broadened into energies below E0 as shown in Figure 3.6(b). The magnitude
of this broadening is also quite small with respect to other effects discussed below
and is exaggerated in Figure 3.6(b) to call attention to its existence. It shouldalso be
noted that some gamma rays, after leaving the sample,, will be scattered by external
materials before entering the detector, and this effect can show up in the final energy
spectrum (see below).

When the gamma ray enters the detection medium, it transfers part or all of its
energy to an atomic electron, freeing the electron from its atomic bond. This freed
electron then usually transfers its kinetic energy, in a series of collisions, to other
atomic electrons in the detector medium.

The amount of energy, required to produce electron-ion' pairs in the detecting
medium determines the amount of charge that will be produced from a detection
event involving a given amount of deposited energy (see Table 3-1). A photoelectric
interaction transfers all of the incident photon's energy to a photoelectron; this electron
subsequently causes multiple. ionizations until its energy is depleted. The amount of
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charge. produced from this type of event is therefore, proportional to the actual photon
energy. A Compton scattering interaction transfers only part of the incident photon's
energy to an ionized electron; and that electron subsequently causes ionizations until
its energy: is depleted. The amount of charge produced from this type of event is
proportional to the:partial energy originally, lost by the incident photon but conveys
no useful information about: the actual photon energy.. Multiple Compton scattering
events for a single photon can produce amounts of charge closer to the value repre-
senting the full energy .of the. original, photon; •however, Compton-produced signals
generally represent one scattering interaction and are lower in magnitude than the
full-energy signals. The idealized. detector response to the photoelectric and Compton
interactions in .the detection medium is shown inFigure 3.6(c). Theamaximum:energy
that can be. deposited in the detection medium from a Compton scattering event comes
from an event where the photon is scattered by. I 80_ The Compton-generated detector
pulses are. therefore distributed, below. this maximum energy [E, in Figure 3.6(c)].and
constitute a source of "background" pulses that carry no useful energy information.

The 'full-energy peakijn: Figure 3.6(c) is sighificantly broadened by the "statistical
fluctuation .in the number of electron-ion- pairs' produced by the: photoelectron. .-This
effect.is. the primary contributor. to.the width of the full-energy peak and is therefore
the dominant factor in the detector energy resolution:(see Section 3.3.3).

3.3.2 Spectral Features

A more realistic representation of a detector-generated gamma-ray spectrum from a
monoenergetic gamma-ray flux is shown in Figure 3.7. The spectral features labeled
A-G are explained below.

C,L,

U) MONOENERGETIC GAMMA-RAY FLUX

U_0.

E
0

DETECTOR PULSE AMPLITUDE
(7 -RAY ENERGY)

Fig. 3.7 A realistic representation of the gamma detector spectrum
from a monoenergetic gamma source. The labeled spectral
features are explained in the text.
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A. The Full-Energy Photopeak. This peak represents the pulses that arise from
the full-energy, photoelectric interactions in the detection medium. Some counts also
arise from single or multiple Compton interactions that are followed by a photoelectric
interaction. Its width is determined primarily by the statistical fluctuations inw the
charge produced from the interactions plus a contribution from the pUlse-processing
electronics (see Section 3.3.3 and Chapter 4). Its centroid represents the photon
energy E0. Its net area above background represents the total number of full-energy
interactions in the detector and is usually proportional to the mass of the emitting
isotope.

B.: Compton Background Continuum. These pulses, distributed smoothly up: to
a maximum energy E, (see Figure 3.6), come from interactions involving only partial
photon energy loss in. the. detecting medium. Compton events are the primary source
of background counts. under the full-energy peaks in more complex spectra.

C. The Compton Edge. This is:the region of the spectrum that represents the
maximum energy loss by the incident photon through Compton scattering. It is a
broad asymmetric peak corresponding to the maximum energy (E,) that a gamma-
ray photon of 'energy E0oican transfer to a free electron in a single scattering event.
This corresponds to a "head-on" collision between the photon and the electron, where
the electron moves forward and the gamma-ray scatters backward through 1800 (see
Section 2.3.2). The energy of the Compton edge is given by Equation 2-11.

D. The "Compton Valley." For a monoenergetic source, pulses in this region arise
from either multiple Compton scattering events or from full-energy interactions by
photons that have undergone small-angle scattering (in either the source materials
or interveningý materials) before entering the detector. Unscattered photons from a
monoenergetic source cannot produce pulses in this region from a single interaction
in the detector. In more complex spectra, this region can contain Compton-generated
pulses from higher-energy photons.

E. Backscatter Peak. This peak is caused by gamma rays that have interacted by
Compton scattering in one of the materials surrounding the detector. Gamma rays
scattered by more than 110'-120' will emerge with nearly identical energies in the
200- to 250-keV range. Therefore, a monoenergetic source will give rise to many
scattered gamma rays whose energies are near. this minimum value (see Ref. 1 and
Section 2.3.2).. The energy of the backscatter peak is given by Equation 2-10.

F. Excess-Energy Region. With a monoenergetic source, events in this region are
from high-energy gamma :rays and cosmic-ray muons in the natural background and
from pulse-pileup events 'if the count rate is high enough (see Chapter 4). In a more
complex spectrum, counts above a given photopeak are primarily Compton events
from the higher-energy gamma rays.
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G. Low-Energy Rise. This feature of the spectrum, very near the "zero-pulse-height-
amplitude" region, arises typically from low-amplitude electronic noise in the detection
system that is processed.like low-amplitude detector pulses are, This noise tends to be
at rather high. frequency and so appears as a high-count-rate phenomenon. Electronic
noise is usually filtered out of the analysis electronically (see Chapter .4); so this
effect does not usually dominate the displayed spectrum. In more complex gamma-ray
spectra, containing many different photon energies, the, Compton-edge and backscatter
peak features tend to "wash out," leaving primarily full-energy peaks on a relatively
smooth Compton background.

3.3.3 Detector Resolution

The resolution of a detector is a measure of its ability to resolve two peaks that are
close together in energy. The parameter used to specify the detector resolution is the
Full Width of the (full-energy) photopeak at Half its Maximum height (FWHM). If a
standard Gaussian shape is assumed for the photopeak, the FWHHM is given by

FWHM = 2uviy-2 (3-1)

where a is the width parameter for the Gaussian. High resolution (small FWHM)
not only makes individual definition of close-lying peaks easier but also makes the
subtraction of the Compton continuum less uncertain because it is a smaller fraction
of the total activity in the peak region. The more complex a gamma-ray spectrum is,
the more desirable it is to have• the best energy resolution possible.

There. are both natural and technological limits to how precisely the energy of a
gamma-ray detection event can be registered by the detection system. The natural limit
on the energy precision arises primarily from the statistical fluctuations associated with
the charge production processes in the detector medium. The voltage integrity of the
full-energy pulses can also be disturbed by electronic effects, suich as noise, pulse
pileup, improper pole-zero settings, etc. These electronic effects, have become less
important as technology has improved, but their potential effects" on ,the resolution-must
be considered in the setup of a counting system. The electronic iand environmental
effects on detector resolution are discussed in more detail in Chapter 4.

The two types of detectors most widely used in gamma-ray NDA applications are
the Na!(TI) scintillation detector and the germanium solid-state detector. The Nal
detector generates full-energy peaks that are much wider than their counterparts from
the germanium detector. This is illustrated in Figure 3.8, where the wealth of detail
evident in the germanium spectrum of plutonium gamma rays isý all but lost in the
corresponding Nat spectrum.

By considering the statistical limit on the energy precision, it is possible to un-
derstand the origin of the difference in the energy resolution achievable with various
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Fig. 3.8 Gamma-ray spectrum from a plutonium sample with 94.2% 239Pu,
• taken with a high-resolution solid-state detector [Ge(Li)J and

with a Nat scintillation counter. Gamma-ray. energies are given
in keV.

types of detectors. Ideally, the number of electron charges (n) produced by the pn-
mary detection event depends upon the total energy deposited (E) and the average
amount of energy required to produce an electron-ion pair (b):

n =. bE . '(3-2)

The random statistical variance in n is the primary source of fluctuation in the full-
energy pulse amplitude. However, for some detector types, this statistical Variance is
observed to be less than (that is, better than): the theoretical value by a factor known
as the Fano factor (Ref. 13):

=2(n) Fn= FE/6 . (3-3)

This effect comes from the fact that part of the energy lost by the incident photon goes
into the :formation of ion pairs and part goes into heating the lattice. crystal structure
(thermal energy). The division of energy between heating and ionization is essentially
statistical. Without.the competing process of heating, all of the incident energy would
result in ion-pair production, and there would be no statistical fluctuation in n (F = 0).
By contrast, if the probability of ion pair production is small, then the statistical
fluctuations, would dominate (F 1 1). For scintillators, the factor F is approximately
unity; for germanium, silicon, and gases, it is approximately 0.15 (Refs. 1 and 2).
Since the number of charge carriers (n) is proportional to the deposited photon energy
(Equation 3-2), the statistical portion of the relative energy resolution is given by

AEstat/E = 2.35a(n)/n = 2.35[F6/E]1/ 2 . (3-4)
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The statistical limits on detector resolution are compared in Table 3-2 for several
types of detectors. The electronic contribution to the energy fluctuations (AEe.e.t)
is essentially independent of photon energy and determined largely by the detector
capacitance and the preamplifier. Thus, the total energy resolution can be expressed
as the combination of the electronic and statistical effects:

A2E•ot = A2 Eeedt + A2Estat = a + IE. (3-5)

In Figure 3.9 (Ref. 14) the energy resolutions of scintillation, gas, and solid-state
detectors are compared in the low-energy x-ray region. Techniques for measuring
resolution are described in Section 5.2.

The argument presented here assumes that the scintillation efficiency is the main
factor influencing the number of electrons produced at the photocathode of a scintilla-
tion detector. Other factors, such as scintillator transparency, play important roles. To
work effectively as a detector, a scintill ating material must have a high transparency
to its own scintillation light. In a similar vein, factors such as charge carrier mobility

Table 3-2. Theoretical statistical energy resolution at 300 keV for different
types of gamma-ray detectors

High-
No. of Relative Energy Energy

Detecting 6 Electrons, n, Error Resolutiond Resolutione
Medium (eV)a for 300 keVb in n . (keV) (keV)

Ge 2.96 1.0 x 105 0.0032 0.86 1.60

Gas 30. 1.0 x 104 0.010 2.73 -

Nal - - 1.0 x 101 0.032 22.6 30.0

BGO - - 8.0 x 10' 0.11 77.6 100.0
'Average energy (in eV) required to produce one electron-ion pair in the detecting

medium.
bThe ratio E/6 for E = 300 keV (Equation 3-2).

cThe quantity o(n)/n, or (l/n)1/ 2, without the incorporation of the Fano factor.
dThe statistical portion of the energy resolution, AEatat, from Equation 3-4. Fano

factors used were 0.15 for germanium and gas, and 1.0 for the scintillators. These are
average values for purposes of illustration.
eResolution at 1332 keV ('Co), calculated the same way as in the previous column,
but using the higher energy. Values for gas detectors are not shown, since these
detectors are ineffective for spectroscopy at such high energies.
fSince the measured charge is collected indirectly in scintillation detectors, this quan-
tity is not relevant; a typical number of electrons produced at a photomultiplier photo-
cathode per keV for Nal is taken from Ref. 1, and the numbers for BGO are based on
the fact that its scintillation efficiency is approximately 8% of that for NaI (Ref. 1).
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semiconductor detectors for the primary x rays of silver. (Adapted from Ref. 14.)

play an important role in determining the resolution of a solid state detector. This
discussion is simplified of necessity, but it illustrates, the primary reason why germa-
nium detectors resolve so much better than scintillation detectors. See Ref. 1 for a
more complete discussion of detector resolution.

3.3.4 Detector Efficiency

The basic definition of absolute photon detection efficiency is

total number of detected photons in the full-energy peak (3-6)

total number of photons emitted by the source

For the. discussion to follow, we will be. concerned with only full-energy events and
thus with the full-energy detection efficiency., :This total efficiency can be expressed
as the product of four factors:

etot = CgeomCabapýaampje~int. " (3-7)

The geometric efficiency eg... is the fraction of emitted photons that are intercepted
by the detector. For a point source this is given by

eg.. A/(4n2.) .(3-8)
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where A is the cross-sectional area of the detector and r is the source-to-detector
distance (described in Section 5.5). This factor is essentially independent of photon
energy. It manifests the well-known inverse-square law for counting rates as a function
of source-to-detector distance.

The absorption, efficiency 6 ab.p takes into, account the effects of interveningmate-
rials (such as the detector housing, special absorbers, etc.) that absorb some of the
incoming radiationbefore it interacts with the detector volume. This term is especially
important (it should be <<1) for low-energy photons for which absorption effects are
most pronounced. It has the mathematical form

cabsp =exp[ - i(E-y)pjx]4 (3-9)

where pi, pj, and xi are the mass absorption coefficient, density, and thickness of
the ith intervening material, and the summation is over all types of intervening mate-
rials.

The sample efficiency 6sampie is the reciprocal of the sample self-absorption cor-
rection (CFatten) discussed in Chapter 6.. This quantity is the fraction of emitted
gamma rays that actually emerge from the sample material. For example, in a slab of
thickness x and transmission T equal to exp[Qp'x),], the sample efficiency is

I - exp[-(ppx)] T - 1
•Eaample .= ('ipx)8  h lT• (3-10)

This factor clearly depends on the composition of each sample.
The intrinsic, efficiency cijt is the probability that a gamma ray that enters the

detector will interact and give a pulse in the full-energy peak. In simplest terms, this

efficiency comes from the standard absorption formula

ei= 1- exp(-/px) (3-11)

where p is the photoelectric mass attenuation coefficient, and p and x are the density
and thickness of the sensitive detector material. This simple expression underestimates
the true intrinsic efficiency because the full-energy peak can- also contain events from
multiple Compton scattering interactions. : In general, eint is also a weak function
of r because of the detection of off-axis incident gamma rays. Empirically, ei,,t can
usually be approximated by a power law of the form

E,•t oc aEjb. •(3-12)

Another important term is relative efficiency, which has two connotations:

* Relative to Nal: It is common practice to specify the efficiency of a germanium
detector at 1332 keV (6 0Co) as a percent of'the efficiency of a 3 in. by 3 in.
NaI detector at 25-cm source-to-detector distance and the same gamma-ray

energy:

Ere1 to NaI(Ge) = 100 etot(Ge, 1332 keV)/etot (NaI, 1332 keY) . (3-13)
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The theoretical value of EttQ(NaI, 1332 keV) at 25cm is 1.2 x 10-3. Thus,
for example, a 30% (relative) germanium detector has a theoretical absolute
efficiency at 1332. keV at 25cm of 3.6.x 10-. 4 .

Relative Efficiency Curve: (Also called the intrinsic efficiency calibration.)
This is a composite curve of the energy dependence of the ratio of the detected
count rate to the emitted count rate:

'rel - Ntabapeaample int (3-14)

The factor N emphasizes that, for most assay applications, the absolute value
of this total efficiency is not as important as the relative values at different
energies. This :efficiency also includes the energy-dependent effect of the
sample self-absorption Eampie (see Chapter 6 and Equation 3-10), and so
must be. determined: for each sample measured.

The total relative efficiency. may be calculated semi-theoretically, or (as is
more prudent) it can be measured using many different gamma rays from one
isotope. Aspects of this relative efficiency and its measurement are dealt with
in greater detail in Chapter 8, and an example of a measured relative efficiency
curve, including the sample self-absorption, is shown in Figure 8.14.

Detector efficiencies are usually measured and quoted as absolute photopeak effi-
ciencies for detection of gamma rays from unattenuating point sources. Therefore,
their energy dependence is dominated by ei,,t at the higher energies and by 6,,b,p at
the lower energies; the geometrical factor Egeom establishes the overall magnitude of
the efficiency. The intrinsic and :absorption efficiencies are strongly dependent on the
incident photon energy, as illustrated in Figures 3.10 and 3.11 (Ref. 15), where the
typical energy dependence of detector efficiency is shown for a planar and a coaxial
Ge(Li) detector, respectively.

These figures make three general points:

1. The strong, energy dependence of the total detection efficiency causes the recorded
photon intensities to be significantly different from the emitted intensities. To
perform. quantitative assays involving comparison of the intensities of different
gamma rays, one:must take into account this energy-dependent efficiency correction.

2. When low-energy gamma-ray assays are performed, thin detector volumes should be
used. This optimizes the detection efficiency in the low-energy region and reduces
the detection efficiency for the unwanted high-energy gamma rays.

3. When high-energy gamma-ray assays are performed, thick detector volumes should
be used' to. provide adequate !efficiency for the more penetrating radiation. In ad-
dition, selected absorberis at the detector entrance can reduce contributions to the
counting rate from unwanted low-energy radiation.
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of a 38-cm3, true coaxial Ge(Li) detector (adapted from Ref 15).

Even though Figures 3.10 and 3.11 illustrate these points for solid-state detectors,
these same conclusions apply to Nal detectors as well. For example, uranium en-
richment measurements at 186 keV are typically performed with a 2 in. by 1/2 in.
scintillation crystal, While plutonium assays at 414 keV are usually done with axially
thicker 2 in. by 2 in. scintillators.

3.4 DETECTOR SELECTION

Gamma-ray assay applications have varied objectives that can dictate the use of
a variety of detectors. Discussion of the choice of detectors from the standpoint of
energy resolution is given in Chapter 4. An additional consideration is the gamma-
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ray (or x-ray) energy range of interest in a particular application. In general, the
photon energies of major interest in the NDA.of nuclear material range from below
the x-ray region (85-100 keV) to approximately 400 keV. Exceptions are Lit-edge
densitometry in the 15- to 30-keV energy range (see Chapter 9), plutonium isotopic
measurements in the 400t -to 1000-keV range .(see Chapter 8), and occasional measure-
ments of..23 U daughter activity in the. 600- to :1000-keV range. (The major gamma-ray
signatures for nuclear material are listed in Table 1-2.) As was illustrated in the dis-
cussion above, detectors that are thick in the axial dimension are more efficient for
the high-energy• applications,• and for low-energy gamma" -and X-ray measurements,
axially thin detectors are better .suited because of their optimum detection efficiency
at low to medium energies and relative insensitivity to higher-energy radiation. Other
factors, such as cost and portability may:dictate the.use of less. expensive and more
portable NaI (scintillation). detectors, with: the, attendant sacrifice of good energy res-
olution. In recent years, high-resolutions detectors have become available with small
liquid-nitrogen dewars that render the detector assembly every bit as portable as a
Nal detector. However, cost. considerations still favor the •scintillation detector over
the high-resolution detector. '
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Instrumentation for
Gamma-Ray Spectroscopy

Jack L Parker

4.1 INTRODUCTION

The subject of this chapter is the function and operation of the components of a
gamma-ray spectroscopy system. In Chapter 3 it was shown that the output pulse
amplitude from most gamma-ray detectors is proportional to the energy deposited by
the gamma ray. The pulse-height spectrum from such a detector contains a series of
full-energy peaks superimposed on a continuous Compton background. Although the
spectrum can be quite complicated (for example, see Figure 1.10 of Chapter 1) and
thereby difficult to analyze, it contains much useful information about the energies
and relative intensities of the gamma rays emitted by the source. The information that
is important for the quantitative nondestructive assay (NDA) of nuclear material is
contained in the full'energy peaks. The purpose of the electronic equipment that fol-
lows the detector is to acquire an accurate representation of the pulse-height spectrum
and to extract the desired energy and intensity information from that spectrum.

This chapter provides a relatively brief introduction to the wide variety of instru-
mentation used in the gamma-ray spectroscopy of nuclear materials. It emphasizes
the function of each component and provides information about important aspects of
instrument operation. For a detailed description of instrument operation, the reader
should; refer to the instruction manuals provided with each instrument.: Because of
the rapidly advancing state-of-the-art of gamma-ray spectroscopy equipment, the best
sources of current information are often the manufacturers and users of the instruments.
Although the manufacturers are clearly the; best source .f information. about the elec-
tronic capabilities of their equipment, those: active in the: application of gamma-ray
spectroscopy to NDA are usually the: best source of: information on effective assay
procedures and the selection of equipment for a given, application. Books and re-
ports on gamma-ray spectroscopy equipment are often out of date soon after they are
published.

Gamma-ray spectroscopy systems can be divided into two classes according to
whether they use single-channel analyzers (SCAs) or multichannel analyzers (MCAs).
Figures 4.1 and 4.2 show block diagrams of the two classes. :Both systems begin
with a detector, where the gamma-ray interaction produces a weak electrical signal
that is proportional to the deposited energy. Section 4.2 discusses the process of
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selecting an appropriatedetector for different NDA applications. Sections 4.3 through
4.8 discuss the basic components of gamma-ray spectroscopy systems; the discussion.
of each component is presented in the order in which the electrical signal flows
through the system. Section 4.9 presents auxiliary electronic equipment.. Usually,
components other than those shown. in Figures 4.1 or:4.2 must be added to form a
useful NDA system. Shields,. collimators, sample holdersS ample changers, scanning
mechanisms, and source shutters are discussed in later chapters: that describe specific
assay techniques and instruments.

-------------- --------------
SINGLE OR PEWCHANNEL
PULSE HEIGHT ANALYSIS

i SINGLE. COUNTE I
AVOTAGE CNALYZER TIMER

I N L"LE.• COU'NTER,

I NOTE, ALL SINGLEC HANNEL

S .RANALYZEO SAPTI EROA . "FRSI * •

S ARE OPTIONAL.

Fig. 4.1 Block diagram of a single-channel-analyzer-based gamma ray spec-
troscopy. system for simple NDA applications.

4.2 SELECTION OF DETECTOR

Some general guidance is given in this section to the often difficult matter of
selecting an appropriate detector for a particular NDA application. There are not
only several generic types of detectors but myriad variations of size, shape, packaging
configuration, performance, and price. The detector choice must be evaluated in the
light of the technical requirements of a proposed application and the nontechnical but
often overriding matter of budgetary constraints.

The first and most important detector parameter to consider is resolution. A de-
tector with high resolution usually gives more accurate assays than one with low
resolution. The resolution of a germanium detector is typically 0.5 to 2.0 keV in the
energy range of interest for NDA applications, whereas the resolution of a Nal detec-
tor is 20 to 60 keV. It is easier to determine accurately the, area of full-energy peaks
in a complex spectrum when the peaks do not overlap, and the probability of overlap is
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Fig. 4.2 Block diagram of a multichannel-analyzer-based gamma-ray spec-
troscopy system for complexNDA applications.

less with narrower peaks. The background continuum under the full-energy peaks is
easier to subtract from a high-resolution spectrum because it is a smaller fraction of
the total activity in the peak region. Full-energy-peak areas are easier to evaluate in
high-resolution spectra because the interference from small-angle' Compton scattering
in the samplei.Is reduced. Gamma rays that undergo small-angle scattering lose only a
small amount of energy. If these scattered:.gamma rays still fall in the full-energy-peak
region, the calculated full-energy-peak area is likely to be incorrect. This problem
is minimized by using a high-resolution detector, which provides narrow, full-energy
peaks.

The complexity of the spectrum should influence the detector choice; the more com-
plex the spectrum becomes, the more desirable high resolution becomes. Plutonium
has a much more complex gamma-ray spectrum than uranium does, and. germanium or
silicon detectors are used more often in plutonium assay applications than in uranium
assay applications.

The second performance parameter to consider is efficiency, which determines the
count rates that can be expected, the time that is required to achieve a given preci-
sion, and the sensitivity that can be achieved. Higher efficiency always costs more
for a given detector type, but a given efficiency is less expensive to obtain in a
low-resolution Nal detector than in a high-resolution germanium detector. There is
considerable motivation to use a less-expensive, lower-resolution detector when it can
give satisfactory assay results.

Other parameters such as space and cooling requirements. and portability must be
considered and are sometimes the dominant considerations. The selection of an ap-
propriate detector is often difficult and may involve painful compromises among con-
flicting requirements. Once the selection is made, considerable care should be taken



68 Jack L. Parker

to specify all pertinent parameters to prospective vendors to ensure that the desired
detector is obtained.

4.3 PIGH-VOLTAGE BIAS SUPPLY

All of the commonly used gamma-ray detectors require a high-voltage bias supply
to provide the electric field that collects the charge generated by the gamma-ray
interaction in the detector. The bias supply is not a part of the signal path but is
required to operate the detector. It is usually the most reliable unit in a spectroscopy
system and the easiest to operate.

Germanium. and silicon diode detectors require very.low currents, typically < 10-9 A.
The voltage requirements range from a few hundred volts for a small silicon detec-
tor to several thousand volts for a large coaxial germanium detector. Bias supplies
for germanium and silicon detectors usually provide up to 5 kV and 100 /A. The
voltage-resolution and low-frequency-filtering requirements are modest because there
is no charge amplification in the detector. The voltage is usually continuously vari-
able from 0 to: 5 MV. In the past, it was necessary to vary the voltage very slowly
(<100 V/s) when turning on or changing the detector bias because the field-effect
transistor (FET) used ý in the first stage of the detector preamplifier is easily damaged
by sudden voltage surges. However, the protection now provided by the filter in-
cluded in all hlgh-quality preamplifiers is so good that an FET is rarely destroyed
for this reasonm Battery packs' are sometimes used as bias supplies for germaniump
and silicon detectors because they are portable and do not generate noise. A charged
capacitor can e~ sed as a "power supply" for many hours; in fact, the capacitor in
the high-voltage filter located in the preamplifier can often operate a detector for an
hour or two.

The bias supply requirements for photomultiplier tubes used with scintillation de-
tectors are more stringent than for solid-state diode detectors. The required voltage
is typically a few thofisand volts,:but the required current is usually 1 to 10 mA. Be-
cause the gain of a photomultiplier is a very strong function of the applied voltage, the
stability and filtering must be excellent. The 100-tuA supplies used with germanium
detectors will u'ually .not operate. a photomultiplier tube.

Bias supplies: come in a variety of packages. The most common is the nuclear in-
strumentation rodules (NIM), which plugs into a frame or bin (NIM bin) that supplies
the necessary dc voltages to power the module. NIM modules meet internationally
accepted standidi for dimensions, voltages, wiring, and connectors and are widely
used in NDA instrumentation. Other bias supplies fit i NIM bins but take power
from the normal oa source. The high-current bias supplies used to power multi-
ple photomultiplier-tube arrays are often mounted in' standard 45.7-cm (18-in.)-wide
instrumentation' racks.
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NIM bias supplies frequently use an electronic switching device to generate the
required voltage. The switching device generates a high-frequency noise that can
find its way into the preamplifier and cause significant degradation of spectral quality.
This problem can be minimized by careful grounding and cable positioning. The noise
generated by the power supply can also introduce false signals into any pileup rejection
circuitry being used. Photomiltiplier-tube bias supplies, even those that are not the
NIM type, can also be sources of high-frequency noise. As usual, an oscilloscope is
a most useful aid in detecting the. presence of interfering electrical noise from any
source.

Note that detector bias supplies can be lethal. Caution is always required, particu-
larly when working with the high-current supplies that power photamultiplier tubes.
Persons who are accustomed to working.with low-voltage, low-power, transistorized
circuits must be.made. aware of the danger associated with the use of.detector power
supplies.

4.4 PREAMPLIFIER

Preamplifiers :are required for germanium and silicon detectors and improve the
performance of Nal scintillation detectors(;. ,The detector output signal is usually a
low-amplitude; i hort-4urationh.current pulse;' atypical pulse might be 10 mV high and
200 ns long. TJe preamnplifier convertsthis ýcurrent pulse to a voltage pulse whose
amplitude is pfoporinai to the energy deposited, in the detector during the gamma-ray
interaction. To Iaximize the signial-to-nois•e ratiofof the output pulse and preserve

the gamma-ray: energy information, the preamplifier must be placed as Close to the
detector as possible. The closeness of the prearmplifier minimizes:the capacitance at
the. preamplifier iinput, thereby reducing theI output noise lelvei. The preamnplifier also
serves as an impedance-matching device between the high-impedance detector and the
low-impedance coaxial cable that transmits the amplified detector signal to the main
amplifier. The amplifier and preamplifier may be separated by as much as several
hundred meters.

Because the detector and preamplifier must be close .the preamplifier is often: in
an inconvenient location, surrounded by shielding, and inaccessible during use. Most
preamplifiers have no external controls; the gain and:pulse-shape adjustments are in-
cluded in the main amplifier, which is usually in a more convenient location close
to the other 'system electronics. Because it'lacks external controls, the preamplifier
occupies only a few hundred cubic centimeters. Its''small volume is advantageous
when the preamplifier must be located inside. the detectori shielding.: The preamplifier
is usually housed in a small rectan guiar box. For single'4Na detectors, the preamplifier
is often built into the cylindrical housing that holds the :hio; tonmiltiplier-tube socket. In
recent years, preamplifiers for germaniium and silicoon dedt•ctors'have been packaged in
an annular configuration behind the end'cap of :the detector cryostat. This configuration
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Fig. 4.3 Detectors having annular, cylindrical, and rectangular
preamplifiers.

eliminates awkward boxes that stick out at right angles from cryostats and makes the
detectors easier to shield. Figure 4.3 shows the basic preamplifier configurations just
described.

Although preamplifiers have few controls, they have several connectors. Usually
included are one. or two output connectors and a test input through which pulses
can be routed from anm electronic pulser to simulate gamma-ray events for testing the
performance of the preamplifier and the other signal-processing instruments. in the
system. (The. simulated gamma-ray peak produced in the acquired spectrum can also
give a good estimate !of the: electronic losses suffered by, the system; see Chapter 5.)
The detectori bias. is .often applied through a connector mounted on the preamplifier.
A multipin connector is- usually included to provide the power needed for operating,
the preamplifier; the power is often supplied by the main amplifier. Certain NaI
preamplifiers generate the required low voltage from the detector bias voltage.
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The preamplifier output pulse is a. fast positive or negative step followed.by a very
slow decay. The, isetime is a few. tenths of. a microsecond and the -decay time is
50 to 100 Ms. The amplitude of the fast step is proportional, to. the charge delivered
to the preamplifier input and therefore proportional to the energy deposited in the
detector by. the gamma, ray. The long decay time. means that a second pulse often
occurs before .the tail. of the: preceding pulse has decayed.. This effect is seen in
Figure.4.4, which. shows the preamplifier. output. from. a large,: coaxial germanium
detector. The amplitude of the fast-rising. step, which contains, the. important energy
information from the gamma-ray interaction,, is distorted only: if the energy deposition
rate becomes so high that the average dc level of the preamplifier rises to where.some
of the fast-rising: steps. are beyond the linear. range.of. the amplifier.
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Fig. 4.4 Output pulses from a typical germanium-detector pream-

plifier. The important energy information is contained
in the amplitude of the fast-rising voltage step (,0.5 MIs).
The pileup of pulses on the long tails (,',50 ps) does not
affect the validity of the energy information.

Most manufacturers offer several preamplifier models that are optimized for differ-
ent detector types., Parameters such as. noise level, sensitivity, risetime, and count-rate
capability. may be different for different models. The count-rate capability is usually
specified as the maximum charge per unit time (C/s) delivered from the detector to
the: preamplifier input. For germanium and silicon detectors the equivalent energy
perE unit time (MeV/s) is .often specified; when this number is divided by: the average
gamma-ray energy, the result is the maximum count rate that the preamplifier can
handle.
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Usually, few choices can be made when selecting a preamplifier for a Nal detector.
However, several significantly different options are available for germanium detectors;
the selection' depends upon the detector and the measurement ,applicatiOn. Because
germanium detectors are always sold with an integral preamplifier, the selection must
be made When the detector is purchased.

Because ofits low noise, an FET is always the first amplifying stage in a germanium-
detector preamplifier. When germanium detectors were first produced, the FET was
always operated at room temperature in the:main preamplifier enclosure. However,
better resolution can be -achieved when the FET is. cooled along with the detector
crystal. The improvement in resolution is especially significant at gamma-ray ener-
gies below 200 keV. Preamplifiers are: now available With either room-temperature or
cooled FETs. The preamplifier feedback resistor and other associated circuit compo-
nents may be located inside the cryostat with. the FET and the detector crystal. The
penalty for the improved performance is that if the FET fails and must be replaced,
the cryostat must be opened, usually by the manufacturer at considerable expense to
the user. However, preamplifiers that use cooled FETs are now so reliable and so
well protected.from high-voltage surges that the transistors rarely fail. As a result,
this type of preamplifier is now the most commonly used.

Most manufacturers also offer a high- or low-count-rate option. This option is
needed because detector resolution cannot be optimized simultaneously for high and
low count rates. Most detector-preamplifier units are optimized to operate at low
count rates (<10 000 count/s) because this provides the best resolution possible.
If the primary application will involve count rates greater than 50 000 count/s, the
manufacturer should be asked .to optimize the detector for high-count-rate performance.

Germanium. detector crystals are fabricated in planar or coaxial geometries; the
designation refers to the shape of the crystal and the location of the charge-collecting
contacts. Because of their very low electrical capacitance, small planar. detectors
(<10 cm3 ) have lower noise and better resolution than large detectors. To obtain the
best possible resolution from small planar 'detectors, the feedback resistor is some-
times removed fromn the preamplifiei.ý 'ýH6wever iwithout the feedback resistor, the
decay time of.the:;o'utput pulse is ver lng iand the output level increases with each
successive pulse. Figure 4.5 shows: the output o.f:apreamplifier that does not have
a feedback resistor. When:the maximum allowable dc level. is reached, the pream-
plifier must be reset. using a pulsed-optical :or transistorized method. However, the
reset pulse can saturate the main amplifier for up 'to several hundred microseconds,
and the data acquisition equipment must be:disabled to avoid the analysis of invalid,
distorted pulses. Because. of this complication, pulsed-optical preamplifiers are chosen
only when the: small improvement in resolution is absolutely required. Pulsed-optical
preamplifiers have:a low-count-rate caipbility, often only 5000 MeV/s rather than the
more ithan 50:00' :MeVs vusualy available' with: other types of preamplifiers. For
low gamma-ray energies (<100 to 200 keV), the count-rate limitation' may not be a
problem.
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Fig. 4.5 Output pulses from a pulsed-optical preamplifier on. a

germanium detector. Because there is no feedback re-
sistor, the noise level is lower than in resistively cou-
pled preamplifiers and the dc output level rises in a
stair-step fashion and must be reset when the maximum
allowable voltage is reached.

In recent years, preamplifiers that use variations of the pulsed-optical method have
been developed for high-count-rate applications. In one case, the optically coupled'
reset device is replaced by a transistor network. In another case, the reset is accom-
plished by optical means but the preamplifier is reset after nearly every event, thereby
reducing the amplifier saturation time.

4.5 AMPLIFIER

After leaving the preamplifier, the gamma-ray pulses are amplified and shaped to
meet the requirements of the pulse-height-analysis instrumentation that follows the
main amplifier. Most spectroscopy-grade amplifiers are single- or double-width NIM
modules. Portable multichannel analyzers often have a built-in amplifier, which may
be adequate for the intended application.

The main amplifier accepts the low-voltage pulse from the preamplifier and am-
plifies it into a linear voltage .range that is 0 to 10 V for most high-quality am-
plifiers. Within the linear:range all input pulses are accurately amplified by the
same factor. The amplification: is nonlinear for output pulses that exceed 10 V.
The maximum output voltage or saturation voltage ýof most amplifiers is ;approxi-
mately 12 V. The amplifier gain can be adjusted over a wide range, typically from
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10 to 5000. Amplifiers usually have two gain controls (coarse and fine) to allow
continuous gain adjustment.

The shaping function of the main amplifier is vital to the production of high-quality
spectra. The amplified pulses are shaped to optimize the signal-to-noise ratio and to
meet the pulse-shape requirements of the pulse-height-analysis electronics. Because
single-channel and multichannel analyzers measure the input pulse amplitude with
respect to an internal reference voltage, .the amplifier output must return quickly to
a stable voltage level, usually: zero, between gamma-ray pulses. The stability of the
baseline voltage level is extremely impoitant because any baseline fluctuation perturbs
the measurement of the gamma-ray pulse amplitude and contributes to the broadening
of the full-energy peak.

A narrow pulse shape permits a quick return to.baseline. However, the pulse must
be wide enough to allow sufficient time to collect all of the charge liberated by the
interaction of the gamma ray in the detector. Figure 4.4 shows: that 0.25 to 0.5 /As
could be sufficient to allow complete charge collection. The pulse shape should also
provide a signal-to-noise ratio that minimizes the variation in output pulse amplitude
for a given quantity* of charge deposited at the preamplifier input. Unfortunately, the
pulse width that provides the optimum signal-to-noise ratio is usually wider than that
required for a quick return to baseline. At low count rates, the pulse can be wide
because the probability is small that a second pulse will arrive before the amplifier
output has returned ito the baseline level. As the.count rate increases, however, the
probability that pulses occur on a iperturbed baseline also increases, and the spectrum
is distorted in spite of the optimum signal-to-noise ratio. A narrower pulse width than
reguired for the optimum signal-to-noise ratio usually gives the best resolution at high
count rates; thie:resolution, however, is not as good as can be obtained at low count
rates.

The.amplifiers used with high-resolution germanium and silicon detectors employ
a combination of electronic differentiation, integration, and active filtering to provide
the desired pulse shape. Qualitatively, differentiation removes low frequencies from
a signal and integration removes high frequencies. Differentiation and integration are
characterized by a time constant, usually having units of microseconds, that defines
the degree[ of attenuation as a function :of frequency.. The greater the time constant,
the greater: is the attenuation of low frequencies by differentiation and the attenuation
of high frequencies by integration. When both differentiation and integration are used,
the low- land high.frequency components are strongly suppressed and a relatively nar-
row band of middle frequencies is passed and amplified. Because most spectroscopy
amplifiers function best when the, differentiation and integration time constants are
equal, there is. usually a single control that selects time constants. in the range 0.25 to
12 AIs. When.the two time constants are equal, the amplifier output pulse is. nearly
symmetrical (see Figure 4.6). The total pulse width is approximately six times.the
time constant. At low count rates, large coaxial germanium detectors usually have op-
timum resolution with time constants of 3 to4 ps. Small planar germanium detectors
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resolve best with time constants of 6 to 8 /s, and small planar silicon detectors iusually
operate best with values of 8 to l2jus. The problem of pulse pileup is more severe
when long time constants are used to exploit the intrinsically better resolution of
the smaller detectors. The time constant used in a given situation depends on the
detector, the expected count rate, and whether resolution or data throughput is of
greater importance.
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High-resolution germanium and silicon detectors are relatively slow and require
time constants, longer than those needed for other types of detectors. NaT scintilla-
tion detectors, which have resolutions that, are. .10 to .20 times worse than those of
germanium de tectors, operate well .with time constants of 0.25, to 1.0 Aus. Organic
s Icintillation detectors, which have almost no e 1nergy resolution, can operate with time
constants of only 0.01 jts; when energy resolution is not required but high-count-rate
capability is, they are very useful. Unfortunately, nio. detector now available combines
very high resolution with very high count rate capability.

Spectroscopy amplifiers usually provide two different output pulse shapes: unipolar
and bipolar.: The bipolar pulse, is usually obtained by'differentiating the unipolar pulse.
Figure 4.6 shows both unipolar. and bipolar output, signals from a typical spectroscopy
amplifier. The..unipolar output has a better signal-to-noise ratio and i's usually used
for energy, analysis, whereas Ithe bipolar output has superior timing information and
overload recovery. The b ipolar pulse shape is usually bet ter, for timing app0lications
because the zero crossover point I (the point where the bipolar pulse changes sign) is
easily detected and is very stable. The crossover, point corresponds to the peak of~the
unipolar output and is nearly'independent of output pulse amplitude.

Delay lines can be used in pulse-shaping circuits. Delay-line shaping can provide
unipolar or bipolar pulses, depending on whether one or two delay lines. are employed.
Delay-line amplifiers are economical and provide adequate performance when used
with low-resolution detectors; they. are rarely used with germanium, or silicon detectors
because their noise l~evel. is higher than that found in amplifiers that usedifferentiation
and integration. .The output pulse shape of a delay-line amplifier is distinctly different
from that of an amplifier that uses differentiation and integration. Figure, 4.7 shows
the unipolar and: bipolar output signals from a typical delay-line amplifier.
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4.5.1 Pole-Zero Compensation Circuit

Most amplifiers include a pole-zero compensation circuit to help maintain a stable
baseline. The pole-zero circuit was introduced in about: 1967 and was the first major
improvement in amplifier design after. the introduction of transistors. It significantly
improves amplifier performance at high count rates. The term "pole zero" arises from
the terminology of the Laplace transform methods used to solve the simple differential
equation that governs the circuit behavior. The circuit'is very simple; it consists of
an adjustable resistor in pirallel withi the. amplifier input capacitor. In spite of the
simplicity, of:the circuit, the proper adjustmenti of the pole-zero control is crucial for
correct -operation of most modern•amlifiers. When the pole-zero conitrol is properly
adjustedA the ýamplifier output returnSf ismothly to the baseline level in the minimum
possibletime' When the control is incorrectly adjusted, the following conditions result:
the output pulses are followed by a long undershoot or overshoot that perturbs the
output baseline and seriously degrades the amplifier performance at high count rates;
the fullzenergy peaks are broader and pften., have: low- or high-energy tails depending
on whether an undershoot or overshoot con:dition' exists;: accurate determination'of the
full-energy pei-k areas is diffic6ult:. Figure 4.8 shows the amplifier pulseshapes and
full-energy peak shaps that result from: correct and incorrect pole-zero adjustment.

Adjustment of the pole-zero ciicuit is' simple and is. best accomplished using an
oscilloscope:.to monitor the amplifier output pulse shape: and following procedures
found in: the amplifier mahual. The adjustment should be checked whenever the
amplifier time constant! is changed.

4.5.2 Baseline Restoration Circuit

Baseline restoration (BLR) circuits were added to spectroscopy amplifiers soon
after the advent of pole-zero circuits. Like the pole-zeror circuit, the BLR helps
maintain a stable baseline. The pole-zero circuit is located at the amplifier input
and is a very simple: circuit; the' BLR: is !located at the amplifier output and is often
remarkably complex. The pole-4eo circuit prevents undershoot caused by the finite

-"1--
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Fig. 4.8 The effect of pole-zero adjustment on the amplifier output (left)
and the full-energy-peak shape (right). The upper frames show
pole-zero undercompensation, which causes amplifier under-
shooting and low-energy tailing on the MCA peak. The middle
frames :show correct pole-zero compensation. The lower frames.
show pole-zero overcompensation, which causes amplifier over-
shooting and high-energy tailing on the MCA peak,

decay time of the preamplifier output pulse; the BLR suppresses the baseline shifts
caused by the ac coupling of the unipolar output pulses.: Although -operation of the
BLR is totally automatic in:some amplifiers, other amplifiers have several controls to
optimize amplifier performance for different count rates and preamplifier types. The
optimum BLR setting is often determined by trial and error.
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4.5.3 Pieup Rjection Circuit.

Pileup rejection circuits' have.been added to Imanyitop-of4-e-lne amplifiers to im-
prove performance at high count rates. A pileup rejector uses timiig.circuitry to detect
and reject events where two or more gamma-ry:pulses overlap.ý,Such events have a
combined pulse amplitude that is not ýcharacteristic of any single ga mmaray and only
increases the height of the background continuum int acuirm4 ei. Figure 4.9

shows how two gamma-ray pulses overlap to produce a pileup pulse. For germanium
detectors, the minimum pulse• separation that can be resolved by the. pileup rejector
is approximately 0.5.'•s Thepileup 'rejector us~ually•.prbvides a.logic p.ulse that can
be used,.tb prevent'analysis of I the pileup pulses. In high-1ou nt4ra t u ,sitations, the
pileup rejector can provide bet erredsolution and a lower backgroud continuum; as
a resul, de•'terminationý of the.fl-energy-pesak areasdismiý!•pifie'd Fig~ure 4.10 shows
the improvement in spectral quality that can resuit from using a pi•cup rejector. The
figure also showsý that the "pileup rejector can stugpen the appearance of sum peaks
such that they may bemristaken.for real full-efnrg&peaks.

The .considerable benefitsý of pileu•Prejectihn are offseti by increased complexity
of operation and more stringent requirements Ifor' the preamplifier.outut pulse. The

preamplifier output pulse .must. be free of high-frequency ringing that can cause false
pileup signatures in the-timing circuits. It must also be freen of.'high-frequency inter-
ference from power supplies, scalers,. computers, and video display terminals. Such
high-frequency pickup is. usually filtered out in the main amplifier.but can cause false
pileup signatures in the pileup rejection circuit and lead to excessive rejection of good
gamma-ray pulses and spectral distortions. Conisiderable care must be used when
adjusting pileup rejection circuits.

The proper use of pole-zero, baseline restoration, and pileup rejection circuits can
greatlynimprove the quality of the measured gamma-ray spectrum. Because an oscillo-
scope is: virtually indispensable for adjusting these circuits for optimum performance,
a good quality oscilloscope shodld be readily available to every user, of a gamma-ray
spectroscopy!* system.: Users: should understand: the operation of the oscilloscope as
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well as they understand the operation of the spectroscopy system. They can detect
and/or prevent more difficulty through proper use of the oscilloscope than through the
use of any other piece of equipment..,
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4.5.4 Advanced Concepts in Amplifier Design

Two recent advances in amplifier design improve the ability of gamma-ray spec-
troscopy systems to operate at high count rates without excessive spectral degradation.
Both concepts use a narrow pulse shape to reduce pileup losses while preserving good
peak shape, signal-to-noise ratio, and resolution.

In one design, a gated integrator is added to the output of a standard high-quality
amplifier. The amplitude of the integrator output pulse is proportional to. the integral
of the amplifier output pulse. The integrator output is digitized in the normal way
by the analog-to-digital converter. For a given gamma-ray interaction, the charge

collection time depends on the electri6 field, strength in the detector and the location
of the interaction. Charge carriers that jare produced far from the collection electrodes
or in regions where the electric field i~s weaker arrive later at the electrodes. Charge
that is collected very late may not contribute to the information-carrying part of the
preamplifier pulse; such charge is saidito cauisea ballistic deficit. If the amplifier; time
constants are comparable to the charge collection time, the integral of the amplifier
output pulse is more nearly proportional to the collected charge than is the pulse am-
plitude. Qualitatively, the integration allows alongerlperiod for charge collection and
decreases the ballistic deficit. Shorter time constants can be used with the amplifier-
integrator combination than can be used with the amplifier alone. The short time
constants reduce pileup losses and increase data throughput. Figure 4.11 shows the
amplifier and corresponding integrator output pulse.

The second design uses time-variant'filters in place of the normal differentiation-
integration filters. The technique requires special preamplifiers and-analog-to-digital
converters, but it can operate at count rates as high as 106 count/s with data throughput
rates of 80 000 count/s. Figure 4.12 shows that the output pulse shape from this system
is much different from the familiar Gaussian pulse shape.

It should be :emphasized that the selection .of a detector with excellent charge col-
lection is essential to highwresolution, high-rate spectroscopy.

4.6 SINGLE-CHANNEL ANALYZER

The single-channel analyzer (SCA).is the pulse-height-analysis instrument shown
in the simple spectroscopy system of Figure 4.1. Historically, the first pulse-beight-
analysis instrument was a simple discriminator with a single, adjustable voltage thresh-
old. If the 'voltage of the .mplifier oltput pulse exceeds the discriminator threshold,
the discriminator emits a logic pulse. Logic pulses are used for counting and control
functions and have a fixed amplitude and width, usually 5 V and .1 As in spectroscopy

equipment.; The threshold voltage is calibrated for its equivalent gamma-ray energy.
When the discibminator output is connected to a scaler, the scaler counts all gamma
rays that exceed the desired energy threshold.
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Fig. 4.11 The regular output and gated-integrator output
from an amplifier using gated integration to re-
duce the ballistic deficit at short time constants.
The gated integrator permits good resolution and
lower pileup and deadtime losses at high input
rates.
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0 'Fig. 4.12 The output from a pulse processor
using time-variant filters to shapeTIME preamplifier output pulses.

An SCA is essentially two discriminators with -independent thresholds. If the ampli-
fier pulse amplitude exceeds the lower threshold and is less than the upper threshold,
the SCA emits. a logic pulse. If the SCA output is connected to a scaler, the scaler -will
count all gamma rays in a selected energy interval or channel. Figure 4.13,illustrates
the function of the SCA.
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The gamma-ray energy spectrum can be measured by setting a narrow window and
taking a series of counts as the window is moved across the energy region of interest
as a series of contiguous but nonoverlapping channels. The method is very tedious
when the window is narrow and many counts must be taken.: Before the advent of
multichannel analyzers (MCAs), SCAs were used to measure gamma-ray spectra (see
Figure 4.14). The technique was sometimes automated adding a mechanical dive
to the lower threshold control and a recording ratemeter to the. SCA output.

The two SCA thresholds may be referenced to the same vyoltage, usually 0 V. If
the upper threshold is referenced to the lower threshold 'voltage, the count window
can be advanced through the spectrum by adjusting :only the lower threshold control.
Some SCAs, can. function as two independent discriminators, as an SCA with inde-
pendent thresholds or as the window SCA just described. Some extract pulse-height
information only, and others provide both pulse-height and timing information. Sev-
eral procedures can be used to set the SCA window to the desired energy interval by
gating an oscilloscope or MCA from the SCA output.

4.7 COUNTERS, SCALERS, TIMERS, AND RATEMETERS

The counter/timer shown in Figure 4.1 'is the simplest part of the spectroscopy
system; its function is to count the SCA output Ilogic pulses.

The terms counter and scaler are usually used interchangeably. Before the advent.
of digital electronic displays such. as light-emitting diodes and liquid crystal displays,
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electromechanical registers were used to indicate the number of pulses counted. The
electromechanical registers were very slow and were often preceded by an electronic
circuit that emitted a single logic pulse for a fixed number of input logic pulses; the
"scaling" factor Was often a power of 10. Historically, the term scaler was correctly
applied to the electronic circuit that preceded an electromechanical register; Although
mechanical registers are no longer used, the term scaler is often appliedI to counting
instruments that have no timing or control capability. Counter is the preferred and
more descriptive term. The term timer is usually applied to a separate instrument that
measures time and can .turn on one or more counters for a selected time' interval. In
the past, counters and timers were usually separate instruments; now the two functions
are often combined in a single instrument, which may be calleda counter/timer .or,
simply, a counter. A ratemeter measures the average pulse rate of the signal applied
to its input and may be used in place of, or in. conjunction with, a counter;

Modem counters operate at maximum count rates of approximately ,2 x 107 count/s
and can count two pulses separated by as little as 50 ns. Most counters have a
capacity of six decimal digits; however, seven- and eight-digit counters are available.
Although counters and timers usually have a visual display. of the number of counts
or seconds, counters without visual displays are available for applications that only
require automatic readout to a computer or printer. Many counters provide an overflow
logic pulse to indicate when the count capacity is exceeded. Some counters can be
gated (turned on or off) by logic pulses from other control electronics. Other counter
options include internal discriminators, printer and. computer interfaces, and the ability
to count positive or negative input pulses.

Timers are counters that count a fixed frequency oscillator to determine the desired
time interval. The reference time signal comes either from the ac line (60 Hz in
the United States) or from an internal crystal-controlled oscillator. The line-frequency
oscillator is less expensive and is adequate for all but the most demanding applications.
If the frequency of the ac power line is averaged over a day, the accuracy of the line-
frequency oscillator is very good. If intervals shorter than a day must be measured to
better than 0.1%, a crystal-controlled oscillator should be used. Many counter/timer
combinations can either count for, a preset time or, measure the time required to count
a preset number of counts; the latter mode allows all measurements to have the same
statistical precision.

In the past, all ratemeters were analog instruments that provided a current signal
proportional to the average count rate. The rate-related signal was displayed on a
meter and was available at an output connector to drive an optional chart recorder.
All ratemeters offered a choice of time constants to select how rapidly the instrument
responded to count-rate changes. Linear and logarithmic scales were available, and
some units: gave an audible alarm if the count .rate exceeded a preset :imit. Mod-
em ratemeters may be either analog or digital instruments, A digital ratemeter is a
counter/timer that automatically resets and repeats a4 count;: the count time is often
set to 1 s so that the digital display shows the number of counts per second; The visual
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Fig. 4.14 The gamma-ray spectrum of highly enriched uranium measured with a high-quality

Nal detector. The points show a 4096-channel MCA spectrum and the histogram
shows a 100-channel SCA spectrum. The total number of counts in both spectra is
the same; therefore, the precision of an individual point in the 4096-channel spec-
trum is only about one-sixth that of a corresponding bar in the 100-channel spec-
trum. The vertical scales of the two spectra have been normalized.

display of a digital ratemeter is far more readable than the meter display of an analog
ratemeter. A digital ratemeter is often used to measure the total rate of gamma-ray
pulses coming from the system amplifier. Because the total count rate has an important
effect on system performance, the count rate is often monitored continuously.

4.8 MULTICHANNEL ANALYZER

The functions listed inside the dashed line in Figure 4.2 are usually performed by a
multichannel analyzer (MCA) operating in the pulse-height-analysis mode. The terms
multichannel analyzer and pulse-height analyzer (PHA) are often used interchangeably.
The MCA can, operate in several modes, including pulse-height analysis, voltage
sampling, and multichannel scaling. It sorts and collects the gamma-ray pulses coming
from the main amplifier to build a digital and visual representation of the pulse-height
spectrum produced by the detector.
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4.8.1 Analog-to-Digital Converter

The analog-to-digital converter (ADC) performs the fundamental pulse-height anal-
ysis and is located at the MCA input. The ADC input is the analog voltage pulse from
the main amplifier; its output is a binary number that is proportional to the amplitude
of the input pulse. The binary output number is often called an address. Other MCA
circuits increment a storage register in the MCA memory that corresponds to the'ADC
address. The ADC performs a function that is analogous to that of the oscilloscope
user saying "five volts" when a 5-V pulse is applied to the oscilloscope input termi-
nals. The ADC accepts pulses in a given voltage range, usually 0 to 8 or 10 V, and
sorts them into a large number of contiguous, equalrwidth voltage: bins, or chanels.
Because of the sorting function, the early MCAs were often called kicksorters, with
the amplifier pulse being compared to an electrical kick.

The number of channels 'into which the voltage range is divided is usually a power
of 2 and is called the ADC conversion gain. In the mid 1950s a high-quality :ADC
could divide 100 V into 256 channels. Now, ADCs routinely divide 10 V into as
many as 16 384 channels. This capability is impressive; an individual channel is only
0.6 mV wide. The required conversion gain varies with detector type and with the
energy range being examined. Figure 4.15 shows part of an 8192-channel plutonium
spectrum measured with a high-resolution germanium detector. The full'energy peaks
should contain enough channels to clearly define the structure of. the spectrum. As
few as five channels may suffice for some situations. When peakl fitting is required,
10 or more channels are needed to clearly define peak shape.
. The ADC sorts the amplifier output pulses according to voltage; the voltage is

proportional to the energy deposited in the detector during the gamma-ray interaction.
Like the relationship between voltage and energy, the relationship between channel
number and energy is nearly linear. The relationship can be represented by Equation
4-1:.

E = mX +b (4-1)

where E = energy in keV
X =channel number
m = slope in keV/channel
b = zero intercept in keV.

The slope m depends on the conversion gain and the amplifier gain; common values
are 0.05 to 1.0 keV/channel. Although it may seem logical to assume that zero energy
corresponds to channel zero (b = 0), this is often not the case. The slope and zero
intercept can be adjusted to fit the energy range of interest into the desired chan-
nel range. For example, plutonium measurements often use gamma rays in the 60- to
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Fig. 4.15 A small portion of an 8192.channel: plutonium spectrum taken with a high-
quality coaxial germanium detector. The major peak is the 375.0-keV peak
from 239pu decay.

420-keV range. If the gains are adjusted to 0.1 keV/channel and the zero intercept

to 20 keV, a 4096-channel spectrum covers the 20- to 429.6-keV energy range and
includes the important gamma ray at 413.7 keV. In the example, the channel number
can be converted easily to energy. Most ADCs have both analog and digital controls
to adjust the zero intercept. The analog control is labeled baseline or zero adjustment,
and the digital control is labeled digital, offset.

Be *cause preamplifiers, amplifiers, and ADCs are not exactly linear, the relationship.
shown in Equation 4-1 between energy and channel number is not exact. However,
with good equipment, gamma-ray energies can be readily measured to a tenth of a
keV by assuming a linear calibration. ADC linearity is usually specified with two
numbers: integral and differential linearity. Integral nonlinearity is a slight curvature
in the relationship between, energy and channel number; differential nonlinearity is a
variation in channel width.• It is difficult to design an ADC that does not have differ-
ential nonlinearity. Often, adjacent channels have measurably different widths, as can
be seen when all even-numbered channels have more counts than all odd-numbered
channels in a flat region of the spectrum. Such odd-even effects are common and may
affect alternate groups of two, four, or even eight channels. A common ADC problem

0
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that can influence assay results is a slow increase of the differential nonlinearity over
time. The 1% differential nonlinearity of most ADCs is totally acceptable for most
applications.

Two types of ADC are in common use: the Wilkinson and the successive-
approximation ADC. A Wilkinson ADC counts pulses from a fast oscillator for a
time interval that is proportional to the amplitude of the amplifier pulse. The digi-
tization time determines the channel number assigned to each pulse.. A successive-
approximation ADC examines the amplifier pulse with a series of analog comparators.
The first comparator determines whether the pulse amplitudeis in the upper or lower
half of the ADC. range. Each successive comparator idetermines whether the pulse
amplitude is in the upper or lower.half of the vOltage, interval determined by the pre-
vious comparator. Twelve comparators determine the pulse amplitude to one part in
212 (or 4096) channels. The digitization time of a successive-approximation ADC is
constant and independent of pulse height.. , Until recently, Wilkinson ADCs dominated
the gamma-ray spectroscopy field because they. had superior differential linearity.
Now, successive-approximation ADCs-have comparable differential linearity and are
becoming more popular because they: are :often faster than Willinson ADCs.

ADC speed is an important consideration for high-count-rate spectroscopy. While
the ADC is processing one pulse; all other pulses are ignored. The pulseprocessing
time, :or deadtime, can be a substantial fraction: of the-total acquisitio0l time. A
deadtime of 25% means that 25% of :the information ini.the.amplifier pulse stream is
lost. For both ADC types, the deadtime per event is the sum of the digitization time
and a fixed processing time (usually: 2 to 3 .ps). The, 450- to 100-MHz Loscillators
used- in Wilkinson ADCs require 12 to 43 /s to digitize and store a gammaray
event in channel 4000. Successive-approximation ADCs (4096 channels): require, 4 to
12, js to analyze, a gamma-ray. event. A detailed comparison of ADC speed requires
specification: of the gamma-ray. energy spectrum, the overall: system gain, and the
ADC range. In general, successive-approximation ADCs are faster thin Wilkinson
ADCs for spectra with 4096 channels or1 more. For spectra with few channels, the
Wilkinson ADC may be faster. In a spectrum with an average channel number of
512, a 400-MHz Wilkinson ADC has a average deadtime per event of 3 us.

Several common features: appear on most ADCs independent of typeqor manu-
facturer. Lower-level discriminators (LLD) and upper-level discriminators (ULD)
determine the smallest and largest pulsesý accepted for:digitization. The discrimina-
tors can be adjusted to, reject uninteresting lowt- and high-.energy events-and reduce
ADC deadtime. The discriminator adjustment does not affect the overall gamma-ray
count rate and cannot be used to reduce pulse pileup losses ýthat occur in the detector,
preamplifier, and amplifier. The discriminators form an: SCA at the input to, the ADC;
most- ADCs provide an SCA output, connector,. Mostr ADCs have :coincidence and
anticoincidence gates that allow extemal logic circuits -to control the ADC. Pileup

rejection circuits frequently provide an inhibit pulse that is fed to the anticoincidence
gate to prohibit processing or storage of pileup pulses.: The coincidence gate is also
used to analyze gamma-ray events that are detected in two separate detectors. Most
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ADCs have an adjustable conversion gain and range; the range control determines the
maximum channel number to be digitized. There is usually a deadtime indicator that
displays fractional deadtime. In computer-based' MCAs, the ADC parameters often
can. be set under program: control. Most small MCAs have a built-in ADC;: large
MCA systems use: separate NIM- or rack-mounted ADCs.

4.8.2 SpectrumStabilizers

For germanium and silicon detectors, the relationship of energy and channel number
changes with time even. though the energy-to-charge-collection factor is constant. The
preamplifier, amplifier, and ADC are all subject to small but finite changes in gain
and zero level caused by -variation in temperature and count rate. Under laboratory
conditions,, the position of a full-energy peak at channel 4000 may shift only a few
channels over a! period of many weeks; however, even this small drift may be undesir-
able.: Larger drifts! May be encountered in the uncontrolled environment of production
facilities. Spectrum stabilizers are electronic modules that, fix the position of one or
more fullbenergy peaks by adjusting a gain or .c level in the spectroscopy system to
compensate for drift; they are especially recommended for gamma-ray spectroscopy
systems that must be operated in uncontrolled environments by unskilled operators (as
often required by routine production-plant assay systems). Stabilizersare also recom-
mended whenever channel-summation procediires are used to determine full-energy
peak. areas.:

The: spectru; stabilizers-used with germanium and: silicon detectors are, usually
digital circuits connected directly to the ADC. The stabilizer examines each gamma-
ray-event address'.generated byi'the ADC and keeps track of the number of counts
in two narrow windows oh either side of:a selected full-energy-peak channel. The
stebiizer generates% a feedback signal, for the:ADC that is proportional to the difference
in the': nudm•oficounts inihe iwo wvindows.: IThe feedback signal adjusts the ADC
gain or zero leveltso that the average number of counts in each window is the same;
the adjustment fixes the, position of:'the selected stabilization peak. Often two peaks
are stabilized inhdeendently: a peak at the high-energy end of the spectrum is used to
adjust 'ADC gain and another peak at the 16w-energy end is: used to adjust the ADC
zero; level.• With:two-point stabilization, the spectroscopy system stability is often so
good that no' spectral peak shifts position: by more than a: tenth of a channel over a
period of many rmonths. ,Digital• stabilizers' can be used to easily establish simple and
convehient energy calibrations (for example, E = 061X).

Stabilization peaks' should be6free from interference, adequately intense, and present
at! all times. Often one of ýhe stabilization peaks comes from a gamma-ray source
that' is' attached: to, the detector.to provide aý constant signal in the detected spectrum.
Usually, such a! stabilization ,source is monoenergetic and provides the low-energy
stabilization peak so that its Compton continuum'does not interfere with other gamma-
ray'peaks of interest. In :sime. cases, a very stable pulser may be connected to the
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test input of the preamplifier to provide an aitificial stabilization peak. Peaks from
pulsers or special stabilization sources may also be used to provide corrections for
pulse-pileup and deadtime losses (see Chapter 5).

Digital stabilization is not available for all ADCs and it is frequently unavailable for
portable MCAs and successive-approximation ADCs. Digital stabilizers are normally
single- or double-width NIM modules. All stabilizers have controls to set the desired
peak-centroid channel number and the width of the stabilization peak windows; there is
often a control to set the stabilizer sensitivity. Digital stabilizers that can be controlled
by an external computer are now available; this feature is useful when stabilization
peaks must be changed during automatic assay procedures.

Digital stabilizers that have a small correction range are inadequate for use: with
NaI detectors. In addition, digital stabilizers operate with an ADC and many Nal
detector systems use SCAs to acquire the desired spectral information. Because of
the relatively greater instability of scintillator/photomultiplier detectors. (as large as
I to 2%/"C), spectrum stabilizationis often more necessary forNal detectors than it
is for germanium or silicon detectors.

Scintillation detector stabilizers are similar to digital stabilizers but operate with
the amplifier rather than the ADC. The stabilizer compares, the count rate on 'either
side of the selected stabilization peak and generates a feedback' signal that adjusts
the' amplifier gain to keep the two count rates equal.: Nal stabilizers are packaged
as NIM; modules and may consist of amplifier/stabilizer combinations or separate
stabilizers. When a suitable stabilization peak is .not available in the NaI spectrum,
a pulser peak cannot be substituted because it can only correct: for preamplifier and
amplifier instability; the major drift in a Nal system occurs in the photomultiplier
tube. Although an external gamma-ray source can provide a stabilization peak, the
Compton background from the source can:interfere excessively with4 the gamma rays
of: interest. An alternative solution is to use a detector with a built-in light pulser.
Nal crystals can be grown with a small doping of an alpha-particle-ýmitting ,niiclide
like 241.Am. The alpha-particle interactionsiin the crystal provilde a! clean spectral
peak with a fixed rate and gamma-ray-equivalent energy. Because the temperature
dependences of alpha-particle-induced and gamma-ray-induced scintillation light :are
not identical, accurate ;stabilization over a large temperature range may require special
temperature compensation circuitry.

4.8.3 Multichannel Analyzer Memory, Display, and'Data'Analysis

After the ADC converts the amplifier voltage pulse to a binary address, the address
must be stored for later observation and analysis. All MCA systems have; memory
reserved for spectrum storage, and most have a spectral display and some built-in data
analysis capability.

Although the most common memory size is 4096 channels, MCAs are available that
have:other memory sizes such as 1024, 8192, or 16 384 channels. The smaller memory
size is adequate for NaI detector applications' and for germanium or silicon detector
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applications that involve a small energy region.. To have sufficient. channels in a fullý
energy peak, an overall system gain of 0.1 keV/channel .is often required; however,.
with this gain, a 1024-channel MCA can only collect data in a. 100-keV-wide region.
Large MCA systems usually can accept data from several ADCs simultaneously., A
16 384-channel MCA can collect, four 4096-channel spectra simultaneously., . For
multiple ADC- applications;, MCAs are available. with as many,:as.65: 536 channels.

The. maximum number of counts that can: be stored per channel is often an important
consideration6 because it sets a limit. on the,. precision that can be obtained :from a
single measurement.. Early transistorized MCAs often had a maximum capacity of
65 536 counts per channel. The present standard is typically 1060 counts per chan.nel,
however, large MCAs are available with capacities of 1.6 x 107,, 2.56, x 10,8,1 and
even 4 x i.•0 counts per channel. (The last number'quoted is ;probably more than will
ever be required in any anticipated application.) Although the present standard of, 106
counts per channel is adequate for many low-rate applications, it is a definite limitation
for applications, involving high-precision measurement of high-activity sgamples., The
limitation is especially apparent when both strong and: weak peaks must be measured
in asingle, spectrum, as is the case for many plutonium measurements. The :count time
must: be chosen. so. that .the strongest peak of interest does not: overflow the tchannel
capacity;, unfortunately this count time may provide. unacceptably, low. precisions: for
the, weakerý peak areas,. with the' result that multiple measurements ar required. 7The
intended application must be considered carefully when deciding the MCA memory-
size, and count-capacity requirements,

A quick and'useful:way to obtain qualitative and semiquantitative information from
a spectrum s4tred inmemory'is to look at a plot of channel content versus channel
number.. MotiMCAs have. a .spectral display and many.offer a wide range of, display
options.: All displays offer several vertical and horizontal, scale ..factors and.many.offer
bothinearu dý logarithmic scales. :Most displays have.one, or two cursors: (visual

markers). that .can be moved through the spectrum; the'channel number, and contents
of: the cursoir locations are: displayed. numerically 6oný the. screen.. Most MCAs can
intensi.fy.selected regions of interest~or changethe color of the regions of interest to
emphasize paicular Spectal features. A good MCA can display two or more spectra
smultaneously and-can overlap spectrafor careful visual comparison.

Until recently, most MCA displays used cathode-ray tubes with electrostatic, de-
flection. Electrostatic deflection is easily used only 'for small screen displays, up to
approximatel1y, 15 by. 15 cm. Atpresent, most MCAs :Use magnetic deflection to allow
larger screen size; the display is identical to a television display. Some displays are
multicolored,,but most: are still monochromatic. In. either type, each channel is repre-
sented by a dot or bar whose vertical height: is proportional to the channel contents.
Liquid crystal, displays are just coming into, use, mostly for low-power applications in
portable MCAS'.

Big-screen, magnetically deflected displays are economical and make an excellent
picture but:,have one annoying drawback. The horizontal oscillator in .the magnetic-
deflection, circuit generates bursts of electromagnetic:interference at a frequency.of
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approximately 16 kHz- the interference is easily picked up on preamplifier signal lines
and can cause significant degradation of spectral quality. Great care must be taken in
grounding, shielding, and routing signal cables to eliminate or minimize the, problem.
The video terminals usually used with large MCAicomputer systems generate similar
interference; all signal. cables should be routed well away from the terminals.

Most large MCAs have. some built-in data analysis functions. Common analysis
functions determine the channel position and width-of spectral peaks, the energy cali-
bration,! the number of counts in selected regions of interest, and the full-energy peak
areas. Other availabletfunctions may include, smoothing, normalizing, and subtracting
(stripping) a background spectrum.' The numerical results are; usually displayed on
the screen or printed on the system terminal. The functions are usually implemented
by microprocessors. that execute codes from read-only memory.

Large MCAs are frequently interfaced to external computers that can control com-
plete assay systems and execute complex analysis codes. The computer system usually
includes one or more mass storage devices such as hard or flexible disks that provide
storage for spectral data and analysis programs. The last link :in the spectroscopy
chain is often a printer that provides hard-copy output of measurement results.

4.9 AUXILIARY ELECTRONIC EQUIPMENT

Figures 4.1 and 4.2 show only. the' basic components of gamma-ray spectroscopy
systems. This section describes other instruments that may: be used in addition to the
basic components.

The oscilloscope is the most useful auxiliary instrument used with gamma-ray spec-
troscopy systems. It is virtually indispensable when setting up the spectroscopy system
for optimum performance, monitoring system performance, detecting malfunctions or
spurious signals, and correcting problems. An expensive oscilloscope is. not required;
a 50-MHz. response, one or two vertical inputs,.. and an ordinary time base are usu-
ally quite adequate. Battery-powered portable oscilloscopes cani easily be carried to
systems in awkward locations.

Electronic, pulsers are used to test system performance and correct for deadtime and
pileup losses. Mercury-switch pulsers have excellent pulse amplitude stability but are
quite slow and have limited pulse-shape variability. Other electronic pulsers often
have high-repetition rate and very flexible pulse shaping.but usually have neither great
amplitude nor frequency stability. A few pulsers provide random intervals between
pulses rather than the more common fixed intervals. ,Sliding pulsers are used to test
ADC linearity; their pulse amplitude is modulated lineairly with time.'

Cameras are often used to take. pictures of MCA ando oscilloscole di~splays.: Pictures
of waveforms help to document and diagnose problemrs; pictures of'spectra provide
a' quick and useful way to record information in a noteb6ok. Cameras are avilable
with the necessary adapters to couple them to most oscilloscopes and MCAs. A
Polaroid-type film is usually used so that the pictures. can be developed quickly.



92 Jack L. Parker.

Many different instruments are available to provide information on gamma-ray pulse
timing, usually, to establish temporal relationships between two or more detectors.
Timing~filter amplifiers sacrifice signal-to-noise performance and overall resolution to
preserve timing information. Other instruments examine the preamplifier output, the
bipolar output of the main amplifier, or the output of a'timing-filter amplifier and they
generate a fast: logic signal that has a fixed and precise. temporal relationship .to the
gamma-ray events in the detector. The timing is determined using. techniques such as
fast leading-edge discrimination, constant-fraction discrimination, amplitude/risetime
compensation, and zero-crossover pickoff. The timing outputs are either counted or
presented, to .coincidence circuits that determine whether specified time relationships
are: met: by the Ievents in two or more detectors. Depending on the type: of detector,
.the coincidence gates can be as narrow ýas a few.: nanoseconds..The logic output -of a
coincidence. circuitis either counted or used as a control signal. When more detailed
timing information :is required,' a time-to-amplitude converter_ can be used to generate
an output pulse whose amplitude is proportional to the. time interval between input
pulses..

A linear gate ýcan be used as a coincidence or control circuit at the input to an MCA.
Linear gates pass analog signals with no change in amplitude or shape if they are gated
by control signals that are derived from one of the timing circuits described above. A
linear stretcher generates a pulse with the same amplitude as the input pulse but with
an adjustable length. A stretcher is occasionally used to condition the: amplifier signal
beforeý subsequent processing iný thei ADC. Summing amplifiers, or mixers, produce
outputs that are the linear sum of two or.more input signals. A mixer can be used
in connection with routing signals: for collecting spectra from several detectors with

a ing le ADC.
Compton suppression, a common procedure that- improves the quality of gamma-ray,

spectra, uses!somme of the timing circuits described above. A Compton-suppression
spectrometeriusually.includes:a high-resolution detector that is surrounded by a low-
resolution, annurlar, detector. :The scattered:.gamma 'ray from a less-than-full-energy
interaction in .the high-resolution detector is often detected in the annular detector. A

coincidence eventmbetween the two detectors: inhibits the storage of the: high-resolution
event in the MC Aand reduces the Compton continuum.between the:full-energy peaks.

4.10- CONCLUDING REMARKS'

The instrumentation described in this chapter can be assembled to form dif-
ferent gamma-ray. spectroscopy systens for different NDA applications. Many
instrume n uacturers can. provide-,integrated spectroscopy systems that in-
clude all components from the detector to the output printer If the user has
suffiient~expeki, indivituai components can be procured from different manu-
facturers: in ethler case,.careful consideration !must be given to the requirements
of the' measurement application before' selecting a spectroscopy 'system from the
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nearly endless array of options and. configurations. References. 1 through 4 pro-
vide detailed descriptions of the function and operation of gamma-ray spec-
troscopy instrumentation. For the user who is not active in- gamma-ray :spec-
troscopy, current information is best obtained from research reports, the commer-
cial literature, and the developers and users 'of state-of-the-art: instrumentation.

Gamma-ray assay systems that are dedicated to a-particular operation can be very
simple to operate. On the other hand,. vast versatility and flexibility are provided by
combining the appropriate detector, amplifier, MCA, and analysis capability to make
a large, modem gamma-ray spectroscopy. system.: Unfortunately,.a complex, versatile
instrument can never be truly simple to operate;, a labor of several weeks is ýusually
required to master the operation of the, typical. large system.. 'However,; the effort
.required is usually readily exerted in .order to use instruments.of truly:amazing power.
The power of modem gamma-ray: spectroscopy systems is perhaps I best appreciated
by those who remember from personal experience when all spectral measurements
were done with a Nal detector, an SCA, and a counter.

Gamma-ray spectroscopy equipment has improved rapidly over the past 25 years as
vacuum tubes were replaced by transistors and transistors were replaced by integrated
circuits. The microprocessor chiphas put greater capability into smaller and smaller
volumes. The capability per dollar has increased in spite of inflation. The rate of
improvement is still significant, particularly in the capability and flexibility of MCA
memory, display, and data analysis. Spectral quality is not progressing as rapidly,
although improvement is still occurring in pulse-processing electronics, especially in
dealing with very high counts rates (up to 106 count/s) from high-resolution germa-
nium detectors. The technology of NaI, germanium, and silicon detectors is quite
mature and major improvements are not expected. Still, steady progress in all areas
of gamma-ray spectroscopy technology will continue, and unexpected breakthroughs
may indeed occur.
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General Topics ý in
Passive Gamma-Ray Assay

J. L Parker

This chapter discusses general topics that apply to the gamma-ray assay techniques
discussed-in Chapters 7 to 10. All these topics must be understood if optimum results
are to be obtained from any assay technique.. The topics include..

" Energy calibration and determination of peak position
" Energy resolution measurements
* Determination of full-energy-peak area
4 Rate-related losses and corrections
* Effects of the inverse-square law
* Detector efficiency :measurements.

5.1 ENERGY CALIBRATION AND DETERMINATION OF PEAK

POSITONý

5.1.1 Int-oduction

The energy calibration of a gamma-ray spectroscopy system is the relationship
between the energy deposited in the detector by a gamma ray and the amplitude of
the corresponding amplifier. output pulse. , The pulse amplitude is measured by the
analog-to-digital converter (ADC) of a multichannel analyzer (MCA) or by one or
more single-channel analyzers (SCAs). The energy calibration is used to determine
the width and location of regions of interest (ROIs), to determine resolution, and to
find thei energies of any. unrecognized gamma rays.

95
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The energy calibration of a good spectroscopy system is nearly linear:

E =mx + b (5-1)

where E = energy deposited in detector..
m = slope
x = amplitude of output pulse
b = intercept.

The assumption of linearity is usually sufficient for nondestructive assay (NDA) tech-
niques.. However, no system is exactly linear; each has small but measurable nonlin-
earities. When a more accurate relationship is necessary, a higher order polynomial
is used. Gamma-ray energies can be determined to within 0.01 to 0.05 keV using
a nonlinear calibration curve and several standard gamma-ray sources with energies
known to better than 0.001 keV.

Low-resolution detectors [for example, Nal(Tl) scintillators] often use Equation 5-1
with a zero intercept (b = 0). The'linear approximation is usually good enough for even
high-resolution NDA applications. For a good germanium detector, a linear calibration
will determine the peak energy to within a tenth of a keV, which is adequatet6 identify
the isotopes present in the measured sample. For most of the isotopes of interest to
NDA, the pattern of the gamma-ray spectrum is so distinctive that.a visual examination
of the MCA display by an experienced person is sufficient to identify the. isotopes
present. Figure 5.1 shows the characteristic spectrum of low.bumup plutonium, and
Figure 5.2 shows the characteristic spectrum of natural uranium (0.7% 235U). .

The calibration procedure involves determining the channel: location :of peaks of
known energy and fitting them to the desired calibration function. Often, the gamma
rays from the measured nuclear material sample can be used to determine the energy
calibration. Figure 5.1 shows that plutonium spectra have interference-free peaks
at 59.54, 129.29, 148.57/'164.57, 208.00, 267.54,,345.01, 375.04, and 413.71 keV.
Similar internal calibrations are possible for many isotopes (Refs. 1 and 2)..

When the measured nuclear material cannot provide an adequate calibration, iso-
topic standards are used that emit gamma rays of known energies. Table 5-1 lists
some of the most frequently used isotopes with the half-lives and energies of their
principal emissions (Ref. 3). Most of the isotopes listed emit only a few gamma rays
and are useful with both low- and high-resolution detectors. All the isotopes listed in
the table are available from commercial Vendors. Packaged sources usuallyi contain
a single isotope and are produced in a wide variety of geometries. Source sitengths
between 0.1 and 100 uCi are usually adequate for"energy calibration. Convenient
sets of six to eight single-isotope sources are available from most vendors. Their
use is required for setting up, testing, and checking many performance paiameters
of spectroscopy systems. The source sets are useful for determining energy calibra-
tion, testing detector resolution, measuring detector efficiency, setting the pole-zero
adjustment, and correcting for rate-related counting losses.
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Table 5-1. Half-lives and energies of major emissions for selected isotopesa
Isotopes Half-Life Energy (keV) Remarks
241Am 433 yr 59.54 Many others, but weaker by factors 104 or greater
137Cs 29.9 yr 661.64 The only other emission is from Ba K x rays
133Ba 10.9 yr 81.0, 276.40, 302.85, 356.00, 383.85. Several others, but much weaker
60 Co 5.3 yr 1173.23, 1332.51
2 2 Na 2.8 yr 511.01 . Annihilation radiation

1274.51
55 Fe 2.7 yr Mn K x rays 5.9, 6.5 Often used for low-energy calibration

109Cd 1.2 yr 88.04 Ag K x rays at 22.16 keV and 24.9 keV
54Mn 312 d 834.8 Monoenergetic source
65zn 244 d 511.01 Annihilation radiation

1115.5

5 7Co 271 d 122.06, 136.47 Two others of higher energy, but much weaker
7 5 Se 120 d 121.12, 136.00, 264.65, 279.53, 400.65 Several others, but much weaker

aListed in decreasing order of half-life. All isotopes listed should be useful for at. least 1 yr, because the half-lives are

greater than 100 days.

:6

9-,
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Gamma-ray standards are available with several isotopes in one capsule. These
multienergy sources are used to define the energy calibration curve and efficiency
curve of high-resolution detectors. The National Bureau of Standards (NBS) source
SRM-4275 contains 12Sb (2.75-yr half-life), 154Eu (8.49-yr half-life), and ' 55Eu
(4.73-yr half-life) and emits 18 well-resolved gamma rays between 27 and 1275 keV.
The emission rates of all 18 certified gamma rays are known to better than 1%.

5.1.2 LInear Energy Calibration

Equation 5-1 describes the assumed functional form for a linear energy calibration.
If the positions x, and" x2 of two full-energy peaks of energies E1 and E2 are known,
m and b can be computed from

(E2 - El) m = -- (5-2)(X2 - X0)

(x2E1 - xIE 2) (53)

(x2 - xi)

For a two-point calibration, the two calibration peaks should be near the low- and
high-energy ends of the energy range of interest to avoid long extrapolations beyond
the calibrated region.

Often, when an unacceptable degree of nonlinearity exists, several linear calibrations
can be used over shorter energy intervals. The high-resolution spectrum of most
plutonium samples .has nine well-resolved peaks between 59.5 keV and 413.7 keV
so that eight linear calibrations can be constructed for the intervals between adjacent
peaks; none of the intervals is greater than 78 keV. A series of short linear calibrations
can often be as accurate as a single quadratic or higher-order calibration curve.

When more than two peaks span the energy range of interest, least-squares fitting
techniques can be uised to fit a line to all the peaks. This method can be used to obtain
the following expressions for m and b for n peaks:

m = (5-4)

b = Zx- E S S (5-5)
A

where A = n Ex?- (Ex-)2

Most hand calculators can perform a linear least-squares fit. Many MCA systems
can determine the xi and compute m and b for any selected number of peaks. Some
systems will also do a quadratic fit.
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A linear energy calibration is usually adequate for NDA applications.. Table
5-2 gives the results of two-point and nine-point linear calibrations of a high-quality
plutonum spectrum. The nominal calibration, E (keV) = 0.1x + 20.0., was established
by stabilizing the 59.536-keV gamma ray of 24 1Am at channel 395.0 and the. 413.712-
keV gamma ray of 2 3 9

Pu at channel 3937.0. The second column of Table 5-2 gives
the peak positions determined by fitting a Gaussian curve to the upper portion of the
peaks. The third and fourth columns give the difference between theaccepted energies.
and those obtained from the two-point: and nine-point calibrations. Although there is
a measurable curvature to the energy yers us chnne :relation, the maximum error is
only 0.03 IkeV for the. two,-point 'calibration arid -0.017, keVfor the nine-point cal-
ibration. The consistency of the results in Table 5-2 indiecates that the peak positions
have been located to within -"0.1 channel ('-c0.01 keV) ýanid that the accepted energy
values are consistent within -0.01 keV.

Table 5-2. Results of linear energy calibrations of a high-quality
plutonium spectrum
Accepted Peak Energy Difference (keV)a
• Energies Positions Two-Point Nine-Point

(keV) (channels) Calibration Calibration

59.536 395.00 -. ... , - 0.017
• 129.294 1092.77 0.014 - 0.001

148.567 1285.51 0.014 0.000
.164.58 .1445.80 . 0.029 + 0.015
•208.000 1879.96 0.022 + 0.009
267.54 2475.37 0.019 + 0.007
345.014 3249.98 0.001 - 0.009
375.042 3550.40 - 0.013 + 0.004
413.712 3937.00 - - ..-. 0.008

OThe tabulated numbers are the energies from the calibration minus the ac-
cepted energies. For the two-point calibration, m = 0.099993 keV6channel
and b= 20.039 keV. For the nine-point calibration, m = 0.099996
keV/channel and b = 20.021 keV.

5.1.3 Determination of Peak Position (Centrold)

Even with high-resolution detectors, full-energy peaks are usually at least several
channels wide. The peaks are nearly symmetric, and the peak positionsare chosen as
the peak centers defined by the axis of symmetry. Full-energy peaks are usually well
described by a Gaussian function of the form

y(x) = yo exp [ - (x - xo) 2/2a 2] (5-6)
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where y(x) = number of counts in channel x
yo = peak amplitude
xo = peak centroid
a2 

- variance.

References 4, 5, and 6 provide a detailed explanation of the properties of the Gaussian
function. The function is symmetric about x0, which is the peak centroid used in
energy calibration. The parameter yo is the maximum value of the function and is
nearly equal to the maximum counts per channel in the peak if the background under
the peak is negligible. The parameter c

2 (the:variance).is related to the full width at
half maximum (FWHM) of the function by

FWHM = 2V a In 2 i= 2.35482&. (547)

The area under the Gaussian curve is given by

A=V ayo = 2.507Oyo
= 1.0645(FWHM)yo. (5-8)

The constant in the second form of Equation 5-8 is close to 1.0 because the area of
a Gaussian is just a little greater than the area of an isosceles triangle with the same
height and width at the half-maximum level.

Full-energy peaks are not exactly Gaussian shaped. For high-quality germanium
detectors the deviations are hardly visible, but for lower quality detectors the deviations
are easily seen as an excess of counts on the low-energy side of the peak (called
tailing). At very high rates or with poorly adjusted equipment, high-energy tailing is
sometimes visible. The upper one-half to two-thirds of :a peak is usually Gaussian,
and the centroid determined by fitting a Gaussian to the upper portion of the peak
is a well-defined measure of peak position. Figures 5.3(a), (1), and (c) show the
1332.5-keV full-energyipeak of s6Co and the fitted Gaussian function. Figure 5.3(a)
is from a high-quality germanium detector at low count rate, with properly adjusted
electronics. The deviations from the curve are hardly visible except for a very slight
low-energy tailing. Figure 5.3(b) is from a detector with poor peak shape. The low-
energy tailing is obvious. Figure 5.3(c) is from the same detector as Figure 5.3(a)
but at very high rates that cause distinct high-energy tailing and significant deviation
from a true Gaussian shape. In all three situations, the Gaussian function fitted to the
upper two-thirds of the -peak gives .a good peak location..
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5.1.4 Visual-Determination of Peak Position

The human eye is very good at bisecting symmetric shapes. When a peak can'be
spread out sufficiently on the MCA display, estimates of peak positions can often
be made to a few tenths of a channel by visual examination. The movable markers
(cursors) that are part of most MCA displays help in making visual determinations.

5.1.5 Graphical Determination of Peak Position

Figure 5.4 shows an SCA-acquired spectrum of 137Cs from a high-quality 7.62- by
7.62-cm NaI(TI) scintillator. It is desirable to plot such spectra as histograms with
the width of the bar equal to the window width and the low-energy side of the bar
beginning at the threshold voltage setting. Usually the intervals between threshold
settings equal-the window' width. The peak center is determined by drawing a straight
line along both sides of the peak through the centers of the bars. The intersection of
the two lines is the peak center.

1.5 I I I
T = 8.33 I

GAMMA RAY ENERGY = 661.6 KeV

LO , THUS ENERGY CALBRATION IS
01

8.33
X = 79.4 * T

C0,
I--z
0 0.5
o nf"

THRESHOLD (T) -

Fig. 5.4 Plot of an SCA-generated spectrum of 137Cs from a 7.62-cm by
7.62-cm NaJ(TI) scintillation detector. The plot shows how visu-
ally fitting the fntersection of lines along the sides of the peak is a
consistent way of estimating the peak center.
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5.1.6 Determination of Peak Position by the First-Moment Method

The centroid of a positive function y(x) is given by

_ f• x y(x) dx E xiY( -- (5 -9)
fZ2 y(x) dx Yi

where x, and x2 are the bounds of the area considered and yi is the number of counts in
channel xi. This is called the first-moment method because: the numerator of Equation.
5-9 is the first moment of y(x). For the Gaussian function (Equation 5-6), X = xo.
For calculational purposes the integrals are replaced by sums that closely approximate
them. The Gaussian function only approaches zero as x -f ±o-; however, summing
over a region approximately three times FWHM is usually adequate. If the peak is
symmetric and if the summed region is symmetric about 'the peak, good results are
obtained even without subtracting the background from under the peak. If a large
background continuum lies under the peak and an asymrnmetrically, placed summing
region is used,: the result will be in error., If the underlying continuum is subtracted,
the error in calculated peak location caused by an asymmetric summing region is
small. Figure 5.5 shows both a good choice and a poor choice of summing regions.
Methods for continuum subtraction are discussed later in this chapter.

The first-moment method is particularly YUseful for peaks with relatively few counts
per channel. It should be used with caution on peaks with distinct asymmetry because
the calculated centroid will not coincide with the centroid of the Gaussian portion of
the peak that must be determined for the energy calibration. Use of the first-moment
procedure does not require that the peak -have. a Gaussian: shape, but only that the
peak is symmetric.

5.1.7 Determination of Peak Position by the Five-Channel Method

The five-channel method uses the maximum count channel and two adjacent chan-
nels on each side to estimate the peak centroid. The relevant formula is

x0 =x + Ym+i (YM - ym-2) - Ym-1 (Yin ":Ym+2) (5-10)
Ym+1 (Ym - Ym-2) + Ym- (.Yn 7.Ym+2)

where the subscript m refers to the madmum count channel, and yi refers to ýthe
counts in channel " ..

Equation 5-10 assumes a Gaussian peak shape. Similar formulas can be derived
assuming a parabolic shape at the top of, the peak. Equation 5-10 works well when'
there are 6 to 30 channels above the FWHM point and enough counts in the five
channels to clearly delineate the shape .of the top: of the peak. The five-channel
method does not work as well as the first-moment method on broad peaks with poor
precision. However, the five-channel method is less sensitive than the first-moment
method to asymmetric peak tails from a poor detector.
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Fig. 5.5 A spectral peak showing good and poor choices

of summing regions when determining the peak
centroid by the first-moment method.

5.1.8 Determination of Peak Position by a Linearized Gaussian Fit

This procedure transforms the Gaussian-shaped peak into a line and then fits a line
to the transformed peak. The slope and intercept of the fitted line are related to x0
and o. The background continuum under the peak is first subtracted so that the fit is
made only to the Gaussian-shaped peak.

Transformations that linearize the Gaussian function have been applied only recently
to determine the parameters of gamma-ray peaks (Ref. 7). The simplest of a class of.
similar transformations is the function

y(x- 1) 2 2x0 (
y(x + 1) T2 x -2(
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where y(x) is the number of counts in -channel x. The last expression in Equation
5-11 is correct if y(x) is the usual Gaussian function. The linear function Q(x) has a
slope m and intercept b given by

m = 2/02

b -2xo/u 2. (5-12)

Solving for a2 and xo gives

o-2= 2/m

x0 = -b/m . (5-13)

Equation 5-14 gives the expressions for the slope m and the intercept b of the line
fit to the set of points [x, Q(x)] by the weighted-least-squares method:

b Es2- E Q2

M :Lz -(5-14)

where

S= estimated variance of Q(x).

The estimated variance of Q(x) is a function only of the uncertainties in y(x):

s2[Q(x)] = s2X[y(x - 1)] + Sr[y + + 1)] (5-15)

where s,(y) - s(y)/y.

If the background continuum is small enough to ignore, then

rS2 [y(X)] /y(X) (5-16)
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If the background continuum-is subtracted by the straight-line procedure later shown
in Section 5.3.3, the expression for s2[y(x)] is given by

s2[y(x)] = yt(x) +I + k

4 k N 2J (5-17)

2 (x - xi)
where k =

(Xh - Xe)

Also, yt(x) is the total counts in channel x and the meanings of the other parameters
are given in Section 5.3.3.

For a linear fit there are simple expressions for the estimated variance S2 of m
and b:

S2(M)

(5-18)

Although the fitting procedure just described may seem somewhat complex, the fit
can be performed by a short computer program in only a few seconds. The Gaussian
function should be fit to the top three-fourths to two-thirds of the peak to avoid
problems with non-Gaussian tails and imprecise data. The n channels in the peak
give n - 2 values of Q(x). When at least four or: five values of Q(x) are used in
the fit, the results are more than adequate to determine the peak centroids needed
for the energy calibration. Unfortunately, it is very difficult to estimate the statistical
uncertainty in xo using this fitting procedure. However, experience indicates that for
peaks of reasonable precision, the values of xo are good to. 101 channel or better.

In automated operations, a test should be made to determine whether a Gaussian
function adequately describes: the input I data. The reduced chi-square:statistic: x2/v
provides such a test. For the linear fit of Q(x) versus x,

n 2 1 --LIE - (mx+ b)} (5419)

where m and b are computed from Equation 5-1.4 and n is the number of values of
Q(x) in the fit. For good fits, X2/v should, be ,-1.00. (See Ref. 5 for a very read-
able discussion of the properties of x 21V.) For low-precision peaks (up to ,,10 000
counts/channel), x2/l is really ,-1.00 for peaks of qualitatively good shape. As the
maximum number of counts per channel increases, X2 /v increases even though the
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peak shape remains the same. The increase in x2/'l does not necessarily mean the
fit is inadequate for determining energy calibration or for testing resolution. At low
precision, the goodness of fit is dominated by counting statistics; athigh precision it is
dominated by the inevitable small deviations of the peak shape from a true Gaussian
shape, resulting in an increase in the computed value of X2/v. Experience will dictate
an acceptable value of x2/v for a given range of peak precision.

Figure 5.6 shows a low-precision spectral peak from a germanium detector (FWHM
,19 channels) with the fitted Gaussian function superimposed upon it. The lower
portion of thefigure shows the plot of Q(x) versus x for the upper two-thirds of the
peak along with the fittedline and the computed peak parameters.'

5.1.9 Detieination of Peak Postlon Using a Parabolized Gaussian Fit

The natural logarithm of the Gaussian function is, parabolic -as is strikingly apparent
when full-energy peaks are viewed using the logarithmic display of an MCA. The
natural logarithm of the Gaussian (Equation 5-6) gives

In y=c2 X2 +c 1 x + co (5-20)

where c2 = -1/20'
Cl = xo/o'

2

co=in yo-x2/2, 2.

A fit of Equation 5-20 to the set of points (xi, In yj) produces values of c2, cl, and
co that give the parameters of the Gaussian:

0= -ci/2C2

In yo =co - c2114c2 . (5-21)

The fitted curve is a parabola that opens downward and whose axis is parallel to
the y-axis. The procedure described here determines yo in addition to x0 and a, the
two parameters obtained from the linear fit to the linearized Gaussian. Therefore, the
full-energy-peak area can be determined using Equation 5-8.

Figure 5.7 shows a parabolized Gaussian. fit. to a high-precision spectral peak from
the 122.0-keV gamma ray of 57Co. The: same .high-quality .germanium detector was
used in this figure as in Figure 5.3(a). At low energies, charge collection in germa-
nium detectors is more complete than at high energies, with a resultant decrease in
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Fig. 5.7 The 122.0-keV fuil-energy peak from a 57 Co spectrum obtained with
a coaxial germanium detector having high resolution and good peak
shape. The fitted curve is a "parabolized" Gaussian.
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low-energy tailing. Comparison of Figures 5.3(a) and 5.7 shows that the tailing in the
122-keV peak of Figure 5.7 is even less than the small tailing of the 1332-keV peak
in Figure 5.3(a).

The expressions for the weighted quadratic least-squares fit are included for the
convenience of possible users. The expressions are given in determinant form and
involve eight sums, indicated by Si, S2, ... , S8.

CO = Z S7
S8

Cl = S2

S3

C2 = SS23ZS3

S2
S3
S4

S6
57
58

S2
S3
S4

S3
S4
S5

S3

S4
s5

S6
S7
S8

(5-22)

where

S1
5S2

S3

S2
S3
S4

S3
S4
S5

~=4S2? Z S3ZX?
I IS

3

S4 X,
S2

S5 = E ?ý's? S6=? S7 =ZxI!YI SgZEX ? nyi
S? S

As usual, the sums are over all the, points: fit. The yj values have the background
continuum subtracted. The remaining expressions required for the fitting procedure
are

Si s(lnyi)

s(In y) s(y) (5-23)
In y
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where s(y) is given by Equation 5-17. The expression for X2/V, the goodness-of-fit
statistic, is

2 inY 1  -(c 2xI + Clx+ Co)]2 (5-24)

where n is the number of points fit and c2 , cl, and Co are the values computed from
Equation 5-22.

The remarks made in the previous section about the portion of the peak to be
fit and about trends in X2/L values apply equally well here. The quadratic fits put
considerable demands on the computer, and occasionally the six significant decimal
digits provided by many 16-bit processors running in single precision are insufficient
for performing correct quadratic fits on high-precision data.

5.1.10 Determination of Peak Position: Using Complex Spectral Fitting
Codes

Large fitting codes are used to analyze complex spectra with overlapping peaks.
The codes describe the peaks with functions that have a basic Gaussian form, with
tailing functions added to describe the peak shape more accurately. An iterative
nonlinear least-squares procedure is used to fit the data. The centroid of the Gaussian
component of the fitted peak is taken as the peak position for purposes of-energy
determination.

5.2 DETECTOR RESOLUTION MEASURMENTS

5.2.1 Introduction

This section is devoted primarily to the measurement of detector resolution. The
importance of good resolution and peak shape in obtaining unbiased NDA results can-
not be overemphasized. A narrow, Gaussian peak shape simplifies area determination
and minimizes the possibility of bias in assay results.

The full width at half maximum (FWHM or FW.5M) is the basic' measure of peak
resolution. It is usually given in energy units (keV) for high-resolution detectors and
expressed as a percentage of the measurement energy for low-resolution detectors.
Resolution measured 'in energy units increases with energy: FWHM2 w a + bE.
When expressed as a percentage, resolution decreases with energy.

Most detectors give full-energy peaks that, are essentially Gaussian above the half-
maximum level. The ratio of, the full width at heights less than the half maximum to
the FWHM has long been used to quantify the quality of the full-energy-peak shape.
Manufacturers measure the FWHM and its ratio to the full width at tenth maximum
(FW.IM) to describe the peak shape; for many years a value of FW.IM/FW.5M less
than 1.9 was regarded as describing a good peak shape. It is now reasonable to specify
FW.02M/FW.5M and even FW.01M/FW.5M when the best peak shape is required.
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Table 5-3 gives the theoretical ratios. for a Gaussian curve and the measured ratios
for a high-quality coaxial germanium detector. The table shows that the actual peak
shape closely approaches the Gaussian ideal. The ratios at fiftieth and hundredth
maximum should be measured after background subtraction.

Table 5-3. Theoretical and measured resolution ratios
FW.1M FW.02M FW.OIM
FW.5M FW.5M FW.5M

Gaussian 1.823 2.376 2.578
122.0 keV 1.829 2.388 2.599

(1.003)' (1-005)1- (1.008)a
1332.5 keV 1.856 2.428 2.640

(101i8)- (1.022)- (1.024).
'The ratio of the measured ratio to the theoretical ratio

for a Gaussian.

The pulse spectrum from a detector is continuous, whereas an MCA or SCA groups
the pulses in energy intervals. It is assumed that all the events in an interval can be
represented by the energy. of the center of the interval. When a Gaussian is fitted to
the center points of the intervals, the width parameter o is slightly greater than that
of the original continuous distribution. As discussed in Ref. 8, the grouped variance
and the actual variance are related by

(a'2)G = (C2)A + h2/12

(FWHM 2)G = (FWHM 2 )A + 0.462h 2  (5-25)

where (oa)G = grouped variance
(a2)A = actual variance

h = group width (MCA channel width or SCA window width).

For MCA spectra, h has units of keV/channel if FWHM is in keV, and h = 1.00 if
FWHM is in channels. Table 5-4 gives the ratio (FWHM)A/(FWHM)G. To measure
the actual resolution to 0.1%, the system gain should be adjusted to provide more
than 15 channels in (FWHM)C. If (FWHM)G is 3 channels, the (FWHM)A is over-
estimated by '3%. The correction has no practical bearing on full-energy-peak areas.
The Gaussian function fitted to the binned points has: the same area (to better than
0.01%) as the continuous distribution because the yo parameter is decreased by almost
exactly the same factor as the width parameter is increased.
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Table 5-4. The ratio of (FWHM)A to (FWHM).
FWHMQ FWHMA

(channels) FWHMG

3.0 0.9740
5.0 0.9907

10.0 0.9971
15.0. 0.9990
20.0 0.9994
25.0 0.9996
30.0 0.9997
35.0 0.9998
40.0 0.9999

5.2.2 Determination of Peak Width by Visual Estimation from. MCA Display

Visual estimation works best with MCAs that have horizontal and vertical graticule
lines and analog controls for the vertical and horizontal position of the display. Many
small MCAs have such features; larger laboratory models usually do not give the user
any control over the vertical position of :the display.

To determine FWHM to ,-1%, the energy gain should be chosen such that FWHM
> 10 channels. After the spectrum has been accumulated, the display controls are
adjusted so that individual channels are resolved and one of the horizontal graticule
lines cuts the peak at the half-maximum point. Figure 5.8 shows a peak divided at
the half-maximum level. After the peak is bisected, the channels above the horizontal
line are counted, estimating to tenihs: of channels. Because the channels are plotted
as points, one really counts the spaces between the points. Usually the continuum on
the high-energy side of the peak is. regarded as the "bottom" of the peak. The slope
of the energy calibration line is used. to convert the FWHM value fr6m channels to
energy. If the energy calibration is not available, multienergy sources can be used.
Large germanium detectors are calibrated with the 122.06-and 136.47-keV gamma
rays from 57Co and the 1173.2- and 13321.5-keV gamma rays from 6"Co. In either
case the energy calibration can be determined from the separation of the peak pair
in channels and the known energy difference.* The resolution is then determined
by multiplying the FWHM in channels of the 122- or the 1332.5-keV peak and the
appropriate energy calibration (keY/channel). With a little practice, values of FWHM
(keV) can be determined to within I%.

*Currently the best value for the energy difference between the two 57C0 gamma rays

is 14.413 keV; the best value for the energy difference between the two 60Co gamma
rays is 159.27 keV.
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Fig. 5.8 A full-energy peak bisected by the mid-line of an MCA

display. The FWHM equals the number of spaces above
the half-maximum level.

5.2.3 Graphical Determination of Peak Width

The same type of plot used for energy calibration (Section 5.1.5) may be used for
resolution measurement; indeed the two measurements can be combined. The shape
'of the top of the peak must be sketched to estimate the maximum peak height and the
half-maximum line. Figure 5.9 shows the same ' 37Cs spectrum as shown in Figure 5.4
but indicates the top of the peak, the half-maximum line, and the estimated FWHM.

/ __ _
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Fig. 5.9 An SCA-generated spectrum of 137Cs from a NaI(TI) detector. The plot
shows how the FWHM and peak centroid are determined.

5.2.4 Deternination of Peak Width Using Analytical Interpolation

The procedure described here quantifies the graphical procedure presented in the
previous paragraph. Most of the FWHM functions built into modem MCA systems
use some variation of this procedure. The interpolation procedure is particularly useful
because the full width at any fractional height can be determined easily.

Figure 5.10 shows a full-energy peak with the maximum count channel near the
centroid. The line across the peak in the figure indicates the fractional height at which
the width is evaluated. The x coordinates of the points where the K * maximum line
intersects, the peak are

Kyp - Yj

Y2 - Y1

Y3 - Kyp (5-26)
Y3 - Y4
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Fig. 5.10 Diagram of the procedure used to determine the FWKM

by linear interpolation. The value of K may be between
0.0 and 1.0..

where K = fraction of maximum height at which the width is evaluated
y: = number of counts in channel x
yp = number of counts in the channel with maximum .counts
x, = x coordinate of intersection of line K with low-energy ýside of peak
xh = x coordinate of intersection of line K with high-energy side of peak

X1, X2 = channels below and above x,
x3, x4 = channels below and above xh.
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The full width at the fractional level K (FWKM) is

FWKM Xh- Xt (X3 - x) + [(Y3 Y) - y 1 i (5-27)L\Y3 - Y4 / \Y2 - Y'/I (27

To obtain the most accurate results, the value of yp must be carefully estimated.
When t wo: channels with equal counts are .iat the top of th.e peak, thf maximum value
of the peak is clearly higher than the.maximum channel value. The nraximum channel
value under ates Kyp and gives aslightly large value for FWKM. The procedure
should be applied to peaks.that are nearly symmetric about the maximum count chan-
nel. The peak maximum y.. can be accurately determined by fitting a Gaussian curve
to the upper part of the peak. The peak 'shapel can`ý be accurately determined by using
peaks with good statistical precision at all the fractional levels to be measured. For
measuring FW.O0M, a yp of _,,106 should be used so that the precision at the0.01
level will still be -,1%. Smoothing might be used to obtain consistent results from a
peak with poor precision; however, smoothing always' broadens: the peak: a little.

5.2.5"Determination of Peak Width Using the Second-Moment Method

The second-moment method for determining the width parameter a is analogous
to the first-moment method for determining the centroid. The second moment of the
normalized Gaussian function is equal to d2, the variance of, the function. :For the
unnormalized function in E4uation 5-6, the second moment is

02 0(x - xo)2 y(x) dx E(x - xo) 2 y(-28)

f¶0 y(x) dx Xyj
The parameter o is related to the FWHM by Equation 5-7.

Any, significant background continuum should be subtracted before Equation 5-28
is applied. The sums are calculated over a region equal to or larger than three times
the FWHM. The method should not be used: on peaks with significant asymmetry or
with a non-Gaussian shape.

The procedure is useful for broad Gaussian peaks of poor precision where the linear
interpolation method does not work well. iThe first- and second-moment determina-
tions are usually performed together because the centroid value from the first-moment
algorithm.is required in the second-moment algorithm..

5.2.6Determination of Peak Width Usin a Linearized Gaussian Fit..

Section 5.1.8 shows that Equation 5-11 can be used to linearize a Gaussian curve.
The slope and intercept of the fitted line. are related to the peak centroid and FW.-HM
(Equations 5-7 and, 5-13).. The linearized Gaussian procedure is a good test. of. the
energy calibration and detector resolution. Testing both a high-energy peak and a low-
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energy peak provides strong assurance .that. the electronic parts of the NDA system
are performing correctly. This test can be an important part of a measurement control
program for a high-resolution gamma-ray NDA system.

5.2.7 Determiination of Peak Width Using a Paraboilized Gaussfian Fit

Section 5.1.9 shows that the natural logarithm of Oe Gaussian function is a quadratic
function of x., Fitting this function to the setof.pits (xsetln yj gives the'parameters

of the Gaussian function ý0, yo, and or and pvids another ,way0f determinng the
width ofa Gaussian peak.

5.3 DETERMINATION :OF-FUL-ENERGY-PEAK AREA

5.3.1 Introduction

The gamma-ray. pulse-height spectrum.contains much useful information about
gamma-ray: energies and intensities. One of the most important concerns in applying
gamma-rgy:.spectrowopy is. correct extraction f the desired information. Normally,
the most: important information is the: full-energy-peak areas and their associated un-
certainties..

Full-e•ergy paks in gamma-ray pulse-heigt spectra rest on a background con-

tinuum caus:dby.he Compton scatterieng ofhigher energy gamma rays. Themost
fundamental limitation in obtaining unbiasedo :peak areas is the determination of the
background continuum. When the continuum is small.with respect to the peak, it can
cause. only a small fractional error in the peak area. However, when the ratio of the
peak area to the continuum area becomes much less than 1.0, the possibility of bias
rises rapidly.

For many NDA applications, simple background-subtraction methods are adequate.
Under certain circumstances, complex spectrallfitting codes with long- and short-term
tailing functions must be used. With low-'resoltion detectOrS, the problem of including
small-anile-scattering events in the peak is seVere, but computational corrections can
sometimes be applied to resolve the problem (Ref. 9).

5.3.24 Sectlio of Regions of hinerest (Ro.s)

The choice of ROI is as important as th• choice of algorithms used to evaluate
peak areas. Most procedures use two ROIs toodefine the continuum level on the low-
and higliLenergy sides of a peak or muliiple) IThe average channel count of an ROI
is taken as the continuum level at the ceniter of the ROI. A third ROI defines the peak
region. -

For a Gaussian function, 99.96% of the areea lies within a region centered at:xo that
is thiee times the FWHM of the function. The amplitude of the Gaussian function at
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xo ± 1.75 FWHM is only 0.0082% of the maximum value at xo so continuum ROls
that begin at this point have minimal contributions from the peak. Thus, a peak ROI
of three times the FWHM and continuum ROls placed symmetrically 3.5 to 4.0 times
the FWHM apart should obtain -99.9% of the peak area.

In principle, the continuum is estimated more precisely if the continuum ROls
are quite wide. However, the possibility of systematic error increases as the energy
interval increases. For most NDA applications, continuum ROls of 0.5 to 1.0 times
the FWHM are adequate. With an energy calibration of 0.1 keV/channel, typical
background ROls are three to five channels wide. When the continuum between
neighboring peaks is very narrow, ROIs of one or two channels must be used. Peaks
whose centers are separated by three times the FWHM can be considered resolved;
usually a narrow ROI can be placed between them. It is better to sacrifice statistical
precision than to introduce bias by using continuum RO1 s that are too wide.

Spectra with significant low- or high-energy, tailing may require a wider peak ROI
than three times the FWHM. Because peak resolution deteriorates somewhat at high
rates, the ROI should be set on a high-rate (10w-resolution) spectrum. Usually, better
results are obtained if all the ROls are of equal width; therefore, the ROls for low-
energy peaks and reference pulser peaks are somewhat wider than three times the
FWHM.

Computer codes can be written to accurately and consistently choose ROIs. Digital
stabilization can lie used to keep the desired peaks within a single preselected set of
ROls for long time periods. Sometimes it is desirable to change the spectrum to fit
a particular set of ROIs. Codes exist that can reshuffle the contents of a spectrum to
give any desired energy calibration with little degradation of spectral quality.

5.3.3 Subtraction of Straight-Line Compton Continuum

It is often adequate to approximate the Compton continuum by a straight line
between the high- and low-energy sides of well-resolved peaks or of overlapping peak
groups. Figure 5.11 shows how the ROIs are selected and indicates the notation used
in the background equations. Note that the continuum ROIs need not be symmetrically
placed with respect to the peak ROI nor need they be of equal width. The background
is the trapezoidal area beneath the continuum line given by

B = [Y(Fp) + Y(Lp)] (Np/2) (5$29)

where Y(Fp) mFp + b

Y(Lp) = mL, + b

and where m = (Yh - Ye)/(Xh - Xe)

b = (XhYe - XeYh)l(Xh - X 1).
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Fig. 5.11 Regions of interest and associated parameters used to com-
pute the net area and the, estimated standard deviation of a full-
energy peak.

The variance of the background B is

S2 () ( ) [K2 B + 2K2j

where K =(Fp + Lp - 2Xj)
(Xh -Xe)
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Equation 5-30 assumes no uncertainty in the ROI bounds and is a function only of
the statistical uncertainties in Bh and Be, which a r estimated by S2(Be) = Bj and
S 2.(Bh) = Bh.. Equation 5-30 is correct when~the background RO~s are. not symmetri-
cally placed relative to the peak RO. If the continuum ROIs are placed symmetrically
relative to the pak • ROI, the expressions. for both B and SV(B) are simplified. The
symmetry requirement means that (Fp, - X) = (Xh -,L-) and K = I, and so, the
expressions become

B )N Be) N," (5-31)

and

Sý(B)(Bh +(5-32)

Frequently Equations 5.31 and 5.32 are .used even when the symmetry requirement
is not met, and if the net peak areas are much greater than the subtracted continuum,
little error will result. However, when the peak areas are equal to. or less than the
subtracted continuum, the error may well be significant. In dealing with complex
spectra (the spectra of plutonium are good examples), one is frequently forced to
use asymmetrically placed ROls. When the required computations are performed by
interfaced processors, Equations 5-29 and 5-30 should be used because they give the
best results that can be obtained with any version of the straight-line procedure.

For computations done with a small calculator, the use of the simplest possible
expression is desirable and ROls should be chosen accordingly. If Nh = N = ,
Equations: 5-31 and 5-32 simplify to

B N,(Bh +Be) (5-33)2No (513

and

S2(B) - +B ). (5-34)

If it is possible to choose N, = Np/2, the expressions achieve the simplest forms:

B =-(Bh + Bt) (5-35)

and

S2(B) = (Bh + Be) = B . (5-36)
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5.3.4 Subtraction of Smoothed-Step Compton Continuum

The Compton continuum beneath a full-energy peak is not a straight line. At a
given energy, most of the continuum is caused by large-angle Compton scattering of
higher energy gammajrays or by pulse pileup from lower energy interacti6ns. The part
of the continuum under a peak that is caused by the gamnmaray that generates the peak
results from small-ang!e Compton scattering and full-energy events with incomplete
charge collection; this contribution can be described by a smoothed step function.

Gunnink (Ref. 10) devised the original procedure to generate a step-function con-
tinuum beneath single peaks or multiplets based on the overlying spectral shape. The
procedure provides better results than the straight-fine background approximation, es-
pecially for overlapping peak multiplets. For clean single peaks, the improvement is
often negligible.

Figure 5.12 shows a logarithmic plot of a multiplet and a step-function background.
Using the notation of Figure 5.11, the background At channel n is

BYe [D (y- Yh)/ (y, -Yh] (5-37)
• t=X1+l ' /i---X+l.

where yj = total counts in channel i
D= Y - Yh

B(Xe) = Ye
B(Xh) = Yh.

The background Yh is subtracted from every channel because the Compton events
from higher energy gamma rays cannot influence the shape of the smoothed step for
lower energy gamma rays. Equation 5-37 is usable when the continuum beneath a
peak or multiplet has a slightly negative or zero slope.

A significant complication in using the smoothed-step procedure is that the ex-
pression for the precision of the net area becomes exceedingly complicated when
derived from Equation 5-37. The precision expression (Equation 5-30) based on the
straight-line approximation is much simpler and almost as accurate.

5.3.5 Subtraction of Compton Continuum Using a Single Region of Interest

Estimating the background continuum from a single ROI is sometimes desirable or
necessary. For example, a single ROI is often desirable when using a NaI detector
and a single-channel analyzer (SCA) to measure 235U enrichment or 239pu holdup.
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Fig. 5.12 A peak doublet with the estimated spectral continuum computed by

the simple smoothed-step algorithm.

When the signal-to-background ratio is high, it may be adequate to assume a flat

background continuum. Here, the contribution of the continuum to the peak ROI is

given by

B --P Bh(5-38)

Nh

s(B) F' NLp s(Bh) ••(5-39)

Although this procedure is most often used with low-resolution scintillators, it is also

used with germanium detectors when there is no convenient place• for a background

ROI on the low-energy side of a peak.
If the background continuum. is not flat but can be assumed to have a constant slope

over the energy range• concemedi Equation 5-38 may be modified to

• =KBh :(5-40)

where K is a constant factor determined by experiment. If the ambient background

radiation is the main contributor to the Compton continuum, a "no sample" spectrum

may be used to determine K. If the continuum is strongly dominated by high-energy
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gamma rays from the sample, K may be estimated from an MCA spectrum. Often
K will change from sample to sample. Although these single-ROI procedures have
limited accuracy, their use is preferred to ignoring the continuum problem entirely.

5.3.6 Subtraction of Compton Continuum Using Two-Standard Procedures

Measurement of 23 sU enrichment using the 185.7-keV gamma ray is a successful
application of a single SCA window for background corrections. The assumption of
a constant background shape is very good, and the constant K of Equation 5-40 can
be determined accurately. The enrichment E is given by

E =C(P- KB) (5-41)

where C is a constant with units (% 23SU/count). For two samples of different and
known enrichments measured for equal times, Equation 5-41 becomes

E1 = C(P1 - KB1 ) 5., (5-42)

E2 = C(P 2 - KB 2).

The solution to these equations is

C = (E2B 1 -- P1B2)

K = (E2P1 - E1P2)/(E 2 B1 - E1B 2). (5-43)

Equation 5-41 may be written as

E= aP - bB *.(5-44)

where

E2B-1 EB 2 .

P2BI - PrB2

b= P1 E2 -P 2E, (5-45)
P2B1 - P1B2
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The two-standard method can be used to measure low-level radioactive contamina-
tions in water or other fluids. See Chapter 7 on uranium enrichment for more details
on this procedure.

5.3.7 Using Region-of-Interest Sums towMeasure Peak Areas

For well-resolved peaks, the simple summation of counts above the estimated back-
ground continuum is probably as good as any other method of finding the peak area.

This method avoids any difficulty from imperfections in- the peak-shape models of
spectral fitting codes. The ROI-summation method is quite tolerant of small vari-
ations in peak shape and provides an accurate and straightforward estimate of the
precision of the net peak area.

For all ROI-summation procedures, the peak area is given by

A =P -B (5-46)

where P is the integral of the peak ROI and B is the contribution from the background
continuum. The expressions for S2(A), the estimated variance of the net area, vary
according to the procedure used to estimate the background continuum.

When B is estimated. by straight-line interpolation from continuum ROls on either
side of the peak ROIT the estimated variance of the peak area is

S2(A) = S2 (p) + S2 (B) p + S2(B) (5-47)

Equations 5.29 through 5.36 gi've B and S2 (B) for different conditions on the width
and position of the background ROIs relative to the peak ROL. The expressions are

summarized in Table 5-5. The simplest expressions are obtained when the background
ROIs are symmetrically placed with respect to the peak ROI and have the appropriate
widths. When adequate-computational capacity is available, the most general form of
the expressions should be used so that ROls can be assigned without constraint.

When the smoothed step function is used to estimate the background continuum,
Equations 5-46 and 5-37 combine;'to give

A=P-K Ye-D [ (Yi-Yh) / (Yi-Yh)] }. (5-48)
n=Fp i=X+l i=Xe1+1

Because the continuum estimate is a function of the channel counts, the exact expres-
sions for S2 (A) become extremely complex. One of the estimates for S2(A) given in
Table 5-5 should be used.
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Table 5-5.'Expresions for net full-energy-peak areas and estimated variancesa (straight-line background assumed)b

Conditions onROIs Background B Background Variance s 2 (B)

Arbitrary position' B =[Y(Lp) + Y(Fp)](Np/2) S2 (B) =-- [K2 +(2-K. k B1

and width of back- h e
ground ROIS

where where

Y(Lp) mI + b, and Y(Fp) mFp +.b. K 2(X - X (FP+ Lp. 2Xj)
(Xh - Xe) (Xh,. Xe)

and where

m =(Yh - fY)/(Xh - Xj) and

B = (X.Ye - Xjyh)/(Xh - Xe)

Symimetricplacement B- Yh +Ye)=-- (Bh +')S2(B\( P\ (B BI

of background ROIs 
2  Nh.. W 2 :

relative to peak ROI,
(Fp-Xj)= (Xhý-.-I.)'. . -.

%.e.,



Table 5-5. (CONT.)

Symmetric placement B - (Bh + Be) S2 (B) =(-s-) (Bh + Be)
of background ROls .2NC 2N,

with Ne = N c =

Symmetric placement B = (Bh + Bt) S 2(B) - (Bh + Be) = B
of background ROTs
with Nt = Nh = NP/2

A= P - B

S2(A) = P + S2 (B).
bNotation summary as in Figure 5.11, LE = low energy; HE = high energy:

Fe, Le first and last channels of LE background ROI -

Fp, .,p first and last channels of peak ROI
Fh, Lh = first and last channels of HE background ROT
Bj, P, Bh = integrals of LE background, peak, and HE background ROIs
Ni, NP, Nh = numbers of channels in LE background, peak, and HE background ROls

Y'h = Bh/Nh = average continuum level in HE background ROI

Yj = B^/Tl 1  = average continuum level in LE background ROI
Xh, Xj = centers of background ROls

Y(Fp) and Y(Lp) = ordinates of background line at FP and L,,
m and b = slope and .intercept of background line between (X1 , Y') and (XA, Yh).

9

B
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When a single background ROI is used, Equation 5-46 holds for the net peak area,
and the expression for S2(A) is based on Equation 5-47. When the continuum is
assumed to be flat (Equation 5-38), the expressions for A and S2(A) become

Np

S2(A) =P+ (_) Bh. (5-49)

If a sloped continuum is assumed (Equation 5-40), the expressions for A and S2(A)
become

A=P-KBh

S2 (A) = P + K2 Bh. (5-50)

Note that although Equations 5-49 and 5-50 may correctly predict the repeatability of
measurements, they do not predict any assay bias arising from the approximate nature
of the single-ROI background estimate.

5.3.8 Using Simple Gaussian Fits to Measure Peak Areas

As shown in Section 5.1.3, the determination of a and Yo by a Gaussian fit also
determines the peak area using Equation 5-8. For cleanly resolved peaks, the areas
obtained by fitting simple Gaussians are probably no better than those obtained from
ROI sums, and may' be somewhat worse. This assertion is known to be true for
germanium detectors.' For Nal scintillators, a Gaussian fit may give more consistent
peak areas than ROL methods., The simple Gaussian-fitting procedures do not provide
straightforward ways ito estimate peak 'area: precision.

In a few situations. Gaussian fitting is advantageous. When two peaks are notquite
resolved such that the desired peak, R.OIs overlap, a Gaussian can be fitted to one-
FWHM-wide ROIs centered on each peak to determine the peak areas. When the
centroid location and, FWHM Mre the Primary information desired from a Gaussian fit,

the area estimate often comes with no extra effort. When a peak has significant low-
,energy tailing from Compton Iscattering in the sample or shielding, a simple Gaussian
fit to the middle FWHM of the' peak can easily obtain the desired area.

When a Gaussian function is transformed to a line that is least-squares fit to obtain
the parameters xo and a, the parameter yo can also be determined using any of the
original data points andEquation 5-6 to solve for yo. An average of the values :of yo
determined from several points near xo: gives a satisfactory value for the area equation.
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Section 5.1.9 shows that the logarithm of the Gaussian function is parabolic and
that a quadratic fit to ln(yj) yields all three of the Gaussian parameters xo, Yo, and
a. The peak area is obtained from Equation 5-8. As with the linearized Gaussian
procedure, no simple expressions exist to estimate the precision of the peak areas.

5.3.9 Using Known Shape Parameters to Meakure Peak Areas in Multiplets

The previous discussion emphasizes well-resolved single peaks because most ap-
plications of gamma-ray spectroscopy to the NDA of nuclear material .employ well-
resolved peaks. However, to measure isotopic ratios from high-resolution plutonium
spectra, it is necessary to analyze unresolved peak multiplets.

If the peak shape is described by an adequate mathematical model in which all the
parameters are known except the amplitude,: unresolvedmultiplets can be analyzed
quite simply by ordinary noniterative least-squares methods. For some purposes the
simple Gaussian function (Equation 5-6) is adequate without any tailing terms. If the
position and width parameters x0 and 6 are known, only the amplitude parameter yo
is unknown. Frequently, the well-resolved peaks in a spectrum can yield sufficient
information to determine the x0 and o parameters for the unresolved peaks. The
gamma-ray energies are accurately known for all fissionable isoto ;S; :therefore, the
energy calibration can be determined with sufficient accuracy to calculate the xo
parameter for all unresolved peaks. The width parameter a can be determined from
the well-resolved peaks and interpolated to the :unresolved peaks with the relation
FWHM2 = a + bE, which is quite accurate for germanium detectors above 100 keV.
The well-resolved peaks can also yield information needed to determine the parameters
of tailing terms in the peak-shape function.

The least-squares fitting procedure for determining the peak amplitudes is most
easily described by the following example. The example assumes a three-peak multi-
plet where all the peaks come from different isotopes. After the Compton continuum
is subtracted from beneath the multiplet, the residual spectrumhas only the: three
overlapping peaks and the count in channel i may, be written as

Y =A1xFlix+A2xF2i+A3xF3i (5-51)

where Al, A2, and A3are the amplitudes to be determined: and Fl, F2, and F3 are
the functions describing the peak shapes. Assuming that the peaks are well described
by a pure Gaussian,

F1 = exp[Kl(xi - x1O) 21

F2 = exp[K2(x1 - x2o) 21

F3 = exp[K3(xj - x3 0)2] (5-52)
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where xloY, x2o, x3o known centroid positions
Ki, K2,K3= 1/2L71, 2,3

i= (FWHM)i/(2x12 In 2)

The least-squares fitting procedure determines Al, A2, and A3 to minimize the
sum of the squared difference between the actual data points and the chosen function.
With derivation the expressions for Al, A2, and A3 are
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The pattern of Equation 5-53 can be followed for expanding to additional unknowns.
The form of Fl, F2, and F3 is not related to the solutions for Al, A2, and A3. The only
requirement is that the functions are totally determined except for an amplitude factor.
Tailing terms may be added to improve the accuracy of the peak-shape description.
When two or more peaks in a multiplet are from the same isotope, the known branching
intensities, I1, 12 ;.., can be used to fit the peaks as a single component. If peaks one
and two in the example are from the same isotope, Equation 5-51 becomes

Yj = A x F + A3 x F3j (5-5s4)
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where

F = exp[Kl(xi - xl0) 2] + (12/I1) exp[K2(xi - x2o) 2].

Equation 5-54 has only two: unknowns, A and A3. Strictly speaking, the coefficients
in F should be l/E 1 and 12/IiE 2 where El and E2 are the relative efficiencies at the
two energies. If available, the efficiencies should be included, but often the related
members of the multiplet are so close together in energy, that El E2. When one of
the related gamma rays is much more intense than the other, the errors in the intense
components caused by assuming El= E2 are usually negligible..

5.3.10 Using Complex Fitting Codes to Measure Peak Area

Much time has: been invested in the development of computer codes to determine
the peak areas from complex, overlapping peak multiplets. A number of successful
codes exist, along with many variations for special problems. Helmer and! Lee (Ref.
11) review the peak models and background subtraction procedures of most currently
used codes.

The :complex ;codes describe full-energy peaks with a basic Gaussian shape plus
one or two low-energy.tailing terms. (long-.and short-term tailing) and sometimes a
high-energy tailing term. The long-term.tail is often not :included in the full-energy-
peak, area because it is ascribed: to small-angle:Compton scattering within the sample.
The long-term tailing function usually is not required for high-resolution spectra. The
detailed form of the tailing terms varies. from code. to code; although the results are
often equivalent.: The procedures to subtract the Compton continuum'also: vary; in
general, the background subtraction procedures are most'in need of improvement.

These fitting codes are often indispensable, but they often require a major learning
effort before they can. be used intelligently,-,Learning to use tsuch; codes: skillfully can
be likened to learning to play4a large pipe oran; after acquiring some basic skills, one
must learn the possibilities and, limitations of the. many:combinations of%'stops." The
potential user who does not .have extensive experience in gamma-ray spectroscopy
should consult with knowledgeable users of the code. -

Note that all fitting codes perform better, on high-quality spectra with good resolution
and'minimal peak tailing. A fitting code:cannot completely compensate for poor-
quality detectors and electronics or. for. sloppy! acquisition procedures. It should be
said. that an ounce of resolution is worth a pound of code. In the past few years, the
quality of detectors and electronics has improved! in parallel with code development,
resulting in. the present ability to do measurements that iwere previously very difficult,
if not impossiblei.
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5.4 RATE-RELATED LOSSES AND CORRECTIONS

5.4.1 Introduction

As discussed in Chapter 4, ADC deadtime is defined as the sum of the time intervals
during which the ADC is unable to process other events. Deadtime can occur in all
NDA system components. The deadtime intervals are either fixed or are a finction
of system parameters and pulse amplitude.

For MCAbased systems, the deadtimie begins when'the amplifier output pulse
crosses the ADC discrimihator threshold." The deadtime includes the pulse risetime,
a small fixed. time for peak detection and latching, a digitization time,. and often the
memory storage time. For germanium detector :systemsl using. 100-MHz Wilkinson
ADCs, the deadtime for an event at channel 4000 is -55 Ms. :At rates of only a few
thousandcounts per second, :a significant.fraction of information can be .lost to. system
deadtime. alone. .

For SCA-based systems using -NaI(Tl) detectors, the deadtime is much shorter and
can, often be: ignored.- The losses-in. such systems are usually- due to pulse pileup.:

Pulse pileup is described briefly in Chapter 4. Figure 4.9: shows how two events
that, occur. within an inthrval less than the amplifier pulse width sum to give. a- pulse
whose amplitude is.. not. proportional to either of -the original pulses,: Figure 4.10
shows:.the effect of pileup events :onw the spectrunm.:.Pileup can occur in the detector,
the, preamplifier, or, the: main amplifier,. but the.oyerall effect is governed:by :the
slowest. component, usually the main amplifier.ý: Pileup always results in a loss of

information the de•greof loss depends won the information sought and tlie gross count
rates involved.- For example; when counting events! above a: discriminator threshold,
two pileup events are €-counted as one;: if pulse6height 'analysis is! 'being performed;
both events are lost from -their respective p;eaks.: -

In high-resolution spectroscopy systems,ý the amplifier pulse width: is:-often conm-
parable to the ýADC processing. time, and the loss:of information. caused by pileup
may be equal to or greater than'!the loss caused by deadtime.:- Althoughý an MCA can
operate in a live-time: mcde .:and compensate for deadtime losses, it does not fully
compensate for pileup losses.

Many texts discussallcounting- losses in "terms of two. limiting cases, both of which
are referred to as deadtime [see, for example, Chapter 3 of Knoll (Ref.. 12)]. Neither
case exactly describes the operation of actual equipment.. One case is called nonpar-
alyzable deadtime and is typicalFof ADC Operation; theother is termed paralyzable
deadtime and. is related to pulse: pileup.1 The terminology iss, unfortunate because no
circuitry is: dead during pileup; rather, events are lost from their proper channel be-
cause of the pulse distortion. In this book the distinction between deadtime and pileup
is preserved because they are two distinctly different loss mechanisms.
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The goal: of many gamma-ray spectroscopy applications is to compute .a corrected
rate CR forthe gamma ray(s) of interest:

CR -=RRx CF(RL) x CF(AT)... J5.

where RR = rawirate of data acquisition
CF(RL) = rate-related loss correction factor
CF(AT) = attenuation correction factor (See Chapter. 6)..

When the correction factors are properly defined and computed, CR is the count rate
that would be observed if there were no electronic losses and no sample attenuation.

The corrected rate, CR is often directly proportionial-to 'the desired quantity, such
as mass of 2 Pu or 236U enrichment. All three fac ts in Equation 5-55 must be
determined accurately to obtain accurate assays.

5.4.2 Counting Loss as a Function of Input Rate

In modem spectroscopy systems, counting losses are rarely well described by the
simple model of nonparalyzable deadtime; however the model is described here for
completeness. In early systems, the deadtime losses were far higher than pileup losses,
and the simple nonparalyzable model was quite adequate.

For a fixed deadtime D, CR can be represented as follows:

CR= I (5-56)1-RRxD"

Inverting Equation 5-56 gives

CR 1..
RR T+CRxDD l/CR+D (5-57)

As CR - oo, RR --- l/D as a limiting value of throughput. The term nonparalyzable
arises because-RR rises monotonically toward the limit I/D. For pileup losses, RR -4

0 as CR: -w oj, justifying the term paralyzable.
Although Wilkinson ADCs do not have a fixed deadtime, Equations 5-56 and 5-57

apply if D is set equal to the average deadtime interval. Whether fixed or an average,
the deadtime D is rarely determined directly. because most users wish to correct for
the combined: rate-related losses.

Pulse-pileup losses are important in. high-resolution spectroscopy for two reasons.
First, the relatively long:.pulse-shaping times requd for optimum signal-to-noise
ratio yield Pulse widths up to 50 /4s, which increases the probability Lof pileup. Sec-

ond, a small pileup distortion can throw a pulse out of a narrow peak. 'Because NaI(TI)
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systems operate With time constants of ,-"3 ps orless, they' have lower pileup losses.
Furthermore, because the Nal peaks are 10 to 20 times broader than germanium peaks,
many events can suffer a slight pileup and still remain within the full-energy peak.
However, pileup losses in NaI(Tl) spectra are much harder to correct because of the
broader peaks.

Figure 5.13 shows that if an amplifier pulse is preceded .or followed by a pulse
within approximately half the pulse width,i its peak amplitude is distorted. The degree
of distortion depends on the a'plitude and tminngof the interimng pulse relative to
the analyzed pulse. Frequently pileup-rejection circuitry is used to detect and.prevent
analysis of the' distorteide•vents. Unfortunately, in rejecting bad pulses almost all
sysiitmsireject some small fraction of niondistorted pulses'..

If no oter eyenitsý occur within the-time interval T where:.pileup is. possible, the

pulse will be anialyzied and stored in its proper location. The fundamental expression
from Poisson statistics (Refs. I and 3) that applies here is!

P( ) (RT)Ve,-RT" ": ' ... " "" ""

P(N) = ((5-58)
N!

where P(N). is the probability of N events occurring within a time interval T if the
average rate is R. The probability that, an event is not lost to pileup is obtained by
setting N = 0 in Equation 5-58:

p(0) = e-RT .... (5-59)

The fraction F of pulses lost to pileup is given by

F=fIl-P(0)=- = e-RT. (5-60)

If RT is much less than 1, Equation 5-60 simplifies to

F F RT (5-61)

which provides a very simple. relationship for estimating the pileup losses at lower
rates.

If deadtime losses can be ignored, Equation 5-59 describes the throughput of a
high-resolution spectroscopy system.1The measured raw rate RR is given -by

.RiR = R RT (5-62)

where R is the gross rate of events from the detector. Differentiation of Equation 5-62
shows that RR is maximized at R = 1IT and that the fraction of R stored at. that rate
is li/e • 0.37. Thus, at the input rate for maximumtthiroughput, just over a third
of the input events ,are, correctly analyzed and stored. Týhe fraction of the input rate
that is stored is e-RT, and the stored rate as a fraction of the maximUm stored rate

l/(eT) is given by RTel-RT. Both of these fractions are plotted in Figure 5.14.
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Fig. 513 Three Gaussian curves (amplifier pulses) separated by
1.5 x FWHM. As drawn, there is minimal pileup distortion to

* any pulse. If the pulse separation is reduced, the distortion will
clearly increase.
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Fig. 5.14 The absolute fraction stored and the.fraction of the maximum stor-
age rate for a paralyzable system of deadtime T as a function of
input rate in units of lIT.

5.4.3 Actual Data Throughput

Figure 5.14 shows that the throughput rate peaks at surprisingly low values for
ordinary high-resolution gamma-ray spectroscopy systems. For T = 50 1s (a high
though common value), l/T = 20 000 s- 1 and the maximum throughput is about
7350 s- 1 . Where long time constants are necessary to produce the desired resolution,
throughput must be sacrificed as the price for the highest resolution. In fact, the
low-rate side of the throughput curve: should .be: used when. possible because it yields
better resolution and peak shape. At• a:rate of 0.6(1I/T), the:throughput is 90% of
maximum; at only 0.5(1/T), theý throughput is still 82% of maximum.

Sometimes a spectroscopy system must be operated far beyond the throughput
maximum. At a rate of 2(T (40 000 s-1 with T = 50 /s), only 14% of the information
is stored, implying a correction for.pileup.losses of -,7. One important point is evident:
to maximize system throughput and minimize the. necessary: corrections, T must be
minimized and some loss of resolution must always be accepted. Fortunately, much
progress has been made in recent years to minimize T and still preserve resolution
and peak shape (see Chapter 4 and Ref. 13).
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If Equations 5-59 through 5-62 are used to estimate throughput: rates and loss

fractions, R and T must be reasonably. well known. The input rate R is usually easy.
to obtain. Many modem amplifiers include a provision for pileup rejection and have
a fast timing channel with a pulse-pair:resolution of about 0.5 to 1.0 As and~an output
that can* be counted with a scaler-timer. Equation .5-56. can.be used. to refine the
value of.R when:there isvisignificant. loss in the:fast counting channel. Fast amplifiers
and discriminators can be. connected to the preamplifier output to measure-the~gross
count rate., The SCA.output on the ADC should not be used. to measure R because it
operates on the much slower amplifier output.

The rejection or loss interval T: is.•more difficult to estimate. If electronic pileup
rejection.is not. Used, T can be assumed to be approximately equall to.the pulse width
(see Figure 5.13). An.oscilloscope.: can be used: to measure, the width between the

1% or 2% amplitude points of the ,'pulse. For many amplifiers, the pulse width
is approximately six times, the time constant: r-, but this usually Underestimates the
pileup losses. After.a pulse is analyzed, the amplifier output. must fall below ithe ADC

lower-level discriminator before another event is accepted.- Be ause thei discriminator
level is usually low, a pulse preceded by another.: with less than a full pulse width

separation will not be analyzed. 7To compensate," T might: be estimated at: about 1.5
times the pulse width for systems without formal pileup rejection.

With :electronic pileup rejection,. different configurations: have somewhat different
values of T; One common procedure uses a fast timing dircuit'to examineý the intervals
between preamplifier pilses and to generite- an inhibit signald ifan interval is less than
a fixed value. The-interval and inhibit. signal length are approximately the width of an
amplifier pulse. 'The inhibit signal ý is applied to the antitcoincidence gate of te ADC
to prevent analysis .of pileup events. T.h value of T depends' o the antic6incidence
requirements of the ADC; usually a pulse is rejected if another pulse precedes 'it-within
the preset interval or if another pulse follows it before: th e ADClineai'gate-closesI when

digitization: begins. Obviously,: a good qualitative understanding of the• voration of
the ADC and pileup rejection circuitiy:is irequiired' t0oiestimate .ThccuratelY.• Addaitional
losses caused by: ADC deadtime can often be ignored. For eximple, if the ' ulseWidth
is 35 ps (corresponding to use of ,<-61ps time constants) andidigitization takesg 15 its
or less beginning when the pulse drops to 90% of !its maximum value, thenhei ADC
completes digitization and storage befoire the pileup inhibit signal is released ,and the
ADC contributes no extra loss.

The fraction of ,good information stored is usually somewhat less than estimated.
One reason. is that rejection circuitry allows some pilelup events to be analyzed, thus
causing a loss of good events. Most pileup rejection circuitry, has a pulse-pair resolu-
tion of 0.5 to 1.0 is. Pulses sepaiated by less rthan theresolution time will pile up but
are still analyzed, causing sum peaks in: the spectrum. When amplifier timne constants
of >3 ps are used, the pulse tops: are nearly flat for:a microsecond,:and events-within
the resolving time of the pileup circuitry sum together'almost perfectly, forming sum
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peaks that have, almost the same shape and width as real peaks. Such peaks are
sometimes mistaken for single gamma-ray peaks and have a habit of appearing at
embarrassing places in the spectrum.

Another.cause of information loss is the generation .of long-risetime preamplifier
pulses. Usually preamplifier:risetimes are a few.tenths of a microsecond. However,.if
the gamma-ray interaction is:in a part of the detector where the electric field is weak or
where there is anexcess oftrapping centers,: it may take: several microseconds to collect
the liberated charge. The main amplifier produces a very. .long,..low-amrplitude pulse,
often two or three times as ýlong as normal.. Good: .events:that sum. with:these long,
low-amplitude pulses are lost as useful. information. The frequency.' with which such
events .are.generated depends' on detector&properties and.how the detector is illuminated
with gamma rays. Gamma rays falling on the deiector edges: where fields are often
distorted and weak have a; much greater chance: of not being properly collected. In
someý applications, ai'detector performs better. at high rates if the gamma rays. can
be collimated to: fall, only on its center region. For -arelatively poor 'detector, under
fully illuminated conditions,: as many as 10% of the detected events: can 'have long
risetimes, and! this results in a substantial loss of potential. information.'. To achieve
high throughput at high rates requires an excellent detector; with minimum generation
of the poorly collected, slow-rising pulses.

With, appropriate sources: and equipment, the. throughput :curve can be determined
experimentally. Figure 5.15 shows the. thro!ughput curve for a state-of-the-art high-rate
system employing time-variant filtering, techniques (Chapter 4) to achieve very high
throughput with almost constant resolution.; A small.planarlgermanium detector is used.
with a 24 1 Am source .The maeasured maximum throughput is ,85 000 s- at an input

rate: of ,-300ý000 S However, the paralyzable deadtime model predicts a maximum
throughput of I100(00 s 1-• With an input rate of 300,000 S-1; the .simple model is
not adequate. The system resolution at :60 keV.Jis almost constant at ,,4).63 keV up
to an input rate ,of 100, 000 counts/s and. then increases smoothly to .,0.72' keY at

an input rate of 1. 000 000 counts/s. Figure 5.16 shows the throughput .curve for
241Am using standard high-quality electronics optimizedifor high resolution :at low
count rates with 6-jsPs shaping constants 'and:a 100-MHz Wilkinson ADlCi -to generate
an 8 1 92-channel spectrum. Additional: loss, comesg from resetting the pulsed-optical
preamplifier. The .maximum..throughput of .this system. is only r!2800 s', but the
resolution at 60 keV is -,0.34 keV at the lowest rates. and is still' only, ,,0.44 keV at
21 500.S- Thexcurves of throughputvand resolution.demonstrate that with the current
state-of-the-art one: cannot simultaneously obtain: high:throughput at a high rate and
the ;best !resolution. The FWHM increases by a factor of nealy. 2 from the system

optimized ..for resolution to: that of! the system optimized-.for high throughput. The
two. experimental .cu.rves, though describing verydifferent systems, are similar to one
another.and to the-theoretical curve shown in Figure 5.14 for the purely paralyzable
system:.
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5.4.4 Correction Methods: General

The determination.of the full-energy interaction rates (FEIR) of the gamma rays of
interest is fundamental to many NDA procedures. The assayist must determine

FUR -A(-y) CF(RL) (5-63)FIRT

where A(-y) = full-energy-peak area
IT = true time of acquisition

CF(RL) = rate-related loss correction factor.

Three classes of correction procedures are discussed in this section. For detecting
pileup events, the first procedure uses fast-timing electronics to measure the intervals
between pulses. Corrections are made by extending the count time or by adding counts
to the spectrum during acquisition. The second procedure adds an artificial peak to
the spectrum by connecting a pulser to the preamplifier. The third procedure uses a
gamma-ray source to generate the correction peak. The second and third procedures
both use the variation in the correction-peak area to calculate a correction factor.

All three methods require the assumption thiat all peaks suffer the same fractional
loss from the combined effects ýof pileup and deadtime; in general, the assumption is
good.

5.4.5 Pileup Correction Methods: Electronic

Methods that extend count time employ fast counting circuits that operate directly
from the preamplifier output; the time constants involved allow a pulse-pair resolution
of 0.5 to 1.0 As. The time resolution is achieved at the sacrifice of energy resolution
so that some small pulses analyzed by the ADC are lost to the timing circuitry. The
circuitry can neither detect nor correct for pileup events where the interval is less than
the circuit resolving time or where one of the events is below the.detection thieshold.
When two or more pulses are closer together than the chosen pileup rejection interval,
the distorted event is not stored and the count time is extended to compensate for the
loss.

One method of extending the count time is to generate a deadtime interval that
begins when a pileup event is detected and ends when the next good. event has been
processed: and stored; this procedure is approximately correct. The procedure cannot
compensate for undetected events; however, with a typical, rejection-gate period of
20 As and a pulse-pair resolving time of -,1 As, the correction error may be only
-a few percent. For rates up to several tens of thousands of counts per second, the
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total error may be only 1% or less; the necessary circuitry is frequently: built into
spectroscopy amplifiers. The method requires live-time. operation,: so the assay period
is not known a priori. The method also requires that the count rate and spectral shape
are constant. during the :counting period; this limitation is of no .consequence.for the
assay. of long-lived isotopes, but it is important. in activation. analysis of very short
lived isotopes...

In recent years, the activation; analysis requirement to handle high count rates and
rapidly changing spectral shapes has led to further advancement in deadtime-pileup
corrections. Such systems are complex and are just now becoming commercially
available. They can handle input rates of hundreds of thousands of counts per second
and accurately correct for losses in excess of:90%. The ability to correct for deadtime-
pileup losses at high rates can potentially improvethe speed of some NDA procedures.

5.4.6 Pulser-Based Corrections For Deadtime and Pileup

The pulser method uses a pulser to insert an artificial peak into the stored spectrum;
it has. numerous variations depending on the type. of pulser used. Most germanium
and silicon detector preamplifiers have a TEST input through which appropriately
shaped pulses can be injected. These pulses suffer essentially the same deadtime and
pileup losses as gamma-ray pulses and form a peak similar to a gamma-ray peak. The
pulser peak has better resolution and shape than gamma-ray peaks because it is not
broadened by the statistical processes involved in the gamma-ray detection process.
The pulser peak area is determined in the same. way as a gamma-ray peak area. The
number of pulses injected into the preamplifier is easily determined by direct counting
or by knowing the pulser rate and the acquisition time.

An advantage of the pulser method is that the artificial peak can usually be placed to
avoid interference from gamma-ray peaks. In addition, because all, the pulser events
are full energy, minimum extra deadtime and pileup are generated. On the other
hand, it is difficult to find pulsers with adequate amplitude stability, pulse-shaping
capability, and rate flexibility.

Another common problem is the difficulty of injecting pulses through the preampli-
fier without some undershoot on the output pulse. A long undershoot is objectionable
because gamma-ray pulses can pile up on the undershoot like they do on the posi-
tive part of the pulse. The amplifier pole zero cannot compensate simultaneously for
the different decay constants of the pulser and gamma-ray pulses, and compensation
networks are rarely used at the TEST input because: of probable deterioration in reso-
lution. The undershoot problem can be minimized by using a long decay time.on the
pulser pulse (often as long as a millisecond), by using shorter amplifier time constants,
and by using high baseline-restorer settings. Some sacrifice of overall resolution is
usually required to adequately minimize the undershoot problem.
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. The:simplest approach is to use an ordinary fixed-period pulser, in which the interval
between pulses is constant and equal to the reciprocal of the pulse rate. The best
amplitude stability comes from the mercury-switch .pulser in which a capacitor is
charged and discharged through a resistor network by a mercury-wetted mechanical
switch. The mechanical switch limits the useful rate of such pulsers to <100 Hz.

Assuming that the pulser peak and gamma-ray peaks lose the same fraction of
events from deadtime and pileup, the appropriate correction factor is

N/A(P) (5-64)

where- N number (rate) of pulses injected
A(P)= area (area rate) of pulser peak.

CF(RL) has a minimum value of 1.00 and is the reciprocal of the fraction of events
stored in the peaks.
. Equation 5-64 is not quite correct because pulser pulses are never lost as a result

of their own deadtime, nor do they pileup on one another. Thus the overall losses
from gamma-ray peaks are greater Ithan those from the pulser peak although the
difference is usually small.; At moderate rates, the deadtime: and pileup losses are
nearly independent and CF(RL) can be correcteA with two multiplicative factors to
obtain a more accurate result:

Ný
CF(RL) = (I + RTDXI + RT) (5-65)

A(P

where R = pulser rate
TD :deadtime for pulser pulse

T = pileup interval.

The deadtime TD can be adequately estimated from the speed of the ADCand, for
Wilkinson ADCs, from the position of the pulser peak. The interval T is usually
one and one-half to twotimes the pulse width.: If R is <100 Hz, both factors are
usually small. :Assuming :a typical value of 20 /As for both TD and T, the: value
of each additional factor is 1.002 so that the increase in CF(RL) is. only ,-,0.4%.
Larger corrections result if greater values of R, TD,'or TVare used. If R is increased
to 1000 Hz to obtain high precision more quickly, the additional factors make a
difference of several percent.

Concern about assay precision brings up a rather curious but useful property of
periodic pulsers. The precision of the pulser peak is given by a different relation than
that of gamma-ray peaks. The precision; of a pulser peak is, in fact, always better
than the precision of a gamma-ray peak of the same area because gamma-ray emission
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is random and the- generation of pulser pulses is not. The. precision of gamma-ray
peak areas is governed by Poisson statistics whereas the precision of pulser peaks is
governed mostly by binomial statistics.

Assuming that the background under the pulser peak is negligible and that the peak
area is P, the variance and relative variance of P are 'given by

S2(p)=P(1 -P/N)

s2 1 -P/N) 
(5-66)

where N is the total number of'pulses injected into the spectrum. Assuming again
that the Compton continuum is negligible, the variance and relative variance of a
gamma-ray peak of area A are given by

S2(A) = A
(5-67)

S•(A)= I/A.

Figure 5.17 gives S,(P) versus P for several choices of P/N and demonstrates that by
the time P/N f- 0.5 the improvement in precision is quite negligible.

When the pulser peak rests on a significant continuum, the expressions for S(P)
are more complex because of the random nature of the continuum. The pulser peak

'10
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Fig. 5.17 The relative standard deviation Sr(P) of a pulser peak area P as a func-
tion of P for several values of PIN where N is the total number of pulses
injected into the spectrum.
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should be placed in a low-continuum (usually high-energy) portion of the spectrum so
that the improved precision can be taken advantage of and the simple Equation 5-66
can be used.

The use of a high-energy pulser peak can complicate the minimization of the un-
dershoot. An alternative approach is to use a rectangular pulse that is longer than
the amplifier output; then the pole-zero problem disappears and there are no shallow
undershoots. Instead, a negative pulse is generated as the pulser output drops. Other
events pile up on the negative pulse, but the pulse is cleanly defined and tends to
throw pileup events out of their peak. The additional factor for the pileup losses can
be written as (1 + 2RT).

If an adequate random pulser were available, CF(RL) would be given :simply by
Equation 5-64. Unfortunately, although random pulsers have been used successfully
in research laboratories, no adequate unit is commercially available. It is difficult to
simultaneously achieve the desired amplitude stability, random-interval distribution,
and constant average rate required for routine gamma-ray assay applications.

Pulser-based deadtime-pileup corrections are accurate only when both rate and spec-
tral shape are constant throughout the counting period. When the count rate changes
during a measurement, proper corrections cannot be made if the pulser operates at a
fixed rate. In principle, a correction can be made using a pulser that operates at a rate
that is a fixed function of the gross detector rate. Pulsers based on this concept have
been built and used :successfully, (Ref. 14). They are used in activation analysis, half-
life studies, accelerator experiments, and anywhere that variable rates with constant
spectral shape might be encountered. The use of variable:rate pulsers indicates the
variety and ingenuity with which the fundamental idea of inserting a synthetic peak
into a spectrum has been applied to the problem of deadtime-pileup corrections.

5.4.7 Reference-Source Method for Deadtime-Plieup Corrections

The most accurate method for measuring the deadtime-pileup correction uses a
referen'ce source fixed in position relative to the detector. The source provides a
constant gamma-ray interaction rate in the detector. The reference peak performs the
same function as the pulser peak.

Like the other methods, the reference-source method requires the assumption that all
peaks suffer the same fractional loss from deadtime and pileup. Given this assumption,
the ratio of any peak area to the reference peak area is independent of such losses. Let
A(-y) and FEIR(-y) represent, as• usual, the full-energy-peak area and the full-energy

interaction rate of any gamma ray other than the reference gamma ray R. If F is the
common fraction stored and TT is the true: acquisition time, then the areas are

A(-)= F x FEIR(r,) x TT

A(R) = F x FEIR(R) x TT. (5-68)



General Topics in Passive Gamma-Ray Assay 147

The: ratio of the two expressions gives

A(y)/A(R)= FEIR(y)/FEIR(R) (5w69)

which is independent of both F and TT. Gamma-ray assays often are based directly
on the loss-independent :ratios A(-y)/A(R) without ever explicitly determining CF(RL)
or FEIR(y).

.For the reference-source gamma ray, the correction factor becomes

CF(RL)' FEIR(R) x TT/A(R). (5-70)

Combining this expression with Equation 5-63 gives

FEAR()) FEIR(R) " (5-71)
A(R)_

which is independent of count time. Equation 5-55 for the corrected count rate CR
can now be rewritten

CR(-y) = FEIR(-y) x CF(AT)
(5-72)

- •FEIR(R) x CF(AT).
A(R)

The magnitude of CR(-y) does not depend on the true acquisition time although its
precision obviously does.

:If assay systems are calibrated with the help of standards, it is unnecessary to know

FEIR(R) to obtain accurate assay values. In many assay procedures, the quantity
sought, M (isotope. or element mass), is proportional to CR(-). In Equation 5-73
through 5-75, K is the calibration constant, the subscripts denotes quantities pertaining
to standards, and the subscript u denotes quantities pertaining to unknowns.

M, CR(y). _ [A(7),/A(R),jFEIR(R) x CF(AT). (5-73)

K K

The calibration constant can be determined from a single standard:

CR(y)- = [A(y),/A(R),]FEIR(R) x CF(AT). (574)

.K= (-4M. M, .

Combining Equations 5-73 and 5-74 gives

' [A(y)./A(R)u]CF(AT).uMU .... M(5-75)

which is independent of FEIR(R).
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Although an accurate value of FEIR(R) is not needed, it is. useful in obtaining
approximate values of FEIR(-y), FEIR(R), and CF(RL) so that actual rates of data
acquisition are known along with the fraction of information being lost to deadtime
and pileup. Having a calibration constant expressed as corrected counts per second
per unit mass can be 'helpful when estimating required assay times.

'A reasonably accurate value of FEIR(R) canr be obtained bynmaking a live-time
count of the reference source alone and estimating a correction for the pileup losses.
A more accurate value canbe obtained: by using a pulser to correct for deadtime-pileup
losses.

The reference-source method can be applied to any spectroscopy system without
additional electronics. The method avoids problems caused !Y injecting pulser pulses

into a preamplifier and by drift of the reference peak relative to the gamma-ray peaks.
It also avoids the extra corrections required by a fixed-period pulser.* Additionally,. no
error occurs because of the finite pulse-pair resolving time, and the reference peak is

constantly. present for digital stabilization and for checking system performance.
The most significant limitation to the procedure' is that a reference source With

appropriate half-life and energy is not always available. An additional limitation is
that the reference source must have a significant count rate and this, causes additional
losses and results in poorer overall precision than that achievable using the same count
time with other methods. The reference-source method, as well as. the simpler pulser
method, is only applicable when the count rate and spectral shape are constant.

The reference. source should have, a. long half-life and an intense gamma ray in a
clear portion of the spectrum. The energy of the reference gamma ray should be lower
than but relatively close to the energy of the assay gamma rays so. as not to. add to
the background beneath the assay peaks. A monoenergetic reference source limits the.
increase in gross count rate and overall deadtime-pileup losses. Few sources meet all
the desired criteriaj but several have proven adeq, uatein :many applications.

For 239Pu assays based on the 413.7-keV gamrmajIray,ý: 1 33Ba is the most useful
source. Its 356.0-keV: gamma ray does not suffer interference from any plutonium
or americium gamma ray and it is within 60 keV of, the assay energy. The 10.3-yr
half-life is very convenient. Although 133 Ba has several other gamma rays, they are
all at energies below 414 keV.

For plutonium assay's that make use of lower energy gamma rays, '09Cd is a useful
reference source. The 88.0-keV gamma ray is its only. significant emission except for
the ,•25-keV 10°Ag x rays from electron capture, :which are easily eliminated by a
thin filter. Its half-life of ,453 days is adequate to give a year or two of use be-
fore replacement. Although no interfering gamma rays from plutonium or americium
isotopes are present, there is a possible interference from lead x rays. fluoresced in
the detector shielding. The lead K02 x ray falls almost directly under the 88.0-keV
gamma ray from 10°Cd. Interference can be avoided; by wrapping the detector in
cadmium to absorb the lead x rays, and by using a sufficiently strong 109Cd source
that any residual leakage of. lead x rays is overwhelmed. If some totally different
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shielding material can be used (for example, iron or tungsten alloys), the problem
disappears,

For. assays of 235U, the 122.0-keV gamma ray from 5 7Co is used frequently.
its 271-day half-life is adequate, although not as long as might be desired. The
122.0-keV gamma ray is approximately eight times more intense than the 136.5-keV
gamma ray, which is the only other gamma ray of significant intensity. Note. that in
using 5 Co for assay.of highly enriched uranium samples,' the 120.9-keV gamma ray

from 234U can be an annoying interference. This problem can be effectively elimi-
nated by using a filter to reduce the intensity of lower energy emissions relative to
the 185.7-keV intensity and a sufficiently strong 57Co source to override any residual
234U signal.

Frequently 241Am can be used as a reference source for uranium or other assays.
Although the 59.5-keV gamma ray from 24ZAm is further removed from 186 keV
than desirable, it can be used successfully, particularly if steps are taken to reduce
the resolution difference. The half-life of 433.6 y is beyond fault., Americium-241
must be absolutely absent from any materials to be assayed. When using '6 9 Yb' as a
transmission source in densitometiy or quantitative ,23 u assay, ytterbium daughters

emit x rays that directly interfere with the 59.5-keV gamma ray, but sufficient filtering
combined: with adequate source intensity can eliminate any possible:difficulty.

The. current methods for deadtime-pileup correction assume that all: full-energy
peaks suffer the same fractional loss. That assumption is not completely true primarily
because the width and detailed peak shape are functions of both .energy and count
rate. In applying the reference-peak method, precautions can be taken to minimize
the degree to which the assumption falls short. Four of those precautions, most of
which apply to any of the correction methods, are listed below.

* Where possible, apply the procedure only over a narrow energy range.
* Keep the peak width and shape. as, constant. as possible as functions of both

energy and count rate, even if that, slightly degrades the !ow-rate and low-energy
resolution. Proper adjustment of the amplifier and the pileup rejection can help
considerably.

e Avoid a convex or concave Compton continuum beneath important peaks, espe-
cially the reference peak. If possible the ratio of the reference peak area to the
background area should be >10.

d Exercise great care in determining peak areas. ROI methods may be less sensitive
than: some of the spectral fitting codes to small changes in peak shape.

Experimental results indicate that the reference-source method can correct for dead-
time and pileup losses with accuracies approaching 0. 1 % over a wide count-rate range.
Such accuracies can also be approached by pulser methods,,particularly at lower rates
and by some purely electronic methods. 'However, equipment for the purely electronic
methods is very sophisticated.
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5.5 EFFECTS OF THE INVERSE-SQUARE LAW

The absolute full-energy detector efficiency varies approximately as the inverse
square of the distance between the detector and gamma-ray source. Consider a point
source emitting I gamma rays per second. The gamma-ray flux F at a distance R is
defined as the number of gamma rays per second passing through a unit area on a
sphereo:0f radius R centered at the source. Because the area of the spheie is 47rR2

2 the
expressiOn forF is 7

F- (5-76)
. 47rR

2

The detector count rate is proportional to the incident flux, and if the detector face
can be approximated by a portion of a spherical surface centered at the source, the
count rate: has the same I/R2 dependency as the flux. When low-intensity samples
are counted, there is a clear motivation to 'reduce the. sample-to-detector distance
and increase the count rate. UnfortumAtely, when the sample-to-detector distance is
so small that different: parts of the sample have significantly different distances to
the detector~the count rates from different parts of the rample vary significantly.
This variaition can cause 'an assaay error when the distribution of emitting material is
nonuniform.

The overall count rate from samplesWof finite extent does not follow the simple law;
usually the variation is less. strong: than. lR 2. Knowledge of a few simple cases can
help to estimate overall count rates and response uniformity. •

The simplest extended source is a line, which is often an adequate model of a
pipe carryi-ng radioactive, solutions. Consider arn ideal: point detector with intrinsic
efficiency c at a distance D from an :infinitely long source of intensity I per unit
length '(Figuire 5.18). The count rate from. this source can be expressed as

2f°° Ic dr _tide

CR 22 = (5-77)0 r72 + D2 D

In this ideal case, the count-rate dependence is 1hR rather than i/R2; when pipes are
I .. . . .. .. ~ a~h .

counted at distances much smaller than their length, the count-rate variation will be
approximately 1hR.

The count'rate from a point detector at a distance R from an infinite plane surface
does not depend on R at all. For a detector near a uniformly contaminated glovebox
wall, count rates vary little with wall-to-detector distance changes.,
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When possible the variation of response with position inside a sample should be
minimized. The sample-to-detector distance can be increased, but the penalty is a
severe loss of count rate. A better strategy is to rotate the sample. Consider the cross
section of a cylindrical sample of radius R whose center is at a distance D from a
detector (Figure 5.19). Unless D is much greater than. R, the count rates for identical
sources at positions 1, 2, 3, and 4 vary considerably. The figure shows that if D
3R, the maximum count-rate ratio is CR(2)/CR(4) = 4. The ratio of the response of a
rotating source at radius R to the response at the center (position 1 of Figure 5.19) is

CR(R) I
CR(I) I + (R/D)2 "

The response is the same as that obtained for a uniform nonattenuating circular source
of radius R whose center is at a distance D from a detector. Table 5-6 gives the value of
this function for several Values of R/D compared to CR(2)/CR(1) for the nonrotating
source of Figure 5.19. For relatively large values of R/D, rotation improves the
uniformity of response. The response variation is even larger when attenuation is
considered. Rotation only reduces 1/R2 effects; it does not elmuinatd them completely.

INFINITE LINE SOURCE
INTENSITY I.PER UNIT LENGTH

Hr

D

DETECTOR
(EFFICIENCY LE)

Fig. 518 Geometry for computing the response of a point detector to a
line source.
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CR (2)/CR (1) ,= 2.25
CR (3)/CR (1).= 0.90
CR (4)/CR (1) = 0.56
CR (21iCR (4) A nn

•4 2.. 1\ ' "" .. . .. '.. ..

D = 3*R

D

Fig. 519 Cross section through a cylindrical sample and a point detector
showing how* count rate varies with poiin.

Table 5-6. The effect of sample rotation on count-
rate variation

CR(R)/CR(1) CR(2)/CR(l)
R/D (Rotating) (Nonrotating)

1/2 1.33 4.0
1/3a 1.i25 2.25
1/4. 1.067 1.78
1/5 1.042 1.56
1/6 1.029 1.44
17 1.021 1.36
"See Figure 5.19.

Rotation reduces response variations caused by radial positioning, but does little to
compensate for height variations. If the source height is less than one-third of the
sample-to-detector distance, the decrease in response is less than 10% relative to the
normal position.

The choice of sample-to-detector distance is a compromise between minimizing the
response variations and maintaining. an adequate count rate. A useful guideline is
that the maximum count-rate variation is less than ±10% if the sample-to-detector
distance is equal to three times the larger of the. sample radius or the half-height. If a
sample cannot be rotated, it helps considerably to count it in two positions 1800 apart.
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5.6 DETECTOR EFFICIENCY MEASUREMENTS

5.6.1 Absolute Full-Energy-Peak Efficiency

The absolute full-energy-peak efficiency is the fraction of gamma rays emitted by
a. point source at a particular source-to-detector distance that produces a full-energy
interaction in the detector. It is determined as a: function of energy by measuring
the efficiency at a number of energies and fitting the experimental points with an
appropriate function:

eA(0) = FEIR('y)/ER(Cy) (5-79)

where CA = absolute full-energy efficiency
ER((y) = gamma-ray emission rate.

The determination of FEIR is described in Section 5.4. For high-resolution detectors,
care must be taken to correct for pileup And deadtime losses. For low-resolution
scintillators, the pileup correction can usually be ignored.

Calibrated sources for absolute calibrations are available from a number of vendors.
It is a testimony to the difficulty of measuring accurate emission rates thatuthe quoted
accuracies are only between 0.5% and 2.0%. Table 5-1 lists several monoenergetic
gamma-ray sources. Multi-isotope, multi-gamma-ray sources, such as the NBS-source
SRM-4275 (see Section 5.1.1), are convenient .when calibrating high-resolution detec-
tors. This source is useful for several years .and covers the energy range most often
of use in NDA.

Frequently two or more gamma rays are emitted in successive transitions between
energy levels of a single excited nucleus. Because the time interval between such
cascade gamma rays is very, small compared to the charge collection times of germa-
nium, silicon, or NaI(TI) detectors, the multiple gamma rays are treated as a single
interaction. This cascade summing can result in subtractive or additive errors in the
measured FEIRs. The problemn is significant when the source is'so close to the detec-
tor that the probability of detecting two or more ,cascade gamma rays simultaneously
is large. If very short source-to-detector distances; imust be used to enhance sensitivity,
cascade-summing problems must be carefully cofsidered. The notes accompanying
SRM-4275 contain a good discussion of sumrminigproblems as well as other possible
difficulties involved in the use of multi-gamrna-i•y! sources.

5.6.2 Intrinsic Pull-Energy Efficiency:

The intrinsic full-energy efficiency is the probabiliy Ita a gamma ray loses all of
its energy if it enters the detector volume'. ,The abs0oute:full-energy efficiency eA and
the intrinsic full-energy efficiency el are related by the simple equation

i= (5-80)
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where f2 is the solid angle subtended by the. detector at the source and . 2/4ir is
the probability that a gamma ray will enter the detector volume. The intrinsic full-
energy efficiency is determined experimentally by measuring the absolute full-energy
efficiency and solving Equation 5-80 for et. The values of el computed will depend
slightly. upon the position'of the source with respect:to thedetector.

Sormeý card is necessary in estimating the solid angle f2, especially if the: detector
has an:odd shape-or is not locatedlon an:axis ofisymmetry. Figureo5.20 shows a point
source at a distance D from the face of a: cylindrical detector of radius R. -The correct
expression for the solid angle subtended by the detector at the source 'is'

D 22rlI ( D+R) (5-81)
vfD "2 R

where D///, 2 +R2 = Cos e, with e being the angle of the solid-angle cone shown in
Figure 5.20. However, for a circular detector, an approximate expression is frequently
used:

Q s• A/D' =7rR2/D2 .(5-82)

where A is the area of the detector -face. The first expression in Equation 5-82 can
be applied even when the detector is- not circular, but is only accurate. when A is
much less than= 4rD2. Comparing Equations 5-81 and- 5-82 shows that as D decreases
relative to R, the value for S2 from Equation 5-82 becomes too large. For D/R = 8,
12 is -. 1% too large; for D/R = 1, $2.is -,70% too large.

POINT
SOURCE

Fig. 5.20 A point source on the axis of a cylindrical detector.
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5.6.3 Relative Efficiency:

Frequently the actual values of the absolute or intrinsic full-energy-peak efficiency
are not needed, and only the ratios of the efficiency at different energies are required.
A relative efficiency curve is usually easier to determine than absolute or intrinsic
efficiencies. Relative efficiencies differ from absolute or intrinsic efficiencies only
by a multiplicative constant that depends upon the procedure used in. determining the
relative efficiencies. Exact gamma-ray emission rates .are not required, only values
proportional to the emission rates. When a single multienergy isotope is used, the
branching fractions provide the c neessary information (Ref. 15). Equation 5-79 can
be modified to give relative efficiencies for a single source:

CR = A("y)/B(,y) (5-83)

where B(y) is the branching ratio corresponding to the peak area A(QY). Usually
relative-efficiency curves are normalized to 1.00 at some convenient energy. A
semilog plot of relative efficiency has the same shape as the corresponding absolute-
efficiency or intrinsic-efficiency plot. Figure 5.21 shows the relative-efficiency of a
coaxial detector as derived from a single spectrum of a thin '3 3Ba source. Note that
sources with negligibles elf-attenuation must be used. when the braiching fractions
ar assumed to be pr rtional to the rates, of gamma rays. escaping from the source.
This assumption is not true for many :steel -ecapsulated so s partculaly at lower

energies.
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Fig. 5.21 Relative efficiency of a 30%-efficient coaxial germanium detector

between ,50 and ,.'400 keV, as derived from a single spectrum of
a thin 1 33 Ba source.
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5.6.4 Efficiency Relative to a 7.65-cm by 7.65-cm NaI(TI) Detector

The manufacturers of germanium detectors usually characterize the efficiency of
coaxial detectors by"comparingit .to the absolute full- energy efficiency of a 7.65-cf

by 7.65-cm NaI(T1) detector. The"comparison is always made at 1332.5 keV with a
source-to-detector distance of 25.0 cm and the efficiency expressed as a percentage of
the Nai(TI) efficiency.,The efficiency of ihe germanium detector is measured and the
absolute full-energy efficiency of the NaIT1) detector is assumed to be 0.0012 for the
stated energy and distance., The expressionfor computing the measured germanium-
detector efficiency is

CRNaI [FEIR(1332.5)/ER(1332.5) 100€•N/=0.0012 :•lO (5-84)

where FEIR(1 332.5) includes. corrections for deadtime-piieup losses and ER(! 332.5) is
the current emission rate. The source-to-detector distance is very difficult to determine
accurately because the detector crystal is hidden inside the cryostat end cap. Because
the front face ofdthe detector crystal is mounted within 5 mm of the end cap by' most
manufacturers, the measurement is made at a source-to-end-cap distance of 24.5 cm.

If a 60-HZ puiser is used: for the rate-related losses8, Equation 5-84 can be rewritten
as

•RNal 135.1 A(1332.5) .(5-85)
A(p)IO exp(-0 1318T)

where A(Q332.5) and A(p) are the areas of the 1332.5-keV and pulser peaks, and
where T is the time in years since the 6°Co source had an activity of 1o microcuries.
If the same 6°Co source is used consistently, the value of I0 can be. absorbed in the
numerical constant.

5.6.5 Efficiency as Function of Energy and Position

Usually NDA calibrations are done using standards that contain known amounts
of the isotopes of interest in packages of appropriate shape and size. Because ap-
proximate detector efficiencies are used only to estimate expected count rates, there is
little need to carefully characterize efficiency as a function of energy and position. A
detector so characterized can assay without the use of standards, although generally
not with the same ease and accuracy as possible with them. When standards are not
available or allowed in an area, verification measurements can be made of items of

known geometry and content using the known~detector efficiency to predict the FEIRs
for a chosen detector-sample configuration. If the, measured FEIRs agree within the
estimated error With the predicted irates, the item content is regarded as verified.
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In constructing appropriate efficiency functions, the absolute efficiency is measured
for many energies and positions and then fit to an adequate mathematical model.
Cline's method (Ref. 16) combines reasonable accuracy with a straightforward proce-
dure for determining the efficiency parameters. To characterize a detecto r accurately
takes several days or more.-l
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Attenuation Correction Procedures
Jack L Parker

6.1 INTRODUCTION

The nondestructive assay (NDA) of nuclear material must deal with large sample
sizes and high self-absorption. Typical containers range from 27L bottles to 220-L
drums, and even a small, sample with a high. concentration of nuclear material has
significant self-attenuation., Although gamma-ray self-attenuation may. frequently be

ignored in the filter papers or small vials encountered in radiochemnical. applications,
it usually cannot be ignored in NDA measurements of nuclear material.

Because the size and shape of nuclear material samples vary widely, it is difficult to
construct appropriate calibration standards. In principle, calibration standards are not
needed if the detector efficiency is accurately known as a function of source position
and energy, if the counting geometry and the sample size and shape are accurately
known, and if the gamma-ray emission rates are accurately known. However, it is
tedious to characterize a detector efficiency with sufficient accuracy, and there are
still significant uncertainties in the values of the specific activities for, many impor-
tant gamma rays. The use of calibration standards reduces .or eliminates the need
to accurately know the detector efficiency, the counting geometry,: and the specific
activities.

The most authoritative guide for calibrating NDA systems, ANSI N15.20-1975
(Ref. 1), rather firmly insists that a calibration standard is "an item physically and
chemically similar to the items to be assayed," a restriction no longer necessary for
gamma-ray assay. The guide also insists that calibration standards "must be chosen so
that their contained masses of the nuclide(s) of interest spanithe mass range expected
for the items to be assayed." This restriction may be considerably relaxed. Relatively
few standards are usually needed to calibrate gamma-ray assay systems for the accurate
assay of items covering a wide range of size, shape, chemical composition, and mass.

Sections 6.2 to 6.6 describe the nature and computation of the attenuation correction
factor CF(AT). A more detailed discussion of this subject is given in Ref. 2. Section
6.7 discusses calibration standards. and Section 6.8 describes assay systems using
transmission-corrected procedures.

159
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6.2 PROCEDURES

6.2.1 Preliminary Remarks

The procedures and methods described herein are best applied with high-resolution
gamma-ray detectors. The methods and correction factors may be used for assays with
low-resolution detectors, but additional care must be exercised to avoid unnecessary
error, and the ultimate accuracy will be not be as good.

The most unpleasant and important fact in applying gamma-ray spectroscopy is that
the raw count rate for a given gamma ray is not usually proportional to the amount of
the nuclide emitting the gamma ray. Two reasons for the lack of proportionality are the
rate-related electronic processes of deadtime and pulse pileup and the self-attenuation
of the sample. Accurate gamma-ray assays demand accurate corrections for both the
electronic losses and the losses caused by sample self-attenuation. Corrections for
electronic losses are described in detail in Chapter 5.

6.2.2 General Description of Assay Procedure

If the raw data-acquisition rate is multiplied by appropriate correction factors for
both the rate-related electronic losses arid the sample self-attenuation, we may write
(as in Equation 5-60 of Section 5.4)

CR = RR x CF(RL) x CF(AT)

or

CR FEIR x CF(AT) (6-1)

where CR total corrected rate
RR = raw rate of data acquisition

CF(RL) = correction factor for rate-related: electronic losses
CF(AT) = correction factor for self-attenuation in sample

FEIR = full-energy interaction rate.

If the correction factors are properly defined and computed, CR is the data-acquisition
rate that would have, been observed if there were no electronic losses and if the sample
were changed to a simpler shape (such as a -point or line) with no self-attenuation.
Thus computed, CR is proportional to the mass of the isotope; emitting the gamma

ray of interest. We can then write

CR=K x M (62)

where M is the mass of the isotope being assayed and K is a calibration constant. The
calibration constant K is determined by the use of appropriate standards and includes
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the effects of detector efficiency, subtended solid angles, and gamma-ray emission
rates. The CF(AT) is, determined so that the CRs for both unknown and standard are
those that would have been observed if they had had the same nonattenuating spatial
configuration.

The above, in essence, constitutes a general approach to passive gamma-ray assay.
The individual steps of this approach are

" (1) Measure the raw datalacquisition rate.
'.(2) Determine the correction for rate-related electronic losses.
• (3) Determine the correction for gamma-ray self-attenuation.

(4) Compute the total corrected rate, which is proportional to the mass of the
'isotope being assayed.

(5) Determine the constant of proportionality, the calibration constant, by use of
appropriate physical standards, making sure that the CR for both standards and
unknowns represents the same nonattenuating geometrical shape in the same
position with respect to the detector.

Both RR and CF(RL) are relatively easy to determine accurately and are discussed in
detail in Chapter 5.

6.2.3 Necessary Assumptions for Determining the Self-Attenuation Cor-
rection Factor

In determining CF(AT), the basic question is, what fraction of the gamma rays of
interest that are emitted in directions such that they could reach the detector actually
do reach the 'detector? If the sample material can be characterized, by a single linear
attenuation coefficient e, .the fraction of. gamma rays that escape unmodified from
the sample can, in general, be computed. Determining At is the key to determining
CF(AT).

Two assumptions seem adequate to permit accurate gamma-ray assays:
" The mixture of gamma-ray-emitting material and matrix mateial is reasonably

uniform and homogeneous in composition and density.
* The gamma-ray-emitting particles are small enough that thq self-attenuation

w-ithin the individual particles is negligible.
These assumptions guarantee that the linear attenuation coefficient, is single-valued
on a sufficiently macroscopic scale that .it can be used to accurately compute the.
gamma-ray-escape fraction. There are no restrictions on the chemical composition of
the sample. All that is required is that At can be computed or measured. Unknown
samples need not have the same or even :similar chemical compositions as the cali-
bration standards. There are also no basic assumptions about the size and shape of
standards, although there are limitations. '

The assumption of "reasonable" uniformity .is admittedly vague and difficult to
define. What constitutes reasonable uniformity depends on the gamma-ray energy,
the chemical composition of the sample, and the accuracy required.. Some sample
types almost always satisfy the assumptions and some almost never do so.
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The mass attenuation coefficients p (Chapter 2) of the elements impose the fun-
damental restrictions on the size, shape, composition, and density of samples that
can be successfully assayed by gamma-ray methods. Figure 6.1 shows mass attenu-
ation coefficients for selected elements ranging from hydrogen (Z = 1) to plutonium
(Z 94). Qualitatively, the information in: the graph defines nearly all the possibilities
and limitations of passive gamma-ray NDA. Note that # for uranium at 185.7 keV
is nearly six times larger than that for plutonium at 413.7 keV. This means that the
assay of 235U by its 185.7-keV gamma ray is subject to considerably more stringent
limitations on sample size,, particle size, and uniformity than is the assay of 23.9pu

I01I ! 1I I I I I I I_
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Fig. 6.1 Total mass attenuation coefficients (without coherent scattering
contribution) vs energy for nine elements ranging:in atomic num-
ber Zfrom I to 94 (Ref. 3).
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by its 413.7-keV gamma ray. Below '80 keV, the A of most~elements rises rapidly,
making attenuation problems. unmanageably severefor all but..small samples of very
small particle size.

Figure 6.2 is given as an aid in estimating self-attenuation for individual particles.*
It gives, the fraction of gamma rays escaping. unscattered from spherical sources as a
function of the product ppD,: where D is the diameter of the. sphere. As an example,
for a 200-prm-diameter, p - 10. g/cm3 particle of U0 2, ppD - 0.28, indicating that
-10% of the 185.7-keV gamma rays emitted are scattered with some energy ,loss or
are completely absorbed within the particle.,

Solutions meet the criteria,ý for accurate gamma-ray ssay, assuming that there are
no contained. particulates or:precipitates. Pure powders (PuO2, :U0 2, U3 08 , and
so forth) almost always are, suitable, as are certain .well-mixed scrap materials. such
as incinerator ash. High-temperature lgas. reactor (HTGR) coated fuel particles and
HTGR-.type: rods come closeto. meeting the requirements, but assay results are low

by.5 to 1.0% unless correction is made for the self-attenuation in the particle kernels
(Ref, 5). Small, quantities, of high-Z gamma emitters (.10, g): mixed with low-Z,

*T. 0.368 0.135 0.050 0.018 00067 00025 00009i g00m 000012o

Cr 0.9
LU

0. °.8

0M 0 .7( 
4 Pcr 0.6D

CL?
Uj 045

0.4O
0.-,

0.1 I I•I I-
000 1.0 20 3.0 4.0 5.0 60 7.0 8.0 9.0 100

p pD

Fig. 6.2 Fraction of gamma rays escaping unscattered and unabsorbed from
• spherical sources as a function of ppD. Coherent (elastic) scattering
has been, neglected.

* The expression for the fraction of gamma rays escaping unscattered and unabsorbed from a
sphere whose attenuation properties are characterized by X = 'spD is given by

F=(X (

For proof of this expression, see Ref. 4.
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low-density combustibles may meet the requirement if there are no agglomerations
of the powder with significant self-attenuation. Large quantities of high-Z powders
(greater than about 100 g) will almost surely create some significantly attenuating
agglomerations when mixed with such combustibles. Among the worst cases are
metal chips of high-Z, high-density metals or fuel pellets mixed with low-Z, low'
density matrices; in these situations assays: may well be low by factors of 2 or 3 or
even more. This fact causes one to be cautious about -using gamma-ray methods to
screen heterogeneous materials for possible criticality dangers.

It must be emphasized that the degree to whichmaterials: satisfy the two assumptions
is, the most important factorin determiniing the potential accuracy of-a gammaray
assay. Experience indicates, for -example, that small samples of .solution* (up to: a
few' tens of cubic centimeters) may be assayed with accuracies of a feW tenths of a
percent. Sam!,les of uniform, homogeneous powders of "volumes pl to i: few liters
have: been assayed with accuracies approaching 1% in spite' of significant density
gradients. Larger containers of waste (for example, 30-gal. drums) rarely: satisffy:the
assumption s Well enough: to allow errors of < 10%,: and the error will be: much worse
for the extremely heterogeneous cases.

Another important general factabout gamma-ray assay. is that the results are almost
always. low when samples that do not satisfy the assumptions are assayed in con-
junction with calibration standards that do satisfy the assumptions. The procedures
that accurately determine the self-attenuation in acceptable samples underestimate the
correction in samples that fail to satisfy the required conditions.

6,2.4 Methods for Determining the Sample Linear Attenuation Coefficient

Four principal methods have been employed to determine the sample At (Ref.
6). The oldest method avoids the issue by using representative standards. In this
procedure a set of calibration standards are prepared as nearly identical as possible in
size, shape, and composition to the unknowns. The standards are counted in a fixed
geometry to prepare a calibration curve, and the assay is accomplished by counting the
unknowns in the same geometry and comparing the count directly with the calibration
curve., This procedure produces good results only if the unknowns and standards are
sijfficiently similar that the same concentration of assay material in each gives rise to
the same at and,. therefore, to the same CF(AT). The representative standard procedure
also assumes that the pileup and deadtime losses are equal for equal concentrations
of assay isotopes. This method is only applicable when the nature and composition
of the assay samples are well known and essentially unvarying.:

A second method exploits previous knowledge of the chemical composition, mass,
and shape to compute pt. Sufficient prior knowledge to compute the sample jut does
not necessarily mean that the assay result is known in advance. In many cases, lis
is almost purely dependent on the matrix composition and mass, which is reasonably
well known. When only verification measurements are required on well-chiracterized
materials, the approach is useful even when the assay material contributes significantly

/I
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to the sample self-attenuation. Computation of, the sample Mi. from knowledge of the
chemical. composition and densities is straightforward. References 3 and 7 tabulate
the necessary mass attenuation coefficients.

Another method of determining CF(AT) involves measuring the intensity, ratio of
gamma rays of two different energies from the same isotope and comparing it with
the same ratio from a thin source (negligible self-attenuation) containing the same
isotope. This method is of limited use because,ý in general, Aý is not uniquely related
to the measured intensity ratios.' Some prior knowledge of the nature of the sample
is also requiried to obtain the actual correction factors. Furthermore, not all isotopes
have a pair. of gamma rays of the appropriate energies. Nevertheless, the method
has proived useful in specific cases: and hasthe potentialfor'giving warning when the
assumptions on uniformity and particle size are grossly violated.

The foufth and most general method of obtaining ,/ involves measuring the trans-
missiOn through the Sample of abeam of gamma rays from an external source. From
the fundamental law of gammha-ray attenuation, thie transmission is

T =.exp(U-pex) .(6-3)

where x is the thickness of the sample. Solving for Me, we obtain

-ln(T)
. ... (6.4)

This method requires no knowledge of the chemical composition or density of the
sample, just the basic assumptions on uniformity and.particle size. In fact, it is often
the preferred method even when some knowledge of the sample composition is avail-
able, particularly when the best obtainable accuracy is desired. The experimentally
measured Mj includes all the effects of chemical composition and density.

The transmission method can identify those samples for which accurate quantitative
assays are impossible because of excessive self-attenuation. As the measured trans-
mission decreases, its precision deteriorates along with the precision of the sample pi,
thus creating error in the computed value of CF(AT). The precision and accuracy of
the measured transmission become unacceptable for transmissions between 0.01 and
0.001. Transmission values <0.001 (perhaps even negative) almost always indicate
an unassayable sample.

6.3 FORMAL DEFNITION OF CORRECTION FOR SELF-

A¶ITENUATION

6.3.1 The General Definitlon

Expressions for CF(AT) can be formulated in a number of useful ways. The formu-
lation adopted here is a multiplicative correction factor that gives a corrected count
rate that is directly proportional to the quantity of isotope being measured. It is useful
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to define CF(AT)vwith respect to a specified geometrical shape, which is often simpler
than the actual shape.

CF(AT) : .FEIR(ji =-0; Specified Shape) (65)CF(AT).:-:--- - •"-•Sh- , (6-5)
FEIR(pe# 0; Real Shape)!

where FEIR(Aj = 0, Specified Shape)= the FEIR that would have been measured
if the sample were totally nonattenuating

= 0) and. if it were changed to the spec-
ified .shape

FEIR(pLe . 0, Real Shape). the actual measured FEIR from the sample.

In practice, CF(AT) is not computed, from'Equation 6-5; it is determined from At,
the .geometrical configuration, and the position of the sample relative, to the detector.

Most often the expressions for .CF(AT):are not in.tegrable in terms of elementary
functions, so numeric methods must be used,

Generally, the detector efficiency need not be known. Usually one can assume a
point detector with equal efficiency. for all angles of incidence, which considerably
simplifies the computations. This assumption is. usually good when the distance be-
tween sample and detector is at least several: times the maximum dimension of either
the detector or the sample. If the sample-to-detector distance must be kept small for
reasons of efficiency and if the highest obtainable accuracy is required, the actual
measured or. calculated detector efficiency; as a function of energy and position may
be used.ý Cline. (Ref. 8) describes a procedure for creating an efficiency function
based on measurements of standard sources,: which should be adequate for almost all
requirements. "

6.3.2 Useful Specified Shapes

The most useful specified shapes are
* the actual sample shape
0 a point
e a line.

If one has many samples and standards of the same shape and size, then CF(AT)
may be computed with respect to a nonattenuating sample of the same shape. When
the sample is sufficiently uniform and homogeneous and of reasonable size, let the
detector view' the, whole sample and use the CF(AT) computed with respect. to. a
nonattenuating point. This allows the standards and the unknowns to be of different
size, shape, and chemical composition. However, for such assays to be accurate, the
entire contents must be reasonably well represented .by a single Ae.I

Samples often' have vertical composition and density gradients, the natural conse-
quence of filling relatively narrow containers from the top. The material tends.to fall
into the containets in layers. In such cases, a single At cannot adequately characterize
the whole sample, but narrow layers or segments can be' adequately characterized by



Attenuation. Coriection Procedures 167

a single, pj value. The assay accuracy can be improved by using a segmented scan in
which the detector views .the sample through a collimatorthat defines relatively nar-
row horizontal segments in which M can be assumed constant. For such segmented
scans, it is best to compute the CF(AT) with respect to a nonattenuating line along
the axis of the containers. In this way, cylindrical samples may be accurately assayed
with respect to standards of quite different diameters.

6.4 IMPORTANT PARAMETERS OF THE SELF-
ATTENUATION CORRECTION. FACTOR

The correction factor. for self-attenuation, CF(AT), is a function of many parame-
ters. Those currently recognized as significant are listed below in decreasing. order of
importance:

" the I of the sample material
" the volume and shape of the sample material
* the pe of the sample c6ntainer
" the size and shape of the sample container
* the position and orientation of the sample relative to the detector
* the size, shape, and efficiency: of the detector.

In many situations the dependence of CF(AT) on several of the parameters is mild.
For example, when the sample-to-detector distance is at least several times the max-
imum dimensions of the detector, the dependence of CF(AT) on the size, shape, and
efficiency of the detector is often negligible. When the distance between a cylindri-
cally shaped sample and the detector is at least several times the maximum dimension
of either sample or detector, CF(AT) is usually a strong function of the sample "egi
a mild function of the sample dimensions and distance from the detector, and has
negligible dependence& on the detector size, shape, and efficiency.

The greatest simplifications occur in the far-field case, where the maximum dimen-
sions of both sample and detector are negligible compared with their separation.; In
the far-field case, dependence on the inverse-square law becomes negligible and all
gamma rays reach the detector along essentially parallel paths. There is no depen-
dence on detector size or shape, on small changes in the sample-to-detector distance,
or on sample size except for the influence of size on the fraction of gamma rays escap-
ing from the sample. Simple analytic expressions can be derived for several sample
shapes. These expressions are often useful approximations for assay situations that
are not truly far field. Indeed, the far2field situation is a useful reference case against
which to compare near-field cases.

It is usually advantageous to plot CF(AT) vs the parameter of strongest dependence
(jat) and to plot separate curves for specific values of other parameters. Because pt
is often found by measuring the gamma-ray transmission T and using the relationship
T exp(-'Ltx), it is generally more convenient to plot CF(AT.) vs In(T).
" Consider the expression for CF(AT) for the farnfield assay of a box-shaped sample
viewed normal to a side.
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CF(AT) -,exp(-Aex)]. (6-6)

where 'x is the sample thickness along the normal to the detector. Using
T = exp(-pjx), we can write the simple expression

-In(T)
CF(AT) =( T). (6-7)

If T << 1, CF(AT) = -ln(T), so a plot of CF(AT) vs ln(T) is nearly linear. Figure 6.3
gives a plot of Equation 6-7. It also shows CF(AT) vs ln(T) for cylindrical and
spherical samples where T is measured across the sample diameter. All the cases
ha ve the form CF(AT) =_ -k ln(T) for T << 1. This approximate In(T) dependence
exists for most assay geometries and is very useful to'keep in mind.
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6.5 ANALYTIC FAR-FELD FORMS FOR THE SELF-
ATTENUATION CORRECTION FACTOR

In general, the near-field integral expressions for CF(AT). cannot be integrated in
terms of elementary functions. However, far-field expressions have been derived .for
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three simple sample geometries: box shaped (rectangular parallelepipeds), cylindrical,
and spherical. Figure 6.3 gives the far-field CF(AT) for all three sample shapes, and
Table 6-1 gives numeric values for the three cases.

Table 6-1. Far-field correction factors for slab, cylinder,
and sphere as functions of transmission
Transmission Slaba Cylinderb Sphereb

1.0000 1.000 1.000 1.000
0.8000 1.116 1.097 1.086
0.6000 1.277 1.231 1.202
0.4000 1.527 1.434 1.376
0.2000 2.012 1.816 1.701
0.1000 2.558 2.238 2.054
0.0500 3.153 2.692 2.431
0.0200 3.992 3.326 2.956
0.0100 4.652 3.826 3.370
0.0010 6.915 5.552 4.805
0.0001 9.211 .7.325 6.288

'Transmission normal to surface.
6Transmission along a diameter.

6.5.1 Box-Shaped Samples

The box-shaped sample is the only one for which a simple derivation exists. From
Equation 6-5, we can write CF(AT) with respect to a nonattenuating sample (specified
shape same as real shape) as

CF(AT) T f~pl fPIe dV (6-8)
fvpl, exp(-Pi•r) dV

where p = spatial density of the isotope being assayed (g/cm 3)
I = emission rate of the assay gamma ray (O/g-s)
e = absolute full-energy detection efficiency

= linear attenuation coefficient of the sample
r = distance that gamma rays travel within the sample

dV = volume element.

The parameters p, I, and jq are constant, whereas e and r are functions of position. It
is the exponential term in the denominator that, for most geometrical configurations,
cannot be integrated in terms of elementary functions.
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.Consider .the configuration shown in Figure 6.4. The parameter I. is a constant for
a given isotope,::and by. virtue of the fundamental assumptions on uniformity, .p and
pj are also constant. The far-field assumption is equivalent to assuming. that 6 is also
a constant.

Because of the far-field assumption, only the integration in X is significant. After
the obvious cancellations,

CF(AT) = f0dx (6-9)
h exp[_-e(X - x)]dx

This evaluates to

CF(AT) = IiX (6-10)
l- exp(-peX)

as in Equation 6-6.

6.5.2 Cylindrical Samples

For a cylindrical sample viewed along a diameter in the far field (Ref. 9),

CF(AT) = - 1)(_D)-L___)
2 , 1(juD) - L, (AtD)' ( 1

where L1 = modified Struve function of order I
11 = modified Bessel function of order 1
D = sample diameter
f= linear attenuation coefficient of the sample.

z
D_

_-BOX SHAPED SAMPLE

DETECTOR/Y,

Fig. 6.4 Counting geometry for a slab-shaped sample with coordinates and
dimensions for use in deriving the far-field correction factor.
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The expression is very compact, but it is:inconvenient to use because of the Struve
and Bessel functions (Ref. 10). Equation 6-11 was used to generate the curve for a
cylinder in Figurei6.3. Note that the CF(AT) for a cylinder is a little less than those
for a slab or box-shaped sample.. In the cylindrical sample, fewer gamma rays must
penetrate the :maximum thickness of material; hence, the fraction escaping is..greater
and the CF(AT) is smaller.

6.5.3 Spherical Samples

For a spherical sample in the far field, the: correction factor is (Ref. 4)

CF(AT)• 1 2 + D 2 + 2 (612)
A e- .1 (jijD)2  . .'XI D (tieD)2 . .1

This expression is plotted in Figure 6.3. The CF(AT) for a sphere is smaller than that
for either the parallelepiped or cylinder. On the average, gamma rays travel shorter
distances to escape from a sphere than from either a cylinder or a cube. Spherical
samples are rarely met in practice, but the reciprocal of CF(AT) gives the fraction
of gamma rays escaping from spherical particles and is useful in deciding whether
a sample meets the required assumption on particle size. Figure 6.2 was generated
from Equation 6-12.

6.6 NUMERIC COMPTMATION IN THE NEAR FIELD

6.6.1 General Discussion

For most if not all near-field 'situations in which the inverse-square dependence
must be treated explicitly, the resulting expressions cannot be integrated in terms of
elementary functions. As a result, numeric methods must be used, which implies the
use of computers. However, even with the power of modem computers, the simplest
model should be used to describe the assay situation. It is often possible to simplify the
computations by assuming a point or line detector with efficiency independent of angle
of incidence. For complicated geometries, Monte Carlo photon transport codes can be
used. However, the NDA situations can usually be handled with simplified models and
straightforward one-, two-, or three-dimensional numeric integration methods using
simple codes and small computers. The accuracy of gamma-ray NDA is usually
determined more by the sample uniformity and homogeneity than by the accuracy of
the CF(AT) computation.

Approximate analytic forms exist that give adequately accurate values for CF(AT)
over reasonable ranges of transmission. A few such forms are described below. The
adequacy of a particular, expression can be determined by comparison with more accu-
rate numeric computations. Approximate analytic forms often provide the capability
to derive analytic expressions for the precision of CF(AT)..
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6.6.2 A Useful One-Dimensional Model

A common assay geometry is that in which a germanium detector views a bottle
of solution from below. Both detectofand sample are well approximated by right-
circular cylinders. Assume that the axes of symmetry of the bottle .and the detector
coincide and that the detector radius is rd, the sample radius is r,, the sample depth
is D, and the distance from sample to detector is d (Figure 6.5). If d is a few times
greater than both rd and r, no gamma ray impinges on the detector at angles greater
than -•100 to the common axis. Inasmuch as cos e >_ 0.95 for angles <190, it is clear
that no gamma ray travels more than a few percent greater distance on its way to the
detector than those that travel parallel to the common centerline. Therefore, the assay
situation can be described by a one-dimensional model consisting of a point detector
and a line sample of "depth" D and linear attenuation coefficient "e separated from
the detector by a distance d as indicated in Figure 6.6. This model contains the effects
of the inverse-square law and gamma-ray: attenuation, which are the main influences
on the CF(AT) .

Fig. 6.5 Commonly used vertical assay geome-
try for which a one-dimensional model

D CYYUNDRICAL is appropriate for computing CF(AT).
SAMPLE

d

CYLINDRICAL
DETECTOR

LINEAR
D [SAMPLE

d

POINT

FiR. 6.6 One-dimensional model for computing CF(AT). - DETECTOR
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Using this model, CF(AT) with respect to a nonattenuating sample is

FD dx D exp(-x)]dx(6-13)
(d+X) 2 ]/, (d+ x)2

where all constants pertaining to the detector efficiency and gamma-ray emission
rates have cancelled. The numerator integrates to D/[d(d + D)], but as simple as the
denominator appears to be, it cannot be integrated in terms of elementary functions.
However, it can be written as a sum in a simple way. The expression for CF(AT)
then becomes

CF(AT)= [ lexp[-+(l - 0.5)Ax]j}x (6-14)
Ld + _j[ +( - O.5).Ax] 2

where Ax D/N and N is the. number of intervals for the numeric integration. Gen-
erally, taking N "" 100 givesthe result to <0.1%. The numeric integration could,
of course, be done with better accuracy and in fewer steps using Simpson's rule or
other more elegant methods. Equation 6-14 shows clearly the functional dependence
of CF(AT) on d, D, and Aj and the equivalence of the integral and the sum. The
parameter D is well defined as the sample depth. The parameter d, however, is less
well defined because the gamma rays interact throughout the detector and because
the average interaction depth is a function of energy. Experience shows that if the
nominal value of d is at least a few times D, then with the help of a set of standards
covering a wide range of A,, the value of d in Equation 6-14 can be 'adjusted to give
CF(AT) such that the corrected rate per unit activity is nearly constant over a !wide
range of e.. The adjustment of d compensates for the imprecisely known sample-
to-detector distance and for deviation of the one-dimensional model from the actual
three-dimensional assay geometry.

Figure 6.7 shows results of a measurement exercise using the procedure just de-
scribed. The samples were 25-mL solutions of depleted uranium nitrate in flat-
bottomed bottles of 10 cm 2 area (right-circular cylinders 3.57 cm in diameter and
215 cm deep). The uranium concentration varied from 5 to 500: g/L and all the
samples were spiked with an equal amount of 75Se; 7t Se was the source mat erial,
uranium served as an absorber only. The detector crystal was -,470 cm in diameter
and -'4.0 cm long. For the 136.0-keV gamma ray of 7 5 Se, the corrections for elec-
tronic losses, CF(RL), varied by only -10%, whereas the corrections for gamma-ray
attenuation, CF(AT), varied by ,-,275%.

Because each sample had identical amounts of 75Se, the corrected 136.0-keV rate
should have been equal for all samples. The upper part of the figure gives the fractional
deviation of the corrected rates from the average of all and indicates the typical
precision of the measurements. All the corrected rates are within about ±0.5% of
the average. In this case, the actual distance of the sample bottom to the average
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Fig. 6.7 Results of a measurement exercise designed to test the usefulness of a
one-dimensional model forcomputing CF(AT) = CF(T).

interaction depth in the detector was -8 cm. and the adjusted. value was 9.0 cm.
Qualitatively, the one-dimensional model gives values of CF(AT) that are a little low
compared with the correct three-dimensional model because the gamma rays pass
through slightly greater thicknesses of solution than in the one-dimensional, model.
Increasing d increases CF(AT) overall and also increases CF(AT) more for lower
values of T. Hence, the value of d used in computations is usually a little higher than
the physical value.

If a set of solution samples.has variable but determinable depths, one would prefer
to compute CF(AT) with respect to a nonattenuating point so that the corrected rates
from all the samples can be compared directly. The. ratio between CF(AT) with
respect to the nonattenuating point and. CF(AT) with respect to the nonattenuating
sample is (1 + D/d), independent of pj. All CF(AT) values, for both standards and
unknowns, should be computed with respect to the same nonattenuating shape so that
the corrected rates are directly comparable.

6.6.3 A Useful Two-Dimensional Model

In another common assay geometry, a detector views a cylindrical sample from the
side (Figure 6.8). If the sample depth is less than the sample diameter and if the
distance from the detector to the sample center is at least several times the sample
diameter, then a simple two-dimensional model can often be used to compute CF(AT).
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The model is a point detector at a distance D from the center of a circular sample of
radius R (Figure 6.9). The detector efficiency is essentially constant for gamma rays
originating at any point within the sample volume. The correction factor with respect
to the nonattenuating sample can be written as

(ir/2)ln[1I - R2 /132 1
CF(AT) { " M- ~exp[_•et(mn)]A((n)/L 2 (nom)} .(615)

CYLINDRICAL

SAMPLE

DETECTOR -

Fig. 6.8 Typical assay geometry for which a two-dimensional model for
computing CF(AT) is usually adequate.

Fig. 6.9 Two-dimensional model for computing CF(AT) showing the dis-
lances that must be determined and the variables. in terms of which
they must be expressed. Note that 0 < a• r, ) .< 7r/2, and
0 o<• '< _r.
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The derivation of this expression is given in Ref. 2. The ratio of CF(AT) calculated
relative to the nonattenuating sample and CF(AT) calculated relative to a nonattenu-
ating point is -(D 2/R2 ) Ln(l . R 2/D 2). For a fixed value of T, CF(AT) is a function
only of the ratio D/R. Figure 6.10 gives CF(AT) as a function of.D/R for several
values of T. The essential point is that CF(AT) decreases slowly as D/R decreases;
the larger changes occur for the smaller values of T. This behavior is a consequence of
the inverse-square law. For. a given value of T,.CF(AT) asymptotically approaches a
maximum as D/R -+ oo. The deviations from the far-field (D/R = cc) case are plotted
in Figure 6.11. For T > 0.001 and D/R > 50, all deviations are <1%. Therefore,
D/R > 50 can be regarded as the far-field situation for most purposes. The variation
of CF(AT) with T is much stronger than the variation with the ratio D/R.

The results presented in Figures 6.10 and 6.11 were obtained with a minicomputer
using values of M = 200 and N = 200 for which all the results are within 0.1% of
what the actual integrals: would give! The total number of area elements computed
was 40 000, and the time required was ,-,2 min per value. The exact time required

8
T=0.0001

6-U< T=.0

z

n,4- T=0.O01

0

rr T=O.04

8- T=O.IO00

D/R

Fig. 6.10 Correction factors with respect to a nonattenuating sample as com-
puted from the two-dimensional model. They are plotted vs the ratio
DIR for various values of the transmission T, where D is the distance
from the center of the cylindrical sample to the point detector and R
is the radius of the sample.
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depends greatly on the computing equipment and programming language used. For
two-dimensional numeric integrations, results of high accuracy can be obtained in
about a minute. For a three-dimensional model, a modest extension in derivation
and programming, if the third dimension is also given 200 increments, the required
execution time increases to hundreds of minutes.

6.6.4 A Three-Dimensional Model

As a final model for an assay geometry, consider the% segmented assay of cylin-
drical samples. In this case (Figure 6.12), a detector views the sample through a
horizontal collimator, which defines, sample segments that are assayed individually.
The sample is usually as close to the collimator as possible. The detector is often a
right-circular cylinder of germanium ,-,5.0 cm in diameter and ,-'5.0 cm long. The
inverse-square-law effects caused by the collimator must be considered explicitly; the
two-dimensional model is not adequate.

TRANSMISSION

Fig. 6.11 Deviations of near-field values of CF(AT) from the far-field values
as a function of transmission for various values of DIR.
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Fig. 6.12 Typical segmented assay situation for which a three-dimensional
model for computing CF(AT) is appropriate.

The model consists of a perfect collimator (no leakage) and a vertical line detec-
tor centered at the rear of the collimator. The detector efficiency is assumed to be
independent of either the position or angle at which the gamma rays strike the line
detector.. The distance from the emitting element to the detector is increased by a
constant that is approximately equal to the average interaction depth in the detector.
Inasmuch as materials are often packaged in metal containers that significantly atten-
uate the emitted gamma rays, the packaging is included in the model. The derivation
of the three-dimensional model is outside the scope of this text; it is treated fully in
Ref. 2.

6.6.5 Approximate Forms and Interpolation

The most accurate way to compute CF(AT) for reasonable assay geometries is to use
a simple mathematical model and numeric integration. However, because of lengthy
execution times,• it is often desirable to compute CF(AT) for a few values of T (or
Me) and to use. an interpolation scheme to find CF(AT) for intermediate values. The
interpolation problem can be approached in several ways.

Since CF(AT) has an approximate log(T) dependence (see Figure 6.3), it is reason-
able to use a fitting function of the form

CF(AT) = A + B log(T) + C [log(T)]2. (6-16)

The computer need only store the constants A, B, and C for each assay geometry.
This scheme works very well over wide ranges of T. In a typical segmented scan-
ning situation, A, B, and C can be determined to give values of CF(AT) correct to
<0.3% for 0.008 < T < 0.30.

A particularly simple scheme:is based on the far-field form of CF(AT) for a slab:
-In(T)/(1 - T). Observing that a circle is not very different from a square (see Figure
6.3), one is led to try
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CF-AT) In(Tk)
A ,- (1 T)6-17)

with k < 1 as an approximate function for cylindrical samples, even in the near-
field situation. This form also has a in(T) dependence for T < I and has only one
constant to be determined. Figures 6.13 and 6.14 provide a feeling for how accurate
the approximate form might be. Figure 6.13 gives the fractional deviation of! Equation
6-17 from the correct far-field values for a cylinder (Equation 6-11) as'a function of
T and k. Figure 6.14 compares the approximate and correct values for a near-field
assay of a cylindrical sample where D/R= 5/1. In Figure 6.13, k = 0.82 gives CF(AT)
correct within, ±1I% for 0.01 < T < 1.0, and in Figure 6.14, k =0.75 gives CF(AT)
correct within 4-1.5% for 0.01 < T < 1.0.

The choice of an interpolation procedure or approximate function for CF(AT) de-
pends on the accuracy desired or possible for the materials to be assayed. For a field
measurement of a heterogeneous drum containing 235U, the accuracy is determined
far more by the heterogeneity of the sample material than by the function .used for
CF(AT). When ±25% accuracy is all:. that can be' hoped for, it is wasteful to set up
a model and do numeric integrations forý CF(AT)., On the other hand, if the samples
are solutions, where: careful modeling 'and co6mputation can yield accuracies <1%, the
effort is fully justified.

6.6.6 The Effects of Absolute and Relative Error in the Self-Attenuation
Correction Factor

It is assumed that gamma-ray assay systems are calibrated with suitable physical
standards. It is also assumed that CF(AT) is determined for both the unknowns and
the standards. Generally, CF(AT) is mainly a function of the measured transmission
T with some influence from the geometrical parameters.

0.10 I
CF (T) i-k In T

/k9 0.05 k =0.823 I.Tk

LL

L) -0.05 ,k=-0.750

k = 0.70

-0.10,
0.00 0.01 0.1 1.0

TRANSMISSION

Fig. 6.13 Deviations of the values of CF(AT) computed from the approximate expression
CF(T) = -k In T/(1. - Tk) from the far-field values for a cylinder for several values
of the parameter k.
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Fig. 6.14 Deviations, of the values of CF(AT) computed from the approximate expression
CF(T) = -k In T/(I - 7*) from the values from the two-dimensional model for
cylindrical samples for DIR = 5, They are plotted as functions of the transmission
Tfor several values of the parameter k.

The consequences of using an incorrect function for CF(AT) should be investigated.
Figure 6.15 shows a true and a false CF(AT) function. Let the following notation be
adopted:

CF(T) = CF(AT) as a function of T
G = mass of assay isotope in unknown.

The superscripts f and t indicate quantities associated with the false and true functions
for CF(AT), and the subscripts u and s indicate quantities associated with the unknown
and the standard. The ratio of the incorrect result to the correct result is

Gf = CFf(Tu)/CFt(T.) 18)

The ratio does not depend directly on the absolute error in CF(T) but only on a ratio
of ratios. If this ratio of ratios is -,1.00, the assays will be correct in spite of any
absolute error in CF(AT)..

This result demonstrates that it is easier to calibrate an assay system correctly for a
narrow, range of transmission (which usually implies a narrow range of concentration
of the assay isotope) than for a broad range. It also emphasizes that great care must
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U_

Tu, Ts

In(T)
Fig. 6.15 This graph can be used to illustrate the consequences of using an in-

correct function for CF(AT). CFf (T) represents the incorrect or false
function for CF(AT) and CFt (T) represents the correct function. T. and
Ts represent the transmissions of unknown and standard, respectively.

be used in modeling the assay. geometry and computing CF(AT) if high accuracy is
required over a wide range of concentrations.

Considering the. difficulty in. computing CF(AT), why not use standards to deter-
mine a variable calibration constant as a function. of T? Indeed, that can be done,
but preferably only as a fine tuning of a system calibration. A. variable calibration
constant or nonlinear calibration curve only sweeps under the rug the things that are
not understood about the physics of the assay arrangement.

6.6.7 Precision of Self-Attenuation Correction Factor and Total Corrected
Rate

In a properly operating gamma-ray NDA system, the precision is almost totally
a function of the random nature of the emission and detection of the gamma rays.
The influence of electronic fluctuations and drifts should almost never influence the
precision of the results at a level >0. 1%. The dominant statistical component of the
assay precision can usually be estimated: from the full-energy peak areas and their

precisions. The overall precision, including any contribution from the equipment,jis
estimated from replicate assays. The electronic land mechanical stability of the assay
system can be evaluated by comparing the overall precision with that estimated from
peak areas and their precisions.
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Consider the influence of the precision of CF(AT) on the precision of the fi-
nal assay. The assay is proportional to CR, which is given (see Equation 6-I) as
CR =z FEIR x CF(AT). The procedures used to derive expressions for a(CR), o(FEIR),
and a[CF(AT)] are covered in detail in many sources (two relatively simple sources
are Refs. I1 and 12). The intent here is only to emphasize a few points relative to
obtaining a reasonable expression for a(CR).

If CR can be written as an analytic function of the peak areas, then an expression
for u(CR) can be derived. However, when CF(AT) is found by numeric procedures,
a(CR) cannot be computed directly.. An approximate function for.CF(AT) can be used
to derive an expression for :a(CR). The approximate forms for CF(AT) are often not
sufficiently accurate to compute CR, but they usually provide an adequate expression
for or(CR). In Section 6.612 a one-dimensional model was used to determine CF(AT)
for the assay of cylindrical samples. To derive an expression for u(CR), one could
use Equation 6-7 or the modified form Equation 6-17 for CF(AT). The proper value
of k would be chosen by comparison with precisions computed from replicate assays.
This procedure gives the accuracy provideddby numeric integration of a more accurate
model for CF(AT) and still provides good estimates of a(CR).

Although a(CR) is the assay precision, or[CF(AT)] alone is sometimes of interest.
The expression for o'[CF(AT)] will always be simpler than that for cr(CR). If no peak
areas are common to the expressions for FEIR And CF(AT), then

7r(CR) = /rr(FEIR) + dr2 [CF(AT)] (6-19)

where at(x) a(x)/x. If there are peak areas common to the expressions for FEIR
and CF(AT), Equation 6-19 is not valid, and the expression for CR must be written
as an explicit function of the peak areas concerned. Expressions for precision are fre-
quently complex, but considerable simplification can usually be achieved by judicious
approximations. The effort to make such simplifications reduces the computation time
and provides a better understanding of the main source of imprecision.

6.7 FACTORS GOVERNING THE REQUIRED NUMBER OF
STANDARDS

The current insistence that- the mass range in NDA standards span the expected
range in the unknowns can be considerably relaxed. The evidence for this allegation
is implicit in the foregoing sections..

The insistence that the standards span the range of expected masses seems rooted
in the expectation that a nonlinear calibration function will be fitted to the measured
response data. For gamma-ray NDA systems, those response data might be RR or
FEIR. Such plots are quite nonlinear, and extrapolation of a nonlinear function beyond
the data points is not particularly safe. . However, if the. multiplicative correction
factors CF(RL) and CF(AT) are properly defined and computed,. a total corrected rate
is obtained, which is a linear function of mass. If the calibration function. is linear
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(Equation 6-2), extrapolation is far. less hazardous. than with the nonlinear calibration
functions, and most. of the logical •force is taken from the requirement that the. mass
range of the standards span that of the unknowns.

With* Equation 6&2, the calibration constant, K can be determined with a single
standard. However, it is wise to use several standards, spanning a reasonable mass
range, and perhaps varying other parameters such as matrix density and, composition
or sample. size. The use of several standards helps confirm:. that CF(RL). and. CF(AT)
are being correctly determined and that Equation 6-2 is! ,valid. If some nonlinearity is
detected,; the first concern should- be to. correct the problem(s),z whether in equipment
or !n computationmof CF(RL) or CF(AT), rather than to: addterms.tolthe calibration
equation.:, Modifying the .calibration equation. simply disguises, the effects of poorly
adjusted equipment, incorrect algorithms for CF(RL) and CF(AT), equipment mal-
function, or even outright ignorance of proper procedures and methods. After the
equipment and the computational algorithms are as good as possible, if. there is 'still
some nonlinearity, then consideration can be given to modifying the calibration equa-
tion. Because such problems often result from a wide range 'of count rates, consider
first two or more linear, two-parameter'calibrations over more restricted mass r-anges.
Such adjustment of the calibration function should be required mfrequently.: :The ac-
curacy is more often limited by inho6mogeneity or excessive'particle size, and a single
one-parameter linear calibration is nearly always sufficient.

The extent to which one may 'safely extrapolate. a linaclibration beyond its data
points depends on 'whether the extrapolation is toward lower or higher masses. At
low concentrations of the assay iso Iope, the self-atte'n'uation• is usually'dominated by
the matrix, and CF(AT) changes very slowly over a wide rangeof :concentration.
Similarly, the count rates are low so that CF(RL) noti only! changes.sloWly but is
small and accurately determined. As. a result,.,ne usually has high cohfidence when
extrapolating. down to the lowest detectable levels. As an: example, consider the
assay of 235 U solutions by the 185.7-keV gamma ray. For reasonably sized :samples
(>25 mL), a concentration of ,--10 g/L 235U may well 'giveý a precision .of -0.5% in
',1000 s. A sample of 0.1 g/L: 1.3 U concentration has nearly. the qsa ,e: CF(AT) and
gives a precision of -5% in a 1000-s assay, which might~well beo'acceptable.& However,
it would take 1-.00 000 s to count a i0.I -g/L 235U standard to 0.5% prision, which
might well be required if it were included in the calibration data. A 'griat deal of time
can be wasted counting very low level:standards.

The extrapolation to mass. values higher than those in the standards must be ap-
proached more cautiously, esp•ei allyif the, highest mass standard isjat a level where

both CF(AT) and CF(RL) are changing%. rapidly or :where the gross. count. rates are
approaching the limits: of the electronics to: maintain adequate resolution ahd peak
shape. The system performanceati the higher masses and count rates should be con-
firmed with some source material even no standa rdexists. 'at :the desired mass level.
For example, if it has been confirmed that the, system is able to! accurately measure a
transmission of I% at a count rate of 50 000 s-7, then there is reasoriable confidence
in assaying an unknown with 1% transmission at 50 000 s- _ even if the highest mass
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standard has an.,2% transmission and gives a gross rate of -40 000 s-1. If the
entire mass range gives only modest count rates and small 'and slowly varying values
of CF(RL) and CF(AT), it is safer to extrapolate upward.

By way of final comment, the possession of an appropriate set of standards does
not compensate for 'lack of knowledge of how to use them or for maladjusted or
malfunctioning.'equipment, inappropriate assay geometries, incorrect expressions' for
thepcorrection factors; or assay samples that do not adequately meet the requirements
on uhiformity and homogeneity. All the items. are important factors in achieving
accurate gamma-ray assays, and none can be safely rieglected. When the pertinent
factors :are properly addressed, including proper and effici.ent.use of calibration stan1

dards,' gamma-rayNDA can provide economical, timely, and accurate assays for many
materials.

6.8 GAMMA-RAY RATIO METHODS

Gamma-ray ratio methods .are of some limited use in determining CF(AT). A de-
tailed treatment of the many ratio techniques i s s beyond the scope of this book, but a
short discussion can: give the. reader a feeiing for some of the possibilities and limi-
tations. The basic idea is to determine ju and CF(AT) from the ratio of gamma-ray
intensities at different energies. Consider a slab-shaped sample of thickness x con-
taining an isotope that emits gamma rays at energies El and E2 ; assume that the
unattenuated emission rates' are, e•Ual. UsingEuation 6-6, the peak area (A) ratio is

A2 _ CF(Ei) - Le(Ej)
A2 CF(E1) _p(E) for ix>> 1. (6-20)

If the matrix composition or an "effective Z" is known or assumed, it may be pos-
sible to use the measured ratio of attenuation coefficients to determine the individual
coefficients and evaluate CF(E). This' is the idea 'behind all ratio methods, namely
that different energy gamma rays are 'attenuated differently and may carry information'
about the attenuation Tproperties of the material they pass through.:

The gamma-ray ratio methods require the assumptions on uniformity and particle
size discussed in Section 6.2.3 in orderto give accurate results.: If the assumptions are
not met, the transmission-corrected methods give results that are usually low. Ratio
methods 'give :results: ihat are generally greater than those from' transmission methods,,
but may overcompensate depending on the lsize. of the emitting particles.

Gamma-ray ratio methods require some additional knowledge of the sample. The
required information vanes' with the procedure but often includes: the sample density
and the "effective" atomic number Z. The "effective" atomic number usually implies
that the mass attenuation curve of the sample, matches the curve for some single
element. For multielement mixtures, especially those containing hydrogen, the curve
may not closely match thatof a single element.
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In many cases, ratio methods can give a warning when the assumptions on unifor-
mity and particle size are violated. Unfortunately, though the ratios can give a warning
of potentially inaccurate assay situations, there is no way currently known whereby
the ratio methods can consistently correct for the problems detected. A combination
of transmission and ratio methods gives the most information about a given sample.

It is often assumed that the ratio methods are simpler to apply because they do
not require the use of a transmission source. In practice it is doubtful that they are
simpler because (a) the ratio methods require either the measurement or computation
of the required "no attenuation" value of the ratio, (b): the ratio methods require
some knowledge of the matrix composition, (c) in many applications the ratio method
requires the net weight and volume of the sample, and (d) the ratio methods frequently
require iterative procedures to arrive at the best result. Both ý transmission and ratio
methods, for best results, will usually require a knowledge of the sample dimensions
and its position relative to the detector.

6.9 ASSAY EXAMPLES

This chapter concludes with some topics useful to gamma-ray assays and a few
actual measurement examples. The NRC-published Handbook of Nuclear Safeguards
Measurement Methods (Ref. 13) gives ,the main design features and performance
specifications for many gamma-ray assay systems.

6.9.1 Useful Gamma-ray Combinations for Assay, Transmission, and Ref-
erence Peaks

A sample of the material being assayed can sometimes be used as the transmission
source, thus determining the transmission at exactly the required energy. Frequently,
however, it is impossible to obtain such a souirce with sufficient intensity (uranium and
plutonium are excellent at absorbing their own gamma rays). A number of consider:-
ations govern the choice of a transmission source for assaying a given isotope: the
transmis ion gamma rays(s) should be close to the a say gamma-ray energy; the trans-
mission energy should be lower than the assay energy so that the Compton continuum
of the transmission gamma 'ray does not fall beneath the assay peak; the transmission
gamma ray should not interfere with any gamma ray involved in the assay. Similar
considerations apply to the choice of reference source for deadtime/pileup correction.
Over the years many useful source combinations have been found and used.: Table
6-2 gives some combinations which have been particularly useful.

6.9.2 Interpolation and Extrapolation of Transmission

Interpolating to an assay energy beiween two transmission peaks is preferable to
extrapolating beyond one or more transmission peaks. Table 6-2 shows that the assay
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Table 6-2. Useful-source combinations
Isotope Transmission Correction
Assayed Source Source
... 23S . 37Cs M

766.4 keV. 661.6 keV ...356.3. keV
23 9N 75Se 133Ba

413.7 keV 400.1 keV' 356.3 keV

235 .19yb , 57
Co

185.7 keV 177.2, 198.0 keV 122.0 keV

23"U 64Mn 137Cs

1000.1 keV 834.8 keV 661.6 keV
237Np 203 Hg M3U

311.9 keV 279.2 keV 185.7 keV

of 235ij by its 185.72-keV gamma ray with measured transmissions at 177.2 keV and

098.0 keV offers this advantageous situation. Assuming a linear relationship between
transmission and energy, the transmission at any intermediate energy E is given by

2 - E E-El
. ()(E - El ) Ti + kE92 : El) 72..6 -21)

If E = 185.7, El = 177.2, and E2 = 198.0, then T(E).= 0.591(Tl) + 0.409(T2).
When the transmission gamma rays are close in energy (21 keV apart in .this ex-

ample), the. linear interpolation is usually adequate, but if the transmission peaks are
much farther apart, it may not be :so. If three or more well-spaced gamma rays are
emitted ,by the transmission source, it may be possible to fit the measured points to
give accurate values of transmission for intermediate energies. If the gamma-ray at-
tenuation of a given sample is dominated by a high-Z element (uranium, plutonium,
thorium, etc.), the mass attenuation coefficient of the sample is very close to a power

law. in energy:

14(E) = K E-l, (6-22)

where K and -y are constants. If this is true, ln(-ln T) vs In E is linear and interpolation
over large energy ranges is feasible.

When only one transmission can be measured, correction to the assay energy is
often: possible based on approximate knowledge of the chemical composition of the
sample..The applicable equation .is

T,, = TO (6-23)
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where a = p./ll,
,u,, pt = mass attenuation coefficients at assay and transmission energies.

As an example, consider the assay of 239pu (414 keV) contaminated incinerator ash
using 137Cs (662 keV) as a transmission source. This mixture can be treated. as two
components, one having the attenuation properties of oxygen, and the other, those of
plutonium. Table 6-3 illustrates the change in aQ(pa/It) with the plutonium weight
fraction (Fp,). Because most incinerator ash is less than 10% plutonium by weight,
a = 1.27 might be picked as an average value for the measurements.

Table 6-3. The variation in z(414)//z(662)
with plutonium weight fraction

Fp. a =(414)//u(662)

0 1,21
0.1 1.33
0.3 1.54
0.5 1.71
0.7 1.84
0.9 1.95

Mass Attenuation Coefficients (cm2/g)

414 keV 662 keV

IApU 0.26 0.13

/-o 0.093 0.077

6.9.3 Uranium-235 Assay In Far-Field Geometry

Table 6-4 gives the results of uncollimated, far-field assays for 23 5 U in 13 standards
of 4 distinct sample types. The germanium detector was located. about 80 cm from
the center of the samples. The reference source used for deadtime and pileup cor-
rection was 24 1Am. For standard types 1, 2, and 3, the correction factors for sample
self-attenuation (CF1 se) were computed using us values derived from the measured
gamma-ray transmissions (TI86). The computational algorithms were similar to those
discussed in Section 6.6.2. For the type 4 standards, which are uranium metal of ac-
curately known mass and size, the correction factors were calculated from the simple
far-field expression in Equation 6-6. Table 6-4 shows the corrected interaction rates
per gram of 23SU (response), which should be the same for all 13 standards. The
response is normalized to the average of the three type 2 responses. The.average of
the 13 results is 0.999, the standard deviation is -.0.5%, and the maximum deviation
from the average is 1.1%. This represents excellent agreement, considering the wide
range of size, shape, chemical composition, and uranium contOX, especially noting
that the correction factorsmrange from .1.26 to 3.30.
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Table 6-4. Calibration standard intercomparison

Standard Typel I Tpe 2 Type 3 Type4

Container polypropylene bottle 3-dram vial thin plastic bag

disk 5.08 cm diamn X
Size/shape 8.26 cmr i.d. X 17 cm high 14.7 ram i.d. X 5 f high 0.25to0.0 m mthick

corposition U30 8 & graphite solution solution U metal
U & HNO3 U &HNO or HCL

23 5 U (%) 92.83 10.06 93.12 93.15

Uranium (g) 200D. 100.0 50.0 10.00 155.8 103.7 52.0 4.246 2.546 0.848 2.1.49 9.579 9.058

2 3
5U (8) 185.7 92.8 46.4 9.28 15.70 10.45 5.24 3.956 2.371 0.790 20.02 8.92 8.44

T186 0.022 0.091 0.184 0.335 0.033 0.064 0.123 0.249 0.377 0.588 0.210 0.499 0.518

CF 18 6  3.30 2.32 1.88 1.54 2.994 2.552 2.132 1.729 1.493 1.263 1.976 1.388 1.365

0-8235 P_1 5.104 5.038 5.042 5.096 5.084 5.116 5.090 5.104 5.110 5.104 5.101 5.074 5.074

Normalized 1.002 0.989 0.989 1.000 0.998 1.04 0.999 1.002 1.003 1.002 1.001 0.996 0.996

response
-9

.9

.9
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The results show that any of the four sets could serve as practical standards for
far-field gamma-ray assay of any of the other sets. Some gamma-ray procedures (for
example, near-field segmented scanning) are not as insensitive to size and shape. as
the far-field procedures. Still, a relatively small set of physical standards can usually
calibrate most passive gamma-ray assay systems.

6.9.4 Plutonium-239 Solution Assay in Near-Field Geometry

The assay geometry indicated in Figure 6.16 is used for the near-field assay of
239 Pu in solution. The sample bottle is a right-circular cylinder with a bottom area

of 10 cm2 and depth of 4.0 cm. The maximum sample volume is 40 mL; however,
typical sample volumes are only 25 mL. The sample is only about 5 cm from the
detector end cap and the distance to the effective interaction. depth is 7 or 8 cm.
This is a distinctly near-field situation that creates increased difficulties in correctly

TUNGSTEN SHUTTER
-- LEAD

SAMPLE

BOTTLE

X .- STEEL

7 GLOVE BOX

f GeLi DETECTOR

Fig. 6.16 Cutaway drawing showing arrangement of the detector, sample,
and shielding used for the near-field assay of 23 9pu in solution.
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computing the CF(AT). In principle, one would like to increase the sample-to-detector
distance in .order to simplify. the computations; Unfortunately;, that would reduce the
count rates to where the required assay times would be. excessively long.,.

•The.. 88.0-keV gamma ray.of l0 9Cd is used as. the reference for .deadtime/pileup
corrections. The reference source is. fastened firmly to. the detector end cap.. To avoid
interpolation or extrapolation, a plutonium metal, disk is used as the transmission
source so it is necessary. to make separate sample-alone and sample-with-source: runs
and subtract to obtain the transmissions. For lower. plutonium concentrations, the more
intense 1293-kev.gamma ray gives more., precise. transmission values and a more
precise overall assay than does. the, 413.7-keV., gamma ray... At higher concentrations,
the 413.7-keV gamma ray, with its higher penetrabilityhas both better signal and
transmission andigives a more precise, assay than does the 129.3-keV gamma ray.
The weighted average of the 129.3- and 413.7-keV-based assays is usedý for the final
assay, giving an overall measurement precision thatisl quite flat over a wide range of
concentration.

This assay system uses the one-dimensional model for CF(AT) described in Section
6.6.2. The samnplýe-to-detector distance is an adjustable parameter to flatten the plot
of total corrected rate vs concentration. When properly adjusted and calibrated, this
system measures 239Pu in plutonium solutions .with a bias of <1%. for concentrations
from 1 to 400 g. Using 1000-s counts for both the sample-only and sample-with-
transmission sourceý runs, the precision is < 1.0% for all concentrations of >1 g Pu/L.

6.9.5 Transmtssion-Corrected Segmented Scanning

In Section 6.6.4, segmented scanning was given as:an example of an assay proce-
dure in which a relativeli y simple three-;dimensional model could be used to calculate
CF(AT). This section concludes:with some discussion, of the reasons for uing such a
procedure and of some actual geome'tral: configorationis and source combinations.

In the process o0f filling scrap and;waste containers, vertical variations frequently
occur in the voiime densities of both sourde and matrix materials. Radial inhomo-
geneities are often: less prnounced, and their effecis can be substantially reduced
by sample rotation. The different layers may substantially meet the requirements on
homogeneity even though large differences,,exist .between layers. In such cases the

container may be assayed as a vertical stack of overlapping segments. The advantages
of the segmented scanning procedure aiýe gained &at the loss of some degree of sensi-
tivity; hence a system employing segmented scarning would probably not be used on
samples containing, <.1 g of 2 39Pu Or

Figure 6.17 'shows the sipatial relationships of detector, collimator, assay sample,
transmission source, and reference source for a system tailored to the assay of 239PU
in cylindrical containers < 20 cm in diameter. It also gives approximate values for the
intensities of the transmission and reference sources.. Figude 6.18 shows a photograph
of a segmented gamma scanner (SGS).
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Fig. 6.17 General arrangements for segmented, transmission-corrected, gamma-
ray assay. The specific situation shown is tailored to the assay of239pu in cylindrical containers.

Fig. 6.18 SGS system showing scan table for 55-gal. drums.



.192 Jack L. Parker

The sample container is positioned as close as possible to the collimator to maximize
count rates and give the best segment resolution. The segment overlap is determined
by the sample size, collimator dimensions, and the relative positions:of the segments.
In Figure 6.17, a collimatorl.25cm high and 10 cm deep provides a reasonable trade-
off in sensitivity and spatial resolution. For 30-and 55-gal. drums,. a collimation 5
cm high and 20 cm deep is-a reasonable choice. The, spatial resolution cannot be
as sharp in the latter, case, but it: is sufficient to provide useful information on the
uniformity of material distribution. The choice of collimator material is usually lead.
If space is a consideration, a tungsten alloy may be used.

To maximize count rates, the detector is as. close as possible to the collimator. For
the plutonium measurement, a filter of lead (..1l.5 mm) and cadmium ("-'0.8 mm)
reduces the rate of low-energy events from 241Am and the x rays of both plutonium
and lead. For 235U assay, the cadmium alone should suffice, because there is not the
60-keV 241Am flux found in plutonium materials.

For 239pu assay, 7
5 Se is the transmission source and 133 Ba is the reference source.

About 10 mCi of "5Se provides usable intensity for at least I yr in spite of the relatively
short 120-day half-life..Sources of this strengthmust be encased in a collimator shield
to avoid undue personnel exposure. The 356.0-keV gamma ray of 133Ba provides the
reference; it can also be used for spectrum stabilization because. it is always present
in the acquired spectrum. The 10.4-yr half-life is convenient; a singleO source usually
lasts the useful life of: a germanium detecto0r.' Aý source of 10 /Ci may bl:positioned
anywhere on the front, or Side of the, detector efid ciap; however, a slightly better peak
shape, results when the.source is mounted o6nthdf frot of the end cap along the crystal
axis. !J; i

Segmented Scans may be accomplished, in several ways, described as discrete or
continuous san s In a" continuous scan, the• rotati sample moves past the collimator
at a constant s, 'ed. The couunt time is-eoften •c seii as the time required for the; con-
tainer to move the eight of th collmator. In,'iscrete scan, the sample is posioned
verticallyl, cu ted; reposition.ed, counted agai; etc T1his mode; of operation avoids
detector micro ho ncscaused~ by ibration•t t ' yertical drive system. In practice, a
segme'nt spat:, qua:oone ,l~ of the 003 1ao height works well and might berecommended s4 "rneiOif tht Tle edni'gU'sý mode probably: gives a somewhat

betteal vale, o a re tah itsmio 4 :a segment. The discrete scan is usu-
ally •sier to h ve tl alsoendie; ts`4 t wo-pass assays in which the container

s cond an, ssdioonsot etexsed eand once with it shuttered off.
Tme tswo-p 'usel !hilithnost sensitiyity and d,:accuracy: is desired,

and i c'pa ti• iy 9seiie I •,k is tisb 4ranfmission source in 2a5u assays.
Oelia thY '1't I •scanning proedure are possible
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The Measurement of Uranium Enrichment
Hastings A. Smith, Jr.

7.1 INTRODUCTION

Uranium and plutonium samples are present in the nuclear fuel cycle in a wide
variety of isotopic compositions; so the isotopic composition of a sample is often the
object of measurement (see Chapter 8). In this chapter, we consider a special case
of isotopic analysis: the determination, by radiation measurement, of the fractional
abundance of a specific isotope of an element. This measurement is most often applied
to uranium samples to establish the fraction of fissile 235U, commonly referred to as
the uranium enrichment. The term "eirichment" is used because the fraction of the
sample that is 23 1U is usually higher than that'in naturally occurring uranium.

Three isotopes of uranium are prevalent in nature (their isotopic atom' abundances
are shown in parentheses): :2 8U (99"27%), 235U (0.720%), and 234U (0.006%). The
234u comes from the alpha decay of 238 U:

238U • 234Th 0(24 D) 234mpa( 234 u, (7-1)

Other isotopes may be present if the sample is reactor-produced; the isotopes include236 U (from neutron capture on 235U) and 237U [from (n,2n) reactions on 238 U]
The 235U atom fraction for uranium is defined as follows:

No. of atoms U 10.
E.(at%) No. of atoms U x 100.. (7-2)

The enrichment can also be expressed as a weight fraction:

No. of grams 235U
Ew.(wt%) N NO. of grams U x 100. (7-3)

The two enrichment, fractions are related by

E 235Ea 235 E.
238 - 0.03Ea 238 (7-4)

195
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Uranium enrichments in light-water-reactor (LWR) fuel are typically in the few
percent range. CANDU reactors use natural uranium,l and materials testing reactors
(MTR) use highly enriched uranium (enrichments from 20% to 90%). Determina-
tion of uraanium enrichment in samplesjis a key measurement for process or product
control in:enrichmient and fuel fabrication plants, and is very important in interna-
tional safeguards inspections to verify that uranium stock is being used for peaceful
purposes.

Enrichment measurement principles can be used to determine any isotopic fraction if
a radiation signature is available and if a few specific measurement conditions are met.
The discussion that follows describes various enrichment measurement techniques and
their applications.

7.2 RADIATIONS FROM URANIUM SAMPLES

The isotopes of uranium emit alpha, beta, neutron, and gamma radiation. The pri-
mary ra diation used in passive NDA of uranium samples is gamma radiation, which is
usually dominated by emissions from 235U decay. However, in low-enriched uranium
samples, the x radiation is the most intense component of the emission spectrum. The
185.7-keV; gamma ray is the most. frequently used signature to measure 235U enrich-
ment. It is the most prominent single. gamma ray from any uranium sample enriched
above natural 2

1
5 U levels. There are no common interferences except in reprocessed

fuel where the 236-keV gamma ray from :the 232Th daughter, 212Pb, usually swamps
the 235U line. Table 7-1 lists the most intense gamma rays from uranium isotopes of
interest (see Ref. 1). Data on the alpha, and neutron radiations from uranium isotopes
can also be found in Ref. 1. Gamma-ray spectra from uranium samples of varying
degrees of enrichment are shown in Figures 7.1 (Ref. 1) and 7.2 (Ref. 2) for high-
and low-resolution gamma detectors, respectively.

7.3 INFINITE-SAMPLE GAMMA MEASUREMENT
TECHNQUE

The principles of gamma-ray uranium enrichment measurement (Refs. 3 through
5) were first applied to the measurement of UFs cylinders (Ref. 6). The basic mea-
surement procedure involves viewing a uranium sample through a collimated channel
with a gamma-ray detector (Figure 7.3). The enrichment is deduced from the in-
tensity of the 235U 186-keV gamma ray. If the uranium sample is large enough,
the 186-keV gamma rays from only a fraction of the total sample reach the detector
because of the strong absorption of typical uranium-bearing materials at this energy.
This "visible volume" of the sample is determined by the collimator, the detector
geometry, and the mean free path of the 186-keV radiation in the sample material. Its
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size (illustrated in Figure 7.3 by the dashed lines) is independent of the enrichment
because the different uranium isotopes all have the same. attenuation properties. If the
depth of the sample along the collimation axis is much larger than the mean free path of
186-keV photons in the sample material, all samples of the same physical composition
would present the same visible volume to the detector. This is the so-called "infinite-
thickness" criterion. Table 7-2 lists the mean-free-path and infinite-thickness values
for the 186-keV gamma ray in commonly encountered uranium compounds. For
many common uranium materials, the infinite-thickness criterion is satisfied with quite
modest sample sizes. However, because We see no deeper into the sample than certain
distances, as indicated in Table 7-2, gamma-ray-based enrichment measurements often
sample only the surface of the uranium material. Then, for enrichment measurements
to be meaningful for the entire sample, the material must be isotopically uniform.

Table 7-1. Gamma radiation from uranium isotopesa

Gamma-Ray . Specific Intensity
Isotope Energy (keV) (gamma/s-g of isotope)

232U 129,1A 6.5 x 1O0
270.5 3.0 x i07
327.8 2.7 x 107

23 3 U 119.0 3.9 x 104

120.8 3.2 x 104

146.4 6.6 x 104
164.6 6.4 x 104
245.3 3.8 x 104

291.3 5.8 x 104

317.2 8.3 x 104

234U 120.9 5.4 x 105

235u 143.8 7.8 x 103
163.4 3.7 x 103 -

185.7 4.3 x 104

202.1 8.0 k 102

205.3 4.0 x 103

238U 742.8 7.1

In equilibrium 766.4 2.6 x 101
with 23 4 mPa 786.3 4.3

1001.0 7.5 x 101

aRef. 1.
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D

Fig.73 The basic elements of a gamma-ray uranium-enrichment mea-
surement setup. For purposes of illustration, the size .of the
visible volume compared with the detector and collimator
is exaggerated. Normally the depth of the visible volume is
much smaller than the source-to-detector distance.

Table 7-2. Mean free paths and infinite thicknesses for 186-keV

photons in uranium compounds

Uranium D.ensity (p) Mean Free Path "Infinite"

Compound (g/cm3 ) (cm)" Thickness (cm)"

Metal 18.7 0.04 0.26.

UF6 (solid) 4.7 0.20 1.43

U0 2 (sintered) 10.9 0.07 0.49

UO2 (powder) 2.0 0.39 . 2.75

U308 (powder) 7.3c 0.11 0.74

Uranyl nitrate 2.8 0.43 3.04

'Equal to l/jup at 186 keV for the material in question.
bDefined as 7 mean free paths, the distance for which the error in

assuming infinite-sample size is less than 0.1% (see Equation 7-8).
cHighly packed powder.
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7.3.1 One-Component Example (Uranium Metal)

For a given detector/collimator geometry, all samples of pure uranium metal have
identical visible volumes, since the mean free path of the 186-keV gamma ray is the
same for each sample. As a result, the detector views 235U radiation from the same
amount of; total uranium, regardless of the size of the metal sample. Since the 186-
keV intensity, although heavily absorbed; .is still proportional to the number of 235U
atoms in the visible, volume, it is proportional to. the atom enrichment of the sample.

7.3.2 Two-Component Example (Uranium and Matrix Material)

The prototypical: enrichment sample consists 'of uranium and a (usually low-Z)
matrix material. The measurement geometry is still the same as that shown in Figure
7.3, but the absorption by the matrix material is an added factor in the measurement.
Exhaustive summaries of the theory of this type of measurement have been published
(Refs. 7 and 8). Given below is a summary. of the key mathematical results necessary
to analyze enrichment measurements.

Consider a gamma-ray measurement on a two-component sample of thickness D,
where the sample-to-detector distance is large compared with the depth of the visible
volume. This feature permits'the' neglect of :h/r2 effects during integration over the
sample volume.! iThecounting rate fro'm an infinitesimal section of the sample (see
Figure 7.3) is given by .

dR = c E,, S dmu exp(-ppx) exp(-p•pctr) (7-5)

where dmu = A Pu dx,
= detection efficiency at the assay energy

E, = uranium enrichment (weight percent, see Equation 7-3)
A = collimator channel area
S = specific activity of the gamma ray (185.7 keV, see Table 7-1)

/icpc = linear photon absorption coefficient of the sample container at the
assayenergy

t, = single wall thickness of the sample container.

The quantity pp represents the linear photon absorption coefficient of the combined
uranium (U) and the matrix (m) at the assay energy:

k'p = iUPU. + APm . (7-6)

Integration of Equation 7-5 over the sample thickness gives the total 186-keV count
rate:

R = e Ew, SA Pu exp(-p~pJte) fD exp(-Mpx) dx (7-7)
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which reduces to

[/wt A JR[ F Fexp(,,p.1) ]

. rSA IL.-exp(-MpD)J

where

F = I + (mP/PuPu) •

201

(7-8)

(7-9)

If the sample thickness D is large enough, then the exponential in the denominator
of Equation 7-8 is negligible compared to 1, making variations in sample dimensions
unimportant. This is the origin of the infinite-thickness criterion. The first bracket
in Equation 7-8 contains factors that depend only on the instrument properties (e and
A) and the intrinsic properties of uranium (pu and S) and thus constitutes the basic
calibration constant of the measurement. If the. unknown samples and calibration
standards have identical containers, then. the.factor, exp(pcpct,), can be subsumed
into the calibration constant; otherwise the factor must be used to obtain. a container
correction. (See Section 7.7.)

The factor F in Equation 7-8 reflects the matrix effects. If the calibration standards
and the unknown samples have the same matrix .properties, then this factor can also
be included in the calibration constant. If the sample matrix factor F differs from
the calibration matri factor F,, then a small correction is also necessary for this
difference. Table 7-3ives values for this multiplicative correction (F/F,) for various
uranium compounds: (Ref. 2).

Table 7-3. Material composition correction factors (F/Fj)a
Nuclear Material
of Calibration Nuclear Material of Items Measured (Factor F)
Standards
(Factor F.) U UC UC2  U0 2  U3 08  UF6

U (100% U) 1.00 1.00 1.00 1.01 1.01 1.04
UC (95% U) 1.00 1.00 1.00 1.01 1.01 1.03
UC2 (91% U) 0.99 1.00 1.00 1.00 1.01 1.03
U0 2 (88% U) 0.99. 0.99 i.00 1.00 1.00 1.03
U0s% (85% U) 0.99 0.99 0.99 1.00 1.00 1.02
UF6 (68% U) 0.96 0.97 0.97 0.98 0.98 1.00
U nitrate (47% U) 0.92 0.92 0.93 0.93 0.93 0.95
Ref. 2.
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7.3.3 Instrumentation and Infinite-Sample Technique: Applications

The basic measurement apparatus is a collimated gamma-ray detector and its asso-
ciated electronics. An early version of such instrumentation was the SAM-I1 and a
NaI(TI) scintillation detector (Ref. 6). Gamma-ray pulses were analyzed with a dual
single-channel analyzer (SCA), with one window set on the 186-keV energy region
(Cl in Figure 7.4) and the second window set on a background region above the assay
peak (C2 in Figure 7.4).

I I I I III I I

186 keV

Z 143 keVy IM
0 K X RAYS

CHANNEL NUMBER
Fig. 7.4 A low-resolution uranium gamma-ray spectrum, showing the.

two energy regions used in the enrichment measurement.

The uranium enrichment is proportional to the net 1 86-keV count rate (R in Equation
7-8), which is given by

R=CI -fC2. (7-10)

This equation represents the subtraction of a background from. the gross rate in the
chosen 186-keV peak energy region; The major contribution to the background comes
from the higher energy gamma rays of 238U daughters that Compton scatter in the
detector. Even though C2 is not actually in the assay energy region, it represents the
background under the assay region, to within a scale factor (f, to be determined by
calibration). Since the enrichment (either atom- or weight) is proportional to the net
rate R, we have
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E = a R F exp(fscpetc) F exp(Ispetc)(a Cl - a f C2) (7-11)

The calibration constant a contains all of the geometric factors and the intrinsic ura-
nium constants in Equation 7-8. The matrix factor F and the container wall attenuation
correction factor exp(jucpct,) have, been displayed explicitly to emphasize their roles
when standards and unknowns aire made.of different typies of. materials or packaged in
different containers. If the measurement is performed on materials of the .same type
packaged 'in the same container, then F exp(~pjtc) can be. included in the calibration
constant. The enrichment .is then written in terms of the measured data (C1 and C2):

E=aCl+bC2. (7-12)

The calibration constants a and b (= -a f) now include the container attenuation and
the matrix factor and are determined by measurement of two standards of known
enrichments E1 and E2 .

With the SAM-H, the calibration constants were, applied through digital rate mul-
tipliers to the outputs of the two SCAs., An up/down scaler displayed the difference
between the scaled Cl and C2 values,.thereby displaying the uranium enrichment.
An in-line extension of the SAM-il, type of measurement has been installed at the
Portsmouth Gaseous Diffusion Plant (GDP) (Ref. 9).. It has been in operation for
more than 12 years and ,continues to assay'theioutput liquid UF6 product with a
relative accuracy of 0.25% (1a). The instrument was developed for continuous de-
termination of both the 23 1U enrichment ý(b.. gamma-ray measurement) and the 23 4 U

enrichment (by neutron measurement; see S_ion '7.6 and Chapter 15). A drawing of
the gamma-ray portion of the measurement:apparatus is shown in Figure 7.5.

More recent instrumentation (Ref. :10): employs a portable, battery-powered,
microprocessor-based MCA with the Nal detector (Figure 7.6). The instrument ac-
quires a full uranium spectrum, integrates the counts in -selected regions. of interest
corresponding to the count windows Cl and C2 (for example, as in Figure 7.4),
computes the enrichment and its statistical uncertainty, and presents the results on
an alphanumeric display. The two-parameter, two-standard calibration procedure is
also incorporated into the instrument software. A similar method is used for routine
enrichment checks by some plant operators (Ref. 11). These gamma-spectroscopic
techniques are used in many in-plant and field applications, including the measurement
of UF 6 in storage cylinders. As with earlier measurements, many current applications
still use Nal scintillation detectors (Ref. 6). However, high-resolution spectrometry
with semiconductor detectors is.more effective in.*avoiding problems of interference
from 211U, daughters deposited on the iiner surfaces, of the containers. The high-
resolution detector is especially helpful.where chemical processes have concentrated
238U daughters in the deposit or in the uranium material itself. Some commercial
processes have been observed to produce, up to a ten-fold concentration of 211U
daughters. The radiation from the daughters produces a high Compton. background in
the detector, which can complicate the evaluation of the 185.7-keV peak area.
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Fig. 7.5 The detector. and shield aembly of the gamma-ray enrichment
meter at. the Portsmouth GDP. The liquid UFe product flows
through the sample chamber, where the 186-keV gamma-ray.
intensity is measured to determine the UF6 enrichment.
(Figure from' Ref. 9.)

While not strictly an infinite-thickness technique, there is a procedure used in the
analytical chemistry laboratories of some fuel processors, such as General Electric in
Wilmington,' North Carolina, that deserves mention. Small samples of process materi-
als are dissolved and prepared as dilute, aqueous samples •of uranyl nitrate in standard
ampules. The 23 8U daughters are remobed from the solution before measurement.
These samples are inserted in Nal well 'counters and measured against a carefully
prepared range of isotopic standards. The. technique can provide a very accurate
(0.1-0.2%) assay of uranium enrichment. "General Electric 'measures thousands of
samples each year using this technique.
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Fig. 7.6 Gamma-ray uranium enrichment measurement equipment, including a portable,
microprocessor-based MCA and a Nal(TI) gamma-ray detector. This instrumenta-
lion can be battery powered and is suited for mobile field applications,

7.4 PEAK-RATIO TECHNIQUES

7.4.1 Theory

For arbitrary, noninfinite uranium samples (for example, thin foils, contamination
deposits, or dilute solutions), it is difficult to correct the 186-keV gamma intensity
for absorption in order to •yield enrichment. This difficulty arises because the factor
[1 - exp(-ppD)] in. Equation 7-8, is difficult to estimate. The peak-ratio technique
requires the measurement of ratios of gamma-ray. intensities from the major isotopes
and the use of that information to determine the uranium enrichment. The technique is
basically identical to:the plutonium isotopic analysis procedure described. in Chapter
8. In the simplest case of low 235U enrichment, 235U and 238U are essentially the
only components. Since the sum of their isotopic fractions (f) is then equal to 1, the
235U atom enrichment is (recall Equation 7-2)

E. = f235 =:N(235)/[N(235) + N(238)] = (I + f238/f2 5)-' (7-13)

If 234U or 236U is present in the sample in significant amounts, one can measure
other gamma peak ratios that. involve these isotopes. Then the expression for the
235U atom enrichment. will contain these other ratios. (For an example relating to
plutonium isotopic analysis, see Chapter 8.)
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The main challenge to the peak-ratio technique is the determination of the isotopic
ratio f 2• 8 /f235. The most intense gamma-ray peaks from 238U are those in the 700-
to 1000-keV energy range from its 2 34'mpa daughter (see Table 7-1). The large energy
difference between the 234mPa (238u) gamma rays :and the 186-keV 235U gamma
ray necessitates a significant correction for, the different relative detection efficiencies
(including .photon absorption through the sample material and container). Establish-
ing this relative efficiency curve as a function of energy requires the measurement of
known peak intensities over the energy range of interest. (See Chapter 8 for details
relating to plutonium isotopic -analysis.) For: uranium measurements, one must de-
termine several gamma intensities .from the. two main isotopes (235U and 238aU) and
normalize the measurements to a common efficiency curve.

7.4.2 Applications

In. one application of this: procedure, the normalization factor k between: the relative2M3th 238
efficiency curves:for the • U gamma intensities and the U intensities is: determined
iteratively (Ref. 12). The atom enrichment in Equation 7-13 then becomes

Ea = [I + k (A235 /A238)1-, (7-14)

where AA is the nuclear decay constant for the uranium isotope of mass A, and k is
the iteratively determined ratio of the two activities of:the isotopes of interest:

k = A(238U)/A( 235U) (7-15)

To determine the relative efficiency curve, a weak 214 mpa gamma ray at 258.3 keV
and a 234Th gamma ray at 63.3 keV are included to extend the efficiency data from21LU decay to the energy region where 235.U gamma rays are prominent.

• A similar philosophy has been applied (Refs. 13 through 16) with the use of high-
resolution gamma-ray spectroscopy in the narrow 89- to 99-keV energy range. In
one approach (Refs. 13 through 15) the lines used for isotopic measurements were
situated in the 92.4- to 93.4-keV range: the intensities of the 92A- and 92.8-keV lines
of 234Th were used as a measure of the 23 8 U concentration of the sample, and the
93.35-keV thorium Ka 1 line was used as a measure of: the 235U concentration. The
238U contribution :to the 93.35-keV line was taken into account in the calibration.
Uranium Ka x rays were used for the energy and efficiency calibrations.: Better than
1% agreement with mass-spectroscopic analyses was achieved in laboratory studies.
Another approach (Ref. 16) used the 89.9-keV thorium K x ray from 235U decay and
the 92-keV gamma-ray doublet from 234Th; the results agreed with standard values
to within 1%.

Both of the low-energy peak-area ratio techniques rely on the equilibrium between
the 234Th daughter and the 238U parent. Since the half-life of 234Th is 24 days,
equilibrium is usually achieved in 120 to 168 days (97% and 99%, respectively, of
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equilibrium. activity) after chemical separation. The narrow energy range minimizes
uncertainties' in the energy-dependent relative photopeak efficiencies, and the empir-
ical determination of these. efficiencies for. each sample makes this enrichment mea-
surement technique less dependent on knowledge of the matrix materials. However,
neither of the low-energy techniques has yet found significant field application.

7.4.3 Summary of Peak-Ratio Techniques

The methods described above have the advantage that .peak ratios are measured,
allowing the uranium enrichment to be determined without the use-of enrichment stan-
dards or the determination of geometry-dependent calibration constants. In addition,
the samples do not need to satisfy the infinite-thickness criterion. Furthermore, the
relative efficiency corrections are made for each sample and include not only the ab-
sorption by the sample material but also that by the sample container and any external
absorbers. The plutonium isotopics measurements described in Chapter 8 have the
same advantages. The disadvantages of this technique are related to

* Tfie low intensity of the 238 U daughter radiation for the higher-energy method
* .The need for secular equilibrium between the 238 U and its daughters
* The need for isotopic homogeneity in the sample.

The need for isotopic homogeneity manifests itself in cases where residual sample
material from other sources may bedin the container with the material currently being
measured-for example, in the measurement of UF6 cylinders in which. uranium from
previous shipments may have deposited on the walls of the cylinder.

The peak ratio methods of determining uranium enrichment can also, in principle,
be applied to "infinite" samples. However, in 'those cases, the peak-ratio methods
are more cumbersome and time-consuming and usually have no advantage over the
enrichment-meter technique,' which is simpler, faster, and less expensive.

7.5 GAS-PHASE URANIUM ENRICENT MEASUREMENT TECH
NIQUES

An extreme case of performing enrichment measurements on a noninfinite sample is
the measurement on UF 6 in the gaseous phase. In one technique (Refs. 17 through 20)
the 235 U concentration was determined from a measurement of the 186-keV gamma-
ray emission rate R from the decay of 235U, and the total uranium concentration was
determined by measuring the transmission (T60 ) through UF6 gas of 60-keV gamma
rays from an external 24 1Anr source. Figure 7.7 shows the measurement system, With
the orientation of the NaI(Tl) detector and the sample chamber and the location of the
2'Am transmission source. The (atomic) enrichment E,, was related to the measured
count rate R of the 186-keV.rays by

I E,, = R/(C In T60) (74•6)
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- 241 Am TRANSMISSION
SOURCE.

UP6 GAS

Fig. 7.7 The NaJ(Tl).based gas-phase
UF6 enrichment monitor. The
Nat detector views 60-keV •- Nal (Ti)
gamma rays from the 2 4 1Am
source (for transmission
measurement) and 186-keV
gam ma rays from the sample
chamber (for 23eU determina-
lion). (Figure from Ref 18.)

where R was corrected for deadtime losses and attenuation in the gas, C was a cal-
ibration constant, and ln(T6o) was proportional to the total uranium in the sample.
Since. the -measurement accounted for variations in UF6 density, the measured as-
say was independent of the UF 6 pressure. This method produced assay results with
measured accuracies better than 1% relative over the range of UF 6 enrichments of
0.72 to 5.4 at%. using a single-point calibration. For 1.0%-enriched UF6. at 700
torr, a 0.74% relative precision was obtained for a 1000-s counting, time (Ref. 19).
This technique was applied at relatively high UF6 pressures; so the data signals were
dominated by radiation from the UF6 gas, making interferences from uranium de-
posits on the inner surface of the sample chamber unimportant. A NaI(T1) gamma-ray
detector was used during test and evaluation of this instrument in 1982 at the Paducah
product feed line of the Oak Ridge Gaseous Diffusion Plant (ORQDP). The instru-
ment was modified for high-resolution gamma-ray detection and tested in 1983. A
prototype of the high-resolution instrument (Refs. 20 and 21) for the Portsmouth Gas
Centrifuge Enrichment Plant (GCEP) was built and tested at the ORGDP in 1984 (see
Figure 7.8).

ANt lower UF 6 pressures (for example, tens of. torr) the density of the UF6 gas is
nof great enough for a transmission measurement to have sufficient sensitivity. Fur-
thermore, the radiation from material deposited on the container surfaces becomes a
significant fraction of the. total signal, and careful corrections for this interference are
the.n required for acurate results. Passive gamma-ray counting and (active) x-ray flu-
orescence have been combined to verify the approximate enrichment of gaseous UF6
at low pressures in cascade header pipework (Refs. 22 through 26). The gamma-
ray intensities from the decay of 235U (186 keV) and 238U daughter products in the
pipework deposits and the UF 6 gas were measured to determine the 231U present in
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Fig. 7.8 The UF6 gas-phase enrichment monitor cabinet for the
Portsmouth GCEP: Half of the cabinet houses the detec-
tor and electronics,.and the other half contains the heated
chamber for UF6 and its associated hardware. (Figure from
Ref. 21.)

the gas. The correction for radiation from the uranium deposited on the inner sur-
face of the pipework was established with gamma rays from 234Th and 231Th decays
(Refs. 25 and 26). The total mass of uranium in the gas was measured using x-ray
fluorescence with the 122-keV gamma rays from a 57Co excitation source. The ratio
of thelintensitiesof the 186-keV .gamma rays from the UF6 ý gas. to the uranium Kai
x. rays was calibrated to give a direct measurement of the gas enrichment. A variation
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of the correction for uranium deposits (Refs. 24 through 26) determined the correction
for the deposited :uranium. by passive gamma-ray measurements under two different
collimation conditions (see Figure 7.9). In both applications, the. instruments were
capable of providing a "go/no-go" decision on whether the measured enrichment was
less than or greater than 20%, thus providing the capability of detection of highly
enriched uranium f6r enrichment: plant safeguards.

DETECTOR

DETECTOR

PIPE CROSS SECTION

COLLIMATED!.SOURCE HOLDER

COBALT-57. SOURCE

Fig. 7.9 The detectorlcollimator arrangement for theenrichment mea-
surement of low-pressure UF6 in Pipe wr.The assembly
consists of a collimated source holder and detector collima-
tor rigidly connected to the pipework. T verlap of the two
fields of view isolates. a volume of gas in the middle of the
pipe from the wall deposits. A tiny: 57Co sourcer is used to
fluoresce x rays in the gas. (Figure from:Ref.: 24.)

7.6 NEUTRON-BASED ENRICHMENT MEASUREMENTS

Another passive technique for verification of uranium enrichment of UF6 is the de-
tection of neutrons emitted from the sample as a. result of 19F(a,n) reactions (Ref. 27).
Uranium-234 is.the dominant alpha emitter in enriched uranium and hence, indirectly,
the: principal source of neutrons in UF6 . Also, because the enrichment of 23U follows



The Measurement of Uranium Enrichment 211l

the enrichment of 23
.U, passive total neutron counting can provide a rough measure

of 235U enrichment. The ratio of 2 35U/f 34 U may vary by as much as a factor of
4. over the range of depleted to highly enriched uranium for. the gaseous diffusion
enrichment process; but for low-enriched uranium (<5%), it is more nearly constant,
and verification measurements of limited accuracy may be possible without specific
234U isotopic data (Refs. 6, 9, and .28). Further discussion of this technique is
piesented in Chapter 15,

7.7 CONTAINER WALL ATTENUATION CORRECTIONS

The standard relationship between the enrichment and the measured data (Equation
7-8) includes the term exp(pzcpjtc) that corrects, for the attenuation of the measured
radiation by the walls of the sample container. The attenuation may be included in the
calibration if the calibration standards and the unknown samples have the same type
of container. In some cases this simplification is not possible, and a container wall
attenuation correction must be applied% in: each measurement. This section considers
correction methods for an infinite-thickness enrichment measurement where.the sample
matrix is constant. If T,,, the transmission of one wall thickness of the unknown
sample container, is defined by

T= exp[-(iepptc).] . . (7-17)

and T, is similarly defined as the container wall transmission in the calibration mea-
surements, then the unknown enrichment is

E = KR(EA)T./T. •(7-18)

where K is the calibration constant, and R(EA) is the net gamma-ray peak count rate
from the unknown sample at the assay energy (EA = 186 keV),..measured through the
container wall. The discussion that follows presents two methods for determining this
container, attenuation Correction, T,/T..: In addition, the verification of.UF 6 cylinders
is discussed to provide an example of a class of measurements where this correction
is:especially critical.

7.7.1 Direct Measurement of Wall Thickness

If the container composition and wall thickness at the measurement point are known
for both the calibration and sample measurements, then TJ1tT, can be calculated di-
rectly from the exponential expression

./.= explAP[(ppW. - (P'j.cct)a 7-9(7-19)
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where pc represents the density of the container material and / is evaluated at the
assay energy. The container wall thickness (t.) can be measured directly using an
ultrasonic thickness gauge (See Figure 7.10). A burst of ultrasound is transmitted by

Sgnal Wire

Probe (transducer)

Send ' Receive

. .. . easured
.n Thickness

:M, IC t r imI I "

Fig. 7.10 Probe placement in an ultrasonic measurement of thickness. The
probe must be acoustically coupled to the outer suiface of the
material for the ultrasound pulse to enter the material without
being severely attenuated. The coupling is accomplished with
a liquid compound (usually supplied with the thickness gauge)
placed between the probe face and the material surface.

the probe into -the container material and travels until it reaches a material of sub-
stantially different physical character from the container material. The sound is then
reflected back to the probe. The gauge electronics performs a precise measurement
of the time needed for the ultrasound pulse to make the round trip in the container
material and thereby determines the thickness of the material. Such thickness gauges
are available commercially, and thickness results can be read usually to ±0.1 mm.
Recent calibration measurements'(Ref. 29) showed a fluctuation of ±0.055 mm from
repeated measurements on a calibrated steel disc' having a thickness of: 13.500 mm,
which corresponds to a relative standard deviation of 0.4%.

7.7.2 Internal-line Ratio Technique

The transmission ratio T./TZ can also be determined from the ratio of intensi-
ties of different-energy gamma rays from one isotope, assuming the sample material
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is infinitely thick for the gamma rays measured (see Section 7.3.2). Generally, high-
resolution gamma-ray spectroscopy is required to resolve the peaks of interest. For
corrections to 2 31U enrichment measurements, there are several reasonably intense
gamma rays near the 186-keV peak energy (see Table 7-1). Consider a case in which
the intensities of a peak above and a peak below the 186-keV gamma ray (at energies
EHand EL, respectively) are measured in addition to the assay peak area. With the
transmission as defined in Equation 7-17, we have

TS(EA) [Tz(E))/T8 (EH)] F (7-20)
T.(EA) T(EL)/T2(EL)

where the subscripts of the p's refer to the energies. at which the M's are evaluated.
To simplify the calculation of the transmission ratios at EH and EL, we recall the
definition of transmission from the measurement point of view:

T = R/R 0 . (7-21)

Here, R is the measured peak count rate, attenuated by the container wall, and R0
is the measured peak count rate from a sample with an infinitesimally, thin container
(that is, t. -4 0). In practice, Ro cannot be measured, but since the expression in
Equation 7-20 contains transmission ratios, we can re-express these ratios in terms of
ratios of measured peak areas:

T,(EA). [R.(EH)/R.(EH) 1
T.(EA) (EL)/R(EL) J(22)

where R(EH,L) is the peak area at energy EH,L. The fractional error in the trans-
mission ratio Týf/T. is just the exponent POA/(A-, PH) times the fractional error
of the measured peak-area ratio expression in the bracket on the right of Equation
7-22. Thus, it is advantageous to make the exponent as small as. possible, which
means selecting peaks that are not ýtoo close in energy. Table 7-4 shows values for
the exponent for two commonly encountered container materials and two choices of
measurement peaks. Note that one choice includes the 235 U assay peak.

Although the internal-line ratio technique is a convenient technique for determining
the container attenuation correction, there are no published accounts of its application
in enrichment measurements. The major difficulty with using the technique is the
time required to obtain adequate statistical precision in the auxiliary gamma-ray peak
areas.
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Table 7-4. Values of exponent function JPA/(AL - H) for common
container materials ..

:. EH/EL .. Iron . Monel Aluminum. Polyethylenea
205 keV/144 keV 2.57 2.17 8.13 8.88

186 keV/144 keV 3.20 2.78 11.09: 11.83
aLow-density polyethylene, as used in containers.

7.7.3 Measurement of UF6 Cylinders

One of the most common container types in enrichment measurements is the large
cylinder used to ship and store UF6 in liquid or solid form. These cylinders vary
in size and wall thickness. Table 7-5 :gives:some pertinent parameters for the most
common cylinder types (Ref. 30). The large, high-density wall thicknesses of the
cylinders means that minor variation in wal Ithickness can result in significant variation
in gamma-ray count rate. The relationship between the relative fluctuation of the
enrichment result and the relative fluctuation of the wall thickness is obtained by
differentiation of Equation 7-8:

dE/E pc~p,(dtit)= 1.12(dtc/tc) (7-23)

where the second result is for steel (,a , 0.144 cm2/g at 186keV and p = 7.8 g/cm3 ).
Thus, a 10% variation in cylinder wall thickness (only 0.05 in. for type 30B cylin.

ders) will cause a 12% bias in the corresponding enrichment measurement. Use of a
thickness-gauge measurement of the wall thickness reduces the measurement error to
a few tenths of one percent, essentially removing the wall thickness from considera-
tion as a source of measurement bias. The UF6 enrichment measurement apparatus
for cylinders can be calibrated by using one or more cylinders as standards, which
may. then be sampled for analysis. Alternatively, standards of U3 0 8 or UF 4 of known
enrichment may be used, with the appropriate corrections for matrix differences (that
is, the factor F/F. in Table 7-3).

Early studies of enrichment measurements .on type 30B and 5A cylinders with NaI
scintillation detectors (Ref. 6) achieved assay results with relative standard deviations
of 5% for type 30B cylinders and <1% for type 5A cylinders.. Count times were
on the order of a few minutes, and the wall thickness measurement.. took only a few
seconds. Good acoustic coupling between the thickness-gauge probe and the. cylinder
surface was obtained by sanding the paint off a spot within the area viewed by the
gamma-ray detector, 'the uncertainty in the thickness measurement was estimated at
0.4%. A more recent study of enrichment measurements on type 48 and 30 UF6

cylinders (Ref. 28) achieved similar results, even with the use of high-resolution
gamma-ray detection equipment.
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Table 7-5. Physical characteristics of selected UF6 storage and
shipping cylindersa

Cylinder Type

Characteristic 5A 8A, 30B 48X

Nominal diameter (in.) 5 8 30 48
Nominal, length (in.) 36 56 .81 121
Material of construction Monel Monel steel steel
Wall thickness (in.) 1/4 3/16 1/2. 5/8
aRef. 30.

7.8 EXTENSION OF THE ENRICHMENT METER PRINCIPLE TO
OTHER APPLICATIONS

7.8.1 Concentration Meter

..Under certain limits of uranium concentration, uranium measurements using the
enrichment meter principle become uranium concentration measurements (Ref. 5).
The same mathematical expressions govern both cases (Equation 7-8); the dependence
of the result on the uranium and matrix .concentrations is contained in the factor F in
Equation 7-9. For matrices with effective Z < 30, the ratio pn/iAU is less than 0.1.
Then for Pm./PU -- 1, the value of the correction factor F is very close to 1, and the
count rate is almost directly proportional to the enrichment:

R = KEF.= KE . (7-24)

The domain in which IjmPm/,uUPU < 0.1 is therefore referred to as the "enrichment
domain."
. At the other end of the spectrum are measurements for which.the uranium concentra-

tion is very low compared with that of the matrix. In cases where p.mpm//lupU Ž_ 10,
the unity term in F can be ignored. Then, if the enrichment and p values are known,
Equation 7-24 becomes

R = KEF = K'E(pu Pm) . (7-25)

with an error of <10%. K' is another calibration constant. The domain for which
I.mPm/II pu > 10 can therefore. be called the "concentration meter" domain. The
infinite-thickness criterion still must .be met in this domain. Examples of samples that
would fall into the concentration domain are containers with uranium-contaminated
material such as dilute uranium-bearing solutions or uranium holdup in a Raschig-ring
tank (Ref. 5).
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7.8.2 Mixing (Blend) Ratio in Mixed-Oxide Fuel

The enrichment meter concept may also be used for quality control of different
reactor-fuel blends, for example, PuO2, U02, U-C, and Th-C, or .in general for the
assay of any fissionable material having a suitable low-energy gamma ray so that the
sample satisfies the infinite-thickness criterion (Refs. 4 and 31). In the more general
case of mixtures of several components, the counting rate from a specific gamma ray
from an isotope with enrichment E is given by

R = ESAe/(,uF) (7-26)

where F is now the more general form of the expression in Equation 7-9:

F = 1+ [lI(jzipi)] Ein_2 pipi.. (7-27)

The running index i denotes the relevant elemental constituents in the blend of ma-
terials in the sample, and the specific subscript I denotes the element whose isotope

emits the "signal" gamma ray of interest. For the case of a PuO2 + U0 2 blend and
the detection of a plutonium ("signal") gammaray (the 129-keV gamma ray meets
the infinite-thickness criterion), the above expression reduces to

ESAe
R ppK(! + r) '(7-28)

where r is the blending ratio, Pulppu. The .constant K reflects the higher-order
contributions from the matrix and the SNM mixture and has values near unity. The
fraction 1/(l+r) reflects the essential change in attenuation of plutonium gamma rays
by the addition of uranium. Since K is quite insensitive to gross changes in the
blending ratio (Ref. 4), the response of an infinite-sample enrichment measurement
is therefore directly proportional to E/(1+r); thatis, it will sense variations in either
the isotopic enrichment or the blending ratio. Concurrent measurement of one of the
uranium gamma rays in this example could, in principle, permit monitoring of both
the plutonium enrichment and the blending ratio independently, provided the uranium
isotopic composition were known.
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Plutonium Isotopic Composition
by Gamma-Ray Spectroscopy

T. R Sampson

8.1 INTRODUCI1ON

An accurate measurement of plutonium isotopic composition is usually required
to interpret the results of neutron coincidence or calorimetry measurements. Several
methods have been developed for determining plutonium isotopic composition by
gamma-ray spectroscopy; some of the early approaches are described in Refs. 1
through 5. An American Society for Testing and Materials standard test method has
been written for plutonium isotopic analysis using gamma-ray spectroscopy (Ref. 6).
Different methods have been developed for different sample types.

This chapter introduces the characteristics. f plutonium spectra that influence iso-
topic measurements, describes useful spectral regions, and presents the principles of
spectral analysis important to isotopic measurement. It includes descriptions of typical
data collection hardware, details of data analysis methods, and descriptions of several
implemented systems with examples of their accuracy and precision.

8.2 BACKGROUND

8.2.1 Decay Characteristics of Plutonium Isotopes

Most plutonium samples contain the isotopes 238 pu, 23 9pu, 24 0 pu, 241 u, and 242pu.

Americium-241 and 237U are always present as decay products of 241Pu. Table 8-1
lists some of the decay characteristics of these important isotopes.

8.2.2 Decay Characteristics of 241pu.

The decay of 24 1PU is shown in Figure 8. 1. Because of the long half-life of 241Am,
the concentration of the 241Amn daughter continues to increase for, up to 75 yr. Aged
plutonium samples often have very high 241Am content, especially if the initial 241pu
concentration was high.

221
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Table 8-1. Decay characteristics for isotopes useful in plutonium isotopic
measurements

Half-Life Activity Specific Power
Isotope (yr) (dis/s-g) (MW/g Isotope)
28pu •87.74 4 0.04 16.3330 x 1011 q:567.57 ± 0.026
239pu 24 119 1' 26 2.2942, x 109 1.9288 ± 0.0003
240pu 6564 = 11 8.3971 x 109 7.0824 -10.0020
241pu 14.348 :L 0.022 3.8244 x 1012 3.412 ± 0.002
242pu 376300 ± 900 1.4522 x 108 0.1159 ± 0.0003
241Am 433.6 4± 1.4 1.2655 x 1011 114.20 . ± 0.50
237 U (6.75 days) 9.4080 x 107 a - - -

aUranium-237 activity computed assuming 24
lpu-23 7 U equilibrium (see

Figure 8.1). Alpha branching ratio of 241pu assumed to be 2.46 x 10-r.

Fig. 8.1 Decay scheme of 2 41Pu I2.|x 0t y
and its daughters.

Because of its short half-life, the 237 U daughter rapidly comes into secular equi-
librium (Ref. 7) with its 241pu parent. After approximately 47 days (7,:half-lives),
gamma rays from the decay of 237 U can be used as a measure of 241pu. Because
23 7 U has several strong gamma rays, it is especially useful for plutonium isotopic
measurements. In this chapter the terms 2411pu-2 37U equilibrium or aged refer. to
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samples where 237U is in secular equilibrium with 241pu. Samples in which 241pu-
237U equilibrium does not exist are called freshly separated. For those. samples, 237 U

cannot be used as a measure of 24 1
pu.

Figure 8.1 shows that both 241Am and 237U decay to the same isotope, 237Np.
Both isotopes can populate the same excited states in 23 7Np and give rise to identical
gamma rays. Thus, most of the useful: 2a3 U gamma-ray peaks have a contribution
from 24 1Am. The amount of this contribution depends upon the particular gamma ray
and the time since. americium was last separated from the sample. Figure .8.2 shows
the relative contributions for important 237U gamma.rays. A, correction should be
made to 241puý237 U peaks for their 241Am content.

8.2.3 Determination of 2 42 pU Concentration

Plutonium-242 has only a few gamma rays, similar in energy and branching ratio
to those from 240Pu. However, the long half-life of 242pu and its low abundance in
most plutonium make its detection by gamma-ray measurement impossible. Instead,
empirical isotopic correlations (Ref. 8) are used to predict the 242pU content from the
other isotopic fractions. Such predictions generally produce acceptable results for the
concentration of 242pu (typically 0.03 to 5%) found in most plutonium, if process
batches have not been mixed and 241Am has neither been added nor removed.

8.2.4 Spectral Interferences

Many regions of the gamma-ray spectrum can contain interfering gamma rays from
other isotopes in the sample. For example: very high burnup samples often contain
243AM and its 239Np daughter;, aged samples may contain 237Np and its daughter
23 3 Pa; and samples from reprocessed fuel may contain fission products. All the

possible interferences cannot be listed here;* however, by knowing'the history of a

sample, the spectroscopist can anticipate possible spectral interferences.

8.2.5 Applications of Plutonium Isotopic Measurements

The principal application of plutonium isotopic measurements is to support other
nondestructive assay (NDA) methods in providing the total plutonium content of a
sample. Two methods that use plutonium isotopic results are calorimetry and neutron
coincidence counting.

Calorimetry uses the isotopic information to calculate the specific power P (W/g
Pu) of a sample from the measured isotopic fractions and the known specific power
for each isotope (see Chapters 21 and 22).

The response of neutron coincidence counters is a complicated function of all the
plutonium isotopes and 24 1Am.. A measurement of isotopic composition is required
to convert the coincidence counter response to plutonium mass (see Chapter 16).
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8.3 SPECFRAL REGIONS USEFUL FOR ISOTOPIC
MEASUREMENTS

This section describes the spectral features that are important for the mea-
surement of plutonium isotopic composition. The descriptions follow the practice
used in works of Gunnink et al. (Ref. 9) and Lemming and Rakel (Ref. 10)
in which the spectrum is divided into several different regions. The gamma-ray
spectrum of plutonium varies greatly with isotopic composition and 241Am con-
centration. Two sample spectra axe shown in Figures 8.Jand 8.4. Figure 8.3
represents low burnup and low 24 1 Am; Figure 8.4 represents intermediate burnup
and relatively high 241Am.. Similar examples are given for.each of the-spectral
regions to illustrate the variability that may be encountered.

Table 8-2 lists most of the gamma rays that are useful for plutonium isotopic
measurements. The list shows: that the lower energy gamma rays are more
intense than those at higher energies. The lower energy gamma rays should be
used:.whenever possible, however, it is often impossible to use them.

8.3.1 The 40-keY Region

The 40-keV region has been used mainly for analysis of freshly separated
solutions frbm which 241Am and 2s 7U have been removed. If too much 241Am is
present, its 60-keV gamma ray overwhelms all other peaks in the region. Usually,
the 40-keV region is useful for 15 to 30 days after a separation of americium and
uranium. A typical spectrum froin a high-burnup reprocessing plant 'solution
(Ref. 11) is shown in Figure 8.5; Table 8-3 lists the peak energies and intensities.
When the gamma rays can be measured, the 40-keV region is the most: useful
region for measuring 23Spu, 2 39Pu, and 24 0pu. The region does not have a
measurable 241 pu gamma ray; 241 pu concentration is usually measured from its
148.6-keV gamma ray. Small contributions from 24 1Pu and: 231"U interfere with
the 23SPu peak at 43.5 keV, the 24 0pu peak at 45.2 keV, and the 239pu peak at
51.6 keV.

Several experimenters have used this region for solution measurements: Gun-
nink (Ref. 12) and Russo (Ref. 11) have measured freshly separated solutions
from a reprocessing plant; Umezawa (Ref. 13) and Bubernak (Ref. 14) have ap-
plied these measurements to samples prepared in an analytical laboratory; and
Li (Ref. 15) has measured submilligram-sized solid samples with modest 24 1Am
content. Gunnink uses absolute counting techniques and calibrates with known
solution standards; Umezawa uses absolute counting with a calibrated detector;
Bubernak calibrates with samples of known isotopic composition; and Russo
and Li measure isotopic ratios that are independent of calibration standards as
discussed in Section 8.4.
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Table 8-2. Useful gamma rays in various energy regions

Region 2381pu 239pu 
2
40pu 241 N 241Am

(keV) (keV) (Qy/s-g) (keV) ("f/s-g) (keV) ('T/s-g) (keV) (7/s-g) (keV) (9y/s-g)

40-60 43.48 2.49 x 108 51.63 619 x 105 45.23 3.80 x.1: 6  --1- 59.54 4.54 x 1010

90-105 99.86 4.59 × I0V 98.78 2.80 x 104 104.24 5.86 x 106 103.68 3.86 x 106 98.95 2.57 x 107

102.97 2.47 x 107

120450 152.68 6.05 x 106 129.29 1.44 x 105  160.28 3.38 x 10' 148.57 7.15 x 106 125.29 5.16 x 106

203.54 1.28.x 104 164.58a 1.73.x 106 335.40 6.28 x 105
345.01 1.28 x 104 208.00a 2.04 X 107

375.04 3.60 x 104 332.35a 1.14 x 106
413.71 3.42 x 104 370.93r 1.04 x 10'

450-800 766.41 1.39. x 105 645.97 3.42 X 102 642.48 1.05 × 103.. 662*42 4.61 x 105
717.72 6.29 x 10' 721.99 2.48 x 105

aUranium-237 daughter of. 24 1 p11 with 2 4 1pu- 23 7 U equilibrium.
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Fig. 8.5 Gamma-ray spectrum in the 40-keV region from
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242, 2.44%. The W Kct2 x ray. arises from the•
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Table 8-3. Peak energies and intensities in 40-keV regiona

Isotope
23Spu
239pu
23 9

pu
23 7

u
238pu
241pu
241pu

240pu
23 9

pu
239pu
237U

239pu
239pu
241pu

239pu
239pu
237u

241AM
237U

Energy
(keV)

38.664
40.410
42.060
43.430
43.477
44.200
44.860
45.232
46.210
46.690
51.005
51.629
54.040
56.320
56.760
56.838
59.536
59.536
64.832

Branching Ratio
(photons/dis)

1.050 x 10-4

1.620 x 10-6

1.650 x 10-6
5.904 x 10-9
3.930 x 10-4

4.180 x 10-8
* 8.360 x 10-9

4.530 x 10-4

7.370 x 10-6

5.800 x 10-7
8.364 x 10-s
2.700 x 10-4
2.000 x 10-6

2.500 x 10-8
9.750 x 10-9
1.130 x 1075
8.487 x 10-6
3.590 x 10-1
3,198 x 10-7

Error Activity
(%) (photons/s-g)

1.00 2.4089 x 105
10.00 3.7165 x 103
3.00 3.7854 x 103
7.00 2.2579 x 104 b

0.30 2.4889 x 108
1.5986 x 105
3.1972 x 104

0.20 3.8039 x 106
10.00 7 1.6908,x 104

6.00 1.3306 X 103

2.00 3.1987 x 10' b
0.20 6.1942 x 105
1.40 4.5883 x 103

9.5610 x :104

3.7288 x 104

1.00 2.5924 x 104

0.20 3.2458 x 1076

4.5432 x 1010
0.50 1.2230 x 106 b

aRef. 9.
bUranium-237 activity computed assuming 24 1

pu-
2 3 7

U equilibrium. Uranium-

237 branching ratio includes 2.46 x 10-1 24 1pu alpha branch to 237U.

8.3.2 The 100-key Region

The 100-keV region is the most complex region of the gamrma-ray spectrum of
plutonium. Table 8-4 lists 14 gamma rays and x rays in this region. The uranium x
rays arise from plutonium decay and can be used to measure the plutonium isotopes.
The neptunium x rays arise from the decay, of 241Am and 237U, and the plutonium
x rays appear in larger or more concentrated samples from gamma-ray and alpha-
particle-induced x-ray fluorescence. The 100-keV region is the only region in which
gamma rays from all isotopes are present.
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Table 8-4. Peak energies and intensities in 100-keV regiona

Isotope
238 NU

239p..

239pu
237U
241 Am

239pu
241pu

NC9p

Energy
(keV)

94.658
94.658
94.658
94.658
96,130
97.071
97.072
98.441
98.441
98.441
98.441
98.780
98.951
99.530
99.864

101.066
101.066
102.966
103.020
103.680
103.748
104.244

Branching Ratio
(photons/dis)
1.050 X 10-6

4.220 x 10-5

6.360 x 10-7
3.030 X10-6
2.230 x 10-7

3.887 x 10-6

1.180 x 10-5
1.690 x 10-6

6.760 x 10-5
1.020 x 10-6
4.850 x 10-6
1.220 x 10-1

.2.030 x 1074

7.240 x 10-5
6.199 x 10-6
1.900 x i0-7
1.950 x 10-4

2.170 x 10-6
1.OjO x 10-6

6.980 x 10-5

Error
(%)

1.40
0.25
5.00
0.50

20.00
0.40
2.00
1.00
0.30
5.00
0.50
3.00
0.50

0.20
0.30
1.40
0.50
1.60•
0.50

Activity ,
(photons/s-g)

6.6497 x i05
9.6813 x 104

5.3406 x 103

1.1588 x 10.

5.1160 x 102

1.4865 x 107
1.4933 x 106

1.0703 x 106

1.5508 x 105
8.5651 x 103

1.8548 x 107

2.7989 x 104

2.5690 x 107

X Ray

U Ka2
U Ka 2
U Ka2
U Ka 2

Np Ka 2b
Np Ka 2
U Kai
U Kai
U Kai
U Kai

Pu Ka2

Np Kaib

Np Kai

Pu Kai

4.5851
2.3708
2.4045

.2.4677
4.9783
3.8627

x
x
x
x
x
x

107
107
106
107
106
106

0.40 5.8612 x 105

aRef 9.
bUranium-237 activity computed assuming 24lPu- 23 7 U equilibrium. Uranium-237

branching ratio includes 2.46 x 10-5 24 1Pu alpha branch to 237U.
CPTitonium x rays are produced in high-mass or high-concentration samples by

gamma-ray- and alpha-particle-induced x-ray fluorescence.
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Fig.. 8.6 Gamma-ray spectrum in the i00-keV region mea-
sured with a HPGe detector with resolution of 490 eV
at 122 keV.;Solid line: 530 g of plutonium as Pu02.
Isotopic composition (Wt%): 238, 0.302%; 239,
82.49%; 240, 13.75%; 241, 2.69%; 242, 0.76%;
241Am, 11: 800 pglg plutonium. Dashed line:. 10 mL
of 20-glL solution of plutonium in IM HN0 3 . Iso-
topic composition (wt%).:+ 238, 0.027%; 239, 91.65%;
240, 7.68%; 241, 0.532%; 242; 0.12%; 241AM,
315 1ug/g plutonium.

The strong, overlapping, interfering nature of the spectrum in the 100-keV region
is shown in Figure 8.6. The entire isotopic distribution may be determined from this
region for low-burnup solution samples (Ref. 4); a spectrum from such a sample
is shown at the bottom of Figure 8.6. The complexity of the region requires peak-
fitting or response-function (Refs. 4 and 16) analysis. Low-burnup PuO2 has also
been analyzed using response-function methods. High-burnup solutions have been
analyzed using response-function methods in this region (Ref. 12), but such analy-
sis is difficult. The increased alpha and gamma-ray activity of high-burnup and highý
concentration solutions fluoresces plutonium x rays at 99.53 and 103.75 keV. These
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x rays interfere with the gamma-ray peaks at 99.86 keV from 238pu and 104.24 keV
from 24°Pu. The intrinsic line shape of x rays is different from that of gamma rays;
this difference must be considered in the analysis of this region by response-function
methods.

8.3.3 The 125-keV Region

The 125-keV region is used to measure 24
'Ar and 239pU from gamma rays at

125.29 and 129.29 keV. There are strong interferences to .the 125.29-keV 24 1Am
gamma ray from 239pu lines at 125.21 and 124.51. keV. The 241Am peak area is
difficult to measure for 241Am concentrations below a few hundred micrograms per
gram of plutonium. For an americium concentration of 500 jug/g Pu, the 23 9pU
interference contributes over 50% of the 125.3-keV peak area; for an americium
concentration of 5000 Sg/g Pu, over 90% of the peak area is from 2 4 1 Am. The 239pu
interference can be removed by peak fitting (Ref. 17) or stripping (Ref. 18). Many
measurements use absorbers or filters (see Seion 8.5.3) to reduce the count rate
of lower energy gamma rays. .These absorbers affect the count rate in the 125-keV
region. A 0.15-cm-thick cadmium filter transmits only 35% of the incident gamma
rays at 125.3 keV.

Table 8-5 lists the gamma-ray energies and intensities in the 125-keV region. Figure
8.7 shows this spectral region; the plutoniumXK x rays at 116.3, 117.3, and 120.6 keV
(omitted from Table 8-5) complicate the analysis of this region by making it difficult
to find an interference-free background region below 124.5 keV. High-burnup material
(solid line, Figure 8.7) generally gives a stronger 24 1Am peak but a weaker 239Pu peak

than low-burnup material does. For high-burnup material, the precision of the 239Pu
peak at 129.29 keV is worse because there is less 239Pu in the sample and because
the background continuum under the peak is usually higher as a result of the intense
241 pu and 23 7 U gamma rays at higher energies.

Table 8-5. Peak energies and intensities in 125-keV region*
Energy. Branching Ratio Error Activity

Isotope (keV) (photons/dis) (%) (photons/s-g)
23 9

pu 119.708 3.000 x 10-7 2.00 6.8825 x 102
24 1pu 121.200 6.850 x: 10-9 2.6197 x 104
241AM . 122*994 1.000 x 10-5 0.80 1.2655 x 106
239pu 123.620 1.970 x 10- 6.00 4.5195. x 102
2 39

pu 124.510 6.130 x 10-7 3.00 1.4063 x 103
239pu 1254210: 7.110 x 10-7 2.00 1.6311. %x 103
241Am 125.292 4.080 x 10-5 0.50 5.1633 x 106
239 pU 129.294 6.260 x 10-5 0.20 1.4361 x 105

aRef. 9.
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Fig. 8.7 Gamma.ray spectrum of PuO2 in the 125-
keV region measured with a HPGe detector
with resolution of 490 eV at 122 keV. Iso-

• topic compositions (wt%): (solid line) 238,
0.378%; 239,. 78.89%; 240, 15.28%; 241,
4.42%; 242, 1.04%; 2 4 1 n, 14 300 ,uglg
plutonium; and (dashed line) 238, 0.016%;
239, 93.51%;. 240,. 6.15%, 241, 0.28%; 242,0.039%; 24J Am, 480 1g/g plutonium.

&3.4 The 148-keY Region

The two most important peaks in the 148-keV region are the 148.57-keV 2 41 pu peak

and the 152.68-keV 23 8
pu peak. The 148.57-keV peak is the only useful gamma ray

outside of the complex' 100-keV region that comes directly from 
2 4 1 pu. The 152.68-

keV peak, although weak, is often the only useful gamma ray from 
2

1
8
Pu above

100 keV. (In some high-burnup samples, the 766.4-keV peak can be used for 2 3 spu

measurement.) The 144.21- and 143.35-keV 
239

pu lines are often. used in isotopic

composition measurements; however, in mixed-oxide samples the 
2 3 5

U gamma ray at

143.76 keV can be an interference. Americium-241 peaks at 146.56 and 150.11 keV

complicate window settings and background determination for methods that use sim-

ple channel summation procedures to determine peak areas. An additional interference
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can arise in systems that use a 10 9Cd reference source (Refs. 11 and 12). Here,
the 88.04-keV '°Cd gamma ray can sum with the 59.54-keV 2 41 Am gamma ray to
produce a pileup peak at 147.6 keV. Other sum peaks can interfere with the 152.68-
keV 238Pu peak (U Ka2 at 94.66 keV plus 241Am at 59.54 keV equals 154.2 keV).

The weak 153-keV 238pu peak is usually on a high background continuum and
yields a poor precision for low-burnup (0.01 wt% 238pu) material. The precision can
be as poor as 10% for typical measurements. It is widely recognized that the branching
ratio of the! 153-keV gamma ray is approximately 2.5% lower than the value cited in
Table 8-6. Branching ratio biases are discussed :in Ref. 19. Figure 8.8 shows a plot
of the peaks in this region from high- and low-burnup material.

Table 8-6. Peak energies and intensities in 148-keV region'

Energy Branching Ratio Error Activity
Isotope (keV) (photons/dis) (%) (photons/s-g)
239Pu 141.657 3.200 x10-z 2.001 7.3413 x 102
239Pu 143.350 1.730 x 110-7 4.00 3.9689 x 102
Mpi 144.211 2.830 x 10-6 0.60 6.4925 x 103

239Pu 146.077 1.190 x 10-6 0.60 .2. 7300 x 10
241Am 146.557 4.610 x 10o- 1.00. 5.8340 x 105
241pu 148.567 1.870 x 10-6 0.30 7.15,16 x 106
241Am 150.110 7.400 x 10-7 2.00 9.3648 x 104
2 38pu 152.680 9.560 x 10-6 0.50 6.0544 x 106

aRef. 9.

8.3.5 The 160-key Region

For a single detector system not using .the 40- or 100-keV region, the. 160-keV
complex is the only one that can be used for measuring 240pu. Table 8-7 lists the
energies and intensities of the major gamma rays in the 160-keV region. The 240pu
gamma ray at 160.28 keV has strong interferences from 241pu at: 159.95 keV and
239p.u at 160.19 keV. This three-peak complex (Figure 8.9) is only partially resolved
from the 161.45-keV 239pau line. Peak-fitting, peak-stripping,; or response-function
methods must ':be used to isolate the 240Pu intensity. The statistical precision of the
240pu component is seldom measured to better than -2%.

The: itensity of. the. entire complex increases with, increasing burnup, but the frac-
tional contribution from 240 Pu decreases. Table 8-8 illustrates how the relativefraction
of 24°pu in the 160-keV complex decreases from almost 70%. for material with 6%
24Opul to 25% forý material with 20% 240 pu This decrease occurs because 2 41Pu

increases more rapidly than 24 0 Pu as bumup increases.
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Table 8-7. Peak energies and intensities in 160-keV regiona

keV

Energy Branching Ratio Error Activity
Isotope (keV) (photons/dis) (%) (photons/s-g)
23 9pU 158.100 :1.000 x 1o8 10.00: 2.2942 x 101
241Pu 159.955: 6.740 x W0" 2.5776 x 105

239Pu 160.190 6.200 X 10-8 20.00: 1.4224 X 102
24°pu 160.280 4.020 x 10- 0.70 3.3756:X 104
239pu 161.450 1.200: x 10-6 0.40 2.7530 X IOa
23 7 u 164.580 .4.526 x 10"7 0.50 1.73 .11 x .06 b

241Am 164.580 6.670 x 10,7 3.00 8.4410 x 104
ýQAm 165.930 2.320 x: 10 4.00 2.9360 x 104
4Ref. 9.
6Uranium-237 activity computed assuming 2 4 1Pu-2 3 7 U equilibrium. Uraniuni-237
branching ratio includes 2.46 x 1O- 24 10 p alpha branch to 2 3 7 U.
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Fig. 8.9 Gamma-ray spectrum of Pu02 in the 160-
keV region measured with a HPGe detector
with resolution of 490 eV at 122 keV. Isotopic
compositions (wt%): (solid line) 238, 0.378%;
239, 78.89%; 240,15.28%; 241, 4.42%; 242,
1.04%; 241Am, 14 300 /Ig/g plutonium; and
(dashed line) 238, 0.016%; 239, 93ý51%; 240,
6.15%; 241, 0.28%; 242, 0.039%; 241Am
480 /sg/g plutonium.

Because the 164.58-keV peak comes from the 237U daughter of 241PU, it can be
used for 241Pu only after equilibrium has been attained. A correction is often made for
the 241Am contribution to the 164.58-keV peak. The summing of x rays and gamma
rays from the 100-keV region with the 59.5-keV 2 4 1Am gamma ray can interfere
with the 160-keV complex. These sum peaks can be eliminated by using a filter to
selectively absorb gamma rays and x rays from the 60- and 100-keV regions before
they interact with the detector (Ref., 20). In mixed-oxide samples, the 235U gamma
ray at 163.35 keV can interfere with the 164.58-keV peak if the ratio of 23"U to 241pu
is greater than approximately 1.5.
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Table 8-8. Components of 160Ake" complex.

Percentage of 160 Complex
Isotope Weight Percent from Indicated Isotope

239 93.5 4.5
240 6.0 69.1
241 0.3 26.4

.239 86.0 1.5
240 12.0 50.4
241 1.5 48.1

239 67.0 0.3
240 20.0 24.6
241 8.0 75.1

8.3.6 The 208-keV Region

The strong 24 1
pu-

23 7
U peak at 208.00 keV dominates the 208-keV region. Usually

it is the most intense peak in the spectrum. It has a contribution from 2 41Am that
becomes approximately 1% (relative) after 4 yr. Because this gamma-ray comes from23

1U, it can be used only for aged samples. Its strength and freedom from interference

make it suitable for shape and energy calibrations for analysis methods using peak
fitting or response functions. For mixed oxides, 23U peaks at 202.1 and 205.3 keV
can interfere with the 203.54-keV 2 3 9aP line. The 23 9pu/24 1pu ratio formed with the
203.54/208.00 line pair gives best results for low-bumup material., For high-burnup
material, the precision of the 203.54-keV ! 239Pu peak becomes worse because of the
Compton background and the long tail from the very strong 208.00-keV 23 TU peak.
High 2 41Am (,-.4%) can, cause a few tenths of a perceit interference with the 203.5-
keV peak; however, the effects of this interference can be removed easily. Table 8-9
and Figure 8.10 list and: display the pa eters and spectral features of the 208-keV
region.

8.3.7 The 332-key Region

The 332-keV region has contributions from 241 pu-237U, 241Am, and 23gPu as shown
in Table 8-10 and Figure 8.11. For high-burnup aged material the ratio of the 345.01-
keV 2 3 9 P peak to the 332.35-keV 24 1PuU2 3 7 U peak is useful for measuring the
239 Pu/241Pu ratio. Both the 332.35- and 335.40-keV peaks from 2 4 lpuIr 7 U contain
very close interferences from 239Pu peaks. In Figure 8.11, the plot of a very low-
biumnup sarnple (98% 2 39 pu) illustrates how close these two interferences are. Table
8-1 igives the relative magnitudes of these 23 9 Pu interferences for different isotopic
compositions. After the 239Pu interferences are removed, the two: peak complexes are
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left with both 2 4 1 pu-2 3 7 U and 241Am components that can be used to measure the
24 1Pu/24'Am ratio (Ref. 3). Peak fitting, peak stripping, or response functions are
required to analyze this region.

Table 8-9. Peak energies and intensities in 208-keV region'.

Energy Branching Ratio Error Activity
Isotope (keV) (photons/dis) (%) (photons/s-g)
239Pu 203.537 5.600 x 10-6 0.20 1.2847 x 104
241Am 203.870 2.900 x 10-8 6.00 3.6700 x 103
23 7 U 208.000 5.338 x 10-6 0.20 2.0415 x 107 b
24 1Am 208.000 7.910 x 10-6 0.50 1.0010 x 106

aRef. 9.
bUranium-237 activity computed assuming 24 1pu-23

7U equilibrium. Uranium-

237 branching ratio includes 2.46 x 10-5 241 Pu alpha branch to 237U.

IoT

* -
3

•U .NAn, 208.00

239 203.54

10..

-.J

zFig. 8.10 Gamma-ray spec- z
trum of Pu02 in the <
208-keV region mea- 0 10
sured with a HPGe
detector with resolu- W
tion of 490 eV at 122 z
keV. Isotopic compo-
sitions (wt%): (solid 0
line) 238, 0.378%;
239, 78.89%; 240, 10 ............ . ......

15.28%; 241, 4.42%; . ...". "'.

242, 1.04%; 241Am,
14 300 jiglg'pluto-
nium; and (dashed
line) 238, 0.016%;
239,93.51%; 240, 1 6. 4
6.15%; 241, 0:28%;
242, 0.039%; 24'Am, 200 205 210

480 itg/g plutonium. keV

215
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Table 8-10. Peak energies and intensities in 332-keV regiona

Energy Branching Ratio Error Activity
Isotope (keV) (photons/dis) (%) (photons/s-g)
237u 332.354 2.977 x 10- 7  0.30 1.1384 x 106 b
2 4 1 Am 332.354 1.490 x 10-6 0.30 1.8856 x 10"
239Pu 332.838 5.060 x 10-6 0.20 1.1608 x 104
237u 335.405 2.386 ×x 10-8 1.00 9.i258 x 104 b
241Am 335.405 4.960 x 10-6 0.30 6.2769 x 105

"
23 9

Pu 336.107 1.134 x 10-6 0.30 2.6016 x 103

241.Am 337.720 4.290 x 10-s 5.00 5.4290 x 103
237U .u 337.720 2.189 x 10-9 5.00 8.3732 x 103 b237U 340.450 4.059 x 10-10 20.00 1.5523 x 103 b
23 9 pu 341.510 6.620 x 10-7 0.40 1.5187 x 103
23 9

pu 345.014 5.592 x 10-6 0.20 1.2829 x 104

'Ref. 9.
bUranium-237 activity computed assuming 241pu- 237U equilibrium. Uranium-

237 branching ratio includes 2.46 x 10-5 241pu alpha branch to 237 U.

Table 8-11. Components of 332 and 336 complexes (24'Am neglected)

Weight Percentage of 332 Complex Percentage of 336 Complex
Isotope Percent from Indicated Isotope from Indicated Isotope

239
241

239
241

239
241

93.5
0.3

86.0
1.5

67.0
8.0

76.1
23.9

36.9
63.1

7.9
92.1

89.9
10.1

62
38

19.3
80.7

8.3.8 The 375-keV Region

The 375-keV region, shown in Figure 8.12 and Table 8-12, has components from
the same isotopes as the 332-keV region: 241pu-237U, 24 1Am, and 23 9 Pu. For all

isotopes except 239Pu, the branching ratios are lower than in the 332-keV region, so
the isotopic information will be less precise. The strong 375.04-keV sI 9pu peak is
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often used for relative efficiency determination. The 241Am interference at 376.59 keV
becomes bothersome above concentrations of a few thousand micrograms per gram
of plutonium.

106 - J~~$.~

2 
4, .33235

24p _23?U 315
2 

A 
3 9

Pu 335 .11
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24 
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33772
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Fig. 811 Gamma-ray spectrum of PuO2 in the 332-key
region measured with a HPGe detector with
resolution of 490 eV at 122 keV. Isotopic com-
positions (wt%): (solid line) 238, 0.0024%;
239, 97.96% 240, 2.01%; 241, 0.020%; 242,
0.0030%; 24WAM, 11 pglg:plutonium; and
(dashed line) 238, 0.378%; 239, 78.89%;
240, 15.28%; 241, 4.42%;. 242, 1.04%; 4AJ,

14 300 sgIg plutonium.
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Fig. 8.12 Gamma-ray spectrum of PuO2 in the 375-keV
region measured with a HPGe detector with
resolution of 490 eV at 122 keV. Isotopic com-
positions (wt%): (solid line) 238, 0.0024%;
239 97.96% 240. 2.01%; 241, 0.020%; 242,
0.0030%; 24JAm, 11 Iuglg plutonium; and
(dashed line) 238, 0.378%; 239, 7889%'
240, 15.28%; 241, 4.42%; 242,1.04%; '41Am
14 300 1ug/g plutonium.

8.3.9 The 640-keV Region

Figure 8.13 and Table 8-13 show the characteristics of the 640-keV region. This is
the only region above 160 keV that can be used for measuring 240Pu. The region is
useful only for large samples because of the low intensity of the 642.48-keV 240 PU

gamma ray. Nearby peaks from 239Pu and 241Am complicate the region. The 645.97-
and 662.42-keV peaks are useful for measuring 239Pu and 24'Am. The other gamma
rays in the region are not generally used but must be considered for peak-fitting or
response-function analysis.
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Table 8-12. Peak energies and intensities in 375-keV region ,
Energy Branching Ratio Error Activity

Isotope (keV) (photons/dis) (%) (photons/s-g)
2 3 9 NPU 367.050 8.650x i0 . 0.30x 1.9844 X 103
239pu 368.550 9.030 x i0-7 0.30 2.0716 x i03
2 3 7 U 368.605 1.055 x 10-8 2.00 4.0360 x 104 b

241Am 368.605 2.170 x 10-6 0.30 2.7462 x 105
237u 370.934 2.713 x 10-8 1.40 1.0377 x I0G b
2 4 1

Am 370.934 5.230 x 10-7 0.80 6.6186 x 104
2 3 9 pu 375.042 1.570 x 10-1 0.10 3.6018 x 104
241Ar 376.595 1.383 x 10-6 0.70 1.7502 x 105
2 3 9

pu 380.i66 3.051 x 10-6 0.20 6.9995 x 103
23Mpu 382.751 2.587 x 10-r 0.20 5.9350 x 103
241Am 383.740 2.820 x 10-7 1.50 3.5687 x 104

aRef. 9.
bUranium-237 activity computed assuming 241pu- 23 7 U equilibrium. Uranium-

237 branching ratio includes 2.46 x 10-1 241Pu alpha branch to 237U.

A large-volume coaxial detector (10% relative efficiency or greater):should be used
in the 640-keV region; analysis schemes that also analyze data from the 100 to 400-
keV region should'use two detectors (Ref. 20).

If fission products such as 95Zr-9 5
Nb and 1 3 7 Cs are present in the sample, their

gamma rays will complicate the analysis of the 640-keV region.* A fission product
concentration as low as 10,jsCi/g Pu can make the analysis of this region impossible.

8.4 MEASUREMENT PRINCIPLES .

8.4,1 Measurement of Isotopic Ratios

The photopeak area for any single gamma ray can be written as

C(E,) = A' N" BRj E(E3) (8-1)

where C(Ej) = photopeak area of gamma ray j with energy Ej emitted from iso-
tope i

A\ = decay constant of isotope i(A' = In 2/TM, 2, where Ti/ 2 is the half-
life of isotope i)

N' = number of atoms of isotope i
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BR'ý =

zz

£0

branching ratio (gamma rays/disintegration) of gamma ray j from

total efficiency for photopeak detection of gamma ray with energy
Ej. Includes detector efficiency, geometry, sample self-absorption,
and attenuation in materials between the sample and detector.

030 640 650 660 670

keV
Pig. 813 Gamma-ray spectrum in the 640-key region.

Dashed line: 530 g of plutonium as PuO2
measured with a coaxial HPGe detector (at
1332 keV: efficiency = 10.2%, FWHM = 1.65
keV). Isotopic composition (wt%): 238, 0302%;.
239, 82.49%; 240, 13.75%; 241, 2.69%; 242,
0.76%; 241Am, 11 800 uzg/g plutonium. Solid
line: 5008 of plutonium metal measured with a
coaxial HPGe detector (at 1332 keV: efficiency
= 11.7%, FWHM = 1.75 keV). Isotopic com-
position (wt%): 238, 0.012%; 239, 93.82%;
240, 5.90%; 241, 0240%; 242, 0.028%; 24 1Am,
630 utglg plutonium.
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The photopeak area can be written also in terms of the masswof the isotope as

C(E)-4j Mi e(Ej)

where = photon emission rate of gamma ray j from isotope i in y/s-g
Mi = mass of isotope i (g).

0(8-2)

Table 8-13. Peak energies and intensities in 640-keV region'
Energy Branching Ratio Error Activity

Isotope (keV) (photons/dis) (%) (photons/s-g)
241Am 633.000 1.260 x 10-8 15.00 1.5945 x 103
239pu 633.150 2.530 x. 10- 1.20 5.8042 x 101
23 9 PU 637.837 2.560 x 1078 1.20 5.8730 x 101
239pu 640.075 8.200 x 10-s 0.60 1.8812 x 102
24 1

AM 641.420 7.100 x 10-8 4.00 8.9851 x 103
240pu 642.480, 1.245 x 10-7 1.00 1.0454 x 103.
239Pu 645.969 1.489 x 10-1 0.40 3.4160 x 102
239pu 649.321 7.120 x 10-9 7.00 1.6334 x 101
239PU 650.529 2.700 x 10-9 15.00 6.1942 x 100
239pu 652.074 6.550 x 10-8 0.60 1.5027 x 102
24XAm 652.960 3.770 x 10-7 2.00 4.7710 x 104
239PU 654.880 2.250 x 10-8 1.20 5.1618 x 101
2 3 9 pU 658.929 9.690 x 10-8 0.70 2.2230 x 102
24 1

Am 662.420 3.640 x 10-6 0.30 4.6065 x 105
239pu 664.587 1.657 xý 10-. .1.60 3.8014 x 101
239Pu 668.200 3.930 x 10-1) 30.00 9.0160 x 10-1

aRef. 9.

These two equations may be rearranged to give expressions for the; atom and mass
ratios of two isotopes. The atom ratio is given by

. ) 2 BRj RE(Em)Nk C(Ei)XT•/ 2 XB x R(E-.

The similar expression for the mass ratio is

M= C(EV.) ,, RE(E3 )
.•-k =• x. • RE(Ej----)

(8-3)

(8-4)

In Equations 8-3 and 8-4, the photopeak areas C(E) are measured and the half-lives
T1/2, branching ratios BR, and photon emission rates -j are either known or can
be calculated from nuclear data. The total efficiency has been expressed in terms of
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the relative efficiency RE. Geometry factors. cancel and the relative efficiency ratio
includes only sample self-absorption, attenuation in materials between the sample and
detector, and detector efficiency. The use of an efficiency ratio rem•oves the need for
reproducible geometry-and makes the isotopic ratio method applicable to samples of
arbitrary size, shape, and composition.

A relative efficiency curve can be determined from the measured spectrum of every
sample. Equations 8-1 and 8-2 give the following proportionality for gamma rays
from a single isotope i:.

C(EM) C(E) (8-.)
e(Ej) ocRE(E3 ) oc B -R ( Y (8-)

BRII •, .". .. .. " ,

Because efficiency ratios are used in Equations 8-3 and 8-4, only the shape of the
relative efficiency curve is important; either of the ratios given in Equation .8-5 can
be used. The peak areas C(E) of strong, interference-free gamma rays from a single
isotope are used to define the relative efficiency curve. Curve-fitting (Ref. 17) or
interpolation techniques are used to define the relative efficiency at energies between
the measured points. To better define the shape of the relative, efficiency curve, points
from more than one isotope. can be used by nonnalizing one isotope to another (Refs.
17 and 18). Gamma rays :from 239Pu and 2Pu-

2 3 7 U are most often used to define
the relative efficiency curve in the range from: 130 to 450 keV. Figure 8.14; shows
two examples of measured relative efficiency curves.

It is: advantageous to use closely spaced gamma rays to:measure isotopic ratios
because the relevanit relative efficiency ratios will be near unity. However, the relative
efficiency correction must be applied even for closely spaced lines in the 120- to 200-
keV region. A' typical correction for the 152.7-k6V/148.6-keV, ratio ( 238 puW41 Pu) can
be 10%.

After appropriate isotopic :ratios are measured, it is usually desirable to calculate
absolute isotopic fractions. The sum of all isotopic fractions must equal unity. Ne-
glecting 242 Pi, this implies that

J1= f238 + f239 + f240 + f241 (8-6)

where f3 is the isotopic fraction of isotope i.

Dividing Equation 8-6 by f24 1 gives

I f238 + f239  f240

f24=h 1 + f-241f241+ (
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.Fig. 814 Typical relative efficiency curves.for a 200-mm2 by 10-mm-deep planar HPGe
detector (239Pu peaks are indicated;with solid circles and 24iP.3 7U peaks
with solid triangles). Both curves are normalized to 1.00 at 414 keV. The curve
obtained for the 870-g Pu02 Sample shows the effect of higher attenuation.

Equation 8-7 expresses the isotopic fraction of 241pu (f241 ) in terms of the three
measured ratios f2 3/f 24 1, f239/f241, and f240of 241. The remainder of. the isotopic
fractions are obtained from

fi f241 X [ J 238, 239, 240. (8-8)

Section 8.5.3 discusses the incorporation of 242PU into this analysis, If the ratio of
24 1Am to any of the plutonium isotopes (usually 239PU) has been measured, then the

absolute fraction of 241Am can be calculated from

fA~'-- fi X fAn.

f'•i (8-9)
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Note that this formula gives the weight or atom fraction of 241Am in the sample with
respect to total plutonium, not total sample.

The isotopic ratio method may be applied to samples of arbitrary size,, shape, and
composition. The method works as long as the plutonium isotopic composition and the
Am/Pu ratio are uniform throughout the sample. The plutonium may be nonuniformly
distributed as long as the above uniformity is present. A method was developed at
Mound Laboratory to measure electrorefining salt residues that have, a nonuniform
Am/Pu ratio (Ref. 21).

8.4.2 Measurement of Absolute Isotopic Mass

Although the ratio method discussed in Section 8.4.1 can be applied to arbitrary
samples, a more specialized method can be used to measure samples with reproducible
geometries. The absolute measurement of isotope mass has been used by Gunnink'
and coworkers (Refs. 4, 12, and 16) for solution samples. This method uses the
equation

C(E) = Kjm (8-10)

where C(Ej) = photopeak area of gamma ray j with energy Ej emitted from iso-
tope i

Ký = calibration constant for gamma rayj from isotope i

i = mass of isotope i in sample.

Reference standards that have the same geometry as the unknown samples are used
to determine the calibration constants. Self-attenuation corrections may be needed
to account for differences between calibration standards and unknowns. The size
and shape of the samples are carefully chosen to minimize (but not eliminate) self-
absorption corrections. Given the mass of each isotope in the sample, the isotopic
fractions are obtained from

241 (8-11)fi --- 241

i=238

8.4.3 The 242pu Isotopic Correlation

Plutonium-242 cannot be measured directly because of its low activity, low abun-
dance, and weak gamma rays. Instead, isotopic correlation techniques (Ref. 8) are
used to predict the 242 pu abundance from knowledge of the other isotopic fractions.
It is well known that correlations exist among the plutonium isotopic abundances
because of the nature of the neutron capture reactions that produce the plutonium
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isotopes in nuclear reactors. Because these correlations depend upon the reactor
type and details of the irradiation history, it.is difficult ,if not impossible, to find a
single correlation that is optimum for all material. Gunnink (Ref. 8) suggests thatuthe
correlation

K(240X241) (where 242 = f242) (8-12)
(239)2

is linear and relatively independent of reactor type. When the isotopic fractions are
given in weight percent, the constant K equals 52. One disadvantage to this correlation
is that it:depends on 2 4 1pu, which decreases in absolute abundance by about 5% per
year. The correlation works best if the 24 1pu abundance can be corrected to the
time of fuel discharge from the reactor. When the discharge time is not known, a
partial correction can be made by adding the quantities of 241Am to theý 241Pu before
computing the correlation. The total gives the 24 1pu content at the time of the last
chemical separation.

A correlation not involving 241Pu has been.suggested (Refs. 8 and 22):

K(240)3

242 (239)2 (8-13)

This correlation is linear for a given reactor type, but the slope K depends on reactor
type.

After the isotopic fraction of 242Pu has been determined using a suitable correlation,
known value, or stream average, the other isotopic fractions should be corrected using

i= fi(1 - f 2 42 ) (8-14)

where Fj are the normalized isotopic fractions including 242Pu. This correction renor-
malizes the fractions so that the sum over all the plutonium isotopes equals unity.

8.5 DATA ACQUISITION

8.5A.1 ectronics

A detailed discussion of the instrumentation used for gamma-ray spectroscopy is
presented in Chapter 4.. Plutoniu n isotopic measurement systems use conventional,
high-quality, nuclear instrumentation modules (NIM). Digital gain and zero-point sta-
bilization are required for methods using channel-summation or response-function
methods to evaluate peak areas. A multichannel analyzer (MCA) with a 4096-channel'
memory is used. for most applications. Systems that use two detectors require two
analog-to-digital converters and an 8192-channel memory.
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The extensive data analysis requirements dictate that the MCA be interfaced-to a
computer. A 16-bit minicomputer with a.32-kword memory is adequate. A disk is
needed for-program and data file storage.i -Simple analysis can be done with pro-
grammable calculators after peak areas are obtained.

8.5.2 Detectors

All data analysis methods, benefit from the use of a detector that gives the best pos-
sible resolution and peak shape. These parameters are most important when selecting
a detector for a plutonium isotopic system. A planar, high-purity-germanium detector
is used in most applications. A detector with a front, surface area of 200 mmi2 and a
thickness of 10 to .13 mm gives. a% good trade-off between, resolution and efficiency.
Such: detectors are available commercially with a resolution (full width at half max-
imum) better than 500 eV at 122 keV. A peak-shape: specification :of 2.55: or: better
for the ratio0of full width .at one-fiftieth maximum to full'width at half maximum at
122 keV helps ensure good peak shape. Good detectors give values of 2.5 or below
for this parameter. The low efficiency of planar detectors restricts their use to regions
below, 400 keV. High-quality coaxial detectors can be used in the 100- to 400-keV
region, but their lower resolution complicates the analysis of partially resolved peaks
using channel-summation methods.

A coaxial detector with a relative, efficiency of 10% or higher is required for mea-
surements inthe 600-keV regiop -Again, resolution .is important. The very best
resolution may negate the need to peak fit the entire 600-keV region (Ref. 17).
Resolutions of.1.7 keV or better at 1332 keV are available.

8.5.3 Filters

Filters must be used in nearly all situations to reduce the count rate from the
59.54-keV 241Am gamma ray that dominates the unfiltered spectrum. from any aged
sample. If the detector is unfiltered, the americium peak will cause unnecessary
deadtime and will sum with x rays and gamma rays in the 100-keV region to produce
interferences in the 150- to 165-keV region. Typical filters use 0.15 to 0.30 cm of
cadmium and 0.025 cm of copper to selectively absorb the 59.54-keV gamma ray. A
reasonable rule of thumb is to design the filter to reduce the 60-keV peak height to juSt
less than the peak heights in the 100-keV region. A thicker filter will unnecessarily
reduce the intensity of the important plutonium peaks in the 120- to 200-keV area (see
Section 8.3.3). A further test for ari adequate filter is to check that the region between
153 and 160 keV is f':iat and contains no sum peakis(Ref. 20)y A more complete
discussion of filter design is given in Chapter. 2.

Little, if any, filteringi. need for freshIly] separat"d samples (no 241Am or 237U)

when using the 100-keV iegio*niorr the 40-keV region. If the detector is shielded with
lead, the shield is often'lined with appriximately 0.25 cm of cadmium to suppress
lead x rays (72 to 87 keV) that would otherwise app6ar in the spectrum.,:



Plutonium Isotopic Composition by Gamma-Ray Spectroscopy 251

8.5.4 Count Rate and Sample/Detector Geometry

The sample-to-,detector distance or. detector collimation is varied to achieve the
desired:count rate. The count rate is usually kept: below 20.000 counts/s to maximize
resolution. Developments in high-count-rate:spectroscopy.(Refs. 23 and 24) may soon
allow the use of a much higher count rate.. Count rates as .high .as 60 000 counts/s
have been documented. for plutonium. isotopic measurements.(Ref. 25).,.:

Solution measurements use. a fixed sample :geometryl and a disposable vial or a
refillable cell. The. sample: thickness is chosen to optimize the measurement with
respect to concentration and energy considerations.

If small samples are placed too close to the detector, gamma rays emitted in cascade
may cause coincidence sum peaks. in ýthe, spectrum because of the large solid angle
subtended by the detector (Ref. 19). An example of .this effect, is the coincidence
summing: of the 129- and 203-keV gamma rays from:23gpu;.the sum ,.peaks can
interfere with the 332-keY complex from 241pu-237 U. An effect of 1.6%. has been
noted in the 332-keV region using a planar detector and a sample-to-detector, distance
of 3 to 4 cm. Large samples are generally placed at a greater distance fromrthe
detector, making this effect less important.

Large plutonium samples have high neutron emission rates; 1 kg of plutonium emits
1 to 2 x 10i n/s. High neutron exposure is known to damage germanium detectors
and degrade detector.resolution. It is difficult to minimize this effect, because, .as the
sample-to-detector distance is increased, the count• time must be increased and the
neutron dose remains essentially constant.

8.5.5 Count Time

The count time required to produce the desired precision is a. function of the spectral
region studied. In the 40- and 100-keV regions; count times. of 1000 s to 1. h are
usually satisfactory. Count times of 1 or 2 h or longer are often necessary when
using gamma rays above 120 keV to measure high-mass samples, although in some
situations samples as small as 10 g can be measured to better than 1% in less than
30 min. Small samples (1 to 2 g or less) may require overnight measurement times.
For large samples, simple verification of the 239pu/241Pu ratio may take only a few
minutes. Some specific examples are discussed in Section 8.7.

8.6 SPECTRAL ANALYSIS

This section discusses spectral analysis techniques used for the measurement of
plutonium isotopic composition. A general and more complete discussion of the
methods used to determine photopeak areas is given in Section 5.3.
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8.6.1 Region-of-Interest Summation

Region-of-interest (ROI)-summation or channel-summation techniques are often
used to determine photopeak areas for plutonium isotopic composition measurements
because they are easy to implement, understand, and use. Both linear and smoothed-
step4function backgrounds are used. ROI-sumrnation techniques work well to deter-
mine the areas of single isolated gamma-ray peaks but are less. satisfactory for the
analysis of overlapping peaks such as those found in the 125-, 160-, 332,1 and 375-
keV regions of the plutonium spectrum. When ROI summation is used to. obtain the
total area of a multiplet, the individual: components canr be isolated. by an integral
stripping method using neighboring peaks and known relative efficiency differences.
This analysis generally leads to a loss of precision.

Electronic spectrum. stabilizers are: often included in systems that use ROD-
summation techniques.:: The background windows must be chosen carefully so that
they do not include any of the numerous weak plutonium or 241 nAm gamma-ray peaks.
This is particularly critical when measuring materials with high americium concentra-
tion.

8.6.2 Peak Fitting

A detailed description of peak-fitting techniques is given in Section 5.3. The tech-
niques developed by Gunnink and coworkers at Livermore (Ref. 26) are widely used
for both plutonium isotopic measurements and general gamma-ray spectroscopy. The
GRPANL program (Refs. 27 and 28) was developed by Gunnink specifically to ana-
lyze the multiple peaks of the plutonium spectrum; it also forms the basis for the area
determination routines of the GRPAUT program (Ref. 17) used at Mound Laboratory.

Both GRPANL and GRPAUT use a smoothed-step-function background and a Gaus-
sian function With an exponential tail to describe the photopeak. The equation for the
photopeak fufiction is

Yi= Yo{exp Ia (Xj - Xo)2] + T(X,)} (8-15)

where Yj = net counts in channel X, for a single peak
YO = peak amplitude

a = -4 In 2/(FWHM)2 = 1/2oa2 where a is the standard deviation of
the Gaussian function

X0= peak centroid
T(X) = tailing function at channel Xi.

The tailing function is given by

T(X,) = {A exp[B(Xi - Xo)] + C exp[D(X1 - Xo)] }
x {1 - exp(O.4a(X, - Xo) 2]}6 (8-16)
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where A and C = short- and long-term tailing amplitude
B and D = short- and long-term tailing slope

6 = 1for Xi <:Xo
6 = OforX,>Xo. •

The second term brings the tailing function smoothly to zero at X0 as shown in
Figure 8.15. For many applications the long-term tail can be neglected (C = 0); for
large multiplets with strong peaks, it should be included.
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Fig. 815 Gamma-ray photopeak obtained
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Gaussian, (2) short-term tail-
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tributlons to spectral peak shape
(Ref. 28).
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When all seven parameters in Equations 8-15 and 8-16 are treated as free parameters,
the peak-fitting process is usually slow, although today's computers often permit a
sufficiently fast: analysis. Fortunately, many of the parameters can be predetermined
(see Section 5.3). The peak positions Xo and width parameters a can be determined
from two strong, isolated, reference peaks such as the 148- and 208-keV peaks from
2 4 1

p% and 23 7U. Because the gamma-ray branching ratios are well known, the relative
intensities of peaks from the same isotope can be fixed.

Experience (Ref. 26) shows that the short-term tailing slope B is constant for a
given detector system and should be measured for a high-energy peak where tailing
is large. The short-term tailing amplitude A is given by

In A = kj + k2E -. (S-I7)
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After B has been fixed, A can be determined from the two: peaks that were used to
determine the peak positions and width parameters.

If the long-term tailing is zero, the only free parameters are the peak amplitudes Y0 ,
and the fitting procedure is relatively fast. GRPANL allows other parameters to be free,
but this increases the analysis time. The step-function background is determined first
and subtracted from the acquired spectrum. GRPANL uses an iterative, nonlinear least-
squares technique: (Refs. 26 and 27) to fit the residual photopeak activity. Because the
method is iterative, the analysis time depends on the number ofpeaks, the number of
free parameters, and the type of computer system. Typically,' analysis of a plutonium
spectrum containing over 50 peaks in 15 groups in the 120- to 450-keV range takes
about 10 min on a Digital Equipment. Corporation PDP- 11/23 computer or 3 to 4 min
on a PDP- 11/73. The analysis time is usually much shorter than the data accumulation
time.

GRPANL can fit x-ray peaks that have a different intrinsic line shape (Lorentzian)
than gamma rays (Ref. 29). This feature is necessary to fit peaks in the 100-keV
region.

8.6.3 Response-Function Analysis

Response-function analysis uses the principles discussed in Section 8.6.2 to calculate
the shape of the detector response to a particular isotope in a particular energy region.
The peak-fitting procedure assigns a separate term with the form of Equation 8-15 to
each photopeak in the analysis region and allows some or all of the shape parameters
to be free. The response-function analysis uses:the same equation but fixes all shape
parameters and the relative amplitudes Y0 of all the peaks from the same isotope; the
only free parameters in the fitting procedure are the amplitudes ýof the isotopes that
contribute peaks to the analysis region. The fitting procedure is reduced to a linear
least-squares analysis that can be quickly solved.

The peak-shape characteristics of the detector must be known or determined from
the spectrum of the sample under study. If the parameters are determined directly from
each spectrum, variations that are due to different count rates or instrumental changes
are automatically registered, (The procedure used to determine peak positions and
shape parameters, is discussed in Sections 5.3 and 8.6.2.) Given the shape parameters
and.positions for all gamma-ray peaks, it is easyto compute the response profile of
each isotope in the analysis region. Response-function analysis has been used to fit
the complex. 100-keV region (Refs. 4, !2, and 16) and the many regions between

120 and 370 keV (Refs. 30 and 31). The formalism of Ret, 29, should be used to
compute x-ray line shapes when analyzing,the I00-keY region.

8.7 IMPLEMENTED SYSTEMS

This section discusses the characteristics and performance of four plutonium isotopic
measurement systems that are in routine use in the United States.
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Fig. 8.16 Plutonium isotopic system implemented at Rockwell-Hanford. (Photo courtesy of
R. A. Hamilton, Rockwell-Hanford.)

8.7.1 Rockweli-Hanford Company

.The Rockwell-Hanford Company uses a plutonium isotopic measurement system in
conjunction with a calorimeter to measure the plutonium content of solid samples of
plutonium oxide, metal, mixed oxide, impure oxide, and scrap (Ref. 32). The system
described here was used until 1984; the GRPAUT program, developed at Mound, is
now used. The system, shown in:Figure 8.16, uses four 300-amm 2 by. 7-mm-deep
planaxrHPGe detectors. The sample-to-detector distance is adjusted to give a count
rate of 3000 counts/s; samples are counted for 10 000 s. No sample rotation is used.
Spectra acquired in the MCA are analyzed in an off-line computer. Selected peaks
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in the 120- to 400-keV range are analyzed using the isotope ratio method outlined in
Ref. 3. Only the fundamental branching ratios and half-lives are used in the isotope
ratio expressions. Bias corrections are not made and 242pu is not calculated.

Table 8-14 shows part of:the large volume of performance data obtained during
measurement of 14 standards that span the range from 2 to 24% 2 4 %Pu. In Table 8-14
the measured isotope fractions have been used to calculate the rate of heat production
in each sample; the definition of specific power and its importance to calorimetry are
given in Chapter 21. The measurement precision for the specific power is 0.5 to 1.0%
and the bias is of the same order. When applied to determining the specific power,
plutonium isotopic measurement by gamma-ray spectroscopy is somewhat forgiving.
Biases in one isotope fraction are partially cancelled by the normalization condition
that all isotopes must sum to unity.

Table 8-14. Performance of Rockwell-Hanford isotopic system for specific power

Isotope Fraction.(wt%),.

IsoWope l(oxide). .2(metal) 3(oxide) 4(oxide) 5(oxide) 6,metal) 7(metal)

'RP4. 0.0003 0.0008 ::0.028 0.14 0.064 0.069 0.0892 3PU 97.5.6 .93.73 .91.64 -87.87 86.50 80.77 73.81
2410pu 2.240 6.03 7.65 10.23 11.789 1.10 22.83

2 0.038: 0.21. 0.569 1 .9 1.42 L66 2.26
2 Ain: 0.059 0.138 0.,7 1.26 0.088 1 ..12':;, :2113

No. of measurements
102 103 102 109 98 103 :q101

Pision oftspecific power(%i RSD): calculated from measue eprducibiity:

1.02% 0.72% 0.65 055% 0.84 ,062 0.53

Bias: Specific power from NDA divided by specific power from mass spectrometry values;
0.9914 0.9921 1.003 1.008 1.016. 1.002 1.028

8.7.2 Los Alamos National Laboratory

The Plutonium Processing Facility at Los Alamos has an isotopic composition mea-
surement system that uses an isotopic ratio technique (Refs. 3, 18, and 33). Spectra
are acquired with 200-mm 2 by 10-mm-deep planar HPGe detectors. The sample-
to-detector distance is adjusted to give the desired count rate that may be as high
as 20 000 counts/s. Digital gain stabilization is used so that ROI-summation tech-
niques can be used to evaluate peak areas. Thef spectral regions between :120 and
400 keV are analyzed to determine isotopic ratios. All isotopic ratios are measured
relative to 24 1Pu. Different gamma-ray: ratios are :used for aged and freshly separated
material; Table 8-15 lists the ratios used in the analysis. Equation 8-12 is used to
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estimate 242Pu; a correlation constant of 90 is used for materials with a wide range of
reactor histories. The required relative efficiency ratios are determined from a set of
strong, clean 239Pu and 24 1pu-237 U lines that are normalized to each other. Simple
linear and quadratic interpolation and extrapolation are used to obtain needed ratios.
On-line analysis has been applied to material with 2 to 18% 240Pu: and uP to 2.0%
241Am. The system components are shown in Figure 8.17; the' two detectors can
acquire data from two samples, simultaneously. The existing analysis program can
handle up to four detectors.

Table 8-15. Ratios used in Los Alamos plutonium isotopic system,
Isotopic Gamma-Ray Energy of Samples (keV)

Ratio Aged Freshly'Separated

238/241 152.7/148.6 .152.I7/148.6
239/241!0 345.0/332.4, 1293/148.6

203.5/208.0
240/241 1.603/164.6 160.31148.6
A 9".. i 25.3/129.3 :25;3!i29.3

.169.6/171.3

: Aweighted average of the two: ratios is used.
t•The 24 1Am is usually too low to measure.

Because. ROI-summation techniques cannot separate overlapping peaks, clean
neighboring peaks are used to subtract interferences. Table 8-16 lists the gamma-
ray peaks used for this subtraction. The 241

pP/
2 41Am ratio is determined from the

332-keV region; this ratio is used to subtract the 241AM contribution from the 241Pu-
237U peaks at 164.6, 208.0, '267.5, and 332.4 keV.

The fundamental constants in each isotopic ratio equation are adjusted slightly by
measuring standard reference materials. This procedure compensates for possible bi-
ases in the measured peak areas as might be expected using channel-summation meth-
ods where there are close interferences inmthe 125-, 160-, and 332-keV regions. The
calibration ,standards included a wide variety of plutonium oxide and metal samples
with masses ranging fromwless than 0.5 g to approximately 1 kg.

Figure 8.18 shows the average accuracy of the Los Alamos system; 2 3 9pu, 2 40 Pu,

and 241Pu are measured to better than 0.2% and 2 3 8Pu and 241 Am are measured to a
few percent. These values are limited by the accuracy of the standards. The precision
of the measurement is shown in Figure 8.19 as a function of count time. Figure 8.20
shows the precision of the specific power measurement, which is used in conjunction
with a calorimetry measurement to give total plutonium mass. The specific power can
be determined to better than 1% with a 30-min measurement and to about 0.5% with
a 2-h measurement.
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Fig. 8.17 Los Alamos multiple-detector plutonium isotopic system.

Table 8-16. 'Peaks used for interference subtraction
Peak Used for

Region Interfering Subtraction
(keV) Isotope .(keV)

125 239p 129.3
160 239PU 161.5
160 241 pu 164.6a
332 239N 345.0

'For aged material only.
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Fig. 8.20 Precision of the Los Alamos plutonium isotopic system for the de-
termination of specific power as used to interpret calorimeter mea-
surements. Precision calculated from 30 measurements (circles in-
dicate a 500-g sample of plutonium meta iwith 6% 24°pu, triangles
indicate a 14kg sample of PuO2 with 12% 24°Pu).

8.7.3 Mound Facility

Investigators at the Mound Facility have carried out plutonium isotopic measure-
ments in support of their calorimetry effort for some time. They use the peak-fitting
programs GRPANL and GRPAUT described in Section 8.6.2. Long-term tailing is
not used. The slope of the short-term tail B is fixed during initial detector charac-
terization. The peak amplitudes Y0 and widths a are free parameters; in some cases
the short-term-tail amplitude is a free. parameter. Over 50 peaks are fit in the region
from 120 to 450 keV; the 640-keV region is also analyzed. Table 8-17 lists the ratios
used in the GRPAUT program. A relative efficiency curve is determined from ,23 9 ,
241pu-237U., and 241Am peaks; weighted. least-squares techniques are used to fit the
measured points to a smooth curve (see Equation 8.18). Equation 8-13 is used to
estimate 242pu.

2 3

In ej =A 0 + E Aj/Ej + E Aj+ 2(ln EFY + A666 + A7 65 (8-18)
j i=1

where ej = relative efficiency
= gamma-ray energy

A6, A7 = constants to normalize 2 4 1 Pu- 23 7 U and 24 1AM points to 239pu
6e, 67 = 1 for 2 4 1 Pu and 24 1Am, and 0 otherwise.
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Table 8-17. Peak ratios calculated
in GRPAUT

Ratio Energy(keV)

241/239 208/203"
241/239 148/144
241/239 165/161
241/239 148/129a

238/239 153/144
238/241 153/148a

240/239 160/161
240/241 .160/165
240/241 160/148a

Am/239 125/129
Am/239 335/345a

Am/239 369/375a
Am/239 662/646
Amn239 772/718
aRatios used to calculate isotopic
fractions. Weighted averages are
used where appropriate.

The GRPAUT program has been used in several applications. Reference 20 de-
scribes a two-detector method that uses a planar detector in the 120- to 300-keV
region and a coaxial detector in the, 300- to 700-keV regioni. The coaxial detector
is used to measure the 642.48-keV 240 PU and 662.42-keV 2 4 1Am gamma rays; the
detector is heavily filtered to absorb gamma rays with energy ,below 100 keV. The
precision for a 50 060-s count time is ,2%, for' both the 160/148 240

WPu
41 Pu ratio

and for the 642/646 2 4 0 pu/23
6Pu ratio. For large samples, the 662/646 241An/s239pu

ratio is significantly more precise than the 125/129 241Am/239pu ratio."

Figure 8.21 shows a system developed at Mound for the simultaneous calorimetric
and gamma-ray spectroscopic assay of plutonium (Refs. 34 and 35). This system
reduces operator radiation exposure through less sample handling and also reduces
data transcription errors. Table 8-18 summarizes the measurement results obtained
using the transportable assay system at three nuclear facilities. The measured samples
contained from a few hundred grams to 2 kg of plutonium. oxide and metal; most
samples had a nominal 240 pU concentration of 6%. Count times were generally 10.000
to 50 000 s.. The total plutonium mass was measured with an accuracy of better than
1% and a precision of 1 to 3%.
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Fig. 8.21 Transportable calorimeter with simultaneous calorimetry/gamma-ray spec-
troscopy capability. (Photo courtesy of J. G. Fleissner, Mound Facility.)

Table 8-18. Simultaneous assay with transportable calorimeter and
gamma-ray spectroscopy systema

Total Plutonium Assay
No. of Average Ratio Precision of Ratio

Site Samples Measured/Accepted (%)

1 18 0.997 1.7
2 20 1.007 0.7
3 13 1.00 3.0

aRef. 35.

8.7.4 Lawrence Livermore National Laboratory

The response-function analysis method has beenused extensively by Gunnink and
coworkers at Lawrence Livermore National Laboratory. In the early 1970s, they
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installed an instrument using this method at the Savannah River Plant to measure
low-concentration solutions of low-burnup plutonium. The instrument used a high-
resolution planar germanium detector to measure. a 10-mL solution sample. The
.samples required only small attenuation corrections because of their low plutonium
concentration and small thickness (1 cm). Because americium had. been freshly sep-
arated from the solutions, it was possible to analyze the '40-keV region. The system
analyzed both the 40- and the 100-keV regions; these regions yield measurements
with significantly better precision than that obtainable using regions .above .120 keV.
The measurement precision with a count time 'of:.only 10 min is within a'factor of
2 of that customarily assigned to mass spectrometry. Table 8-19 lists some results
obtained with this system.

Table 8-19. Performance of the plutonium isotopic .assay sys6t at the
Savannah River Plant (response-function' method)8-l .

Abundance Av Bias .Precisii
Isotope ( :(%)(%

On

1. Freshly separated solutions, 10-min count timne, 3 g/L plutonium:.::

2. Aged solutions, 60-min count time, 4 g/L plutonium;
238 0.018 7.6 5.7
239 90.92 0.14 0.09
240 8.40 1.6 0.94

241 0.661 .0.64 0.61
Am - - - 0.08 0.26

Total Pu 5.4 g/L 0.46 0.35

aRef. 4.

Gunnink developed a similar instrument to measure high-bumup (-20% 24 0Pu), high-
concentration (,-250-g Pu/L) reprocessing plant solutions (Ref. .12). The instrument
is installed at the reprocessing plant in Tokai-Mura, Japan. The 40-keV region is
analyzed when measuring freshly separated solutions. In addition, the 148-keV peak
and the 94-keV U Ka2 x-ray peak (which has contributions from all the plutonium
isotopes) are used to measure 24 1 PU, and the 129-keV gamma-ray peak is used to
measure 23 9Pu. Peak areas are determined using simple ROI-summation techniques;
interfering peaks are stripped out channel by channel before summing. For aged so-
lutions, response-function. methods are applied. to the 100-keV region. The 208- and
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59-keV peaks are used to determine the energy calibration and the peak-shape param-
eters. Numerous interferences are stripped out of the 100-keV complex before fitting
the response functions. The instrument is calibrated with known solutionstandards to
measure the absolute concentration of each isotope. Equation 8-12 is used to estimate242pui •

The very thin sample cell (H,1 mm thick) shown in Figure 8.22 allows a 0.25-mL
sample to be viewed by the dete . The cell is mounted on the detector face as
shown in Figure 8.23, and the plutonium solution to be measured is pumped into the
sample cell from a glovebox. Fresh solutions are counted for 15 to 30 min; aged
solutions for 30 min to 1 h. Table 8-20 summarizes the performance of the Tokai
system when measuring both freshly separated and aged process solutions.ý

PRIMARY CELL:I

HIGH-PRESSURE CONNECTOR
TEFLON TUBIN....

CELL BODY-.
TEFLON GASKET.-
TrrAt4W INERWIN # PLATE"

POLYCARBONATE OUTER
WINDOW PLATE

TANTALUM COLUMATOR

, RAYS TO
DETECTOR .

SECONDARY OONTAINEIF.

* LEAD SHIELD

POSITIONING SPRINGS -

FACE PLATE
. ACRYLIC WINDOW

GASKET -

CONTANER BODY -

TYGON TUBING

PiLUTONIU(M SOLUTIONOUT TO GLOVE BOX

SPLUTONIUM SOLUTION
IN FROM GLOVE BOX

Fig. 8.22 Sample cell used with the plutonium isotopic assay system installed at the Tokai-
Mura reprocessing plant in Japan (Ref. 12). The cell fits over the front of a
HPGe detector; plutonium solutions are pumped to the cell from a glovebox in
the analytical laboratory. (Photo courtesy of R. Gunnink, Lawrence Livermore
National Laboratory.)
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Fig. 8.23 HPGe detector and sample cell used withplutonium isotopic assay
system installed at the Tokai-MUra reprocessing plant in.Japan
(Ref. 12). (Photo courtesy.of R.l Gunnink, Lawrence Livermore
National Laboratory.)..) .

Table 8-20. Performance of Tokai isotopic assay system; 94 samples,
130- to 270-g/L plutonium .

Abundance Bias Precision
Isotope (%)M () (%)

238 0.5- 1.0 0.1- 0.8 0.4 - 0.7
239 60 - 75 0.01 - 0.3 0.08- 0.4
240 17 - 23 0.02 - 0.4 0.2 - 1.3
241 5 - 11 0.02-0.8 0.2 -0.8

aRef. 12.

Response-function techniques have also been applied by Ruhter and Camp (Refs.
30 and 31) to solid samples using gamma rays in the 120- to 450-keV region. They
developed a portable instrument for the use of safeguards inspectors at the International
Atomic Energy Agency.
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..Another system is described by Gunnink in Ref.. 36; it makes use of all 'the data
available in the spectrum, accommodates .two detectors (high and low energy), and
analyzes data with both response functions and ROI peak integration. This system
can obtain better precision than other systems can when measuring arbitrary samples
because of its response-function :analysis of the :100YkeV region.

8.7.5 Summary of Measurement Precislon

For all techniques ditcussed, the measurement precision is influenced most by the
spectral region analyzed; a higher precision is obtained when measuring the lower'
energy regions that have higher gamma-ray emission rates. Table 8-21 summarizes the
measurement precision attainable for different energy regions. Measurement accuracy
is usually commensurate:with precision.

Table 8-21. Typical measurement precision,(%)

Region Count Specific
(keV) Time 238 239 240 241 Am Power

40 10-30 min 0.3-5 0.05-0.5 0.2-1.0 0.2-1.0. - -- -

100 30-60 min 0.3-5 0.05-0.5 0.2-1.0 0.2-0.8 0.1-1.0 0.1-1.0
>120 1-4 h" >1-10 0.1-0.5 1-5 0.3-0.8 0.2-10 0.3-2

aWith high-count-rate systems these precisions can be realized in less than 30 min.
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Densitometry
Hastings A. Smith, Jr., and Phyllis A. Russo

9.1 INTRODUCTION

The term "densitometry" refers to measurement of the density of a material by
determining the degree to which that material attenuates electromagnetic radiation
of a given energy. Chapter 2 details the interaction of electromagnetic radiation
(specifically x rays and gamma rays) with matter. Because electromagnetic radiation
interacts with atomic electrons, densitometry measurements are element-specific, not
isotope-specific. Two phenomena occur during a densitometry measurement: first,
part of the incident radiation energy is absorbed;, and second, the ionized atoms emit
characteristic x rays as they return to the!r stable atomic ground states. This latter
process, known as x-ray fluorescence (XRF), is a powerful method for element-specific
assays. (See Chapter. 10 for details: of the XRF technique.) In some. cases, gamma-ray
transmission measurements can provide information nQt only. on the bulk density of
a sample but also on its composition. Because the absorption of low-energy photons
(primarily by the photoelectric effect) is a strong function of the atomic numbers (Z)
of the elements in the sample, a measurable signature is provided on which an assay
can be based.

This chapter describes various densitometry techniques involving measurement of
photon absorption at a single energy and at multiple energies and measurement of
differential photon attenuation across absorption edges. Applications using these tech-
niques are discussed, and measurement procedures with typical performance results
are described.

All densitometry measurements discussed in this chapter are based on determination
of the transmission of electromagnetic radiation of a given energy by the sample
material. The mathematical basis for the measurement is the exponential absorption
relationship between the.intensity (10) of photon radiation of energy (E) incident on a
material and the intensity (I) that is transmitted by a thickness (x) of the material:

I = 1o exp(-ApX) (9-1)
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where p is the mass density of the material and p is the mass attenuation coefficient,
which is evaluated at the photon energy E. The incident and transmitted intensities
are 'the measured quantities. Their ratio (I/1o) is called the transmission (T) of the
material at the photon energy of interest. If any twoý of the three quantities in the
exponent expression are known from other data, the third quantity can be determined
by the transmission measurement. A strong advantage of a procedure that measures
photon transmissions is that the data are handled as a ratio of two similarly measured
quantities, thereby removing many bothersome systematic effects that often complicate
the measurement of absolute photon intensity.

The measured electromagnetic radiation can originate from an artificial x-ray source
(which emits photons with a continuous energy spectrum) or from a natural gamma-
ray source (which emits gamma rays with discrete energies). The sample material
is placed between a photon source and a. photon detector (see Figure 9.1). The
transmission of the sample is determined by measuring the photon intensity of the
source both with (I) and without (I) the sample material present.

PCOLLIMATO

."Fig. 9.)1Key components of a densizomnetry measurement.

9.2 SINGLE-LINE DENSITOMETRY

9.2.1 Concentration and Thickness Gauges ..

: " . ..... ...." ...

If a Sample is composed of one type of material--or of a mixtur'e of materials
whose compositiOn is tightly conro~lled except foi- onie comlponent--then the sample
transmission at one gamma-ray energy can be used as a measure of the concentration
(density p) of-the varying component. Normally, discrete-energy gamhma-ray sources
are •used. For example, considerh a wo-component system, such. as a solution of
uranium and nitric acid, whose omponents haqe respective densities p and Pm and

mass attenuation coefficients /t and /%tr , at a given gamma-ray energy. The natural
logarithm of the photon transmission at that energy is given by
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:In T -(up + P0 p0)x. (9-2)

With p as the unknown concentration,

Equation 9-3 may be applied as a gauge for the concentration of an unknown
amount of substance (p) in a known,, carefully controlled:solvent concentratn(p).

In applying the concentration gauge to special nuclear material (SNM) solutions
(uranium and plutonium), it is critical both that the mass attenuation coefficients
be well characterized for the solvent (A0) and the SNM (JA) and that the solvent
composition (Po) be well known and constant from sample to sample. The sample
solutions should not be vulnerable to contamination because contamination would
cause. variations in the effective values of Po and 10.

Single-line measurement can also be applied as a thickness gauge for materials of
known and. tightly controlled composition. On-line measurement of the transmitted
photon intensity at one energy through metals and other solids in a constant mea-
surement geometry is a direct measure of the thicikneps (x) of those materials. 'Such
information, is useful for timely control of some commercial production processes.

9.2.2 Measurement Precision

Consider the case of a single-line concentration measurement in which no significant
fluctuations are present in the solvent composition The. measurement precision of the
unknown quantity. (p) iis determined by the statistical variance of the transmission
(T). The relative precision of the density measurement is obtained by differentiating
Equation 9-3:

--7 In T• (9-4)

This expression shows that there is a range of transmission ývalues over. which the
relative precision of the density measurement is smaller than that of the transmission
(the favorable precision regime, lin TI > I or T < 0.37..: For larger transmission
values, the relative precision of the density is larger than that of the transmission and
the measurement suffers accordingly. Note, that When T approaches 1, theexpression
for the relative precision diverges because of the: factor: /(ln T)., Because the sample
material is absorbing none of the incident radiation, there is no assay signal.

The irange of useful transmission values can..also be related to..a a.characteristic
concentration, p. = 1/pux. When In T > .1, then p > p0 and the measurement is
in the favorable precision regime .but when. p < pc, the: assay signal: is too small
and the precision is unfavorable. By determining the favorable: operating range from
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the point of view of this characteristic concentration, one can choose a reasonable sam-
ple thickness (x), given the intrinsic properties of the sample material to be measured
(u) and the expected range of sample concentrations.

Because of the symmetry in p and x in Equations 9-1 through 9-3, Equation 9-4
also expresses the relative precision of a thickness measurement. For a thickness
measurement, the precision can be enhanced by a judicious choice of photon energy.

There are limits both on how high and on how low the sample transmission should
bebfor optimum measurement c p ision. Because T'= 1/1 6 and the intensities are
stcy vaymg quantities:, Equation 9-4 can be rewritten as

o~p) I (T+l' I /

p -InT 10T) (9-5)

A plot of this relationship in Figure 9.2 shows the deterioration of the measurement
precision at the high- and low-concentration extremes. The optimum range of T is
below the point where In T = i, in keeping with the definition of p.. The range of
T over which the !quantity o(p)/p is neara minimum determines the instrument de-
sign features (sample thickness, measurable concentration range, and photon energy).
These features ar also important in the more complex densitometry measurements
described in Sections 9.3 and 9.4.

Note that the above discussion deals with the measurement precision determined
by counting statistics alone. Generally, other factors can cause added fluctuations
in the measurement results; they include variations in the matrix material (solvent)
and possible instruental- fluctuations. As a result, the precision of an assay instru-
ment ýshould be determined by making replicate measurements of known standaids
representing the full range of sample and solvent properties.

Fig. 9.2 Precision of single-energy
densitometty as a function
of sample transmission
for two values of incident
photon total counts (from
Equation 9-5).. The opti-
mHim transmission is that
which gives the smallest
relative measurement pre-
cision. This corresponds
to a concentration that is
greater than the charac-
teristc concentration, pi,
where in T = 1. (Note ýthe
logarithmic: scale on the
horizontal axis.)
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9.3 MULTIPLE-ENERGY DENSITOMETRY

Measurement of photon transmission at one energy allows for the assay 'of only one
substance or of only one component of a mixture; the concentration of the other com-
ponents must be kept constant. Measurement of photon transmission at two energies
allows for the assay of two components of a mixture. Such a compound measurement
stands the greatest chance for success the more the attenuation coefficients of the
two components differ from one another. Analysis of the concentration of a high-Z
element in a low-Z solvent is an excellent example of a two-energy densitometry
measurement.

9.3.1 IAýl1 s of TWo-Energy Case

Consider a mixture of two components with (unknown) concentrations pi and P2.
Let the mass attenuation coefficient of component i measured at energy j be given by

.. . . . . .. .1(9-6)

and define the transmission at energy j as

Tj = exp[- (jApl + pp 2)x] (9-7)

The measurement of two transmissions gives two equations for ihe two unknown
concentrations:

(-in Tl)/x = M1 - .ap, + A I

(-In T2)/x - M2  12p +2P2 (9-8)

By attributing the measured absorption to the two sample components, we are actually
defining the incident radiation to.be the intensity transmitted by an empty sample
container. The solution to the above equations is

pi= (M 1P2 - M 2 ,)/D
p2 = (M2pl - Ml.U2)/D
D = • u

142P201 •(9-9)

For Equation 9-8 to have a solution, the determinant of the coefficients, D, must be
nonzero. This condition is virtually assured if the mass attenuation coefficients for the
two components have significantly different energy dependeices. Physically, this has
the meaning that the assay is feasible if the components can be distinguished from one
another by their absorption properties. This criterion further suggests two possible
choices of photon energies. First, if two widely differing energies are used, the differ-
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ent slopes of p vs E for the high-Z and the low-Z components suffice to differentiate
between them. Second, by choosing photon energies near and on either side of an
absorption edge for the heavier, (higher-Z) component, the energy dependence for
the mass attenuation. coefficient of the higher-Z material will appear to have the
opposite slope to that of the low-Z component, making the two components easily
distinguishable. This approach is especially promising in assays of SNM in low-
density matrices or in assays of two SNM components.

9.3.2 Measurement Precision

The primary source of random measurement uncertainty- is the statistical variance
of the transmission measurements. The expression for the relative precision of each
component's concentration is given by,

PI) l n T 2 -/4ln Tl{[p(-I [ 7 T2 1/2
+22

O'P2 1 r2O11 i (T2)l}

2= p In T i - -- 'In-T+Ot 2 } (9-10)

Note that because the assay result varies inversely with the sample thickness (see
Equation 9-8), the sample thickness (x) must be very well known or held constant
within close tolerance.

9.3.3 Extension to More Energies

In principle, the multiple-energy densitometry technique can be extended to three
or more energies to measure three or more sample components. In practice, such a
broadening of the technique undermines the sensitivity of the measurement for some
sample components, because it is extremely difficult to select gamma-ray energies that
can sample different energy dependences of the absorption of each of the components.
Accordingly, multiple-energy densitometry is rarely extended beyond the two-energy.
case.

9.4 ABSORPTION-EDGE DENSrrOMETRY

Absorption-edge.densitometry is a special application of two-energy.densitometry.
The photon energies at which the transmissions are measured are selected to be as
near as possible to,. and on opposite: sides of,. the absorption-edge discontinuity in
the: energy dependence of the mass attenuation coefficient for the unknown material
(Ref. 1). Both the K and the L111 absorption edges have been. used in nondestructive
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assay of special nuclear material (see Section 9.7 for specific applications). Figure
9.3 shows the attenuation coefficients for. plutonium, uranium, and, selected low-Z
materials and includes the K and .L edges for the heavy elements.
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Fig. 9-3 Ener6gy dependence of the photon mass attenuation coefficients for

uranium, plutonium, and selected low-Z materials. Note-the absorption-
edge discontinuities for uranium and plutonium in:the 17- to 20-keV
(L edge) and 115- to122-keV (K edge) energy regions.
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Absorption-edge densitometry involves the measurement of the transmission .of a
tightly collimated photon beam through the Sample .material. The collimation defines
the measurement geometry and also reduces interference from' radiation emitted:by the
sample material. Because the collimation selects only a small fraction of the sample
volume, the sample must be highly :uniform for the assay to be representative of all
of the material. As a result, the absorption-edge technique is best suited for solution
assays, although it has been used for assays of solids (Refs. 2 through 4).

9.4.1 Description of Measurement Technique

Consider the typical case of a high-Z (SNM): component in a low-Z (solvent) matrix.
Figure 9.4 depicts the attenuation coefficients and measurement energies above (U)
and below (L) an absorption edge. (The discussion emphasizes K-edge measurements,
but the analysis is similar in the L-edge region as well.) The subscript s refers to the
measured element, and the subscripts Meand m refer to the high- and low-Z matrix
elements, respectively. The magnitudes of the attenuation coefficient discontinuities
and the edge energies of interest are given in Table 9-1.

!S

SSample

PS N Material, S
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: L I'M Hi -Z
-C2 Pm~ uS NMaterial,S

..0 M _ m_. AI.M _ Matrix, M

Low-Z
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LOG (Ey)

Fig. 9.4 Expanded schematic of the mass attenuation coefficient as a function of
photon energy. Curves are shown for a sample material (s), assumed to
be a heavy .element, a heavy-element matrix component (M), and a light-
element matrix component (m).
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Table 9-1. Absorption-edge energies and discontinuities
for selected SNM components
Property Uranium Plutonium

E(K) 115.6 keV 121.8 keV
E(L,11 ) 17.2 keV 18.0 keV
Apu(K) 3.7 cm2/g 3.4 cm2/g
Ap(Lljj) 55.0 cm 2g 52.0 cm2/g

Equation 9-11 gives the transmission of photons through the solution at the two

measurement energies Eu and EL.

hn TL = _(p 8 +I4Lpm)X

In Tu. = -(.uPs +/ p )x.. (9-11)

To solve for the measured element concentration,

ps= . ln ( )(9.12)

where

Ap = fy- ttL>.o

14m = 14 - > 0. (9-13)

The second term in Equation 9-12 expresses the contribution from the solvent matrix.
Because the transmissions are measured relative to an empty sample container, the
transmission of the sample container does not influence Equation 9-12.: Note the
similarity of Equation 9-12 to the single-line case (Equation 9-3), with j's replaced
by A/&'s.

Because the matrix term in Equation 9-12 is independent of SNM concentration
and sample cell geometry, it can be applied to any absorption-edge densitometry
measurement for which the solution transmissions are measured relative to an empty
sample container.. Ideally, if EL = EU = EK, then AIpm = 0, and the measurement is
completely insensitive to any effects from the matrix. In practice, however, the two
measurement energies differ by a finite amount, so some residual matrix correction
may be necessary. In cases where the matrix contribution may be significant, it can be
determined empirically by assaying a solution that contains only the matrix material
or its effect can be deduced analytically. For further discussion of matrix corrections
for absorption-edge densitometry, see Section 9.4.4.

The ratio of the two transmissions. at the two measurement, energies (R = TLITu)
is the measured quantity, and AIA and x are constants that can be evaluated from
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transmission measurements with calibrated standards of well-defined concentrations.
With judiciously chosen photon energies, this technique will provide very reliable,
nearly matrix-independent assays of specific elements whose absorption edges lie
between the transmission source energies.

9.4.2 Measurement Precision

Differentiation of Equation 9-12 gives the relative precision of a densitometry mea-
surement:

Ps ApP8 X R In R R (9-14)

The fractional error in R is determined by the counting statistics of the transnis-
sion measurements. In analogy with the discussion of Equation 9-4, the choice of
measurement parameters can be guided by reference to a characteristic concentration,
Pc = 1/A/gx. When p > pc, the measurement is in the favorable precision regime,
where a(p)/p < or(R)/R. But if the SNM concentration is too far above pc, the ex-
cessive absorption deteriorates the measurement precision, primarily because of the
enhanced absorption of the transmission gamma rays above the absorption edge. The
statistical fluctuations of the very small transmitted intensity at Eu is then overpowered
by the statistical fluctuations of the background in that energy region.

Table 9-2 shows the values of these characteristic concentrations for a 1-cm trans-
mission path length (x = 1 cm). The table implies, for example, that for a 1-cm sample
cell thickness, K-edge assays of plutonium concentrations greater than 300 g/L would
be in the favorable precision regime.. For.assays of 30-g/L solutions, the sample cell
thickness should be greater than 0.5 cm for. L11I-edge assays and greater than 9 cm
for K-edge assays.

Table 9-2. Characteristic concentrations for uranium
and plutonium
Characteristic Uranium .,Plutonium
Concentration (g/L) (g/L)

pc(K) 270 294PAILI) :."18 . 9.

A more, analytical approach can be used to optimize measurement parameters. Fig-
ure 9.5 shows the calculated statistical measurement precision (Equation 9-14) as a
function of transmission path length (x) for a variety of SNM concentrations. The
figure shows, for example, that a densitometer designed for.30-gIL SNM solution
assays should have a sample cell thickness of 7 to 10 cm.
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Fig. 9.5 Calculated relative statistical uncertainty in plutonium concentra-
tion by K-edge densitometry as a function of sample cell thick-
ness (transmission path length). The empty cell transmission
counts below. the K edge (loL) were taken to be 2 X 106 in the
121.1-keV photopeak.

The final test in evaluating the design of a densitometer is empirical determination
of the assay precision. Figure 9.6 shows the precision of a series of measurements
on a K-edge densitometer designed for low- to medium-concentrationplutonium so-
lution assays with a 7-cm-thick sample cell (Ref. 5). Figure 9.6 agrees well with the
theoretical curve shown in Figure 9.5.

Calculations of measurement precision are helpful in determining design parameters
for optimum instrument performance. Figure 9.7 shows the results of such calcula-
tions for both K- and Lrrr-edge densitometer•i(Ref. 6). The ranges of plutonium
concentrations over which the relative measurement precision is better than 1% are
shown for. different :sarnple thicknesses (x).
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Fig. 9.6 Relative statistical precision achieved in a plutonium concentra-
tion measurement by K-edge densitometry as a function of sample
concentration, for a sample cell thickness of 7 cm. Note the broken
scale above 100 gIL. Curves are shown for two count times (Ref. 5).
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Fig. 9.7 Indications of sample transmission thicknesses (x) over which plu-
tonium concentration assays can be performed by absorption-edge
densitometry to better than 1% statistical precision. Shaded regions
for the K- and Lizi-edge techniques show plutonium concentration
ranges over which this precision is achievable.
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9.4.3 Measurement Sensitivity

A useful parameter in the specification of a nondestructive assay instrument is its
"minimum detectable limit,!' which is that quantity of nuclear material that produces
an assay signal significantly above background in a reasonable count time (Refs. 7
and 8). For nuclear waste measurements, where the minimum detectable limit is an
important instrument specification, an assay signal that is three standard deviations
(99% confidence level) (Ref, 9) above background is considered .to be significant.
This. limit canalso be regarded as a measurement sensitivity:, in that it characterizes
a lower limit of SNM that Can be detected with some level of confidence.

Because absorptionIedgeý detisitometers: are usually 'built for specific assay appli-
cations in:.wll-defined SNM.solution: concentration ranges, the minimum detectable
limit is not particularly ,important. However, the measurement sensitivity can serve as
a convenient quantity: for comparing design approaches and other factors that influence
instrument performance.

To obtain an exprion4.forthe 'measurement. sensitivity of an absorption-edge
densitometer,: the assay background must' be defined so that the minimum detectable
assay signal can' be .determined.; The statistical'uncertainty in the measured density is
given 'in Equation 9-14.' The ratio R 'ofithe two transmissions above:and below the
absorption 'edge is composed of raw gamma-ray (or. x-ray): photon intensities that. vary
according to the usual -statisticalpr:escriptions. .When the SNM concentration is zero,
the solution ýis entirely matrix material (typically acid):and

TU •TL = T = exp(-IAmp"x). (9-15)

When the the SNM concentration is zero, R = 1. Then the definition of T gives

s() '• (I••"u o 1 /2 . ..916):

A/AX JU TIL TIOL)

Equation 9-16 expresses the uncertainty in the background. The three-sigma criterion
provides an expression for the minimum. detectable limit (or sensitivity, s) for an
absorption-edge. densitometer.

3 1 (T+ (g/L)s =p- iO_ +o- Tg (9-17)

where the units of Apux are cm 3/g.
Equation 9-17 shows that the measurement sensitivity is affected by several mea-

surement parameters:
* The sensitivity: suffers in low-utansmission samples.
• Long. counts. of the unattenuated photon intensities (Is) improve measurement sen-

sitivity..



.286 Hastings A. Smith, Jr., and Phyllis A. Russo

0 L-edge measurements (with their larger A14 are more sensitive than K-edge mea-
surements (if all other measurement parameters remain the same).

* An increase. in ýsample, cell thickness.may improve, the measurement sensitivity, but
the accompanying decrease in T will compete with that improvement.

9.A.4 Matrix Effects

.,The absorption-edge technique is insensitive to the effects of matrix materials if
both transmissions are measured at the absorption edge. However, with a finite energy
separation.0ofthe-transmission gamma rays, the matrix contribution is nonzero and is
represented by the second :term in Equation 9-12. This term can become significant
for low. SNM concentrations, p8 ,,.or when: the spacing between the assay energies,
EL and. E,-,becomes large;. either: condition threatens the validity .of the inequality

Aptit App8.
The natural width of the absorption edge (less than 130 eV).and: the energy resolu-

tion of the:detcon system (typically 500 eV or more) are. intrinsic limitations to the
design of. an instrument that attempts to minimize the effects of matrix attenuation by

using closely spaced assay;energies. The limited.'availability:of useful, naturally oc-
curringradoisotopes also leads to compromises in the choice of transmission sources.

One. ver. useful technique for, reducing the matrix effect is an extrapolation pro-
cedure applied 'to0.the :measured transmission data (Refs. 2 and •5). The procedure
attempts to extrapolate the'.measured transmissions to the energy of the absorption
edge. This extrapolation is possible because the energy dependence of the mass at-
tenuation coefficients over narrow energy ranges is known to. be a power law:

log /(E) =k log E+ B.. (9-18)

The slope parameter (k) is essentially the same for elements with Z > 50, with
an average, value of approximately -2.55 near the uranium and plutonium K edges
(Ref. 2). Table 9-3 gives the extracted values for the slopes and intercepts of several
substances of interest to SNM assay (Ref. 10).

As an example of a general assay case, consider a solution of SNM in a low-
Z solvent, with possible additional heavy-element (Z > 50) matrix contaminants.
Equation 9-12 generalizes to

Ps \T-)ln( ) +PM( )+ Pm(- ) (9-19)

The subscript M refers 'to the high-Z matrix contaminant, and the subscript m repre-
sents the low-Z matrix (solvent); and in analogy with Equation 9-13, APM = _ M

(see Figure 9.4). The measured transmissions are then extrapolated to the SNM K
edge. usiig the energy: dependence of A(E) for the heavy elements.- Because the
slope parameters (k) for Z > 50 are all essentially the same, the SNM and, high-Z
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Table 9-3. Slopes (k) and intercepts (B) for the linear dependence
of. log /,(E) vs log E for various materials of interest in the
100- to 150-keV energy region (log to base 10)'
Solution Component k B

Plutonium(above K edge). -2.48 5.83
(below K edge). -256 5.42

Uranium (above K edge) -2.49 5.82
(belo.:K edge) -ý2.71 5.65

Tungsten., - --2.50 5.65
Tin -2.45 5.12
Iron -1.57 2.70
Aluminum -0.500 0.227
Water "-0306 -0.153
Nitric Acid .- 0.314 -0.171
aRef. 10.

matrix absorption coefficients can be transformed with the same k (for example, the
average value, -2.55). As a result, the'transformed djuM vanishes and the assay
result becomes

Ps..-A ( n(TL) + ( A,.m (9-20)

where Au± (which equals u+ - js-, see Figure 9.4) is now defined across the ab-
sorption edge (in this case, the K edge) rather than between the energies EL and EU.
The constants a, b, and c are defined as

a =(EK/EL)k"

b (Ex/Eu)k

c = (EKEL)kk' -(EI(/Eu)kk' (9-21)

where k = -2.55 and k' - -0.33 (the average value of k for elements with atomic
numbers less than 10). This.procedure renders the assay essentially independent of
the heavy-element matrix but still leaves a residual correction for the light-element
matrix. It is not possible to remove the effects of both the light- and heavy-element
matrix materials because k # k'. The transmissions must be corrected for the acid
matrix contributions because the transmissions are measured relative to an empty sam-
ple cell. If the reference, ipetra (the lo intensities) were taken with the cell full of
a representative acid solution, no acid matrix correction would be necessary. However,
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any fluctuation in acid molarity would bias the measurement of an actual sample. The
density of nitric acid (pm) and the acid molarity (M) are related (Ref. 11) by

P = 1 +0.03 M . (9-22)

For plutonium K-edge assays in which the K edge is closely bracketed by 57Co and71Se gamma rays (see Section 9.4.6), this low-Z matrix correction is small but may
be important at low plutonium concentrations. For example, the correction term in
Equation 9-20 for 3 M nitric acid is equivalent to approximately. 0.87 g Pu/L (Ref. 5).
Equation 9-22- shows that fluctuations in acid molarity cause fluctuations in the acid
matrix correction that are only 3% as large; so careful control of the acid molarity is
important only at very low SNM concentrations.

For uranium K-edge assays with a 169 Yb transmission source (EL = 109.8 keV,
Eu = 130.5 keV), the extrapolation procedure greatly improves the quality of the
assay results. This is demonstrated graphically in Ref. 2, where assays of uranium
solutions with varying tin concentrations were shown to be matrix-independent with
the extrapolation correction. Several other matrix effects studies are described in
Ref. 12.

9.4.5 Choice of Measurement Technique

Because of differences in the Au values at the K edge. versus the LI 1 edge, the
measurement sensitivity (defined in Equation 9-17) is more than an order of magnitude
larger at the L111 edge than at the K edge, other parameters being equal (see also Table
9-1). However, because of the higher penetrability of photons at the K-edge energies,
thicker samples can be used for the K-edge measurements, thereby enhancing K-edge
sensitivity.

If significant quantities of lower-Z elements. (such as yttrium and zirconium) are
present in a sample, the K edges of these elements cause discrete interferences that bias
the L1I1 assays of uranium and plutonium (Ref. 12). Furthermore, detector resolution
at L,1 1 energies limits the ability to perform L1jj-edge assays in the presence of
significant amounts of neighboring elements (uranium with protactinium or neptunium;
plutonium with neptunium or americium). The K-edge measurements are not subject
to such interferences. In addition, the higher photon energies required for the K-edge
transmission measurements permit the use of thicker or higher-Z materials for sample-
cell windows, an important practical consideration for in-plant operation. Finally,
more flexibility exists in the availability of discrete-gamma-ray transmission sources
for K-edge measurements.

9,4.6 Transmission Sources

The most versatile transmission source is the bremsstrahlung continuum produced
by an x-ray generator. The intensity of this source can be varied to optimize the count
rate for a variety of sample geometries, concentrations, and thicknesses.
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• The x-ray generator voltage (which determines the assay energy range) can be
adjusted and the spectrum tailored appropriately for the assay. of specific elements.
Furthermore, matrix effects can be minimized by extrapolation of the measured.trans-
missions to the absorption edge. Commercial units are available.with power supplies
that are highly stable and" x-ray tubes that are long-lived for long-term reliable oper-
ation in either the K- or the Llui-edge energy regions..

The use of discrete gamma-ray lines that bracket the absorption edge, the alter-
native to the continuum transmission sources, has been demonstrated successfully in
several instruments. This technique is appropriate for K-edge assays.. Discrete gamma
rays are not available as primary emissions in the LI11 -edge energy region. This ap-
proach depends on the availability of relatively slowly decaying radioisotopes that
emit gamma rays of appropriate energies and sufficient intensities. For example, a
conyenientý combination for the K-edge assay of plutonium (EK = 121.8 ke'y) is the
121.'1-keV gamma ray from 75 Se (half-life = 120 days) and the 122.1-keV gamma ray
from 5.7Co (hlf-life = 270 days). The proximity of both energies to the plutoniumabsorption edge minimizes the effects of the matrix and enhances the sensitivity Of

the, assay (Ref. 1).: Because of the different half-lives, accurate decay corrections or
frequent measurements of the unattenuated intensities (Io) are required. The :use of
l6 PYb.(half-life = 32 days) for uranium assay at the K edge .(Refs. 2 and 3) has the
advantage of requirng no decay correction because both gamma rays come from the
same source. However; the larger energy separation (EL = 109.8 keV, EK = 115.6
keV, EU =130.5 keV) introduces a larger matrix sensitivity (larger, Apm) and a
smaller :assay sensitivity (smaller Lip). Furthermore, to maintain acceptable count-
ing statistics, the source must be replaced frequently because of the short half-life.of
169 Yb. The extrapolation technique discussed in Section 9.4.4, is especially. effective
in reducing&the, matrix sensitivity. A detailed, discussion of convenient ,radioisotopic
sources for absorption-edge densitometry appears in Ref. 1. Several variations on
these t~wo basic transmission source configurations are discussed in: Ref. 12.

9.5 SINGLE-LINE DENSITOMETERS

The measurement of photon transmission at a single energy has been applied using
low-resolution detectors for assay of SNM in solution• and in reactor fuel elements.
These instruments use .low-energy: gamma-ray transmission sources to minimize the
ratio A01// (see Equation 9-3) and thus reduce the sensitivity to variations in the low-Z
matrix.

One instrument uses an 24 1Am transmission source mounted in the center of an
annular cell containing SNM solution (Refs. 13 and 14). The cell is surrounded
by a 4ir plastic scintillator. The instrument separates the transmitted 60-keV gamma
ray from the background sample radiation: by modulating the source with a rotating,
slotted tungsten shield. Designed to assay high concentrations :(>200 g/L) of SNM,
the instrument is sensitive to 1% changes in'SNM concentration at the 95% confidence
level.
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A single-line densitometer has been used to determine the density of SNM in
pelletediand compacted ceramic fuel elements (Ref. 15). The 67- and 76-keV gamma
rays-of 171Tm -and the,84-keV gamma ray of : 70Tm.are detected by a .l-in-diam
NaI() detector. The gross detector signals are counted in the multichannel scaling
mode as the fuel: elementsare scanned togiVe the SNM density profile. The sensitivity
of the instrument to SNM is 0.2 g/cm3 at the 95% confidence level.

9.6 DUAL-LINE DENSITOMETERS

Dual-line densitometry has application to solids (fuel 'elements) and to solutions.
Low- and high-resolution gamma spectrometershave been used and have been applied
to the assay of a low- an'd: high-Z component, as well as to the assay of twoý high-Z
components.

A 'd•ul-line densitometer has: been used to determine the densities of the low-Z (sil-
icon ahd-carbon) and. high-Z (thorium and uranium) components in high-temperature
gas-cooled reactor (HTGR) fuel pellets (Refs. :16 and 17). The transmission source
provides tw'wo) widely differing gamma-ray energies (122 keV'from 57 Co and 1173 and
1332 :kev from. 6°Co), so that'the sensitivity to the two components is based on the
different slopes of:ju:pvs E';.:at low and high Z's. Equation 9-9 applies in this case.
Fuel pellet cakes; co~ntaining 92 to 95% thorium and 5 to 8% 238U with a low:Z to
heavy-Z weight ratio of 1.6 to 2.4 Were assayed in 2-min measurement periods. The
sensitivity-to changes :in the weight of either component was 3% or better at the 95%
confide4ce level.

SDuial-ine solution ':densitometry has also been applied to the assay 'of two SNM
compoeiits'by: measuring: transmissions at two low gamma-ray energies (Refs. 18
and 19).;The transmtission energies were chosen to bracket the L-absorption edges of
the higher-Z component (element 2) in such 'a way that, in Equation 9-8,i/ =P2 and
/A > /. Thus, Equation 9-8 can be solved to give the concentration of element I,
independent of element 2:

P i (. •.). . . . (9 -23)

where A• 1 =ý14- /11. The measured T2 and p, are then used to obtain. the concen-
tration of element 2:

•(In T2)• , :p1A2 -- "

" A2 12• P/ ' (9-24)

Dual-line densitometry has been applied to thorium and uranium: assay using sec-
ondary sources of niobium and. iodine Ka x ýrays (at 16.6 and 28.5 keV, respectively)
fluoresced by a 100-mCi 241Am source. These x-rays bracket the L edges of uranium.
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However, 16.6 keV is just above the L11I absorption edge of thorium (at 16.3 keV).
Measurements were performed using low-resolution (Ref. 18) and high-resolution
(Ref. 19) gamma-ray spectroscopy. The high-resolution experiments used reference
solutions containing mixtures of thorium and uranium with total SNM concentrations
between 35 and 70g/L. In the range 0.25 _< pm/Pu -- 4.0, the precision of the thorium
and uranium concentration assay was 1% or better for 4000-s count periods.

9.7 ABSORPTION-EDGE DENSlTOMERS

Assay of uranium and plutonium solutions by the absorption-edge densitometry
technique has been demonstrated in field tests of several instruments that perform. K-
edge or L1 1l-edge measurements. The instruments were designed for solution scrap
recovery or reprocessing applications. Each instrument uses a high-resolution gamma-
ray spectrometer (typically HPGe for K-edge assays and Si(Li) for Ltm-edge assays)
and a computer-based multichannel analyzer. The measurement precision achieved in
each case approaches the statistical prediction, which is typically 0.5% or better for
short (<30-min) count periods.

The transmission sources used by the K-edge instruments are discrete gamma-
ray sources or bremsstrahlung continuum (x-ray) sources. The 109.8- and 130.5-
keV gamma rays of 169Yb are used for discrete K-edge assays of uranium, and the
121.1- and 122.1-keV gamma rays of 75Se and 57Co are used for discrete K-edge
assays of plutonium. Only: x-ray generators have been used in the' LIui-edge instm-
ments.

The absorption-edge assay relies on Equation 9-12. The assay precision (Equation
9-14) depends on several variables, including Ap, x, solution concentration, count
time, and' incident beam intensity. It is therefore convenient in comparing various
instruments to use the characteristic concentration parameter [pc = (I/Aux)] for each
instrument. The instrument relative precision is defined as the precision, measured at
the optimum concentration: for a fixed count period. This optimum concentration is
that for which the relative precision [or(p)/p] is a minimum (see Figures 9.5 and 9.6).

Tables 9-4 and 9-5 list the K-edge and L1 1,-edge densitometers that have undergone
field testing. The characteristic concentration (p.).and the empirically determined op-
timum concentration (shown in parentheses beneath p,) are given for each instrument.
The tables specify the solutions used to obtain the: data and quote the measured preci-
sions at the optimum concentrations in specified count periods. Detailed discussions
of the instruments listed in Tables 9-4 and:9-5 are given in Sections 9.7.1 and 9.7.2.

9.7.1 K-AbsorptIon-Edge Densitometer.

Given below are descriptions of several K-edge :densitometers that have been tested
and evaluated under actual or simulated in-plant environments. Table 9-4 summarizes
the performance data for the instruments.
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Table 9-4. K-absorption-edge densitometers.
PC

Instrument Test Poptimum
Location (g/L) SNM

1. Los Alamos 135 U
(300)

2. Oak Ridge 55 U
Y-12 (100)

3. Barnwell 80 Pu
AGNS (200)

4. Tokai (Japan) 150 *Pu
PNC. (300)

.5. Savannah River 40 Pu
SRP (60)

6. Seibersdorf (Austria) 150 Pu
LAEA (300)
(portable)

7. Karlsruhe (FRG) 150 U
KfK (300) Pu
(continuum source) .U(+Pu

Solution
Type

HEU SRa, misc.

HEU SR, misc.

prepared
(fresh, aged)
Rpb product

(fresh, aged)

RP product
(fresh)

prepared

prepared
RP product
[RP feed]

U:Pu::3:I

Precision
1a (%)

0.5

0.5

0.2

0.2

0.2

0.3

0.2
0.2
0.2
1.0

Live Time
(s)

1000

600

1200

2000

2000

500

1000
1000
1000
1000)

References
12,20,21

22,23

12,24,25

12,26,27,28

5,12,29

30

12,31,32

33

a

)

Pu(+U)

aSR = Scrap Recovery.
bRP = Reprocessing Plant.



Table 9-5. LIII-absorption-edge densitometers.

Instrument Test Poptirnu Solution - Precision Live Time
Location (g/L) SNM Type a (%) (s) References

1. Savannah River - 16 U or Pu RPaproduct 0.3 ' 1000 12,21,34
S:..(5o)-: U (±Pu)-. RP product 0.2 2000

SPu (+U) IU:Pu::2:1 J 1.0 2000

2. Argonne 16 U or Pu prepared 0.3 .1000 35

NBL (50) U (+Pu) r prepared 0.2 2000
Pu (+U) L U:Pu::2:1 0.9 2000

3. Barnwell 19 U U, natural 0.7 250 36

AGNS •(55) enrichment
(flowing)

4. Los Alamos 16 U U, natural 0.2 1000 37

(Compact) (60) enrichment
'RP = Reprocessing Plant.

t..



294 Hastings A. Smith, Jr., and Phyllis A. Russo

1. Los Alamos National Laboratory (Refs. 12, 20, and 21). The Los Alamos
uranium solution assay system (USAS) is a hybrid assay: instrument used off-line at
the Los Alamos high-enriched uranium (HEU) scrap recovery facility. The USAS
measurement head is shown in Figures 9.8 and 9.9.

The USAS applies three distinct gamma-ray methods to assay uranium concentration
in 20-or 50-mLuranium solution samples (in disposable plastic sample vials) in three
concentration ranges. Waste solutions with uranium concentrations in the range 0.001
to 0.5 g/L are counted for 2000 s with no transmission correction. Process solutions
with concentrations in the range 1 to 50 giL are measured using a Y6 9yb transmission
source. The highest range, 50 to 400 g/L, corresponding to product solutions, is
assayed by the K-edge method using a 1 69Yb transmission source. Accuracies of
0.7-1.5% can be achieved in measurement times of 400-2000 s.

The assay results are used for process control and nuclear material accounting. The
instrument was in routine use in the scrap recovery facility from January 1976 until
August 1984 when the facility was closed.

2. Oak Ridge Y-12 Plant (Refs. 22 and 23). The HEU scrap recovery facility
at the Oak Ridge Y-12 Plant uses a solution assay system (SAS)- that is analogous to
the USAS. The K-edge method is used to assay 50-mL uranium solution samples in
the concentration range 50 to 200 g/L. The samples include but are not limited to the
product. The SAS uses a ' 69 Yb transmission source and disposable plastic sample
vials.

Fig. 9.8 The USAS measurement head.
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POSITION-
INDICATOR

Fig. 9.9 Scale line drawing of the USAS measurement head. The solution
thickness in the transmission path is.2 cm.

The system was put into routine use at Y-12 in October 1981 for process control
and materials accounting.

3. Allied General Nuclear Services (AGNS).(Refi. 12, 24, and 25). A
discrete-source K-edge densitometer was evaluated for plutonium assay at the Allied
General Nuclear Services facility in Barnwell, South Carolina, during 1977-78. The
hybrid instrument performed passive and K-edge measurements on .prepared I 0-mL
solution samples of typical light-water-reactor plutonium in a fixed quartz sample
cell. The transmission source .was:a combination of 7 5 Se and 5 7 Co. The results were
reported for •cells of different transmission path lengths.

4. Power Reactor and Nuclear Fuel Development Corporation (PNC) (Refs.
12 and 26 through 28). A discrete-source K-edge densitometer operates in the
Tokal-Mura Reprocessing Plant analytical laboratory of the Power Reactor and Nu-
clear Fuel Development Corporation in Japan.. Freshly separated and aged plutonium
solution samples of the products ofboi'ing-water-reactor and pressurized-water-reactor
fuel reprocessing are assayed by the K-dge•m:ethod in a two-cycle assay (first with
a 75Se transmission source, then with 67Co); Figure:9.10 shows the location of the
measurement station under the glove: box at the Tokai-Mura plant laboratory. Figure
9.11 is a scale line drawing of the measurement head, which includes a well extend-
ing down from the glove-box floor. The. instrument performs an isotopics assay. on
the fresh solutions in a third cycle. The solution samples are assayed in a well that is an
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GLOVE BOX

C000
COUNTING W ELI-..

Fig. 9.10 The Tokai K-edge densitometer measurement station beneath the
laboratory glove box.

GENEVA MECHANISM DRIVE MOTOR

Fig. 9.11 Scale line drawing of the Tokai K-edge densitometer measure-
ment head. The solution thickness in the transmission path is
2 cm.
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Fig. 9.12 Percent difference betweeni 600-s K-edge and destructive as-
says for plutonium concentration, plotted aS a fictio n of
sample identification "number. The solid line! is the average
relative result of -036%. This apparent bias: is the result of
calibration (in 1979):using ponly a small number of *reference
samples (see Ref. 27).

extension of a glove box. The gamma-ray detector and the transmission sources are
external to the glove box. The sample cells are disposable plastic vials that require
approximately 10 mL of solution.

The Tokai instrument was installed in November 1979 and was operated through
1980 in an evaluation mode. The instrument has been in routine use in the facility
since early 1981. Figure 9.12 is a plot of the percent difference between K-edge assay
results and the reference values (from destructive analysis) obtained throughout 1981
during routine facility use of the instrument -(Ref. 28). The densitometer has been
available for facility use by :IAEA inspectors since 1982.

5. Savannah River Plant (SRP) (Re&s. 5, 12, and 29). A: discrete-source K-
edge plutonium solution densitometer was designed for in-line testing at the Savannah
River Plant. A flow-through stainless steel sample cell was plumbed into a bypass
loop on process solution storage tanks and resided in a protrusion of the process
containment cabinet. The detector and transmission sources were located outside the
containm eht cabinet on either side of the' protrusion for measurement of the gamma-
ray transmissions through the solution-filll& cell. Figure 9.13 is a detailecdillustration
of the measurement station for this densitometer. Figure 9.14 illustrates the installa-
tion of the instrument in the process plumbing. The measurements were performed on
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Fig. 9.13 The measurement station for the SRP in-line,.plutonium so-
lution densitometer. The source positioning mechanism
and collimator wheels (shown at the left) straddle the
process cabinet extension Po that the sample cell (inside
the process cabinet containment) is between the transmis-
sion sources:and the detector, in a standard transmission-
measurement geometry,. Tha sample cell thickness is
7 cm.

approximately, 100 mL of static solution, after circulation of the tank solution through
the. bypass loop. (The freshly separated plutonium in the solutions is produced dur-ing reprocessing of low-burnup. fuel.) ,The K-edge transmission measurements were
performed in two cycles, as with the Tokai instrument, and a third cycle determined
the plutonium isotopic composition. The instrumentwas also used to investigate
the measurement of plutonium concentration in the presence of uranium admixtures.
The extrapolation procedure described in Section 9.4.4was used on solutions with
uranium-to-plutonium ratios greater than.2:1 (see Ref. 5). The off-line, testing of the

instrument took place at the plant from April 1980 until December 1981. Figure 9.6
(see Section 9.4.2),isý a& plot of :the measurement precision versus concentration: (over
the range 5 to 200 g/L) obtained in this testing phase (Ref. 5). TIle in-line testing
began in December 1982 and ended in June 1983.,
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Fig. 9.14 In-line installation of the SRP plutonium solution den-
sitometer. A by-pass plumbing loop brings plutonium-
bearing solution from one of the holding tanks to the
measurement cell. Provision is made for draining the
cell into an intermediate reservoir so that samples of
material just assayed can, be removed for off-line verifi-
.cation by destructive analysis.

6. Iternatonal Atomic Energy Agency (IAE): Safeguards Analytical Lab-
oratory (Ref. 30). A portable K-edge densitometer has been designed for testing
as an inspection tool to authenticate: the concentrations of plutonium samples inside
glove boxes. The densitometer consists of hardware to hold and shield the detector
and transmission sources and a portable multichannelli analyzer equipped with elec-
tronics for the analog signal processing. The hardwa slides inside the glove of the
glove box so that a plutonium, solution sample in a disposable plastic vial can be
mounted and clamped inI a holder: between the detectourand transmission source for
the two-cycle K-edge assay.:ý Figures 9.15 and 9.16 show the measurement head of
the portable K-edge instiment: inserted in a glove-box glove.

The portable densitonieteri has been tested at the6 IAEA's Safeguards Analytical
Laboratory in Seibersdorf, Auistria, since November 1983. A second unit is scheduled
for field testing by IAEA inspectors in Japan.
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Fig. 9.15 Scale line drawing of the measurement head of the portable K-edge densitometer Inserted in a glove-box glove.
The sample cellthicknessin •the transmission path is 2 cm.
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Fig. 9.16 The portable K-edge densitometer, positioned for measurement.

7. Kernforschungszentrum Karlsruhe (KfK) (Refs. 12 and 31 through
33). A continuum-source K-edge densitometer has been tested at Kernforschungszen-
trum Karlsruhe in Karlsruhe,' Federal : Republic of Germany (FRG), since 1978. The
detector and x-ray head reside outside a glove box, and the samples and collimators are
inside the' glove box. The instrument has been used to assay reprocessing product so-
lutions and fast-breeder-reactor reprocessing feed solutions for concentrations of both
uranium and plutonium. A hybrid version of this instrument was used for assaying
light-water-reactor feed solutions in which the plutonium content is approximately 1%
of the ura ni'um content. The continuum source served both 'as a transmission source
for K-edge assay of uranium and as a fluorescing source for x-ray fluorescence (XRF)
assay of the: plutonium/uranium concentration ratio. The intensity of the continuum
source allows the highly restrictive sample collimation required for K-edge and XRF
assays while greatly reducing the passive countrate from the samples, which contain
high levels of fission products.

Figure 9.17 is a line drawing of the measurement head for the hybrid instrument.
Figure 9.18 shows the K-edge densitometer at Karlsruhe.
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Fig. 9.17 Cross-sectional view of the KfK combined K-edgeIXRF satem..:The..size of the alpha
containment, a standard glove box, is not shown to scale. The sample cell thickness..
in the transmission-path is 2 cm.
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,fK K-edge densitometer evaluated uiderthe FR .supp'ort pro-
ro Mhe ItAE.

9.7.2 Lzur-Absorption-Edge Densitometers

Given below are descriptions of several Luix-edge densitometers that have been
tested and evaluated under actual or simulated in-plant environments. The first three

Lrlr-edge densitometers described. were designed to be egquivalent, mechanically and
electronically. Figure 9.19, a photograph of the AGNS instrument, represents all
three instruments; Figure 9.20 is a line diawing of the measuremenat .head for all three
instruments. Table .9-5 summarizes the performance data for the instruments.

1. Savannah River Laboratory (SRL) (Refs& 12, 21, and 34). The L111 -

edge densitometer at the Savannah River Laboratory was tested in conjunction with a
solution coprocessing demonstration facility. The stainless steel flow-through solution

sample cell (fitted wvith plastic windows):was plumbed into the glove box that housed
the coprocessing setup, so that solution from vairtios points ini the process could be
introduced into the cell for Ljxj-edge aýsay of either uranium: or plutonium or both.
The instrument measured l5-mL itatic•s•souftions in the bell; before each assay, the
instrument was flushed several time•s withthe solution. The assay precisions obtained
for pure uranium or plutonium solutions are plotted versus concentration in Figure
9.21. The instrument operated at Savannah River from 1978 until 1980.
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Fig. 9.19 The AGNS LiJI-edge densitometer. Shown (left to right) are
the electronics inside an environmental enclosure, the measure-
ment station, and the hard-copy terminal.

2. New Brunswick Laboratory (NBL) (Ref. 35). The LuII-edge densitometer at
the US Department of Energy New Brunswick Laboratory at Argonne was designed to
reproduce the measurement geometry and assay method of the Savannah River Lab-
oratory instrument. Prepared reference solutions of uranium, plutonium, and mixed
solutions were used in a carefully controlled evaluation of the precision and accuracy
of this instrument. The NBL assay results are compared with reference values for
pure uranium solutions in Figure 9.22. The sensitivity to matrix contaminants with
low-, intermediate-, and high-Z elements was examined for contamination levels up
to 10% (of SNM) by weight. This evaluation took place from 1980 to 1981.

3. Allied General Nuclear Services (AGNS) (Ref. 36). An L11ur-edge densitome-
ter designed to perform continuous assays Of uranium concentration in flowing process
streams was tested in 1981 at the AGNS'Barnwell facility. The stainless steel flow-
through cell was plumbed into a line that continuously sampled the product stream of
a solvent extraction column. The'instrument operated for seven days without interrup-
tion, providing uranium concentration results every 5 min, analyzing flowing solutions
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Fig. 9.22 Comparison of single 1000-s Lw-edge assays and destructive
analysis of solution samples introduced into the sample cell of the
NBL instrument. Groups of three data points plotted vertically rep-
resent repeated assays of the same sample. These data were used
to establish the calibration of the NBL instrument.

from startup (essentially zero uranium concentration) to steady-state levels of approx-
imately 40 g/L. The instrument provided a hard copy of the near-real-time results
automatically to a materials control and accounting computer programmed to draw
near-real-time material balances using readouts from process monitoring equipment.

4. Los ALam ls National Iaboratory (Ref. 37). A'compact Liut-edge densito-
meter was tested in 1984 at Los Al amos in the Group Q-1 Safeguards Laboratory.
This instrument used a commercial x-ray generator designed for portable appli-
cations. Figure 9.23 shows the measurement head. Although a standard rack of
electronics was employed for analog signal processing and for data acquisition
and analysis, the portable multichannel analyzer used in the c6mpact K-edge
densitometer at Seibersdorf (see Section 9.7.1) could have been employed in the
L-edge densitometer at Los Alamos, allowing portable applications to be consid-
ered for Lris-edge measurements. The performance of the compact densitometer
with prepared reference solutions of uranium was equalto that of the L1 11-edge
instruments tested previously.
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10.1 INTRODUCTION

The potential use of x rays for qualitative and quantitative elemental assay was
appreciated soon after x rays were discovered. The early applications used Geiger-
Mueller tubes and elaborate absorber arrays or crystal diffraction gratings to measure
x rays. Later, advances in semiconductor detectors and associated electronics opened
up the field of energy-dispersive x-ray fluorescence (XRF) analysis for general ele-
mental assay.

XRF analysis is based on the fact that the x rays emitted from an ionized atom
have 'energies that are' characteristic of the element involved. ' The x-ray intensity
is proportional to both the elemental concentration and the strength of the ionizing
source. Photon ionization, which is achieved using either an x-ray tube or radioisotope,
is !most applicable to the nondestructive assay of nuclear material. Other methods of
ionizationi are generally prohibitive because of the physical. size and coinplexity of the
ionizitioný source.

RF aiMlysis is a complementary technique to densitometry (Chapter 9). Densito-
metr measuris photons that are transmitted :through the sample without interaction,
w XRFmeasures the radiation produced by photonsthat int iwithin the
sample. AsIndicated by Figure 10.1, densitometry iS usuallybett.ersuited for mea-

surig smple wih hgh concentrations of the element of interest, whereas XRP i
the miodreueful.dtchnique for measuring samples with lower concentratin s.

The literature On XRF analysis includes several general refe6rn6cs (Refs. 1 through
4) tht vid a through discussion of the method, with extentiy` bibligr ies and
informationon attenuation correction procedures and both en• -and walelength-
dis~persive XRF.
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Fig. 10.1 Solution assay precision vs uranium concentration for typical
XRF measurements (squares) and absorption-edge densitometry
measurements (triangles).

10.2 THEORY

10.2.1 X-Ray Production

.. Section. 1.3 of Chapter 1 contains a brief discussion .of x~ray production. X rays
originate from atomic electron transitions and are element-specific. In the stable atom,
electrons occupy discrete energy: levels that, are.; designated, (in order of decreasing
binding, energy) K, LI,*.L 2, L3 ,. MI . Ms, N1 , ., N7, and so forth. The binding
energy. is. the energy that must be expended to remove an electron from a given
orbit. The vacancy thus created is filled by an electron from an outer orbit. The
resultant loss in potential energy. may appear as an x ray whose energy is equal to
the difference in the binding energies of the two, electron states. For example, if a
uranium K electron is removed from the atom and an electron frommthe L3 level falls
into itsplace ihe energy 0f the emitted x :ray: is 98.428 keV (115.591 keV minus

17.163 keV). The x ray produced by thisI trnsition is designated Kal.' JThe K-series
x rays are produced by outer electro'ns fillinga 'K-heli výacancy. Each x-ray transition
has a specific probabiliiY or in tiensity. The K-to-L3 -transition is the most probable,
and other intensities are usualiy expressed relative to Kai. Figure 10.2 depicts the
transitions involved in the production of the most abundantK and L x rays. .Table
10-1 presents the major K and L lines of uranium and plutonium, along with, their
relative intensities. Figures 10.3 and 10.4 show the K and L x-ray spectra of uranium.
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10.2.2 Fluorescence Yield

All ionizations do not result in x-ray emission. The Auger effect is a competing
mechanism of atomic relaxation. In this process, the atom regains energy stability by
emitting an outer sheil electron. The ratio of the number of emittedx ,rays to the total
number of ionizations is called, the fluorescence yield wi, where i designates the shell
involved. Fluorescence yield increases with atomic number and is greater than 95%
for K x rays of elements with Z > 78 (see Figure 10.5). For a given element, the
fluorescence yield decreases from the K series to the L and M series. The fluorescence
yield can be approximated by (Ref. 1)

wi = Z4 /(Ai + Z4) (10-1)

where Ai is approximately 106 for the K shell and 108 for the L shell.

10.2.3 Photon Transmission

For a photon to eject an electron, the photon energy must be greater than or equal
to the electron binding energy. For example, to ionize K electrons of plutonium, the
energy of the excitation photon must be at least 121.82 keV.
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Table 10-1. Energies and relative intensities of the major K and L x rays of
uranium and plutonium

Line

Kai
:Ka 2
'K133:PK)3'

;K#3

La2

Ll

L01

L34

Transition
(Final - Initial)

K - L3
K - L2
K - M3

K: -M2

K - N2,3
L3 - M5

L 3 - M4

L 3 - N 5

L 3 - Mi
L2 - M4

L 2 - N 4

Li - M 3
Li ', M2

Uranium
(%)b

98.44 (100)
94.66 (61.9)

111.31 (22.0)

110.43 (11.6)

114.34, 114.57 (12.3)

13.62 (100)c
13.44 (10)
16.43 (20)

i 1.62 (1-3)
17.22 (50)

20.17 (1-10)
17.45 (1-6)

16.58 (3-5)

rgies in keVa

Plutonium
(%)

.103.76 (100)
99.55 (62.5)

117.26 (22.2)

116.27 (11.7)

120.44, 120.70 (12.5)

14.28 (100)
14,08 (10).
17.26 (20)

12.12 (1-3)
18.29 (50)

21.42 (1-10)
18.54(1-6)

17.56 (3-5)

aCalculated from Table of isotopes, Appendix III (L lines) (C. M. Lederer and

V. S. Shirley, Eds., 7th ed. [John Wiley & Sons, Inc., New York, 1978]).'
bintensities relative to either Ka1 or Lai in percent.
CApproximate only (from Ref. 4).

The fraction of photons, F, that interact with the atomic electrons of a particular

material is .given by

F= I - exp(-upx) (10-2)

where a = mass attenuation coefficient
p = density of sample
x = thickness of sample.

If one plots the mass attenuation coefficient vs photon energy for a given element,
sharp discontinuities (known as "absorption edges") are observed. Figure 10.6 shows
the mass attenuation coefficient for uranium and plutonium. The edges indicate the
sudden decrease in the photoelectric cross section for incident photon energies just
below the binding energy of that particular electron state. The photoelectric interaction
is the dominant process involved in photon-excited x-ray excitation.
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Attenuation limits the sample size that can be analyzed by x-ray transmission tech-
niques. Figure 10.7 shows the mean free path of 400-, 100-, and 20-keV photons
in water and in a 50-g/L uranium solution. In general, transmission techniques are
applicable for samples whose transmission path lengths are less than four or five mean
free paths.

Equation 10-2 is useful when comparing KXRF and L XRF. For L XRF, ju is larger
and more of the excitation flux interacts with the sample. For K XRF, 'U is smaller and
both the excitation photons and x rays are attenuated less (relative to L XRF). This
attenuation difference implies that L XRF is more sensitive. (more x rays produced
per unit excitation flux and cross-sectional area) than K XRF. On the other. hand,
K XRF allows greater flexibility with respect to the choice of sample container and
intervening absorbers.

10.2.4 Measurement Geometry

The choice of geometry is very important in an XRF system. Although photoelectric
interactions of the excitation photons with analyte atoms are of primary interest, other
interactions, particularly Compton backscatter interactions, must be considered. The
energy of a Compton-scattered gamma ray is (see Section 2.3.2 of Chapter 2 and
Ref. 5)

E511 (10-3)(I - coso + 511/E)

where E', E = scattered, incident photon energy in keV
0 = angle between incident and scattered photons.
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Fig. 10.6 Mass attenuation coefficient vs energy for uranium and
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The energy E' is a minimum when 0 = 1800, and photons thatbhave scattered at
or near this angle can produce a backscatter peak'in the measured spectrum. . For
122-keV photons from 5"Co (a suitable source for K XRF of uranium or plutonium),
the backscatter peak is at 82.6 keV. If the scattering angle 4 is 900, E' is 98.5 keV,
which is in the middle of the K x-ray spectrum from uranium and plutonium. If "

7Co
is used as an excitation source, the measurement geometry 'should be arranged such
that 4) is close to 1800 for most of the scattered gamma rays that reach the detector.
This arrangement puts the backscatter peak and the Compton continuum of scattered
photons below the characteristic x rays and minimizes the background under:.the x-
ray.photopeaks (see Figure 10.3). The annular source described later in the chapter
provides this favorable geometry. For L x rays, the geometry is not as critical because
E'(180 0) is 20.3 keV for 22-keV silver x rays from 109 Cd (a good L XRF source for
uranium), and the backscatter peak is above the x-ray region of interest. Scattering
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Fig. 10.7 Mean free path of 400-., 100-, and 20-keV photons in water
(p = 1 g/cm3 ) and in a 50-glL uranium solution.

materials near the detector must be carefully controlled to minimize the magnitude of
the backscatter peak. Some investigators (Ref. 6)use excitation sources with energies
much higher than the binding energy of interest, thereby minimizing the scattering
effects in the spectral region of the induced x rays. This approach requires higher-
intensity excitation sources (by an order of magnitude or more) in order to produce
sufficient x-ray activity.

The detector must be shielded from the excitation source and other background
radiation to reduce deadtime and pileup losses. Detector collimation is usually neces-
sary to limit the interference from unwanted sources. To stabilize the x-ray response,
the relative positions of the: source, sample, and detector must be fixed; often these
components are physically connected. Figure 10.8 shows a-possible geometry for a
transmission-corrected XRF analysis.

10.3 TYPES OF SOURCES

Two types of sources are commonly used: discrete gamma-ray or x-ray sources and
continuous:sources, such as x-ray generators. Each has advantages and disadvantages.
The selection of a suitable source: involves consideration of type, energy, and strength.
It is most efficient to choose. a source whose energy is above but as close as possible
to the absorption edge of interest. As shown by the graph of ju vs photon energy
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Fig. 10.8 Cross-sectional view of geometry for a transmission-corrected
assay using an annular excitation source.

in Figure 10.6, the value of the mass attenuation coefficient is greatest just above an
absorption edge.

CobaltP57 emits a gamma ray at 122 keV, an efficient energy for K-shell ionization
of either uranium or plutonium. X-ray generators are available for K XRF of uranium
and plutonium, but they are too bulky for portable applications. A good discrete
source for L XRF of uranium and plutonium is '09 Cd, which emits silver K x rays
(Kai energy = 22 keV). X-ray generators are available that are small enough for
portable applications that require photons in the.25-keV energy range.

.Discrete line sources are small, extremely stable, .and operationally simple, making
them attractive for many XRF applications. Their major disadvantage is that they
decay with time and require periodic replacement. .(Two; commonly used sources,
57Co and 1°9Cd, have half-lives of 272 days and 453 days, respectively.) Another
disadvantage is that discrete sources cannot be turned off, causing transportation and
handling difficulties. Because the source strength is often 1 mCi: or greater,: both
personnel and detector must be carefully shielded. Table 10-2 lists some radioisotopes
that can be used for XRF analysis of uranium and plutonium. .The geometry of the
annular source shown in Figure 10.9 is commonly used because it shields the detector
from the excitation source and minimizes -backscatter interference.



322 M. C. Miller

Table 10-2. Excitation sources suitable for uranium and plutonium assay

Useful Emissions

Radionuclide Half-Life Decay Mode Type Energy (keV)
5 7 Co 270 d " electron gamma rays 122

capture gamma rays 136
10 9Cd 453 d e electron AgK x rays 22

capture
7 SSe 120 d electron gamma rays 121

capture gamma rays 136
144Ce 285 d beta decay Pr Kxk rays 36

gamma rays 134
1251 60 d electron Te K x rays 27

capture gamma rays 35
147Pm-Al 2.6 y beta decay continuum 12-45a

aEnd point of bremsstrahlung spectrum.

Sample

Pb

4- A

Fig. 10.9 1 Annular excitation source.

X-ray generators produce bremsstrahlung by boiling electrons off a filament and
accelerating them into .a target. Because they require a high-voltage supply and .a
means of dissipating:the heat produced in the target, x-ray generators can be bulky,
especially for higher operating potentials. Small generators are available that operate
below 70 keV, anrdportable generators, with power ratingsj up to 50 W, are available
that do not require .elaborate cooling systems. For a. given power rating, higher
maximum operating voltage is achieved at the expense of lower available current.

The spectrum from an x-ray generator spans the energy range from the accelerating
potential of the* generator to the transmission cutoff of the x-ray window. The shape
I(E) and total intensity (I) of this distribution is given by (Ref. 4)

I(E) oc iZ(V - E)E

I oc iZV2 (10-4)
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where i = tube current.
V = operating voltage
Z. atomic number of target.

Figure 10.10 shows. the output spectrum from an x-ray generator. In addition to the
continuous spectrum,, the: characteristic x rays of the targetvmaterial are. produced.
These x rays may:cause an. interference, which can be removed with filters. The filter
chosen should have.an absorption edge just below the energy to be attenuated.

X-ray generators: bcan• switched, on and off, and their energy distribution and
intensity can be varied as desired. They typically provide a more intense source
of photons than radioisotopic sources (_.,1012 photons/s or greater). However, their
flexibility is possible only it. the expense of simplicity and, compactness. Because
an x-ray generator is an eletrical device, system failures and maintenance problems
are possible concerns. The assay precision is dictated by the stability of the x-ray
tube. Modem generators exhibit less than 0.1% fluctuation for short-term stability and
0.2 to 0.3% for long-term stability. Figure 10.11 shows two different portable x-ray
generators.

Fig. 1010 Typical x-ray generator spectrum. 100

The generator target is tungsten
and the operating potential is .
20.4 kV. -Z.

Pbmt0 EO,000 Dl.V

Fig. 10.11 Portable x-ray generators.
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Other sources may be used for XRF. A secondary fluorescent source uses a primary
photon source to excite the characteristic x rays of a target, and the target x rays are
used to excite the sample to be analyzed. The primary excitation source can be discrete
or continuous. This scheme can produce a great variety of monoenergetic excitation
photons, depending on :the. target material. The major drawback is the' need for a
high-intensity primary source. If the primary source is a radioisotope, radiation safety
may be an important concern. It Lis possible to make a bremsstrahlung source using a
radioisotope rather than an x-ray generator. Such a source consists of a beta-decaying
isotope mixed with a target Imaterial (for:example, 147Pm-AI, with aluminum being
the target material).

10.4 CORRECTION FOR SAMPLE ATITENUATION

10.4.1 Effects of Sample Attenuation:

As in passive gamma-ray assays, sample attenuation is a fundamentah limitation to
the accuracy of XRF analysis. Attenuation corrections are required for the x rays leav-
ing the sample and also for the gamma rays or x rays from the excitation source. X-ray
fluorescence analysis is unsuitable for large, solid samples, because the attenuation is
too large to be accurately treated with any correction procedure. For example, the
mean free path of 122-keV gamma rays in uranium metal is approximately 0.013 cm.
The low penetrability of ihis radiation means that XRF can be accurately used only if
the sample is smooth and homogeneous. This limitation is even more true for L XRF
using. 22-keV photons. X-ray fluorescenice can be used to accurately assay dilute ura-
nium solutions because the, mean free path of photons in water is approximately 6.4
cm at 122 keV and 1.7 cm at. 22 keV. Because the excitation source energy is above
the absorption edge and the: energies of the characteristic x rays are just below the
absorption edge; the attenuation of the excitation radiation is higher and determines
the range of sample thickness that can be accurately assayed. Figure 10.12 plots the
mean free path of 122-keY gamma rays as a function of uranium concentration (uranyl
nitrate in 4-M nitric acid).

Attenuatidn consi" ons also affectthe choice of sample containers. Because the
K x rays of uranium and plutonium are in the I 00-keV range, metal containers can
be tolerated, and K XF carin be appliedl -finline measuiements. L x rays, however,
are severely attenatediby even thin metal icontainers and can only be measured in
low-Z contilers, ;such plastic or glass.

10.4.2 Ge nerin 03i EOatonIs

For quantittive a i~syi, the x-ray emission rate must be related to the element
concen desir6 relation, as presented in Section 5.4.1 of Chapter 5, is
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8

6

0

0 100 200 300 400 500

Uranium Concentration (g/L)

'Fig. 10.12 The 122-keV photon mean free path vs uranium concentration
(uranyl nitrate In 4-M nitric acid).

RR x CF(RL) x CF(AT)
P= K

where p f element concentration
RR = raw rate of x-ray detection

CF(RL) = correction factor for rate-related losses
CF(AT) = correction factor for attenuation

K = calibration constant.

CF(RL) can be determined using either pulser or radioisotope normalization (see
Section 5.4 of Chapter 5). The attenuation correction has two parts, one for excitation
radiation and one for fluoresced x rays.

Consider a far-field measuremerit geometry where the sample is approximated by
a slab and the excitation source is monoenergetic (see Figure 10.13). The. flux FB of
excitation photons at a depth x in the sample is given by

Fy= I-y exp(-jdO'X/cosO) .. 10)(10-6)
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Ihuwegsence Site

Fig. 10.13 General XRF slab geometry.

I .. "-x-.. -..- 4

The variables in Equation 10-6 through 10-10 are defined in Table 10-3. The number
Of excitation photons that interact in the volume dx and create a KtQi x ray is

F, dx = FyrpwBx (10-7)S cos4

The fluoresced x rays are attenuated in the sample according to

F1,(out) = F~exp(-,u1tX/6os6). (10-8)

Combining and integrating Equations 10-6 through 10-8 yields the following expres-

sion for the x-ray rate at the detector surface:

I-,yropwBS? ( + { 'Y ..(..

41r[(cos8/cos0)p'7 + A] 1 - -cosO cos.

The factor (9/47r) coso/cos0 has been added for normalization. If an x-ray generator
is used as the excitation source, Equation 10-9 must be integrated from the absorption
edge to the maximum energy of the generator.

When the sample is. infinitely thick for the radiation of interest, Equation 10-9
becomes

I 1r-pwB17 (10-10)4• rf•(cos0/cosa,):i +•x: ' j IOIO

This equation is similar to that of the enrichment meter (see Chapter 7). The result
is very important for XRF analysis because it implies that the x-ray rate is directly
proportional to the concentration of the fluoresced elemenL
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in plutonium and highly enriched. uranium, materials, the self-excitation of x. rays
by. the passive gamma rays can complicate the .assay. For mixed-uranium/plutonium
materials,.the dominant signals are passive x, rays-from the alpha decay of.plutonium.
When the excitation source can fluoresce both,.plutonium and uranium (as can.7Co
and . 0oCd), additional uranium fluorescence is caused by: the plutonium x rays. A
separate passive count is usually required to correct for this interference.

Table 10-3. Variables in.Equations 10-6 through 10-10

10

B

I/V = I7P.

14, =-Opi

e
L

excitation flux at sample surface
photoelectric cross section, K shell, -y energy
concentration of element s
K fluorescence yield
branching ratio.for Kai
detector solid ai.ngle
linear attenuation coefficient, -y energy, element i

linear attenuation coefficient, x energy, element i
incident angle of excitation
exiting angle of x ray
slab thickness

10.4.3 Attenuation Correction Methods

The most effective XRF methods account for sample attenuation. The simplest
approach uses calibration curves derived from chemically similar standards. The
method is effective only if the standards are well characterized, match the samples
chemically, and span the concentration range to be assayed in sufficient numbers to
define the calibration curve. Changes in matrix composition may require recalibration
with new standards.

A procedure that is less sensitive to matrix variation is the transmission-corrected
assay (Refs. 7 through 9) in which a transmission measurement is made for each
sample to correct for attenuation. Consider the attenuation correction factor for the
situation shown in Figure 10.13 (assume. that e 0). The expression for CF(AT) has
the functional form for a slab that was discussed in Chapter 6:

-In a
CF(AT) l-ct

where

ao= x (c'O+

(10-I1)
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A measurement of the transmissions of the excitation and the fluoresced x raysý can
be used to determine a. For this method,. a. foil of :the element being measured is
placed behind the sample.and-the induced x-ray signal is measured with and without
the sample. An additional measurement (see Figure 10.14) is made with the ýsample
only (no foil), and a is computed from

IT - IS (10-12)

where IT = fluoresced x-ray intensity-with foil plus sample
Is = fluoresced x-ray intensity with sample only
1o = fluoresced x-ray intensity with foil only.

This measurement includes the attenuation of the excitation source and of the induced
x-ray signal. Although there are advantages to using the same element in the trans-
mission foil as that being assayed, other elements can be used if their characteristic
x rays are sufficiently close to those of theaissay element. For example, thorium metal
has been used successfully for the measurement of uranium solutions.

!7

Solution + Foil

(IT) Doedo

IXI

Solution only .

(is) ,

Foil only *

Fig. 10.14 Explanation of the three measurements required to determine the
transmission for XRF assay of uranium solutions.
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A suitable number of standards is needed to evaluate the calibration constant K in
Equation 10-5. Equations 10-11 and 10-12 are exact only for a far-field geometry,
and most XRF measurements are made in a near-field geometry. Therefore, even
with rate and sample attenuation corrections, it is important to use several standards
to evaluate the calibration constant K.

10.5 APPUCATIONS AND INSTRUMENTATION

Instrumentation used in XRF analysis is. similar to. that:of other gamma-ray assay
systems: detector, associated electronics, multichannel analyzer, and excitation source.
This instrumentation is discussed -in detail in Chapter 4.

XRF analysis has been used, inanalytical chemistry laboratories for many years.
In most cases, an x-ray generator is: used rather than a radioisotope.as an excitation
source. Low- to internediate-Z. elements are measured, and-sample preparation is a
key factor in the analysis. Many techni4ues ::require that the sample be homogenized
and pressed prior to analysis..:, -When the sample: can be6 modified to optimize the
assay, XRFPanalysis is very sensitive. Shortcount times (<1000 s) can yield accurate
and precise data, with sensitivities: in the nanogram range (Ref. I). Complete XRF
systems are available commercially.
. Several XRF measurement techniques iare used for materials containing uranium
or plutonium. John et aL. (Ref. 10)% used a:. 5 7 Co source to excite uranium x rays
in solutions and simultaneously observed the 185.7-keV gamma ray from 235U as a
measure of enrichment. The xatio:0of the fluoresced x-ray emission to the 185.7-keV
gamma-ray intensity was. found to be independent of uranium concentration in the
8- to 20-g/L range for enrichments, of 0.4 to 4.5% 23

1U. Accuracies of better than 1%
were reported.
* .Rowson and Hontzeas (Ref.I1) :proposed a Compton-scattering-based correction
for sample attenuation to: measure!suranium ores. An annular 50-mCi 241Am source
was used to excite characteristic Ax'rays from a molybdenum foil (,-,17.4 keV), which
can only excite the L1 1 1 , subshell in. uranium. This considerably simplifies the L x-
ray spectrum. Matrix corrections were determined 'from the ratio of the molybdenum
Ko, backscatter to' the uranium' La x rays.ý. Canada and Hsue (Ref. 12) give a
good theoretical description of this:method, and suggest aniimprovement that involves
additional ratios using the K0 or, L# lines :to further minimize matrix effects.

Baba and Muto (Ref. 13) Used an x-ray generator to excite the L x-ray spectrum of
uranium- and plutonium-bearing solutions. An internal standard was used to determine
the matrix attenuation, correction;,, A known and constant amount of lead nitrate was
added to all solutions and the uranium or plutonium Lca x-ray activity was normalized
to the rate of the lead La x ray.m A linear calibration (to within 1% for uranium and
2% for plutonium) was obtained for 200-s measurements. The solution concentrations
ranged from 0.1 to 200 g/L of-t.uranium and ups to 50 g/L of plutonium. Mixed
uranium/plutonium solutions were also measured.
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Karamanova (Ref. 14) investigated the use of beta-particle-induced XRF in addition
to.gamma-ray excitation for K XRF analysis of uranium and mixed uranium/thorium
oxides.. A 57Co source was used for gamma-ray excitation, and a 90 Sr-90 Y source
was used for beta-particle-induced fluorescence.. Since the :attenuation: cross sections
of the matrix and the heavy element are similar for beta-particle excitation, the vol-
ume of sample is essentially constant and the net x-ray signal is proportional to the
concentration of the element being assayed. Samples with uranium concentrations of
0.5 to 88% were measured.With precisionsUfI0.1%.:

Several investigators have measured reprocessing plant solutions. These solutions
can contain: fission: products:iand have, high U/Pu ratios, -making them very difficult
to assayl by. passive techniques. They, require either.,extensive chemical separations
or a sensitive technique such as XRF. Pickles and Cate. (Ref.. 15) employed XRF
using anx-ray generator. Samples with U/Pu :ratios of up to:400 and fission product
activities of 2:Ci/g.were analyzed with a precision of 1% :and:anaccuracy of 2%:in the
mass rge of 1 t:.58 /.g using a 10-min count.. The samples were evaporated onto
a. thin;, polycarbonate film to •minimize sample attenuation6.:.Figure 10.15 shows the
instrumental configuration. The sample chamber contained titanium sheets on either
side of; the sample mount. X rays from the titanium provided a rate-loss correction. A
magnetic beta-particle trap and a lead collimator were employed to reduce the passive
signal at the detector.

Camp et al'. (Refs. .16 and 17) use a 17Co excitation source to fluoresce K x rays
from uranium and plutonium in product :streamst at reprocessing plants. Total. heavy
element concentrations. of .1 to 200 g/L are assayed using a nonlinear polynomial
calibraiinn.' The self-attenuation correction uses• the inco6herently 'sattered 122-keV
gamma rays. from .F7Co. (Ref. : 16): or an actual transmission measurement using the
I224keV gamma ray (Ref. 17). in samples containing both uranium and plutonium,
a passive count: is made to correct. for passive x-ray emission.

Andrew et al. (Ref. 18) investigated the feasibility of measuring uranium and ura-
nium/thorium solutions ;with uranium! concentrations of 10 -to 540 g/L: For solutions
containing both: uranium and thorium,, errors in: the Ufrh ratio were 0.4%. : Uncer-
tainties .in concentration: measurements were 0.5%.: 'for single element solutions and
1% for mixed: solutions. This: work was extended to uranium/plutonium solutions
from reprocessing plants (Refs. 19 and 20). Uranium and.plutonium solutions! in the
range' of 1 to 10g/L :with a fission productiactivity: of 1Q0OuCi/mL were measured by
tube-excited K XR.P The :data analysis was: similar to that. used for uranium/thorium
solutions, and the authors suggested -combining K XRF and K-edge densitometry to
obtain: absolute element concentrations.:

Ottmar et al. (Refs. 212 and .22) investigated. the combination of K XRF and K-
edge densitometry using an x-ray generator. The two techniques are complementary
and produce a measurement System with:a Wide dynamic range. Light-water-reactor
dissolver solutions: with activities: of ',,•100 Ci/L and U/Pu ratios of -4100 have been
accurately~measured with this system. The major component, uranium (,-200 g/L), is
determined using absorption-edge. densitometry, whereas the: U/Pu ratio is determined
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\- Exit collimator

Aluminum
scattering chamber

Fig. 10.15 Schematic drawing of system used by Pickles and Cate (Ref. 15).

by XRF. Precisions of 0.25% for the uranium concentration and 1% for the U/Pu ratio
are obtained in 1000-s count times. Two sample cells are employed: a 2-cm glass
cuvette (whose dimensions are known to ±2 /um) for the densitometry measurement,
and a 1-cm-diam polyethylene vial for the XRF measurement. The XRF measurement
is made at a back angle of ,-157° in order to maximize the signal-to-background ratio.
Figure 10.16 shows this hybrid system.
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Fig. 10.16 Schematic drawing of hybrid K-edge/K XRF system (Ref. 21).
(Courtesy of H. Ottmar)..

Lambert et al. (Ref. 23) employed secondary-excitation L XRF to measure the
U/Pu ratio in mixed-oxide fuel pellets. A pellet with 25% PuO 2 and 75% U0 2 gave
a precision of about 0.5% in a 3-min count time. The desired x rays were excited
using selectable secondary target foils (rhodium). The method requires good sample
homogeneity because the portion of sample analyzed (-30-pm depth of analysis) is
relatively small.
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The Origin of Neutron Radiation

N. Ensslin

11.1 INTRODUCTION

The nuclear materials that are accounted for in the nuclear fuel cycle emit neutrons as
well as gamma rays. For most isotopes the neutron emission rate is very low compared
to the gamma-ray emission rate. For other isotopes the neutron emission :rate is high
enough to provide an easily measurable signal. If the sample of interest istoo dense to
permit the escape of gamma rays from its interior, then assay by passive neutron
detection may be the preferred technique..

Neutrons are emitted from nuclear materials with a wide spectrum of energies. As
they travel through matter, they interact and change their energy in a complex manner
(see Chapter 12). However, neutron detectors (see Chapter 13) do not usually preserve
information about the energy of the detected neutrons. Consequently, neutron assay
consists of counting the number of emitted neutrons without knowing their specific
energy. (This is in sharp contrast to gamma-ray assay, where gamma rays of discrete
energy are emitted by specific radioactive isotopes.) How then can the assayist obtain a
neutron signal that is proportional to the quantity of the isotope to be measured?

This chapter describes the production ofneutrons by spontaneous fission, by neutron-
induced fission, and by reactions with alpha particles or photons. In many cases these
processes yield neutrons with unusually low or high emission rates, distinctive ýtime
distributions, or markedly different energy spectra. Ths inforýmaiion :cn be used to
obtain quantitative assays of a particular. isotope ifthe ample's~isotopic composition is
known and only a few. isotopes are present.

The discussion of neutron ;radiation in this chapter emphasizes.features that can be
exploited by the assayist. Chapters 14 and 15 focus on toial neutron counting techniques
that exploit high emission rates or unusual energy specft. Chapters 16 and 17 describe

coincidence counting techniques based on neutron time distributions.

11.2 SPONTANEOUS AND INDUCED NUCLEAR FISSION

The spontaneous fission of uranium, plutonium, or other heavy elements is an
important source ofneutrons. An understandiing ofthis complex process can be aided by
visualizing the nucleus as a liquid drop (Figire 11. 1).. The strong, short-range nuclear
forces act like4a surface tension tO hold-thi drop together-Fagainst the electrostatic
repulsion of the protons. In. the heaviest elements the repulsive forces are so strong that
the liquid drop is barely held together. There is a small but finite probability that the
drop will deform into two droplets connected by a narrow neck (saddle point). The two
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DEFORMATION

SADDLE POINT

RAYS ARE EMITTED

Fig. 11.1 Spontaneousfission ofaDELAYED NEUTRONS nucleus represented as the
'ARE EAMIATATED' breakup of a liquid drop.

AND GAMMA RAYSARE EMITTED br u. of a liui dro.

droplets may spontaneously separate (scission) into two fragments. Within 1-' 13 s of

scission, each of the two fragments emits a numberof prompt neutrons and gamma rays.
The firagments are usually unequal in size, with mass distributions centered near atomic
numbers 100 and 140 (see Figure 18.2 in Chapter 18): These fissionm fragments carry
away the majority of the energy released in fission (typically 170 MeV) in the form of
kinetic'energy. Also, Within milliseconds or seconds, many of the fragments decay by
beta-particle emission into other isotope's that may emit delayed neutrons or gamma
rays.

Spontaneous fission is a quantum mechanical process involving penetration of a
potential barrier. The height of the barrier, and hence the fission rate, is a very sensitive
function of atomic number Z and atomic mass A. The fission yields of some heavy
isotopes are summarized in Table 11-1 (Refs. 1 through 6). For thorium, uranium, and
plutonium, the fission rate is low compared to the rate of decay by alpha-particle
emission, which dominates the total half-life. For californium and even heavier ele-
ments, the fission rate can approach the alpha decay rate. The. fission yield of240pu, 1020
n/s-a (Refs. 4 and 5), is the most important single yield for passive neutron assay because
210 is usually the major neutron-emitting plutonium isotope present..



Table 11-1. Spontaneous fission neutron yields

Number Number Spontaneous Spontaneous Spontaneous Induced Thermal
of of Fission Fission Fission Fission

Isotope Protons. Neutrons Total Half-Lifeb Yieldb Multiplicitybqc Multip!icityc
A Z N Half-Lifea (yr) (n/s-g). v V.

232Th 90 i42 1.41 X 1010yr >1 lx 1021. >6 X 10-8 2.14 1 .9
232U 92 140 71.7 yr 8 X 1013  1.3 1.71 3.13
233U 92. 141 1.59 X 105 yr 1.2 X 10"1 8.6 X 10-4 1.76 2.4
24U .92 142 2.45 X 10Wyr 2.1 X 1016 5.02 X 10- 3  1.81 2.4

92 143 :7.04 X 108 yr 3.5 X 10" 2.99') 10- 1.86 2.41
236U 92 144 2.34 X 107 yr 1.95 X 1016 5.49 X 10-3 1.91 2.2
738U 921 146 4.47 X 109 yr 8.20 X 10is 1.36 X 10-2 2.01 2.3237Np 93 144 2.14 X 106yr 1.0 X 101. 1.14 X 10-4 2.05 2.70
238Pu 94 144ý 87.74 yr 4.77 X I0WO 2.59 X 103  2.21. 2.9

239Pu 94 145 2.41 X 104yr 5.48 X 1015  2.18 X 10-2 2.16 2.88
24pu 94 146 6.56 X 103yr 1.16 X 10"1 1.02 X103 12.16 2.8
2 94 147 14.35 yr (2.5. X 1015) (5 X 10-2) 2.25 2.8
242pu 94 148 3.76 X 105 yr 6.84 X 1010 1.72 X 103 2.15 2.81
241Am. 95 146 433.6yr 1.05 X 1014 1.18 3.22 3.09
242Cm 96 146 163 days 6.56 X 106. 2.10 X 107 2.54 3.44
244Cm .96 .148 18.1 yr 1.35 X 107 L08 X 107 2.72 3.46249Bk 97 1'52 320days 1.90 X o101 1.0 X 105  3.40 3.7
232Cf 98 154 2.646 yr 85.5 2.34 X 1012 3.757 4.06

aRef. 1.
bRed 2. Values in parentheses are from Ref. 3 and have estimated accuracies of two orders-of magnitude. Pu-240 fission rate is
taken from Refs 4 and- 5.
cRef. 6.
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The strong dependence of spontaneous fission rates on the number of protons and
neutrons is important for assay considerations. The fission rate for odd-even isotopes is
typically 103 lower than the rate for even-even isotopes, and the fission rate for odd-odd
isotopes is typically 10 lower. These large differences are due to nuclear spin effects
(Ref. 7). As the fissioning nucleus begins to deform, the total ground-state nuclear spin
must be conserved. However, the quantized angular momentum orbits of the individual
neutrons or protons have different energies with increasing deformation. The lowest
energy orbit of the undeformed nucleus may not be the lowest energy orbit in the
deformed nucleus. In the case of heavy even-even nuclei, whose total ground-state spin
is zero, the outermost pairs of neutrons and protons can simultaneously couple their
spins to zero while shifting to the lowest energy orbits. In the case ofodd nuclei, a single
neutron or proton must occupy the orbit that conserves total nuclear spin even though
extra energy is required (Refs. 8 and 9). This effect raises the fission barrierand makes
odd-even and odd-odd isotopes more rigid against spontaneous fission than even-even
isotopes.

Among the even-even isotopes with high spontaneous fission yields are 238U. 238pu,240pu, 242pu, 242Cm, 244Cm, and 252Cf. Isotopes with odd neutron numbers or odd
proton numbers do not have high spontaneous fission yields, as described above.
However, isotopes with odd neutron numbers' can easily be induced to fission if
bombarded with low-energy neutrons; absorption of an extra neutron yields an un-
bounded neutron pair whose pairing energy is now available to excite the compound
nucleus to an energy near the fission barrier. Among the even-odd, isotopes that can befissioned by neutrons of zero energy but have low spontaneous fission yields are23U
235U, and 2•'pu. These isotopes are called "fissile." Even-eVen isotopes, such as 23U and
240p., that are not easily fissioned by low-energy neutrons are called "fertile., This term
comes from reactor theory and refers to the fact that through neutron capture these

isotopes are fertile sources of fissile isotopes. Examples of induced fission cross sections
for fertile and fissile isotopes are given in Chapter 12.

11.3 NEUTRONS AND GAMMA RAYS FROM FISSION

Prompt neutrons and gamma rays emitted at te ttime of scission are the most useful
for passive assay :because of their intensity and penetrability. Many passive assay
instruments, such as coincidence counters, are designed to detect prompt fission
neutrons. and are often 'also sensitive to gamma rays. For this reason this section
describes both neutron and gamma-ray emissions.

Figure 11.2 shows an energy spectrum ofthe neutrons emitted during the spontaneous
fission of 252Cf(Refs. 10 and 11). The mean energy is 2.14 MeV. The spectrum depends
on many variables such as fission fragment excitation energy and average total fission
energy release, but can be approximated by a Maxwellian distribution N(E) where N(E)
varies as Vr exp (7E/1.43 MeV). Thisspectrum isiproportional to v/ at low energies;
it then falls exponentially at high eneries. The neutron spectra for spontaneous fission
of 24Pu .and thermal-neutron induced fission of 233U, 235U, and 239pu can also be
approximated by Maxwellian distributions, with' spectrum parameters 1.32, 1.31, 1.29,
and 1.33,MeV, respectively (Refs.A12 and 13).

r
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The number of neutrons emitted in spontaneous or induced fission is called the
neutron multiplicity. Average neutron multiplicities V are included in the last two
columns of Table 11-1. For neutron-induced fission, the multiplicity increases slowly
and linearly with the energy ofthe incoming neutron (Ref. 14)., The multiplicities given
in the last column of Table 11-1 are approximately,correct for thermal- or low-energy
incident neutrons.

From one fission to another the neutron multiplicity may vary from 0 to 6 or more,
depending on the distribution of excitation energy among the fission fragments. Table
1 -2 (Refs. 15, 16, and 17) lists the measured prompt neutron multiplicity distributions
P(v) of some important isotopes for spontaneous or thermal-neutron-induced fission.
Uncertainties on the individual probabilities vary from 1ito 5%inear the maxima to 30 to
50% near the end points. Terrell (Ref. !8) has shown that the multiplicity distributions
for both spontaneous and thermal-neutron-induced fission can be approximated by a
Gaussian distribution centered at _,, the mean multiplicity:

P(v) =- 

(11-1)

A distribution width a of 1.08 can be used as an approximation for all isotopes except
252Cf, where 1.21 should be used.

Information about the neutron multiplicity distribution in fission is used in the
analysis of coincidence counting (see Chapter 16). One question that has arisen in this
regard is whether the neutron multiplicity and the mean neutron energy are correlated.
In other words, if the number of neutrons emitted in a fission is above average, will the
mean neutron energy be below average? The available experimental evidence indicates
that the mean neutron emission energy is approximately constant and that the number
of neutrons emitted increases with the amount of available energyý (Ref. 19). Thus the
mean energy may be approximately independent of the multiplicity.

After a nucleus undergoes fission, prompt neutrons are evaporated from the fission
fragments until the remaining excitation energy is less than the neutron binding energy.
At this point, prompt gamma rays carry away the remaining energy and angular
momentum. On the average, 7 to 10 prompt gamma rays are emitted, with a total energy
of 7 to 9 MeV (Ref. 7). Figure 11.3 shows the prompt gamma-ray spectrum accompany-
ing spontaneous fission of 252Cf, as recorded by a sodium iodide detector (Ref. 20). A



Table 11-2. Measured prompt fission multiplicity distributions

235U 2 39 p . . 24 p. 2 4 2pU 252Cf

Probability Induced Spontaneous . Induced Spontaneous Spontaneous Spontaneous
Distribution Fissiona j. Fissionb,'. FissiOna Fissioa . Fissina " Fission'

P(o) 0.033 0.054 1.0.0-11 0.066 :0.068 0.002
P(l) 0.174 0.205 0.101 0.232 0.230 0.026
P(2) 0.335 0.380 0.275 . 0.329. 0.334 0.127
P(3) 0.303 0.225 0.324 0.251 0.247 0.273
P(4) 0.123 0.108 0.199 0.102 0.099 0.304
P(5) 0.028 0.028 0.083 0.018 0.018 0.185
P(6) 0.003 0.008 .0.002 0.003 0.066
P(7) 0.015
P(8) 0.002
" 2.406 2.21 2.879 • 2.156., 2.145 3.757

, Z1T 4.626 3.957 6.773 3.825 3.794 11.962
v(v-I Xv-2) 6.862 5.596 12.630 5.336 5.317 31.812
aRef 15.

bRef 16.
CRef. 17.

t~i
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spectrum .obtained with a high-resolution detector might reveal. many discrete tran-
sitions, although the transitions would be Doppler-broadened by the recoil of the fission

fragments. Prompt-gamma rays from fisioin are of much lower intensity than the
gamma rays that follow alpha decay (se Chr 1). Thus they anot useful for passive
assay, despite their relatively high energy. However, prompt amm rays from fission

This section includes brief descriptions of the delayed neutrons and gamma rays
emitted after fission. In passive assay systems the delayed neutrons and gamma rays are
usually masked by the stronger prompt emissions. The time delay, however, is often
used by active assay systems to discriminate between the interrogation source and the

induced fission signal. For additional details on these delayed signals, see Ref. 21.
Delayed neutrons originate from some of the isotopes produced during beta decay of

fission fgment They are emitted by hish extci isotopes as soon as the isotopes are
created by the beta decay of their precursor Thus, delayed neutrons appear withý half-

lives characteristic of their precursors. Although there are many such isotopes, delayed
neutrons can be categorized into sixgrups wth decay half-lives ranging from 200 ms to
55 s '(Ref. 22). The neutron Yield of each group is different for each uranium or
plutonium isotope. In principle, active assay systems can use this variation as an

indication of the isotopic composition of the irradiated sample (Ref. 21), but in practice

this use is difficult to implement. Delayed neutron energy spectra are highly structured,
as opposed to the smooth Maxwellian distributions of prompt neutrons. Also, the
average eneirgy of delayed neutrons is only 300 to 600Ik•e, as opposed to the 2-MeV
average of prompt neutrons. Most important, the number of delayed neutrons is
typically only 1% of the number ofprompt neutrons. Thus, delayed neutrons contribute
to passive neutron measurements, but their effect is not large..

Delayed gamma rays from fission have a higher intensity and slower emission rate
than, delayed neutrons. Their average multpicitand energy is comparable to: that of
prompt gamma rays: 6 to 8 gamma rays, each with an average energy close to 1 MeY.
There is no clear-cut distinction between the emission time of prompt and. delayed

gainmairays as there is for prompt and delayed neutrons. Gozani (Ref. 21) * used a
time of 10-9 s after fission as a conveniment demarcation. The delayed gamma rays so

definedare then emitted over times of several seconds, or minutes. The intensity of these
gammalrays is two orders of magnitude above the intensity of delayed neutrons.;
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11.4 NEUTRONS FROM (an) REACTIONS

Nuclei can decay spontaneously by alpha- or beta-my emission as well as by fission.
Alpha particles are helium nuclei with two protons and two neutrons, and beta particles
are energetic free electrons. In principle, all nuclei of atomic mass greater than 150 are
unstable towards alpha decay. However, alpha decay is a quantum mechanical barrier
penetration process like spontaneous fission, and the Coulomb barrier is high enough to
make alpha decay unlikely for all but the heaviest elements. Table. 11 -3 (Refs. 1, 2, and
23 through 2!) lits the alpha decay rates of some heavy elements. The total half-lives of
the isotopes listed in the table are almost the same as the alpha decay half-lives, except
for 24Mpu and 249Bk, where beta decay dominates, and 252Cf, where the spontaneous
fission rate isiabout 3% of the alpha decay rate.

The alpha decay processjleads to the emission ofgamma rays from unstable daughters
(see Chapter 1). Also, the ialpha arti clescanpr0duce neutrons through (an) reactions
with certain elements. This source fneu.tUrns can be comp ble in intensity to
spontaneous fission if isotopes, wjt* high alph decay rates sutch as ZP U, - 2Pu or

Am are pre' is section describes thep uction f :eur n) ractions
andproide gidlilie d'~lcl nsby (hn reactions
pr some oeines fo• ating I expected neutron yield.

Following a two eaples of(a n) riactiofs that o in many nu fuel cycle
materials-:

a .+ 18o0-. 21N4e +. n

Q + 19F-*nNa +,n

The alpha particle is emitted from uranium or plutonium with energies in the range of 4
to 6 MeV. Because. 2.U is the dominant alpha emitter in enriched uranium, the average
energy for alpha pamides emit from uraniu is 4.7 MeV (see Table 11-3)., For
plutonium, a averaceenergy of 5.2 MeV is typil. In air, the range of alph particles
from uranium is 34 cm and the range of alpha pariicles from plutonium is 3.7 cm.' The
range in other matals can'be estimated fromthte Bragg-Kleeman rule (Ref. 26):

range - 0.00032 . Xrangeinair (11-2)
density (1/cm )

where A is the atomic weight ofthe material. The range in Uranium and plqtonium oxide
is roughly 0.006 cm and 0.007 cm, respectiyely. Thusthe alpha particles lose energy very
rapidly wheni traveling thiough' matter. In many cases this short range means that -the
alpha particle can never reach neby maeiias in which (o,n) reactions could take place.
If, however, elements tch asxgen rfluorine are intimately mixed with the alpha-
emitting nuclear materini, a'ni n) 'reaction may take place because the alpha particle can

reach these eleimensbefore it l6 all it•s eeirgy.
When the alpha particle aýrfives at ahebr'nucleus, the probabil .of a reaction

depends on the 4alue,:the t•lreiholdienergy, and the height of the Coulomb barrier.
The Q-wvlue is the difference ibnding ee b n the two initial nuclei and the
two final'etionlproducts A positiveQ Ue means that the reaction will release
energy. A negative.Qvalue' mins that th& alpha paiticle must have at least that much



Table 11-3. (Alpha~n) reaction neutron yields

Average (un) (a•n)
Alpha Alpha Alpha Yield in Yield in

Isotope Total Decay Yield8 Energy8  Oxideb UF6iPuF4c
A Half-Life8  Half-Lifes (a/s-g) (MeV). (n/s-g) (n/s-g)

232Th 1.41 X 10 10 yr 1.41 X 1010 yr 4.1 X 403 4.00 2.2 X 10-5
232 U 71.7 yr 71.7 yr 8.0 X 10!1 5.30 .1.49 X 104 2.6 X 106
MU 1.59 X 105 yr 1.59 X 105 yr 3.5 X 108 4.82 4.8 7.0 X 102
234UJ 2.45 X 105 yr 2.45 X 105 yr -2.3 XI09 4.76 3.0 5.8 X 102
2 3SUj 7.04 X 10 6 yr 7.04 X 108 yr 7.9 X 104 4.40 7.1 X 10-4 0.08

236U 2.34 X 107 yr 2.34 X 107 yr 2.3 X 106 4.48 2.4 X 10-2 2.9
,2mU 4.47 X 109 yr 4.47 X 109 yr 1.2 X 104 4.19 8.3 X I0s 0.028

237Np 2.14 X 10 6 yr 2.14 X 10 6 yr 2.6 X 107 4.77 3.4 X-1071
238pu 87.74yr 87.74yr 6.4 X 10" 5.49 1.34 X 104 2.2 X 106

29pu 2.41 X i04yr 2.41 X 104yr 2.3 X 109 5.15 3.81 X 101 5.6 X 103
•24pu 6.56 X 103yr 6.56 X 103yr 8.4 X 10" 5.15 1.41 X 102 2.1 X 104
241pu 14.35 yr 5.906 10Xyr 9.4 X 107 4.89 1.3 1.7 X 102
242Pu 3.76 X 103yr 3.76 X 103 yr 1.4 X 10' 4.90 2.0 2.7 X 102

24IAm 433.6 yr 433.6 yr 1.3 X 10"1 5.48 2.69 X 103
242Cm 163 days 163 days 1.2 XI014 .6.10 3.76 X 106
2"Cm 18.1 yr 18.1 yr 3.0X -1012 5.80 7.73 X 104
249Bk 320days 6.1 X 1064yr 8.8 X 101 5.40 1.8 X 101

25Cf 2.646yr 2.731yr 1.9 X 1013  6.11 6.0 X 105

'Ref. I.
bRef. 2.
eUF6, Refs. 23 and 24; PuF4, Ref. 25.

9a-

0

0-a

0

a
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energy in the center-of-mass reference frame before the reaction can proceed. If this
minimum energy requirement is transformed to the laboratory reference frame, it is
called the threshold energy:

Threshold energy = -Q(I + 4/A) if Q is negative
Threshold energy = 0 ifQ is positive. (11-3)

The Coulomb barrier is the strength of the electrostatic repulsion that the alpha particle
must overcome to enter the target nucleus and react.

Zi Z2 e2
Coulomb barrier. (MeV) 0 (AiI/3 -_- A (11-4).

r(A + A2
1/5)

where Z, = 2,ji A, - 4, e2 
= 1.44 MeV-fm, r0 = 1.2 fin, and Z2 and A2 refer to the

target nucleus (Ref. 27). Thus, an (un) reaction is energetically allowed only if the alpha
particle has enough energy to (1) overcome or penetrate the Coulomb barrier and (2)
exceed the threshold energy. (Note that the two energy requirements are not, additive.)
Table 11-4 (Refs. 26 and 28) summarizes these properties for a series'of low-mass
isotopes.

Table 11-4 shows that (an) reactions with 5.2-MeV alpha particles are possible in 11
low-Z elements. In all elements with atomic number greater than that of chlorine, the
reaction is energetically not allowed. The observed yield of neutron s from (acn) reactions
is given in Table 11-5 (Refs. 29 through 33) for thick targets. A thick target is a material
that is much thicker than the range of the alpha particle and one in which the alpha
particles lose energy only in the target element. From Equation 11 2, the range of alpha
particles in solids is on the order of 0.01 cm.

(Alphan) reactions can occur in compounds of uranium or plutonium such as oxides
or fluorides and in elements; such as magnesium or beryllium that may be present as
impurities. Th6 neutron yield per gram of source nuclide in pure oxides and fluorides is
given in the last two columns of Table I 1,3. In other materials the yield will depend very
sensitively on the alpha activity of the nuclear isotopes, the alpha particle energy, the
reaction Q-values, the impurity concentrations, and the degree of mixing (because of the
short range of the alpha particle).

Equations 11-5 through 11-7 give a prescription for estimating the (an) yield in
uranium or plutonium oxides with impurities (perfect mixing is: assumed). First, the
yield in oxide is

Yoi=. Mi Yi (11-5)

where Mi is the mass in grams of the ith isotope and Yi is the neutron yield per gram of
each alpha-emitting isotope as given in Table 11-3. The summation over i should
include: 2Am,:which is a strong alpha emitter. The yields for compounds can also be
estimated by multiplying the thick target yields in Table 11-5 by the reduction, factor K
(Refs. 34 and 35):

K = S Nt (11-6)
StNt + SaN.
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Table 11-4. (Alpha,n) Q-values, threshold energies, and Coulomb barriers.

Natural Threshold Coulomb Maximum Neutron
Abundance Q-Valuea Energya Barrier Energy for

Nucleus (%) (McV) (MeV) (MeV) 5.2-MeV Alphab
4He 100 -18.99 38.0 1.5

uLi 7.5 -3.70 6.32 2.1
7Li 92.5 -2.79 4.38 2.1 1.2
9Be 100 +5.70 0 2.6 10.8
I°B 19.8 +1.06 0 3.2 5.9
IIB 80.2 +0.16 0 3.2 5.0
12C 98.9 -8.51 11.34 3.7
13C 1.11 +2.22 0 3.7 7.2
14N 99.6 -4.73 6.09 4.1
ISN 0.4 -6.42 8.13 4.1
160 99.8 -12.14 15.2 4.7
170 0.04 +0.59 0 4.6 5.5
ISO 0.2 -0.70 0.85 4.6 4.2
19F 100 -1.95 2.36 5.1 2.9
20Ne 90.9 -7.22 8.66 5.6
21Ne 0.3 +2.55 0 5.5 7.6
22Ne 8.8 -0.48 0.57 5.5 4.52•Na 100 -2.96 3.49 6.0 1.8
24Mg 79.0 -7.19 8.39 6.425Mg 10.0 +2.65 0 6.4 7.7
26Mg 11.0 +0,03 0' 6,3 5.0
27AI 100 -2.64 3.03. 6.8 2.2
29Si 4.7 -1.53 1.74 7.2 3.4
3°Si 3. -3.49 3.96 7.2 1.4

QCI 24.2 -3.87 4.29 8.3 1.0
RRef. 28.
bReE 26.

where S, and S0 are the rates at which the alpha particle loses energy in the target material
and in the alpha-emitting isotope and N, and N, are the atom densities. Some values of
the ratio SA are given in Ref. 34.

The yield from elements that exist as impurities :in the oxide can be estimated by
computing the impurity element (un) yield relative to the oxide (a,n) yield. The
approximation in Equation 11-7 ignores differences in alpha energy between isotopes
and differences in targt densities that remst from the presence of impurities:

Yi.ýnn M Yad. •Yimprity~ ~ozde
PjA0 jSj

PGAjl0S1

(11-7)

where Pj is the (an) neutron yield in the impurity element, from Table 11-5. Po is the
yield in oxygen: 0.059 n/10 6 plutonium alpha particles or 0.040 n/106 uranium alpha
particles. Aj is the atomic weight of the impurity element, and Ao = 16 for oxygen. Ij is
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Table 11-5. Thick-target yields from (an) reactions (error bars estimated from
scatt& between references)

Neutron Yield Neutron Yield Av. Neutron
Element per 106 Alphas per 106 Alphas Energy (MeV)

(Natural Isotopkc of Ener of Energy for 5.2 MeV
Composition) 4.7 MeV (2&U). 5.2 MeV (av. Pu) References Alphas (Ref. 29).

U 0.16 *0.04 1.13 ± 0.25. 30 0.3
Be 44 ±.4 65 ± 5 31 4.2
B. 12.4 ± 0.6 17.5 ± 0.4 29,30,33 2.9
C 0.051 ± 0.002 0.078 ± 0.004 29,30,31 4.4
0 0.040 ± 0.001 0.059 ± 0.002 29,30,31 1.9
F 3.1 + 0.3 5.9 ± 0.6 29,30,33 1.2

Na 0.5 +0.5 1.1 ± 0.5 32
Mg 0.42 ±0.03 0.89 ± 0.02 29,30,31 2.7
Al .0.13 : 0.01 0.41 ± 0.01 29,30,31 1.0
Si 0.028 ± 0.002 0.076 ± 0.003 29,30, 31 1.2
a 0.01 ± 0.01 0.07 ± 0.04 32

the impurity concentration expressed in parts per million (by weight) of oxide. IO is the
concentration of oxygen expressed in the same way, such as 118 00O0ppm for PuO 2 or
154 000 ppm for high-enriched U30 8. The total yield from (an) reactions is then the
sum ofEquations 11-5 and 11-7.

The (un)yields in Table 11-5 are accurate to 5 to 10% for the best-measured elements.
The oxide (an) yields in Table 11-3 are known to 10% or better. Thus, the neutron yield
calculations are accurate to 10% at best, even with perfect mixing. In moist compounds,
liquids, or gases, the estimates given are not valid.

The energy of the neutron emitted in an (un) reaction depends on the energy that the
alpha particle has at the time of the reaction and on the Q-value of the reaction in the
isotope. Average thick-target' neutron energiest are given in Table 11-5. Maximum
neutron energies are given in the last column of Table 11 -4. Several spectra are given in
Figures 11.4 and 11.5 below.

:Another important characteristic of neutrons from (atn) reactions is that only one
neutron is emitted in each reaction. These events constitute a neutron source that is
random in time with a multiplicity of 1.:This characteristic is exploited by neutron
coincidence counters (Chapters 16 and 17), which can distinguish between spontaneous
fission neutrons and neutrons from:(,n)reactions.

Note: that both (~n) andu,(~p) roactions may leave the nucleus in an excited state, from

which the nucleus decays to the ground state:by emitting one or more gamma rays. For
example:

l u) 2Na, 
22Na 22 N. y(1275keV) '

6 22Ne

qNC -f(1275 key) 2N
19F~ucp) 22Ne# 22N - * . Ne
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Here the asterisk refers to a nucleus in an excited state. Because many of the gamma rays
from these reactions are ofhigh energy and are often emitted nearly simultaneously with
the neutron, they can affect the response of total neutron counters or neutron coin-
cidence counters containing detectors that are sensitive to gamma rays.

11.5 NEUTRONS FROM OTHER NUCLEAR REACTIONS

Spontaneous fission, induced fission, and (un) reactions are the primary sources of
neutrons observed in passive measurements. However, other reactions such as (y,n),
(n,n'), and (n,2n) may take place in the sample or detector assembly and contribute
slightly to the observed count rate. This section describes these reactions briefly;
examples are given in Table 11-6. These reactions are more important in active
nondestructive assay measurements; details can be found in Ref. 21.
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Table 11-6. Other nuclear reactions that may affect passive neutron counting

Threshold
Radiation Energya Target Outgoing Outgoing

Source (MeV) Material Reaction Radiation Energya.

Gamma 1.665 beryllium (y,n) neutron 8(Ey- . 665)/9 MeV
'Gamma 2.224 deuterium (y,n) neutron (Ey-2.224)/2 MeV
Neutron 0 hydrogen (n,y) gamma 2.224 MeV
Proton 1.880 lithium-7 (p,n) neutron >_ 30 keV
Proton 1.019 tritium (p,n) neutron --0 keV
Neutron 0.1-1.0 lead (n,n') neutron
Neutron 0.1-1.0 tungsten (n,n') neutron
Neutron 0.1-1.0 uranium (n,n') neutron
Neutron 1.851 beryllium (n,2n) neutrons
Neutron 3.338 deuterium (n,2n) neutrons
Neutron 5.340 tungsten (n,2n) neutrons
aRef. 28.

The (y,n) reaction can produce neutrons in any element if the gamma-ray energy is
high enough. The typical minimum threshold energy (-8 MeV) is much higher than the
energies ofgamma rays emitted from radioactive nuclides. However, the (yn) threshold
energies for beryllium (1.66 MeV) and deuterium (2.22 MeV) are anomalously low.
Thus, it is possible to create a photoneutron source by surrounding relatively intense,
long-lived, high-energy gamma-ray sources such as 124Sb or 226Ra with a mantle of
beryllium or D20. A detailed list of photoneutron sources is given in Table 4.3 of Ref.
21. For passive assay applications it is only necessary to keep in mind that prompt
fission gamma rays or gamma rays from some (an) reactions can produce extra
neutrons if the detector assembly'contains beryllium or deuterium. Or, conversely,
neutrons can be captured in hydrogen to produce deuterium and 2.22-MeV gamma rays.
These possibilities are included in Table I 1-6.

Inelastic neutron scattering (n,n') can occur in heavy nuclei with neutron energies of
roughly 0.1 to 1.0 MeV or higher. This reaction is possible if the target nucleus has
energy levelslo0w enough to be excited by the neutron. The probability of this reaction is
not high,'and the number of neutrons' present is not altered. However, the average energy
of neutrons in the material will decline somewhat faster than would be expected from
elastic scattering aloine.'

The (n,2n) reaction can increase the number of neutrons present, but the threshold
energy in most !elem'entts is in the rge of 10 MeV. For •deuterium, beryllium, and
tungsten the thresholds are lower, but the number of extra neutrons produced is likely to
be small. The possibility of. (n,2n) reactions should be considered only when the
neutrons are known to have high energy, when deuterium, beryllium, or tungsten are
present, and When the coincidence count rates to be measured are very low. In such cases
the observed response may be enhanced.
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11.6 ISOTOPIC NEUTRON SOURCES

Compact, portable, neutron sources are useful for laboratory work, for verifying the
proper operation of assay instruments, or for irradiating samples to obtain other induced
signals. For accountability or safety purposes it is often important to have sources that
contain little or no plutonium or uranium; Such sources can be manufactured by using
other isotopes that emit neutrons by spontaneous fission or by taking advantage of(an)
reactions between strong alpha-particle-emitting isotopes and low-Z materials.

Californium-252 is the most commonly used'spontaneous fission: neutron source; it
can be fabricated in very small sizes and still provide, a strong source for a practical
period of time. Table 11-7 summarizes some of the properties of 252Cf; Figures 11.2 and
11.3 give the prompt neutron and gamma-ray spectra. For some applications it is
important to remember that 25ZCf neutrons are emitted with an average multiplicity of
3.757. Thus they are strongly correlated in time and will generate coincidence events.

Sources that emit random, uncorrelated neutrons can be manufactured by mixing
alpha emitters such as 238pu or 24 1Am ýwith beryllium, •lithium, fluorine, or other
elements in which (can) reactions are possibie. Table 11-8 (Refs. 1, 26, and 36)
summarizes the characteristics of some common (an) sources. One important feature
for practical applications is the half-life of the heavy element that emits the alpha
particles. The sources listed in Table'11-8 all have long half-lives, with the exception of
21°PoBe. Another important feature is the neutron energy spectrum obtained from the
source. In some cases it is important to0 have ,a high-energy, -higlly penetrating neutron
source. In other cases it may be important to avoid neutron energies ýhigh enough to
fission plutonium or uranium isotopes (that is, the source must provide subthreshold
interrogation) or high enough to excite (n,2n) reactions.,

Table 11-7. Characteristics of 252Cf

Total half-life 2.646 yr
Alpha half-life 2.731 yr
Spontaneous fission half-life 85.5 yr

Neutron yield . . 2.34 X 1012 n/s-g
Gamma-ray yield 1.3 X: 1013 ¥/s-g
Alpha-particle yield 1.9 X 10'1. a/s-g

Average neutron energy 2.14 MeV.
Average gamma-ray energy I MeV
Average alpha-particle energy 6.11 MeV

Neutron activity 4.4 X 10P n/s-Ci
Neutron dose rate 2300 rem/h-g at I m
Gamma dose rate 140 rem/h-g at 1 m
Conversion 558 Ci/g
Decay heat 38.5 W/g
Avg. spontaneous fission neutron multiplicity 3.757
Avg. spontaneous fission gamma multiplicity 8



Table 11-8. Characteristics of some isotopic (an) sources

Average Average Maximum Gamma
Half- Alpha Neutron Neutron Dose in Curies Yield
Life . Energy8  Energya Energyb mrem/h at. per In

Source (yr) (MeV) (MeV) (MeV) 1 ni/(10 6 n/s)C Gramd 106 n/s-Cic
2 10PoBe 0.38 5.3 4.2 10.9 0.01 4490 2-3
226Rale 1600 4.8 4.3 10.4 60. 1 W-17
2-SPuBe 87.74 5.49 4.5 11.0 0,006 17 2-4
23SPuLi 87.74 5.49 0.7 1.5: -1 17 0.07
238PuF 4  87.74 5.49 1.3 3.2 -1 17 0.4
23SpuO 2  87.74 5.49 2.0 5.8 ,- 1 17 0.003
239PuBe 24 120. 5.15 4.5 10.7 6 0.06 1-2
"3!PuF4  24120. 5.15 1.4 2.8 -1 0.06 0.2

2(4 AmBe 433.6 5.48 5.0 11.0 6 3.5 2-3
24.Am!i 433.6 5.48 0.3 1.5 2.5 3.5 0.06
24'AmB 433.6 5.48 2.8 5.0 3.5
"4 IAmF 433.6 5.48 1.3 2.5 3.5

aRef 1.
bRef 26.
cReE 36.
d(Alplayield/s-g)/(3.7 1020 dps/Ci).

t~I
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Two common (azn) sources in use today are 24 tAmBe and 24IAmLi. Typical neutron
energy spectra for these two sources are given in Figures 11.4 and 11.5. The energy
spectra can vary somewhat because of impurity elements or imperfect mixing. [Also,
(a,n) spectra can change their shape somewhat in time, depending on the source
construction and the particular isotopes involved.] Note that AmLi sources are usually
fabricated by mixing 1AMO 2 with lithium oxide and that (an) reactions in the oxide
contribute a high-energy tail to the spectrum.

The 241AmBe sources are compact and relatively inexpensive and do not require
much gamma-ray shielding. However, the high-energy spectrum permits (n,2n) reac-
tions that will produce coincidence counts. The 24 tAmLi sources are less compact and
more expensive and require tungsten shields. Because of their low-energy neutron
spectra, they are the most widely used sources for subthreshold interrogation in active
assay and for random-neutron check sources in passive coincidence counting.'For the
latter application it is important to be aware of the possibility of plutonium contamina-
tion in the americium, which can yield spurious coincidence counts from spontaneous
fission.

(Alpha,n) sources also emit gamma and beta radiation, and in many cases the dose
observed outside the container is dominated by gamma radiation. (For comparison, the
dose from 106 n/s is about 1 mrem/h at I m.) The neutron yield of an (axn) source
relative to its total radiation output in curies may thus be an important selection
criterion. This ratio is given in the last column of Table 11-8. Because of their: high
gamma-ray output, some (c•n) sources should be encapsulated in shielding material. For
example, 21 AmLi sources are enclosed in /4- to 3/8-in.-thick tungsten to shield against
the intense 60-keV gamma rays from americium decay.

11.7 CONCLUSIONS

What properties of neutron radiation can be used by the assayist to measure the
quantity of specific isotopes? Several important features are summarized below:.
I. The odd-even effect in spontaneous fission means that only fertile isotopesI like 238U,

2 8 pu, 24°Pu, and 242Pu are strong emitters of high-energy (2-MeV average) neutrons.
For metallic samples of plutonium the total neutron emission rate is usually directly
related to the masses of the even isotopes :that are present. This is also true for
metallic uranium, although kilogram quantities are required for practical assays
because of the lower neutron emission rate.

2. The prompt neutron multiplicity (v = 2 to 3) means that coincidence counting
techniques can provide a nearly unique signature for the presence of the even
isotopes. However, the multiplicity does not vary enough from one isotope to
another to permit discrimination between them.

3. The detection of prompt fission gamma rays along with the neutrons can greatly
enhance instrument sensitivity. However, the different behavior of neutrons and
gamma rays in the sample matrix and in the detector increases the difficulty of
relating the measured response to the sample nass. :Therefore, this:approach is not
recommended for most applications. The use of prompt gamma rays alone is an
almost untouched field, but relating measured response to sample mass is again likely
to be a difficult problem.
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4. Delayed neutron yields are too low for passive assay. Delayed gamma rays are usually
not detected by neutron detectors, but they contribute to the response of scintillators.
Both delayed neutrons and delayed gamma rays are very important for active assay
but not for passive assay.

5. Fissile isotopes like 235U and 239Pu are assayed either by active techniques or
indirectly by passive assay of adjacent fertile isotopes if the isotopic composition of
the sample is known.

6. (Apha, n) reactions allow good passive assays of compounds such as mPuO2 and
34UF 6 . Again, the quantity of other isotopes can be inferred from the known isotopic

composition. (Alpha,n) reactionscan also yield unwanted passive emissions that
complicate the assay. Neutron coincidence counting is often used to: discriminate
against (an) reactions.

The principles and applications of these techniques are described, in Chapters 14
through 17.

REFERECES

L. C. M. Lederer and V. S. Shirley, Eds., Table oflsotopes, 7th ed. (John Wiley& Sons,
Inc., NewYork, 1978).

2. R. T. Perry and W. B. Wilson, "Neuttron Production from (a,n) Reactions and
Spontaneous Fission in ThO2, U0 2, and (U,PU)0 2 Fuels," Los Alamos National
Laboratory rport LA-8869-MS (June 1981).

3. D. L. Johnson, "Evaluation of Neutron Yields from Spontaneous Fission of
Transuranic Isotopes," Transactions of the American NUclear Society 22, 673
(1975).

4. P. Fieldhouse, D. S. Mather, and E. R. Culliford, "The Spontaneous Fission Half-
Life of 240Pu," Journal of Nuclear Energy 21,749 (1967).

5. C. Budtz-Jorgensen and H. H. Knitter, "Neutron-Induced Fission Cross Section of
Plutonium-24*in the Energy Rang from 10 keV to 10 MeV," Nuclear Science and
Engineering 79, 380 (198D1).

6. Evaluated Nuclear Data File ENDF/B-V (available from and maintained by the
National Nuclear Data Center at Brookhaven National Laboratory).

7. E. K. Hyde, The Nuclear Properties of the Heavy Elements, III, Fission Phenomena
(Dover Publications, New York, 1971).

8. J. O. Newton, "Nuclear Properties of the Very Heavy Elements," Progress in
Nuclear Physics 4, 234 (1955).



The Origin of Neutron Radiation 355

9. J. A. Wheeler, in Nielr Bohr and the Development of Physics.(Pergamon Press,
London, 1955), p. 166.

10. J, W. Boldeman, D. Culley, and R. Cawley, "The Fission Neutron Spectrum from
the Spontaneous Fission of 252Cf, Transactions of theAmerican Nuclear Society 32,

733 (1979).

11. W. P. Poenitz and T. Tamura, "Investigation of the Prompt Neutron Spectrum for
Spontaneously-Fissioning 252Cf," Proc. Int. Conf. Nucl. Data Sci. TechnoL.,
Antwerp, Belgium, Sept. 1982, p. 465.

12. D. G. Madland and J. R. Nix; "New Calculation of Prompt Fission Neutron Spectra
and Average Prompt Neutron Multiplicities," Nuclear Science and Engineering 81,
213(1982).

13. J. Terrell, "Neutron Yields from Individual Fission Fragments," Physical Review
127, 880 (1962).

14. W. G. Davey, "An Evaluation of the Number of Neutrons Per Fission for the
Principal Plutonium, Uranium, and Thorium Isotopes," Nuclear Science and
Engineering 44, 345 (1971).

15. J. W. Boldeman and M. G. Hines, "Prompt Neutron Emission Probabilities
Following Spontaneous and Thermal Neutron Fission," Nuclear Science and Engi-
neering, 91, 114 (1985).

16. D. A. Hicks, J. Ise, and R. Pyle, Physical Review 101, 1016(1956).

17. M. S. Zucker and N. Holden, "Parameters for Several Plutonium Nuclides and 25Cf
of Safeguards Interest," Proc. Sixth Annual Symp. ESARDA, Venice, 1984, p. 341.

18. J. Terrell, "Distribution of Fission Neutron Numbers," Physical Review 108, 783
(1957).

19. A. Gavron and Z. Fraenkel, "Neutron Correlations in Spontaneous Fission of252CT' Physical Review C 9, 623 (1974).

20. H. R. Bowman, S.0. Thompson, and J. 0. Rasmussen, "Gamma-Ray Spectra from
Spontaneous Fission of 25Cf," Physical Review Letters 12 (8), 195 (1964).

21. T. Gozani, Active Nondestructive Assay of Nucar Materiais, Principles and Applica-
tions, NUREG/CR-0602 (US Nuclear Regulatory Commission, Washington, DC,
1981).

22. G. R. Keepin, Physics of Nuclear Kinetics (Addison-Wesley Publishing Co., Inc.,
Reading, Massachusetts, 1965).



356 N. Ensslin

23. T. E. Sampson, "Neutron Yields from Uranium Isotopes in Uranium Hexafluo-
ride," Nuclear Science and Engineering 54, 470 (1974).

24. W. B. Wilson, J. E. Stewart, and R. T. Perry, "Neutron Production in UF6 from the
Decay of Uranium Nuclides," Transactions of the American Nuclear Society 38, 176
(1981).

25. W.B. Wilson, Los Alamos National Laboratory memorandum T-2-M1432, to N.

Ensslin (1983).

26. R. D. Evans, The Atomic Nucleus (McGraw-Hill Book Co., New York, 1955).

27. Ji. B. Marion and F. C. Young, Nuclear Reaction Analysis (JohnWiley & Sons, Inc.,
New York, 1968), p. 108.

28. R. J. Howerton, "Thresholds and Q-Values of Nuclear Reactions Induced by
Neutrons, Protons, Deuterons, Tritons, 3He Ions, Alpha Particles, and Photons,"
Lawrence Livermore National Laboratory report UCRL-50400, V24 (1981).

29. G. J. H. Jacobs and H. Liskiei, "Energy Spectra of Neutrons Produced by Alpha
Particles in Thick Targets of Light Elements," Annals of Nuclear Energy 10, 541
(1983).

30. J. K. Bair and J. Gomez del Campo, "Neutron Yields from Alpha-Particle Bom-
bardment," Nuclear Science and Engineering 71, 18 (1979).

31. D. West and A. C; Sherwood, "Measurements of Thick-Target (a,n) Yields from
Light Elements,"Annals of Nuclear Energy 9, 551 (1982).

32. J. Roberts, "Neutron Yields of Several Light Elements Bombarded with Polonium
Alpha Particles," U.S. AEC report MDDC-731 (1947).

33. W. B. Wilson and R. T. Perry, "Thick-Target Neutron Yields in Boron and
Fluorine," Los Alamos National Laboratory memorandum T-2-M-1835 to N.
Ensslin (1987).

34. M. E. Anderson and J. F. Lemming, "Selected Measurement Data for Plutonium
and Uranium," Mound Laboratory report MLM-3009 (1982).

35. D. West, "The Calculation of Neutron Yields in Mixtures and Compounds from the
Thick Target (an) Yields in the Separate Constituents," Annals of Nuclear Energy 6,
549(1979).

36. Joint Publication Research Center, Neutron Sources, JPRS-48421 (Washington,
DC, July 1969).



12

Neutron Interactions with Matter
P. Rinard

12.1 INTRODUCTION

How neutrons interact with matter affects the ways in which assays can be performed
with neutrops. Neutron interactions with the assay material affect,the interpretation of
neutron measurements and limit the amount of fissile material the assay instrument can
contain safely. A neutron detector Is Ib on some neutron interaction with the
material in the detector. Also, neutron interactions with shielding materials are
necessary to protect radiation workers.

This chapter provides fundamental information about neutron interactions that are
important to nuclear material measurements. The first section describes the interactions
on the microscopic level where individual neutrons interact with other particles and
nuclei. The concepts are then extended to 'macroscopic interactions with bulk com-
pound materials.

12.2 MICROSCOPIC INTERACTIONS:

12.2.1 The C"oss-Section Concept

The probability of a particular event occurring between a neutron and a nucleus is
expressed through the concept of the cross section.[f a large number of neutrons of the
same energy are directed into a thin layer of material, some may pass through with no
interaction, others may have interactioisithat change their directions and energies, and
still others may fail to emerge from the sample. There is a probability for each of these
events. For example, the probability of neutron not emerging from a sample (that is, of
being absorbed or captured) is the ratio0of the number of neutrons that do not emerge to
the number originally incident on the layer. The cross section for being absorbed is the
probability of neutrons being absorbed divided by te areai atom density! (the numberof
target atoms per unit area of the layer); The cross section thus has the dimensions of
area; it must be a small fraction of a sq4 vne cet imeter beca of the' large: number of
atoms involved. Because this type of ci"&s s6c'on dt bes the probability of neutron
interaction with a single nucleus, it is cled the microsopic cross section and is, given
the symbol a. (A macroscopic cross section for use with bulk mnitter is defined in Section
12.3.)

Another approach to understanding the concept of the microscopic cross section is to
consider the probability of a single neutron attempting to pass through a thin layer of

357
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material that has an area A and contains N target nuclei, each of cross-sectional area L.
The sum of all the areas of the nuclei is Ns. The probability of a single neutron hitting
one of these nuclei is roughly the ratio of the total target area Ns to the area of the layer A.
In other words, the probability of a single neutron having a collision with a nucleus is
Ns/A or (N/A)s, the areal target density.times s. On the .atomic level, :however, cross
sections.for neutron interactions are not simply the geometrical cross-sectional area of
the target. By replacing this s by the o ofthe preceding paragraph, o might be thought of
as an effective cross-sectional area for the interaction. The cross section for the
interaction retains the dimensions of area that s had.

The physical cross-sectional area s of a heavy nucleus is about 2 X 10-24 cm2 .
Interaction cross sections for most nuclei are typically between 10-27 and 10-21 cm2. To
avoid the inconvenience of working with such small numbers,:a different unit of area is
used: the barn, denoted by the symbol b. It is defined to be 10-24 cm2, so that the
physical cross-sectional area of a heavy nucleus is about 2 b. Many neutron interaction
crossecti.ons range between 0.001 and 1000 b.

Each type of event has its own probability and cross section. The probability of eachtype otfeent isinden ofe probabilities ofthe others, so thetotal probability of

any event occurring is the sum of the individual pro'biilitiek Similarly, the sum of all
the individual cross sections is the total cross section.

12.2.2 The Energy-Velocity Relationship for Neutrons

Cross-section magnitudes are :strong: functions of :neutron energy, as discussed in
Section 12.2.4. As a preliminary to that discussion, this section describes the relationship
between neutron energy and velocity. This connection ýis.. important not only for
understanding cross sections but also for estimating. the timethat neutrons are presentin
regions such as those found in assay instruments..

The classical expression for kinetic energy, E = mv2/2, is sufficiently accurate
because even a kinetictenergy of 100 MeV is still only about' one-tenth of the rest-mass
energy of a neutron (939.55 MeV). For velocity v in meters per second and kinetic
energy:EiMeV,

E : 5.227 X 107 15 V2  (12-I)

and

v = 1.383 X 107 E1/2 . (12-2)

Figure 12.1 shows a graph of these equations for ready use. The graph shows, for,
example, that a 1-MeV neutron has a speed of 1.383 X 107 m/s and therefore willn cross
a 15-cm sample region in a typical assay instrument in about I ns. A thermal neutron
with anene&gy of.0.024eV (see Section 12.2.3) has a speed of2187 r/s andwill cross the

same5 region in about 70 ps.
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12.2.3. Types of Interactions

A neutron can have many types of interactions with a nucleus. Figure 12.2 shows the
types of interactions and their cross sections. Each category of interaction in the figure
consists of all those linked below it. The total cross section at expresses the probability of
any interaction taking place.:

:A simple notation can be used to give a concise indication of an interaction of interest.
Ifia neutron n impinges on a target nucleus T, forming a resultant nucleus R and the
release of an outgoing particle g, this interaction, is shown as T(ng)R. The heavy nuclei
are shown outside the parentheses.To denote a type ofinteraction without regard for the
nuclei invlolved, only the portion in parentheses is shown. An example of an (n,p)
reaction is 1B(np)'Be.

,An interaction may be one of two major types: scattering or absorption. When a
neutron is scattered by a nucleus,, its speed and 'direction change but the nucleus is left
with the same number of protons and neutrons it had before the interaction. The nucleus
will have some recoil velocity and it may be left in.an excited state that~will lead to the
eventual release of radiation. When a neutron is absorbed by a nucleus, a wide range of
radiations can be emitted or fission can be induced.

INLATI EECR- CHAGE NEURA
MAGNETICE. . / (n-p) 

(/ (n.,')' (n,> y,) I |e (n3n)
/ ' / ' // (n,d) I/ (n,4n)
• // etc. I/:ret.

ft.12.2 Various categories of neutron interactions. The letters separated
by commas in the parentheses show the incoming and outgoing
particles.
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Scattering events can be subdivided into elastic and inelastic scattering. In elastic
scattering, the total kinetic energy of the neutron and nucleus is unchanged by the
interaction. During the interaction, a: fraction of the neutron's kinetic energy is trans-
ferred to the nucleus. For a neutron of kinetic energy E encountering a nucleus of atomic
weight A, the average energy loss is 2EA/(A+ 1)2.. This expression shows that in order to
reduce the speed of neutrons (that is, to moderate them) with the fewest number of
elastic collisions, target nuclei with small A should be used. By using hydrogen, with
A = 1, the average energy loss has its largest value of E/2. A neutron with 2 MeV of
kinetic energy will (on the average) have 1 MeV left after one elastic collision with a
hydrogen nucleus, 0. MeV ýfter a second such collision, and so on. To achieve'a kinetic
energy: of on ly..0.025: "e. would take a total of about 27 ýsuch collisions. (A neutron of
energy 0.025 eV is roughly in thermal equilibrium with: its surrounding medium and is
considered a "thermal neutron." From the relation E = kT where k is Boltzmann's
constant, an energy E of 0.025 eV corresponds to a temperature T of 20°C.)-In general,
after n elastic collisions, the neutron's energy is expected to change from EO to E, =
E0[(A 2 +l-)/(A+l) 2]n. To reach E, from Eo thus .requires n, = log(E:/Eo)/
10g[(A 2.+I)/(A+1j)2 collisions, on the average. Table: 12-1 gives examples of the number
of collisions required to "thernalize" a 2-MeV neutron in some materials.-

Inelastic scattering is similar to elastic scattering except that the nucleus undergoes an
.internal rearrangement into an excited state from which it eventually. releases radiation.
The:total' kinetic energyý of the outgoing neutron and nucleus is less. than the :kinetic
energy of the incoming. neutron; part of the original kineic energy is uiSd to place the

nucleus into the excited state. It is no longer easy to write an expression for the average
energyloss because it depends on the energy levelswithin the nucleus.,But the net effect
on the neutron is again to reduce its speed and change its direction. I fall ihe excited
states of the nucleus are too high in energy to be reached with, the energy available from
the,:incoming neutron,: inelastic scattering' is impossible. In pirticular, the hydrogen
nucleus does not have excited states, so only elastic scattering can ocr=in thatcase. In
general, scattering moderates or reduces the energy of neutrons and.provides the basis
for some neutron detectors (for example, proton recoil detectois).

Table 12-1. Average number of col-
lisions required to reduce'a neutron's
energy from 2 MeV to 0.025 eV by
elastic scattering

Number
Atomic of

Element Weight Collisions

Hydrogen
Deuterium
Helium
Beryllium
Carbon
Uranium

1 27
2 31
.4 48
9. 92

12 119
238 2175
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Instead of being scattered by. a nucleus, the neutron may be absorbed or captured. A
variety of emissions may follow, as shown in- Figure 12.2. The nucleus may rearrange its
internal structure and release one or more gamma rays. Charged particles may also be
emitted; the more common ones are protons, deuterons, and alpha particles. The
nucleus may also rid itself of excess neutrons. The emission of only one neutron is
indistinguishable from a scattering event. If more than one neutron is .emitted, the
number of neutrons now moving through the material is larger than the number present
before the interaction; the number is said to have been multiplied. Finally, there may be
a fission event, leading to two or more fission fragments (nuclei of intermediate atomic
weight) and more neutrons (see Chapter 11).

Many safeguards instruments haveneutron detectors that use an absorption reaction
as the basis of the detection technique. The. lack. ofan electric charge on the neutron
makes direct detection difficult, so the neutron is first absorbed by a nucleus, which then
emits a charged particle (such as a proton or deuteron). Helium-3, uranium-235 and
boron-10 are- commonly 'usediin detectois .because. they. have 'large absorption cross
sections'for the production of charged particles with low-speed neutrons;

When. moderation alone isi desired, absorption should be avoided. For example,
hydrogen is a better-moderator than deuterium (that is, it' requires fewercollisions to
achieve a particular low speed), but 'it also has a larger absorption cross section for
neutrons. The .neti effect is 'that, deuterium, will yield more thermal neutrons: than
hydrogen and may be the prefetred moderating material.

The cross sections associated.with 'the.various interactions described above can be
designated by the following notation: "

CF, =.total cross sec tin( 08)
6s total scattering cross section (6eL + F.)

oe, or oa, 71 elastic scattering cross section
oi or on n, = inelastic scattering cross section

a or a, = absorption or capture cross section
One = nonelastic cross section, (Tt '- ae

-ny - radiative capture cross section
af or a,,. = fission cross section

On,p = (n,p) reaction cross section.

12.2.4 Energy Dependence of Cross Sections

All of the cross sections described above vary with neutron energy and with the target
nucleus, sometimes in a dramatic way. This section gives some generalizations about the
energy dependence of cross sections and shows data (Ref. 1)-for a few important nuclei.

Figure 12.3 is the total cross section for 239P.,9 for incident neutrons of 0.00 1-eV to 10-
MeV energy. Note that as a general rule the cross section decreases with increasing
energy. At low energies, below I MeV, the elastic cross section is nearly constant,
whereas the inelastic scattering cross section and absorption cross sections are propor-
tional to the reciprocal of the neutron's speed (that is, l/v). So at low energies the total
cross section can be nearly constant or decreasing with energy, depending on which type
ofevent dominates. For example, in 239PU the inelastic cross section dominates and the
total cross section decreases as 1/v. Similar behavior is observed for most light and
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Fig. 12.3 Total neutron cross section of 239pu.

intermediate weight nuclei as well. Figures 12.4 and 12.5 illustrate the low-energy total
cross-section behavior of boron and cadmium. The unusually high absorption cross
sections of these two materials make them useful as thermal-neutron poisons.

At higher energies the cross section may have large peaks: superimposed on the I/v
trend. These peaks are called resonances and occur at neutron energies where reactions
with nuclei are enhanced. For example, a resonance-will occur if the target nucleus and
the captured neutron form a "compound" nucleus, and the energy contributed by the
neutron is close to that of an: excited state of the compoundanucleus.

In heavy nuclei, large and narrow resonances appear for neutron energies in the eV
range. For energies in the keV region the resonances can be too close together to resolve.
In the MeV region the resonances are more sparse and very broad, and the cross sections
become smooth and rolling. For light nuclei, resonances appear only in the MeV region
and are broad and relatively small For nuclei with intermediate weights (such as

E

z
0

Ca

CO
0
C3

Fig. 12.4 Low-enery total neutron cross section
of boron (Ref 1).NEUTRON ENERGY (eV)
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Fig. 12.5 Low-energy total neutron cross section ofcadmium (Ref 1).

cadmium, nickel, iron), resonances can be found below I keV. These resonances have
heights and widths between those of light and heavy nuclei.

Some exceptions to the general trends exist in 1H and 2H where there are no
resonances at all and in nuclei with "magic" numbers of protons or neutrons where the
behavior may be similar to that of light nuclei despite the actual atomic weight. In
practice, it is necessary to rely on tables of cross sections for the nuclei of interest because
there is no convenient way to calculate cross sections. Some microscopic'cross sections
are included in the second table in Section 12.3.

Some neutron-induced fission cross sections iponrtant for nondestructive assay are
shown in Figure 12.6. The fissile isotopes 235U and 239Pu have large cross sections (about
1000 b) for fission by thermal or near-thermal neutrons. For fission by fast neutrons (10
keV to 10 MeV), these cross sections are reduced to I to 2 b. The fertile isotopes 238U and
240

Pu have negligible fission . ross; sbcons- for low-energy neutrons but exhibit a
"threshold? near 1-MeV neutron energy. Above I MeV the fission cross sections of the
fertile isotopes are comparable to those of the fissile isotopes.

12.3 MACROSCOPIC INTERACTIONS

12.31.1 Macroscopic Cross Sections

Although study of the interactions of a neutron with a single nucleus on the
microscopic scale provides a basis for understanding the interaction process, measure-
ments are actually performed with thick samples that often contain a mixture of
elements. These additional features are described by using the macroscopic cross
sections appropriate for bulk materials.
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The definition of the macroscopic cross section arises from the transmission of a
parallel beam of neutrons through a thick sample. The thick sample can be considered to
be a series of atomic layers; for each layer we can apply the results found with the
microscopic cross-section concepL By integrating through enough atomic layers to reach
a depth x in the sample,.the intensity I(x) of the uncollided neutron beam is

I(X) :10, 6-Noy, (12-3)
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where 10 is the intensity of the beam before it enters the sample, N is the atom density,
and oa is the total cross section.. Figure 12.7 shows the uncollided intensity remaining in
a parallel beam as it passes through a thick layer of matter. Note that the fraction
transmitted without collisions,. I(x)/I0, depends on the energy of the neutrons through
the energy dependence of the microscopic total cross-section oa.

An expression similar to Equation 12-3 is used for gamma-ray attenuation. in that
case, low-energy gamma rays are very likely to be absorbed and thus removed not only
from the parallel beam but from the material entirely. With neutrons at low energies,
elastic scattering is the most likely event. Although Equation 12-3 gives the intensity of
the neutrons that have had no interaction up to a depth x, the actual number of neutrons
Present that can be detected may be much larger because of multiple scattering,
multiplication, or finite detector acceptance angle.

The total macroscopic cross section is It - Not. 1, has dimensions ofcm-1 (see
Equation 12-3 above) and is analogous to the linear attenuation coefficient for gamma
rays. If only a particular type of interaction is of interest, a macroscopic cross section for
it alone can be defined using its microscopic cross section in place of the:'total cross
section. For quantitative calculations, the concept of macroscopic cross section. is less
used than the analogous gamma-ray linear attenuation coefficient because of the
complications of multiple s'cattering and other effects mentioned insthe previous
paragrapK

I(x) = -

I(L) Wlo o-ýt

FIg. 12.7 Theintensity ofa parallel beam ofuncollided neutrons
decreases exponentially as it passes through a thick layer of
matter.
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If the sample is a compound instead of a simple element, the total macroscopic cross
section is the sum of the macroscopic cross sections of the-individual elements:

• • + t2 + -3 ... . (12-4)

The atom density Ni of each element i is given by

Ni:= pNa nWM (12-5)

where p is the density of the compound; M is the molecular weight of the compound; N1a
is Avogadro's number, 6.022 .X: 1023 atoms/mole; and ni is.the number of atoms of
element i in one molecule. From Equations 12-4 and 12-5 the general form of the
macroscopic cross section cab be written as

-- (nAI + n2o2 + n3C3 + . ... (2-6)

As an illustration of these equations, the total macroscopic cross section for I-MeV
neutrons in natUOi (density 10 g/cm3, molecular weight 270) is calculated from the data
in Table 12-2.

Table 12-2. Nuclear data for
nrtUe2

at at I MeV
isotope n; (b)

23SU 0.007 6.84238U 0.993 7.10
160 2.000 8.22

t-(10)(0.6022)

= 270 [(0.007)(6.84) + (0.993)(7.10) + 2(8.22)] =.0.525 cm-t (12-7)

Powers of 1024 and 10-24 have been cancelled in Avogadro's number and in the cross-
section values. These cross-section values were taken from Table 12-3 (Ref. 2), which is a
compilation of microscopic and macroscopic cross sections at two neutron energies,
0.025 eV (thermal) and I MeV.

12.3.2 Mean Free Path and Reaction Rate

A very descriptive feature of the transmission of neutrons through bulk matter is the
mean-free-path length, which is the mean distance a neutron travels between interac-
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tions. It can be calculated from Equation 12-3 with Not replaced by 7-t. The mean-free-
path length X is

X= I/Y ,"(12-8)

the reciprocal of the macroscopic cross section. Forthe case of l-MeV neutrons in U0 2
calculated above, a macroscopic crosssection of 0.525 cm-I implies-a mean-free-path
length of 1.91 cm.

The .mean-free-path length has.many qualitative applications in assay instruments
and shielding. (a)If the mean-free-path l.ength of neutrons emitted by a- sample in a
passive assay.instrument is long compared to the dimensions-of the. sample, it is likely
that most of the neutrons will escape from the sample and enter the detection region. (b)
If the number of collisions required to- thermalize a neutron is known, the necessary
moderator thickness of a shield can be estimated. (c) If the thickness of a shield is many
times the mean-free-path length of a neutron trying to penetrate the •shield, then the
shield. fulfills its purpose. (Because the mean-free-path length is a function: of the
neutron's energy, the actual calculation is not so simple.)

A closely related concept is that of the reaction rate. When traveling with a speed v, a
neutron has an average time between interactions of X/v. The reaction rate is the
frequency with which interactions occur: v/X, orvXt. In uranium oxide, for example, a I-
MeV: neutron will have a. reaction rate of 7.26. X 10: per second (from Equations 12-2
and 12-7). .This does Inot mean,: however, that in one second, there will be that many
reactions; with each collision the neutron's energy decreases and the cross section
changes, thereby altering the instantaneous reaction rate.

The paths of neutrons in matter can be simulated with Monte Carlo calculations.
Figure 12.8 shows a few.paths for neutrons with I MeV of energy entering cylinders of
different materialS. The mean-free-path length depends on both the type of material and
the energy of the neutron. After. each collision, the-ienergy is decreased and the mean-
free-path length is affected accordingly. Figure 12.8 shows that a cylinder of polyethylene
is more effective in preventing the transmission of neutrons than a cylinder of heavy
metal. A -neutron loses most of its energy. by colliding. -with the light elements in
polyethylene and: then the mean-free-path length: becomes small as the cross sections
increase. An important effect of polyethylene is that it seemingly retains a large fraction
of the neutrons near a certain depth; these neutrons have had enough collisions to lose
nearly all their kinetic energy. If a thermal-neutron detector is placed in this region, the
chance of detecting neutrons is optimized.

12.4 EFFECTS OF MODERATION IN BULK MATTER

It is often a design goal to reduce or moderate the speed of neutrons in the sample
region or the detector region or both. Recalling the general I/v trend of interaction cross
sections (Figures 12.3 through 12.6), the purpose of the reduction in speeds is to increase
the probability of an interaction. In other regions, it may be desirable to hinder
interactions by choosing materials that are poor moderators or by adding low-energy
neutron absorbers to remove neutrons once they become moderated.
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Table 12-3. Neutron cross sections of common materialsa

Cross Sectionsb

Atomicor .E-= 0.0253 eV E I MeV

M olecular Density Ot ma Tt la (it a
Material Weight (g/cm 3 ) (b) (b) (cm') (cm-1) (b) (b) (ca-m) (cm-)

Al 27 2.7 1.61 0.232 0.097 0.014 .2.37 0.000 0.143 0.000
B 10 2.3 3845 3843 533 532 2.68 0.189 0.371 0.0262
B 11 2.3 5.28 0.005 0.665 0.0006 2.13 0.000 0.268 0.000
Be 9 9.0 6.35 0.010 3.82 0.0060 3.25 0.003 1.96 0.0018
C 12 1.9 A4.95 0.003 0.472 0.0003 2.58 0.000 0.246 0.000
Nat Ca 40.08 1.55 3.46 0.433 0.081 0.101 1.14 0.004 0.027 0.0001
Cd 112 8.7 2470 2462 115.5 115.2 6.50 0.058 0.304 0.0027
Nat Cl •35.45 Gas 50.2 33.4 Gas Gas 2.30 0.0005 Gas Gas
Nat Cu 63.55 8.94 12.5 3.80 1.06 0.322 3.40 0.011 0.288 0.0009
F 19. Gas 3.72 0.010 Gas Gas 33.15 0.000 Gas Gas
Fe 56 7.9 14.07 2.56 1.19 0.217 5.19 0.003 0.441 0.0003
Nat Gd 157.25 7.95 49,153 48981 1496 1491 7.33 0.223 0.223 0.0068
H I Gas 30.62 0.33 Gas Gas 4.26 0.000 Gas Gas
H 2 Gas 4.25 0.000 Gas Gas 2.87 0.000 Gas Gas
He 3 Gas 5337 5336 Gas Gas 2.87 0.879 Gas Gas
He 4 Gas 0.86 0.000 Gas Gas 7.08 0.000 Gas Gas
Li 6 0.534 938 937 50.3 50.2 1.28 0.230 0.069 0.0123
Li 7 0.534 1.16 0.036 0.053 0.0017 1.57 0.000 0.072 0.0000
NatMg :24.31 1.74 3.47 0.063 0.150 0.0027 2.66 0.001 0.115 0.0000
Mn 55 7.2 14.5 13.2 1.14 1.04 3.17 0.003 0.250 0.0002
N 14 Gas 12.22 1.9 Gas Gas 2.39 0.021 Gas Gas
Na 23 0.971 3.92 0.529 0.100 0.0134 3.17 0.000 0.081 0.0000
Ni 59 8.9 23.08 4.58 2.10 0.416 3.66 0.0008 0.322 0.0001
0 16 Gas 3.87 0.000 Gas Gas 8.22 0.000 Gas Gas
Pb 204 11.34 11.40 0.18 0.381 0.0060 .4.39 0.0033 0.147 0.0001

ARef. 2.
bA zero value means zero to the number of figures shown.



Table 12-3. Neutron cross sections of common materials' (continued)

Cross Sectionsb

Atomic or . E = 0.0253 eV E - 1MeV

Molecular Densit aft 0ya yt yt aa
Material Weight Wg/cm 3 ) (b) (b) (caf') (caf') (b) (b) (cn-') (cm-')
Pu .238.05 19.6 599.3 562.0 29.72 27.87 6.66 0.190 0.330 0.0094
Pu 239.05 19.6 1021 270 50.4 13.3 7.01 0.026 0.346 0.0013
Pu 240.05 19.6 294 293 14.5 14.4 7.15 0.108 0.352 0.0053
Pu 241.06: 19.6 1390 362• 68.1 17.7 7.98 0.117 0.391 0.0057
Pu 242.06 19.6 26.7 18.9 1.30 0.922 7.31 0.098. 0.357 0.0048
NatSi 28.09 2.42 2.24 0.161 0.116 0.0084 4.43 0.001 0.230, 0.0001
Th 232 11.3 20.4 7.50 0.598 0.220 7.00 0.135 0.205 0.0040
U 233.04 19.1 587 45.8 29.0 2.26 6.78 0.069 0.335 0.0034
U234.04 19.1 116 103 5.70 5.07 8.02 0.363 0.394 0.0178
U 235.04 19.1 •703 96.9 " 34.3. 4.74 6.84 0.117 0.335 0.0057
U 236.05 19.1 13.3 5.16 0.648 0.251 7.73 0.363 0.377 0.0177
U 237.05 19.1 487.5 476.4 23.6 23.1 6.72 0.135 0.326 0.0066
U 238.05 19.1 11.63 2.71 0.562 0.131 7.10 0.123 0.343 0.0059
NatU 238.03 19.1 16.49 3.39 0.797 0.1637 7.01 0.120 0.343 0.0058
NatW 183.85 19.3 23.08 18.05 1.459 1.141 6.95 0.057 0.439 90.0036

CH2 14 0.94 2.68 0.027 0.449 0.0000
H20 18 1.0 2.18 0.022 0.560 0.0000
D)20 20 .1.1. 0.410 0.000 0.420 0.0000

Average
Fission
Products of .
235 U .117 4496 4486 7.43 0.00036
239 .119 2087 2086 7.48 0.00093

aR o 2.
bA zero value means zero to the number of figures shown.

N
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Fig. 12.8 Neutrons with I MeVofkinetic energy areshown
entering cylinders of material from the bottom and
then being scattering or absorbed. The paths were
calculated using a Monte Carlo technique.

For example, in the assay of plutonium, moderation is not a desirable effect in the
sample region. High-speed neutrons are more able to penetrate the sample and they have
lower fission cross sections so that multiplication is less than with low-speed neutrons.
On the other hand, in the detector region, moderation increases the detection efficiency
for detectors such as 3He proportional counters. By placing hydrogenous material (such
as polyethylene) around the detectors, the neutrons can be counted with more efficiency.
Also needed is a filter that will let high-speed .neutrons enter the detector..region where
they.can become moderated but will not let the moderated neutrons return to'the sample
region where they could produce additional fissions. A layer of material with a large
absorption cross section for slow neutrons (such as cadmium, Figure 12.5) placed
between the sample region and the detector region is effective in this regard.

A :standard basis for comparing moderating.& abilities of different imaterials is the
moderating power. If one material has a larger moderating power than another, lessIo

that material is needed to achieve the same degree of moderation. Two factors are
important: (1) the probability of a scattering interaction and (2) the average:change.in
kinetic.energy of the neutron after:such an interaction. To be an effective: moderator,
both the probability of an interaction and the average energy loss inone scatter should be
high. The moderating power is defined as 41,, where E, is the macroscopic scattering
cross:section and is the average logarithmic energy decrement in a scatter. This
decrement is n(E" ) - ln(Ea.)ý. When elastic collisions in an.element with atomic
weight A dominate'ithe scattering process,, the decrement becomes
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(A-7I) 2  (A+I)I In (1 2-9)
2A (A-I)

For A > 2, g can be approximated by 2/(A+0.67) (Ref. 3). The moderating power of a
compound is given by

_s - (njcl•I +n2(Y242+...) (12-10)

where p is the density of the compound, M is its molecular weight, N. is Avogadro's
number, ni is the number of atoms of element i in one molecule, er is the microscopic
scattering cross section for element i, and.i is the logarithmic energydecrement for
element i.

A material with a large moderating power might nevertheless be useless as a practical
moderator if it has a large absorption cross section. Such a moderator would effectively
reduce the speeds of those neutrons that are not absorbed, but the fraction of neutrons
that survive may be too small to be used in a practical manner. A more comprehensive
measure of moderating materials is the moderating ratio, •I 5/X8 . A large moderating
ratio is desirable; it implies not only a good modratioi but also a poor absorber. For a
compound, the moderating ratio is given by Equation 12-10 with each oa replaced by
a,/q, for element i.

Table 12-.4 gives the moderating powers and ratios for some common moderator
materials for neutrons in the l-eV to 100-keV energy range (Ref. 4). Ordinary water has a
higher moderating power than heavy water because the atomic weight of hydrogen is
half that of deuterium. But the hydrogen nucleus (a proton) can absorb a neutron and
create deuterium much more readily than a deuterium nucleus can absorb a neutron and
create tritium. This difference in absorption cross: sections gives heavy water a much
more favorable moderating ratio. However, because of its availability and low cost,
ordinary water is often preferred. The solid materials given in the table have a higher
moderating ratio than ordinary water and can liave fabrication advantages. Polyethylene
is commonly selected as a moderator because of its high moderating power and
moderating ratio.

Table 12-4. Moderating powers and ratios of selected
materials (Ref. 4)

Moderating Moderating
Power Ratio

Moderator (1 eV to 100 keV) (Approximate)

Water 1.28 58
Heavy Water 0.18 21 000
Helium at STP 0.00001 45
Beryllium 0.16 130
Graphite 0.064 200
Polyethylene (CH 2) .3.26 122
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12.5 EFFECTS OF MULTIPLICATION IN BULK MATTER

When a neutron interaction yields more than one neutron as a product, a multipli-
cation event has occurred. More neutrons will be present in. the material after the
interaction than before. The most widely known multiplication event is fission, but
other absorption interactions, such as (n,2n), can be important contributors to multipli-
cation.

Of the neutrons in a given material at a given moment; some will eventually escape
and the others will be absorbed. Additional neutrons can originate in the material as
products of the absorptions. The definition of the multiplication M is the total number
of neutrons that exist in the sample divided by the nimberofneutrons that were started.
If 100 neutrons are-started in the sample and an additional 59:are found to be created
from, multiplication events, the multiplication is 1.59.::Only a fraction of the first
generation of 1,00 neutrons produces additional neutrons through multiplication events;
the othersescape orare absorbed by other types of interactions. The same fraction of the
sedond generation produce a. third generation, and so on. The number of neutrons
remaining in the sample steadily decreases untilf is zero and the total number of
neutrons produced by all the multiplication:eiv!e:nts is 59.

A related concept that is more commonly used is, the multiplication factor. It relates
the numbers of neutrons in sutzessive igenerations. There are two categories of multipli-

aiion6 factors that apiy to different physical sizes of the material involved.

If the material is infinite in extent, the multiplication factor is written k,, and: is
defined as the: ratio of the number of neutronslin on:e gen eration to the number in the
previous generation. Because of the infinite size of the material, all neutrons.of a
generation becomne absorbed. Thus k.0 is also thei ratio' of the number of neutrons
produded in one geheration to'ihe number abiorbed, in the' preceding geeriation.

Ifithe material is not mifinite in size, some neutronsýin a generation may escape
through the surface and not be absorbed; these are "leakage" neutrons. The multipli-
catiofi factor for this more practicalsituation is called kf. it is defined as the ratio of the
number of neutrons produced in one generation to the number either abiorbed or leaked
in th recedi• neration. The multiplication factbr ke#!is'ihe more practical ratio for
safeguards work because instruments are often m•'de small to comply with size and
weight constraints.

As an example of kff and its connection with themultiplication M, consider the case
described earlier. The original .100 neutrons.would constitute the first generation. If the
original neutrons create 37 neutrons through reactions, the 37 neutrons would be the
next generation. The multiplication factor in this case is thus 0.37. With kff less than
one, the number of neutrons in succeeding generations decreases, eventually reaching
zero. As Table 12-5 indicates, it takes 7 generations to reduce the number of neutrons
from 100 toabout zero.ý * .

The number of neutrons in one generation, is fournd by multiplying the number in the
previous generation by the multiplication factor kf, which in this example is 0.37. This
is a statistical process, of course, and the exact number in any generation cannot be
exactly. known, but for large numbers of neutrons the'ratio of populations in successive
generations is very nearly constant.
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Table 12-5. Example of neutron popula-
tion decline

Average No. of
Generation Neutrons for keff 0.37

• 1 ," 100 .. .. ! "

'2 37
3 14
4
5
6
7

5
2

0

159

The multiplication M is readily connected to the multiplication factor keff when kidf is
less than one. By adding together all the numbers of neutrons in all the generations, the
geometric sum can be found:

M =, I/(I -kff), kff < 1 (12-11)

With the multiplication of 1.59 in Table 12-5, the multiplicationfactor is 0.37, showing
that the number of neutrons is decreasing in successive generations.

As keffapproaches one, the value of M becomes larger and larger, as shown in Figure
12.9. When kff = l the formula shows that there is no limit to the number of neutrons
that will be produced; in practice, there is a :finite number of nuclei that can produce
neutrons, so the number of neutrons created is finite but extremely large' Criticality is
said to'be reached when kff = 1. If kff is larger than one, the sample is supercritical;
with ker less than one, the sample is subcritical.

z
0

I-

Fig. 12.9 Themultiplication M is shown as afunction of
the multipficationfactor kg. Only subcritical.
values (k~ff less than one) are included here.
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MULTIPLICATION FACTOR K
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12.6 NEUTRON SHIELDING

To protect personnel from the biological effects of neutrons and to reduce background
counts, neutron shielding is often necessary. The selection and arrangement of shielding
materials vary with the circumstances. Some general principles can be derived from the
neutron interactions with matter described earlier in this chapter.

Thermal neutrons with energies of 0.025 eV or less are absorbed with great effective-
ness by thin layers of boron or cadmium, as suggested by the large cross sections shown
in Figures 12.4 and 12.5. Boron is often used in the form of boron carbide (B4C) or
boron-loaded ýsolutions. One commonly used material is Boral, a mixture of boron
carbide and aluminum, which is available in sheets of varying thickness. Cadmium has
the disadvantage of emitting high-energy gamma rays after neutron capture, which may
necessitate additional gamma-ray shielding. A comparison of Figures 12.4 and 12.5
shows that cadmium is more effective than boron for absorbing thermal neutrons,
whereas boron is more effective forabsorbing epithermal neutrons (energy range 0. 1 eV
to 10eV).

High-speed neutrons are more difficult to shield against because absorption cross
sections are much lower at higher energies. Thus it: is first necessary to moderate high-
speed neutrons through elastic orinelastic scattering interactions. Inelastic scattering or
absorption may again produce potentially hazardous gamma rays; fo" example, neutron
capture in hydrogen releases a 2.224-MeV gamma ray. An effective radiation shield
consists of a combination of materials: -hydrogenouS or other:low-A materials .to
moderate neutrons; thermalineution absorbers; and high-Z materials to absorb gamma
rays.: Examples• of hy.bridishieldinigi .materials are polyethylene andr lead, concrete
containing scrap iron, and more xotici materials such as lithium :hydride..

In safeguards, 'work with•§smalli samples of fissionabl ematerials or weak ýneutron
sources, shielding mayibe, restricted.toi seveir ýaýenimeters0 ofpolyethylene. The shielding
properties of polyethyiene are illustrited in! Figure 12i.10, which gives dose rates on the
surtaceofaspe of of pcolyethylenewitha .for in i centie. The source emits
neutrons with a high-enepry fission sPectrum comparable to most uranium and pluto-
nium isotopes. Also produced are fission gamma rays and additional 2.224-MeV gamma
rays from neutron capture in polyethylene. Neutrons provide most of the dose for
spheres less than 22 cmi in radius; beyond that, source gamma rays are the major
contributors, followed'by gamma rays from capture reactions. By. increasing the radius
from 5 to 12 cm or from 20 to 37 cm, the total dose rate can be reduced by a factor of 10.
A rule of thumb for neutron doseieduction is that 10 cm of polyethylene will reduce the
neutron dose rate by roughly a factor of 10.

More effective shields can sometimes be obtained by adding boron, lithium, or lead to
polyethylene. The addition of borono0r lithium results in a lower capture gamma-ray
dose than that provided by pure týolyithylene; lead effectively attenuates the source and
the capture gamma-ray flux becapse it is a heavy element. However, because neutrons
provide most of the doseup to a radius !of 22 cm, the addition ofthese materials has little
effect until the shield becomes suj)statially thicker than 22. cm. Figure 12.11 shows the
effects on the total dose Wofadding oiher materials'to polyethylene; these effects are
important only:for shields: thicker than 30 cm. Since boron-:lithiUm-, or lead-loaded
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Fig. 12.10 Various dose ratea on a spherical surfacefrom a point 252 Cfsource
in polyethylene. (Data supplied by G. E. Bosler, Los Alamos.)

polyethylene is substantially.more expensive than pure polyethylene, the additional cost
is an impotiant consideration.

12.7 TRANSPORT CALCULATIONAL T"CH""QUES

Neutron histories are difficult to determine because ofthe large number of different
interactions possible in materials. This difficulty is further increased when the compo-
sition of matter changes frequ, Intly along the path of a neutron, as; it often does
throughout the volume of an assayinstrument. Techniques for calculating the behavior
or transport of neutrons and gamima rays in such: circumstances are important for the
design ofdassay instruments, the interpretation of measurements, and the development
of shielding conifigurations. Two kechniques for calculatingthe :transport.of nieutrons in

natter are described briefly in'Secztions, 12.7.1 and 12.7.2.

12.7.1: Monte Carlo Techniques
The probability of a neutron interaction occurring is an important feature- in the

description of neutrons traveling through matter. Instead of trying to predict what an
individual neutron may :do, onecan use procedures to. predict what fraction of a large
number of. neutrons will behave! in some manner of interest Calculational techniques
thatin simplistic terms, predict neutron events with 'rolls of dice" (actually the
geneiafion of random numbers in a computer) are called Monte:Carlo methods. The
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Fig. 12.11 Total dose rate on a spherical surface from a point 252Cfsource in
various materials. (Data supplied by G. E. Bosler, Los Alamos.)

response of an assay system can often be calculated from the transport of many
individual neutrons, despite the inclusion of a few improbable neutron histories that
deviate drastically from the average behavior.

The Monte Carlo method can allow a detailed three-dimensional geometrical model
to be constructed mathematically to simulate a physical situation. A neutron can be
started at a selected location with a certain energy and direction. It travels distances that
are consistent with the mean-free-path lengths in thematerials, with random variations
from the expected mean. At the end of each step in the neutron's path, a decision may be
made to simulate a certain interaction, with the decision based on the cross section for
the interaction with that material at that neutron energy. Ifan interaction is selected, the
results of the interaction are simulated and its consequences followed. Eventually, a
point is reached where no further interest in the neutron exists and its history is
terminated. This might occur with the escape of the neutron or its moderation to very
low energy. The neutron might be absorbed followed by the emission of a gamma ray of
no interest, *or it might undergo a multiplication event. Ifa multiplication event occurs,
the histories of the new neutrons are followed. In principle, the history of a simulated
neutron is one that might actually occur with a real neutron.

By repeating this procedure for many thousands of neutrons and by keeping tallies of
how many enter a detector region, how many cause fissions, how many escape through a
shield, or whatever else is of interest, an average behavior and its uncertainty are
gradually deduced. Many specialized techniques may be used.to get good average values
with the fewest number of neutrons, but there are cases where even a fast computer
cannot provide.enough histories within the constraints oftime and budget. Nonetheless,
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Monte Carlo techniques provide essential assistance in design work by closely modeling
the actual geometry of a problem and by having imaginary neutrons that simulate the
motions and interactions of real ones. Examples of the results of Monte Carlo calcula-
tions are the shielding calculations in Figures 12.10 and 12.11 and the coincidence
counter design calculations described in Chapters 14 and 17.

12.7.2 Discrete Ordinates Techniques

Analytical transport equations exist that describe the exact behavior of neutrons in
matter. However, only approximate numerical solutions to these equations can be
obtained for complicated systems. Procedures for obtaining these numeral solutions are
classified as discrete ordinates techniques.

Some important differences distinguish discrete ordinates techniques from Monte
Carlo techniques. Only one- or two-dimensional geometries are generally practical with
a discrete ordinates process, and the neutrons are considered to be at discrete locations
instead of moving freely through a three-dimensional geometry. In a two-dimensional
discrete ordinates case, for example, it is as if the surface material were covered by a wire
mesh and the neutrons existed only at the intersections of the wires. Furthermore, the
energy of a neutron at any time must be selected from a finite set, in contrast to the
continuously varying energy of a neutron in the Monte Carlo method.

Despite these disadvantages, discrete ordinates techniques can produce useful results
in many cases. For problems involving large volumes and amounts of materials (such as
reactor cores), the Monte Carlo technique can be too cumbersome and slow; a discrete
ordinates solution might be feasible.
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Neutron Detectors
T. W. Crane andM. P. Baker

13.1 MECHANISMS FOR NEUTRON DETECTION

Mechanisms for detecting neutrons in matter are based on indirect methods. Neu-
trons, as their name suggests, are neutral. Also, they do not interact directly with the
electrons in matter, as gamma rays do.• fTeirocess of neutron detection begins when
neutrons, interacting with various jucleiiitiate the1 release. of one or more chaged
particles. The electrical signals prodtuced by the charged particles can then be processed
by the detection system.

Two basic types of neutron interaco ith matter are available. Fit, the neutron

can be scattered by a nucleus, traisferring some of its kinetic energy to' the nucleus. if
enough energy is transferred, the recoiling nucleus ionizes the material Surrounding the
point of interaction. This mechanism is only efficient for neutrons interacting with light
nuclei. In fact, only hydrogen and helium nuclei are light enough for practical detectors.
Second, the neutron can cause a nuclea re:action. The products from these reactions,
such as protons, alpha particles, gamma rays, and: fission fragments, can initiate the
detection process. Some reactions quire ia minimum neutron energy (threshold), but
most take place at thermal energies. Detetrsiexploiting thermal reactions are usually
surrounded by moderating material to take daximumiadvantage of this feature.

Detectors employing either the recoil or reaction m•chanirm can use solid, liquid, or
gas-filled detection media. Although the choice ofireactions is limited, the detecting
media can be quite varied, leadingto ma:y options.IThis chapter describes gas-filled
proportional counters, scintillators, fission chambers, t 0B-lined chambers, and other
types of neutron detectors. Gas detetors are discussed in the order of their frequency of
use in Sections 13.4.1 through 13.4.4; pla•i nd liquid scintillators, in Section 13.5; and
other types of detectors, in Section! 13.6.

The energy information obtained in neutron detection systems is usually poor
because of the limitations of the aývalble ineutron-induced reactions. Recoil-type
counters measure only the firs int6erion: •eent1.T -full neutron energy isusually not

deposited in the detector, and the oply enji' o ' Aoiition otained is whether I high- or
low-energy neutron initiated the ition~ ectiontypecounters take advantage of
the increased re•€cion probalbiity atIcrneutron energies by moderating the incoming
neutrons. But knowledge i of the iyiin oene before moderation is'lost. The
energy recorded by the detector i• the r•tion energy (plus, perhaps, some of the

remaining initial neutron energy). Thsiin gneral, neutron detectors provide informa-
tion only on the number of neutrons detected and not on their energy. Information on

379
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the range of detected neutron energies can usually be inferred from the detector type and
the surroundingmaterials. If information on the neutron energy spectrum is needed, it
can sometimes be obtained indirectly, as discussed in Section 13.7.

13.2 GENERAL PROPERTIES OF GAS-FILLED DETECTORS

Gas-filled detectors were among the first devices used for radiation detection. They
may be used to detect either thermal neutrons via nuclear reactions or fast neutrons via
recoil interactions. After the initial interaction with the neutron has taken place, the
remaining detection equipment is similar, although there may be changes in high-
voltage or amplifier gain settings to compensate.for changes in the magnitude of the
detected signal. Figure 13.1 shows a'typical setup for neutron counting with a gas-filled
detector. Figure 13.2 shows some commonly used detectors.

The exterior appearance of a gas detecton is tha'tof a metal cylinder with an electrical
connector atfone end ( occasionally atiboth; ends for position-sensitive measurements).
The choice of conne r depends on 'the intended application; simple wire leads and
most other common types are availabie. Detector wails are about 0.5 mm thick and are
manufac from either stainless stel or: auminum. The performance of either
material is quI te satisfactory, with only slight differences in neutron transmission or
struaural stregt. st walls absorb about 3% ote neutrons; aluminum walls, about

0.5%. Thus, ahuinum tubes- areusually ferred because of their higher detection

ANODE
INSULATOR

C'. V o PREAMP

t. 13.1 Typkicalsetupforgas-filledneutrondeectors.

t. 13.2 variowsszes IofBFjand 3Heneuwrn detectors.
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efficiency. However, steel tubes have some small advantages over aluminum tubes for
certain applications: they require less careful handling during assembly, the connecting
threads are less susceptible to galling, and impurities can be kept lower. In very low
count-rate applications, a background of about I count/min has been observed and
attributed to radium impurity in aluminum (Ref. 1).

The central wire shown in Figure 13.1 is typically 0.03-mm-thick gold-plated tung-
sten. Tungsten provides tensile strength for the thin wire, and the gold plating offers
improved electrical conductivity. The wire is held in place by ceramic insulators.

Sometimes the interior walls are coated with activated charcoal This coating is used
for tubes filled with boron trifluoride (BF3) gas and also for 3He-filled tubes operated in
high neutron fluxes. The activated charcoal serves to absorb electronegative gases that
build up during neutron irradiation. For example, in a BF-filleddetector three fluorine
atoms are released with each neutron capture. The fluorine atoms will combine with
electrons released in subsequent neutron captures. Initially, this process reduces the
electric pulse amplitude and eventually output pulses are eliminated altogether (Ref. 2).
Additional details on the design of gas-filled detectors are given in.Refs. 3 and 4.

As described in Section 13.1, the detection of neutrons requires the transfer of some or
all of the neuirons' energy to charged particles. The charged particle will thenionize and
excite the atoms along its path until its energy is exhausted. In a: gas-filled :detector,
approximately 30 eV is required to create an ion pair. The maximum number of ion
pairs produced is then E/30 eV, where E is the kinetic energy of the charged particle(s) in
eV. For example, an en~er transfer of 765 keV will release a total positive and negative
charge ofaboutS X 10" coulombs .

If little or no voltage is applied to the tube, most of the ions will recombine and no
electrical output signal is produced. If a positive voltage is applied to ithe central wire
(anode), the electrons will move toward it and the positively charged ions will move
toward the tube wall:(cathode). An electrical output i signal will be produced whose
magnitude depends on the applied voltage, the geometry of the counter, and the fill gas.
These parametersidetermine whether the detector operates in the ionization region, the
proportional region, or the Geiger-Mueller region. These different operating regions are
shown;in.Fitgre 13.3.

In *the ionization •egion, enough voltage has beeiiapplied to.coLlect nearly all the
electrons boeforethey can recmbine. At this point, a:plateau is reachedand further small
increases in voltage yield no more electrons. Detectdrs operatedyi this .region are called
ion chamber. The aecohr e is proportional t6&the e g p ted in the gas and
in&depnent Of the applied voltage. I

Theregion beyodnd the ionization region is called the:proportional!region.: Here the
el field Strntis large enough so that the primary electronsca gain sufficient

enrg to ionize the gas molecules and create secondaryoiinization. If the field strength is
adurther, the secndary .electrons can alsoionize gas molecules. This process

continuesrapidly as the field strength increases, thus.producing a largejmultiplication of
the, number of ions formed during the pri mary event. This cumulative amplification
prcsisknowni as: avalanche ionization. When a toalofý AW ion:pi residt from a
sie primary, pa, the processihas a gas amplificaton factor ofk A'A- will be unity. in
aaionizatoncamber where noseondary ions areformedandashighas 1 to 0min a

well-designed proportion counter. Note that' in te proportional' regionthe charge
c0lleted.s also linearly proportional to the energy deý6itei if s.ie gas'.
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tion. proportional, and Geiger-Muelerregions ofoperationz

For the amplification process to proceed, an electron must acquire sufficient energy,
in one or more mean free paths, to ionize a neutral molecule. The mean free path is the
average distance the electron travels between collisions in proportional-counter gas and
equals approximately I to 2 Ilm. -For amplifications of 106, fewer than 20 mean free
paths are necessary, which indicates that only a small region around the wire is involved
in the multiplication process. In the rest of the volume, the electrons drift toward the
anode. Because the amplification process requires a very high electric field, an advantage
of thecylindrical.#etector design is the high electric field near the inner. wire. The total
amplification will be proportional to the electric field traversed, not ithe distance
traversed.

At the same time that the electrons are drifting toward the anode, the positive ions are
drifting toward the cathode. In a proportional counter, the drift velocity of the electrons
is approximately 3 orders ofmagnitude larger. than the drift velocity of the positive ions.
Because the avalanche is formed near the anode wire, the electrons with ia larger drift
velocity are coieted in an extremely short time interval (within 10-8 s); the slower
drifting positiveions are collected on the cathode over a much longer time interval. The
pulses observed have an initial fast risetime because of the motion of the electrons and a
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subsequent slower risetime because of the motion of the positive ions. In addition,
because the positive ions are initially formed close to the anode and must drift across the
entire anode-to-cathode gap, the pulse amplitude is largely due to the drifting of the
positive ions. The pulse reaches full amplitude only when the positive ions are fully
collected. For a typical proportional counter this collection process may take 200 ps.
Through differentiation, the pulse can be made much shorter without a substantial loss
of pulse height so that rapid counting is possible. It is possible .to approach the time
dispersion caused by the variation in the drift time of the primary electrons from the
interaction site to the anode wire. This time dispersion depends on tube voltage and
diameter and has been reported (Ref. 5) as 1.1 pss (CH4), 2.5 ps (3He), and 17 lis (4He) for
some typical gas-filled tubes.

As the applied voltage is increased further,.the proportionality between the primary
charge deposited and the output signal is gradually.lost. This:loss is primarily due to
saturation effects at the anode wire. As the primary ions reach the high field regions near
the anode wire, the avalanche process begins and quickly grows toa maximum value as
secondary electrons'create additional avalanches axially along the wire. Unlike opera-
tion in the proportional region where the avalanche is, localized, the avalanche, now
extends the full length of the anode wire and the.multiplication process terminates only
when the electrostatic field. is sufficiently distorted to prevent further acceleration of
secondary electrons. For weakly ionizing primary events, amplification factors of up to
1010 are possible. Detectors operated in this region are called Geiger-Muellier counters.
Geiger counters require very simple electronics and form the basis for rugged field
inspection instruments. Because they are saturated by each event, Geiger, counters
cannot be used in high-count-rate applications, but this limitation does not interfere
with their use as low-level survey meters.

Neutron counters operated in either the ionization or proportional mode can provide
an average output current or individual pulses, depending on the associated electronics.
Measuring only the average output current is useful for radiation dosimetry and reactor
power monitors. For assay of nuclear material it is customary to operate neutron
counters in the pulse mode so that individual neutron events can be registered.

Gas-filled detectors typically employ 3He, 4He, BFS? or CH4 as the primary consti-
tuent, at pressures of less than 1 to about 20 atm depending on the application. Other
gases are often added to improye detector performance. For example, a heavy gas such
as argon can be used .to reduce the range of the reaction products so that more of their
kinetic energy is' deposited within the gas and, thereby, the utput. pulse-height resolu-
tion is improved. Adding a heavy gas also speeds up the charge collection time, but has
the adverse effect of increasing the gamma-ray sensitivity (Ref.6).

A polýatomic gas may also be added to proportional counters to serve as quench gas.
The rotational degrees of freedom available to polyatomic gas molecules serve to limit
the energy gained by electrons from the electric potential, thus helping to dampen and
shorten the avalanche process and improve the pulse-height resolution. Gases such as
BFj and&CH 4 are already polyatomic gases and require no additional quench gas. Tubes
filled with 3He and 4He often have a small quantity of CH4 or CO2,added. Because BF 3
and CH4 gasesare polyatomic, detectors filled with these gaies require higher operating
voltages. Also, the relatively large quantity of polyatomic gas ýtstricts the intercollisional
energy gain so that these detectors are usually not operated. at fill pressuresas high as
those used for detectors filled with monoatomic gases.
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13.3 GAMMA-RAY SENSITIVITY OF NEUTRON DETECTORS

The neutron..detectors described in this chapter are sensitive in some degree to gamma
rays as well as neutrons. Because most nuclear material emits 10 or more times as many
gamma rays as neutro0ns, the gamma-ray sensitivity ofa neutron detector is an important
criterion in its selection. For measurements of spent fuel, where gamma-ray fluxes0of
1000 R~b.or more are encountered, the gamma-ray 'sensitivity of the detector may
dminate all other considerations.

In any detektor, gamma rays:can transfer energy to electrons by Compton scattering
(see Chapter 2),just as neutrons transfer energy to other nuclei by scattering or nuclear
reactions. Compton scattering can take place in the detector walls or the fill gas,: yielding
a figh-energy electron that .in turn produces a, column of ionization as it traverses the
detector. In:some detectors,.electronic pulses induced by gamma rays are comparable in
size to: neutron•induced pulses; in otherdetbctors, they are much smaller, but can pile up
within the resolving time of the electronics to yield pulses comparable to neutron pulses.
Four fctors should be considered whený evaluatingj the relaive magnitudes of the
neutron and gamma-ray signals:.

(1) The pri ce of gammal.ray shielding! has a substantial effect on the relative
magnitude of the signals. For e'xmpl,: for a detector exposed to I-MeV fission neutrons
in ihe presence of l-MeV fission gamma rays,5cm: of lead shelding absorbs roughly
0.1 of theneutrons, and 90%ofthe gmmrays.

(2) o•me detector materials anddesignsifavor the absorption of neutrons. Table 1341giv~es exaples for thermal- an d fhatneutiondetect0rs. :From the !table it :is clear that

ther a neutronslcan be absorbed with muchi probabilityth gamma rs. For
fast-neutron: detection, the neutron and gamma-r'ay iini'racion probabilities are com-

Table 13-. Neutron and gamma-ray interaction probabilities in typical gas

proportional ounters and scintillators

Interaction Probability

Thermal Detectors Thermal Neutron 1-MeV Gamma Ray
3He (2.5 cm diam, 4atm) 0.77 0.0001
Ar (2.5 cm diam, 2 atm) 0.0 0.0005
BF3 (5.0cim am, 0.66 atm) 0.29 0.0006
Al tube Zl(0.9. mm) 0.0 .0.014

Interaction Probability

Fast Detectors 1-MeV Neutron I-MeV Gamma Ray

!He (5.0.eradiam, 18 aim)
Al tube wall (0.8 mm)
Scintillator (5.0 cm thick)

0.01 0.001
0.0 0.014
0.78 0.26
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Table 13-2. Neutron and gamma-ray energy deposition in typical gas proportional counters and
scintillators

Average

Neutron Ratio of
'Alpha or dE/dx for Reaction Electron Neutron to

Proton 400-keV Energy Energy Electron
Range Electron Deposited Deposited Energy

Thermal Detectors (cm) (keV/cm) (key) (keV)a Deposition
3He (2.5 cm diam, 4.atm) 2.1 1.1 -500 4.0. 125
3He (2.5 cm diam, 4 atm) 0.5 6.7 !750 24.0 30

+ Ar (2 atm)
BF3 (5.0 cm diam, 0.66 atm) 0.7 3.6 -,2300 25.7 90

Fast Detectors
4He (5.0 cm diam, 18 atm) 0.1 6.7 .1000 48 20
Scintillator (5.0 cm thick) 0.001 2000 ý1000 400 2.5

aThis calculation assumes a path length of V2 X tube diameter.

(3) In some detectors neutrons depositmore energy than gamma rays do. Neutrons
may induce a nuclear reaction that releases more energy than the Compton scattering of
the gamma ray imparts to the electron. (The average energy imparted by a I-MeV
gamma ray is roughly 400 keV). Also, in gas detectors the range of the electron is
typically much longer than the range of the heavy charged particles produced by neutron
interactions. When the gas pressure is chosen to just stop the heavy charged particles, the
electrons will escape from the tube after depositing only a small fraction of their energy
in the gas. Table 13-2 gives some numerical examples of these effects. The table also
shows that for fast-neutron detedtion by plastic scintillators the relative neutron and
gamma-ray energy deposition is comparable.

(4) The charge: collection speeds for neutron and gamma-ray detection may be
different. This effect is very dependent on the choice of fill gas or scintillator material. In
gas detectors, the long range of the electron produced by a gamma-ray interaction means
that energy will be deposited over a greater distance, and more time. will be required to
collect it. An amplifier with fast differentiation will then collect relatively less of the
charge released by a gamma-ray interaction than a neutron interaction. In scintillators,
there is less distinction between the two kinds of events. In some circumstances,
however, pulse-shape discrimination between neutrons and gamma rays can be
achieved (see Section 13.5.3).

To achieve good gamma-ray discrimination, it is often necessary to use materials or
material densities that are not optimum for neutron detection. The result may be a
reduced neutron detection efficiency. Table 13-3 lists the neutron detection efficiency
and approximate gamma-ray radiation limit for various, neutron detector types. The
detection efficiency is for a single pass through the detector at the specified energy. The
actual efficiency for a complete detector system depends on the geometry, and the
obtainable, efficiency can be lower than the estimate giyen in Table 13-3. Additional
details on these detectors and their gamma-ray sensitivity are given in the following
sections.
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Table 13-3. Typical values of efficiency and gamma-ray sensitivity for some common neutron
detectors

Neutron
Neutron Incident Detection Gamma-Ray

Detector Active Neutron Efficiencya Sensitivity
Type Size Material Energy (%) (R/h)b

Plastic scintillator - 5 cm thick 1H I MeV 78 0.01
Liquid scintillator 5 cm thick 1H I MeV 78 0.1
Loaded scintillator 1 mm thick 6Li thermal 50 1
Hornyak button 1 mm thick 1H 1 MeV I I
Methane (7 atm) 5 cm diam 1H 1 MeV 1 14He (18 atm) 5cm diam 4He 1MeV 1 13He (4 atm), Ar (2 atm) 2.5 cm diam 3He thermal 77 13He (4 atm), CO2 (5%) 2.5 cm diam 3He thermal 77 10
BF3 (0.66 atm) 5 cm diam 10B thermal 29 10
BF3 (1.18atm) 5 cm diam 10B thermal 46 10
0 li-lined chamber 0.2 mg/cm 2  1°B thermal 10 103

Fission chamber 2.0 mg/cm 2  235U thermal 0.5 i06- 107

'Interaction-probability for neutrons of the specified energy striking the detector face at right angles.
bApproximate upper limit of gamma-ray dose that can be present with detector still providing

usable neutron output signals.

13.4 GAS-FILLED DETECTORS

13.4.1 3He and BF 3.Thermal-Neutron Detectors

Gas-filled thermal-neutron detectors use either BF 3 or 3He. In the case of BF 3, the gas
is enriched in °B& Helium-3 is only about I ppm of natural helium, so it is usually
obtained by separation from tritium produced in reactors. The nuclear reactions that
take place in these gases are

3He +In-- 3H + IH + 765 keV

10B + n--. 7Li* + 4He + 2310keV

(13-2)

(13-2)and 7Li* -- 7Li + 480 keV

These reactions are exothermic and release energetic charged particles into the gas. The
counters are operated in the proportional mode, and the ionization produced by these
particles initiates the multiplication process that leads to detection. The amount of
energy deposited in the detector is the energy available from the nuclear reaction.

In the case of 3He, the neutron causes the breakup of the nucleus into a tritium
nucleus, ii, and a proton, !1-L The triton and the proton share the 765-keV reaction
energy. In the case of 10B, the boron nucleus breaks up into a helium nucleus (alpha
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particle) and a lithium nucleus, with 2310 keV shared between them. Ninety-four
percent of the time the lithium nucleus is left in an excited state from which it
subsequently decays by emitting a 480-keV gamma ray. This gamma ray is usually lost
from the detector, in which case only 2310 keV is deposited. About 6% of the time the
lithium nucleus is left in the ground state, so that 2790 keV is deposited in the detector.
This double reaction mode yields an additional small full-energy peak in the pulse-
height spectrum of BF 3 tubes.

The cross section for the 3He reaction (Equation 13-1) is&5330 b for thermal neutrons,
and the cross section for the 10B reaction (Equation 13-2) is 3840 b. Both reaction cross
sections are strongly dependent on the incident neutron energy E and have.roughly a
l/VT dependence. Figure 13.4 illustrates these cross sections (Ref. 7). As an example, a
2.54-cm-diam tube with 4 atm of 3He has a 77% efficiency for thermal neutrons (0.025
eV). (This configuration is nearly optimum for thermal neutrons; more 3He would give
relatively little additional efficiency and would usually not be cost-effective.) At 100 eV
the efficiency is roughly 2%; at 10 keV, roughly 0.2%; and at 1 MeV, roughly 0.002%.
Because ofthis strong energy dependence, it is customary to embed 3He or BE3 detectors
in approximately 10 cm of polyethylene or othei moderating materials to maximize
their counting efficiency (seeChapter 14 for additional details on detector design).

Figure 13.5 is:a typical pulse-height spectrum from a 3He proportional counter (Ref.
8). The shape of this spectrum is due primarily to (I) the kinematics, of the reaction
process and (2) the choice of amplifier time constants. The full-energy peak in the
spectrum represents the collection of the kinetic energy of both the proton and the triton.
(It should be emphasized that tlis peak represents the 765. ke••released in the reaction
and is not a measure of the incidenti neutron energy.) If one or the other p cle enters

the tuabe wall, less energy is collected ip the gas, which:results ini a low-ýenergjy tail. Since
the two charged particles are enirjtted back-to-back one or the other is almost certain to

104iI I
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FIg. 13.4 3He(n~p), 10B(n,riO. and 6Li(n, o cross sections as afunction of
incident neutron energy (Ref 7).
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be detected. Thus, there is a minimum collection energy, with a wide valley below, and
then a low-energy increase resulting from noise and piled-up gamma-ray events. If the
discriminator is set in the valley, small changes in tube voltage or amplifier gain will not
affect the count rate. The result is a very stable (approximately 0.1%) detection system.

The choice of amplifier time constant determines the degree of charge collection from
the tube. Time constants of 2 gis or greater result in nearly complete charge collection
and yield spectra such as the spectrum shown in Figure 13.5, with 5 to 15% resolution
(FWHM) of the full-energy peak. Time constants of 0.1 to 0.5 ptS cause complete loss of
the peak shape, but allow counting at higher rates with less noise pickup and gamma-ray
interference. A 0.5-ps time constant is a commonly used compromise between good
resolution and high-count-rate capability.

Helium-3 tubes are usually operated in the range of +1200 to 1800 V. Over this range
the increase in counting efficiency with voltage caused by improved primary charge
collection is very slight, about I%/l00 V (Ref. 8). (A typical plateau curve is shown in
Figure 13.6.) On the other hand, the total charge collected (due to multiplication in the
gas) changes rapidly with voltage, about 100%/100 V. When 3He tubes are used in
multiple detector arrays, it is important to specify good resolution (on the order of 5%
FWHM) and uniform gas mixture so that the position and width of the full-energy peak
will be the same for all tubes.

A pulse-height spectrum for a BF3 proportional counter is shown in Figure 13.7 (Ref.
1). For BF3 tubes, the resolution is in the range 5 to 30% (FWHM) but is usually not as
good as for 3He. Gas pressures are in the range 0.2 to 2 atm. To help compensate for the
lower pressure, tube diameters are usually 5 cm. Operating voltages are in the range
+1400 to 2800 V, higher than for 3He. Plateau curves are similar to those of 3He. BFs gas
is less expensive than 3He, so that i manufacturing costs are less. However, the lager
neutron absorption cross section for 3He and the larger possible fill pressure make its
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cost per detected neutron lower in the United States. Another advantage of 3He-filled
detectors is that helium is an inert gas whereas BF 3 is toxic. However, USDepartment of
Transportation regulations place detectors with more than 2-atm fill pressure inthe
high-pressure compressed gas category, so that 3He-filled detectors are often more
difficult to ship.

Helium-3 and BF3 detectors find many applications in passive and active neutron
assay because they are relatively stable, efficient, and gamma-insensitive. The detection
efficiency for thermal neutrons is high, and the interaction probability for gamma rays is
low, as indicated in Table 13-1. Also, much more energy is deposited in the gas by
neutron interactions than by gamma-ray interactions, as indicated in Table 13-2.
However, if the gamma dose is more than that emitted by itypical plutonium and
uranium samples, the response of 3Heand BF 3 detectors will be affected.

Luz
z

z
0
0.

%g. 13.7 Dfferentialpulse.heightjpectrumforthermal
neutrons detectedbya I BF..filledcounter.PULSE HEIGHT (channel number)
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As an example, Figure 13.8 shows the effect of increasing gamma-radiation fields on a
3He detector (4 atm) containing argon (2 atm) (Ref. 9). The practical operating limit is on
the order of 1 R/h. Some improvement can be obtained by replacing argon with about
5% C0 2, as illustrated in Figure 13.9 (Ref. 10). The improvement is due to the removal
of the relatively high-Z argon (the electron density is proportional to the Z of the
molecule). However, removal of the argon reduces the relative size of the full-energy,
peak because the reaction'products now have longer ranges and deposit less of their
energy in the gas. Also, the longer ranges lead to slower charge collection and roughly
35% lonser electronic deadtimes.

The gamma-ray sensitivity of BF3 detectors is comparable to but perhaps slightly
better than 3He. The 10B reaction deposits more energy in the gas than the 3He reaction,
but gamma-ray interactions also deposit more energy (see Table 13-2). The 3He reaction
has.a higher ross Section than the BF3 reaction. The cross section for a gamma-ray
interaction will depend on the relative amounts of 3He, argon, and BF3 and on the
relative tube wall thicknesses (see Table 13-1). BF3 detectors can operate in gamma-
radiation fields up to 10 R/h, which is better than the performance of 31He + argon
counters. However, the performance. of 3He:+ CO2 counters is comparable to that of
BF3.
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13.4.2 'He and CCH4 Fast-Neutron Detectors

Helium-4 and CH4 fast-neutron detectors rely on the recoil of light nuclei to ionize the
gas in the tube. The interaction is the elastic scattering of the neutron by a light nucleus.
If the recoiling nucleus is only a hydrogen nucleus (proton), the maximum possible
energy transfer is the total neutron kinetic energy E. For heavier elements the maximum
energy transfer is always less. For a nucleus of atomic weight A, the maximum energy
transfer is (Ref 7):

.4A E
E(max) = A (13-3)

(A + 1)2
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For a single scattering event, the actual energy transferred to the recoiling nucleus lies
between 0 and E(max) depending on the scattering angle and has equal probability for
any value in this range.

Equation 13-3 shows that the target nucleus must have low atomic weight to receive a
significant amount of energy from the neutron. Hydrogen is the most obvious choice; it
can be used in a gaseous form or, more commonly, in liquid or plastic scintillators (see
Section 13.5). Popular gas detectors usually employ methane (CH4), which has a high
hydrogen content, or4 He, which has almaximum energy transfer of 0.64 E(n). (Helium-3
gas is also a suitable candidate by these criteria, but it is usually not used because of the
stronger thermal reaction described in:Section 13.4.1L)Figure 13.10 illustrates the elastic
scattering cross sectionsý for 1H and 4He. showing that they match the shape of the
fission-neutron energy spectrum fairly well. Note that the cross sections are substantially
lower than those given in Figure 13.4 for 3He and "0B. The efficiency for detecting a fast

neutron by an elastic scattering interaction is about 2 orders of magnitude lower than the
efficiency for capture of a thermal neutron. Thus a single 4He or CH4 tube has an
intrinsic efficiency of about 1%.

These gas counters are operated as proportional counters with voltages in the rane of
+1200 to 2400 V. Gas fill pressures are typically 10 to 20 atm for 4He. Relative to "He,
the polyatomic gases CH4 orH 2 a require higher operating voltages, have slightly
lower efficiencies, are limited to lower pressures, and exhibit faster signal risetimes. The

10oc I I ] I
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gamma-ray sensitivity of the two types of counters is comparable. Neutron counting can
be done in gamma-radiation fields of roughly I R/h ifa moderately high threshold is set
(Ref 11).

Figure 13.11 shows a pulse-height spectrum from a 4He proportional counter collected
with a 252Cf neutron source. The observed spectrum shape is the convolution of the
following effects:

(1), the 25Cf spontaneous fission neutron spectrum, asillustratedin Figure 11.2,
.(2): the probability of tmr ri ng an energy between 0 and E(max) to the recoiling

nucleus,
(3) the -probability of :multiple " neutron scatterings and the probability of losing

recoiling nuclei in the tube walls (see Ref. 12, Figure8-14 forian example),
(4) the detection of low- energy noise pulses and gamma-ray pile-up events.

Because of these effects the pronounced peak in the initial neutron energy spectrum may
be lost, or nearly lost, as indicated 'in Figure 13.11. Nevertheless, some energy informa-
tion remainsand more can be obtained by attempting to unfold the above effects. It is
customary to set a threshold high enough to reject low-energy noise and gamma-ray
events, butflow enou Ito collect many, of the-medium- and hih-energy nutron events.

Since the threshold must be set on i sharply filling crve, a redoil detector is not as stable
as a thermal detector.

Despite the apparent disadvantages of recoil-type detectors in terms of-lower effi-
cienicy and stability, the detection process takes place withoufprior thermalization of the
incident neUton.: Thus the neutron 'is detected veryxrapidly and some information on; its
initial energ is prqserved .Fast-neutron counters can detect neutrons in the enegy, range
of 20 key to 20 MeV, and some areuseful for fast coincidence counting with 10-,to 100-
ns resolvig times- It islalso possible to set a threshold that wil reject gamma rays and
low-euergy!neutrons, a feature that is particularly mitableforactive assay systems.

13.4.3 Fission Chambers

Fission chambers are a variation of the gas-filled counters previously described. They
detect neutrons that induce fissions in fissionable material coated on the inner walls of
the chamber..Often the exteror appearance offission chambers is quite similar to that of
other gasý counters, alhough they are also: available in smaller dilameters or in other
shapes. The fissionable. material is usually uranium highly enriched in 231U. A very thin
layer (0.02 to 2 mg/cm2 l surface thickness) is electroplated (sometimes evaporated or
painted) on the inner walls. The thin layer is directly exposed:to the detector gas. After a

0

0 50 100 150 200 Fig. 13.11 Differentapulse-height spectrum of He
CHANNEL NUMBER proportionalcounterfora 252 Cfsource.
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fission event, the two, fission ,.fragments travel in nearly. opposite directions. The
ionization caused by the fission fragment thatýentered thegasjis sensed by the detector,
the fragment traveling in the opposite direction is absorbed in the detector walls (Ref.
13).

The two fragments share about 160 MeV ofenergy, but their range is quite short. For a
typical plating material such as uranium, the average fission fragment range is only
about 7 in, equivalent to about.13 mg/cm2 of coating thickness. Consequently,.fission
fragments.that are produced at a depth of more than 7. gm in the detector. wall cannot
reach thegas to cause ionization. Furthermore, most fragments exit at a grazing angle, so
that their path length isilonger than the minimum needed to escape. Because ithe coating
must be kept thin to.allow the fission fragments to enter the gas, the fission chamber uses
only a small quantity of fissionable material and has a low detection-ý efficiency. For
thermal neutrons, the intrinsic efficiency is typically 0.5.to 1%. Fast:neutrons can also be
detected, but with even lower efficiency.

Fission chambers are o.0perated in the ion. chamber mode because theionization
caused by the fission fragments is sufficient and no further charge multiplication within
the,.detector is necessary., Th. electronics .configuration shown in Figure -13.1 is fre-
quentlyqused, with an applied voltage in the +200 to 600 V range. A mixture of 90%
argon and 10% methane is a common fill gas. At this pressure the: range of fission
fragmentsdis about .2 cm.

Figure 3.12 shows a pulse-height specu, rom a c3 hU amber (Ref. 14). If energy
losses in.the coating or in the walls are not toogreat, thedouble hump shape caused by
light and heavy fission fagmenis .(near 70: and.. 100 MeV) is visible. Also,: an alpha-
particle background is present atAlow energiesi.because. nearly all fissionable material
contains alpha-emiting isotopes. The alpha-partice energy is. typiclly 5 MV, whereas
thefission f ent energy is:an order• of m itude larger. Thus threshold setting of
the6 counting electronics can be set above the alpha-induced signal. At this threshold
setting, some of the low-energy fission-fragment pulses. will be lost. Plutonium has a
much higher alpha activity than uranium; as a consequenre more alpha j3ulies pile up
and the threshold for plutonium-lined fission chambers must be set high&r than for
uranium-lined chambers..'

Bea•use of the. arge quantitýyof energy deposited by the fission fragmens, fission
chambers have the highest insenitivity to gamma rays. (roughly 106 R/h) of any of the
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neutron detectors. They are the only detectors capable of direct unshielded. neutron
measurement of spent reactor fuel. This passive measurement feature applies. to both
high neutron and gamma-ray fluxes. The inherently low efficiency of fission chambers is
compensated for by the large number of neutrons available for counting.

134.4. l0-Llned Detectors

Detectors lined with 10B lie between 3He and 10BF3 proportional counters and fission
chambers in tierms of neutron detection efficiency and gamma-ray insensitivity. Struc-
turlall, 1OB-lined detectors are similar to fission chambers with. the Ineutron-sensitive
material, boron, plaied in a very thin layer (about 0.2 mg/cm 2) on the walls of the
detector.

The IOB-lined detectors rely on the nuclear reaction given in Equation 13-2: to detect
neutrons. Either the alpha particle or the lithium nucleus enters the detection gas (not
both, since they are emitted back to back), and the detection process isiinitiated. Because
the range of the alpha particle is about I mg/cm 2 in boron, the platinm must be thin and
the detection efficiency:(on the order .of 10%) is lower than for BF 3 gps-filled.counters.
]Howe ver, since the nuclear reaction does not take place in the fill gas, the gas can be

optimized for fast timing. Argon at 0.25 atmi pressure, with a small admixture ofC0 2,is
one common choice. IlThe counter is opeiaýted in the proportional mo at a' Iage of
+600 to 8 V (Ref. 15).Figure 13.13 shows the pulse-height spectrum of the 10B-lined; chamber described
above.• The stepped str1ctjzre of the, spectrum is caused by the fact that either the alpha
particle orothe lithium nucleus can enter the gas. Because thelighter alpha partihle carries

more of theýenergy, the step rsulting from the alphg particle is sho wr farther tb the right.
The large number of low-energy pulses is due to the energy loss of the parties in the
boron coating of the walls. The detector threshold is usually set above these sow-energy

10

8.

e6

4 4

32

0 40 80 120 160 Fig. 13.13 Differentialpulse-hetghtspecononofa 1OR-lined
PULSE HEIGHT (channel number) proportional count er.



396 T. W. Crane and M. P. Baker

pulses. Because there is no well-defined "valley" to set the threshold in, the count-rate
plateau curve is roughly 10%/100 V (Ref. 15).

The 10B-lined counter can detect thermal neutrons with moderate efficiency and fast
neutrons with low efficiency. It is most useful for applications where it is necessary to
detect neutrons in the presence of high gamma-ray fields. With proper electronics, the
detector can be operated in a gamma-ray flux as high:.as .100 R/h with a 50% loss in
neutron detection efficiency resulting from the higher discriminator setting required to
reject piled-up gamma events (Ref. 15). The, higher gamma-ray insensitivity of the
'0B-lined counter relative to the BF 3 gas-filled counter is due to the lower fill pressure
and lower operating voltage, which reduce the: size of gamma-ray pulsesjrelativeto.
neutron pulses.

13.5 PLASTIC ANDLIQUID SCINTILLATORS

13.5.1 Background

Plastic andlidquid'(orgaric) scintillators are often used for fast-neutron detection
because of their fast reponse and modest cost. Fast response is particularly beneficial for
coincidence counting applications where the ratio of real to accidental coincidence
events can! have i sig cant impact on the statistical precision of measurement.
Although organic scintillators havt response times of a few nanoseconds, :the 'coin-
cidence resolving tmefor assay applications is usually dictated by the dynamic range of
neutron flight'times (tens of4nanoseconds) from the sample to the detectors. (A 500-keV
neutron will tavese a flight'path o0fl m in -'100 ns.) The resolving times of coincidence
countin g sy stms'hat moderate fa•shneutrohs prior to detection, on the other hand, are
dominated: by. 'the dynamic* ranggý of times :(tens of-microseconds) required for
themalization.

The major disadvantage of organic scintillators in nondestructive assay applications
is their high gamma-ray sensitivity.. Detection probabilities for neutrons and gamma
rays are comparable, and the pulse-height spectra resulting from monoenergetic radia-
tion of both types are:broad and overlapping. Hence, pulse height alone yields little
information about particle type. In certain organic scintillators, however, electronic
pulse-shape discrimination techniques can be used to effectively distinguish between
neutron and gamma-ray interactions.

13.5.2 Neutron and Gamma-Ray Interaction Mechanisms

Fast neutrons interact in scintillators through elastic scattering with the nuclei present
(mostly carbon and hydrogen). For fission spectrum or (an) neutrons, most of the useful
scintillator light comes from recoiling hydrogen nuclei (protons). This occurs because a
neutron can transfer 100% of its energy in an elastic: scattering interaction to a recoiling
proton but only 28% can be transferred to a recoiling 12C nucleus. The kinetic energy of
the recoiling protons is absorbed by the scintillator and is ultimately converted to heat
and visible light. The visible light can be collected in a photomultiplier tube optically
coupled to the. scintillator and'.converted to an: electronic pulse whose magnitude is
related to the kinetic energy of the recoiling proton.
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A good scintillation material for neutron detection has relatively high efficiency for
converting recoil particle energy to fluorescent radiation, good transparency to its own
radiation, and good matching of the fluorescent light spectrum to the photomultiplier-
tube response. Many commercially available scintillators such as NE102 and NE213
adequately satisfy these criteria. Table 13-4 gives examples .of plastic and liquid
scintillators that are widely available. The wavelength of maximum scintillation light
emission is typically -400 imn. At that wavelength, light attenuation lengths are in the
range 1 to 5 m. Since light can travel relatively long distances in the scintillator material
without significant attenuation, organic scintillators with dimensions of the order of I m
are not uncommon.

Although the mechanism by which fast neutrons transfer their kinetic energy to
protons in an organic scintillator is identical to that in a hydrogen or methane recoil
proportional counter, a number of features of the overall detection process are markedly
different. This distinction is largely due to the differences in physical properties of
organic scintillators and gases. The density, for example, of gas in a recoil proportional
counter is of order 10-3 g/cm 3, whereas that of an organic scintillator is of order unity.
This difference in density means that for a given detection path length in the two
materials the probability of interaction for both neutrons and gamma rays will be
substantially highler in the scintillator than in the propotonal cunter. Figure 13.14
illustrates the energy dependence of the interaction probability (expressed as attenuation
coefficients) for neutron and gamma-ray interactions in NE213. This figure shows, for
example, that a I-MeV neutron has an interaction probability of -78% in a 5-cm-thick
NE213 liquid scintillator,, whereas a -MeV gamma ray hasian inta on probability of
-26%.

In addition, the ranges of the recoiling protons and electrons will be substantially
shorter in the scintillator than in the proportional counter. Except for events occurrin
near the boundaries of the detectors, this fact is of little inportance when considering the
recoiling protons. However, the sortend rge •f the r ie ns in the organic

Table 13-4. soine sentaive plasi and liquid scintillators for. neutrn detection

Output Decay of Max. H/C
(% of Conast Emission Atomic:

Type I.D. Mfga ant)r.a.ne (0a): (m) Ratio Coimmients
Plastic: NE102A 1 65 2.4 4231: I.104 generaluse

NE104. 1 6 1.9: 406 .:.: 1 .. 00 f fasttiming
NEIIIA I 55 1.6: :.3704 1.103 ultrafattiming
Pilot B 1 68 1.8. A408 1.100 gIeneraluse
Pilot U 1 67 1.4 391 1.100 Udtraast timing

liquid NE211 1 78 2.6 425 1.248 general use
NE213 1 78 3.7 425 1.213 fstn (P.S.D)
DC501 2 , 78 317 425. 1.213 fastn (P.S.D)
NE228 I . 45. 385 .2.11: highH/Cratio
NE311 1 65. 3.8 , 425 .1.701 boron-loaded
NE3.23 1 60 3.8 425 1.377 adoinirum-loaded

aMantubcturer code (1).Nuclear Enterprises, Ltd.; (2) Bicron Corp..



398 3T. W. Crane and M. P. Baker

" 10

•~10 10 "'"

ENERGY (MeV)

13.14 Attenuationcowffidentsasafuidion qfincident
energyfor neutron and gamma-ray interactions in
NE213.

sclntillators has a profound effect in that. high-energy electrons can stop inside the
detection volume. For: example, a 500-keY electron can deposit all of its energy in a
scintillator while depositing only a small fraction in a gas proportional counter.

Furthermore, recoiling electrons and protons of the same initial energy produce
differing amountsiof light in a scintillator. This result:is apparently due to.the differing
ionization densities along the slowing-down paths inthe two cases. The light output for
protons is always less than that for electrons of the same energy, as shown in Figure 13.15
(tefsh; 7 and 16). Alo, the light output for the two particle types has a different
delp as a fction of energy. (Carbon-12 recoils give even less light than proton
recoils of ýthe same. energy, further reducing their already small contribution to the
detection process.) As a rule of thumb, 60-keV electrons and 500-keV protons give
approximately equal amounts of light in a typical organic scintillator.

13.5.3 Puse-Shape Dscra Ition

The mechanism by which a fraction of the kinetic energy of the recoiling particles is
transformed into visible light in an organic scintillator is very complex. However, a few
features.can be! simply stated. The major components of the scintillator light decay in
times of the :order of a few nanoseconds. This means that, in. principle,- organic
scintillators can operate at very high counting rates. However, there is a weaker, longer-
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lived component of the radiation from many scintillators that corresponds to delayed

fluorescence. Consequently, the total light onutputcan often be rereeted by the sum of

the two. expoential decays referred to as the: fast and slow components of the

scintillation. The slow component has a chrctrstic decay time ~in the rageof a few

hundred nanoseconds. ,The fraction of the total light observed in this weaker, slower
component is a function of the type of particle inducing the radiation. Heavier particles

have higher specific ionization and produce more delayed fluorescence light. Figure
13.16 (Ref. 17) illustrates the time dependence of scintillator pulses in stilbene, a iolid

organic crystal scintillator, when. the crystal is excited by differet types of radiation.

o I I

I-

1010

"I-
"" ALPHA PARTIL eft.

0 200 400 600

'TIME

F4g 13.6 Thetlmedependence(in n•ma nds) ofscintillation pulses
instiluene when eitedbydifferent incident partidetye
(Ref 17). Notethat the light Intensity is plotted on a
logarithmicscale.



400 T. W. Crane and M. P. Baker

This time dependence makes it possible to identify particles that have differing rates of
energy loss but produce the same amount of light in the scintillator. This procedure is
termed pulse-shape discrimination and is used to reject gamma-ray events in neutron
detection applications of organic scintillators.

Pulse-shape discrimination is achieved by electronically exploiting the light-emission
time-dependence properties of different types of radiation incident on organic scin-
tillato. The most common method used for pulse-shape discrimination in organic
scintillators is based on passing the photomultiplier-tube pulse through a bipolar-
shaping network, usually a double-delay line. The zero-amplitude crossing of this
bipolar pulse depends on the risetime and shape of the initial pulse but is independent of
amplitude. Thus, a measure of the pulse shape is given by the time interval between the
leading edge of the initial pulse (which is independent of pulse shape) and the zero
crossing ofthe bipolar-shaped pulse. An example of a circuit employing this method is
given in Figure 13.17.taken from Ref. 18. Also indicated in the figur!,are schematic
representations of recoil electron and proton pulses at diffrerent points in the circuit.

The performance of a pulse-shape discrimination circuit is usually stated in terms of a
figure of merit This measure compares the separation of neutron and. gamma-my-
induced events in the time-difference ,sjecmim to.thei sum of the iwidths 'of the
individual event distributionsas shown in Figurei.87. The figure of merit is generally
reduced by increases in. either the dynamic range of processeinput-pulselheights or the
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gross counting rate. Successful operation of pulse-shape discrimination circuits with
dynamic ranges of 100 at counting rates of 104 s-I have been reported (Ref. 18). Figure
13.19 shows experimental results obtained with an NE218 liquid scintillator and a
plutonium-beryllium neutron/gamma-ray source.

Another common approach to pulse-shape discrimination involves integrating the
charge contained in the early risetime part of the pulse and comparing it to the integral of
the charge in the late part of the pulse. In a recent application (Ref. 19) of this method,
the anode pulse from the photomultiplier tube is split and the early and late parts of the
pulse are separately gated into integrating analog-to-digital converters. The ratio of the
digital results for the late and early parts of the pulse then gives a pulse-shape
discrimination spectrum similar to that shown in Figure 13.20.

13.6 OTHER TYPES OF NEUTRON DETECTORS

This section describes several neutron detectors that have not found widespread use
for nuclear material assays. Like the other detectors described in this chapter, they rely
ultimately on either iroil interactions or direct nuclear reactions to detect neutrons.

Some scintillators are manufactured with neutron-active material added to achieve
enhanced neutron detection capability. The purpose is to achieve more localized and
more rapid detection of neutrons than is possible with gas counters. Gadolinium, 10B,
and61 are typical materials "loaded" into the scintillator. The neutron-active material
initfia• tes tlight production by releasing energetic charged particles orgam rys
whntheineutron is captured. After the initial int on with the neutron occurs, the
dettiop is the same as if the light were produced by a gamma ray. Because the

sciný itri also a: gýamma-ray detector, its gammnna-ray sensitivity is generally very high.
There ar,. however, several possible confiigrations with good neutron detection effi-
cieiic d low gamma-aysensitivity.

C•ie useful confguration' for thermal-neutron counting consists .of lithium-loaded
glass scintillators. ZnS(Ag) crystals in a glass medium or cerium-activated silicate glasses
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are available. Thermal neutrons interact with 6U via the (na) reaction, and the. heavy
alpha particles excite the scintillator. Detectors of this type are available in sheets with
thicknesses of aboiut I mm. For thermal neutrons, efficiencies of 25 to 99% are possible
in gamma-ray fields on the order of 1 R/h. The low gamma-ray sensitivity is due to the
high thermal-neutron capture cross section, the large 4.78-MeY energy release in the
reaction, and the thinness of the detector (Ref. 7).

If ZnS(A) crystals are dispersed in Lucite, detection of fast neutrons is possible. The
interaction mechanism is the elastic scattering of neutrons by hydrogen. The recoiling
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proton deposits its energy in the scintillator, and by transfer reactions the ZnS(Ag)

crystals are excited. ZnS(Ag) offers good gamma-ray insensitivity because relatively high
energies are required to excite the lightvemitting property of the. zinc sulfide crystalL

Detectors that consist of ZnS(Ag) crystals dispersed in Lucite are called Hornyak buttons

. 2ef is low (on the. oder of 1%) becaiise the poorlight transmission
properties of this material limits its use to small sizes. Thin sheets have also been used

for mea-surbem ts of iwat crates at the Rocky Flats Plait (Ref 21). Hornyak buttons
can operate in gamma fields up to about I R/h becauseoftheprop es of ZSAg) and
because the thinness Of the detect)rlimits the gamnia-rayiinduced s enegy dposition.

Most neutron deectors combine neutron-sensitive material. and detection electronics
into one inseparable unit However, itis possibl eni t loy a detcoon syem that is
.more compact a portable by using oýly the neurn-s tive material. This material
is first plAced at the point ofinterest, then remowd for measuring the actual neutron flux
by obs top ?r crystan structure chans.A em ple is the USe of

thermoluminescent dosineters (TLDs), which consist of crystals that, when heated,
emit an amout of light prpotiom to the dose received.' Thermoluminescent

dosmeer ae riiiriy se fo gmm-ry eaurmets, utone .commn.on crystal,
, cn bemde to beneutronsensite by inc nthe enrichment of 6Li (Ref.:'7).

Activation foils, u for c-ritiaity. safet and lw e detection, provide.other
examples of the' use of neutron-sensitive material. One application his been the use of
thin copper sheets to monitor plutonium migration in soil niea nuclear waste storage
sites (f. ;22). The te que relies :on neutron capture in C3Qu to yield 64Cu, ýwhich
decays to ++:e.wit a 12.7-hour half-le. he: foils are buried long enough to
achkite nequiji l of and Uten ed to p measurem t of the
positron emisn rie PlUtonium concentaon as low .as 0 nCi/g ha bn
m onitored. . .. ... " " " : " : ' • .- '
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13.7 MEASUREMENT OF NEUTRON ENERGY SPECTRA

13.7.1 Background

As noted in Section 13.1, passive neutron assays are usually based on counting
neutrons withoutrregard to their energy. This is because (1) radioactive materials emit
neutrons with broad energy spectra that are very similar from one isotope to another and
(2) neutron detection is an indirect process that preserves little information about the
incident neutron energy. This chapter has shown that neutron detection usually
produces a broad spectrum of events that are only indirectly related: to the neutron
energy. A partial exception is found in the case of recoil detectors such as 4He gas-filled
counters and: plastic scintillators. However, none, of the detectors described in this
chapter can distinguish nuclear isotopes on the basis of their neutron energy.

As a consequence, passive neutron assay.is usually based on the counting of thermal
or fast neutrons, with perhaps some oring ofthe detector or its surroundings to favor
a particular broad energy interval: Dtectorsar6e:also choen: on the basisbof their ability
to produce fast (10 to 100 ns) or slow (lO~to 100 1is) output signals for coincidence
counting. Some detectors are also designed to have a detection efficiency that is nearly
independent of neutron energy.

13.7.2 Techniques

Although measurement of neutron energy spectra is not necessary for passive neutron
assay, it is sometimes important for researc hor instrument developmentactivities. Such
a measurement is difficult, but possible by a variety of techniques. These technioues
include proton recoil, spectrometers,' neutron time-of-flight measurements, and lHe
spectrometers. An example of the use of 3He spectmeters in measuring neutron energy
splectra foos.

The. 3He .spectrometer developed by Shalev and Cuttler (Refs. 23 and 24) has been
used to.measure.delayed neutron energy spectr. (The AmLi neutron spectrum given in
Figure 11.5 was also measured with a n inst ument of this type.) The Spectrometer is a
gas-filledproportional counter contaning 3He, argin, and some methane. Neutrons are
detect via the 3He (n,p) reaction in the energy iange of20'Q keV to 2 MeV. In this-energy
range the rea0tion cross section is smooth and nearly flati declining from roughly 10 to
I b. To deteci tiese fast neutrons the tube is not encl!ose in moderating material; rather,
it is wrapped'in cadmium and boron:sheets to r.ue :the .contribution Of the much

stronger thermal 3He (n,p) reaction (530b).' 1s6, iIad shield isoften added toruce
the effects of: gamma-ray pile-up on the neutrpo energy. resolution. The intsic
efficiency islow, on theorderof0.1% . .

• The enegseum ofa 3He spectrometer includes a full energy peak at thei neutron
energy Ea + 765 keV, a thermal neutr n capture! peakat 765 keV, and a 3He (n,n')
elastiscatteig recoil spectrum witl i a naimum iat0.75E.7: (from Equation .13-3). To
emphsize:th e fiull energy peak at En 1+ 765 key,' long charge collection time constants
of 5 to8 gis ia:eused. This favors the slo:wer proton signals from the (n,p) reaction ?ver
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the faster signals from recoiling 3He nuclei. It is also helpful to collect data in a two-
dimensional array of charge collected vs signal risetime in order to obtain more pulse-
shape discrimination. In this way a neutron energy spectrum can be obtained, although
it must be carefully unfolded from the measured data.
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Principles of Total Neutron :Counting
J. A. Stewart

14.1 INTRODUCTION

Total neutron counting accepts all pulses arising from neutron reactions (events) in
the sensitive volume of a detector. No attempt is made to isolate events that occur nearly
simultaneously as is done in coincidence counting.

A simple total neutron counting system consists of the components shown
schematically in Figure 14.1. All detector events producing an amplifier output pulse
with an amplitude greater than a threshold set by the integral discriminator are counted
for a set time in a scaler. The usual choice of discriminator setting is high enough to
reject low-amplitude pulses produced by gamma rays and electronic noise and low
eniough, to count all neutron-induced pulses. It is important to note that the pulse-height
spectra'of 3He and BF3 neutron proportional counters contain no information about the
ener of the detected neutrons. However, some information can be obtained through
por esin of the m ii and absorbn materils surrounding the couiters.

This:chapter covers basic prnciples that are imporiant in using total neutron counting
for passive assay of materials containing uranium and plutonium. It does so u sing the
example of polyethylene-jntderated. 3He proportional counters. Such detectors are
routinely used for a wide variety of neutron counting applications in nuclear facilities
throughout the world.

14.1.1 Theory of Total Neutron Counting

The total neutron counting rate is given by the simple formula

T - 8MLS (141)

where T = total neutron count rate (counts/s)
e = absolute detection efficiency (counts/n)

ML = sample leakage multiplication (dimensionless)
S =sample neutron source intensity (n/s).

f1.141.1 Thebasiccomponentsofasimpletolalneutroncountingsystem.

407
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The absolute detection efficiency a is the number of counts produced by the detector per
neutron emitted from the sample. The sample leakage multiplication ML is the number
of neutrons emitted from the outer surface of the sample per neutron born inside the
sample. The sample neutron source intensity Sis the number of neutrons per second
born in the sample.

The organiiation of this-chapter is based on Equation 14-1..Factorsi ng S, ML,
and 8 are presented in relation to their influenrce:'on passive assays.:

14.1.2 Comparison of Total and Coincidence Counting

Before describing the basic principles of total neutron counting, it is instructive to
compare total neutron counting with coincident neutron counting. (Principles of
neutron coincidence counting are described in detail in Chapter 16.) Generally, total
neutron counting is responsive to. all neutrons emitted from the sample, whereas
coincidence counting responds only'to the time-correlated neutrons.

The three important'sourcesi of neutronsý for, passive assays arei,(a,n) reactions,
spontaneous fissions, and induced fissions (see Chapter I I for a comprehensive descrip-
tion. of neutron origins). The (a,n) reaction produces neutrons randomly in time.
Fissions produce neutrons in ibursts of 0 to 8. Coincidence circuitry can scimnate
between neutrons prod ucedfrom fissions and those produced in (&,n) ractions. This
feature.'allows passive assay of plutonium nucides with high.spontaneous fission rates
(mostcommonly 2  even inthe presee of siificnt (an) r on rates and roombackgiqund,. Also, actlye neutron coincidence metos use external, sources of (a~n)

neutrons to, induc fissions in the sample, and the fission neutrons are counted usin
oincidenc electronics. Total ,an. comnt neutron counting ,ar responsive in
differen ways tothe three sourcs of neutronsin bothpassive andave assay, as shown
in Table 14-1. Not ha fr activeassay, e spontaeous fission neutron source can be
made relatively. s l cho o sing a strong`(. n). ne.ron source.,,

Table 14-1. Sensitivity of neutron counting tech-
niques to the three sources of neutrons

Assay Total Coincidence
Method Counting Counting

Passive Assay (a,4), SFQ, IFb SF, IF
Active Assay (an), SF, IF SF, IF

aSF - spontaneous fission neutrons.
61F a induced fission neutrons.:

Usually, the fewer neutron sources an assay technique is responsive to, the more
specific it is to particular isotopes. The more' isotope-specific the method is,, the more
useful it is for assay. In general, passive total neutron counting is the least isotope-
specific of the techniques represented in Table 14-1. However, in those cases where only
one of the three sources of neutrons dominates, passive total neutron counting can be
used for assay. For example, UF6 containing highly enriched uranium and PuF4 are
materials where the (an) source 'of neutrons dominates. Both u um and plutonium
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metal samples are examples where spontaneous fission is the dominant neutron source.
In each ofthese examples, induced fission can be a complicating factor for both total and
coincidence neutron counting. Because induced fissions.increase the average multi-
plicity of simultaneous neutron .emission from the sample. and bemuse the response of
coincidence electronic circuits (for example, the shift register described in Chapter 16)
increases faster than .the average multiplicity, total counting is less sensitive to induced
fissioneffects.

The coincidence count rate is proportional to el whereas the total count rate is
proportional to e. Variations in sample matrix materials (such as moisture) can alter the
average energy of neutrons emitted from samples. and thereby change the detector
efficiency e. Neutron coincidence counting is therefore more sensitive to changes in e
than is total counting. Also, total, counting yields much better precision than coincidence
counting in the same count time.

A disadvantageof total counting relative to coincidence counting is its sensitivity to
background neutrons. Typically, background neutrons are randomly distributed in time
and are easily discriminated by coincidence circuitry. A separate background count or
neutron shielding or both are used to eliminate backgroundtotal counts. In many cases,
however, the background totals rate is insignificant compared to the totals rate from: the
sample and these measures are unnecessary.

In practice, total and coincidence neutron counting are often used together to correct
sample/detector induced-fission (self-multiplication) effects. A complete discussion of
this topic can be found in Chapter 16, Section 16.8.4.

14.2 PRIMARY NEUTRON PRODUCTION SOURCES

The first of the three important factors affecting totalneutron counting is primary
neutron production in the sample. Primary neutron production is from (aon) reactions
and spontaneous fission; secondary neutron production is from induced fission. In-
duced fission and neutron absorption in the sample are commonly considered together
and called multiplication. Chapter 11 describes physical processes of primary neutron
production and gives spontaneous fission. and (an) reaction neutron yields from
actinide isotopes of interest for passive neutron assays. Yields from (on) reactions are
given for oxides and fluorides.

This section describes those features of neutron production in compounds of uranium
and plutonium that affect assays based on total neutron counting. General calibration
principles are discussed assuming no multiplication effects. In other words, neutron
production by induced fission and neutron loss by neutron absorption are ignored.
These topics are covered in Section 14.3, Neutron Transport in the Sample.

14.2.1 Plutonium Compounds

To apply total neutron counting as a signature for one or more isotopes of uranium or
plutonium requires knowledge of the chemical form and isotopic composition of the
sample. This point is well illustrated with examples. Consider 100-g samples of
plutonium in the form of metal, PuOq, and PuF4 with three plutonium isotopic
compositions representative of low-, malium-, and high-burnup fuel from light-water
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reactors. Tabl614-•2 gives neutron production rates for each isotope, process, and form.
The rates were compuited from yields in Tables 11-1 and 11-3 in Chapter 11. Neutron
production from spontaneous fission -depends on the isotopic composition of the
sample,,but not on its chemiical form. Neutron production from (a,n) reactions depends
on both. The-conclusions dfawn from Table 14-2 are

(I) For plutonium: metaliwhich has no (an) component, 240Pu dominates primary
neutron production (98, 96, and 65% for the three plutonium isotopic compositions).

TableI1ý2. Primary neutronproductionrate in plutonium metal, PuO2 , and:
.{PuF 4 for three plutonium isotopiccompositions

Neutron Production Rate for 100 g of Pu (n/s)

...Metal

Amount (spontaneous Pu0 2  PuF 4

Isotope (wt%) fission) (an); (an)
2 3 8 pU 0.024 62 322 52 800
23 9

pu 89.667 2 3416 502,135
240pu . 9.645, 9 838 1 360 202 545

0.556 q 0 1 95
242pu 0.109 187 0 29
241Am 0.327a 0 880 144417

Totals 10.089 5979 902021

238pU 0.059 153 791 129 800
23 9 pu 82.077 2 3127 459631,
24pu 16.297 16623 2298 342237
241pu 1.231 0 2 209
24 2pu. 0.336 578 1 91
241Am 0.162a... 0 436 71546

Totals 17 356 6655 1003514

23 8
pu 1.574 4077, 21 092 :3462 800

239pu 57.342 1 2185 321 115
240pU 24.980 25 480 3 522 524 580
24lpu 10.560 0 14 1 795
242pu 5.545 9537 11 1497

241Am !.159a. . 3 118 511 863.

Totals 39096 29 942 4 823 650
241.Arn wt% relative to plutonium.
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Total neutron counting of plutonium metal is a signature for the effective 24°Pu
(24OPueff) mass, where

,24uff 2.43 (
2 3 8

pu) 24pu, + i.69 (2 2Pu) . (14-2)

The constants 2.43 and 1.69 account for the greater specific (per gram) spontaneous
fission neutron production in 238Pu and, 242pu'relative to 24°pu. (Equation 1:4-2 differs
slightly from Equation 16-1 (Chapter 16) for coincidence counting because of different
neutron multiplicity distributions for the even plutonium isotopes.) If the plutonium
isotopic composition is known, the total plutonium mass can be inferred from the
240Pueff determination obtained from a calibration of the total neutron count rate. In
other words (assuming a multiplication of 1),

T = aS= k024°Pueff= kPu 2 (14-3),

where ko:and k, are empirical constants, and 24pueir and Pu represent POPueff and
plutonium masses, respectively.

(2) For PuO 2,,the ratio of (an) to spontaneous fission neutron production is 0.59,
0.38, and0.77 for the threeplutonium isotopic compositions. Depending on compo-
sition,.' 2 3 8pu, 2 39

puN, 
2 40 Pu, and 2 4 1Am are significant: contributors to" (an)• neutron

production, in 1NO 2. The total neutron produaction 'in PuO2 is described by a generic
equation of the form

S = a1 (2 38 pu) + a2 (23 9pu) + a3 (2 4 0pu) + a4 (24 2 Pu)
+ as (24 1Am) * (14-4)

where .the multipliers a, through a5 are specific neutron production rates for both
spontaneous fission and (an).reactions in PuO and the quantities in parentheses are
plutonium isotopic masses. .The multipliers.;are determined from plutonium isotopics
and specific (a,n) and spontaneous fission yields for each isotope. If these are known,
total plutonium mass can be determined from a calibration of the form

T F, S k2 Pu (14-5)

where k2 is. an empirical constant and Pu stands for plutonium mass. Recall that
Equation 14-5-assumesno multiplication effects (ML = 1).

(3) For PuF4, (an) reactions produce more than 98% of the neutrons for the three
isotopic compositions. Generally, neutron' production in PuF4. is described by an
equation similarutoEquation 14-4,

S = a6 (2 38 pu) + a7 (
2 39pu) + a8 (24°Pu) + a9 (24 ,Am). (14-6)

The multipliers a 6 through a9 are specific neutron production rates for (an) reactions in
PuF4 with small components from spontaneous fission. As with PuO 2, if plutonium
isotopics are known, the total plutonium mass can be determined by tota: neutron
counting of PuF4 -using the simple (multiplication-free) calibration
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T - a S - k3 Pu. (14-7)

Again, the constant k3 must be determined empirically.
For the examples shown in Table 14-2, 24 1Am values were taken at the time of

analysis. Americium-241 is a daughter of g4Pu. Americium-241 content increases with
time because its half-life exceeds that of its parent. To calculate the 241Am concentration
at some time t knowing the initial concentrations of 241Pu and 241Am at time zero, use
Equation 21-Il of Chapter 21.

14.2.2 Uranium Compounds

Just as for plutonium compounds, total neutron counting of uranium compounds
requires prior knowledge of the chemical form and isotopic composition. Examples of
uranium forms and compositions frequently found in the nuclear fuel cycle are
characterized as to primary neutron production in Tables 14-3 and 14-4. Considered are
10-kg samples of uranium in the form of metal, U0 2, U0 2F2, and UF6. Table 14-3 treats
2U enrichments of 0.2, 0.7, 3.0, and 18.2% (low-enriched uranium or LEU); Table 14-4
treats enrichments of 31.7, 57.4, 69.6, and 97.6% (high-enriched uranium or HEU).
Spontaneous fission and (an) neutron rates are: given by isotope and form for each
enrichment. The rates were computed from yields in Tables 11-1and 11-3 in Chapter 11.
and!from yields shown in Ref. 1. (U02F2 iThe general conclusions drawn from these

tables are
(1) Uranium-238 spontaneous fission dominates neutron production in uranium

metal for 235U enrichments below - 70%. This allows 238U assay based on total neutron
counting of large uranium metal samples for all but the highest 235U enrichments.
Because of the low neutron rates relative: to plutonium metal, longer count time and
larger samples are required for acceptable precision. Linear calibrations of totalneutron
count rate-versus 238U mass combined with 235U enrichment are used for total uranium-
metal determinations with low-enrichment material (see Chapter 15, Section 15.4. 1, Box
Counter). The calibration takes the form

T -a S k4
238U - k5 U (14-8)

where k4 and k5 are empirical constants.
(2) For U0 2, total neutron production [spontaneous fission plus (an)] is".nearly

constant for enrichments less than - 60%. With increasing enrichment, the spontaneous
fission component decreases as the (an),component increases. At enrichments more
than 60%, the (cn) component grows rapidly. Uranium-234 alpha decay is the dominant
source of (a,n) reactions in U0 2 for enrichments of 3% or greater. Total neutron
production in U0 2 is generally described by

S - b, (2UT) + b2 0
35U) + b3(238 u) (14-9)

where bi through b 3 are specific neutron production rates for both spontaneous fission
and (an) reactions in. U0 2 and quantities in parentheses represent uranium isotopic
masses.. They are calculated from known isotopic compositions and specific neutron
yields for each process. If these are known, a linear calibration of the form
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Table 14-3. Primary neutron production rates in uranium metal, UO, U0 2F2,
and UF 6 for four uranium isotopic compositions ( "w.)

Neutron Production Rate for 0 ks ofU (n/s)
Metal:.

Amount (spontaneous . U0 2  U0 2F2  UF6
Isotope (wt%) fission) (cn) • an). (a,n).

-40.0005 0 0 9 29
23SU 0.1977 0' 0 '1 2
236U 0.0036 0 0 0 1
2MU 99.8, 136 1 175 279

Totals 136 1 185 311

0.0049 0 1 90 284
23U .0.7108 0 0 3 6

239U 99.28 135 1 174 278

Totals 135 2 267 568

0.0244 0 7 449 141i5
23SU 3.001 0 0 11 24
236U 0.0184 0 0 2 5
23mU 96.96 132 1 170 271

Totals: 132 8 632 1715

234U 0.0865 0 26 1592 5017
2351j 18.15 1 1 65 145
2*U 0.2313 0 1 28 67
23SU 96.96 111 1 143 228

Totals 112 29 1828 5457

T- S- k6 U (14-10)

applies, where k6 is an empirical constant and U stands for uranium mass.. U0 2 as
usually found in the nuclear fuel cycle (cans, rods, finished assemblies) suggests assay by
active neutron techniques rather than passive, because the relativey low passive to.tal
neutron rates for standard sampl sizes have to compete with room b un.& .Acve
methods yield sig"ns fromr RU-induced fission that are counted with coincidence
electronics. Lar U0 2 samples, however• may lend themselves to assay by passive total
neutron counting depending on sample characteristics and measurement gcials.

(3) For UO2 F2 (a chemical reactionVproduct ýof UF6 and water), rieution production is
dominated by the (on) componient Neutron prdcinrtsincrease. unifor.mly with

U enrichment This is because mU is enriched along with U in e m t
processes basedon istopic mass difrce Equations aiaogous to Equations tA9
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Table 14-4. -Primary neutron rates in uranium metal, U0 2,.UO 2F2, and UF6 for
four uranium isotopic compositions (HEU)

Neutron Production Rate for 10kgofU(nls)

Metal
- Amount (spontaneous: U0 2  U0 2F2  UF6

Isotope (wt%) fission) (oan) (an) (an)
234U

236U
238U)

234U

2338U

235U
236U

234U

236yj
238U

0.1404
31.71

0.3506
67.80

Totals

0.2632
57.38

0.5010
41.86

Totals

0.3338

69.58
0.5358

29.55

Totals

1.032
97.65

0.2523
1.07

Totals

0
1
0

92

93

0
2
0

57

59

0
2
0

40

42

1
3
0
1

5

42
2
1
1

46

79
4
1

0

84

100
5
1

0

106

310
7
1
0

318

2 583
114
42

119

2 858

4843
207

60

5184

6 142
250

64
.52

6 508

.18989
352

30
2

19373

8 143
254
102
190

8689

15265
459
145
117

15986

19 360
557
S155

83

20155

59856
781

73
3

60713

and 14-10 describe the passive total-neutron-counting calibration of UO2F2 with known
isotopic composition. Passive total neutron counting has been used to quantify U0 2F2
deposits inside process equipment in gasous_ .ision enrichment plants (Re 2).

(4) For UF6 (the standard process material for uranium enrichment), : ,U alpha

decay_ ad the subsequent 19F(n)Na reaction dominate neutron production. The
material is similar0to U0 2F2 with the (a,) component being more dominant because of
additional fluorine. For arbitrary enrichment, total UF6 neutron production is also
given by an equation analogous to 14-9. A calibration is then possible with an equation
of the form of Eq, tion 14-10. . I ý . .1 1 i. . : p . . . . . .:. .

Pasi've total neutitn counting. can be:used for verification,.of UF 6 cylinders of all
sizes. It is routinely used forc ont l 6. It is fast, simple,

and i ipnveSall Cylinds are coun.ted in nearly.4 geme (.wel'"counters).
Lar crlinders are counted. with portable counters. such asthe "SNAP": (Chapter.,15
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Section 15.2). For large, low-enrichment cylinders, simpler calibration expressions than
those shown in Equations 14-9 and 14-10 are obtained by assuming a constant 238U
weight fraction and a constant ratio of235U to 2MU (see Chapter 15, Stn i5.2.2). The

data of Tables 14-2, 14-3, and 14-4 are plotted in Figure, 14.2. Compared are total
spontaneous fission plus (un) neutron production rates for plutonium,: PuO2,.PuF4,
uranium, U0 2, U0 2F2, and UF 6. The speci (pergam Faium or plutonium) rates
span eight orders of magnitude from uranium metal to puf 4. Rates are plotted as a
function of wt% 235U and 239PU The plot is useful for• visual comparison and for
estimating counting statistics with known detectors and geometries..

14.2.3 Impurities

Rarely are the plutonium and uranium compounds found in the nuclear fuel cycle
completely free of impurities. These impurities can sigmificantly alter ary neutron
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production. As andexample, consider PuO 2 with H20 added. Water is commonly found.
in PuO 2 with a nominal value of-I wt%. Table 14-2 gives dry PuO 2 (a,n):neutron
production values for three plutonium isotopic compositions characteristic of low-,
medium-, and high-burnup light-water reactor fuel. The first is approximately 10% 24Op.
by weight. The second is approximately 16% 24Pu,. and the third is approximately 25%
24°Pu. Figure 14.3 shows the dependence of(c•n) neutron production [S(axn)1 on weight
percentage water for the three plutonium isotopic compositions. The quantity S(a,n) for
the 25% 14°pu material is roughly a factor of 5 higher than for the 16% and 10% materials
(because of the high 23 5pu fraction) regardless of moisture content. Figure 14.4 displays
S(a,n) values for wet relative to dry PuO 2 versus wt% H20. It is useful to note that the
moisture effect is independent of plutonium isotopic composition. That is, adding I wt%
moisture yields the same relative. change:in S(i,n). for 10%, 16%, and 25% 24Pu, namely
+ 4.4%. This indicates that small changes in initial alpha-particle energies resulting from
changes in plutonium isotopics do not significantly affect neutron production in wet
PuO 2.

Although many trace contaminants are foundin PuO2, fluorineis usually the most
significant for altering S(a,n). Figure 14.5 displays S(in) versus F contamination ir
PuO 2 (16% 24°Pu) with I and 9 wt% H20. Figure 14.6 shows the S(ct,n) values foe PuO:
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(16% 240pu) with fluorine impurities relative to pure Pu02 versus fluorine concentra-
tion. Cases are shown for both I and 9 wt% moisture. The relative change in S(a,n) from
F contamination is greater for dry than for wet PuO2.

The H20 and F impurities affect (cx,n) neutron production but not spontaneous
fission neutron production. If`H20 and F concentrations are known, data such as shown
in Figures 14.3 through 14.6 can be used to adjust calibration parameters for total
neutron counting :assays. These data were calculated using: the Los Alamos SOURCES
code (Refs. 3, 4). Reference 5 contains results of calculations of the effects of several low-
Z :trace contaminants on S(o~n) for plutonium metal. Section 1 1.4 in Chapter I I gives
approximate formulas for calculating contributions to S(a,n) from impurities in
uranium and plutonium oxides.

14.2.4 Neutron Energy Spectrum Effects

Neutrons are produced in spontaneous fission and (a~n) reactions with. characteristic
energy distributions or spectra. These are important in the design Of total neutron
counters using polyethylene-moderated 3He detectors. For plutonium compounds, the
spontaneous fission spectrum depends slightly on plutonium isotopic composition and
not on sample chemistry. The spectrum is dictated by the nuclear kinematics of the
spontaneous fission disintegration process, which differ slightly for 231pu, 24°pu , and

24Pu. Figure 14.7 is a plot of the specific sr~ntaneous fission neutron production
spectrum for plutonium with 16% 24tOPu. The 44)u spectrum is described well by the
Watt form (Ref. 3)

N(E) % t"EVA sinh (v• (4-

where E = laboratory neutron energy, A = 0.795, andB = 4.69.
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The laboratory spedcItrum of''neutron .energies from (a~n) reactions in plutonium
compounds depends on sample chemistry, impurity levels,:'and slightly on plutonium
isotopic composition. Sample composition determines the slowing down spectrum of
alpha-particle energies and. the (arn) reaction cross-section dependence. on alpha-particle
energyFigure 14 8 displays four specific. (a~n) neutron -production:ýspeetra. for PuO2

(l % ••) ith.,ariable moisture and fluorineecontamination. An increase in moisture
?hardenis" the spectrum slightly and an increase. in fluorine, tsoftens!. it.:'Figure 14.9
shows. the four total SpeCti corresponding to tho')noisture' and fiuornpn concentrations

Figure 14. 10 displays normalized neutron production spectra from (.(n,n),:reactions in
234UF6. Spectra for two.1 2Na; level' branching Schem'es ar e. shown,: tlhe 24U:F6"(n

spectrum is softer. thin that for PuO2 with an average neutron energy of approximately
1.2 MeV. For= PuO, the average is approximately '2.0 MeV.

14•2.5ýjhlnTarget Effects

In the previous~sections, primary neutron production by (ctn) reactions was assumed
to take place in samples that qualify as 'thick targets. " Thick targets are miateraias w"ere
alpha parti cles •lose all their en .ergy in the sample. If the sample density is low enougha,
netitroii produ~ction is reduced because alpha particles: escape befbre they undergoý (011n)
reactions with target isotop .es. Neutron production by 234U alpha particles driving the
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f 14.8 Spe, (c (an) neutron production rate spectra ofPuO2 (16% 24Opu)
with variable moisture andfluorine content (from SOURCES
calclation [Ref 3]).

IF(aKn)22Na reaction in gaseous UF6 : is a "thin-target" situation: In this case, alpha
particles may escape the gas volume at energies above theg19F(czn) cross-section
threshold. Reference 6 presents methods for. calculating thin-target neutron production
in UF6 gas. Figure 14.11 (from Ref. 6) displays UF6 neutron production versus projected
range. The' projected range is the product of atom density and target thickness. Neutron
production saturates above :'approximately 6 X :1019 atoms/cm 2 :at the thick-target
neutronvproduction' Value ýforý , LUF6.; At approximately. 1.3 X 1019 atoms/cm2, the
numberof neutrons produced per alpha particle is half the thick-target value.

14.35NEUTRON.TRANSPORT IN THE SAMPLE

After specifying the primaryneutron production in the sample and relating that to
grams of uranium or. plutonium, the next logical step in using passive total neutron
counting for assay is to consider the number of neutrons that escape the sample per
neutron produced. Description of the transport of neutrons in the sample volume
(including all the processespfneutron creation and loss) is complex and requires the use
of Monte Carlo simulations bni large computers for best risults. Chapter 12 describes
many of the basic prnciples of neutron transport. Here, we present a simple formula for

-. . .. :, '. ( •:',, .•:.,..•.: :por•t. H ere :, we pre en a s.. . ."

sample l6akage multip•icationo disuss numerical results: and describe the use of the
formula.
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Fig. 14.10 Normalized (u.n) neutron production spectra of 234UF6
(from SOURCES [Ref 3] calculation) with two 22Na level
branching models.
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14.3.1 Leakage Multiplication

The number of neutrons escaping the sample (and therefore available for counting)
per primary neutron produced is called the leakage multiplication of the sample, ML-
The quantity ML differs from the total multiplication M defined in Chapter 12. The
quantity M is the number of neutrons createdin the sample [from primary source events,
induced fissions, (n,2n) reactions, and other events] per primary:neutron produced. The
quantity ML accounts for neutron creation and loss in the fission and parasitic capture
reactions. Therefore, ML is more pertinent to total neutron counting than is M. The two
quantities are closely related, as described below.

The following definitions apply:

v = the average number of neutrons created by induced fission
p = probability that a neutron will induce a fission

p, = probability that a neutron will be captured
PL = probability that a neutron will escape the sample (leakage probability).

A neutron of a given generation can inducela fission with probability p and disappear
with probability 1 - p. In other words,

P+Pc+PL= I - (14-12)
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Also, the number of fissions produced in a given generation per fission in the previous
generation is pv. The quantity pv is the multiplication factor k from reactor physics
discussed in Chapter 12. In an induced fission a neutron is absorbed. Therefore the net
neutron profit per fission is v - 1.

Consider a sample in which induced fission ,neutron capture, and escape are the, only
possible fates. of neutrons., In generation, zero, one, neutron is produced from spon-
taneous fission. oran (an) reaction.. In the first generation, there are p fissions and.pv
new neutrons created with a net neutron profit of p(v t-- 1). In the second generation,
there are p•v fissions, (pv)2 new neutrons, and a net profit of p2v(v - :1). This
multiplication process is shown in Table 14-5 for the first few neutron generations. For
all generations, the sum of the number of neutrons created from a single source neutron
is the toal multiplication M. ..

M =k < 1 (14-13)
-pv I-k.

For all generations, the sum of the net neutron profit is the total net neutron profit per
source neutron..(l- p)/(l - pv). Not:all the net neutron profit will. escape the
sample-some will be captured. The leakage multiplication ML is the total net neutron
profit: per source neutron times the probability of escape divided by the probability of.
disappearance, that is,

ML= -- p PL " PL = -P--Pc
XI- pv I-p(14-14)

Finally, from Equations 14-13 and 14-14, the relationship between ML and M is

ML =PLM. (14-15)

If the probability of capture PC is small,

l-pML- 0l -P) M - 1 pv (14-16)

Table 14-5. The neutron multiplication process through the fourth fission
generation

Number of Neutrons Net Neutron
Generation Fissions Created Profit

0 -- ... (sourc) 1:
1 p pv p(v - 1)
2 p(pv) (pv9 p(.pv) (v - 1)
.3 p(pV. (#V? p(pv)2(v -. I)'

4 "(pV)3 (pv) " p(pv)3 (v- 1)
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If both pr and p are small, ML and M are approximately the same. The quantity M is
alwayssgreater than or equal to ML.

Equation 14-14, the: expression for ML, depends on three parameters: v, p, and pc.
These quantities depend on the energy of the neutron inducing a fission or being
captured. Therefore, they are understood to represent averages over the slowing-down
spectrum of neutron energies in the sample. All three parameters depend on sample
composition and density. The probabilities p and P, depend on sample geometry as well.
Multiplication effects caused by neutrons reflecting off the.counter back into the sample
are understood to be included in p and p,. Reflection lowers the neutron's energy and
increases both p and p,

Figure 14.12 shows plots of the leakage multiplication ML versus the fission
probability p; Equation 14.16 was used to generate the plots, Two sets of curves are
shown. The lower set of three curves is representative of uranium-bearing samples with
v = 2.5. The upper set of three curves with v = 3.0 is representative of plutonium-
bearing samples. In each set of curves, the capture probability pc is varied from 0 to 0.02,
which covers a wide range of samples.

Figure1 4.13 shows plots of both total and leakage multiplication versus PuO2 mass in
a cylindrical volume: with a diameter of 8.35 cm. The 240pu (effective) is 10 wt% of
plutonium. The PuO2 has a density of 1.3 g/cm 3 and contains 1 wt% H20. The sample
fill height increases. as PuO2 mass increase& The leakage multiplication values were

v = 3.0

Pc'" " / ."

0.00- I0.-01 -- /1.4 0.02 ........ / A"

z/Z0 r."'-f2.5

, /.. / - .. "

0. -. : . ..IL

11.00oo 0.05 0.10 0.15

FISSION PROBABILITY p

fig, 14,13 L multipltcatlonML versusfluton probab~ilyforvwo mlues
I f th a avegJiio nemwnmukip• tyandthreevaluaofthe
caopure obabifty.
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calculated using the Monte Carlo transport code MCNP (Ref. 7). The total multipli-
cation values M were calculated from the leakage multiplication values ML using the
relationship

M v"1 (14-17)

with v - 3.13. This expression can be obtained by combining Equations 14.13 and
14.16. For the samples described by Figure 14.13, the capture probability p, is negligibly
small. The plots clearly show the difference in total multiplication M and leakage
multiplication ML. Reference 8 contains additional information on the MCNP calcula-
tions of ML and information on coincidence multiplication corrections.

14.3.2 Leakage Spectra

Neutrons escaping from a sample have a lower. average energy than when first
produced in spontaneous fission or (ain) reactions. Neutrons lose energy in the sample
through elastic collisionswithlight nudei and inelastic collisions with heavy nuclei. The
sample container can also affect the neutron leakage spectrum, but is generally nota
major factor. Unless there are iintervening materials,;the,,enery spectrnm Of neutrons
escaping the Sample container is the spectrum seen bytheneutron detector. The shape of
this spectrum can be. important in determining detection efficiency, as described in
Section 14.4.
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An example of neutron energy losses in the sample, as calculated with the Monte
Carlo Code MCN (Ref 9), is shown in Figure 14.14. This figure shows the leakage
spectrum of neutrons from a 5000-1b (2273-kg) cylinder of UF6 whose 235U enrichment
is 2.5% (Ref. 10). For these calculations, a uniform spatial distribution of I-MeV
neutrons was assumed because the 19F(an)92Na thick-target energy spectrum (Figure
14.10) was not well known at that time. Figure 14.14 shows the neutron moderation in
the large UF6 sample cylinder to be quite significant The average energy of the leakage
neutrons is 0.44 MeV compared with the average source neutron energy of 1.0 MeV. It
should also be noted that about 20% of the source neutrons do not escape from the
cylinder because of parasitic capture.

z
O 1 0 -1 .

0
10A

10-5

D
. T,

z F&ig14.14 Neutron leakage spectrum from
0 a 5000-lb UF6 cylinder

~~Q ~ 0 25 3  assuming uni-
2 ' 1o-4 03 1- 10-' 101L formly distribuited).-MeV

NEUTRON, ENERGY eV) source. neutrons.

Another leakage spectrum calu lation, performed with the MCNP Code (Ref. 7) is
shown in Figure 14.15. The sample miodeled is 800 g Oft PuO2 .with. a density of

.3 r .7.

1.3 g oxide/cm,. The ample contains of plutonium (10%240P'd) and 1 wt% water. The cylindrical sample is 8.35 cm in diameter and I11.24.cm in
height. The smooth curve. in Figure 14.15 is the 240pUj spo6nta .n..eo .u s I fi :s..sion i neutron
emission spectrum (Figure 14.7 and Equation 14.11). The calculated sample neutron
leakage spectrum is. the' histogram:distributioni, with 1 a errdr' bars shown. The, average
energy of the leakage spectrum is 1.91'MeY compared with:1.93: MC!V for the'emission
spectrum.: This implies very little moderation'lof the source, spectrum by thiis PuO 2
sample. The small buildup in the, leakage 6 and 4.6MeV is from
inelastic scatterinag by plutoium nuclides and elastic scatteFing by oxygen. The slight
buildup between 10 KeY and 100 ev isi from et scattering by- hydr'gun and
oxygen. This buildupe g wuld increase wit ah addltioneed it.Fr this smple the leakage
multiplication is about 1.04.
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14.4 NEUTRON DETECTION EFFICIENCY

Equation 14.1. defines detector efficiency F as the number of counts produced by the
detector per. neutron emitted from the sample.. This section describes important factors
'affecting c for 3He proportional counters moderated by. polyethylene. These include
arrangement of 3He counters within the polyethylene moderator, moderator design, and
the sample leakage spectrum. Also, differences in the. energy spectra of signal, and
background neutrons can be exploited to enhance the signal-to-background counting
ratio.

14.4.1 3He Counter Arrangement

For a fixed moderator .geometry, the location and number of 3He proportional
•counters strongly affects counting efficiency.. As an example, a series of efficiency
calculations was performed using the MCNP Code (Ref. 7) for a variable number of 3He
counters placed wihin a I-m-tall annulus of polyethylene..The counting tubes were I
inch in diameter with 4 atm of 3He (77%. thermal-neutron counting efficiency). The
internal and external diameters of the annulus were 7 in. (I7.8 cm) and 15 iii. (38.1 cm),
respectively. The,3He counters were evenly spaced within the annulus on alcircle 11 in.
(27.9 cm) in.diameter. A I-MeV monoenergetic source of neutrons was assumed .for the
calculations. The. two curves in Figure 14.16.show the results of theicalculations. The
curve belonging to the left ordinate is the absolute counting efficiency versus number-of3He counteis. This curve shows a peak counting efficiency of about 29% for 28: 3He
counters. Because 3He proportional counters are expensive, absolute counting efficiency
is sometimes compromised. The curve belonging to the.right ordinate is the counting
efficienicy per 3He counter (an index of cost effectiveness) versus' the number of counters.
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A reasonable compromise for this example would be 16 3He counters. Choice of the
number of 3He counters would also depend on sample neutron emission intensity and
desired counting precision.

14.4.2 Moderator Design

With a fixed number and arrangement of 3He counters, the amount and location of
polyethylene moderator can also strongly influence counting efficiency. As an example,
calculations were done for a polyethylene slab 10 in. (25.4 cm) long, 6 in. (15.3 cm) tall,
and 1.57 in. (4.0 cm) thick (see Figure 14.17). Two 3He counters are embedded within
the slab with their axes parallel to the slab's long axis and separated by 2.1 in. (5.3 cm).
The counters have a 10-in. active length, 44tm fdl pressure, and 1-in. diam. A 2 52Cf
neutron source is located 15.75 in. (40 cm) from the slab on a line perpendicular to the
plane of the 3He counters. The Monte Carlo Code MCNP (Ref. 7) was used to calculate
detection efficiency for various polyethylene thicknesses in' fiont of and behind the 3He
counters (relative to the source). The Watt fission spectrum was used for0the calculations
(Equation 14-11) with A = 1.025 and B 2.926 for 252Cf.These parimeters and this
slab geometry represent typical values encounteredin actual neutron detectors.

Results of the calculations are shown in'Table 1 4-6 and Figure 14.•18. 1Thelprecisions
of the calculated relative efficiencies are approximately 1L'N. Thetotal slab thickness
can be obtained by adding front and back polyethylene thicknesses because ihickness is
mea•ured from the 3Hj tube centers. The moderator configurationi for highest detection
efficiency is 6 cm fpolyethylene in frontfof ihe 3He counters anfid 8cim behind. Note that
for fixed rear polyethylene thickness, efficiency peaks and then decreases with increasing
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40.0 cm - -% *232cf

Pg 14.17 The geometry usedforaseriesofMonte Carlo calculations of detector edency.
In the calckWationa, the thickness of polyethylene in front qfand behind the
two 3He couniers was varied.

front polyethylene thickness. The decrease is due to neutron capture in hydrogen. For
fixed front polyethylene thickness, efficiency approaches an asymptotic value with
increasing rear polyethylene thickness. This effect is due to neutron reflection from the
rear polyethylene. Often, size and weight constraints limit the total polyethylene
moderator thickness to be-used. In the.U.S., polyethylene is typically purchased in slabs
4 in. (10.2cm) thick. If, for ease of fabrication, the total slab thickness is constrained to
this value, the 3He counters should be placed with 4!6 cm of polyethylene in front and
5.6 cm behind for optimum efficiency.

14.4.3 Effect of Neutron Energy Spectrum

For a particular neutron detector design, the detection efficiency will depend on the
incident neutron energy because of the dependence of the 3He(n,p) cross section on
neutron energy and the moderating effect of hydrogen in polyethylene. Given a
particular neutron leakage spectrum, the detector can'be designed to maximize counting
efficiency for that spectrum. For applications where the signal-to-background ratio is
small, it is desirable to design the detector to discriminate against background neutrons
with different energy spectra. Two examples, one for neutrons from UF6 and one for
neutrons from PuO 2, are given in this section.

Collimated neutron slab detectors have been designed to monitor neutron levels in
UF6 gas centrifuge enrichment plants. The detectors are described in Section 15.3.1 and
illustrated in Figure 15.4 of Chapter 15. Each detectorcontains eleven l-in.-diameter 3He
counters embedded in a,10.2-cm by 30.5-cm by. 61-cm polyethylene slab. The slab is
wrapped in cadmium and covered with thick polyethylene shielding except on the 1860-
cm 2 open face, which is covered by 1.3 cm of polyethylene. The polyethylene, along with
the cadmium, filters out low-energy background neutrons. Figure 14.19 is a schematic
cross section of the detector.
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Table 14-6. Relative efficiency of a simple slab detector for variable polyethylene moderator in front of
and behind the 3He counters

Front Polyethylene Thicknes (cm)

2 2.5 . 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8i

C

U

2
25
-3-
.3.5"4 ..

4.5
5
5.5
6
6.5
7.-

8

0.181
0.242

.0.301
-0.374
0.425.
0.469-
0.511
0.547
0.564
0.580
0,604
0.600
Mel1

0.271 ý,0334 0.430
01351-0.419 0.508

0.426 .0.494 0.596
0.497 -o0.565 0.668
0.547 :0.611 0.719
0.597 0.650 0.766
0.628 0.688 0.798
0.658 --0.723 0.833
0.682 0.745 0.843
0.696, 0.759 0.858
0.703 0.755 0.874
0.703 0.773: 0.873
0.722 0.775 0.872

0.489
0.577
0.645.
0.717-
0.769-
0.797,
0.844
o.86o
0.874
0.895
0.909.
0.908
0.913

0.521
0,625
A0665
ý0.762-
•0.8 12:
0.,847:

,0.887
0.911:
0.921

• 0.936
.0.935-

0.9.45
0.954

0.560
0.661

0.713
0.779

0.830
0.871
0.896
0.917
0.941
0.940
0.96.1
0.957

,0.968

.0.608
0.700
0.757
•0.821
0.872
0.886
.0.919
0.943

.0.952
0.962

.0.975
0.978
.0.983

0.622. 0.639 0.659
0.706. 0.717 0.687
0.782:. 0.765 0.747
0.82.5 ..0.839 0.807
0.867. 0.866 0.826
0.908 0.901 0.862
0.94, 0.919 0.889
0.96W 0.944 0.894
0.973 0.965 0.898

•0.986, 0.955 •0.910
0.977.. - 0.963 0.921
0.989 0.968 0.920
1.000 0.969 0.929

0.615 0.575
0.690 0.644
0.733 0.692
0.771 0.742
0.799 0.773
0.839 0.792
0.849 0.808
0.848 0.810
0.858- 0.815
0.875 0.820
0.873 0.832

10.873. 0.826
0.883 0.835

9-
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ft.1418 Relative 2 52 Cf neutron detection m
flciency as afinction offront and
back polyethylene thicknessfor the
smallslab detector illustrated in
Figure 14.17.

A&g 14"9 Cross section of the collimat ed neutron slab detector.

The UF6 monitor was designed to have a neutron energy efficiency profile similar to
the 9F(at, n) 2 Na neutron energy spectrum (Figure .14.10). It was also designed to
minimize the response to low-energy background neutrons from cosmic rays. This was
accomplished by measuring and calculating the effect of three different thicknesses of
polyethylene filters on the detector's open face. (Ref. 11). Figure 14.20 is a plot of
calculated neutron energy response profiles for three thicknesses of polyethylene: 0, 1.3
cm, and 2.5 cm. The effect of a polyethylene filter is to reduce detection efficiency at all
incident neutron energies, but with greater reductions at the lower energies where most
of the background neutrons from cosmic rays are found. These calculations indicate that
a 1.3-6m fidter is a good compromise between high efficiency for l O-MeV neutrons and
low efficiency for O.I-MeV neutrons. A more comprehensive study of F6 detector
optimization for low signal-to-background ratios is reported in Ref. 12.
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The High-Level Neutron Coincidence Counter (HLNCC) is a detector designed
primarily for passive neutron coincidence counting of PuO2 (Ref. 13 and Section 17.2.2
of Chapter 17). Its neutron energy efficiency profile is given in Figure 14.21. If this
efficiency profile is compared with the leakage spectrum from a representative PuO 2
sample (Figure 14.15), it can be seen: that the HLNCC efficiency is a -maximum for
neutron energies lowerthan those actually emitted. In other words, the HLNCC, which
was.designed toWbe small and lightweight, contains too little polyethylene and is
"undermoderated.."
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Total Neutron Counting Instruments
and Applicatons

J. Sprinkle

15.1 INTRODUCTION

-Total neutron counting instruments are usually unsophisticated instruments that do
not measure neutron energy directly. They are simpler than. neutron coincidence
counters, are capable of detecting smaller quantities of neutron producingmaterials, and
are less sensitive to multiplication effects and efficiency variations. However, they are
less capable of determining which isotope or chemical compound produced the neu-
trons. Sometimes these instruments use partial energy discrimination to reduce the
signal from undesired components. More typically, they rely on administrative controls
to ensure that only the appropriate materials are assayed.

Many assay instruments for totalneutron counting use moderated 3He detectors, The3He detectors are relatively simple to operate and their reliability is excellent. They can
tolerate approximately 1013 fast. n/cm2 without serious radiation damage and they
provide& ade'quate diksrmiiation against gamma rays in fields les than 4, R/h. Reason-
able detection efficiencies can bý aclhieved through careful design. Tubes of 2.5-cm. .. 3 .. .. . .. ... ..

diameter containing 4 atm of! He'have aný intrinsic detectioni efficiency of 90% for
thermal neutrons. Detector bank&with these tubes placed 5 cm apart can be-designed to
have :absoiute:det&tion efficicies••of about 20% for spontan•eous fission:: neutrons.
Detector banks have alsb been ibuiftwith F3 tubes, which provide somewhat: better

discrimination againstgamrnma rays (se Cpter 13).
SThis :chapter aescribes several totalneutro counting instruments and applications in

order of increasing size and complpxi. It- ci clues wth examples; ofithee instruments

used for s•al applications: two m•oistureymonitors and ani •e independent long
counter.

15.2 THE SH ELDED NEUTRON ASSAY PROBE(SNA)

The Shielded Neutron Assay Probe (SNAP) is the simplest and mostportable. of the
neutron detectors described in this chapter. An upgraded version, the SNT -II (Ref. 1),
is illustrated in Figure i5.1. SNAP-I consits. oftwo 3He counte" (2.5-cni diam, 20-cm
active length, 4-atm fill pressure) embedded in a 12.7.crn-diam polyethylene cylinder.
The 12.7-cindiamneter ofthe cy6der is op'im;um for the detection 4fl• i., 2-MeVfission
neutrons. The po•lyetylene cylinde wrapped in a thin cadmium sheet to preferen-
tially absorb any background of thermal neutrons. Along its axis is a'hole for inserting
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individual reactor fuel rods. This configuration provides an option for bigh-efficiency
assay of plutonium-bearinng rods in the hole. Outside the cylinder is a 5.7-cm-thick
directional shield whose thickness is limited to ensure portability of the detector. Theweight of theSNAP-U is only 10. kg.With its d onal shield, SNAP-iI has a viewing angle of 120". Figure 15.2 shows the

relative sensitivity of the detector as a function of angle around the detector axis, as
measured with a PuLi source. The front-to-back detection ratio is 4.2 for the PuLi source
(average neutron energy of 0.65. MeV) but decreases Ito 2.2 for a 212(2f spontaneous
fission source (average neutron energy of 2.2 MeV).

The intrinsic efficiency of the SNAP-I detector for fission neutrons is approximately
17% representing ai sigificant improvement over the 10% obtained with the original
SNAP detector (Ref 2). In addition, the active area of the SNAP-IU detector is more than
twice that of its predecessor consequently the absolute detection efficiency for a point
source at 1 m is improved by a factor of 4.5, to approximately 0.01% (Ref. 1). For other
source-to-detector distances, the absolute detection efficiency varies as (r + a)-2 where
r is measured in cenitimeters from the.detector axis and a is a constant that depends on
the diameter of the'modeiator cylinder. The constant, a, is typically about 3 cm, and r
must be greater than 3a for the approximation to be valid. This efficiency function is not
valid if the detectof is. close' to surfaces that reflect neutrons (such as a concrete floor).
For field exercises that require the use of the SNAP-Il in an area surrounded by neutron
sources and refiectors,: d rminati6n of the appropriate background count may be
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1~.15.2 Directional sensitivity of the
SNAP detector, as measured
in the midplane with a PuLi
source (average energy.

0* 0.65 MeV) (Ref 2).

difficult. In these instances, it has been helpful to fit a matching wedge of polyethylene
into the viewing angle of the detector.

The SNAP-Il has been designed for field work and is used in the total neutron
counting mode because the signal to be measured is often weak. It is important to use
compact, simple electronics. Commercially available packages such as theEberline SAM
I or the LudlumnModel 22 are well suited for this application. These, units contain a high-
voltage power supply, preamplifier and amplifier boards, discriminators,i and scalers in
one small portable box.

The SNAP detector provides only limited information about the energy or direction
of the neutrons that are detected. It is often used for' holdup measurements or
verification measurements. where good reference standards are not available; examples
of such uses follow.

15.2.1 Verifcitilon of Plutonium Metal

A SNAP detector has been used to verify the 24°pu content of plutonium metal
buttons at the Hanford Works in Richland, Washington (Ref. 3). The major neutron
source in metallic plutonium is the spontaneous fission of 240Pu. In: addition, buttons
containing 2000 g of plutonium exhibit significant multiplication effects.' These effects
can increase the totals count rate by as much as 90% and are dependent on the button
geometry.
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At Hanford, the measured SNAP response, T total neutrons/s, was represented as

T(n/s) = k m I F (15-1)

where k = calibration constant
m - elemental plutonium mass
I= 240pu mass fraction

and F is a factor that accounts for multiplication within the button. F was determined
empirically by fitting a series of Monte Carlo calculations of multiplication within
buttons, with the following result:

F = + (1 -I aI)m/b (15-2)

619.5(d - 2.673) + 1801 (15-3)
b

b =. 417.8.(d - 1.3339 + .1757 (15-4)

where d is the button diameter in inches, and a and b are also given in inches.
Equation 15-1 can be solved for either m or I. At Hanford, one button was chosen as

the "standard" and the remaining were assayed as unknowns. A statistical analysis of the
assay of 248 buttons yielded 8 outliers. The 24°Pu content of the other 240 buttons was
verified. The mass range of the buttons was 1453 to 2204 g and the 24°Pu mass fraction
ranged from 4.6 to 18.1%. The measurement uncertainty was 2% (1l), and the precision
in 30-s counts. was better than 1%.

15.2.2 Verification of UF6 Cylinders

SNAP detectors have been used at enriched uranium production and storage facilities
to verify: the contents of UF6 cylinders (Ref. 4). In UF6, neutrons are produced by
spontaneous fission of 238U and by the 19F(a,n) 2 Na reaction. The dominant alpha-
particle emitter is 234U. In natural UF 6, 80% of the neutrons are-due-to (an) reactions
and the rest to spontaneous fission. As the enrichment increases, the contribution of the
(a,n) reaction increases sharply. In particular, as the enrichment increases from 3 to90%,
the neutron production rate increases by a factor of 30. Consequently the totals neutron
count rate is a sensitive measure of the UF 6 mass and enrichment. Neutrons penetrate
UF 6 quite well but are subject to absorption and multiplication effects. Table 15-1 lists
the calculated neutron leakage fractionlfrom various cylinders. At the higher enrich-
ments, multiplication effects begin to dominate over absorption effects.

To verify the contents of a UF6 cylinder, the SNAP detector is placed adjacent to the
cylinder and parallel to its axis, at a position midway between the; cylinder ends.: This

geometry is less position dependent,Iless sensitive to the cylinder's fill height, and more
convenient for the operator than a geometry that requires the operator to hold the SNAP
against the end of the cylinder. Backgrounds caused by neighboring cylinders are often
large. Reasonable background estimates (at sea level) are obtained by aiming the
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Table 15-1. Neutron leakage'fraction from various cylinders
2 3 5 U..

UF6 Mass Enrichment:: Leakage
Cylinder Type (kg) (wt%) Fraction

• 14ton 12,700 0.71 3055
30B
•12B
5A
5A2S:
28.

1,5C
S144

1

20 "0.71"••0 3.00:!:5 10.00
5 35600:
1f 65.00

1 90.0 0

0.80
:•0.97".

,I. 00
1.00
1.01•1.02"

detector upward. toward the sky rather than downward toward the cylinder. The
response from cylinders at the edge of a large cylinde• array may. be smaller than the
response near the center of the array. For cylinders containing UF 6 of different
enrichments, the total neutron count rate T is given by

T [cf234) + dfA238)] m (15-5)

where m, is the total uranium mass, c and d are empirical calibration constants, and
f(234) and fA238) are the isotopic mass fractions of 234U and' 23 8U, respectively.

For low enrichments, f(238) is nearly constant, and the ratio fA234)/f(235) is very
nearly constant. Then Equation 15-5 can be simplified.to .

T = [e + gf(235)] m (15-6)

where'e and g are. the calibration constants. Clearly, if the isotopic.composition of the
UF 6 is the same for all cylinders, Equation 15-6 can be further simplified to T = hm,
with h-being the single calibration constant.

Measurement' uncertainties of 5% are typical-for 2 1I/2-, 10-, and i4-ton cylinders.
With 60- to 120-s counting times, statistics do not contribute appreciably to these
uncertainties. Experience in the field suggests that each cylinder size requires aidifferent
calibration, perhaps because different solid angles are subtended at :the detector by the
various cylinders. If the cylinder fill heights vary'by 50%, the uncertaiiities will increase
to approximately 10%. Measurements made with the. SNAP detector can help identify
solid residues in emptied cylinders (heels), but the small amouint of material involved
causes poor precision in the results and may require long count times, on the order of
1000s.

15.2.3 Holdup Measurements'

SNAP detectors have been used in nuclear fuel-cycle facilities to measure the holdup
of nuclear material (Refs. 5 through 7). The material to be measured must be a strong
neutron source. All forms of plutonium qualify, but uranium must be enriched and in a
matrix suitable for (an) reactions so that the signal will be large enough to be useful.
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The primary advantage of using neutron-based techniques for holdup measurements
is the penetrability of the neutrons. They can be detected from pumps, furnaces, and
other heavy equipment that is too dense to permit the escape of gamma radiation. The
disadvantages of neutron techniques are their lack of spatial resolution, their lack of
isotopic specificity, and their sensitivity to matrix effects. The matrix'effects include
reflection, multiplication, moderation by moisture, and (an) reactions in low-Z
materials. Most of these effects are present to some degree in all holdup situations and
make the interpretation of neutron "measurements difficult. Use of a combination of
neutron and gamma-ray measurements is usually the most reliable approach.

Calibration of the SNAP detector for holdup measurements requires standards with
isotopic and chemical compositions that are similar to those of the material held up in
process, for the reasons mentioned above. To calibrate for a particular geometry, it is
helpful to use mockups of the actual equipment. As in all process holdup measurements,
25 to -50% uncertainties are typical. Additional information on holdup measurements
with. neutrons is included in Section 20.6 of Chapter 20.:

15.2.4 Other Applications

Simple detectors like the SNAP can be used as neutron monitors in and around
storage vaults and reactors (Refs. 8 and 9). The monitors are used to check for a constant
neutron flux. hhey may have hardened electronics, simple mass-produced electronics,
or bare 3He tubes, depending on the application.

15.3 SLAB DETECTORS

Slab detectors contain an array of thermal neutron detectors inserted into a slab of
moderating material. They are larger and heavier than SNAP detectors but provide.
higher detection efficiencies and better directionality if heavier shielding and col-
limators are added. Slab detectors are typically operated with a combination of standard
NIM electronics modules (such as high voltage, amplifier, single-ch6annel analyzer, and
scaler) and customizedý preamplifiers. The preamplifiers are small enough to fit inside
the junction box that contains the connections to the tubes. Puise-height analysis with.a
multichannel analyzer is sometimes used, but scalers and single-channel analyzers are
morefirequently found in routine operation.

Slab detectors often consist of 3He tubes placed parallelto each other in a moderator
blck. (Ref. 10). The size and number.of tubes vary with the application. Figure 15.3
shows a slab detector that contains nine 3He tubes (2.5-cm diam, 4-atm fill pressure)
embedded in a 10-cm-thick polyethylene slab. The junction box holds the tubes rigidly
and encloses the high-voltage buss wire and preamplifier in an air-tight, electrically
shielded space. For some applications the polyethylene slab is covered with a thin
cadmium sheet to absorb thermal neutrons.

1534. Monitorinigof UP6 Enrlchment

A slab detector can be operated unshielded or it can be placed inside a shield to obtain
direction-sensitive response. Figure 15.4 illustrates a shielded, directional slab detector
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JUNCTION BOX

Fitg. 1S.3 .Side view of slob detector with nine2.5-cm-diam 3Heproportional

1_________1______.. .. _____: llcounters. Thejunction boxcon-
POLYETHYLENE MODERATOR BLOCK taiWapreaMpl(fier board.

Fig. 15.4 A slab detector with directional shielding designedfor monitoring UF6 enrichment.
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designed for monitoring UF 6 enrichment. It has a viewing angle of -90°, smaller than
that of the SNAP-II. However, its front-to-back discrimination is nearly five times
better. The detector exhibits a front-to-back ratio of 33 for an AmLi source and a ratio of
9 for a 252Cf source. The intrinsic detection efficiency is -18% for a fission neutron
spectrum. The absolute detection efficiency for a point: source varies approximately, as
h/r for r less than the detector dimension and as I/r2 for r more than twice the detector
dimension. This relationship is not valid if neutron absorbers or reflectors are present.
To determine the neutron background; the detector can be rotated 180" to face away
from the source of interest. Or the aperture can, be covered with a thick. piece of
polyethylene. Four-in.-thick polyethylene reduces the neutron signal by approximately a
factor of 10.

An array of slab detectors has been proposed for verification of the proper operation
of centrifuge facilities (Ref. 11). Detection is possible because highly enriched uranium
production is accompanied by elevated neutron levels from (a,n) reactions following

U decay in gaseous UF6. Because of its lower mass, 234UF6 is enriched even more
than 235UF6 in the separation process. Since the iquantity of highlyenriched uranium can
be quite small,ý the increase in slab detector response can also be quite small compared
with normal bickground. Sensitivity can be enhanced with proper design (see Chapter
14),and by using filtering and decision analysis techniques (Ref. 12).

A proposed system would consist of an array of optimized detectors within a process
building having centralized data collection and processing. During normal unattended
operation a minicomputer would poll the detectors remotely. Based on experimental
benchmarks and Monte Carlo simulations, detection sensitivities should be adequate to
dec production of highly enriched uranium. Potential sourcesof false alarms include
normal motion of UF 6 cyliniders anidneutron sources used t0 ,verif criticality alarms.

15.3.2 Holdup Measurements.

Slab detectorshave: been ,sed for plutonium holdup measurements afterA cleanout
opd# jidn (Re.i 13). The model usedato intepret th ed that the geometry of
the i so.xe material could be apprxtimated bya juniform plane nearthe floor.This
agsumpti4 could be ýivesfigated by movingth detector and repeating the measure-
ment. detector was 0.23 rn in oni are and brishieldedT iu absorbers
weureoir : o obtain mx sens itiity to low-energy neutrons. The advantagesof~i~gsilru ei ques~ cv0fthei
soturc~eu maera 1s uei of:a and y-basecd techniques are-that shielding of theSuffa4 the room.

sourc4te ifacilty. 1 1 jhe rbi-ro rhe tuing 'wa god;onsstequentl, cffrosomal
sua s, a net e ~ ~ i Th chi.mica rrsp ns t somteria forthuedg of the pluonu

Thas avrgdove se 6r, m[~ suur ment position so reducre d t ee tor' sdeqsitiviytsprocedu ras yields 0

1h111111t few h nka o
be•,!ýýI&ý eu salnoiei eýýud aai of
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15.4 THE 47 COUNTER

The 4c counter is designed to surround the sample, so that the solid angle for neutron
detection approaches 47c. This configuration provides the highest possible counting
efficiency and the best configuration for shielding.:Shielding can be placed on all of the
external surfaces of the detector to reduce the effect of nondirectional neutron back-
grounds. The sample to be asyedisplaced in the central well or sample chamber.
Usually the 4n counter is desined to give a reasonably flat response over the volume of
this chamber. This feature is very importanit fiorheterogeneous samples..Most 4a
counter designs are optimized for a particuiar measurement application, and adminis-
trative controls are required to ensure that the samples have the appropriate fill height,
composition, and matrix. If the samples are well-characterized and consistent with
respect to neutron transport characteristics, assays with a few percent uncertainty are
easily obtained.

The 47 counter electronics resembles a collection of slab detector electronics. Typi-
cally four to six banks of neutron detectors are used and their outputs are combined to
yield the total neutron count rate. With the addition'of a coincidence circuit, the same
configuration can be used for coincidence. counting. For either total or coincidence
counting the operation of the counter is usually automated by including a calculator or
computer. The computer can be programmed to control the counting electronics,
convert the response to a mass measurement using a calibration function, and provide
measurement control.

15.4.1 Box Counter

Figure 15.5 shows the design of a 4x counter used at the United Nuclear Corporation
(UNC) in Richland, Washington; (Ref 14) to measure end crops from the fuel extrusion
process. The end crops are at least 75:wt% low-enriched uranium, the rest being zircalloy
and copper. They are packaged in large shipping crates and loaded onto the counter with
a fork lift. Typical net-sample weights are 320 kg, however they can be as large as 550 kg.
For the UNC application total neutron counting was preferred to coincidence counting
for several reasons. Total counting is:less sensitive to multiplication effects, such as
neutron-induced fissions in 235U. It is less sensitive to position-dependent variations in
detection efficiency within theýsamplebchamber. The coincidence count rate from 23SU is
quite low, only two to five times: the rate from cosmic-ray-induced events. Total
countinig provides a rate about 10 times the coincidence count 'rate, and administrative
controls are readily available to ensure that only valid samples are blaced in the counter.

The observed signal from the end crops is due primarily to spontaneous fission of
23'U. One kilogram of 238U emits: 13.6 n/s. The interior of the. sample chamber is
cadmium-lined. Under these conditions the absolute efficiency for an AmLi neutron
source at the center of the :chamber is 20%.. The. external shield is 10.2-cm-thick
polyethylene. Independent measurements .with a slab. counter indicated- that the
polyethylene. shielding reduces the signal from fuel stored in a neighboring room by a
factor of 25. In addition, administrative controls limit.the amount of uranium outside
the counter, none may be placed within 8 ft of the counter and only one box may be
placed within 50 ft.-The, counter is fully automated and the user interacts with a Hewlett
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Fig.15.5 Baxcorox Ie muse at the United Nuclear Corp (UNC).

Packard HP-85 minicomputer. A daily measurement control procedure verifies that the
counter is operating properly. It consists of a background count, which must be below 11
kg effective, and the assay of a standard, which must be within 2% of the known value.

Figure 15.6 is. a calibration curve obtained with finished fuel from. the extrusion
process. Counting times of 1000 s were used; the statistical precision is better than 1%.
Three types of fuel were used in the calibration: 0.947%-enriched material in 6-cm-diam
cylinders (crosses);.O,947%-enriched material in 3-cm-diam cylinders, so that the
packing density .is nearly twice as high (circles); and 1.25%-enriched material in 6-cm-
diam cylinders_(x's). Two different shipping crates were used for the L25% materialand
their weight differed by 20%. The heavier crate provided a2% lower response than the
lighter crate. Assay accuracy is currently limited to 2 to 3% by variations in the shipping
boxes. A limited investigation of matrix effects indicates they will be 1% or less. A
preliminary comparison, with endcrops that were dissolved after assay indicates a bias of
less.than 1%..

15.4.2 Measurement of 238pU Heat Sources

A small 4n counter has been designed for the assay of 238Pu heat sources at Los
Alamos (Ref 15). The heat sources are'10-g capsules of 2 3 8

PuO2 . The plutonium is
enriched to 83% in 238pu.and the oxygen is highly enriched in 160. Heat is produced
from the alpha-particle emission associated with the decay of.238pu. The strong alpha
emission rate can also lead to a high neutron production rate via (ctn) reactions in 170

ad 1? 18 d Of 238pU is difficult
and 0 0 despite thcepdepieuon f.0 iand 0. A quantitative assayof Pidfiul
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because the exact amountof remaining 170 and:8. is unknown. However, the primary
objective of the measurement is assurance that the neutron emission from (0,n)
reactions has been reduced as low as possible. The 238PuO 2 material is handled
separately from other mateial in the plutonium facility at. Los Alamos It undergoes
differt processing and exhibits the rather unique characteristic of producing heat in
easily detected amounts. Consequently, administrative controls that ensure that onlympoub 2 is being measured are easy to implement.

The heat source counter is illustrated in Figure 15.7. Its design is quite conventional,
with high-density polyethylene moderator, cadmium absorber, 3He counting tubes,
aluminum outer skin, and a stainless steel and aluminum sample carrier for placing the
heat source into the central counting cavity. A 10-cm-thick polyethylene shield is
included to reduce the high background counting rate expected in the plutonium facility.
The counter has an efficiency of' 18%. Precisions of 0.5% or better are obtained in 100-s
count times. The measurement accuracy is I% within a. batch of material and 5%
between batches. Most of the batch-to-batch variations are due to! different oxygen
isotopic distributions.

15.5 MEASUREMENT OF LOW-LEVEL WASTE

Passive neutron counting is often used for measuring nuclear waste material because
neutrons can penetrate large waste containers much better than gamma rays can,
particularly if the waste contains dense, high-Z materials. Waste containers are typically
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55 gallons or larger in volume, and passive gamma-ray detectors tend to underestimate

the amount of nuclear material because of gamma-ray absorption in the matrix.:Neutron
mea ments, on the otherhand, tento ove ie, the amount ofnuclear material;
(a,n)reions inthematrix or moderationfollowed byinduced fission crete"ext

neutonsNeutron oincidence countig cnsubstantlyreduce this matrix sensitivity
bydiscr g b en souefssionneutrons andmatrix(n) neutrons. However,
total neutron counting may be more sensitive to sn quantitiesof nuclear material if
(a,n) reactions cree the neutroneission rate. For. exampleit is. several orders of
m tidemore sensitive to the fluorides PuF4 0rUF6 . Total neutron cutin iften

u .sfor discard/save decisions rather thanforqntitative assays.

15.5.1 Detection Sensitivity

The.meutron emission rates of some common nuclear materials are listed in Tables
14-2, 14-3, and. 14-4 (see Chapter 14).: Froqrthese tables it isclear that low-Z materials
that allow (an) reactions can significantly increase the neutron output.: Because the
neutron output of the plutonium compounds is much higher than the neutron output of
the uranium compounds, the sensitivityto,.plutonium is much better than the sensitivity
to uranium. Here the sensitivity of the assay is• defined as AC/C, whereAC is the I-
standard-deviation error i* the coun.,"tstC..

nimortant conceptfor, the neasurement of.lwlve at is the *detectbility
limn hc sta unity, ofmaera thatp pouces a signal thatis larger than
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background by the ratio d = C/AC. For a background rate b much less than the signal
rate, the detectability limit m (in grams) is given by

m =d
2/At . . (15-7)

For a background rate b much larger than the signal rate,

Id b..... (15-8)
A=• tI t2'

A is the response rate of the instrument in counts per second per gram, and tI and t2 are
the signal and background count times, respectively. Detectability limits at 3a above
background (d = 3) are 23 rmg for low-burnup plutonium, 0.5 mg for PuF4 170 g for
natural uranium, and 30 g for natural UF6 (Ref. 16). These calculations assume 1000-s
counting times in a large 4n counter with 15% absolute efficiency. The 4x counter is
recommended for assaying low-level waste because of the-.wea emission rate and
heterogeneous nature of the waste.

The calculated detectability limits show that passive neutron fcounting of low-level
waste is usually practical only for plutonium. For 55-gal drums: containing 100 kg of
nonabsorbing matrix materials, the plutonium limit of 23 tug corresponds to about 23
nCi/g. This detectability limit can easily increase byan order of magnitude for actual
drums that contain significant quantities of moderators or neutron poisons. In most
cases, however, passive neutron assay overestimates the quantity of nuclear material
present because of (azn) reactions in the matrix. Unless the'chemical and isotopic form
of the waste is known, no quantitative conclusion: can be drawn about the nuclear
content of a barrel other than an upper limt..

15.5.2 Assay of 55-GallonsDru i.ms

Total neutron countingof 55-gal- drums containing PuO2-cont aminated waste has
been investigated at:Los Alamis (Ref '17). Measured were a set :'of 17 standards
constructed at the Rocky FlatsIPlutonium Processing Facility (Ref.i 18). The standards
were designed to simulate the contaminated process materials and'residues routinely
-assayedin the Rocky Flats drum counter.;Table 15-2 summarizes the characteristics of
these drums. A standard deviation iof ±16% was obtained for the 17 drums. Since the
plutonium isotopics and chenicýl form:were both fixed and well known, the total
neutron signal was a reasonable measure of thelplutonium content.

15.5.3 Assay of Large Crates

A neutron counter large, enough to assay 1.2-by: 12- by:2.1-m waste crates was
developed and used extensively at theRocky Hats facility (Ref. 19). This 4n counter uses
twelve 30-cn-diam ZnS scintillators spaced around the sample chamber. Because these
fast-neutron detectors also exhibit some gamma-ray sensitivity, the discriminator
thresholds are set above the 1.3-MeV 6WCo gamma-ray energy. Most of the neutron
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Table 15-2. Physical characteristics of Rocky Flats 55-gallon drum standards

Plutonium
Matrix Matrix Av Matrix Av (as PuO2)

Composition Net Weight Density Loadings
Description Matrix (wt%) (kg) .icm) (9Pu)

Oraphite molds
Dry combustibles

Wet combustibles

Washables

Resin
Uenekx pleiaa

60-mesh graphite
carbon
plastics
cellulose
ce.llulose

water..,
plastics

polyvinyl
lead g0oves
polyethylene
cellulose
sugical gloves
Pyrex glass
with 12% boron
asB 2o 3
Dowex 1 X 4

100
90
5
5

go
15 .

42
.28
20
7
3

100

l00

110
24

0.53
0.12

60,145, 195
10, 165, 175

51 0.25 28.5, 166

32 0.15 10,90,160

82 0.39 40,95, 185

- .25,110
- 75*

signal is also discriminated out, and the measured efficiency of the counter is 0.1%.
Although the desired signal is from spontaneous fission neutrons, total counting is
preferred to coincidence counting because of the low detection efficiency.

The major sources of inaccuracy for the crate counter are variable matrix effects and
the unknown chemical form of the plutonium. Some comparisons with a 55-gal-drum
counter show that the crate' counter tends to. overestimate: the plutonium content.
Typical crate loadings are: less than 100 g; the; counting times are 200 s. The results
typically, agree withtag values within a factor of*4.

The crate counter i.s used to flag crates that need to be opened and checked more
carefully. It periodically locates crates that have been labeled incorrectly. The counter is
also. used in conjunction.with passive gamma-ray counting if more quantitative results
are desired.

15.6 SPECIAL APPLICATIONS

The special applications described in this section focus on the neutron energy
spectrum observed by some passive assay instruments. In the first two examples, the
observed energy. spectrum is exploited to determine a specific feature of the sample.,
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15.6.1 The n2Cf 'ydrogen AnglyZe

The 212Cf hydrogen analyzer (Figure 15.8) can determine the hydrogen content of
small uramum:samples by measuring the softening of the neutron spectrum of a nearby
252Cf source (Rf. U20). The analyzer consists of a steel block with holes bored for two 76-
mm-diam nickel cylinders. One cylinder contains the 252Cfsource, and the other holds
the sample and two 3He neutron detectors, as detailed in Figure 15.9. Because 3He tubes
have a higher efficiency for low-energy neutrons, the count rate increases for samples
containing hydrogen. This matrix effect is enhanced by using steel reflectors instead of
polyethylene moderators around the sample and detectors.

+Q 8.4MM

analyzer. 7*e detectors (D) are 25 min in
dmeter and the sampe chamber (S) is
19 mm in diamen.ter mm
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The counting electronics requires only a single-channel analyzer. A californium
source strong enough to give a count rate of 10 kHz is used so that 0.1 % precision can be
obtained in reasonable counting times (100 s). Long-term drifts of 0.3% were observed
over a 3-day period; however, the actual data consists :of a'sample measurement
preceded or followed by a background measurement. Consequently, long-term drifts are
not a problem.

Figure 15.10 demonstrates the response (difference between sample: and background
counts) as a function of increasing hydrogen. The straight line is a least squares fit to the
data. The four samples indicated in the graph had a graphite matrix and were of equal
volumes. Figure 15.11 shows the effect of increasing . 2U content on the hydrogen
analyzer. The hydrogen analyzer was originally designed for use in conjunction with a
Small Sample Assay System (SSASXRef. 21) to determine the. uranium content of moist
uranium fuel rods. The SSAS determines uranium content, but the result-is affected by
hydrogen content. Consequently an iterative procedure is employed to obtain: the best
possible assay. First, the SSAS measurement provides a value for uranium content good
to about ±10%. Then the hydrogen analyzer results can , used: to determine, the
hydrogen content to ±2 mg, and finally the SSAS result can be iteýaied to detirmine 235U
to better than I% accuracy.

15.6.2 Moisture Determination by Detector Ring Ratio.

The ratio of total neutron counts in the inner and outer detector rings of a two-ring 4n
counter is a measure of the neutron energy spectrum. In-a way similar to the 252Cf
hydrogen analyzer, the ring ratio can provide information about the moisture content of
the sample.

This moisture monitoring technique has been applied to the assay of wet plutonium
oxalate (Refs. 22 and 23). The oxalate is precipitated during the conversion of plutonium
nitrate. to oxide. It is heterogeneous and typically contains 30t to-65 -wt% water. The

700 ,.. . " • i

Z HYDROGEN RESPONSE'UJ
60 ,,

CA,.

00 I-

E

U400- 0 6 8 0 2

mg HYDROGEN

F1j. 15.10 Net signal per milligram ofhydrogen as a
function of hydrogen content.
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plutonium assay is done by passive neutron coincidence counting, but: a correction: for
water content is based on the ring ratio. The correction. is needed! because hydrogen is a
better moderator. than.plutonium. oxalate and samples with.. higher, water: content
decrease the average neutron energy moreq.The neutron counter contains an inner ring of
detectors separated from the sample by: II mm of.poplyethylene and :an outer ring
separated. by 33mmof polyethyien.e. A change• in the neutron: energy :spectrum affects
the two rings differently.because of their different depth in the polyethylene.

The counter was calibrated by :/assaying 19: samples of known plutonium and water
content. The mass m of plutonium was expressed as

m•, (15-9)

where R, = coincidence count rate in the outer ring
Ti= total count rate in the inner ring
To total count rate in the outer ring
and a, a, P are fitted parameters.

An additional 22 samples were assayed nondestructively with a standard deviation of
2.2% (1 o)(Ref. 22),relative to later destructive analyses. Without the ring ratio correction
for moisture, the deviation is 50 to 100%.

15.6.3 Energy-Independent Long Counter

There are many uses in fast-neutron studies for a counter whose detection efficiency is
independent of the incident neutron.energy. One such counter used to calibrate and
standardize neutron assay instruments is the long counter (Refs. 10 and 24). The energy
response of the long counter is nearly flat, but not.entirely energy-independent, as has
sometimes been assumed.
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SHIELD-B, C.&
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INTO POLYETHYLENE CYLINDER

FIg. 15.12 A high-efficiency 3Helongcounter.

Figure 15.12 shows the design features of a high-efficiency long counter. The neutron
source is aligned on the axis of the center 3He detector, at a distance of at least 1 m.The
minimum source-to-detector distance, the number and location of the holes in. the
moderator, and the design of the polyethylene ring in front of the moderator are all
essential for achieving the flattest energy response. Figure 15.13 (Ref. 10) shows the
response of the counter to broad-spectrum neutron'sources; the relative source strengths
were: known to 3%. Within the accuracy ýof the source strengths, the counter response
appears to be flat from 0.024 MeV to more than 4 MeV. More recent data(Figure 15.14)
were obtained with the same counter usingla Van de Graaff accelerator to provide
relatively monoenergetic neutrons: from the 7Li(p,n)7Be reaction (Ref. 25). As the
neutron energy was varied from 100 to 1200 keV, a small resonance was observed at 450
keV. Clearly the counter response is not completely energy-independent, but only
approximately So.

L) SbBe 111PuLiF Puo 1
z -12 z

D . . .I
"'3 3 -iuLi 10 U

2 z

1 1 -MODIFIED LONG COUNTER
U SOURCES 1.0 m FROM DETECTOR FACE-
U4 z

0 cI I.
0 1 2 3 4 5

* NEUTRON ENERGY (MeV)

FI.0 15.13 ff•dencyofthe 3Helongcounteras a function ofneu-
tron energy, as determined with radioactive sources.
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Principles of Neutron Coincidence Co unting
N. Ensslin

16.1 INTRODUCTION

The quantity of uranium or plutonium present in bulk samples of metal, oxide,

mixed-oxide, fuel rods, etc., can often be assayed nondestructively by neutron icoin-
cidence counting. This powerful technique exploits thei fact that neutrons from spon-
taneous fission or induced fission are emittedessentially simultaneously. In many cases
it is possible o obtain a nearly unique signature for a particular nuclear material. The
measurement can be made in the presence'of neutrons fromi room background or (un)
reactions because these neutrons are noncoinicident, or random, in' their arrival times.Ta Il-W in Cbgptiirý 11: sit ..... " '& .. ..'' "

bL- summarizes thespontaneous fission neutron yieldi and
multiplicities of many isotopes important in the nuclear fuel cycle. For plutonium, the
table shows: thit 23SPul; 24oPj and 242Pu havAe* large Is1,ontaneous fission yields. For
uranum, there are no large yields; however, .U Sin ikilogram quantities will have a

measurable yield. Spontaneous fissionj'is usually accmdmpanied by the simultaneous
emission of more than one neutron,: Thus an instriment that ii sensititve only to
coincident neutrons will be sensitive only to these isotopes. The quantity of! these
particular isotopes can be determined even if the chemical form of the material yields
additional single neutrons from (an) reactions. Then, i the isotopic composition of the
material is known, the total quantity of plutonium or uranium can be calculated.

Fora plutonium sample containing 214p'P 24 0 pU, and 24 2
, the obered coincideicei4o su usuai and ma Por th bcydwn even

response will be due to all three' isotopes. However, 240Pui is .sally the major even
isotope present in both low-burnup plutonium (-6% 240pu) and high-burnup, reactor-
grade plutonium (-15 to 25% 24oPu). For' this reason it is convenient to define an
effective 24Opu mass for coincidence counting by

24oPU=ff 2.52 2MPu + 240Pu + 1.68 24 2pu (164i)

Plutonium-240(efI. is the mass of 24°pu that would give the same coincidence response
as that obtained from all the even isotopes in the actual sample. Typically, 240puetfis 2 to
20% larger than the actual 24°PU content. The coefficients 2.52 and 1.68 are determined by
(a) the relative spontaneous fission half-lives.ofeach isotope (Table 11-1), (b) the relative
neutron mutiplicity distributions of each istope (Table 11-2), and (c) the manner in

.which these multiplicities are pr6cessed bythe coincidence circuitry (see for example
Ref. 1). The relative spontaneous fission yields are the. dominant effect. The coefficients
given above are appropriate for the shift register circuitry described later in this chapter,
but would change only slightly for other circuits.

457
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Passive counting of spontaneous fission neutrons is the most common application of
neutron coincidence counting. However, because fission can be induced, particularly in
fissile isotopes such as 239pu and 235U, a- sample containing large quantities of fissile
isotopes can. be assayed. by coincidence. counting. of induced fissions. The induced
coincidence response will be a measure of the quantity of fissile isotopes present. If the
fissions are induced by an (ajn) neutron source, the coincidence ciicuit can dischiminate
the induced correlated' signal from the uncorrelated source.

Passive and active neutron coincidence counters have found many applications in
domestic and international safeguards, as described in Chapter 17. Coincidence
counters are usually more accurate than total neutron counters because they are not
sensitive to single neutrons from (an) reactions or room background. However, the total
neutron count rate can provide information that complements the coincidence informa-
tion. For a wide range of material categories, it is generally useful to measure both the
coincidence response and the total neutron response.

16.2 IHARA C STCsOFNEUTRONVPULSE TRAINS

As an aid to understanding coincidence counting it is helpvfu to: consider the train of
electronicp: pulses i produced by the neutron .detector. These. electrnic. pulses, each
representing one detected neutron, constitute the input the cincidence c t. This

input can be.thought ofteither as a distributiOn of eventsin time or as a istribution of
time intervals between events, whichever is more convenJent. in any caseI,..the observed
distrtio n is produced by sonme combination of spontaneous fissigns, indu.ed fissions,
(an) reactions, and-external ba.ckgiound evenats.; Asmenoqned.. iOn Setion 16.1, fission
eventg usuallylyield multiple neutrons.that are correlated;or coincident intime, whereas
(an)reacinsand ba ckground events yield single neutons that are uicorrelated or

random in time.

16.2.1 Ideal and Actual Pulse Trains

An ideal neutron pulse train :containing both correlated: and uncorrelated events
might look like train (a) in Figure 16.1. Anwiactual pulse train detected by a typical

I III . . . . I . . I
(a) TIME

(b) 111111I IN 1l1l ll 11 .111 Ill I I1,1 -1 I II * I I i . TIME

FiB 16.1. Neutron pulsetrains as they might appear on a time axis. (a)Anidealized pulsetrain containing correlatedand uncorrelated
events. (b)An actual pulse train observed at high counting rates
using a detector with typical efficiency and die-away-time
•characteristics. " - ' :" " •
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neutron coincidence counter will look more: complex, as shown by train (b): in Figure
.16.1. This is because the neutron coincidence counter design affects the pulse train in
several ways.:

First, large :samples can usually be:accommodated in the central well of the.coin-
cidence counter. One kilogram of. plutonium containing 20% 240pu will emit about
200 000 n/s. If the coincidence counter has a typical detectioni efficiency of 20%, the total
neutron count rate will be 40 000 n/s, and the mean time interval between detected
events will be 25 lis. Second, the typical efficiency a =.:20% of a coincidence counter is
substantially less than 100%, so that the majority of emitted neutrons are not detected.
Most..spontaneous fissions are.also not detected. Ifn coincident neutrons are emitted,
the probability of detecting k is given by .. emit.ed,

n!
P(nk) f (n-- k)! k! ek ( 1 -8 )n-k (16-2)

If in this example two neutrons were emitted (close to the mean spontaneous fission
multiplicity of 2.16 for 24°Pu), the probability P(2,0).of detecting no neutrons is 0.64.
The probability !(2,l),of detecting one neutron is 0.32 and the probability P(2,2) of
detecting two neutrons is 0.04. Thus more than half of all fission events are never
detected, and most of those that aredetected reýister only one neutron. Actuil detected
bursts ofitwo or more neutrons are relatively rare, occurring only 4% of the time in the
above example Third, many of the apparent coincidences in the observed puls train

will be due to accidental overlaps of background events, background and fission events,
or different fission events.

A fourth importan effect is the finite ihermalization and detection time of the
neutrons inm the polyethylene body of the well counter. The process of neutron modera-
tion and scattering within the counter can require many microseconds of time. At 'any
moment the process can be cut short by absorption in the polyethylene, the detector
tube, or other materials, or by leakage out of the counter. The process can also be
prolonged by neutron-induced fission leading to additional fast neutrons that undergo
moderation and scattering before they in turn are absorbed. As a consequence of all of
these processes, the neutron population in the counter dies away with time in a complex,
gradual fashion after a spontaneous fission occurs. To a good approximation this die-
away can be represented by a single exponential:

N(t) - N(0) e-t/ (16-3)

where N(t) is the neutron population at time t, and r is the mean neutron lifetime in the
counter, the die-away time. Die-away times are determined primarily by the size, shape,
composition, and efficiency of the neutron coincidence counter, but are also slightly
affected by scattering, moderation, or neutron-induced fission within the sample being
assayed. Typical values for most counter geometries are in the range of 30 to 100 vs.
Thus the finite die-away time ofthe neutron coincidence counter causes the detection of
prompt fission neutrons to be spread out over many microseconds. For large samples
and typical counters, the mean lifetime may be comparable to, or longer than, the mean
time interval between detected ev'ents. ' ' : ..
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As a result of the four effects described above, an actual observed pulse train may
contain relatively few "real" coincident events among many "accidental" coincident
events. Also, the real events will not stand out in any obvious way from the background
ofaccidental events in the pulse train, as illustrated in train (b) in Figure 16. 1. In order to
visualize and quantify real, and accidental events, it is helpful to use the interval
distribution or the Rossi-alpha distribution.

16.2.2 The'Interval Distribution

The interval distribution is the distribution oftime intervals between detected events.
This distribution is given by (Ref. 2):

I(t) = exl[--'o Q(t)d(t)] (16-4)

I(t) is the probability of detecting an' interval of length t, and Q(t) is the probability of a
second event as a function oftime following a first event at t -= 0. For a random neutron
source the probability of a second event is constant in time. If the total count rate is T
n/s, the normalized interval distribution is I(t) = Te-. In this case the interval
distribution is exponential, and the most likely time for a following event to occur is
immediately. after the: first event. On a semilogarithmic scale the interval distribution
will be a straight line. If real coincidence events are present in addition to' mndom
events, the interval distribution is given by a more complex equation (Ref. 3). Figure
16.2 illustrates an interval distribution that contains both coincidence and random
events.

o R .

UIJ

0

0 S A

LENGTH OF TIME INTERVAL

F1g. 16.2 An interlJdistributionfonned by real coincidence events R
andaccidental events A. The slope ofthe accidental distribu-
tion on this semilogarithmic scale Is the total count rate T.
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16.2.3 The Rossi-Alpha Distribution

The Rossi-alpha distribution (Ref. 4), developed for reactor noise analysis, is another
useful distribution. This distribution is obtained by starting a clock at t = 0 with the
arrival of an arbitrary pulse. The clock continues to run, and each succeeding pulse is
stored by a multiscaling circuit in a bin corresponding to its arrival time. A typical bin
width might be 1 Is, and the total number of time bins available might range from 1024
to 4096. When the end of the total time interval is reached, the clock is stopped and the
circuit remains idle until another event restarts the process at t = 0 again. Thus the
Rossi-alpha distribution is the distribution in time of events that follow after an
arbitrarily chosen starting event. If only random events, are being detected, the distribu-
tion is constant with time. If real coincidence events are also present, the Rossi-ailpha
distribution is given by

S(t) - A + Re- . (16-5)

S(t) is the height of the distribution at time t; A is the accidental, or random, count rate;
R is the real coincidence count rate; and . is the detector die-away time. Figure 16.3
illustrates a Rossi-alpha distribution with R, A, and other variables (defined later)
labeled. The exponential die-away of fission evenits is clearly seen in this distribution.

16.3 BASIC FEATURES OF COINCIDENCE CIRCUITS

16.3.1 Electronic Gates

Coincidence circuits often contain electronic components called "one-shots" or "gate
generators" that produce an output pulse of fixed duration whenever an input pulse is
received. Gate generators used to convert the input pulses from the neutron detector

SHAPE e-VT

z

t - a TIME

R.&. 163 A Rossi-alpha distribution showing detected neutron events as a
function oftimefollowing an arbitrary starting event. R repre-
sents real coincidence events. andA represents accidental coin-
cidence events. P - predelay, G - prompt and delayed gates,
D - long delay, andt" die-awaytime. ':
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into very short output pulses are called "triggers." Gatelgenerators used to convert the
input pulses into long output pulses are called "gates." Such gate generators, as well as
amplifiers, detectors, and other circuits, exhibit an electronic deadtime before they can
function again. This deadtime is at least the length G of the gate. Depending on the
design, this deadtime can be nonupdating or updating.

16-3;2 Updating and Nonupdating Deadtimes

A nonujpdating, or nonparalyzable, deadtime is illustrated in pulse train (a) in Figure
16.4. Of the:four events, events 1, 2, and:4 initiate gaies, but event 3 does not and is lost.
Using EquatiinI 6,4,4it- can be shown that for a true random, input rate T, the measured
output rate Tm is .:

TTm=I I + G T (16.6)

As the input rate becomes very large, :the output rate will approach the limiting value
l/G, where G is the gate length..

An updating, or paralyzable, deadtime is illustrated in pulse train (b) in Figure 164.
The appearance of event 3, causes the gate produced by event 2 to be extended or
updated. Consequently, .event.4. does inot generate a new. gate. Only events .1 and. 2
initiate gates, and events 3 and 4 are lost .Using Equation 16-4, it can be shown that for
random events

Tm=Te- .T . . (6-7

As the input rate increases, the output rate increases up to a maximum value (which
occurs when the input rate is I/G) and then declines toward 0 (approaches paralysis) as
the input rate continues to increase. For input rates that are small, identical deadtime
corrections are obtained from Equations 16-6 and 16-7.

• INCOMING EVENTS
1 2 3 4 TIME

~Ii I.(a)I-- - -] I- -- -IOUTPUTFO
(a) ___7 ___7 ____1 _ NONUPDATING DEADTIME

1 2 4 TIME

(b) ---' 1: .OUTPUT FOR
(b) UPDATING DEADTIME

1 2 TIME

f..164 Two gate generators with d~fferent electronic deadtime
characteristics: (a) nonupdatingdeadtime, (b) updating deadtime.
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16.3.3 Cross-Correlation and Autocorrelatlon Circuits

Electronic one-shots or gate generators can be combined with scalers in many possible
ways to create coincidence circuits. Each combination will be subject to different
electronic deadtimes and will, require different equations .for, analysis. For. neutron
counting, cross'correlation or autocorrelation circuits are the mgst usefuli (Ref. 5). A
simple cross-correlation measurement is. shown .in circuit (a) in Figure. 16.5. Trigger
pulses from detector. I are compared with gates generated from detector 2. This type of
circuit is most useful foi very fast detector pulses and short gates because discrimination
against detector noise is good and bc ause very few accidental coincidences are
produced. in

Circuit.(b) in Figure 16.'5 illustrates an idealized autocorrelation measurement. Both
detector inputs are first combined into one pulse train. Then every. pulse-in the train
generates both a short trigger and a long gate, so that every pulse can be. compared with
every following pulse. Autocorrelafion circuits are best suited for thermal-neutron
counters because many detector banks can be summed together for high efficiency and
because the substantial die-away time of the neutrons causes many overlaps betweeh
detector banks. Gate lengths are chosen to be comparable to the die-away timei:and, a
separate, parallel circuit with a delayed trigger orgate is usually used for the subtraction
of accidental coincidences (see Sections 16.4 and 16.5). .

The autocorrelation circuits described in Section-. 16.4 and-, 16,.5 are the most impor-
tant circuits for neutron coincidence counting.

DETECTOR TR""GGER"

:AND SCALER

DETECTOR GATE
2 GENERATOR

(a) CROSS-CORRELATION

(bM AUTOCORRELATION

Fig. 16.5 Two types of coincidence circuits: (a) cross-correla-
tion; (b) autocorrelation.
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16.4 THREE COMMON COINCIDENCE CIRCUITS

16.4.1 Variable Deadtlme Circuit

The variable deadtime circuit ior VDCý was developed in Europe for the assay of
plutonium wastes (Refs. 6 through 8). It ista simple circuit (see Figure 16.6), but requires
a complex analysis. The variable deadtime circuit consists of one short gate, typically 4
gs, that records most fission andaccidental events, and one long gate, typically 32 to 128
Ais, that misses most fission events but counts most accidental events. The difference,
between the two scalers is a measure of the rate of fissions. Both gates are nonupdating,
so the net coincidence rate R, using Equation 16-6, is approximately given by

R 19 (16-8)
1 - SIG 1  I -S202

Here St is the count rate in the scaler attached to the short gate, whose length is Gt, and
S2 is the count rate in the scalerattached to the long gate, whose length is G2.

Equation 16-8 is useful only at count rates of several kilohertz or less because it does
not treat the interference between fission and accidental events correctly. (More
complex expressions are given in Refs. 9 and 10.) Additional difficulties arise when
induced fissions in the sample cause longer fission chains (Refs. 11 and 12). For this
reason the variable deadtime circuit is not practical for the assay of large, multiplying
samples.

16.4.2 Updating One-Shot Circuit

An updating one-shot circuit (Ref. 10) is illustrated in Figure 16.7. The first half of the
circuit generates prompt coincidences between a gate of lengthG and a short trigger.
These coincidences consist of real coincidences (R) and accidental coincidences ýA). In
order to correct for these accidental events, it is necessary to add a long delay and then
measure coincidences between a second, delayed gate of length G and the original short

ft. X64 A vanabfrdeadtme cmrcsd (VDC)
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Ff. 16.7 Updating one-shot circuit. The two one-shots are of equal length.

trigger. If the long delay (D) is much longer than the mean neutron lifetime r in the
detector, the second coincidence circuit will measure only accidental events (A). The net
coincidence response R is. then given by the difference between the two scalers. Figure
16.3.illustrates this process.

FFigure 16.3 also shows that an actual measurement of a Rossi-alpha distribution will
be subject to several limitations: (a) pulse pileup and electronic deadtimes will perturb
the distribution near t =0, so it is customary-to begin analysis at time P, the predelay;
(b) because the distribution of real events extends beyond the gate interval G, some real
coincidences are missed by the prompt gate; (c) in principle, some ýreal events may
appearin the delayed gate if D is not long enough. Taking these limitations into account,
the true coincidence response of the updating one-shot circuit is given by

R (R+A) scaler - (A) scaler e GT (16-9)
e - eR•- .... - e('+'G)/eGi

The exponential in the numerator, derived from Equation 16-7, is the correction for the
triggers lost during the updating gate G. This large correction limits the usefulness of this
circuit to count rates of 20 to 30 kHz or less. Nonupdating one-shot circuits have been
built (Refs. 13 and 14), but they are also limited to low count rates.

16.4.3 Reduced Variance Logic

One interesting neutron coincidence circuit has its origins in the field of reactor noise.
analysis, which is the study of the fluctuations in the count rate of neutron detection
systems. From these fluctuations it is possible to calculate the moments of the neutron
count distribution (Feynman variance technique) (Ref. 4). The, reduced variance logic
(RVL) circuit applies this technique to the assay of nuclear material (Refs. 1i5 and 16).

The RVL circuit collects .total neutron counts C over a short time interval of 100 to
2000 gs, depending on the application. This measurement is repeated for a large. number
of time intervals until a reasonable assay time of 100 to 1000 s is reached. From these
measurements the circuit calculates the first moment C and the second moment C of
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the count distribution. The variance-to-mean ratio of the count distribution is given by
(Z2 - ?22)/j For random counts that follow the Poisson distribution, this ratio is

unity.
If correlated events are present, the parameter

C2 . 2 -

Y 1(16-10)

will be nonzero. This parameter is dependent on sample multiplication and independent
of the spontaneous fission rate in the sample. Another combination of moments that is
proportional. to sample mass is

Q C2 _C2 .- . (16-11)

Q is. independent of the random, uncorrelated background and is proportional to thei
coincidence count rate R.

The RVL.circuit generates the parameters Q and Y for each sample assayed. For
small, nonmultiplying samples, the effective 24°Pu mass of the sample is obtained from
Q alone. For samples that:exhibit significant self-multiplicationi the 240Pu mass is
obtained :indirectly from a nonlinear plot of Y as a function of (Q/24jpueff)obtained
with standards of known mass. Acorrection to Equation 16- 11 for electronic deadtime
at high countratesisgiven in Ref. 17.

In field applications, RVL circuits have-been used to identify highly multiplying
samples (Ref. 18). In fixed p!ant applications, a computer-based analysis system cafi be
added to obtain higher moments ofC and a time intervaldistribution of the counts. In
principle, the RVL circuit uses the same count distribution and provides essentially the

* same assay information as the shift register circuit described in the following section. In
practice, the RVL circuit in its present state of development requires more complex data
interpretation algorithms and is limited to lower rates.

16.5 THE SHIFT REGISTER COINCIDENCE CIRCUIT:

16.5.1 Principles of :Shift Register Operation

In the preceding section it was noted that some common coincidence circuits require
large corrections for electronic deadtime. Such corrections are required because coin-
cidence analysis begins with one event at t, - ,0 and continues until It. G, the gate
length. If n events arrive within a time G, the first event will starthe gate and the other
n - 1 will be detected. :A second.gate cannot0be started until a.time: of length G has,
passed, thus creating a deadtime of that length..

An alternative approach is to store. the incoming pulse train for a time G, so that every
event can be compared With every other event for a time G. In effect, every pulse
generates its own gate; it is not necessary forone gate to finish before the next can start.
Ti..stiorage of events eliminates the dtime effect described above and allows
opetation at count rates of several hundred kilohertz or more,."
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• It is possible to store incoming pulses for a time G. by means of an integrated circuit
called a shift register. The circuit consists of a series of clock-driven kfli-flops linked
together in stages, For example, a. 64-stage. shift register driven by a. 2-MHz clock (0.5
gis/stage) defines a gate G of length 32 Iss. -Incoming pulses "shift" thro.ugh the register
one stage at a time and the whole process takes.32 Is.....

This deadtime-free shiftregister concept was introduced by Boehnel (Ref. 5). Versions
of the circuitry have been. developed by Stephens, Swansen, -and East. (Ref..19) and
improved by Swansen, (Refs. 20,and 21) and, mostrecently, .by Lambert (Ref. 22). At
present thej shift register circuit: is the most commonly used circuit for domestic and
international coincidence counting applications. Examples areg1iven in Chapter 17..

16.5.2 The R+A Gate

Operation of the shift register coincidence circuit is best visualized by referring to the
Rossi-alpha distribution of Figure 16.3. This figure shows a prompt gate G that collects
real and accidental coincidences (R+A) and a delayed gate G that collects only
accidental coincidences (A). The two gates are separated by a long delay D. Note that
coincidence counting does not begin until a short time interval P (the predelay) has
passed. During this time, typically 3 to 6 Its,.the Rossi-alpha distribution is perturbed by
pulse pileup and electronic deadtimes in the amplifiers, and the true coincidence count
rate cannot be measured. After the predelay, the prompt R+A gate is defined by a shift
register that is typically 32:to.64 jiso long .

A simplified diagram of a shiftfregister",circuit that measures R+A events is illustrated
in FiIgure 16.8. The input (not illustrated) is the logicýa OR 6f 'all the amplifier-
discr iminator outputs, thu creating an: autcorelatio circuit. Everyinput 'event, after
the predelay:P, passes into and throughitheishift rýegiers.; Als6,e y e viein•tnte g the
shift registerincrements an up•-•dw conter, and every event leaving the shift"register
decrements the up-down counter. Thus the up-down counter keeps a continuous record
of the number of events in the shift register. Every input pulse, before it enters the

Fig. 16.8 A simplified block diagram of a shift register coincidence
circuit that measures real +accidental (R+A) events.
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predelay and the shift register, also causes the up-down counter to add its contents to the
R+A scaler (strobe action).

The above sequence of events ensures that isolated, widely spaced events will never be
registered in the R+A scaler. However, if two events appear with a:time separation
greater than P but less than P + G0 then one event will be inthe shift register(and the
up-down counter will have a count of 1) when the other event strobes the contents ofthe
up-down counterinto the R+A scaler.'Thusia coincidence will be recorded, as required
by Figure 16.3 Note that if three or more events are present within the prescribed time
interval, the counting algorithm will record: all possible pairs of coincidences between
events. Forexample,

For the following number ...the number of recorded
of closely spaced events., coincidences will be

0 0
1 0 "
2 1
3 3
4 6

n. n(n- 1)/2 (16-12)

The possible permutations in counting twofold coincidences can exceed the number of
events. In practice this counting algorithm is neither beneficial nor harmful, but merely
a consequence of treating all. events equally.

The coincident events discussed above can represent two or more neutrons from one
spontaneous fission (real fission event). or just the random overlap of background
neutrons or neutrons from different fissions (accidental events). Thus thei counts
accumulated by the circuit described above are called R+A counts.

16.5.3 The A Gate

Real fission events R can be determined indirectly by adding a second complete shift
register circuit that measures accidental events A. This circuit is identical to the R+A
circuit except that a long delay D is introduced between the shift register that defines the
A gate and the input event that strobes the contents of the up-down counter into the A
scaler. The delay D is usually long compared to the detector die-away time so that no
neutrons from fission events near t - 0 are still present, as illustrated in Figure 16.3. A
common choice for D is approximately 1000 %s, which is very long compared to typical
die-away times of 30 to 100 ps. When D is this long, the A scaler will record only
accidental coincidences. These include random background events, uncorrelated over-
laps between fission and background events, and uncorrelated overlaps between dif-
ferent fission events. The number ofac~idental events registered in the A scaler will be,
within random counting fluctuations, the same as the 'number of accidental events
registered in the R+A scaler if both the A and the R+A shift registers are exactly the
same length in time. Then the net difference in counts received~by the two scalers is the
net real coincidence count R,.which is propo rtional to the fission rate in the sample.
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In practice the circuit that measures accidentals can be formed by introducing a
second, delayed shift register circuit or by introducing a second, delayed strobe. The
latter approach is used in recent circuit designs (Ref&. 20 through 22) for simplicity and
because it is easy to produce A and R+A gates of the same length. Figure 16.9 (Ref 23) is
a block diagram of a recent shift register coincidence circuit design that includes totals
(T), R+A, and A scalers,

The A scaler records accidental coincidences between the total neutron events
recorded, and the following relationship is true within random counting fluctuations:

A -GT 2  
,(16-13)

where A and T are expressed as count rates, and G is the coincidence gate length (Ref.
24). This nonlinear relationship shows that A will exceed T when the total count rate is
greater than I/G. By means of Equation 16-13 it is possible to calculate A rather than
measure it. However, it is better to measure A with the'circit described above because
this corrects continuously and automatically for any change in the total neutron count
rate during the assay. Equation 16-13 can then be used later as a diagnostic check for
count-rate variations or instrument performance.

16.5.4 Net Coincidence Response R

From Fiure 16.3 and the above discussion the true shift register coincidence response
is related to the measured scaler outputs by the equation

R (R+A)scaler - (A)scaler
e"PI (I -- e"Gl¢ -e- e"(D+G)I (-14)

Fig. 19 Block diagram of a complete shift register coincidence circuit including
totals, R+A, andA scalers (Ref. 23).
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Equation 16-14 is identical to Equation 16-9 except that the large exponential deadtime
correction is not required for the shift register. Smaller corrections' fori amplifier
deadtimes are given in Section 16.6 ,below. The term [I - e-(D+G)/l] should be very
close. to unity if the delay: D is much longer than the detector die-away time ".
Consequently, this ierm will be dropped in the following discussions.

In Equation 16-14, R represents the total number of coincidence counts that: could be
obtained if finite predelays, gate lengths, or delays were not required. In practice it is
customary to: keep.P,: G,. and D fixed and allow for their effects- in i:the process:of
calibration with known standards. Then R = (R+A) scaler - (A) scaler is considered
to be the true, observed coincidence response. An important equation that relatai R to
the physical properties of the sample, the detector, and the coincidence circuit can be
derived'from Equations 16-2,16-12, and 16-14 (Refs. 5 and 25):.

m 2 4 0 ( 4 7 3 ( I - _ _ _ _ __-

SP(v) 21 165

where

R = true coincidence count rate
m 240 . - 24°Pu-effective mass of the sample

a - absolute detectorefficiency
v - spontaneous fission neutron multiplicity

P(v) = multiplicity distribution
P = predelay
G = coincidence gate length
,- detector die-away time.

Equation 16-15 illustrates again that the response of the shift register circuit to v
closely spaced eventsis proportional to v(v - 1)/2, whereas the response of a conven-
tional circuit would: be proportional to (v.- 1). For practical values of e and v, the
differences are not geat and are automatically accounted for in the calibration process.
In Section 16.5.2 it was; shown that the exp on v(v - 1)/2 represents the sum of all
twofold coiidences for V closely spaced:events. Thus: the shift register collects all
possible vali~~dciiences.7The response ioftthe circuitis still linear with respec to

sample mass.Howev, theisaple self-muitiplication effects described in Section 16.8
below do affect shift register circuits more ithan conventional circuits, so that the shift

register ~ cicisrquire lArger correction fictors.
Equation a means of determining the detector die-away time-. If the

same sample is asýa in the same way at two different gate settings 01 and G2, where
G2 is twice Gi,- with te coincidence resultsiR, and R 2, respectively, then

- -01 /Rb(R2/R - I)(11) (16-16)
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16.6 DEADTIME CORRECTIONS FOR THE SHIFT REGISTER.

In the p recedig section it was shown that the coincidence gate length G does not
introduce deadtimes into the shift register circuit, which prmitsperation at couttrates
above 100 kHz. At such high rates, however, a number of smaller deadtimes associated

with the analog and digital parts of the circuitry become apparent. These include

* detector charge collection time
0. amplifier pulse-shaping time'
* amplifier baseline restoration time
* losses in the discnminator OR gate

shift registerfinput synchronization losses.

These deadtime effects can be Studied with time-correlated californium neutron
sources, with uncorrelated. AmLi neutron.sources, and with new digital random pulsers
(Ref. 26). Even though the deadtimes;can often be studied singly or together, the.total
effect is difficult to understand exactly because each deadtime perturbs the pulse train
and alters the effect of the deadtimes that follow. This sectionsummiaize:s what' is
presently known about these deadtimes. Overall empirical correction factors are given,
and several electronic improvements that reduce deadtime are described.

i6.6.1 De.tector and Amplifier Deadtimes

For most shift register systems in use today, the analog electronic components consist
of (a) gas-filled. proportional counters, (b) charge-sensitive preamplifiers, (c) amplifiers,
and (d) discriminators. As described in Section: 13.2, a charge signal can be obtained
from the gas counter within an; average time of I to 2 Pjs after the neutron interaction.
This time dispersion is limited by variations in: the spatial position of the interaction
site, and is notactually a deadtime. However, the ability of the detector to resolve two
separate pulses will be comparable to the time dispersion. The preamplifier output pulse
has a risetime of about 0. 1 ts, and the amplifier time constant is usually 0.15 or 0.5 tis. If
all of the electrical components listed above are linked so that one preamplifier and one
amplifier with 0.5-115 time constant serve seven gas counters, a total deadtime of about 5
Its is observed (Ref. 27). In practice this: deadtime is reduced by using multiple
preamplifier-amplifier chains, as described in Section 16.6.4.

The amplifier output enters a discriminator that consists of a level detector and a
short one-shot. The one-shot output is 50 to 150 ns long.

16.6.2 Bias Resulting from Pulse Pileup

In addition to actual deadtimes, the electrical components can produce a bias in the
shift register output Bias is.defined as the difference between the R+A and A counting
rates when a random source such as AmLi is used. For a random source the difference
(R+A) - A should be zero; if it is not, the percent bias is 100:R/A. Possible sources of
bias include electronic noise; uncompensated amplifier pole zero;, shift register input
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capacitance; a deadtime longer than the predelay P; or amplifier baseline displacement
following a pulse, which is the most important source of bias if the electronic compo-
nents are properly adjusted to minimize the other sources. Any closely following pulses
that fal on the displaced baseline before it is fully restored to zero have a different
probability of triggering the discriminator. Bias resulting from pulse pileup is propor-
tional to the square, of the count rate and may become-noticeable at high count rates. If
the baseline is not fully restored in a time less than the predelay time, the effect will
extend into the R+A gate and a bias will result.

Figure 16.10 (Ref. 28) illustrates a bias measurement as a function of predelay. The
measurement used a coincidence counter with six amplifier channels. The observed bias
was reduced to an acceptable value of 0.01% or less for predelay setuings of 4.5 ps or
more. These results are typical for well-adjusted electronics. For some high-efficiency
and long die-away-time counters that operate at rates, above 100 kHz,: a conservative
predelay setting of 6 to 8 p&s may be warranted, but in general 4.5 Its is sufficient. At high
count rates, R is typically on the order of % of k a pulse pileup bias of 0.01% in R/A
implies a relative bias of 1% in R, a bias that is only*barely acceptable.

16.6.3 D~gital.Deadtires

Because of the deadtime in: the amplifier-discriminator chain, it is customary to
divide the detector outputs of a coincidence counter among four to six amplifiers. Each
amplifier channel may serve three to seven detectors. The discriminator outputs of each
channel are then "ORed" together befOre they enter the shift register (autocorrelation
mode). Now the deadtime after the OR gate is much less than before provided the two

B"6pF SYNC CAPACITOR
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8.. GATE
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flt 16.10 Shft register coincidence bias VIA as afimcton ofpredek.yPfor eiectronics with
0.5 u time constant, as measured with a strong random AmLI neutron source.
For this measurement, bias was minimized by using optimum values of100 kG
for the amplO#er pole-zero resistance and 68 pFfor the shft register input
synchronizer capacitor. Sensitivity to any remaining bias was maximized by
using an 8jas coincidence gate Gfor the measurements (Ref 28).
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events are from different channels. The deadtime contribution of the OR gate itself can
be calculated under the assumptions that (a) no losses occur within a channel because of
the longer preceding amplifier deadtime and (b) losses between channels are due to pulse
overlap.-

OR gate overlap rate - n(n. I)2(disc. output widthXT/n2, (16-17)2!

where a is the number of channels and T is the total count rate. The ideal deadtime for
an OR gate accepting 50-ns-wide pulses is then

OR gate deadtime - (50ns) (16-18)
n

This deadtime is for total events; the coincidence deadtime has not been calculated but
would be larger.

The output of the OR gate is a digital pulse stream that enters the shift register. At this
point the 50-ns-wide pulses must be synchronized with the. 500-as-wide shift register
stages. The limit of one pulse per stage means that some closely following pulses will be
lost unless a derandomizing buffer (Section 16.6.5)is used. These losses have been
measured with a digital random pulser, as illustrated in Figure 16.11. The shape of this
curve is given by

measured totals = (1 - e-PT)/p (16-19)

where p is the shift register clock period (500 ns in this case) and T is the totalinput rate
(Ref. 29). At low rates, Equation 16-19 yields a nonupdating deadtime of p/2; at high
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rates, the deadtime approaches p. The coincidence deadtime is on the order of 2p, as
described in Ref. 29. In general, the- synchronizer deadtime :is small compared to the
amplifier deadtime, but it, can be appreciable at high count rates. For example, at 256
kHz the totals losses will be 6% and the corresponding coincidence losses will be larger.

16.6.4 Empirical Deadtime Correction Formulas

The total effect of the analog and digital deadtimes described above has not been
calculated, but can be determined empirically with californium and AmLi neutron
sources. The coincidence deadtime 8C can be determined by placing a californium source
in a fixed location inside a well counter and measuring the coincidence response as
stronger and stronger AmLi sources are introduced. During these measurements it is
important (1) to center the sources so that all detector channels observe equal count rates
and (2) to keep the sources well separated so that scattering effects are minimized. The
result of such a measurement is shown in Figure 16.12. Within measurement uncertain-
ties the overall coincidence deadtime is well represented by the updating deadtime
equation (Equation 16-7). Thetotalsdeadtime 8t canbe measured by the source addition
technique, whereltwo californii0m or AmLi sources are measured in. the counter,.first
separately and! then:: together. An. * uapdin deadtime equation also works well forthe
total count rate correction. Bia"scan "be measured by placing only random .AmLi sources
in the counter.

Under the assumption that the electronic components have been adjusted so that bias
is negligible, as discussed in Section 16.6.2, the overall empirical deadtime correction
equations are

T(corrected) = Tme A Tm (16&20)
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Fig. 16.12 Semdogarithmic plot of relative coincidence
responsefrom a californium source as afinction of
increasing totals count rate resultingfrom additional
AmLi sources. The points are measured values; the
line is a. least-squares fit to an exponentialwith
deadtime coefficient 8. - 2.4 ps (Ref 24)..
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R(corrected) =.Rm eAc Tm (16-21)

where Tm is the measured totals rate and Rm is the measured coincidence rate, (R+A)
scaler - (A) scaler. Note that in Equations 16-20 and .16-21 the argument; of the
exponential contains Tm instead of the corrected rate T that appears in EquationI 16-7.
The use ofTm is a convenient approximation. at rates up to about 100 kHz, but at higher
rates this approximation forces 8t and:,6S to become functions of the count rate rather
than constants. Values of 8 t and 8, appropriate for the amplifier chains and 2-MHz-clock
shift registers most commonly used today are.summarized in Table 16-1 (data compiled
from Refs. 27,30, and 31). For example, six channelslof 01 5-i time-*constant amplifiers
willhaveO, = 0.620 s and willWexhibit an overall coincidence deadtime of about 6% at
100-kHz counting rates. .
... From Table 16-1 it is apparent that the deadtime' coefficient dtlpends weakly;on the
detector gas mixture and strongly on the number of amplifier channels :available. The
number of detector tubes per. amplifier channel has no measurable:effect on the
coefficients, although this situation may change if the detector tubes aresubject to count
ratesi in excess of about 20 kHz per tube. Note that all of the coincidence deadtime
coefficients in Table '16-1 were measured with a californium source (v; 4:3.757) whereas
the isotope usually assayed is 24°pu (v = '2.16). The effect of this difference is not yet

known.

1 6.6.5 AMPTEK Electronics and Derandomizing Buffer

.Recent improvements in the analog and digital electronics include faster amplifiers,
shorter discriminator outputs, and a derand6mizing .buffer at the shift register input
(Ref. 31). The faster amplifier, which has an effective time constant of about, 0.15 ISs,,
consists ofa Model A-11l hybrid charge-sensitive preamplifier, discriminiator, and pulse
shapTr manufactured by AMPTEI Inc., of Bedford, Massachuisetts. This, unit provides
sufficient gain and signal/noise ratio if the 3He detector tubes are operated at +1700 V..

Table 16-1. Compilation ofempirical deadtime coefficients for..' s ter-basedcoincidence counters
(Re& 27,30,31)

3 He Amplifier Deadtime(jis)
Detector Number of Number of Time D . t e W

Gas Detectors/ Amplifier :Constant Coincidence S .. Coincidence. 8 .
Additive Channel Channels (ps) Totals, t O-100 .kHz 04500kHz.,

A,+ C 4  7 6 0.sa 0.6 2.4 2.34+ 6X 10-76XTm
Ar + CH4  7 4 0.5 0.87 " 3.0 2.8+217X10-6 T,
Ar+ Hk4  7 2 .0.5 .. 2.9 4.7
Ar+CH4  7 1 0.5 4.9 , 12.6

5%co2 7 6 0.5 0.9 3.1

Ar- +CH4 3 6 0 .15b 0.16 0.62 0.62 + 0.20 X 10-6 Tm

aLes Alamos-designed 0.5-pis time-constant amplifier chain (Ref. 22,23).
bAMPFEK A- 11 integrated circuit with approximately 0.a I 5- time constant in conjunction with a derandomiz-
ins buffer on the shift reister input (see Section 16.6.5).:
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The Model A-I I Ihas been incorporated with other electronics on a printed circuit board
mounted in a small shielded enclosure. Each enclosure contains an amplifier insensitive
to external noise, an LED output monitor, a discriminator output shortened. to 50 ns,
and connections for "ORing" multiple channels together. Six channels of A-Il l units
can be operated with a reduced predelay:of 3 pis with. less than 0.01% bias. ,

The derandomizing buffer holds pulses that are waiting to enter the shift register,:thus
eliminating the. input synchronization losses described in Section 16.6.3.: Input pulses
separated by less than 0.5 p±s-the shift register clock period-are stored in a 16-count
buffer until the shift register can accept.them. This circuit eliminates the coincidence
deadtime of roughly 1.0 ps associatedwith the.shift register input and permits counting
at rates approaching 2 MHz with virtually no synchronizer countinglosses. However,' as
the derandomizing buffer stretches pulse strings out in time, it maytcreate strings longer
than the predelay and thereby produce a bias. Because the AMPTEK A- 11 amplifier
requires a predelay.of only 3 pts, the maximum recommended totals rate for less:than
0.01% bias is 500 kHz.

With the AMPTEK electronics, and the derandomizing buffer, the:. coincidence
deadtime is reduced by a factor of 4 to about 0.6 .. s, as noted in Table. 16-1. This
combination permits passive. assays. of almost any plutonium samples, with criticality
safety of the sample in the well being the only limit...

16.7 UNCERTAINTIES RESULTING FROM COUNTING
STATISTICS

in principle. the effect of counting statistics on the coincidence response is very
complex because the input pulse train contains both random and correlated events and
because correlated events can overlap in many ways. Some of the complicating factors
are described briefly in this section. For practical. coincidence counters these factors are
not large, aid it is usually possible to' calculate measurement uncertainties for coin-
cidence counting with the simple Equation i6-23 given in Section 16.7.1 below.

The major factor that complicates measurement uncertainties is the nonrandom
distribution of neutrons from spontaneous fission. Random neutrons from background
or (a,n) events follow a Poisson distribution:. for n counts, the variance is n and the
relative error is a./n = Vfvi)/n = l//-Fn. Hrowever, if a spontaneous fission source
emits a total of T neutrons in S fissions, with T P VS where V is the -mean fission
multiplicity, the relative error is l/\V3rather than '/V'IT. The number of spontaneous
fissions follbws a Poisson distribution, but the total number of neutrons does not. This is
because the emission of more than one neutron per fission does not provide any more
information to reduce the measurement uncertainty.

Boehnel (Ref. 5) has shown that counting n spontaneous fission neutrons with. an
efficiency a has a variance

var(n) + 1 (16-22)

If Vapproaches 1 or s approaches 0, the variance approaches the Poisson distribution
value of var(n) = n, but always remains larger. Equation t6-22 impliesI that the
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measurement uncertainty will depend on the multiplicity of the fission source, the
fraction of random events (v - 1) present, and the detector efficiency. Other complicat-
ing factors arethe detector die-away time and the total: count rate, which affect the degree
to which events overlap. Coincidence counting will then introduce additional complica-
tions.

16.7.1 Simple Error Equation for the Shift Register

For practical values of n and a, the deviations 61o: the Poisson distribution are not
lrg as sugge sted by Equation 16-22 and pulse train (b) in Figure 16.1. Ifthe (R+A) and
(A) registers are assumed to be uncorrelated and to follow the Poisson distribution, the
relative error is

,oR WV(R+A)+ A Vr- +2A ,62
R R R

This approximation has been compared with a wide variety of actual measurements and
is usually correct to within 15% for plutonium oxide and 25% for californium. Since.
other uncertainties often limit assay accuracy, it is usually sufficient to know the
statistical uncertainty to this level. More exact equations are given in Ref. 5.

Using Equation 16-13, the above uncertainty equation can be rewritten as

oR Vi R+ 2
- - (1 624)

R RVti

where R and T are deadtime-corrected count rates (Equations 16-20 and 16-21), and tis
the count time. In this form, Equation 16-24 is valid for the variable deadtime and
updating one-shot circuits as well as for the shift register, as confirmed by measurement
(RA 10).

Since R is proportional to (1 - e-0/1 1 the optimum value of gate length G that
minimizes the relative error for a given die-away time 't can be derived by differentiating
Equation 16-24. The result is

o = G (eG/? - 1)/2 .- 1.257c . (16-25)

16.7.2 Uncertainties for Passive and Active Counting.

In passive neutron coincidence counting, the measured total response is proportional
to =m240t, and the measured coincidence response is proportional to eTm240t, where
m20 is the uPu-nffective mass and t is the count time.. The statistical measurement
uncertainty (Equation 16-23 or 16-24) is then proportional to

oR c/kIm240 + 2k 2G m24(2
Ro (16-26)
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wherek1 l and-k2-are-twoconstants-of-proportionality. For very small samples the relative
error is proportional to /Il'iii4 for large samples the relative error is independent of
sample mass. In either case the relative error is proportional to I/a, which impliesthat
the.efficiency of the passive well counter should be as high as possible.

Active assay of uranium samples can be carried out with the Active Well Coincidence
Counter (AWCC), which uses AmLi sources to induce fissions in 2315U (see Section
17.3.1). For the AWCC the statistical measurement uncertainty is again given by
Equation 16-23 or 16-24. The coincidence response is proportional to 02 i23 5 t S, where
in 235 is the PSU mass, t is the count time, and S is the AmLi sourc'e strength. Although
the6 total response is increased by these induced fissions, the effec is small in practice
and for error calculations it is reasonable to assume that the total. response is directly
proportional to cSt. Then

o R /Vklm235 S + 2Gk2S
2

cc " (1&-27)
R eMn235SV".

where ki. and k2 are two constants of proportionality. For large uranium masses and
weak sources, the relative error is proportional to 1/\r'-2-9, as expected. For strong
sources, the relative error is proportional to 1/9m235.

This last relationship has several interesting consequences. First, the relative error is
independent of source strength for sources large.enough to ensure that R is. much less
than A. This feature has the advantage that the sources need only be large enough to
meet this criterion, which in practice'has been measured.as 2 X ,1O n/s (for two
sources, negligible background, and no passive signal from the. sample)(Ref. 32).
However, this feature has the disadvantage that assay precision cannot be improved by
introducing larger sources. Once G, e, k1 , and-k2 are determined bythe design of the well
counter, the. assay precision can. only be varied by varying the counting time. Second, the
absolute assay precision is almost independent of sample. mass: and is ýdetermined
primarily by the accidental coincidence. rate. For the AwCC describ in Ref.32,.the

absolute assay precision in the "fast configuration" for :1000-s count times is equivalefit
to 18gof 2u.

16.8 EFFECTS OF SAMPLE SELF-MULTIPLICATION

Among the effects that may perturb passive coincidence counting, self-multiplication
of the coincidence response resulting from induced fissions within the sample is usually
dominant. This self-multiplication takes place in all plutonium samples and (to a lesser
extent) in all uranium: samples. Passive coincidence counters respond to induced
fissions as well as to spontaneous fissions. Thus the response from a given amount of
spontaneously fissioning material is multiplied and appears to indicate. more nuclear
material than is actually, present. This section describes the magnitude of this effect for
plutonium and provides a self-multiplication correction: factor that is useful for some
assay situations.
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16.8.1 Origin of Self-Multiplication Effects

There are two common internal sources of neutrons that induce fissions. One source
is the spontaneously fissioning isotopes themselves. For example, neutrons emitted by
24°Pu may be captured by 39pu nuclei and induce these nuclei to fission. The
spontaneous fission multiplicity v, = 2.16, and the thermal-neutron-induced fission
multiplicity vI - 2.88 (from Table 1I-I). The coincidence circuitry cannot in practice
distinguish between these two multiplicities :so that both types of fissions may be
detected.

The other common source of neutrons is from (a,n) reactionswith low-Z elements in
the matrix. For example, in plutonium oxide, alpha particles from .P23pu may react with
170 or 110 to create additional neutrons that may induce fissions in 239pu. The (un)
neutrons, with multiplicity 1, do--not in-themselves produce -a coincidence response;
however, the induced fission neutrons, with multiplicity v, = 2.88, do. The magnitude
of this coincidence response depends on the alpha emitter source strength, the.!ow-Z
element density, the degree of mixing between alpha emitters and; low-Z elements, the
fissile isotope density, and the geometry of the sample, and in general is not proportional
to the quantity of the spontaneously fissioning isotopes that are to be assayed.

The multiplication of internal neutron sources by induced fission is the same process
that eventually leads to criticality. What is surprising. is the appearance of multiplication
effects in the assay of relatively small samples whose mass is far from critical. Even 10-g
samples of plutonium metal show 5% enhancements in the!coincidence response. At
4000 g of plutonium metal, not too far from criticality, the multiplication of the total
neutron output is roughly a ,factor of 2 and the m•ultiplication of the coincidence
response is roughly a factor of 10.

The magnitude of self-multiplication effects on the passive coincidence assay of PuO2
cans is illustrated in Figure 16.13 (Ref. 33). The data show a definite: upward curvature,
and the deviation from a straight line determined by the smallest samples amounts to
about 38% at the largest. sample, 779 g of:PU02. In the past, self-multiplication effects
have often been masked by presenting data without lelectronic deadtime corrections or
by drawing a straight line that iseems to pass'through most- of the data even though the
slope does not fit the smallest samples. The latter error is most easily avoided by
tabulating coincidence response per gram, as in column 3 of Table 16-2. The following
sections discuss other features of Table 16-2:that' describe self-multiplication corrections
applied to the data.

16.8.2: Calculational Results

Self-multiplication within a sample can be calculated by Monte Carlo techniques. The
results of calculations done for the samples listed in Table 16-2 are given in columns 5 to
9. These calculations were carried out with the Monte Carlo code described in Ref. 33;
however, the detector itself was not modeled in detail since it was necessary to obtain
only the net leakage multiplication across a surface surrounding the sample. The Monte
Carlo code selected initial (a,n) or spontaneous fission neutrons according to the ratio

a -f N.vN.N (1 &18)
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Fig. 16.13 CoincidenceresponseofPuO2 standards. The up-
ward curvature in the data is due to self-multipli-
cation in PuO2 .Monte Carlo calculations de-

* scribed in the text were carriedoutfor all but the
first andfourth samples in order to correct for self-
multiplication, yveldinga linearfit to the data.

where N. is the number of(ctn) reactions and N is the number of spontaneous fissions.
The values for a, obtained from Equation 16-32 or 16-35, are given in column 4 of Table
16-2. Each neutron-induced fission chain was followed to its end. The Monte Carlo code
calculated the leakage multiplication ML (defined in Chapter 14), which is related to the
probability of fission p by the relation

l p
ML- . (16-29)1- pv 1

The calculated values Of ML are given in column 5 of Table 16-2. These are the ratios by
which the total neutron count is enhanced by multiplication, with leakage, absorption,
fission, and reflection taken into account. For simplicity, the leakage multiplication is
denoted by M in the remaining discussion.



Table 16-2. Self-multiplication correction factors for the plutonium oxide samples
are based on Monte Carlo calculations, and columns 10 and 11 are based on the ,

2 3 4 5 6 7

Sample 24OPu- Coincidence Leakage
Mass Effective Response/ Mult,
(g) (%) g-s a ML ff f.

in Figure 16.13. Columns 5 through 9
IT ratio

8 9 10 11

Correction 'Corrected
Factor, Response/ From R/T ratio,

CF g-s ML CF.

1.02(1) 2.31(3)20
60

120
480
459
556
615
779

6.0
6.4
6.4
7.8
9.5
9.9

10.6
10.4

2:35(2)
2.42(2)
2.53(2)
2.99(3)
2.98(3)
3.03(3)
3.08(3)
3.26(3)

0.66
1.43
1.36
0.74
0.64
0.62
0.60
0.61

1.005 0.024 0.020- -1.04(1) 2.323) 1.003 1.03
1.010 0.049 0.035 1.08(1) :2.33(3) 1.012 1.08

1.28(l) 2.34(4) 1.044 1.26
1.046 0.192 0.068 1.26(1) 2.36(4) 1.048 1.28
1.049 0.215 0.075 1.29(l) 2.35(4) 1.043 1.25
1.056 0.260 0.084 1.34(1) 2.30(4) 1.052 1.30
1.061 0.285 0.095 1.38(I) 2.36(4):' 1.070 1.41

00
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The Monte Carlo code also calculated a coincidence correction factor

CF = I + ff + f" (16-30)

where 1 + f.f is ihe coincidence correction for net multiplication of spontaneous
fission neutrons, and fm is the additional correction for net multiplication of (an)
neutrons. In Table 16-2, columns 6 and 7 show the relative size of these two induced-
fission multiplication effects for the plutonium oxide samples measured. Column 8
shows the overall correction factor CF, and column 9 demonstrates that the corrected
coincidence response per gram is now nearly constant.

With the code described above, a series of reference calculations were made to
determine the effect of sample mass, density,, isotopic composition, and water content
on the coincidence correction factor. The results are plotted in Figure 16-14 (Ref. 33). All
calculations represent variati6ns about anarbitrary nominal sample of 800-g PuO with
a density of 1.3 g oxide/cm3 . This saple contains 706 g of plutonium at 10% 2 Pueff
and I wt% water, in an 8.35-cnm-i.d. container.,For each calculation, only one parameter
was varied from the nominal values. For the mass and density variations, the fill height
was adjusted to conserve mass. For the:H 20 content variation,, the sample density was
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1. -1.5"

u z 1 .4 -"
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ft 16.14 Monte Carlo calculations of self-multiplication effects of various
parameters on coincidence counting ofPuO2. The solid data points
denote the nominal calculation.
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adjusted to conserve volume. Figure 16.14 shows that coincidence correction factors are
appreciable even at low mass and low density.

The curvesinFigure 16.14 can be used to estimate coincidence correction factors for.
other similar plutonium oxide samples. The exact range of applicability is not known.
For the samples in Table 16-2, the correction factors were calculated directly by the
Monte Carlo code, except for the first and fourth samples, which were extrapolated from
Figure 16.14, with consistent results.

16.8.3 Effects on Shift Register Response

It is possible to write expressions for the effects of sample self-multiplication on the
shift register response. The total neutron count rate T, after subtraction: of the back-
ground count rate b, is given by

T - b - m 240(473/s-g)eMvs(l + c) (16-31)

where m240 is the effective 24°pu mass, e is the detector efficiency, M is the leakage
multiplication, v. is the spontaneous fission multiplicity, and a is'defined by Equation
16-28. If all other quantities are known, a can be determined by invertini Equation
16-31:

I + a - (T - b)/m 24o(473/s-g)e M v. (16-32)

The coincidence count rate R is given by the following equations (Ref. 34):

R - m24 (473/s-g) e2 v(v - 1)
2 F ,(16-33)

v(v-- 1) --M2[vs(Vs - 1) (M - a) )1~ -1') + (1 -t-[Vs(Vl_1) (16-34)

Sv+ 1a 1 + avs

where vs(v, - 1) and v1(vl - 1) are the reduced second moments of the spontaneous
and induced fission multiplicity distributions.

Equation 16-33 is similar to Equation 16-15, with F representing the fraction of
coincidences measured, e-P/t(1 - e-G/D). These equations assume that all fission
chains produced from the original fission appear to be simultaneous within the resolving
time of the coincidence counter. This assumption, called the "superfission concept"
(Ref. 5), is valid for thermal-neutron counters because of their long die-away time.

From Equations 16-31 and 16-33 for T and R, and from columns 5 and 8 of Table
16-2, it is apparent that sample self-multiplication affects coincidence counting more
than totals counting. As a. simple example of this effect, suppose that a spontaneous
fission releases two neutrons, one of which is captured by a fissile nucleus which in turn
releases three neutrons upon fissioning. The total number of neutrons has increased
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from two to four (M = 2). However, the coincidence response has increased from one
to six (CF = 6). Thus the ratio R/T has increased with multiplication. Laboratory
measurements have shown that R/T can be used as a measure of multiplication. This
ratio is the basis of the simple self-multiplication correction described in the following
section.

16.8.4 A Simple Correction Factor for Self-Multiplication

Since it is usually not possible to perforn a Monte Carlo. calculation to determine the
self-multiplication of each sample to be assayed, there is a strong need for a self-
multiplication correction that can be determined for each sample from the measured
parameters R and T. As mentioned earlier, the ratio R/T is sensitive to sample.
multiplication so that it is possible to use R for the assay and R/T for a multiplication
correction. The procedure for calculating this correction for plutonium samples follows.

Step 1: Assay a small 10- or 20-g reference sample that, as an approximation, can-be
considered as nonmultiplying. Use the same physical configuration and electronic
settings as those to be used in Step 2 for assay of larger samples. This measurement yields
the values R0 , T0 , and a0. If the nonmultiplying sample is pure metal, no = 0.
Otherwise, ao can be determined from Equation 16-32 with M. 1. [A multiplying
reference sample can also be used if it is sufficient to obtain relative correction factors
(Ref. 35).]

Step,2: Now assay an unknown multiplying sample that requires a self-multiplication
correction. This measurement yields R and T. If the sample is pure metal, a = 0. If the
sample is of the same composition as the small reference sample used in Step 1, then
a = ao. If the sampOle is pure plutonium oxide, then from Tables Il-I and 11-3 it is
possible to calculate

• 13 400 f238 + 38.1 f239 + 141 f240 + 1.3 f241 + 2.0 f242 + 2690 fa-24 (16-35)
1020 (2.54 "238 + f240 +1.69 f242)

if the isotopic fraction f of each plutonium isotope and of 24 1Am is known. Equation
11-7 can be used to correct the calculated value of a for the presence of major impurities
that have high (a,n) cross sections if the concentrations of these impurities are known.
For inhomogeneous or poorly characterized plutonium oxide, scrap, or waste where a
cannot be determined by one of the above methods, this self-multiplication correction
cannot be used.

Step 3: Calculate theratio

R/T (I + a)
r= (16-36)

Re/To (I + a)

This ratio will be larger than I for multiplying samples with M > I because sample self-
multiplication increases R more than T. The ratio r is independent of detector efficiency,
die-away time, and coincidence gate length. Note that all count rates in Equation 16-36
should be corrected for background and electronic deadtimes.
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Step 4: The leakage multiplication M is given by

2.062(1 + a)M 2 - [2.062(I + a) - IM r = 0 . (16-37)

Equation 16-37 can be derived from Equations 16-33 and 16-34 (Refs. 36 and 37).
Step 5: The coincidence counting correction factor for self-multiplication CF is Mr.

To summarize,

T(corrected for mult.) = T/M
R(corrected for mult.) = R/Mr . (16-38)

This self-multiplication correction has no adjustable parameters and is geometry-
independent. For example, suppose that two plutonium samples are brought closer and
closer together. As this occurs, M will increase, the induced-fission chain lengths will
increase, the mean effective multiplicity will increase, and R/T will increase. Equation
16-37 will yield larger values of M, and Equation 16-38 will automatically yield larger
correction factors. Examples are given in Ref. 33 and in Figure 17.8.

When Equation 16-38 is used to linearize the calibration curve so that

M240= R/kMr , (16-39)

then Equations 16-31, 16-36, and 16-39 require that the calibration constant k and the
detector efficiency a be related by

k -Ev(473/s-g) - + ) . (16-40)To

This relation is not important in practice because k is usually obtained by calibration,
but it may provide a diagnostic to indicate whether the detector efficiency or the small
reference sample have been properly measured.

16.8.5 Applications and Limitations of the Simple Correction

Although the self-multiplication correction factors given by Equations 16-37 and
16-38 provide a complete correction with no adjustable parameters, the following
assumptions were made in the derivation in order to obtain simple equations:

(1) Itwas assumed that detector efficiency was uniform over the sample volume. This
is not always the case, but is becoming easier!to realize with instruments such as the
upgraded High Level Neutron Coincidence Counter (HLNCC-ll) described in Section
17.2.3.

(2) It was assumed that (an) neutrons and spontaneous fission neutrons had the
same energy spectra, so that the detection efficiency a, fission probability p, and
induced-fission multiplicity vi would be the same for both neutron sources. In general
this is not the case, although for plutonium oxide the (an) and spontaneous fission
neutrons have similar mean energies (2.03 MeV and 1.96 MeV, respectively) but
different spectrum shapes.
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(3) It was assumed that all fission chains are simultaneous withinthe die-away time
of the detector. This is not true for neutrons that re-enter the sample from the detector
(reflected neutrons)(Ref 5).

These approximations introduce errors into the correction. Values for M given by
Equation 16-37 may differ from values obtained from Monte Carlo c6des. Values for the
coincidencecorrection -factor. CF = Mr are usually better, presumably because some
errors cancel in the use of ratios. The correction usually gives best fits of 2 to 3% to the
data, which is good but is larger than the measurement relative standa' deviation (on",
the order of 0.5%).

Applications of the simple self-multiplication correction are :given in Table 16-2,
columns 19 and. l11, and in Figures 17.8, 17.19, 17.20 and 17.22 for plutonium oxide,
me.ta!.•and'nitrate solutions. Good results have. been:reported foriplutonium.'oxide in
Ref. 22, for plutoniuni metal in Refs., 33 and 36, and for breeder fuel-rod :subassemblies
inRef. 38.

:Thi. above applications show that good results, typically 2 to 3%, can be obtained with
the self-multiplication correction for well-characterized: material. despite the assump-
tions made in the derivation. However, the need to know .a, the ratio ofl(cn),to
spontaneous fission neutro0isi for each:sampleltobe assayed poses a severe limitation on
the applicability of the technique. For scrap, waste, impure oxide, or metal with an
oxidized surface, a cannot be determined. Any error in the choice of a leads to:an error of
comparable size in the corrected assay value. In such cases the multiplication correction
should:be used onlyras a diagnostic for outliers. For;, many classes of oxide, where a may
be somewhat uncertain but sample density and geometry are fixed, .Krick (Ref. 39):has
found that two-parameter calibration curves without self-multiplication corrections
provide the best assay accuracy.

The fundamental limitation of the simple multiplication correction is that only two
parameters are measured by each assay, R and T. The number of unknown variables is
atleast three: the sample mass, the sample self-multiplication, and the (an) reaction
rate. Further improvements iIn multiplication corrections can be made if coincidence-
counters are built that provide a third measured parameter, such as triple coincidences
(Refs. 23 and 33).

16.9 OTHER MATRIX EFFECTS

The dominant matrix effect in passive neutron coincidence counting is usually the
self-multiplication: process described in Section 16.8. If corrections for electronic count-
rate losses and self-multiplication can be properly applied, the coincidence. response is
usually linear with sample mass. However, otherrmatrix effects can affect the assay and
may be overlooked at times. These effects are summarized in this section, which is based
in part on Ref. 40.

1. (an) contaminants

For plutonium samples: the most important (a,n) emitters are oxygen and fluorine.
Fluorine concentrations of 10 to 400 ppm are typical, and oxygen (in water) may be as
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high as several percent The calculated effect of fluorine and water on the total neutron
count rate is given in Section 14.2.3 of Chapter 14. Such (an) contaminants may bias the
coincidence assay by a few percent. If their concentrations are known, the effects can be
accounted for in the self-multiplication correction.

2. Hydrogen content

The hydrogen in water affects the neutron coincidence response by shifting the
neutron energy spectrum (see Chapter 14, Section 14.2.4). This increases the detector
efficiency and the sample self-multiplication. The former effect can be minimized by
careful: detector design, and the latter is taken into account, by the: multiplication
correction.

3. Container wall effects

Neutron scattering and reflection by the container wall can in:crease: detection
efficiency and sample self-multiplication. An increase in the coincidence count rate up
to 7% has been observed. Container effects can be estimated by measuring a californium
source with and without an empty sample can.

4. Influence of uranium on plutonium assay

The addition of uranium toplutonium (as in mixed oxide) has the following effects:
additional multiplication in 3 U; derease in; plutonium multiplication due to a
'dilution" of the plutonium; and additional fast multiplication in MU.: Despite different
239pu, 23-U, and 238U fission multiplicities, the multiplication correction works well for

mixed plutonium and uranium if there are no additional unknown (a,n) sources.

5. Neutron moderation and absorption (self-shielding)

In plutonium nitrate solutions, moderation leading to increased neutron absorption
has been observed (Chapter 17, Section 17.2.7). In actiye coincidence counting of
uranium, neutron absorption and self-multiplication are both strong and opposing
effects. The presence of both effects often yields nearly straight calibration curves
(Chapter 17, Figures 17.24 and 17.29).

6. Neutron poisons

Boron, cadmium, and some other elements have high thermal-neutron capture cross
sections and can absorb significant numbers of neutrons. Problems with neutron
poisons have been observed in the active assay of fresh light-water-reactor fuel as-
semblies.
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7. Sample geometry

If the detection efficiency is not uniform over the sample volume, then the coin-
cidence response can vary with sample geometry. Passive counters are now usually
designed so that the whole sample will be in the region of uniform efficiency. For active
coincidence counters, the source-to-sample distance is very important, and consistent
positioning of samples is essential.

8. Sample density

Variations in plutonium oxide density due to settling or shaking during shipping and
handling can affect the passive coincidence response by as much as 1O%.* The multipli-
cation correction can take these variations into account for samples of similar compo-
sition if the samples are within the detector's uniform efficiency region. For active
coincidence counting, density variations affect both self-multiplication and self-shield-
ing. No correction istavailable.

9. Scrap and waste matrices

Here it is helpful to know what the matrix is and to know which of the above-
mentioned effects might be present. For plutonium-bearing materials, the coincidence
response is usually more reliable than the totals response, but may provide only an upper
limit on the quantity of 24°Pu. in general, it is useful to measure both the totals and the
coincidence response. and to use the totals response or the coincidence/totals ratio as a
diagnostic to help interpret the coincidence response.
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Neutron Coincidence Instruments
and Applications

H.. 0. Menlove

17.1 NEUTRON COINCIDENCE SYSTEM DESIGN PRINCIPLES

Neutron coincidence counting has been used extensively during the past few years. for
the nondestructive assay of nuclear material. The usefulness of the technique is due
primarily to the good penetrability of fait neutrons and the uniqueness of time-
correlated neutrons to the fission process and thus the nuclear material:content.

In considering the design of a neutron coincidence system, the primary variables that
should be considered are: (I) the type of neutron detector, (2) the moderator and
shielding materials, and (3) the mass range, and sample characteristics. In general,
neutron coincidence counters need higher, detection efficiency than total neutron
counting systems because of the requirement to count at least two neutrons. This
requirement makes the coincidence counting rate proportional to the square of the
detector efficiency. The high efficiency is usually accoimplished by good geometric
coupling between the sample and the detector (for example,: a 4x or well counter) and by
the use of efficient thermal-neutron detectors. .

Most of the neutron comincidnce counteirs in current use contain 3He gas tubes because
of their high efficiency, reliability, ruggedriless,!and gamma insensitivity. Tubes'contain-
ing BF 3 gas are s6metimes used to reduce costs or to operate in higher gamma-ray fields;
however, their efficiency is abot a factori of2': leIss than jhat of 3He tubes. The main
disadvantage of 3He and BF 3 gas tubes for coincidence applications is that the neutrons
have to slow down to thermal energy via sa•trln collisions before they are detected in
the tubesand this slowing-down process cus al rather large die-away time (r) in the

detector. As a result, the coinidence gate I' (G) in theelectronics must be set at a
relatively large value (10 to I00 its) to det6 ihe time-correlated coincidence neutrons.
Ult tely the large gate length increases ' 1 siatistical error for high-counting-rate
applications. • I i!:• i: :

Computer calculations employing Monie CArlo!codes for neutron transport have been
used to optimize the design of 3He neutron coinbidence detector systems. The following
parameters are important in the designii-:1) total neutron efficiency for spontaneous
fission neutrons, (2) sensitivity to sample matrix pateriaLK (3) neutron die-away time in
the detector moderator material, and (4) weight and cost of the system. Neutron
coincidence counters have been applied tothe ;ssay of a wide range of plutonium masses
and container sizes, making it necessary to emphasize different parameters to achieve
specified detector characteristics. Examples of the optimization of thermal-neutron
counter designs by Monte Carlo calculation are given in Chapter 14.

493
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Several assay systems based on coincidence counting have used fast-neutron recoil
detectors to avoid the die-away-time problem associated with thermal counters. Exam-
ples of these detectors are liquid and plastic scintillators and 4He gas recoil counters. The
scintillators are sensitive to gamma-ray backgrounds and the 4He tubes are relatively
inefficient Examples of coincidence systems based on fast plastic scintillators are the
Random Driver, Isotopic Source Assay System, Isotopic Source Assay Fissile, and early
models of fuel-pin scanners; all have beendocumented in'previous publications (Refs. 1
through 3).

The remainder of this chapter:focuses on thermal-neutron coincidence systems
because they dominate the practical applications. Many of these systems have been
developed to the stage where commercial equipment is now being used in nuclear
fabrication facilities. Recently, inspectors have been using portable equipment to verify
operator declaration ofnuclear fuel content..

SBecause0ofthe i~ge range of' appjications; it has been necessary to develop different

assay systems to: accommodate difficult types of samples. In contrast to the procedure
used in icheical analy"'iswhere ithe sample ismodified to "fit", the. instrument, in
nondestructive assay th einistrumentis m6difiedt6o:fit the s6mple. The following sections
describe the instruments, principles of opefration., and :!applications:. All of the instru-
ments describediiaebas4don the inethod ot neutron coincidence counting usingttime-
correlatibolelectý6niCclcuitry. &

17.2 PASSIVE NEUTRON COINCIDENCE SYSTEMS.
Neutron assay'instrumentation has been standar :,iby using the lneutron coin-

cidence. technique as a co• mon baýis for a wide range, Of inqstruents and applications.
The shift-Wrgster electronicsý(Ref 4) ognay4 deeloe for th HigLevel Neutron
Coincidence Counter (LNkCXRf. 5) has b66 adapted to bth p:sasi and active-
assay instrumentation.for field verification of bulk plu.oim,' invntory samples,r
pellets, powders; nitrates,.Ihighmen ched urahiumi:, and material.stesting-reactor, light-
water-reactor, and mix:ed-oide ful! assemblies.' This.family df instruents all use the

thes•b Tand ectr,:is trmi ee y elein 'Figu 17.1 shows the

relationship* bewen e;*d h i1(the trivik), the aýssay systemns (the
branches), and the many, diff;rentaEpphications:; Tho detectors fborall 6f.theassay s ystems
are. He tubes matchedito prv9ie the sa'Ie gain at te se h -'oltage settngs. Thus,
the standal electromcs pac age •an be dirty substttut betWeen tlhep assay systems
with no change n• co.n ctors .or iparaet e•,. Becuse.:the elecronic components
dominat rni nten;nceworhe !total pa It"of nntenance effort is greatly
reducedby thisitand•gdiation. Operatoriraningis a si.lifie cae an operator
trained to use theiHNC ;become; at w other syst-ms after only a few minutes
of() toentation

In iulinstrmen.rts that are. based onsr the sndard nieutron ~coincidence electron-
i cs include

(1) he 5-gl drm cuntr fr scrap barrels
.(2) the HLCCfr; bulk plutoniu m ;assy
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l%. 17.1 7FamiJI-treediagram of active and passive neutron coincidence
systems and applications based on the standard shift-register electron-
ics package developedfor the HLNCC.

(3) special purpose coincidence heads for fast-critical-assembly (FCA) plates and
trays, fast-breeder-reactor (FBR) subassemblies, mixed-oxide (MOX) pin trays,
and plutonium nitrate bottles;

(4) the Inventory Sample Coincidence Counter (ISCC) for small samples of pluto-
nium nitrate, pellets, and PuO 2 powders; ,

(5) the plutonium nitrate solution counter for in-line applications; and
(6) the~universal FBR subassembly counter.
These and other Passive instruments and applications are described in Sections 17.2.1

through' 17.2.8.

17.2.1: The 55-Gallon Barrel Counter
An early application'of passive neutron coincdence icounting to p!Uton.um measure-

ment was the 55-gal barrel counter (Ref. 6).:!This .System was desired ýto* measure
compacted' scrap and waste i 55-ga ibarrels, or cartons. The imateria could not be
measured by conventional chemical techniques because it was too heterogeneous to
sample.
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The barrel counter shown in Figure 17.2 contains BF 3 gas tubes imbedded in a
polyethylene matrix. The sides of the counter consist of a 10.cm-thick annulus of
polyethylene containing thirty-six 5-cm-diam BF 3 detectors; the top and bottom of the
counter consist of 10-cm-thick slabs of polyethylene, each containing nine 5-cm-diam
BF 3 detectors. The annulus separates into two parts to allow introduction of a 55-gal
barrel. The top and sides of the counter are surrounded by a. 30-cm-thick water shield.
Figure 17.2 shows a general view of the I4n barrel counter in its "open" (separated)
configuration, with a 55-gal barrel inserted.

Initially the counter was operated without a cadmium sleeve on the inside of the
polyethylene annulus. This configuration kept the neutron counting efficiency as high as
possible and resulted in a long neutron lifetime (measured to be 125 Ats). The configura-
tion is useful for low-level counting of less than a few grams ofplutonium ina barrel. The
single-neutron counting efficiency was measured to be 12%, and the coincidence
efficiency was measured to be 1.5%. The lifetime of 125 .As decreased to - 50 As when a
cadmium layer was inserted inside the polyethylene annulus and, as expected, the single-
neutron and coincidence counting efficiencies also decreased.

It was found that neutrons generated by c:smic rays produce a considerable coin-
cidence background in the counter. At Los Alamos (elevation -7500 ft), this back-
ground amounts to 0.250 ± 0.002 coincidence counts/s-the same rate as from a 0.2-g
sample of plutonium (20% 24°iu) This coiricidehce background limits the sensitivity of
the counter to about 0.25 g of plutonium unless a multiplicity measurement is made to
correct for cosmic-ray events. Near sea level, where most commercial plutonium
processing facilities are located, the cosmic-ray .coincidence background will be lower by

Fig. 17.2 Passive coincidence counterfor 55-gal barrels.
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roughly a factor of 2. The background rate can also depend somewhat on the mass and
composition of the waste container. For example, when six lead bricks (77 kg) were
placed in the barrel counter to measure the production of neutrons by cosmic rays in
high-Z materials, the observed coincidence counting rate (above background) was 0.91
± 0.02 counts/s, which is equivalent to about 0.7 g of plutonium (20% 24 QPu).

For the assay of plutonium-bearing waste, passive coincidence counting is more
accurate than total neutron counting because it is not sensitive to (an) reactions in the
matrix. However, the detection sensitivity may be less, depending on the chemical form
of the material and the background coincidence rate..

17.2.2. The High-Level :Neutron Coincidence Counter (HILNCC)

In 1975, work was initiated at Los Alamos to design a portable neutron coincidence
counter that could measure cans containing up to 2500 g ofPuQ 2. The counter was to be
modular so that its configuration could' be modified to accommodate different
geometries such a platesaýnd pins.'Th6 design effort led to the hexagonal"model shown
in Figure 17.3. The intermediate layer of cadmium, show.n in the figure wasadded to
reduce efficiency, matrix sensitivity, and die-away time ,for the tounter.

Fig. 17.3 PontableHigh-LevelNeutron Coincidence
Counter (HLNCC) for the assay of high-
mass plutonium samples.



498 H. 0. Menlove

The HLNCC contains six banks:of detectors, each bank containing three 3He:tubes
embedded in a polyethylene matrix. The 25-mm-diam tubes have an active length of 508
mm and are filled to a pressure of 4. atm. The system. has an efficiency of - 12% and a
neutron die-away time of 32 pts (Ref. 5).

* When work wasinitiated on'the HLNCC, the maximum totals count rate that could
be processed by coincidence electronics was typically 20 to, 30 kHz. For this reason
parallel development of a high-speed, portable shift-register electronics: package was
undertaken. .The electronics package (Figure 17.4):contains six channels ofelectronics,
the shift register (see Chapter 16), and a microprocessor to read out the data to a Hewlett
Packard HP-97 programmable calculator or other computer. Operation of the system is
very simple because of the interface between the shift register and the programmable
calculator. The operator needs only to load the sample and: press the start button. The
data collection, reduction,.error analysis, calibration, and readout are performed by. the
calculator..

,During the past 5 years, the HLNCC has been used for a large variety of samples,,
including.bulk PuO 2 powder, mixed-oxide.powder, pelletsiiandpins,* and FCA coupons
an• trays. The maximum design mass of 2.5.kg of plutonium has been extended by over
a factor of 2, and th totals counting rate. has bn ' pushed Up'iabove 300,00 counts/s. At

this count rate, there is a large deadtime corre tion 0f3 to 4 for the coincidence rate and
the results can only be used relative to a calibration curve with similar counting rates.
The standard HLNCC detector and electronics are commercially available and are in
use by both plant operators and inspectors.

Recent improvements- in the HLNCC detector and electronics are described in the
following section.

Ftg.17.4 StandardHLNCCshjf-reglster electronics andHP-97programmablecalculator.
This unit supplies the.requirements for all of the assay systems shown in Figure
17.1.
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17.2.3 The Upgraded High-Level Neutron Coincidence Counter.
(HILNCC-il)

A new upgraded version of the HLNCC has -been. designed and fabricated. The
detector still contains 18 3He tubes, but.in a cylindrical'polyethylene body. Fas.ter
amplifiers have been incorporated into the electronics, •and the detector body haslan
improved design. The vertical extent of th uniiform:efficiency counting zoneiS. three
times longer than that of the original unit without an increase in size or weight. Figure
17.5 is a cross-section view of the HLNCC..II, and F i 17.6 is a photograph of the
complete system.

A primary design goal for the HLNCC-i was '.to obtain a uniform orflat c4untingresponse profile over the height of the samplexicaty while stillmaintaiing a.poable

system. This was achieved by placing riigiof poiyethylene as "shims" at the top:, and
bottom of the detector to compensate for leaage.ofneutrfnsfrom the ends. In addition
to these outside rings, the interior end plugs' were designed to increase the counting
efficiency at each end. The end plugs werei cos ed of lyethylene ithaluminum

cores to give a better response than plugs made of eit"her mateqal alone wouldive. Also,
the sample cavity has a cadmium liner to pvent therial neutrons from reflecting back
into the sample, and inducing additional fissins;. Because the c um linerdoes not
extend into the region of the end plugs, thepolyethylenie id the 1als of the end plugs
becomes an integral part of the moderatc ,riialthe 3HetUb.

The totals and coincidence respons es of the niew counter rere measured.by
moiga252(Jf source along th xs tPi sapecvty. h omlzdr~sprofiles are shown in Figure 17.7, where vii ashed cur rfer to the orginal HLNCC.

The improvement in response is ap :arent, ble .17-1 copes some of the key features
of the HLNCC and the upgraded HLNC I'.

ELECTRONICS
18 3

1-eTUBES
C ., ". . •

Cd c '

•12 .6i~ .. :

8.3 cm

* ]ft. 17.5 Cross-section view of the upgraded
-- 17.5 cm-- -gh-Level Neutron Coincidence

I--34. 0'cmý Counter (HLNCC-ll).
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FI& 17.6 View of the HLNCC-IIshowing
the six indicator lights on the
electronics junction box at the
topoftheWnitandtheshft-regis-

I ter electronics package on the
table top.

The new counting electronics package developed in parallel with the. HLNCC-II is
based on the AMPTEK A-1Il hybrid charge-sensitive preamplifier/discriminator (Ref.
7). Pulses resulting from neutron events are discriminated on the basis of pulse height
from noise and gamma-ray events at the output of the preamplifier. This approach
elminates the need for additional pulse-shaping circuitry and allows a maximum
counting rate of about 1300 kHz, about four times higher than previously attainable.
The electronic deadtime is also a factor of 4 lower than that of the previous system (see
Section 16.6.5).

The new electronics package is capable of measuring samples of significantly larger
mass, usually limited only by criticality considerations. The small
preamplifier/discriminator circuit is placed directly next:to the base of the 3He tubes
inside a sealed box to enhance the signal-to-noise ratio. Under laboratory conditions, the
totals counting stability was measured to be 0.002% over a: 2-week counting period. This
is the best stability ever observed with nondestructive assay systemsý.-'

The HL-NCC-l and its new electronics have been used to assay PuO2, PuF4, mixed
oxide, and other plutoniumi compounds. An example of the response of the system for
PuO 2 both with and without multiplication corrections is shown in Figure 17.8. The
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Fig. 17.7 Normalized responseprofilesfor total and coincident neutron
countingforthe HLNCC (dashed lines) and the upgraded ver-
sion HLNCC-1I (solid lines), showing a threetimes-longerflat
response profilefor the HLNCC-11.

Table 17-1. Detector parameter comparison for the HLNCC and the
HLNCC-II

Item. HLNCC HLNCC-U

Cavity diameter
Cavity height
Outside diameter
System weight
3 He tubes:

(a) Number
(b) Active length
(c) Diameter
(d) Gas fill
(e) Gas quench

Efficiency
Die-away time
Cadmium liner
Flat counting zone:

(Coincidence, 2% from max.)
(Totals; % from max.)

17.5cm
35.0 cm
32-36 cm
48kg

18
50.8 cm
2.5 cm

•4atm

Ar + -CH 4
12%.
33 Rs
fixed

17.5cm
41.Ocm
34.0cm
43 kg

18
50.8 cm
2.5 cm
4atm
Ar + CH4
17.5%
43 Its
removable

I 1.0em
10.5 em

30.5 cm
33.5 cm
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Fig. 17.5 Coincidenceresponse oftheHLNcC.II with the new faster
electronicsfor a variety oflargePuO2 samples, both with and
without multiplication correction.

highest mass point, at about 300 g 24pu-effective, corresponds to two cans of PuO 2
stacked on top ofeach other. The air gap between the two plutonium masses reduces the
geometric coupling compared to that of a single can with the same total mass. This
reduction in. coupling results in less neutron multiplication and causes the double-can
data point to lie below the calibration curve. After the multiplication is corrected for, as
described in Section 16.8, the double-can data point lies on the straight line defined by
the single-can data.

.17.2.4 Special Detector Heads for FCA Coupons

For many applications, it has been desirable to custom design the detector head to the
specific application. Even though this specialization proliferates detectors, it reduces
assay time, calibration effort, and the number of standards, and decreases the chance of
error in the assay. This section and Sections 17.2.5 through 17.2.8 describe some of the
special detector heads that have been developed from the HLNCC and that use the same
electronics.

At fast critical assemblies, metallic plutonium coupons are .typically found in rec-
tangular storage drawers (5 by 5 by 40 cm), and it is desirable to verify the plutonium
content without removing the coupons from the trays. The Channel Coincidence
Counter (Ref. 8) shown in Figure 17.9 was designed for this purpose.

The principal feature of the detector is the 7- by 7-cm channel, which runs the full
length (97 cm) of the detector. This channel is large enough to hold FCA fuel drawers and
certain fuel-rod trays, but is small enough to permit high and reasonably uniform
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fis. 17.9 Isometric diagram ofthe Channel Coincidence Counter usedforthe aay of
fast-critical-assembly (FCA)fuel trays and mixed-oxide fuel rods.

coincidence counting efficiency. Three top plugs are also provided with the system. Any
one of these can be removed to provide a slot for gamma-ray measurements of the
sample. The center top plug is also used as a source holder for detector calibration. •

A calibration:curve for plutonium plates in FCA drawers is shown in Figure 17.10.
The data used for the construction of this curve were acquired. with zero-power
plutonium-reactor (ZPPR) fuel plates arranged in single, double, and triple rows with
matrix materialsiof iron, aluminum, carbon, and'depieted uranium. An increase in the
response caused by neutron multiplication is evident for the higher plutonium :mass
loadings. Also, the data for triple rows of plutonium plates show an increased multipli-
cation compared.to single and double rows. The standard self-multiplcation correction
technique (see Section 16.8) will correct for these differences. The precision for counting
FCA drawers is better than 1% in 1000 s. This Channel Coincidence Counter is in
routine use at a critical assemblytfacility (Ref:9).

A Bird Cage Counter was designed for assaying the! same plutonium metal coupons,
but it was necessary to-make the measurement inside of the "bird cage" used to store and
transfer the coupons. The detector consists of;3He tubes in a polyethylene matrix. The
detector has a rectangular shape and an open interior region to set over the cylindrical
storage canister. The coincidence response shows a neutron multiplication increase for
the higher mass.loadings. Precisioniand accuracy of ,-.1% can be obtained in counting
times of 1000 s. This counter. is in routine use it FCA facilities.
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17.2.5 Special Detector Heads for FDR Fuel

A special neutron coincidence counter has been designed for verification of FBR fuel
pins contained in storage trays (Ref. 10)..The tray.counter, shown in.Figure 17.11,
consists of a flat array of 3He tubes in polyethylene slabs.-.A through'slot in the counter
provides avcavity for insertion of the stainless steel tray used by the facility operator to
handle fuel pins in batches of 24. The tray can be inserted into the front of the counter
and :removed from the front or back as the user desires. Unlike the: more desirable
geometry: found in cylindrical or hexagonal counters, the tray: counter is flat. It is
therefore necessary to match the individual detector banks to obtain a uniform spatial
response. The uniform response region is -55 cm long-and 30cm wide, corresponding
to the active plutonium region of the fuel pins. The tray requires: a clearance height of
about 25 mm.

The detector can be used to measure a tray of FBR pins in 2 to:3.min with a sensitivity
of much better than one pin. The primary advantage of the counter is that verification of
a fulltray of pins is possible without unloading or handling individual pins. The FBR
fuel-pin tray counter is currently being used at a plutonium fuel fabrication facility.

FBR subassemblies contain. large :quantities of plutoniumý (5:to 16 kg), and the
verification of-this material is of high safeguards. importance.'Figure 17.12:is: a photo-
graph of the cylindrical coincidence counter used for the measurement of 'FBR fuel
subassemblies. The unit consists of 12 3He tubes placed in a:polyethylene annulus for
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1f 17.11 Thefast-breeder-reactor (FBR)fue-pin tray cowuter usedfor the verfcation ofpin
storage trays. The standardsho-register electronics package andpreamplifier
junction box are on top ofthe counter.

neutron moderation. The active length of the detector is 1.21 In so that the entire
plutonium region is contained inside the counter. The absolute efficiency.of the counter
is ,- 79%. The initial design of the counter gave a uniform response over the central 60-cm
region, which is adequate for the smaller prototype FBR.

Several FBR reactors have plutonium-active regions' as long as .92 cm and use
subassemblies with plutonium mass loadings up to 15 kg. The 15-kg mass loading is
about a factor of 3 higher than the mass that can be conveniently measured with the
conventional electronics designed for the HLNCC. The need to measure entire FBR
subassemblies with. high mass loadings led to the development of the Universal FBR
Counter (UFBRXRef. 11). This counter provided the first practical application of the
new faster AMPTEK counting electronics (Ref 7).
.Figure 17.13 shows the UFBR detector system with the analog portion of the

electronics system located at the top of the cylindrical detector. The, detector is long
enough to completely contain the active plutonium region of FBR subassemblies. To
obtain a flat response over the 92-cm fuel length, each of the 12 3He tubes is surrounded
by a layer of polyethylene and cadmium. The cadmium is removed near the ends of the
detector; to. increase .the efficiency at the ends and: to compensate for the leakage of
neutrons. Figure 17.14 shows the normalized, totals and coincidence response as
measured along the axis of the detector using a.2h sure ....

In the UFBR counter, the 3He tubes have an active length of 122cm and a diameter of
2.54tcm and are filled with .4-atm gas pressure. The efficiency of the system is 7.2% and
the neutron die-away time is 21.6 ts. These specifications result in a measurement
precision of 0.5% (1o)in a:1000-s counting time for typical FBR fuel subassemblies. Two
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- .. Fig 17.12 Cylindrical coincidence
counterfor the verification

............. fFBRfuel. bass.mbi.es.

of these systems are undergoing field test and evaluation for the future iverification of
FBR subassemblies. The initial testing and calibration of the system was performed
using Fast Flux .Test.Facility subassemblies at the Washington Hanford Company in
Richland, Washington. 7

17.2.6 Inventory'Sample Coincidence Counter (ISCC)

Analysis: of plutonium inventory samples by :inspectors:has been made increasingly
difficuilttby transpbrtation regulations. To: rdluce shipping requirements and to obtain
more timely, results, independent :on-site: verification capability is needed, particularly
-for repr•oc ssing plantsiand plu•oni•mfahcilities. This need has led to the development of
the inventory sample',C6ncidefi&uCounier (ISCQ(Ref. 12) for quantiiativeverification
ofthe am.unt of plutonium in product ynventorisamples. The system is portable, and

the caplesn assay in the als normally used totransfer samples to an analytical



Neutron Coincidence Instruments and Applications 507

FIg. 17.13 The UniversalFBR (UFBR)
Counter with the newAMPTEK
electronics usedfor measuring
FBRfuel subassemblies.

laboratory. Pellets and powders can also be assayed. This unit uses the same electronics
as the HLNCC, but it is much more efficient and is designed to operate in a much lower
mass range (0.1 to 500 g Pu).

Figure 17.15 shows the ISCC detector body. The sample ,cavity accommodates
samples that fit in the 5-cm-diam by 14-cm-tall cylindrical sample holder. The sample
cavity enlarges to a diameter of 8.8 cm by removing the polyethylene cylinder. The high-
density polyethylene moderator and the detector tube spacing were designed to make the
system relatively insensitive to hydrogenous material in the sample matrix. The 35%
efficiency of the ISCC is about three times larger than that of theLNCC, and thus the
required measurement time for small samples is about one-ninth' that of the HLNCC.

Because the ISCC is physically limited to small samples, the neutron attenuation and
multiplication effects are small and the calibration curves are very nearly a straight line
given by the function m = aR, where m is the 240Pu-effective, mass, R is the coincidence
rate, and a is the calibration constant. For solution samples such as plutonium nitrate,
there is .a slight amount of neutron-induced multiplication. This curvature is approx-
imated by the power function m =. aRb, where b is close to unity.

TheISCC can assay individual mixed-oxide pellets or groups of several pellets. Figure
17.16 shows the counting precision (1c) as a function of measurement time. A sample
containing four typical mixed-oxide or fast-breeder-reactor fuel pellets gives a precision
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Fig. 17.16 Assay precision as afunction of measurement timefor typical
mixed-oxide samples in the ISCC.

of - 1% in 200 s. A set of mixed-oxide fuel pellet standards was used to establish a
calibration curve. Figure 17.17 shows the response function for the individual pellets.
The percentage of plutonium in the pellets (Pu/PuO2-UO2) ranged from 1.4 to 21.6%. A
straight line gave an excellent fitto the data. Because of the relatively small amount of
material in the sample, the particular shapes or densities do not affect the measurement.
Thus, samples of PuO 2 powder fall on the same calibration curve as pellets.

A set of plutonium nitrate solution standards was prepared for use in calibrating the
ISCC. The solutions ranged in volume from 3 to 9 mL and the concentration varied
from 150 to 350 g/L. The assay results did not depend on the volume over this range, but
the solutions with larger plutonium masses gave a slightly larger (-5%) response per
gram because of neutron multiplication.

Because the calibration cUrves are nearly linear, the requirements for physical
standards are reduced. A 252Cf calibration: source can be used for in-field normalization
of the electronics system to a previously measured calibration curve. Another approach
is to establish a normalization standard at the nuclear facility. For example, two fuel
pellets can be taken from the inventory and.carefully measured in the iSCC. Then one
pellet can undergo destructive chemical' analysis and the other can be sealed andused as
a long-term normalization standard.W 'This procedure is essentially the same as thatlused
for the 252Cf source calibration, but the 252Cf source calibrationt takes less time for the
routine normalization measurement and the source can be'! more easily handled and
transported.b6bause it contains only -4 •Ci of activity (about 1066times less than a
plutonium standard).
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17.2.7 Counters for Bulk Plutonium Nitrate Solutions

In principle, the spontaneous fission of the even isotopes of plutonium can be
detected as readily in solutions as in metals or oxides. The uniform density, distribution,
and matrix material of the solution can in fact yield very precise and reproducible
assays. In practice, however, neutron moderation and absorption within the solution
can bias the assay. This section describes two neutron coincidence counters designed
specifically for the assay of solution samples of I L or more in which such effects can be
observed.

The Solution Neutron Coincidence Counter (SNCC)(Ref. 13) was developed for the
assay of flowing solutions that are too bulky or contain too many fission products to
assay conveniently by gamma-ray counting. Figure 17.18 illustrates the SNCC with its
interiqr assay chamber ofl-L volume and its inlet and outlet tubes. Twenty-six 3He tubes
are tightlyspaced in two rings. around the chamber to achieve,high counting efficiency.
The ý5cm a6cive-length tubes- onfine ihe sensitive detectionI volume. to the bottle.
Partial cadmium liners are used to obtain a nearl. flat axial efficiency profile. Because
the solution prvides -2.6 cm of moderator thickness, only 1. 1 cm of additional
polyethylene i used bwn the solution and the first ring! of 3He tubes to provide
optimum respionse for plutonium solutions. With thisthickness, the absolute efficiency
is 33%'and the"die-away time is 38Mjs. Including its: l0cm-thick polyethylene.shield and
1-cm-thick steei shell, the SNCC is 48 cm in diameter by 82 cm long. .

The SNCC was installed :above an experimental glovebox in the Los Alamos
Plutonium Processing Facility. Bottles of solution were transferred to the glovebox by
the plant's conveyor-system. The solution was then drawn up into the counter by
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Fr. 1715 Top andside viewsoftheSoluton NOW ron Coin-
aidence Counter (SNCQ showing the J-• volume

=asay chamberandtheinlet and outlet tubes.

vacuum through doubly contained stainless steel tubing& The neutron counter can be
assembled or disassembled without disturbing the solution transfer loop. Thus, for an
actual in-plant installation, the SNCC can be assembled around an existing pipe without
penetration of the plumbing.

Plutonium nitrate solutions ranging from 2 to 100 g/L of plutonium (0.2 to 12 g/L
240pu) were assayed in the SNCC. Each solution was assayed repeatedly! to verify
stability and reproducibility. The assay.results were compared with chemical Analysis of
samples by coulometric titration or isotopic dilution mass spectrometry. The results
plotted in Figure 17.19 show:upward curvature due to self-multiplication in the solution.
When. corrected for this effect and fitted to a straight line, the nondestructive assay
results show a 1.6% scatter relative to chemistry.

A Plutonium Nitrate Bottle Counter (PLBCXRef 14) was designed for the assay of
plutonium nitrate in large 10-cm-diam by 105-cm-high bottles. This detector is similar
in size and shape to, the FBR fuel subassembly counter shown in Figure 17.12. 'It is
intended for use in reprocessing plants or nitrate-to-oxide conversion facilities where
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such large bottles are used. Initial assay results for three of these bottles are shown in
Figure 17.20. The middle sample (at about 100 g/L) has more multiplication Ithan the
largest sample (about 200 g/L). Above 100 g/L the decrease in hydrogen concentration
leads to a decrease in multiplication.

17.2.8 The Dual-Range:Coincidence Counter (DRCC)

For many applications of neutron well coincidence counters, it is desirable to assay
samples with masses in the range from less than one gram to a few kilograms of PuO2. To
achieve this wide-range capability, the Dual-Range Coincidence Counter (DRCC) (Ref.
15) was designed and fabricated. The dual-range capability is achieved by having two
removable cadmium sleeves near the 3He detectors. These sleeves can be inserted for
low-ifficiency operation with a short die-away time and removed for high-efficiency
counting with a long die-away time.

.The geometry of the counter is shown in Figure 17.21. The cadmium sleeves on both
sides of the middle polyethylene cylinder (moderator) are removable. The detector
consists of 20 3He tubes of 2. 54-cm diameter filled to a pressure of 4 artm. The inner:and
outer polyethylene cylinders (moderators) are each 3.0 cm thick. The cadmium sleeve
(1.0 mmthick) on the inside of the well stops low-energy neutrons from returning to the
sample position, thereby reducing multiplication .for high-mass loadings. The 'outer
cadmium sleeve improves the effectiveness of the exterior 10-cm-thick polyethylene
shield.

Thus, the counter has two modes of operation: (1) one for the low-mass range, with
both removable cadmium sleeves removed for maximum efficiency, and (2) one for the
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high-mass range, with all the cadmium sleeves in place to give a short die-away time and
correspondingly short electronic gate width in the coincidence circuitry. For operational
mode (1), the singles efficiency is 22% and the neutron die-away time is 52 11s. For
operational mode (2), the efficiency decreases to 7% and the die-away time decreases to
16 I1.

An in-plant test and evaluation (Ref. 16) of the counter was performed at the
Savannah River Plant Separations Area. A variety of incoming plutonium metal and
oxide shipments were assayed with the counter. During the test period of. 18 months, the.
dual-range counter operated with good reliability and stability. For large metal and oxide
samples, assay precision based on counting statistics and reproducibility was better than
1% (lo). Assay accuracy was 2% (lo) for pure metal samples if a self-multiplication
correction was used. Assay accuracy was 3% (lo) for plutonium oxide if separate
nonlinear calibration curves, without self-multiplication corrections, were used for each
type of oxide. Assay accumry was on the order of: 10%.(lo) for impure metal samples.
For a limited number of scrap samples the accuracy varied between 5 and 25%,(10).

A dual-range counter manufactured by the.National Nuclear Corp. is used;by the
Rockwell Hanford Facility, Richland, Washington, to rapidly verify plutonium-bearing
items before shipment or after receipt (Ref. 17). Measurements on roughly 1000 items
are reported in Ref.. 7. The average. scatter (persample) between the book value and
passive neutron assay (see Figure 17.22) is 4% (lo) for plutonium metal. Other results
are 5% (1a) for plutonium oxide, 3% for polystyrene cubes with mixed plutonium and
uranium, 27% for fuel-rod scrap, and 70% for miscellaneous scrap. Summing over each
category yields a bias between book V'alue and assay of about 1% for metal, oxide, and
the polystyrene cubes, and 10% for the-other scrap.
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Fik. 17.21 Dual-Range Coincidence Counter (DR CC).for the
assay ofplutonium samples in the mass ange I to
4000g.

The above in-plant experience with the dual-range counter showed that neutron
coincidence counting provided assay accuracies of 2 to 4% for well-characteized
plutonium metal and oxide. For heterogeneous oxide and impure metal, coincidence
counting did not havesa clear-cut advantage over total neutron counting.1This is because
the self-multiplication correction was useful only for pure metal and very well
characterized oxides where geometry effects were reater than (a,n)-induced multipli-
cation effects. For other large, multiplying samples the: total neutron response often
provided a more accurate assay because it was less sensitive to multiplication. On the
other hand, for scrap materials with low multiplication'where it Was necessary to
discriminate against neutrons from strong (a,n) reactions or high room backgrounds, the
coincidence response was more accurate. For a wide range of material categories, it is
generally useful to measure both the coincidence and the total neutron response.

17.3 ACTIVE NEUTRON COINCIDENCE.SYSTEMS

The.passive HLNCC and. the many specialized detector heads that evolved from it
have been particularly useful for passive assay of plutonium. However, these instru-
ments cannot be used for passive assay of most uranium. samples because of the

7-
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extremely low spontaneous fission yields. For assay of uranium, active neutron coin-
cidence counters have been developed that use the same electronics package, are equally
portable or transportable, and use small AmLi random neutron sources for subthreshold
interrogation of 235U or 2 3U. These active neutron coincidence counters can also be
operated in the passive mode by removing the interrogation sources. They are described
in this chapter because of their similarity to passive counters. They include

(1) the Active Well Coincidence Counter (AWCC),
(2) the Uranium Neutron Coincidence Collar (UNCC),
(3) the Passive Neutron Coincidence Collar (PNCC), and
(4) the Receipts Assay Monitor (RAM) for UF6 cylinders.

17.3.1. The Active Well Coincidence Counter (AWCC)

Figure -17.23 illustrates the design of the AWCC (Ref. 18). The appearance is very
'similar to that of a passive coincidence counter except for the two small (- 5 X 104 n/s)
AmLi neutron sources mounted above and below the assay chamber. Two rings of 3He
tubes give high -efficiency for counting coincidence events from induced fissions. The
AmLi sources produce no coincident :neutrons but do cause many accidental coin-
cidences that dominate the assay error (see Section 16.7.2). Thus the polyethylene
moderator and cadmium sleeves are designed for most efficient counting ofthe induced
fission neutrons but inefficient counting of the (an) neutrons from the AmLi interroga-
tion source.
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The nickel reflector on the interrogation cavity wall gives a more penetrating neutronirradiation and a slightly better statistical precision than w~ould be obtained without it.
With the nickel in place, the maximum sample diameter. is 17 cm. For lage samples,

the nickel can be removed to give a sample cavity diameter of 22 cm. The end plugs have
polyethylene disks that serve as spacers; the disks can be removed to incre asethe sample
chamber height. Removing the disks on the top and bottom plugs allows the cavity to
accommodate a sample that is 35 cm tall.

A cadmium sleeve on the outside of the detector reduces the background rate from
low-energy neutrons in the room. A cadmium sleeve in the detector well removes
thermal neutrons from the interrogation flux and improves the shielding between the
3He detectors and the AmLi source; with this cadmium sleeve in place the AWCC is said
to be configured in the "ast mode." The neutron spectrum is relatively high energy, and
the counter is. suitable for assaying large quantities of MU. With the cadmiumsleeve
removed, the AWCC is in the "thermal mode." The neutron spectrum is relatively low
energy and the sensitivity of the counter is greatly enhanced,,but the penetrability of the
interrogation neutrons isj very low. In the thermal mode the countei, is suitable for
assaying small or low-enriched uranium samples.

Table 17-2 summarizes the performance characteristics of the AWCC for both the fast
and thermal modes of operation. The absolute assay precision is nearly independent of
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Table 17-2. Performance charcteristicsofthe AWCC

Characteristic Thermal Mode Fast Mode

Detection efficiency 28% "
Die-away time 230 Os
Range 0-1008 235U 10020 000 23g U
Low-enrichment U 308 11 counts/"- 235U 0.18 counts/s-g 2 3

S•J

High-enrichment metal NA 0.08 counts,-g 2 3 5
U

Absolute precision for 0.3 g235U 18 g 2 35U
large samples (1000 s)

Sensitivity limita for I g 235U 24 g 235U
small samples (1000 s)

aDefinod as net coincidence signal equal to 30 of background in 1000-s
counting times.

the mass being assayed, (see Section 16.7.2). in general, the AWCC is best suited for
high-mass, highly enriched uranium samples and should not be used for low- 235U-mass
samples except for well-defined samples in the thermal mode. The AWCC can also be
used for the passive assay of plutonium by removing the AmLi sources.

In comparison with the conventional fast Random Driver (Ref. 1), the AWCC is more
portable, lightweight, stable, and less subject to gamma.-ray backgrounds. This last
feature makes it applicable to 233U-Th fuel-cycle materials, which generally have very
high gamma-ray backgrounds from the decay of 232U. The Random Driver has the
advantage that the neutron interrogation spectrum has a higher average energy and thus
gives better penetration (Ref. 19). Also, the Random Driver has a 1000-times-shorter
coincidence gate length, making it possible to use higher interrogation source strengths
to improve sensitivities.

The AWCC has been evaluated for several measurement problems that are of interest
to inspectors. These include (I) high-enriched-uranium (93% 235U) metal buttons
weighing approximately I to 4 kg, which are input materials to fabrication facilities; (2)
cans of uranium-aluminum scrap generated during manufacture of fuel elements; (3)
cans of uranium-oxide powder,: (4) mixtures of uranium oxide and graphite; (5)
uranium-aluminum ingots and fuel pins; and (6) materials-testing-reactor (MTR) fuel
elements.

Typical calibration curves are shown in Figures 17.24 and 17.25 for cases (1), (3), and
(4). All the calibration curves show the effects of neutron absorption within the uranium,
and Figure 17.24 also shows the opposing effect of self-multiplication within the metal.

Recent field tests (Ref. 20) with MTR fuel elements have shown that it is possible to
obtain - 1% accuracy in assay times of 400 s. The advantage of the AWCC over the
traditional gamma-ray assay for MTR fuel elements is that the AWCC has no problems
with different plate geometries and lower PSU enrichments. For applications to MTR-
type fuel elements and plates, the AWCC is,reconfigured as shown in Figure 17.26 (Ref.
21). The two AmLi sources are positionedhin the interior of the polyethylene insert that
holds the MTR elements. Figure 17.27 shows the cýalibration cuive for typical MTR fuel
plates and elements.
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17.3.2 The Uranium Neutron Coincidence Coliar (UNCC)

For safeguards purposes, it is of high interest to measure full fuel assemblies because
they constitute the output product from the plant and the input to the reactors. Enriched
uranium is often transferred from one installation or country to another in the form of
fuel assemblies.

An active neutron interrogation technique (Ref. 22) has been developed for measure-
meat of the 235U content in fresh fuel assemblies. The method employs an AmLi
neutron source to induce fission reactions in the fuel assembly and coincidence counting
of the resulting fission reaction neutrons. Coincidence counting eliminates the undesired
neutron counts from the random AmLi interrogation source and room background.
When no interrogation source is present, the passive neutron coincidence rate gives a
measure of the 238U through the spontaneous fission reactions. When the interrogation

source ~ Usadd th'nreoueg i the coniec aesp•S esr f•U h
source is added, the increase in the coincidence rate gives a measure of 25U. The
Uranium Neutron Coincidence Collar (UNCC) system can be applied to the fissile
content determination in boiling-water-reactor uBWR), pressurized-water-reactor
(PWR), and othertype fuel. assemblies for accountability, criticality control, and
safeguards purposes:

Active neutron systems using thermal neutron interrogation, such as the UNCC, have
neutron self-shielding problems that limit the sensitivity in the interior of an assembly,
but the pres nt UNCC compensates for this limitation by fast-neutron multiplication,
which is higher in the central region. The multiplication effect is enhanced by the
coincidencecounting because of the increase in the effective number of time-correlated
neutrons emitted by the sample when multiplication occurs. In effect, the system works
like a reactivity gage for the fuel assembly, and the removal of fissilematerial from the
assembly lowers theneutron reactivity and thus the coincidence response.

The UNCC consists of three banks of 3He tubes and an AmLi source embedded in a
high-density polyethylene body with no cadmium liners. The 18 3He neutron detector
tubes are 2.54 cm in diameter and 33 fm long (active length). The polyethylene body
peiforms three basic functions in the system: (3) general mechanical support, (2)
interrogation source neutron moderation, and (3) slowing down of induced fission
neutrons prior to their detection in the 3He tubes. For inspection applications, it is
desirable to. make the system portable. The weight of the detector system is 30 kg.

The complete assay system shown in Figure 17.28 consists of the detector body, the
electronics unit, thelHP-97 calculator, and a support cart. For applications, the cart is
moved next to a fuel assembly. The back detector bank of the unit is hinged to aid in
positioning the system around the fuel assembly.

Tests and evaluations of the UNCC have been performed at both PWR (Ref. 23) and
BWR (Ref. 24) fuel. fabrication facilities. Active-mode interrogation to measure U
content and passive-mode coincidence counting to determine 238U content were both
carried out.-The UNCC measures the 235U or 238U content per unit length, which is
proportional to the enrichment for a given type of assembly. The sample region is -400
mm long, centered in the midplane of the detector body.

A series of measurements were performed (Ref. 23) using full-size (17- by 17-rod)
PWR assemblies with enrichments ranging from 1.8 to 3.4% 5U. The thermal-neutron
interrogation was saturated for all of the fuel assemblies; however, the measured
response continued to increase as a function of enrichment because the fast-neutron
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Fig. 17.28 Uranium Neutron
Coincidence Collar
(UNCC) with the
standardcoin.
cidence electronics
package in position
for the measure-
ment ofa mock
PWR fuel as-
sembly.

multiplication increased with increasi enrichment. Similar measurements were
performed for BWR fuel, and the calibration curve in Figure 17.29 corresponds to 8- by
8-rod BWR fuel assemblies.

In summary, the statistical precision for a 1000-s run varied from.0.6 to 0.9% (10),
depending on the type of assembly. For longer counting periods, the ultimate precision
was about 0.1% for repeat runs with a fixed geometry. The response curve was not
saturated and continued to increase as the enrichment increased through the normal
range of LWR fuel. Relative loading variations as small as 1.9% can be detected in a
measurement time of 1000 s. Longer measurements can further reduce the statistical
uncertainties. The UNCC has recently been put into routine use for inspection applica-
tions.

17.3.3 The Passive Neutron Coincidence Collar (PNCC).

The UNCC just described has been modified for verification of mixed-oxide fuel
contained ý in FBR subassemblies or LWR assemblies (Ref. 25). Mixed-oxide: fuel
assemblies have a strong internaltneutron source from the spontaneous fission of 24pu

and from (a,n) reactions, so it is not necessary to use an external AmLi neutron source to
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induce fissions. The Passive Neutron Coincidence Collar (PNCC) (Figure 17.30) is
similar o the UNCC except, that the side containing the AmLi neutron source has been
replaced bya fourth detectorbank and-removable ciidmium liners have been placed
betw en the detector and the fuel assembly. The MPNt has been designed with the same
basic dimensions ands:specficati6ns as the standad UNCC for interchangeability of
parts.

:nthe passive mnddi.the neutrons originating fromi spontaneous fission reactions are
measureusn normal neutron coincidence coun•tng to determine the 20 pu-effective.
Inthe ave mode p eutrons arerefl ack into the: asmbly to induce
fission cons in tississile componeni of the fuel.. To determine the fraction of the
neutrons resulting from the reflection process, the i!bedo of the boundary surrounding
the assembly is changed by inserting and removing a cadmium liner.

Both theicoincidence mte:(R)-and t:otals rate (T)a' measured with. and without the
cadmium absorber. The noimal passive-mdde calibrtion curve coroesponds toR vs
24°Pu-effective, and it is generally necessary to make corrections for the multiplication
from the fissile component. Various techniques hav"6ben used to make this correction,
and the present cadmium ratio deterrmination gives a measure of the fissile component
and multiplication.

The induced-fissionrate from the rflected neutr6rnsis proportional to the'quantity R
(without cadmium) -- R (with cadmium)'= AR. However, AR is also proporticnal to
the neutron: source. strength•, which is different fdr each subassembly. TO emovie the
source strength from 'the response fUnctiOni', one ýdivides by T to o0btain the' quantity
AR/T, which is related to the fissile content independent of the source strength.

Preliminary measurements with FBR subassemblies have been carried out at the
Windscale Works in the United Kingdom (Ref. 26):,;Both the passive.and acti've modes
were evaluated. Figure 17.31 :shows the results of the measurements; the lower curve
corresponds to the normal 24Pu-effective results with:the cadmium liners in place and
the. upper curve shows the increase in response .when the Iliners are• .remoyed. This
increase is caused by the. additional: fissions, fromf. the self-interrogation (of thermal
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Fig. 17.30 Schematic diagram of theH Passive Neutron Coin-
cidence Collar (PNCC)
asedlfor the passiveactive
assay of mixed-oadefuel1.1 =eassemblies.

neutrons. If there were no fissile material present, there would be no separation in the
curves. The results of the tests gave a standard deviation of 0.75% for the passive
measurement and 3 to 7% for the active measurement for a 1000-s counting time. The
unit will be used in :the future :for vefilybig the plutonium content of fresh fuel

17.3.4 R!ecepts Assay Monitor (RAM) for UT6 Cylinders

In order• to.:safeguard and .acount for.the highly enriched uranium produced by
enrichment plants', it is necessary.to measure the 2 •U content of UF 6 product storage
cylinders. For enrichments above 20O %-;'IsU, the UF6 is stored in Model SA cylinders
thatare nominally 27 mm in diameter and914rmm tall. Current methods of measuring
enrichmentof this material include counbtig the 186-keV gamma-my emissions from
235Unear the surface of the cylinder. A new neutron assay technique has been developed
(Ref. 27) that diecýt samples the enfire UF6 volume of Model 5A storage cylinders to
determine 2•U•cntent. This passive technique, based on self-interrogation and coin-
cidence counting, was .identified after evaluating avariety of possible applications of the
Neutron Coincidence Collar. The coincidenice counter that was develop to implement
thistechniqueis the RAM illustrated inFiue7.32.
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The RAM (Ref. 27) contains 20 3He. tubes of 61-cm active length. Cadmium sleeves
on the 3He tubes are used to obtain a flat efficiency profile over the UF6 fill height, which
is typically 30 to 40 cm. Fast AMPTEK electronics are built into the top of the counter,
and some shock absorbing materials are provided in this region to minimize possible
impacts from UF6 cylinders as they are lowered into the well. A unique feature of the
RAM, is the motor-driven cadmium liner,, which can be operated manually or by an
external microcomputer. A typical assay sequence consists of a 120-s measurement with
the liner down and a 360-s measurement with the liner up, yielding a counting precision
of about 0.5%.

In this new passive/active coincidence technique, passive neutrons from (an) reac-
tions in the UF6 are utilized to induce fission reactions (active) in the 235U. Because the
(u,n) neutrons are emitted randomly in time, the coincidence counting rate R gives a
direct measure.of the, induced fission rate. The (an) "interrogation source strength" is
measured by the totals counting rate T. The ratio R/T is proportional to M(M - 1),
where M is the net leakage multiplication, and is independenitof the (a,n) source
strength. The quantity M(M - 1) is, in turn, closely related to -3SU content.

The primary source of (a,n) neutrons in enriched. UF6 is the alpha decay of 23U
reacting with: fluorine" atoms (see Table 11-3 in Chap"ter I). In addition, 232U can
contribute a small fcon of the alpha partic s. Thre ialso.,a ource: of time-
correlated neutrons from the spontaneous fission of U. This rate is low(1.36 X 10-2
D/sg u)28 disn ble for the higher enrichments because of the decrease in 23U
and the inc in U. The ma gitude ofthe SU spontaneous fissioikicoiribution is
about •10%ofthe indu 231'U sia for an enrichment of 20% 235.it is l-esthani 1% for
enrichments greater than 50% ýU (see Tables 14-3and 14,4fCiapitr 14)."

Figure 17.33 shows.assay results for 38 Model SA UF6 cylinders me r by self-
interrogation (Ref. 27). The coincidence-to-totals rtio ij wa"s circt6edbY a factor

7- .:.

6

x5-

4-

U-235 (KG)

Fig. 17.33 Assay resultsfor 38 Model SA UF6 cylinders measured with
theRAM. The t 'e, correced RIT ratio is platted as a
function of 23 Ucontent.

\
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based on te increase in the totals rate that occurs when the cadmium liner is removed.
This correctionfactor helps compensate for variations in UF6 density and self.multipli-
cation from onecylinder to the next. The observed scatter about the fitted curve is about
10% (icy) without the correction and 2.8% with the correction. This scatter is expected: to
decrease as the correction based on the movable cadmium liner becomes better
understood. Data for many partially-filled cylinders is not shown in Figure 17.33, but the
corrected R/T ratio is expected to provide a nearly linear calibration curve, and should
.be able to verify the 235U content over a wide rangeof fill heights.
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Irradiated Fuel Measurements
J. R. Phillips

18.1 INTRODUCTION

There are over: 100 nuclear, power plants operating in the US with a total installed
generating capacity of more than 85 GW (gigawatts, I GW = 109 W). Ref. 1). These
reactors discharge 5.000 to 10 000 irradiated fuel assemblies each year. Some of the
assemblies are cooled for a year or:two and then reinserted into the reactor to optimize
the burnup of the residual fissile material; others, having reached their maximum design
burnup, are placed in the storage pond at the reactor site until they are sent to a long-
term storage facility or to a waste disposal site. These thousands of fuel assemblies are
safeguarded by counting the individual assemblies and accepting the operator-declared
values for the depletion of the initial fissile material (235U or 239pu) and for the buildup
of the fissile plutonium isotopes ( 239 Pu and 241 Pu). To augment this modest method of
accountability, a variety of nondestructive measurement techniques have been de-
veloped for verifying the operator-declared values.

Before irradiation, power reactor fuels can be characterized using the gamma-ray and
neutron measurement techniques discussed in Chapters 7, 8, 15, and 17. However, after
a significant: exposure of the fuel in the reactor, the uranium and plutonium signatures
are completely masked by radiation from fission products, activated structural compo-
nents, and transuranic elements that build up as a result of the fission process. Thus
neither gamma-ray nor neutron measurements of irradiated fuel yield signatures for
235U, 239pu, or. 24 1pu. Instead, indirect signatures must be used to estimate these
quantities. These indirect ,signatures are based on radiation from fission products or
transuranic elements and are. used to determine the burnup and cooling time of the
irradiated fuel. From the burnup, the buildup of 239 Pu and 24 1pu in the fuel can then be
estimated by calculational techniques.•.

It is also possible to use active neutron interrogation techniques to determine the
amount of fissile material present in irradiated fuel assemblies. These measurement
techniques require the use, of a highly active neutron source (for example, 252Cf) or an
accelerator and generally'require fixed, in-plant equipment.

This chapter' describes. the physical characteristics of reactor fuel (Section 18.2),
indirect signaturps for burnup (Section 18.3), and gamma-ray and neutron measure-
ments of irradiated fuel (Sections 18.4 and 18.5). Section 18.6 summarizes passive and
active methyds for estimating the plutonium content of irradiated fuel.

529
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18.2 CHARACTERISTICS OF REACTOR FUEL

18.2.1 Physical Description

With the exception of one high-temperature gas-cooled reactor (Fort St. Vrain), all
power reactors presently operating in the US are either pressurized water reactors
(PWRs) or boiling water reactors (BWRs). Research is under way on fast breeder
reactors (FBRs). The fuel and core parameters of PWRs, BWRs, and FBRs are
compared in Table 18-1 (Refs. 2 and 3). Figure 18.1 illustrates the differences in fuel pin
and assembly sizes,

Reactor fuel initially consists of fissionable material. (235U or 239pu) plus fertile
material (238U). These materials are usually present in ceramic oxide or carbide forms
because of their improved corrosion. characteristics, relative ease. of fabrication, and
better radiation-damage characteristics. In PWRs'or BWRs the fuel is in the form of
U0 2 ceramic pellets that are about 1 cm in diameter and 2 cm in length. The pellets are
stacked in a stainless steel or Zircaloy tubing to an active length of 3.7 rni. Ziicaloy is a
zirconium alloy used in mostPWR and BWR. fuels because of its. low neutron
absorption cross section. The fuel is contained in a cladding material to protect it from
chemical reaction with air, water, or o'ther material used as coolant.

Table.I 8-1. Fuel and core parameters for reactors

PWR BWR FBR

Fuel Parameters.

Cladding material Zircaloy-4 Zircaloy-2 SS316
Cladding diameter 0.95 cm 1.23 cm 0.74 cm
Cladding thickness 0.06 cm 0.08 cm 0.03 cm
Fuel material :U0 2  U0 2  (U,Pu)0 2235U initial enrichment 2.1t/2.6/3.1% 2.8% average 25% Pu
Pellet diameter 0.82 cm 1.04 cm 0.67 cm
Pellet height 1.5 cm .1.04 cm 0.7 cm
Assembly array. 15 15or 8-X 8 hexagonal

'17 X 17 (17/side)
Fuel pins/assembly 201 or 264 63 217

Core Parameters

Number of fuel assemblies .193 740 394
Total amount of fuel 98:00Okg 150 000kg 25000 kg
Core diameter 340cm 366 cm 222 cm
Core active length 366 cm 376 cm 9.1 cm.
Plant efficiency 33%6 34% 39%
Design fuel burnup 33GWd/tU 28 GWd/tU 100 GWd/tU
Refueling cycle 1/3 fuel/yr " 1/4 fuel/yr 1/3 fuel/yr
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Fig. 18.1 Cross-sectional views ofPWR (top), BWR (bottom left), and FBR (bottom
right)Ofuel assemblies.

When irradiated fuel rods are chopped and leached during reprocessing, baskets of
leached hulls are generated. The remaining fissile material in the leached hulls con-
stitutes a kind of irradiated fuel. Measurement of this material is important for good
process accountability (Ref 4).

18.2.2 Definition of Burnup and Exposure

Two common terms for fuel irradiation, burnup and exposure, are often used
interchangeably. Burnup (in atom percent) is defined as the number of fissions per 100
heavy nuclei (uranium or plutonium) initially present in the fuel. Exposure is defined as
the integrated energy released by fission of the heavy nuclides initially present in the
fuel. Exposure has dimensions of megawatt or gigawatt days (thermal output of the
reactor) per metric ton (1000 kg) of initial uranium: MWd/tU or'GWd/tU. For
nondestructive measurements of irradiated fuel, the latter definition is more useful
because the actual content of heavy nuclides is not directly determined.
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The two definitions are approximately related by the following equation:

I at % burnup 9.6 GWd/tU (18-1)

The relationship between burnup and exposure changes as a function of burnup because
of the changing ratio of uranium to plutonium fissions. The amount of energy released
by the fission of plutonium (212 MeV) is about .5% more than the amount released by
2 U5tJ (202 MeV).

Table 18-I includes average design values for reactor fuel burnup. Actual values can
range up to 55 to.60 GWd/tU for PWRs, 45 to 50 GWd/tU for BWRs, and 150 GWd/tU
for FBRs.

18.2.3 Fission Product Yields

In fission reactions the primary sources of energy are the fissioning of 235U, 239Pu, and24 1Pu, with some contribution from the fast fissioning of 238U. Table 18-2 (Ref. 5) lists
the relative number of fissions for each of these four isotopes as a function of fuel
exposure for one typical case. The table shows that the plutonium isotopes begin to
contribute a significant part of the total after only a few GWd/tU exposure, and above 20
GWd/tU:exposure they become the dominant source of fissions.

Each fission results in the formation of two medium-mass fission products." Figure
. U18.2 (Refs. 6 and 7) shows the Taass yield curves for the thermal neutron fission of 235U

and 239 Pu. The primary difference between the two curves is the slight shift to• higher
atomic mass number of the 239pu curve with respect to the 235U curve' The shifi can be
seen in the relative fission yields of 106Ru from 1

35U and.2 . Pu. Fissions in 2,39Pu yield I 1
times as much 106Ru as fissions in 23

5U. Thus a measurement of the gammrra-ray output

Table 18-2. Percentage of total fissions as a function
of fuel exposure for PWR fuel with an initial enrich-
ment of 2.56% 231U

Fuel Exposure
(GWd/tU) 235U 238 U 239Pu 241pu

0 100.0 0.0 0.0 0.0
1.2 88.1 6.7. 5.1 0.01
4.7 76.3 6.9 16.4 0.35
9.9 60.6 7.4 29.6 2.4

15.1 49.5 7.8. 37.5 5.3
20.0 41.1 8.1 42.8 8.0.
25.6 32.9 8.5 47.3 11.3
29.6 27.6 8.8 40.9 13.7
34.7 23.8 9.9 58.2 18.1
40.0 16.7 , 9.3 55.3 18.7
46.8 11.7 9.6 .57.5 21.2
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Fig. 182 Mass distribution offission products for the thermal fission of 23 5U
and 23 9 Pu (Re.fs. 6 and 7).

of 106Ru can determine the relative proportion of 2 39 pu fissions to total fissions. On the
other hand, an isotope like 137Cs has nearly identical fission yields from both2 35 U and 2 39 Pu. The ! 37 Cs gamma-ray output can be used to determine the total number

of fissions.
Most of the fission products are initially rich in neutrons and undergo beta decay to

approach stability. In addition to emitting beta particles, the fission piroducts also emit
gamma rays, which result in measurable signatures. Figure 18.3 shows the gamma-ray
spectrum ofa PWR fuel assembly having an integral exposure of 32 GWd/tU and a
cooling time of 9 mronths (time since dischargefrom the reactor). As can be seen from
this spectrum, there are only about 10 isotopes that can be measured. Table 18-3 (Ref. 8)
lists the most dominantjisotopes, along with their gamma rays and half-lives. The fission
yields are the number ofnuclei of each: isotope (in percent) produced on the average per
thermal neutrin fission in 235U or.2 3 9 Pu. In addition to the fission product gamma rays,
gamma rays from the activation of fuel cladding and structural materials such as 54Mn,
58 Co, and 6°Co are also present; they are included' in Table 18-3.

Uranium present in a neutron flux can also capture neutrons and build up transuranic
nuclides as illustrated in Figure 18.4 (Ref. 5). Many of these nuclides produce neutrons
through spontaneous fission or (ci,n) reactions; the spontaneous fission and (a,n)
neutron production rates for the primary neutron sources- 2 38 pu, 2 40pu, 2 42 pu, 24 1Am,
24 2Cm, and 244Cm-are included in Tables Il-I and 11-3 in Chapter 11.
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The gamma rays from fission products and the neutrons from transuranic nuclides
completely mask the gamma rays and neutrons from the uranium and plutonium
isotopes in the fuel. This effect is shown in Table 184, which lists the relative atom
densities and gamma-ray output per gram of initial uranium for 137Cs, the 186-keV
signature of 235U, and the 414-keV signature of 239pu. These results are based on the
actual irradiation history of a PWR fuel assembly. The fuel had an initial 235U
enrichment of 2.6% and was irradiated for four reactor cycles to a maximum exposure of
46.8 GWd/tU. The fission-product and transuranic-nuclide densities were calculated
using a reactor fuel depletion code (Refs. 6 and 7). Even though the atom densities
for '7Cs, 235U, and 2 39 Pu are comparable at the 46.8 GWd/tU exposure level, the
number of 137Cs gamma rays being emitted is 4.5 X 107 and 2.7 X 107 times the
number of principal 23SU and 239pu gamma rays, respectively. The 137Cs isotope isjust I
of about 10 dominant gamma-emittinig fission products.

Similar results are obtained whenone examines the neutron output of irradiated fuel
materials. Table 18-5 (Ref. 4) lists the neutron output of uranium oxide fuel after an
exposure of 33.0 GWd/tU and a cooling time of I yr. The passive neutron yield of the
plutonium is dominated by 2 orders of magnitude by the neutron yield of the curium
isotopes.

104F

C-. C.

103-- V _

<2 10C

1o ,

GAMMA-RAY ENERGY (keV)

Fig. 18.3 Gamma-rayspectrum of a PWR fuel assembly with an
exposure of32 GWd/tUand a cooling time of 9 months.
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Table 18-3. Isotopes measurable by gamma rays in a typical irradiated fuel
assembly (Ref. 8)

Fission Fission Yield Fission Yield Gamma-Ray Branching
Product Half- in 2 3 5 U in 23 9pu Energy Ratio
Isotopes Life (%) (%) (keV) (%)
95Zr 64.0 days 6.50 4.89 724.2 43.1

756.7 54.6
95Nb 35.0 days 6.50 4.89 765.8 99.8

103Ru 39.4 days 3.04 6.95 497.1 86.4
610.3 5.4

10l6Ru-Rh 366.4 days 0.40 4.28 622.2 9.8
1050.5 1.6

134Cs 2.06yr 1.27 X 10-S 9.89 X 10 -4a 604.7 97.6
795.8 85.4

801.8 8.7
1167.9 1.8
1365.1 3.0

137Cs 30.17 yr 6.22 6.69 661.6 85.1
14 4Ce-Pr 284.5 days 5.48 3.74 696.5 1.3

1489.2 0.3
2185.6 0.7

15 4Eu 8.5 yr 2.69 X 1 0 -6a 9.22 X 10 -5a 996.3 10.3
1004.8 17.4
1274.4 35.5

Activation Products

:.54Mn 312.2 days 834.8 100.058€o 70.3 days 811.1 99.0
-60Co 5.27 yr 1173.2 100.0

1332.5 100.0

aEuropium-1 54and 13 4Cs values are given only for direct production of the isotope from
fission. Actually, each of these isotopes is produced primarily through neutron absorp-.
tion. For PWR fuel material irradiated to 25 GWd/tU, the "accumulated fission yields"
of 15 4Eu and !34Cs were calculated as 0.15% and 0.46%, respectively.
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Fig.18.4 Principal neutron capture reactions (horizontal arro ws) and beta decay
reactions (vertical arrows) leading to the formation of iransuranic nuclides
in irradiated fue. Both stable and metastable states exist for -74Np,
242Am, and 244IAm.

Table 18-4. Comparison of atom density and gamma-ray activity of ' Cs With 215U and '"Pu

Fuel 137cs 235u 239 Pu
Exposure Atom 661.6 keV Atom 185.72 keV Atom 413.69 keV
(GWd/tU) Densitya (ammas/g U) Density9 (gammas/S U) Density! (gammas/g U)

0 0.0 0.0 6.28 E+19 1.06 E+03 0.0 0.0
1.2 1.94 E+I17 1.20 E+08 5.94 E+19 1.00 E-l-03 .1.66 E+18 2.28 E+01
4.7 7.63 E+17 4.73 E+08 5.05 E+19 8.51 E+02 5.39 E+ 8 7.41 E+01
9.9 1.60 E+18 9.94 E+08 3.98 E+19 6.70 E4-02 :8.74 E+18 1.20 E+02

15.1 2.43 E+18 1.51 E+09 3.12 E419 5.25 E+02 1.05 E+19. 1.44 E-t+02
20.0 3.17E+18 1.97 E+09 2.47 E+19 4.16 E+02 .1.14 E+19 157 E+02
25.6 4.05 E+18 251 E+09 1.87 E+19 1314 E+02 J.49 E+19 1.64 E+02
29.6 4.64 E+18 2.87 E+09 1.52 E+1:9 2.56 E+02 1.20 E+19 1.65 E+02
34.7 5.40 E+18 3.35 E+09 I. 15 E+19 1.94 E+02 1.20 E+19 1.65 E+02
40.0 6.15 E+18 3.81 E+-09 8.59 E+18 1.45 E+02 1.20 E+19 1.65 E+02
46.8 7.14 E+I8 4.43 E4-09 5.80 E+18 9.78 E+01 1.18 E+19 1.62 E+02

aNumber of atoms per gram of initial heavy metal.
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Table 18-5. Typical neutron production from oxide
fuel

Nuclide g/tU n(SF)/s-tU n(a,n)/s-tU
2381 . 1.35 .X 102 3.67 X 10' 2.48 X 106
2'4 Pu. 2.32 X 102: 2.02. X 106 4.66 X 1O0
2' 2Pu 4.61 X 102 8.16 X i0W
24 1

Am 8.83 X 10' 3.21 X 101.
242Cm 2.43 5.44 X 107 1.15 X 1072
4,Cm, 18.3 2.07,.X 108 1.88.X 106

2.651 X. 10' :1.66.;X 107

18.3 INDIRECT SIGNATURES FOR FUEL BURNUP

As described in Section 18.2.3, passive neutron or gamma-ray assay of irradiated fuel
cannot directly measure fissile element content or fuel burnup because of the high
ambient radiation levels. This section. describes a variety of indirect techniques for
qualitative or quantitative determination of fuel burnup, most of which exploit these
high ambient radiation levels.

18.3.1 Physical Attributes.

Before determining burnup, an inspector can identify the irradiated fuel assemblies
and verify their mass. The fuel assembliesare discrete units stamped with identification
numbers. If the water in the storage pond is clear, the identification numbers can be read
using a set of binoculars and a floating Plexiglas window. to eliminate water ripples. If the
water is not clear enough to permit this easy verification, an underwater periscope or TV
camera. (available at most reactor storage ponds).can be used. Information about the
physical integrity of the fuel assembly: can be.obtained by using a load cell to verify the
mass. Most storage ponds have a crane mechanism for moving' the. stored fuel as-
semblies, and a load cell can be mounted on the crane.,

Visual inspection of a fuel assembly can'usually indicate whether the assembly has
been in .the core. A fresh fuel assembly has a shiny surface, whereas the surface of an
irradiated fuel assembly: has undergone slight oxidation resulting in a dull reddish layer.
Also,. visible encrustation may build. up on the irradiated fuel assembly, and the
assembly may be slightly bent or twisted.

18.3.2 Cerenkov Radiation,

The gamma rays from fission and activation products produce electrons that result in
the emission of Cerenkov light. Thus, measurement of Cerenkov light can be used to
indicate the presence of gamma-emitting material. This indirect signature has been used
to verify spent-fuel assemblies stored underwater (Refs. 9 and 10).
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Electromagnetic Cerenkov radiation is emitted whenever a charged particle passes
through a medium, with a velocity exceeding the phase velocity of light in that medium.
In water, the phase velocity of light is about 75% of the value.in vacuum. Thus, for
example, any electron passing through water and having at least 0.26 MeV of kinetic
energy will emit Cerenkov radiation. Irradiated fuel assemblies are a prolific source of
beta particles, gamma rays, and neutrons. All three types of emissions can produce
Cerenkov light, directly or indirectly.

The most significant production ofCerenkov light is from high-energy fission product
gamma rays that interact with the fuel cladding or storage water. This interaction
produces electrons and positrons by: Compton scattering and other effects. Calculations
of the number of Cerenkov photons generated from these beta particles indicate that
Cerenkov light production in the visible wavelength range of 4000 to 6000 A is negligible
for gamma rays with energies below 0.5 MeV, butrises steeply with higher energy. A 2-
MeV gamma ray produces 500 times more Cerenkov light than a 0.6-MeV gamma ray.

The absolute Cerenkov light level and itsdecay with time. are related, to burnup.
Hiding a diversion either by substitution of duminmy fuel assemblies0r by incorrctly
stating burnup would be difficult as long as the Cerenkov light intensity can be measuredaccurately.:: .:,:• ,. " : :

18.3.3 Single Fission Product Gamma-Ray Activity

The buildup of specific fission products can be used as a quantitative measure of
burnup. The absolute gamma-ray activity of a particular fission product can serve as a
burnup monitor if the following conditions are met (Ref. 11):

(1) The fission product should have equal fission yields for the major uranium and
plutonium fissioning uiiclides. If the yields are- substantially different, the effective
fission yield will depend somewhat on the reactor's operating history.

(2) Theh eutro .capture cross section of the fission product must be low enough so
-that the observed fission product concentnation is due.only to heavy element fission and
not to secondary netr-onl capture reactions.

(3) The fission po6duct half-life'should be long compared to the fuel irradiation time,
so that the quantity of fission product :presenitis ;approximately proportional to the
number of fissions. -

(4) The fission product gamma raysmust be ielatively high energy (500 keV or more)
to escape from, the :uel. pin. Fori a -cmrldiam' oxide fuel pin', 39% of the 662-keV 137Cs
activity is absorbed wikthin the. pin. Thisistrong self-absorp•ion implies that, in practice,
passive gamma-,ray .me asurements of fUelFassemblies. are'limited to the outer rows. A
furthercomp'liclation. is' that a n1nuniform neutron6 flux during irradiation can lead to
nonuniformi burnup within the assembly. This is particularly true for BWR fuel
assemblies because two sides of each assembly are adjacent to controllblades.

If the above conditions are satisfied, the measured gamma-ray activity l(counts/s)
from the fission product is proportional to the number N of fission product nuclei
formed during irradiation:

I : ak N .e1
(l8 

•

I = rkS N k•e'X)• (18-.2)
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where E = absolute detector efficiency
k = branching ratio
S = attenuation correction
X = fission product decay rate
T !- cooling time.

After solving Equation 18-2 for N, the fuel burnup can be calculated from the equation

at % burnup - 100 X (N/Y)/U (18-3)

where Y = effective fission product yield
U = number of initial uranium atoms.

Cesium-1 37 is the most widely accepted indicator of fuel burnup because its neutron
absorption cross sections are negligible, its yields from both 23u. and 239pu are
approximately the same, and its 30-yr half-life makes. a correction for reactor power
history unnecessary (Ref. 11). Figure 18.5. shows the calculated buildup. of 137Cs for the
46.8 GWd/tU exposure PWR fuel assembly described in. Section 18.2.3. The 137Cs
buildup is approximately linear over the entire range of burnup. A comparison of
measured 137Cs activity with burnup is given in Section 18.4.3. Past experience with the
137Cs burnup monitor shows that the absolute 137Cs activity can determine burnup to an
accuracy of I to 4% for individual fuel rods.

0.20 I I I I
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Fig. 18.5 Calculated dependence ofthe 1.37Cs fission product concentra-
tion, expressed as a percentage ofthe,initial uranium concen-
tration, on exposure for the 46.8 G Wd/tU exposure PWR fuel
assembly described in.Section :18.2.3.
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For gamma-ray measurements of leached hulls, the 2186-keV line of 144Ce-Pr is
preferred to the 662-keV line of 137Cs because of its greater penetrability and because
144Ce-Pr is less susceptible to leaching during fuel dissolution.

18.3.4 Total Gamma-Ray Activity

The total gamma-ray activity of irradiated fuel is the sum of the activities from each
fission product and transuranic element, with each activity given by an equation like
Equation 18-2. Most of the gamma-ray activity comes from .a few important fission
products. The contribution of each of these fission products to the total activity varies
with cooling time, as illustrated in the example given in Figure 18.6. For cooling timnes
greater than I yr, the total gamma-ray activity~is roughly proportional to burnup. For
shorter cooling times, this relationship does not hold because the total gamma-ray
activity is dominated by the buildup and decay ofshort-lived fission products like 95Nb
and 95Zr. The concentrations of these isotopes depend, in part, on the reactor operating
history and the proximity of reactor control materials. After longer cooling times, the
short-lived isotopes have decayed and the detector: response is dominated by long-lived
isotopeslthat are less dependent on operating history and other factors.

A rapid way to'determine ihe consistency of operator-declared values for burnup and
cooling time has been developed using totalgamima-fay activity (Refs. 12 and 13). The
total activity is divided by 'the declared bumup i aind is plotted as a function 'of the
declared cooling times. The result is a relatio-nship ofthe for'maTb, where a and b are
scaling parameters and T is the cooling time. An example of this relationship for PWR
fuel assemblies is given in Figure 18.7. The shape of the curve is due primarily to the
half-lives of 134Cs and 137Cs.

>- o 14 l Pr - ..

2: 80 - "Eu

N_. 137"
I-- 40 247~.j6
a0 0 Zr

COOLING TIME (yr)

Fig. 1&.6 A4n example of the variation in fission product
gamma-ray activity as a function of cooling time,

•with each major gamma ray~given asa percentage qf
the total activity. Note that. 4 Pr and 134Cs each
have two major gamma rays shown. The curves are

... based on measurements of a PWR fuel assembly
with an exposure of]l2. !8 G Wd/tU and a cooling
time o[2.-yr. The extrapolation to longer and shorter
cooling times wvas~done by calculation.



Irradiated Fuel Measurements 541

11l[

1000

70

IO-

>.50 ,

ccn- 4o ''

10

010 20 30 .40 50

C60LING TIME (months)•

•Fig. 18.7 Measuredtlotalgamma-raqvactivity dividedby burnup as afunction q[
cooling time for PWR Rfuel assemblies. The fitted curve illustrates how
the total gamma-raky activitYv can be used to verify the consistency of.
operator-declared values for burnUp and cooling time. ...
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18.35.5 Fission Product Activity Ratios

The burnup of irradiated fuel can also be determined from the ratios of tome fission
product isotopes. The isotopic ratios can be determined from gamma-ray activity ratios
Using equations like Equation. 18-2. The two most commonly used isotopic ratios •are134CIS/17Csand 154Eu/- .37Cs.

Cesium- 134 isproduced by neutron capture on the fission product 1a3Cs; therefore, iis
production requires two neutron interactions. The first is the neutron that causes fission
ofhthe uranium or plutonium, and the second is the 133Cs (n,) reaction. Because these
interactio ofns ar riate fue o be detconcentration of rCs within the fuel is
approuisotes. Tooportional to the square of the integrated flux. By dividing the
conc entration of.l134Cs bk the concentrati-T of 13mCs, which is directly proportional to

the: integrated flux, the ratio becomes approximately proportional to the burnup: (totalflsux). Thisis a simplified explanation in that there Eire other factors such as the spectral
dependence of the (n,r ) cross section th oat must be considered in a more hrigorous
derivation However, itw practice, ther134Cs/13tCs isotopic ratio has workedauses for
determining the burnup of both light-water-reator and fa st-breeder -reacwtor fuel
materials (Refs. 14 and 15). The 1sq Eu/13rCs isotopic ratio also has a fairly linear
dependence on exposure (Refs. 8 and 16).
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Fig. 18.8 Calculated dependence ofthe 134Cs/ 13 7Cs isotopic ratio on ex-
posure for the P WR.fuel asseminb described in. Section 18.2.3.
Discontinuities in the curve are due to discontinuities in the
reactor operating history.

Figure 18.8 shows the calculated 134Cs/ I37Cs isotopic ratio as a function of exposure
for the 46.8 GWd/tU PWR fuel assembly described in Section 18.2.3. The discon-
tinuities in the curve of Figure 18.8 are due to discontinuities in the reactor operating
history, which emphasizes the fact that the use of isotopic ratios requires correcting for
the decay of the isotopes. This correction is important for the 13 4CS/137 CS ratio because
of the 2.06-yr. half-life of 134Cs. For the 154Eu/1 37Cs isotopic ratio the 8.5-yr half-life of
II54Eu and the 30.2-yr half-life of '37Cs makenthe correction less important. In general,
calibration curves are computed to the time of discharge to eliminate the effects of the
different decay rates of the fission products. Several techniques have been suggested to
obtain cooling time corrections by examining certain isotopic ratios (Refs. 13 and, 16
through 18). .

For field measurements, fission product activity ratios are easier to determine than
absolute activities because only relative detector efficiencies must be known. However,
it is still necessary to correct for changes in detection efficiency with gamma-ray energy.he I 3Cs4 '37Cs, and 154 Eu gamma rays have different energies and therefore different
detection efficiencies. A relative efficiency calibration can be performed!. using multiple
..mma rays from 134Cs and ! 54Eu- the procedure is identicalto that described in Section

8.4 .1 of Chapter 8 for determining the relative efficiency curve for plutonium isotopic
composition measurements., This ýallows one to obtain the relative detection efficiency
of the corresponding gamma rays using only the original gamma-rayspectra..
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18.3.6 Total Neutron Output'

The total neutron output of irradiated fuel can also serve as.an indicator of burnup,
and has both advantages and disadvantages relative to the gamma-ray output. The
neutron signal comes only from the fuel, not from the cladding materials. Attenuation of
the neutron signal within the fuel assembly is less than attenuation of the gamma-ray
signal; in fact, induced fissions within the assembly result in nearly equal response from
both interior and exterior fuel pins. The neutron measurements can be made soon after
the fuel is discharged from the reactor, while the gamma-ray signal is still dominated by
the decay of short-lived isotopes that reflect recent reactor power levels. A disadvantage
of the neutron signal is that the quantity of primary neutron emitting isotopes is only
indirectly correlated to exposure. Also, in principle, neutron detectors are sensitive to
gamma rays, although the fission chambers used for measurements toda,' are almost
completely insensitive to gamma rays.

The five principal neutron sources in a PWR fuel assembly with a typical exposure of
31.5 GWd/tU are plotted in. Figure. 18.9 as. a function of cooling time. For other fuel
assemblies or different burnup levels, 241Am or 2 46

Cm may also be significant neutron
sources. However, 244Cm and 24 2

Cm are usuilly the two dominant neutron-emitting
isotopes. Because of the short half-lives of these two isotopes (18.1 and 0.45 yr,
respectively), the cooling time of the fuel must be known to interpret correctly the total
neutron output. Operator-declared values for the cooling time can be verified by
measuring the total gamma-ray activity, as described in Section 18.3.4.
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Fig. 18.9 Tiefive principal neutron sources in a PWR fuel
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Fig. 18.10 Calculated dependence qftotal neutron output on exposure
for the PWR.fuelasseinbty described in Section 18.2.3.

Figure 18.10 shows the calculated relationship between the total neutron output and
exposure for the PWR fuel assembly described in Section 18.2.3. Above 10 GWd/tU
exposure, the relationship can be approximated by the following empirical power
function:

neutron rate = a (exposure)D (18-4)

Equation 18-4 has been demonstrated for -a wide variety of light-water-reactor fuels
(Refs. 19 through 22), and makes it possible to determine burnup from the observed
total neutron output. The value of 5 is usually between 3.0 and 4.0.

The rate of buildupof the principal neutron-emitting transuranicisotopes is relatively
insensitive to the initial fuel density .and power levels; however, the initial 235U

enrichment and the fuel irradiation history can significantly influence the rate of
buildup. Figure 18.11 shows the effect that initial 235U enrichment has on the neutron
emission rate. [The effects of attenuation and multiplication have not been incorporated,
into these values.] For identical exposures the lower-enriched fuel has a higher neutron
emission rate. Lower-enriched fuel hasless fissile material per unit volume and therefore
requires a higher neutron fluence to achieve the same burnup as a higher-enriched fuel.
The higher neutron fluence results in more 242Cm and 244Cm buildup and a correspond-
ingly higher neutron emission rate.

Noncontinuous irradiation: histories can also have a significant effect upon the
neutron emission rate as is evidenced by the curves presented in Figure 18.12. The effect
of noncontinuous irradiation history is short-term, due primarily to the increased
buildup of 242Cm following 4any period of cooling time. During any nonirradiation
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Fig. 18.)) Calculated dependence oftotal neutron output on initial
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Section 18.2.3.
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Fig. 18.12 Calculated dependence oftotal neutron output on reactor
\. operating historyfor the P WR fuel assembly described in

Section 18.2.3. A continuous 5-yr irradiation history
(closed circles) is compared with a discontinuous history
of alt ernating yea rs of operation 'and cooling (open cir-
cles).
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period, 24 1
pu (t11 2 = 14.35 yr) decays to form 241Am (t11 2 = 433.6 yr). When this

material is reinserted into a high-neutron flux, large amounts of 242Cm form through
neutron capture in 24 1Am. If the fuel were measured after a longer cooling time (- 2 yr),
most ofthe 2 42

Cm would have decayed, and the measured neutron emission rates would
be more consistent with" the rates obtained from fuel material that had undergone
continuous irradiation.

18.4 GAMMA-RAY MEASUREMENT OF IRRADIATED FUEL

18.4.1 Total Gamma-Ray Activity Measurements

The total gamma-ray activity of submerged fuel assemblies can be measured with ion
chambers, scintillators, or thermoluminescent dosimeters (TLDs). Ion chambers and
scintillators provide a direct readout with only I to 2 min required for positioning the
detectors and collecting the data. Thermoluminescent dosimeters must be removed
from the water and read out with special instrumentation. Figure 18.13 illustrates a
geometry used for gamma-ray measurements of irradiated fuel assemblies and shows an
ion chamber placed adjacent to the top of a fuel assembly.

When the total gamma-ray activity is measured at the top of the fuel assembly, the
response is due primarily to i6OCoi t Co, and 5Mn:activation products in the structural
material. When the fuel assembly is raised above the storage rack, but still submerged,
total gamma-ray-activity measurements can be made alongside the assembly. Then the
response is due primarily to fission products in the fuel rods. Under these conditions, the
consistency ofoperator-declared values for cooling time and burnup has been verified to
an accuracy of about 10%. Fuel assemblies with unusual irradiation histories have been
identified easily. An ion chamber designed to be placed against the side of a fuel
assembly has been incorporated into the fork detector described in Section 18.5.
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Fig. 18.13 Gamma-ray measure-
- ments of irradiatedffuel

COLLIMATOR in a storage pond. The
TUBE

ION figureshowsa high-
CHAMBE resolution germanium

odetector with its colli-
mator tube and an ion
chamber installed at

V*the top ofa storage
0 rack. The fuel as-

00 sembly is raised ver-
ticallyfor measure-

A ment.



Irradiated Fuel Measurements 547

18.4.2 High-Energy Gamma-Ray Activity Measurements

A more specific gamma-ray measurement can be made with a Be(y,n) detector. Such a
detetor consists of a 235U fission chamber surrounded by polyethylene, which is in turn
surrounded by beryllium. Neutrons produced by a photoneutron reaction in the
beryllium are thermalized in the polyethylene and detected by the fission chamber.
Because the threshold for photoneutron production in. beryllium is 1665 keV, the only
significant fission product signature observed by this detector is the 2186-keV gamma
ray from 144Ce-Pr.

If the Be(-,n) detector is placed.alongside irradiated-fuel materials, it will measure
relative 1 4Ce-Pr fission product activity and will be insensitive to lower-energy activa-
tion products. Like other gamma-ray detectors, this:detect6r is not useful at the. top of an
irradiated fuel assembly because the gamma rays are shielded by structural materials.
Neutrons emiftted by the fuel -or produced' by (n,2n) reactions in' the beryllium can
interfere w ith the photoneutron measuremenit if their numbers are significant.

18.4.3 High-Resolution Gamma-Ray Spectroscopy

More 'detailed information. on fuel :bumup can.: be .obtained by high-resolution
gamma-ray spectroscopy. The concentration.: of individual fission products can :be
determined by measuring single, fission: product gamma-.ray activities; these isotopic
concentrations can .be related to fuelib•urnup,(see Section I18.3.3). Also, some gamma-ray
activity ratios can be used to calculate fissiWn.product isotopic ratios that can be related
to burnup (see Section 1.83.5).:

The objective of high-resolution measurements is to obtain gamma-ray spectra that
accurately represent the fission-. and activation-product::*inventory of the entire fuel
assembly. The instrumentation required to perform .these measurements is more
complex than that required for total gamma-ray activity measurements or Cerenkov
glow measurements. A germanium detector with a standard high-resolution amplifier
and a multichannel analyzer is required to collect and analyze the spectra. Some type of
magnetic storage medium is highly desirable for recording the data. The germanium
detector views the submerged fuel assembly through a long .air-filled collimator (with a
minimum length of 3 m for radiation shielding), as illustrated in Figure 18.13. Individ-
ual fuel assemblies must be moved to the scanning system by the facility operator for
measurement.

The air-filled collimator defines the volume segment of the fuel assembly from which
the gamma-ray spectrum is collected. Because of its length, the collimator reduces the
dose rate at the detector to an acceptable level. The maximum dose rate obtained with a
5-cm-diam, 6-m-long collimator from 40-GWd/tU exposure fuel with a 2-yr cooling
time is only about 10 mR/h. Usually the background radiation level is in approximately
the same range. The germanium detector: must be shielded from the background
radiation; otherwise, the detector Will not be sensitive to the gamma rays from the fuel
assembly. Also, thin pieces of lead, copper, and cadmium may be placed in front of the
detector to reduce the source intensity from the fuel assembly.
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The self-attenuation of the fuel material can significantly influence the measured
signals. For example, as discussed in Section 18.3.5, the isotopic ratio 154Eu/1

3 7
CS can be

used to determine the burnup of fuel assemblies. Nearly 92% of the measured 137Cs
signature (661.6 keV) originates in the three outer rows of fuel pins in a PWR fuel
assembly (Ref. 23). However, because only 78% of the 154Eu signature (1275 .keV)
originates in these three outer rows, the ratio 154Eu/' 37Cs does not sample exactly the
same volume segment of the fuel assembly.

The data analysis for high-resolution measurements is not difficult when only relative
values are needed. The net areas for 137Cs, 134Cs, and 154EU can be obtained from the

multichannel analyzer; the isotopic concentrations and isotopic ratios can be obtained
using Equation 18-2. For isotopic ratios, the relative efficiency corrections can be
obtained by using a relative efficiency calibration, as described in Section 18.3.5 (Refs.
24 through 26). This technique corrects for differences in the self-attenuation of the
source, materials, the detector efficiency,. and the scanning geometry. Also, standard
analysis techniques generally:. require correction. for isotopic decay to the time of
discharge from the reactor or some other specified time. The 137Cs concentration and the
134Cs/ 137Cs and 154Eu/ 137Cs isotopic ratios can then be plotted for a set of fuel
assemblies to obtain the relative burnups. If one destructive analysis of the fuel is
available, absolute values for the burnups can be calculated.

Many reports (for example, Refs. 16 and 27) describe the use, of gamma rays to
characterize!irradiated fuel materials. Two such applications are given in Figures 18.14
and 18.15, which compare the ' 37Cs activity and the 134Cs/137Cs isotopic ratio with

burnupfor 14 PWR fuel assemblies with exposures of; 16to 33 GWd/tU. Each data set
was analyzed using regression analysis to obtain the linear relationship. The other two
lines on each plot represent the 95% confidence limits that a subsequent measurement
would :fall within these limits. The average differences between the regression line and
the measured datapoints were 4.9% for 137Cs and 4ý6% for 134Cs/,1 37Cs. Similar numbers
in the range of 4 to 8% can be obtained under most-measurement conditions.
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18.4.4 Cerenkov Radiation Measurements

The Cerenkov glow measurement provides a rapid nondestructive technique for
verifying the presence of a gamma-ray source distributed within the fuel assembly. It can.
also be used to determine the absence,0f fuel pins ina fuel assembly. The fuel assemblies
can be verified without placing.. any instrumentation into the storage pond water.
However, most of the artificial lighting has to be eliminated, which the facility operator
may not allow. When the artificial lightingcan be eliminated,:.the inspector must: move
around ýin a darkened environment to carry out the measurements. Thus, the Cerenkov
instrument should (1) be lightweight and easyito position by hand, (2) give an immediate.
result, (3) be insensitive to. radiation damage, and (4) have an accuracy.ensuring a
meaningful measurement of the fuel inventory.

Figu'e 18.16 shows an instrument that is capable of both viewing the .Cerenkov -glow
emittedland also deter mining the intensity:of the glow.(Ref. 10). The instrument is
conposed of two basictcomp6nents: an image-amplifying portion and an electiýoptical
package that uses a photomuitiplier tube to measure the intensity of the light -paassing
through the aperture.and field lens. The photpmultiplier tube~output current provides a
digital readout indication of the intensity of the incoming light. Calibration of the

instrument is done using a carbon-14 phosphor light source built into a special lens cap.
*.The: light intensity, profile is very :sharp as the: instrument is scanned horizontally

across: the top of anf assembly because of the highly collimated nature"of the emitted
Cerenkov light. Forufuel stored ih standard vertical assemblies, penetrations in the top
plates:and tie plates and :interstices between: the fuel pins serve: as Cerenkov light
channels. These channelsallow 'radiation from the entire length of the fuel assembly to
.be:sampled by viewing from above.: A seriesd of measurements have been performied at
storage facilities to demonstrate the usefulness of the technique for rapid verification of
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Fig. 18.16 Hand-held instrumentfor viewingtheCerenkov
glowfrom irradiated fuel and determining its in-
tensity. The instrument (shown on the right) is an
adaptation of a commercially available night-vision

'. device (shown on the left). "

irradiated fuel assemblies (Ref. 10). Figure 18.17 shows the Cerenkov image of two PWR
fuel assemblies in a storage rack at a reactor storage pond. The bright spots correspond to
the guide tube positions of a 15 X 15 fuel assembly. Adjacent fuel assemblies do not
exhibit similar sets of bright spots because the observer is not aligned with the axes of the
assemblies.

The Cerenkov 'glow .measurements, are less susceptible to crosstalk among adjacent
assemblies than' are gamma-ray intensity measurements made at the.top of the as-
semblies (Ref. 28). This is because Cerenkov light is channeled up from t he entire.length
of the assembly,.whereas gamima-ray measurements made at the top are mainly due to
activation of the structural' components. The. spatial extent of the Cerenkoy glow
surrounding anft isolated irradiated assembly in water is determined by the gamma
radiation from the assembly'souter pins. The thickness of water4required to reduce the
intensity of I-MeV gamma rays to one-tenth is:'- 36 c, which is a reasonable estimate
of the Cerenkov "halo" around an isolatedpoIint source. Fission product radiation from
an assembly's inner pins, however, must penetrate a much denser composite.6f fuel
cladding and interstitial water, which greatly reduces crosstalk.

18.5 NEUTRONMEASUREMENT OF IRRADIATED FUEL

Neutron measurements of irradiated fuel are relatively easy tq, make and can provide
a rpid indication ofburnup. The detection equipment is simple and, easy to operate and
a preliminary afialysis.of the data can be performed at the.: facility. A neutron detector is
placed adjacent to the.,fuel assembly and the signal is analyzed using a single-channel
analyzer. A 215 fission chamber is the preferred detectorbecause, of its insensitivity to.
gamma rays. Although. neutrons can penetrate the ffuel assembly: more readily. than
gamma rays: can, their attenuation in water is more, severe. The gamma-ray signal
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Fig. 18.17 Cerenkov glow image oftwo
PWRfuel assemblies in a re-
actor storage pond.

decreases by a factor of 10 in roughly 36 cm, whereas the neutron signal decreases by a
factor of 10 in about 10cm. Thus it is important to position the neutron• detector close to
the fuel assembly.

18.5.1 The Fork Detector and ION-1 Electronics Package

Figure 18.18 illustrates a neutron measuring system developed for-use by safeguards
inspectors (Refs. 29 and 30). The system is designed to measure the total neutron and
total gamma-ray activity of a submerged fuel assembly. The two. principal components,
a fork detector and an ION-I electronics package, are shown in Figure 18.19.

The fork detector is a watertight polyethylene detector head containing two sets of ion
chambers and fission chambers for measuring opposite sides of the fuel assembly
simultaneously. Each arm contains an ionization chamber operating in the current
mode to measure the total gamma-ray output and two fission Chambers operating in the
pulse mode to measure the total neutron output. In each arm, one fission chamber is
wrapped in cadmium and one is bare. If itis necessary~to determine the boron content of
the water (typically 2000 ppm) to correct the neutron count rate, this can be done with
the ratio of counts in the bare and cadmium-wrapped fission chambers (Refs. 31 and 32).
The fork detector is available with two different apertures, one for PWR and one for
BWR assemblies.'

TheION-I electronics package is a battery-powered, microprocessor-based unit that
performs internal diagnostics and assists the inspector with data collection and analysis
(Ref. 33). If measurements are to be made along the vertical length of the fuel assembly
in order to obtain an axial burnup profile, the iON-I can step the inspector through the
scanning procedure.
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Most measurements with the ION-I electronics package and fork detectorvare made
only at the axial midpoint ofthe fuel assembly. An average of 5 to 7 min is required to (1)
position the fuel-handling bridge, (2) raise the fuel assembly partially out of the storage
rack, (3),perform the measurements, and (4): replace the fuel assembly in the storage
rack.i Including time for assembly and disassembly of equipment, a measurement
campaign at a reactor storage pond typically, requires :2 to. 3 days. With proper
calibration, the fork detect6r can determine the burnup of individual fuel assemblies to
about 5%.

18.5.2 Neutron Measurement of Burnup

Measurement results from a BWR irradiated-fuel storage facility are shown in Figure
18.20. The measured neutron activity of 36 BWR fuel assemblies is plotted asa function
of declared exposure, which varied from 8.5 to29 GWd/tU. One fuel assembly with a
noncontinuous irradiation is clearly identified as an outlier. This particular fuel as-
sembly had been irradiated to 18.0 GWd/tU, placed in the storage pond for 3 yr, and
then returned to the reactor for'an additional 3 GWd/tU exposure. During the 3-yr
interim between exposures, the 24 1Pu decayed: to form 241Am, which in turn yielded
large:quantitiesof 242Cm when the fuel was returned to the reactor (see.Section 18.3.6).
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Fig. 18.19 The ION-I electronics package and the fork detector.
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Fig. 18.20 Measured neutron activity qf36 irradiated BWRfuel
assemblies plotted as a function of declared exposure.
The solid line is a power.functionfit to the experimental
data.
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Three other data points in Figure 18.20 lie significantly below the fitted line. These
assemblies had been reconstituted from other assemblies, having various exposures.
Also, several fuel pins were missing from each of these fuel assemblies. Both Of these
factors contributed to the lower measured neutron emission rates. If the reconstituted
assemblies and the assembly with the noncontinuous -irradiation history are excluded
from the data analysis, an. average difference of 3.0% exists between the. declared
exposure values and the values obtained from apower function relationship between
count rate and exposure (Equation I 8-4). This power funciion was deierrnin ned by a least
squares fit of the experimental data, and yields. 3. 7. By applying a.correction for
cooling time, the data for the.assembly.with the noncontinuous irradiation history can
also be brought into good agreement.

Figure 18.21 shows neutron measurements made at a PWR fuel storage facility. The
response of 17 irradiated fuel assemblies is plotted as a function of declared exposure,,
which varied from 25 to 35 GWd/tU. These data identify an enrichment effect thatvwas
predicted by burnup. calculations, as described inSection 18.3.6., Four assemblies with
initial 235U enrichments of 2.4% have significantly higher neutron count rates compared
with assemblies with identical exposures and"Icooling times ,bUt with initial 235U
enrichments of 3.6%. Lower-enriched fuel has lesSfissile material and therefore requires
a~higher neutron fluence to achieve the same exposure level as.higher-enriched fuel.
From the figure it is evident that the data for fuel with an initial enrichment of 3.6% form
an excellent power.law relationship between countrate and exposure, with = 3.9. The
operator-declared exposures differ from calculated values by an average of 0.9%.

18.6 DETERMINATION OF THE FISSILE CONTENT OF
IRRADIATED FUEL

Sections 18.4 and 18.5 have described a variety of passive nondestructive measure-
ment techniques for irradiated fuel materials. Each of these techniques provides an
indirect measure of fuel burnup. Neither the unique gamma-ray signatures nor the
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neutron signatures of the uranium or plutonium isotopes can be measured directly. To
determine the actual concentration of fissile material, there are two possible approaches.
One method uses calculated or empirically determined correlations to relate burnup to
residual 2 3 5U and •plutonium content. The other method uses active neutron interroga-
tion to override the passive neutron signal and obtain a net induced response from the
fissile isotopes. Both methods are currentlybeing developed by investigators in several
countries. The methods are described briefly in the remainder of this section.

18.6.1 Indirect Determination from Passive Burnup Measurements

Most passive nondestructive measurements of irradiated fuel in the field are now
limited to verification of the relative burnup levels of the assemblies. Within the
constraints of time and manpower, it is customary to measure as many assemblies as
possible, but most assemblies are measured at only one position along their length. If the
measurements at this position are representative, the relativeburnups of the assemblies
can be obtained. Previously established correlations between burnup and the passive
radiation levels then verify that the measurements are consistent with operator-declared
values for burnup and cooling time. (Operatorvdeclared values for burnup are only good
to about 5%.because of variations in core parameters.) Because it is. very difficult to
remove fissile material from the assemblies without also removing the fission product
radiation sources, this verification implies that the fissile material is intact.

In principle, the fissile content of the fuel .can be determined indirectly from the
measured gamma-ray and neutron signals. First, it would be necessary to obtain an
absolute value for the fuel burnup by destructive analysis of a section of the fuel. Then
high-resolution gamma-ray measurements of single fission product activities or fission
product activity ratios could be normalized to the destructive analysis to obtain an
absolute calibration. Neutron measurements could also be related to the absolute
burnup. Both neutron and gamma-ray measurements would have to be integrated along
the axial profiles of the fuel assemblies to correct for variations in buýnup. If an absolute
calibration performed at one facility were used at another facility, the calibration would
have to be adjusted for a variety of reactor-specific parameters including fuel enrich-
ment, power history, and moderator and poison concentrations. Some examples of the
influence of such parameters are given in Sections 18.3.5 and 18.3.6.

If absolute values for fuel burnutp can be •stablished, the concentration of fissile
isotopes can be obtained by calculation. These calculations are usually carried out by
complex computer codes such as CINDER (Refs. 6 and' 7). An exam, ple of the result of
such a calculation is given in Figure 18.22, which plots the conicentration of the
plutonium isotopes as a function of burnup. The accuracy of such computer codes for
uranium and plutonium is typically 5 to 10%. If the reactor operating history is not
known, the error may increase by an additional 5 to 15% (Ref. 11).

This indirect determination offissile conteni from passive radiation measurements is
very difficult because of the many measurement variabies and reactor core parameters
involved. Indirect correlation of fissile content ývith passive measurements is vulnerable
to uncertainty, whereas direct correlation of fuel integrity, with measurement is now a
well-established and reliable technique.
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Fig. 18.22 Relative concentrations ofthep/utonium isotopes (expressed
as weight percent of initial uranium) as afunction of ex-
posure. The data were obtained by calculation with the EPRI-
CINDER Code (Ref 5).

18.6.2 Determination by Active Neutron Interrogation

A direct measurement of the fissile content of irradiated fuel is possible using a large
neutron source to induce fissions. The source can be an accelerator, a 14-MeV neutron
generator, or an isotopic source like RaBe, SbBe, or californium. The source is
positioned near the irradiated fuel, where it produces an induced fission signal propor-
tional to the amount of fissile material. Typical neutron source strengths must be on the
order Of 108 to 109 n/s to induce a fission signal that is comparable in size to the passive
neutron yield. In practice, active, neutron interrogation systems' cannot distinguish
between uranium and plutonium. The induced fission response is proportional to the
totalfissile mass of 231U, 239pu, and 241pu.

A. combined active and passive neutron assay system has been developed by G.
Schulze, H. Wuerz, and others (Ref. 19) using a 2. 2Cf source. The system can determine
fuel' burnup and initial uranium content. The plutonium content can be obtained
indirectly from isotopic correlations..

Several facilities have used the delayed neutron activation technique to measure
irradiated fuel. The reprocessing facility at Dounreay, United Kingdom, has used a 14-
MeV neutron generator to assay baskets of leached hulls (Ref. 34). Recently this assay
system was converted to a californium Shuffler for the neutron interrogation (Ref. 35). A
large californium Shuffler system has also been developed for the assay of highly
enriched irradiated uranium (Ref. 36). However, at the present time there are no active
neutron systems in operation to measure power reactor fuel assemblies. This is because
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active neutron systems require an accelerator or neutron generator or a large, heavily
shielded isotopic source, which has limited the use of these systems to fixed, in-plant
installations in research laboratories or reprocessing facilities. The status of active
neutron techniques:and measurement results is summarized in Refs. 4 and 11.

18.7 SUMMARY OF NONDESTRUCTIVE TECHNIQUES FOR
VERIFICATION OF IRRADIATED FUEL

Table 18-6 summarizes the nondestructive assay techniques available for the verifica-
tion of irradiated-fuel assemblies. Depending. on the level of verification needed, an
inspector might use one or more of the gamma-ray or neutron.techniques described in
this chapter. In general, the most effective verification would be obtained by a combina-
tion of gamma-ray and neutron techniques.
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Table 18-6. Nondestructive assay techniques for verification of irradiated-fuel assemblies

Special Level Measurement Technique

of Verification Gamma Ray Neutron Instrumentation

Physical characteristics
Indication of irradiation
exposure

Cerenkov

Presence of gamma
radiation

Presence of neutron
radiation-

Visual inspection
Cerenkov viewing device

Ion chambers
Thermoluminescence
detectors•
Scintillators

Fission chambers
t0 B detectors

Cerenkov viewing device

Germanium detector
Be(yn)detector
Fission chambers
'0B detectors

physical integrity of
fuel assembly

Cerenkov

* Relative intensities of.
high-energy gamma rays

* Qualitative identifica-
tion.of specific gamma-
ray lines

Relative values of
neutron emission rates

Presence of fission
products and actinides

* Germanium detector
Be(y,n) detector

Relative. values of Fission chambers
neutron emission rates 10B detectors *•
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Table 18-6. (cont.)

Special Level Measurement Technique
of Verification Gamma Ray Neutron Instrumentation

Relative concentrations Quantitative measure-
of fission products and ment of 137Cs, 134Cs/
actinides 137Cs, and 154Eu/ 13 Cs;

correlation with operator-
declared information

Direct measurement of Indirectly through cor-
fissile content relations between NDA

measurements and de-
structive analyses

Germanium detectors

Quantitative measure- Fission chambers
ment-of neutron.emis- 1OB detectors
sion rate; correlation
with operator-declared
information,

Germanium detectors

Quantitative measure- Neutron source
ment of inducedfis- Fission chambers
sions in special 1°B detectors
nuclear material

t0
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Perimeter Radiatin.: Montors

P. E. Febla

19.1 INTRODUCTION

Perimeter radiation monitors are. located at the periphery. of nuclear-material and
radioactive-contamination control areas to detect accidental or covert removal of
radioactive materials. Two types ofperimeter monitors are in .ue today: contamination
monitors and nuclear-material monitors. Contamination monitors detect contamina-
tion on the surface o"f :person oran. object whieIre the :radiation comýs from an extended
area viewed without intervening absorbers. Nuclear4material monitots must be able to
detect small, possibly shielded quantities of nuclear material that ma, y be hidden, for
example, in a brefcase. in thiscase the small sourc size andi te presence of absorbers
reduces the radiation intensiiy. This chapter discusses the:two applicatons of perimeter
monitors but gives prmary emphasis to nuclear-material monitors..

The need to detect conta minationt predated isecurity c•ncerns so. that when the need
for monitors to detect nuclear material arose,.hand-held.contamiiati6on monitors were
available. However, because security personnel had to interpret an. analog meter display
to use this type of instrument, their attention was distracted from the security search.
Automatic portal monitors (Ref. 1) and hand-held monitors (Ref. 2) Were developed to
eliminate the distraction. These monitors provide audible alarm signals that allow the
operator to devote full attention'to the security search. More recently, the responsibility
of employers to furnish toP-grade contamination monitoring equipment to employees
has fostered development of automatic, high-sensitivity contaminatioin monitors (Ref.
3); These, as well as modern nuclear-material monitors, are designed for high sensitivity,
dependability, and easy maintenance.

Diversion monitors meet Department of Energy (Ref. 4) and Nuclear Regulatory
Commission (Ref. 5) requirements to search each person, package, or.\vehicleileaving a
nuclear-material access area. Contamination monitors meet radiation safety standards
for monitoring persons leaving a radioactive-contamination area. In both cases, visual
or manuai searches may be ineffective, but radiation monitors sense radiation emitted
by the, materials and can conduct unobtrusive, sensitive, and efficient searches. The
monitors provide timely notice of contamination o0rdiversion before the controlled
material can leave an access area.
. Examples of diversion monitors are the automatic portal monitor (shown .in. Figure
19.1 with its detectors positioned beside a passing pedestrian) and the hand-held
monitor (shown being manuilly scanned over a pedestrian in Figureel 9;2). The versatile
hand-held monitors have many. applications, even to ontamination' monitoring, but
their effectiveness depends on the operator making a thoroughl;scan.. In contrast portal
monitors are fully automatic.
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:Fig. 19.1 Automatic nuclear-material portal monitor with large
plastic scintillators to monitor pedestrians.

New monitor designs locatedetectors inside an enclosure (see Figure 19.3) where an
individual being monitored must stand near radiation detectors foran extended period.
The longer monitoringjperiod and the proximity of the occupant and the detectors
improve detection sensitivity; these principles have been applied to both pedestrian and
motor-vehicle monitoring.

19.2 BACKGROUND RADIATION EFFECTS

Radiation monitors are influenced by background radiation and the variation of its
intensity with time. The, intensity of the background radiation influences the effective-
ness of monitoring. Alarm :thresholds must be set well abovebackground intensity to
avoid alarms from counting statistics (one cause of nuisance alarms). The required
threshold setting becomes proportionately higher as the background intensity increases,
causing the monitoring sensitivity to decrease. In an occupied monitor, r'apid variations
in background intensity; which can be caused by natural. background radiation
processes, movement ofr'adioactive materials, or radiation-produicing machinery, may
be mistaken for nuclear-tmaterial signals and cause another type of:nuisance alarm. An
example of a natural bickground radiation process leading to rapid intenisity variation is
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Fig. 19.2 Monitoring with hand-held instruments is highly .ff0ective
when the operator is well trained and motivated.

the decay of 226Ra in soil. Its gaseous daughter, 222Rn, can escape the soil to decay in the
atmosphere. These daughter products, which are themselves radioactive, may attach to
dust particles that form condensation points for raindrops. When the raindrops fall to
the ground they temporarily increase background intensity (see Figure 19.4).

19.3 CHARACTERISTICS OF DIVERSION AND CONTAMINA-
TION SIGNALS

19.3.1 Radiation Sources

As described in Chapter 1, nuclear materials can be detected by their spontaneous
radiations. These radiations-alpha, beta, gamma ray, x ray, and neutron--each have a
different ability to penetrate materials. Alpha radiation is not very penetrating and is
easily stopped by several centimeters of air. Except when contamination detectors
almost touch the emitter, alpha radiation contributes little signal to a radiation monitor.
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Fig, 19.3 This sensitiv~e contam~inat1ionn monifor
measures each side of the occupant's
ody separatel'v. (Photo, couriesy Of

Eberline Instrument' orp. Santa Fe,
New Mexico.)
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Fig. 19.4 A background intensity record show-
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More penetrating forms of radiation that easily pass through air can be detected at a
distance. However, the shielding provided by detector cabinets and nuclear-material
packaging may exclude all but gamma-ray and neutron signals. One important aspect
separates the signals available to contamination and diversion monitors: contamination
Usually lies on a surface where its radiation is readily detected, whereas diversion
monitors must sense penetrating radiation from material that is encapsulated. Hence,
contamination monitors often detect many forms of radiation but diversion monitors
primarily detect gamma rays and neutrons. The nuclear-material diversion monitors
discussed in the remainder of this chapter mainly detect gamma rays but do have some
neutron sensitivity. Figure 19.5 illustrates absorption of three types of radiation in
different materials.

Internal absorption of source radiation also may significantly alter detection signals.
For example,: nuclear materials shield their own gamma radiation; the extent of self-
absorption depends on the physical form of the material. Figure 19.6 illustrates self-
absorption in different shapes and sizes of highly enriched uranium. Thin uranium
materials such as powders and foils emit most of their radiation, whereas more compact
shapes such as spheres and cylinders absorb most of it. The cylinders in Figure 19.6 emit
in proportion to their surface area, which increases as the 2/3 power of the mass, giving
rise to the straight line in the plot.
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Fig. 19.5(b) Plutonium gamma rays are
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19.3.2 Time-Varying Signals

Diversion or contamination signals are usually present in a monitor for only a short
time interval. Unless the occupant is stationary, signals from nuclear material will vary
during the monitoring period as the occupant moves toward and away from. the
detectors. Figure 19.7 illustrates the net signal in a monitor as a pedestrian passes
through carrying nuclear material. The time integral of the variable signal is about 60%
of that for a stationary occupant. Good monitor design ensures that the monitoring
period matches the intense part of the; signal as cl0sely as possible. Techniques for
obtaining this optimum situation are discussed in Section 19.4.

A complementary effect that diminishes signals in a monitor is the reduction in
background intensity caused by an occupant. Ambient background radiation from the
monitor's surroundings can be partly absorbed by the person or vehicle occupying the
monitor. The reduction in intensity may be only 1.5% for pedestrians but is much
greater for motor vehicles. Figure 19.8 illustrates the reduction caused by the presence of
a truck in a vehicle monitor. The reduction ranges: fromi: 10% to 25% for different-size
vehicles. Because the monitor's alarm threshold is constant, a much larger signal is
required to alarm an occupied monitor than one that is unoccupied.

19.4 SIGNAL ANALYSIS

19.4.1 Detecting Radiation Signals

Radiation monitors use signal analysis to .decide whether a measurement indicates a
background signal alone or a background signal plus an additional radiation signal.
Unfortunately, statistical variations in background and monitoring measurements
preclude a simple comparison. Although the expected background may be determined
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Fig. 19.8 An inverted bell-shaped reduction in the monitor's response to"
background radiation results from the passage of a vehicle...

from a long, precise measurement, each monitoring measurement is: necessarily Short
and imprecise. If background measurements bave an expected count B, individual
measurements will range* many standard deviations higher and :lower than B; one
standard deviation in this instance is the square root of the count B. Comparisons of
monitoring meaSurements must allow statistical variations of several times the :square
root of B to: exclude nuisance alarms• Each monitoring measurement* is .usually. com-
pared to an alarm threshold equivalent, to. that given by Equation 19-1. An alarm is
soUnded when the measurement equals or exceeds the alarm threshold M.

M B +I. N \-F- (19.1)

where N = alarm increment (number of standard deviations, usually 3 or 4). Alarms
are real when they result from real signals and are nuisance alarms when they result from
statistical variation or background changes.

19.4.2 Analog Detection Methods

A simple and dependable method for making monitoring decisions is provided by an
analog method (Ref. 6) that compares monitoring intensities to background intensities
with two circuits having different time constants (Figure 19.9). The slow circuit
remembers background intensity over a period of perhaps 20 s, whereas the monitoring
circuit .has a fast, 0.4-s time constant. The comparator is calibrated by adjusting. the
input-an, analog signal from a. ratemeter--until a chosen sensitivity and nuisance-
alarm rate are achieved. once properly adjusted, the circuit operates continuously and is
prepared to monitor signals whenever they appear. A drawback to analog circuits is the
manual adJustment~procedure;' precise adjustme~n can take a gret deal of time.: Digital
logic methods,..on. the other hand, are free of most adjustmentsi.



Perimeter Radiation Monitors 571

FAST

ANALOG
INPUT CO R L

A ALOARM

OUTPUT
RCOMPARE.

1g. 19.9 This analog circuit compares mon-
LOW -itoring intensity to backgroundin-SLOW tensity. :

19.4.3 Digital Detection Methods

Alarm decisions can be made by digital circuits and microprocessors. Equation 19-1
can be implemented, for example, by comparing the result of a 0.4-s monitoring
measurement contained in a digital register toa stored alarm threshold derived from an
earlier background measurement. The stored alarm threshold might have been derived
from an earlier 20-s background measurement, divided by 50 to obtain B, plus an added
multiple of the square root of B. In this case, the comparison is a numerical one with no
calibration required. This single-intervaal rmethod does'have a shortcoming: it is not
continuous so the:measurement' interval, may not match the most intense part of the
signal (see Figure 19.7). However, digital logic methods are easily changed to overcome
such shortcomings. The improvements described below include the moving-average
method, the stepwise method, and the sequential hypothesis test.

A digital method that performs well in free-passage monitors uses a moving average of
monitoring measurements. Short measurement periods are used (for example, 0.2 s) and
the counts from four or more measurement periods are summed and compared to the
alarm threshold. After the firstgroup of four or more periods, each new measurement is
added and the oldest measurement is: subtracted from the sum. Ever.y new sum is
compared tothe alarm threshold; measurements then continue unless an alarm occurs
or the, monitor is, no: longer occupied. Because, monitoring is Icontinuous and many
decisions are made, the alarm threshold must be higher'tthan for the single-interval test
(described in th6 precedingoparagraph) to achieve the same statistical-alarmn probability.
However, the moving-average method obtains greater sensitivity because it measures
the most intense part of the signal.

A simple stepwise method (Ref. 7) shortens measurement periods in monitors that
require the occupant to wait until a measurement is completed. An extended monitoring
period achieves higher detection sensitivity without an :increased statistical-alar'm
frequency. The waiting time can: be shortenedby subdividing the measurement period
into steps where intermediatedecisions are, made. The full period is:needed only when
all intermediate decisions callfor an alavm:. Otherwise, monitonring is completed after the
first step that doesmnot call for an alarm. Each intermediate alarm threshold:has the same
source detection sensitivity as the. full measurement period but has a higher Statistical-
alarm probability. Figure 19.10 illustrates the technique, all but about 2.3% of the
vehicles not carrying radioactive material will depart after the first interval, which has a
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f 19.10 The stepwisemethod makes intermediatedecisions
at lower alarm thresholds that maintain sensitivity
at the expense of morefrequentfalse alarms. The
penaltyfor theoccasionalfalse alarm is to wait for
one more step. For the thresholds shown in this
figure, the average waiting time is reduced by two
thirds.

two-standard-deviation alarm threshold. Those that are detained are measured for one
or more additional periods and the results are added to the first result and reanalyzed at
successively higher alarm thresholds. If alarms persist, the final measurement and final
decision are made as if no intermediate decisions had been made.

Work performed by. Wald (Ref. 8) during the 1 940s developed a sequential hypothesis
test to reduce quality control measurement time in manufacturing. The sequential
hypothesis test also shortens:the measurement time in radiation monitoring (Ref. 9).
This method uses a sequence of short measurements, each followed by a hypothesis test.
The outcome of each test is one of three possible decisions: the accumulated measure-
ments.represent background, the measurements require an alarm, or the measurements
must continue before a decision can bei made. If one of the first two possible decisions is
not reached quickly enough, a final decision is made by some other method.

.In discussing applications of this method, Ref. 9 reports an average measurement
period. that, is 22% as long as that required by the single-interval method, with no
increase in statistical-alarm frequency. Monitoring is also rapid when a nuclear-material
signal is present unless the radiation intensity is very near the alarm threshold. In that
case the sequential hypothesis test requires as much time as the single-interval method.
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19.4.4 Long-Term Monitoring

Long-term monitoring is a novel technique that achieves high sensitivity through
repeated measurements applied in conjunction, with, but independent of, other standard
techniques (Ref. 10). The method can detect repeated: instances of contamination or
diversion of nuclear material in quantities too small to detect in normal monitoring.
One application of the method sums the net monitoring results for pedestrians.entering
an area and compares this sum to the sum for pedestrians leaving the area. Any
difference between the two mayl signify contamination or diversion of nuclear material.

The long-term monitoring method calculates the net signal during occupancy by
subtracting from each measurement an average background deterimineil before and after
the measurement. Although individual measurements are imprecise; the average net
signal for hundreds of passages is quite precise. In fact, :this method p.rovides the most
precise measurement of the average background radiation attenuation by monitor
occupants.

In addition to being able to average monitoring results. for large populations, the
method can require identification of each :occiipant so that data for each individual can
be recorded. Then analysis of iong-term averages: of the incominig and outgoing
measurements for an individual can identify :cases bf repeated c6ntamination or
diversion of small quantities of nuclear material. For cases where each.outgoi .ng passage
involves contamination or diversion and each incoming passage does not, the long-term
monitoring method is ten times more sensitive than other methods.

19.5 RADIATION DETECTORS

Perimeter monitors use a different type of radiation detector depending on whether
they are designed to detect contamination or diverted nuclear material. Gas propor-
tional counters are most appropriate for detecting the radiation from contamination,
and scintillators are most appropriate for detecting the penetrating radiation from'
diverted material. The general properties of gas proportional counters and inorganic
scintillators are discussed in Chapter 3; organic scintillators, which are widely applied to
perimeter diversion monitoring, are discussed in this section along with gas-flow
proportional counters for perimeter contamination monitoring. These inexpensive,
large-area detectors are well adapted to the requirements of perimeter monitoring.

19.5.1 Plastic Scintillators

Plastic scintillation detectors are. solid organic scintillators that contain fluorescent
compounds dissolvedin a solidified polymer solute (Ref. 11). These materials have low
density and low atomic number so they lack strong photoelectric absorption. They
detect gamma rays by detecting Compton recoil electrons, and they detect neutrons by
detecting recoil protons. These detectors do not display full-energy peaks; they display a
continuous spectrum from the Compton edge down to'zero energy. Although organic
scintillators are poor energy spectrometers and have low intrinsic detection efficiency,
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they make excellent large-area, low-cost radiation counters. Their low cost results from
the use of inexpensive materials and simple packaging; Nal(T]) crystals, on the other
hand, are expensive to grow and to protect from moisture, and thermal shock.

'The large size of plastic scintillators gives them.good total detection efficiency even
though their intrinsic efficiency is low. Total efficiency, is the product of a detector's
intrinsic efficiency and the fraction of emitted photons that strike thedetector. The latter
factor depends:, on the. size of the detector. The large .detector size also provides more
uniform monitoring than would an array of small detectors.

Plastic scintillation detectors do have some shortcomings. They produce only about
10% as much light as Na(TI). detectors, and their., large: size makes., uniform light
collection difficult. Uniform light collection, is important to minimize the spread in
pulse: heights resulting from detection of radiation in different parts of:a detector.
Reference. 12 describes methods for obtaining total internal, reflection of scintillation
light and for making a large detector's response homogeneous. Low, light production is
compensated for by using bialkali cathode photomultipliers that provide good signal
amplification with low photocathode dark current and..noise.::.

Low photomultiplier noise is important: in organic scintillators because the Compton
pulse-height ýspectrur .extends down .to zero pulse height. Noise sets a practical limit to
the pulse amplitudeithat can.be detected; ,this bias level limits the intrinsic detection
efficiency, The bias level influences detection efficiency over a broad range of incident
Sgmm -ray energy as illustrated in Figure,: , 19.11. Bialkalii photocathodes can operate
near the 0.045- bias level at room temperature.
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Fig. 19.11 Low bias voltage is essentialto good intrinsic detection
efficiency in organic scintillators. Thedata illustrated
here were taken with a detector that yielded 2- V pulse
height for incident 662-ke Vgamnma rays.
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19.5.2 Gas-Flow Detectors

An inexpensive form of gasproportional counter is the very large area gas-flow
proportional counter. Very thin detector windows (100 pg/cm2) transmit the low-energy
radiation emitted by surface contamination into the detector interior, which isa thin,
large-surface-area cavity. An argon-methane mixture slowly flows through the cavity
and. then, is burned or recirculated with a small quantity of new.gas. Argon is the
counting gas, and methane lowers .the operating voltage and. quenches discharges
between counter electrodes. Discharges caused by.contaminants in the counting gas or
by: secondary emission from metallic counter parts cause electronic noise. The flat-slab
geometry has a nonuniform electric field and:gain so the instrument serves as a counter
.rather than an energy spectrometer. Although 'the very large: gas-flow proportional
counter is a noisy detector, its good: low-energy response and low:cost make it attractive
for contamination monitoring where measurements can be repeated freely without
significant penalty.

19.6 PERIMETER MONITOR COMPONENTS

The perimeter radiation monitor showrib Figure 19.1 mxonitors pdlestrians, and that
shown in Figure 19.12 .monitors motor vehicles. Each mnonitor has similar components
(Figure 19.13).The detectors'sense• •diatibn'.and transnmit information to the monitor's
control unit, which provides power, signalr':ditiining, andsignal analysis. The control
unit usually has an occupancy sensor o .... 1to, measure! background and
indicator lamps and sounders to announce arms.

19.6.1 Components andd Their Functions

The components and functions of a radiationimonitor are described below:
(1) Detector: Detect radiation from'~ a articular region of spIce, usually the region

between two or more detectoirs:
(2) Signal Conditioning Electronics VTansfom.the detected radiation charge pulses

into voltage pulses that can be transmi2Led to another devicefor analysis.
(3) Single-Channel Analyzer (SCA) !Select the pulses: in a desfiedl pnergy region. The

output is a standard logic putse. : '. .
(4) Control Unit: Count thee SCA'!gic pulses. Use the result to1derive alarm levels or

monitoring measurements. :Tesit- background measurements iagaainsi high- and low-
background thresholds to* detecti mfunction Display•each new background result.
Compare monitoring meas'tirenientsto the alarm thiheshold (S•ecion 19.4). Use the
occupancy sensor to determine ,whenii toýý measure; background and when to monitor.
Assist with monitor calibration.

(5) Occupancy Sensor: Sense the presenceobf a person or vehicle aind, if important, the
direction of travel.

(6) Output Device: Communicate monitoring results by visual signals (flashing lights)
and audible signals (chirps).
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(7). Power Supplies: Convert line power to the direct-current voltages, needed to
operate the detectors and electronics.
Some of these devices and functions are discussed below in more detail.

19.6.2 Signal Electronics "

. Noise is present in any detection system and some of it can be eliminated by
combining two.voltage-level discriminators to form an SCA. An SCA acceptance
window that is limited to a particular band of energies can optimize the performance of a
radiation monitor. For example, because the intense part of the gamma-ray spectrum of
highly enriched uranium lies in a narrow energy region, an acceptance window limited to
that gamma-ray energy region gives the best detection sensitivity for uranium, even
when: such. poor spectrometers as: organic scintillators are used&

Fig. 19.12 The components ofthis vehicle monitor carry out the same
basic functions as a pedestrian monitor. (Manufactured by
Jomar Systems, Inc., Los Alamos, New Mexico.)
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1 SIGNAL ELECTRONICS

S,, :MONITORING
-•,!- .DECISION AND cI U ALARM CIRCUITS

SWITCH MAT " -. . '

Fig. 19.13 The basic components ofa perimeter radiation monitor. The
monitor must detect radiation, sense the presence ofan
occupant (with the switch mat), make decisions, and an-
nounce the result.

Table 19-.1 gives an example of how uranium detection sensitivity varies with the size
of the acceptance window. The figure of merit in the table, S divided by the square root
of B, relates the net signal S in a particular window to the standard deviation of the
background in the same window. The greater the figure of merit, the easier it is to detect
a uranium source and the lower is the minimum detectable quantity. For the values
shown in the table, source detection was improved by about 50% with antoptimum SCA
window.

Scalers count the SCA logic pulses during a measurement period.: Most scalers have
counting intervals that match the average time that signals are present in a monitor. At
the end of each counting interval, the scaler transfers its sum to the decision logic. When
the monitor isunoccupied, many such: sums are averaged to. obtaina precise background
value. During monitoring, each sum is compared to the'alarm threshold.
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Table 19-1. Figures of merit and detected mass for three SCA
windowsa

2 35
U Mass

SCA Window Energy Window Detected
(V) (keV) S/ \/ (g)

.0.3-0.85 70-215 7.87 10
0.21-1.5 46-385 6.93 12.2
0.3-7.0 704735 6.0 15..2

'Source, spherical masses;background, 21 gR/h.

19.6.3 Power Supplies

High voltage for detectors is provided by a regulated electronic circuit that maintains
an essentially constant output voltage. To use a single power supply for multiple
scintillation detectors; each photomultiplier voltage-divider circuit is provided with a
series potentiometer to adjust its gain.

Monitors using NIM electronic modules for amplifier, SCA, and high-voltage power
supplies use low-voltage power from the NIM bin. Where microprocessor electronics are
used, low-voltage power. supplies can operate from trickle-charged batteries. This feature
makes the monitor's controller insensitiveto short-term powerfailure. Without back-up
power, a monitor must restart after each power loss with some operating delay.

Some kind of back-up line power should be provided for the entire monitor in case of
long-term power failure. This requirementvis often met by facility back-up power-, if not,
it can be provided temporarily by commercial power u nits. In other cases, hand
monitoring suffices as a back up durirg poweroutage'

19.6.4 Diagnostic Tests

Simple diagnostic tests can identify faults in radiation monitors as soon as they occur.
The: tests may be performed by separate modules or incorporated in the program of a
microprocessor control unit. Background: tests simply compare the measured back-
ground to high and low thresholds. A malfUnctioning monitor may have a high or low
background becauseof an iinoperative or noisy detector.: Inadvertent shielding of the
detector or storage of radioactive material:near the monitor will also be detected by a
background, test.To detect such anomalies as they occ ur, each new background value is
usually checked and, if necessary, flaggedby an audible or Yisual alarm.

More complex diagnostic techniques :examine the monitor's counting: statistics to
determine if the counts originate from radiation detection or noise. Reference 13
describes a long-term analysis method that can diaghose noise:even in the presence of
sources or varying background intensity. > . . -

Variance analysis is suitable for short- or long-term analysis and is also used for
detector calibration (Ref. 14). This technique calculates the mean and variance of a
group of counts. If these quantities are nearly identical, the variance analysis test quickly
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establishes that the detectors are operating properly. Noise can be detected in a single
measurement set, and. minor noise problems that may influence nuisance-alarm fre-
quency can be detected by averaging the results for many sets.

19.7 MONITOR CALIBRATION

Improper calibration is a common cause of problems such as frequent nuisance
alarms and lack of sensitivity.' Calibration invl6ves adjusting the detector gains so they
all provide the same response to a calibration source and then adjusting the SCA to
respondto radiation in the desired energy region. Gas counters require little calibration
but scintillatioin detectors must be calibrated periodically.

19.7.1 Scintillation Detector Calibration

Calibrating a scintillation detector begins by setting the photomultiplier high voltage
to a chosen value, .typically 1000 V, and continues by adjusting each detector's gain
potentiomieter to obtain thesame pulse-height responsefor a test source (for example, a
5-jpCi.137Cs source). The source is placed in the same way next,to each detector and the
pulse height is observed at the amplifier outpu~t with an oscilloscope. Next the amplifier
gain is adjusted t0•give the desired pulse amplitude; pulse heights between 2- and 4-V are
commonlyused for 137Cs.

19.7.2 Single-Channel Analyzer Calibration

Both upper- and lower-level discriminators must be adjusted to form the SCA
window. The upper-level discriminator can: first :be set to a desired value from Table
19-2 by using an oscilloscope. For monitoring plutonium, an upper level of 450 keV is
appropriate; for highly enriched' Uranium, 220 keV.

The lower-level discriminator can be set in the same fashion to 60 keV; .however,
lower settings that are still above the noise may improve performance. One way to set
lower values is'to adjust the discriminator while making source-in and source-out
intensity measurements until a maximum value of the figure of merit S/lv' is achieved

Table 19-2. Gamma-ray pulse heights in NaI(TI) and plastic
scintillatorsa

Gamma-Ray .NaI(TI) Detector Plastic Detector
Energy (keV) Pulse Height (V) Maximum Pulse Height (V)

662 2 2
450 1.36 1.20
220 0.66 0.42

60 0.18 0.05

'Detectors calibrated to 2-V pulse height for 662-keV gamma ray.
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(Section 19.6.2). This slow procedure can be replaced by a variance analysis technique
for much quicker results. The discriminator is decreased to the point where the. variance
analyzer just indicates noise, then it is raised slightly to the point where noise is no longer
indicated.

19.7.3 Periodic Calibration Checks

A daily test is important to determine whether the monitor is. functioning properly. If
a low-intensity source (I gtCi of 133Ba) is used, for the daily test, both operation and
calibration are verified. A more thorough test with.nuclear material is performed on a
quarterly basis. Additional information on monitor calibration is available in Reference
15.

19.8 MONITOR EVALUATION METHODS

Laboratory evaluation can verify a monitor's ability to detect radioactive material
reliably and can reveal shortcomings in design. Summaries, of evaluations have been
published for pedestrian nuclear-material monitors (Ref. .16), for vehicle nuclear-
material monitors (Ref. 7), and for contamination monitors: (Ref. 3). These evaluations
were carried out with monitors that were operated for long periods without recalibration
while their statistical-alarm frequency and detection sensitivity were determined..

Statistical-alarm frequency and sensitivity are interdependent, and determining one
has little meaning without determining' the other. Statistical-alarm, testing requires
recording alarms in a constant backgroind environment over a long enough period to
observe 10 or more decisions. A timing switch is used to operate the monitor
periodically, and the background is updated between monitoring .periods. "The
statistical-alarm probability is obtained by dividing the observed number of alarms by
the total number of monitoring tests pek6frmed. The statistical-alarm probability per
passage of an occupant is then the product of statistical alarms per test and the Average
number of tests per passage. This type of testing ignores background reduiction by an
occupant, a, factor that may ov'erestima;te the statistical-alarm frequency in' Iormal

operation.
Monitor sensitivity can be determined by observing the probability for a monitor to

detect the passage of nuclear material or contamination test sources. The background
intensity and the method of passing the test source through the. monitor must be
regulated, as well as other factors that affect performance. Because there is always some
spatial variation in detector efficiency, testing should be done in the least sensitive part
of the monitor; for example, at shoe level in a pedestrian monitor. The test source should
be carried through the monitor by different individuals: using their usual manner of
walking. For a general discussion of monitor testing, see Ref. 17. - .
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19.9 EXAMPLES OF PERIMETER MONITORS.

19.9.1 Hand-Held Perimeter Monitors

Hand-held contamination monitors usually measure the dose rate for a single type of
radiation, although some multipurpose instruments use filters or more than one type of
detector to sense different. types of radiation. Contamination monitqrs are simIple,
inexpensive, analog devices that are operated sporadically and are usuaily powered by
batteries.: Three contamination monitors are shown in Figure 19.14.;Two of. them
monitor gamma radiation: the one at the left uses a NaI(TI) detector and the one•at the
right uses a large-area Geiger-Miueller counter. The monit6r at the center is a protoype,
multipurpose instrument having detectors for four types of radiation including-heu-
trons.This instrument (Ref. 18) addresses a need for a versatile monitor having stadard
field-maintenance and calibration procedures. The sensitivity-of hand-hed ontamina-
tion mofiitors varies a great deal; most sense radiation intensities above 0.1j: R/h,
although NaI(Tl) monitors can operate at the natural background ininsity o6f 4ý few
giR/h.

The thr:ee hand-held nuclear-material monitors shown in Figure 19. 15. have sciftilla-
tion detectors and battery operated electronics; two use NaI(TI) detectors, and the one
at the left uses a plastic scintillator. The instruments usually have rechargeable bafteries
and are operated continuously to monitor pedestrians and vehicles. Each monitor
sounds an 'audible signal when it senses a significantly increased radiation intensity.
Besides their use as perimeter monitors, these highly sensitive gamma-ray detecting
instruments can be used as area radiation monitors or as survey monitors for salvaged

Fig. 19.14 Three different hand-held contamination monitors. From lefl: a NaI(TI) gamma-
ray survey meter, a multipurpose monitor withfour detector types,• and a Geiger-
Mueller surface-contamination monitor. (Left- and right-hand units manufac-
tured by Technical Associates, Canoga Park. California.)
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Fig. 19.15 Three hand-held nuclear material monitors that automatically deteci significant.
intensity increases above background. (Left and center units manufactured by TSA
Systems, Inc., Boulder, Colorado. Right-hand unit manufacturedby.CMS, Inc.,
Goleta, California.)

equipment. They sense radiation intensities of a few pR/h and can detect about 0.5 IpCi
of 137Cs in a rapid but careful search (Ref. 19). They can detect a few grams of highly
enriched uranium or a fraction of a gram:of low-burnup plutonium under worst-case
conditions. (Worst-case conditions are 25+tR/hi background intensity and maximum
self-absorption in the nuclear material.) Better performance will always be obtained
under routine circumstanfces. Frequent statistical. alarms, one or two per minute, are
easily tolerated in these instruments' 6because alarms in a! specific area locate the
radioactive material. Occsional Alarms that ate not repeated in the same area do not

d ra f ,o : m to ;.:•ring' : fecvn I Y .' •detract m momong ause they verify that the instrument is

19.9.2i Automatic PedestriafnMonitor.

Automatic contamination monitors for• us with: pedestrians are commercially avail-
able as traditional walk-thiou0h portals !wh igasfl6w proportional counters that detect
quantities below 1 pCi of 137Cs: and as higl-:sensijivity wait-in monitors that detect
quantities below 100 nCi offission or activajtidn ro ducts! Figure 19.3 illustrates a portal
that achieves high sensitivity by requiring pdesirinS to place their body surfaces

againstq the proportional counters. The proxim!it between body surface and detector and
an extended monitoring periodboth.help to achieve- high sensitivity.
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Nuclear material walk-through monitors (Figure 19.1) can detect less than 10 g of
highly enriched uranium and less than 0.3 g of low-bumup plutonium under worst-case
operating circumstances. The typical statistical-alarm frequency is 1 per 4000 passages.

19.9.3 Automatic Vehicle Monitors

Automatic contamination monitors for use with vehicles are rare because:the interior
surfaces of a Vehicle usually must be monitored closely. An exception :is.the'roadbed
monitor shown in Figure 19.16 that has.a detector positioned below the vehicles to sense
activated.,accelerator target material that may. be transported from a facility.: This Los
Alamos monitor alarms at about twice background intensity. It .provided the first
evidence of contaminated Mexican steel introduced into the United .States in 983.

Automatic vehicle monitors f•r nuclearmaterial range fromisimple dAve-through
portals as shown in Figure 19.17 .to the complexi station shown in Figure :i 19.12. Except
for detector spacing, vehicle portals are similai to I pedestrian! portals. Moving-vehicle
portals deect .intensity ýincreaseis of.about 1,% above background; foi r worst-case
conditions, they can detect less than:10 g of l4w-buraupvplutonium with;ý less: than I
statistical alarm per 4000 passages under worst-case conditions.

Vehicles wait in the monitoring station show n in Figure 19.12 for a minute or less.
The detectors are located in small groups above and belowthe vehicle, and each: detector
group is treated as a separate monitor with its own signal-conditioning:and decision-
logic electronics. The long monitoring time and the proximity of a detector group to the

FIg. 19.16: This vehicle monitor checks for activated material leaving an accelerator facility.
Its underground detector triggers an alarm andphotographs the vehicle when it
senses a doubling of radiation intensity.
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Fig.19.17 The nuclear-material portal monitor tests vehicles passing slowly (8 km/h) through
the detector columns.

area being monitored lead to high. sensitivity; the alarm threshold is about 5% above
background to detect nuclear material quantities similar to those detected inpedestrian
monitors.:

19.9.4 Monitor Performance Summary

Tables 19-3 (Ref. 15) and 19-4 (Ref. 20) summarize the range of performance obtained
in different nuclear material monitors. Table 19-3 lists mass, detecti6n categories for
walk-through pedestrian monitors under worst-case'conditions (defined inbfootnote a
and Section 19.9.1) and at a statistical-alarm frequency of! .er! 4000 passages. The
masses that can be detected are given for four performance caiegrbiies; :each of which
requires particular combinations of detectors, portal spacing, and detection logic
complexity.

The four performance categories in Table 19-3. are: based on ýregulatory goals for
detecting specified amounts of nuclear, material. Category I requires the detection of I g
of low-burnup plutonium at 25 lIR/h background intensity. This goal can be met with
small detectors, portal spacings of 80 cm or more, and: simple.detection methods.
Category Ii requires the detection of 10 g of highly enriched uranium,:and Categ'ries III
and IV require performance better than present regulatory goals . Categories II ithrough
IV all require large detectors, portal spacings of 80 cm or less, and advanced detection
algorithms. Note that the detection of smaller masses of nuclear' material entails the
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Table 19-3. Mass detection categories of walk-through nuclear
material monitors (Ref. 15)a

Category Description Uraniumb(g) Plutoniumc(g)

I Standard plutonium 64 1
11 Standard uranium 10 0.29

Ill Improved sensitivity 3 0.08
IV High sensitivity 1 0.03

aTest conditions are, 25 gtR/h background intensity, standard

metallic test source attached below an interior ankle of an
individual walking at his normal speed, and pace adjusted to.
§wing the source. through the monitor. Test results must give
95% confidence that the probability of detection is 50% or
Freater at a statistical-alarm rate of 1/4000 passages or better.
Highly enriched uranium.

cLow-burnup plutonium freshly separated from daughter
products, or shielded with 0:4- to 0.8-mm-thick cadmium.

Table 19-4. Worst-case mass detection sensitivity in nuclear

material vehicle monitors (Ref. 20)

Minimum Detected Massa

Vehicle Monitor, Low-Burnup HEU Statistical-
Type Plutonium (g) (g) Alarm Rateb

Hand-held 3-9 100-300 1/100
Vehicle portal 10 1000 1/4000
Monitoring station 0.3 40 3/1000

'Under worse-case conditions in a I-ton van that is sta-
tionary except in the 5-m-wide portal where it travels at
8 km/h. Background intensity is 20 tR/h, and shielding by
vehicle structures is highly significant. Detection implies a
detection probability of 50% or greater. Better performance
is obtained under routine circumstances.
bStatistical rates are for an empty monitor.

detection of smaller signals. Hence, the higher categories are more sensitive to process-
related background variations. Category III and IV monitors are only appropriate when
the background is relatively constant.

Table 19-4 summarizes mass detection sensitivities for different types of vehicle
monitors. These performance estimates are also for worst-case conditions (defined in
footnote a and Section 19.9.1).
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Attribute and Semiquantitative
Measurements

N. Ensslin and H. A. Smith, Jr.

20.1 INTRODUCTION

Nuclear material measurements are usually quantitative assays where the measure-
ment goal is to fix a numerical value on the amount of nuclear material present. The
assays are performed with the highest accuracy and precision possible, and prior
knowledge about the samples may be extensive. There are however a number of
measurement challenges that can be met with more qualitative information on samples
about which prior knowledge may vary widely. Some examples follow:

" characterization of unlabeled or mislabeled samples
* go/no-go determination of nuclear material content for recovery, burial, transport,

or criticality safety
" rapid inventory verification to check consistency of declared values
* confirmation of shipper values by the receiver
* location of nuclear material holdup
" process monitoring
• 'control of material movement.

Most of these tasks can be accomplished with qualitative or semiquantitative measure-
ments that are rapid enough to save time, money,'and personnel exposure.

Nondestructive assay techniques are well suited to these types of measurements
because they are usually fast, nonintrusive, and capable of measuring the package as a
whole. If the nondestructive measurement is careful and accurate, it may be considered a
mate•a assay. If the measurement is completely qualitative and only determines some
signature, fingerprint, quality, or characteristic of the material, it may be considered an
attribute measurement. Between these extremes are semiquantitative measurements
such as waste characterization, monitoring of material movement, rapid inventory
verification, and identification and meAsurement of material holdup . These semiquan-
titative measurements are often very important to the day-to-day operation of nuclear
fuel-cycle facilities.

Section 20.2 summarizes nuclear material attributes and how they can be measured.
The remainder of the chapter discusses semiquantitative measurements of waste
(Section 20.3), confirmatory measurements for inventory: verification and shipping
(Section 20.4), and holdup measurements (Sections 20.5 and 20.6). These semiquan-
titative measurements are more than attribute measurements but less than full quan-
titative assays. For discussions of two other measurement problems that fall into the
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category of semiquantitative measurements, see Chapter 18 on irradiated fuel assay and
Chapter 19 on portal monitoring.

20.2 MEASUREMENT OF NUCLEAR MATERIAL ATTRIBUTES

The most fundamental task in measuring nuclear material attributes is simply to
identify the presence or absence of nuclear material in a sample. In this regard the term
nuclear material" refers to in forms an combinations of ranium and plutonium, to

radioactive sources, and to americium, thorium,ý and other radioactive elements. The
primary radiation attributes (regardless of material type) are listed below.

* alpha radiation
" beta radiation
* gamma radiation
* infrared radiation (heat)
* totalneutron radiation
a coincident neutron'radiation
" high. fission cross section for thermal neutrons (yielding prompt and delayed

gamma raysandneutrons).
(Information on': the radiation emission rates of these attributes is summarized in
Chapters 1,111, and21 and in Refs. 1 and 2.)

Nuclear material in elemental form is also very dense and strongly attenuates gamma
radiation. A further attribute of uranium and plutonium is the discontinuities in their x-
ray absorption' cross! section at the K- andL 1 1-absorption edges •(Chapter 9). Of all the
attributes listed above, only the. gamma-ray transmissions at the absorption edges
provide a unique identification. In practice, however, the fissie character of uranium
and plutonium is essentially unique,.sinoefissile isotopes of otiher elements ' would not be
expected in fuel-cycle facilities. Gamma-ray :speýtroscpy also provides an unam-
biguous identification, especially .if the spectra are measured-with high resolution.
Although the other attributes mentioned arenecessary features of nuclear material, they
are not sufficientiforunique identificatio.n;,

In a full-fledged nuclear material;assy,i ialmost all of the attributes:cited above aremeasured at one!time or another.' A'jSimple way to vew attributes meas*rements iss. toregard them as incomplete assays. The: dta ar rtaken inthe s e 'way as for complete

assays but the meaiurements are mae& more quickly, Wth les precision, and often
without any use: of the absoute calibrationof the instrument. Even semiquantitative
confirmatory. or verification measurementsmay involve only a determination of the
relative m eagnitud of the attrbute respons from sample to sample. Table 20-1

summarizes the measurement ruments that are coinrnnly available in nuclear
facilities and ihe attrjbutes they can reve me active as"s'ay instruments are included
for completeness..,:

Attribute measurements can be a very effective tool for characterizing, Verifying, or
monitoringml nibiear .material.' Measured one at. a time_, nucleart material attributes
provide sple aswers to :inventory questions. Measured in •ombination, they can
provide very reliAble or even unique iniformati'on with a minimum of effort.
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Table 20-1.Measurement instruments and the attributes they reveal

Instrument Attribute

Visual inspection
Scales ,..
Alpha counter
Geiger counter
Gamma spectrometer
Radiograph
Densitometer
Calorimeter..,

Passive total
neutron counter

Pasve neutron
coincidence counter

Active neutron
coincidence counter

Califoirnium Shuffler

Fuel-rod scanner

packaging, history, color
weight, density
presence of alpha particles; contamination
gross beta/gamma activity; presence of U, Pu, or Am
gamma-ray spectrum; U, Pu signature; enrichment; burnup
density, distribution, shape
.density; x-ray absorption edges; U, Pu signature
heat output; preseoce.of high alpha activity; Warmth

impliesmPu, Am .
neutron emission; presence of spontaneous fissions or

(a,n) reactions.
spontaneous or induced fissions; presence of Pu or

Cf likely
.induced fissions; presence of U or Pu likely

delayedlneutrons from induced fissions; presence of U
or Pu likely

delayed neutrons or gamma rays; presence of U
or Pu likely.:

20.3 QUANTITATIVE SCREENING OF WASTE.

20.3.1 Purpose

Nuclear fuel-cycle facilities often generate large quantities of waste that is only slightly
contaminated or that is assumed to be contaminated because of its proximity to other
materials. This type of waste is usually packaged in 55-gal. drums or larger containers
and sent to retrievable storage in shallow burial sites. Tominimize the volume of waste
that will ultimately have to be retrieved, it is important to determine the level of
radioactivity in the waste at the point of generation. Current regulations permit burial of
waste in nonretrievable storage: if the level of radioactivity is below 100 nCi/g of waste.
(The average level of radioactivity in US soil is about 10 nCi/g. Until recently, the cutoff
for permanent burial was set at this limit.) The purpose ýof nondestructive screening of
low-level waste is to supplement or replace administrative controls for waste sorting at
the 100-nCi/g level. Present experience suggests that the volume of nonretrievable waste
can then be reduced by a factor of 10 or more.

Nondestructive measurement of low-level waste is difficult because the containers
used are large [ranging from 2-cu-ft boxes (57 L) to: 55-gal. drums (208 L) to 4- by 4- by 7-
ft crates (3300 L)] and the quantities of nuclear material involved are small. A radiation
level of 100 nCi/g is equivalent to about 160 mg of,239pu, I g of 233U, or 4.4 kg-of 235U in
100 kg of waste. Because of the large container sizes and the low level of radioactivity,
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nondestructive measurements emphasize sensitivity rather than accuracy. The measure-
ment goal is often 1- to I0-nCi/g sensitivity and ±20% accuracy. This level of accuracy is
considered sufficient for waste screening, with the.proviso that large systematic under-
estimations must be avoided so that significant quantities of recoverable nuclear
material are not lost and so that the actual quantity of buried nuclear material does not
exceed criticality safety guidelines.

20.3.2 Gamma-Ray and Neutron Sensitivities

Table 20-2 summarizes the approximate detectability limits of nondestructive assay
techniques for 2 35 U and plutonium ý(10 24°pu, 90% 239pu) (Refs. 3 through 5). The

detectability limits are given for 1000-s measurements with the signal being three
standard deviations above background (99% cofifidence level). The detectability limit is
a function of the detector response Iper gram ofinuclear material and of the ambient
background (as given by Equationsý 15-7 ,and -15-8 in Chapter 15). The limits quoted in
Table 20-2 are based on reasonable estimates for background :contributions. The
detectability limit is also a function of the detector size and efficiency. .The limits in
Table 20-2 are measured or extrapolated values for detectors that can accommodate 55-
gal. drums for cases where no lead shielding is required to reduce the gamma-ray
background from fission products in the waste..:'

In general, passiv gamma-ray counting by segmented scanning is not quite sensitive
enough to screen waste at the l00-nCi/g leveA. For contamination levels above I g,
segmented gamma-ray scanning is the most reliable technique for quantitative measure-
ments of 23FU and 2 3 9Pu up to the limit of penetrability. of the 186- and 414-keV gamma
rays. For 57-L cardboard boxes contaimg waste with an average density of 0.1 g/cm 3 ,
passive counting ofL x rays has a demonstrated sensitivity of less than I nCi/g (Ref. 6).

Although passive gamma-ray measurements of nuclear waste are usually biased :low
because of gamma-ray self-attenuation, passive neutron measurements are usually

Table 20-2. Nuclear waste detectability linmitsa (Refs. 3through 5)
Efficiency Pu

Nondestructive Assay Technique (%) 235U (10% 24pu)

Passive gamma-ray. counting 1 100 mg 100mg
Passive thermal neutron counting 15 N/A 18 mg
Passive thermal neutron coincidence counting 15 N/A 6 mg
Passive fast neutroncoincidence counting 25 N/A 300 mg
Active thermal neutron coincidence counting 15 10 g 35 g
Active fast neutron coincidence counting 25 70 mg 130 mg
Photoneutron interrogation (3 X !108 n/s) .0.25 8 mg 6 mg
Delayed neutron counting (2 .×X 1019 n/s source) 15 6 mg 14 mg
Differential die-away neutron coun'tiig • 14 1 mg I mg
a1000-s counting time; signai 3o above background; no fission-product

gamma-ray shielding; nuclear matenial in oxide form.
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biased high because of additional neutrons from (an) reactions. Examples of (an)-
reaction effects are given in Section 15.5.1. Active neutron techniques are not subject to
the effects of passive backgrounds if the interrogation source is strong enough. However,
active techniques can be strongly :biased either high or low depending on the effects of
matrix moderation and absorption on the incoming and outgoing neutrons.' For a given
waste-screening application, the choice of measurement technique should be made on
the basis of cost, simplicity, sensitivity, and penetrability.

20.4. CON.FI TORY r MEAUREMENTS.

20.4.1 Purpose

The transfer and storage ofunirradiated nuclear materials is a frequent and large-scale
activity at many NRC and DOE facilities. Many safeguards' issues arise during the
process of shipping, receiving, and inventory verification. Measurements can help to
confirm that (a) material has not been diverted in tr nsit, (b) the item identification is
corrct, (c) there is no undue radiation'hazard to workers,and (d) inventoiy records are
credible. Suchi. confirmatory measurements may be simpler than measurements made
for accountability purposes. For example, they require less time and leýs unpacking or
repackaging of material. They also may be more versatile. However, in geneir, they are
less accurate. Confirmatory measurements detennine such attributes as weight, gamma-
ray nipectrumtotalineutron radiation, and enirichment that-taken as a '€'hole--are very
diffilt to imitate.

When nuclear material is transferred from one facility to another,. presentregulations
requre that e receiver verify the' piece count, idebtification, and gross w t of the

items in the shipment. Normally the receiver:should perform accountability measure-
ments on the items within 10 calendar days. In practice, however, is often difficult to
achieve because of (a) limitations inthe availability of personnel and! nondestructive
assay equipment; (b) the length of time required for performing chemical analysis and
transferring shipments into and out of storage vaults, and (c) the radiation exposure to
personnel duringpacking and unpacking. Also, difficulty in measuring a relatively small
number of scrap materials can delay closing the material balance on the shipment. One
safeguards approach to alleviating' these problems is to make confinmatory measure-
menis at both the shipping facility and 'the receiving facility with similar or identical
instruments (Ref. 7). Such measurements can confirm that there are no missing,
incorrect;br bogus: items in the shipment.

When nuclear material is stored at a facility, present regulations require periodic
inventory ofthe entire facility and its storage vault. Confirmatory measurements made
during that time on a random samp!e of the inventory can help identify mislabeleditems
and: increase the credibility of the inventory process:(Ref 8).

20.4.2 Nondestructive Assay Options

Nondestructive assay techniques are well suited for confirmatory measurements
because of their speed and their ability to measure an entire item. In some cases, it is also
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possible to measure the shipping container itself, although with some loss of precision
and accuracy. Options based on nondestructive assay of plutonium or uranium radia-
tion attributes are summarized in this section.

For most. plutoniumr samples, a combination of calorimetry and gamnm-ray spec-
troscopy provides the best available accuracy::0.5 to 2% for homogeneous materials.
However,. this instrumentation :is usually reserved. for' accountability measurements
because of its relatively high cost, complexity, and.low:thloughput. Passive gamma-ray
counting of the 414-keV 239pu peak in either a far-field geometry or by segmented
scanning is a simpler option for materials of low density. However, most plutonium-
bearing materials that are attractive for diversion are too dense for gamma-ray counting
and are best measured by passive neutron counting. The technique is relatively simple,
and can sometimes be applied, to 30- or 55-gal. shipping drums without unpacking their
contents. The neutron well counter should have uniform efficiency over the volume of
the sample. Also, the electronicsadeadtime should ,be, small and wellknown. sothat count
ratios can be determined accurately.

Confirmatory •eutron measurements of plutonium can be based on total or coinci-
dentcounting, but coincident counting is a more specific attribute. Counting times are in
the rangeofI 00 to i 00( s. Typical accuracies for quick confirmatory measurements are
1 tO 10% for well-characterizedmateriails, 25% for impure scrap, and 50% for hetero-
geneous, materials with high (a~n) rates (Ref. 8)., However;. the repeatability of raw
measurement results .isapp0troximate-ly %. It would bevery difficult technically: to

construct a bogus item, with the same weight, total neutron count rate, and coincident
neutronicouit rate as a real item. This is also true for heteiogeneous materials wwith high
alpha decay rates•where the assay accuracy is poor but the neutron attribute measure-
mentisquite precise.-

F9r passive neutron measurements of plutonium, the following guidelines show how
the observed count rateiare relaied to specific material attributes:.

(1) The total neutron, count rate is proportional to fertile content but also depends on
the.(a,n) reaction rate. Ifhe fertile content can b•!edtemned from the coinciden count
rate, then. any "excess" total count rate can be attibuted to chemical compounds. or
impurities...

J(2)• The neutron. coincidence: rate: is proportional to fertile content, but may be
enhanced by inducedfissions.

i(3)he coinci~ence/totals ratio is a functin of sample self-multiplication and,
indirey, fissile content. For heterogenxeous plutonium scrap with very strong (an)

cons,t the coincidence/totals ratiosmay prvide the et possible measure of Pu

content; perhaps within I0%, 4ifan iterative cofrection for •PU content is made (Ref. 9).
•(4) The difference in coincident neutron response withband without a cadmium linerin the W .ellcounter, divided by iotal neutron response, is a measure of fissile content

(Section 17.3.3i iandRf.1)
Confirmatory measuremensiýof uranium are; more difficult than those of plutonium.

The alpha-particle emission rates are not high enough to permit heat production
measurements. Enrichment measurements are, possiblewi th- the, 1 86-keV gamma ray,
but they sample only the surface of the material and require a well-collimated geometry
outside of the shipping~drum. Far-field gamma-ray mea~surements can be used for low-
density maeials.Theyihave also been used to confirm high-density materials to within
a f66tor of 2(Rdf. '8).
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The measurement of. bulk uranium samples requires the use of active neutron
systems, with the simplest being the Active Well Coincidence Counter (AWCC) (Section
17.3.1). In the thermal mode the AWCC is appropriate for samples containing from 51to
1005 ofg 23U. In the fast mode the instrument is limitedto samples containing 50 g of
235U or more, even for 1000-s counting times, because of the high accidental coincidence
background of the interrogation sources. Good coupling must be maintained between
the sources and the uranium, which usually requires the use of small containers. Thus,
active coincidence counting of uranium is not as versatile or as easy to apply as passive
coincidence counting of plutonium.

Two specific applications of active neutron counting of uranium are summarized
below:.

(I) Mixed uranium/plutonium samples: The passive coincidence response is propor-
tional to 24OPu but may be enhanced by induced- fission in 235U. Correction for, self-
multiplication can compensate for induced fission but will not provide-a direct measure
ofý3SU content. Determination of 235U'or.239, Pfissile content is not practical by active
coincidence counting and requires more complex active neutron systems.

(2). Highly enriched: uranium:: in .UF 6 cylinders: The coincidence/totals ratio is
Proportionalt6o..U cntent to withimn2 to 10% (Secti6n 17.3.4). ..

20.4.3 Recent Experience

Several examples follow of recent confirmatory measurements at Hanford, Rocky
Flats, Los Alamos, and Savannah River. The examples illustrate differentvapproaches
and different levels of accuracy; they are arranged'roughly in order of increasing degrees
of confirmation.

Verification of a wide variety of stored nuclear material has been obtained by
performing confirmatory measurements on a random sample of the inventory:(Ref. 8).
Passive neutron coincidence counting ofplutonium and passive gamma-ray counting of
uranium in a far-field geometry were the -preferred techniques. Roughly. 5% of the
mneasurements were invalidated because of poor counting statistics, unsuitable material
matrices or geometries, or lack ofappropriate standards. Another 5% were judged as not
confirmed because of results iniconisistent with th6s.obtained earlier on similar items.
For the latter. 5%', a superior instruiien't or t•echnique ws used to perform aii account-
ability measurement In about half of ese cases the more accurate acuntability

measurement verified that the' original item abel was indeed incorrect.
Confirmation of incoming plutonium scrap metal hasi beýenL a mplishe d' by passive

neutron coincidence.counting of "bird cage" shipping containers (Ref. I 1!).ý Measure-
ment ofthe shipping container itself rather than the individual inierior itemni resulted in
an eightfold redi ction in wbrk hou and a thirtyfold reduction in: rad iation exposure.
Measurement accuracy was Iroughly 5% (1o) for the shipping• container as a whole
compared to 2.5% (la) for the individual items. The receiver was able 't verify the
incoming shipment within three working days.

Confirmatory measurements of plutonium oxide have been performed .by both the
shipper and the receiver, each using a neutron coincidence counter of different design
(Ref. 8)'. The counters measured the individual cans outside ofitheir shipping:drums. No
attempt was made to normalize the response of one counter to the other. Instead, the
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confirmation was based on the ratio of the responses. The total neutron count ratios
were consistent to 0.5% (1a), and the coincidence count ratios were consistent to 1.5%
(lo) before and after shipment. The receiver also compared his measurement of the
actual plutonium mass as obtained by coincidence counting with that obtained by
calorimetry for eight batches of cans. This comparison was not as accurate, having a
4.1% (Iy) scatter. The reduced accuracy of the mass determination is attributed to
differences in settling, oxide density, moisture, or isotopics between batches.: For
example, the coincidence response of a 1-kg plutonium oxide can will change by about
1% for a 5% change in density (see Figure 16.14 in Chapter 16).

Shipper and receiver confirmatory measurements of plutonium-bearing ash, sand,
slag, crucible, and oxide have been carried out by segmented gamma scanners of
different design (Ref. 8).Standards were fabricated by the shipper, calibrated on the
shipper's calorimeter, and sent to the receiver. The receiver's measurements of:239pu
content agreed with theshipper's measurementsto within I to 4% (1o).

Confirmatory measurements of impure plutonium metal and oxide have been made
with two identical neutron coincidence counters that measure 30-gal.-drum shipping
containers. Figure 20.1 shows cutaway views of one of the countem The counters are the
first instruments designed specifically for confirmatory measurements (Ref. 12)' The
design features two doors, drum rollers, a drum positioner, and void spaces in the
polyethylene wall to flatten the vertical efficiency profile. Normalization of response
between shipper and receiver is accomplished by exchange of 252Cf !sources, source
measurement data, and background measurement data. The confirmatory measure-
ments consist of .three 100-s total neutron counts. Initial results provided a ship-
per/receiver verification within 2 to 3% for oxide and within 1% for metal (Ref. 11).
There is some evidence of a smallfbias that may be due to settling of the contents during
shipment.

20.5 NUCLEAR MATERIAL HOLDUP

The term "holdup" refers to the accumulation of nuclear material inside the process-
ing equipment of nuclear'facilities. Other common terms for such material are "hidden
inventory-" "normal operating loss,". and "in-process inventory." The choice of
terminology depends in part on the application or point of view. For example, the
nuclear material.ht remainis in the facility after the runout of all bulk product may be
called "in-process inventory." The material that remains after thorough brushing,
wiping, acid leaching, and rinsing may be called "fixed holdup."

Because of the high' economic value of nuclear material and the need to ensure
radiation safety and critic y safety and to safeguard against theft or diversion, i is

important to minimizeý holdup, to measure or model its magnitudes, and.to remove-it.
Holdup causes and mechanisms, holdup magnitudes, and holdup modeling and meas-
urement techniques aredi sed in the remai sections of this chaPter.

20.5.1 Causes and Mechanisms

Nuclear material tends to accumulate in cracks, pores, and regions of poor circulation
within process equipment In addition, the internal surfaces of pipes, tanks,, ducts,
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Fig.20.1 Cutaway view ofone ofthe Confirmatory Measurement Counters
built specolcally for shipper and receiver confirmatory measure-
ments ofplutonium in 30-gal.shipping drums (Refs. II and 12).

furnaces, gloveboxes, and other equipment can acquire appreciable deposits. When the
internal surface areas are large, the total holdup can be enough to affect the plant
inventory difference (Ref. 13). The amount of holdup depends on the nature of the
process and on the physical form of intermediate solutions, precipitates, and powders.
Also, process upsets can lead to large, rapid, and unexpected depositions of material.

Some of the mechanisms for material accumulation (Ref. 14) are summarized below
(1) gradual sedimentation and settling of fine particles in regions of poor circulation

or low flow rate
(2) chemical reaction of nuclear materials with interior walls or migration of the

materials into the walls
(3) solid or liquid product formation or precipitation resulting from inadvertent

chemical reactions
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(4) electrostatic deposition and buildup of charged particulates
(5) splashing, bubbling, or caking of materials resulting from unregulated chemical

reactions.

20.5.2 Magnitude of Holdup

From the holdup mechanisms outlined in the preceding section it is possible to
identify regions where holdup may be high. These include elbows, junctions, and seams
in pipes and ducts; regions of stagnant flow or regions with turbulent flow;-equipment
with large interior surfaces such'as Raschig-ring tanks, filters, gloveboxes, and furnaces;
and wet operations with corrosive'acids or-high concentirtions of nuclear material. The
magnitude of the holdup in theseýegions.is difficult to, estimate because it depends on
such factors as plant layout, frequency of process upsets, maintenance and cleanout
procedures, and throughput.

Some typical holdup magnitudes observed in equipment at several uranium and
plutonium processing facilities are gien iin Table 20-3. The numbers shown are typical
of regions of high holdup only,.but they suggest that extrapolation over all of the major
process areas in a facility canyield tens or hundreds of kilograms of total holdup. As a
fraction of total throughput, the holdup can be in the range of 0.1 to 0.2% even after
thorough destructive cleaning.:When nuclear material is first introduced into a new
facility, the initial holdup canibel to 10% of the initial throughput. Because facility
design can affect the amount' ofholdup, -the Nuclear Regulatory Commission has
proposed design considerations: to:minimize' holdup (Refs. 15 through 17).

Table 20-3. Typical magnitudes of holdup in. facility equipment

Gloveboxes 0- 50g
Gloveboxes (after destructive cleaning) 2 g/m2
Grinders I - 100g
V-blenders I - 50g
Glovebox prefilters 2 - 100 g
Final filters 10 - 10g
Equipment interiors (after routine cleaning) 10 - 50 g/m2

Pipes (after destructive cleaning). 0.3 g/m
Ducts (no cleaning) I - 100 g/m
Glass columns ! g
Annular tanks I - 10g
Raschig-ring filled tanks (after rinsing) 1 - 500 g
Dissolver-trays 10- 500g
Small calciners 5 - 50 g
Furnaces 50 - 500 g
Furnace trays I w. log
Incinerators 1000's g
Concrete spill basins 1000's g
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20.5.3 Statistical Modeling

Determining the location of material held up .in process equipment and recovering it
is very difficult. Even measuring the quantity of holdup is difficult and subject to many
uncertainties (see Section 20.6). A possible alternative method for obtaining some of the
holdup data required for periodic inventory is to estimate the holdup through statistical
modeling (Ref. 14). This approach would begin with careful, controlled holdup measure-
ments (either nondestructive or cleanout) of a process operation under known condi-
tions of temperature, flow rate, throughput, and so forth. The measured holdup would
be modeled as a function of the important variables. Then future holdup in this process
operation could be estimated and predicted on the basis of the model.

A series of controlled holdup deposition and measurement experiments have been
conducted to test the validity of this approach (Ref. 14). Figure 20.2 shows the layout of
the equipment used during one such experiment designed to determine the holdup of
uranium dust as a function of material characteristics, airflow rate, and dusting material.
A mechanical dust-generating apparatus located inside th . glovebox provided a source
of airborne dust. Radioactive tracers were incorporated into the uranium oxide at a
concentration of about one part per billion in order to increase the accuracy of the
gamma-ray holdup measurements. Comparison with cleanout Showed that the holdup
measurements were accurate to about 20%W .

Some of the data from.the experiment are ilustrated .in, Figure 20.3 (Ref. 14). This
figure shows filter holdup increasing as a function of airflowt and throughput. The
holdup can be modeled as a quadratic function of throughput, as illustrated by the
smooth curves in the figure. These data provide a good example of holdup that increases
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Fig. 20.3 Holdup offine U308 powder as afunction of airflow rate and
total throughput as measured at the exhaust airflfter (location
14 in Figure 20.2) during a controlled dust-generation experi-
ment (Ref 14).

steadily with increasing throughput. Another typical pattern observed in controlled
experiments is illustrated in Figure 20.4 (Ref. 14). Holdup inside a calciner increased
rapidly as a linear function of throughput until a coating was built up. Then the holdup
fluctuated about a steady-state value until operating conditions changed. In this case, an
increase in calciner operating temperature from 700"C to 900°C caused another increase
in holdup. During the period of steady-state operation the data were fitted to a Kalman
filter model, as indicated by the smoothed curve in the middle of the figure.

The behavior illustrated in Figure 20.4 is somewhat representative of a process facility
as a whole. When nuclear material is first introduced into a new facility, holdup may
build up rapidly as equipment becomes coated and cracks become filled. During
subsequent years of steady operation and routine cleanout, holdup increases more
slowly and may tend to approach some asymptotic value.

The controlled holdup deposition and measurement experiments described above
suggest that holdup estimation models can be useful if they are based on good initial
measurements, if process operation is stable, and if the data base is updated periodically.
Under these conditions the frequency and number of measurements can be reduced.
Controlled-holdup experiments also provide an example of the best accuracy obtainable
in holdup measurements made under ideal conditions. The accuracies reported for these
experiments (Ref. 14) are included in the summary of published holdup measurement
accuracies given in the table in Section 20.6.1.



Attribute and Semiquantitative Measurements 601

1.8 I IOU 00

00

16
0..

1.4 .'

0.8.
., 12

0

0.6

0.4

02

0 5 10 15 20 25 30 35 40 45 50 55

HROUGHPUT (kg OF U)

Fig. 20.4 Holdup of uranium oxide in a calcinera afunction of
throughput, as determined during a controlled holdup experi-
ment. This figure is an exa mple ofthe leveling out.ofholdup at
a steady-state value after an initial buildup. At a throughput of
40 kg, an increase in furnace temperature resulted in another
buildup (Ref 14).

20.6 THE ART AND SCIENCE OF HOLDUP MEASUREMENTS

The measurement of nuclear material held up in processing plants is both an art and a
science. It is subject to the constraints of politics, economics, and health and safety
requirements, as well as to the laws of physics. For the practitioner, the measurement
process is often long and tedious and is performed under difficult circumstances, as
suggested by Figure 20.5. The work combines the features of a detective investigation
and a treasure hunt, as aptly described-by Zucker and Degen (Ref. 18). In fact, thecost of
a thorough holdup measurement campaign is in the range of $10 per gram of detected
material-comparable to the price of gold.

Nuclear material held up in pipes, ducts, gloveboxes, heavy equipment, floors, walls,
and so forth, is usually distributed in a diffuse and irregular manner. It is difficult for the.
assayist to define the measurement geometry, identify the form of the material, and
measure it without interference from adjacent sources of radiation. For. these reasons
holdup measurement is an art that requires experiencei imagination, a sense of propor-
tion, and;luck.

Holdup measurement also requires a scientific knowledge of radiation sources and
detectors, calibration procedures, geometry, and error analysis. These topics are dis-
cussed in the remainder of this chapter.
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Fig. 20.5. Holdup measurements are both an art and a science and, as this
cartoon illustrates, are usually conducted under difficult circum-
stances.

20.6.1 Useful Radiation Signatures

Table 20-4 lists gamma-ray and neutron radiation sources that are penetrating enough
to. measure holdup of uranium and plutonium. The tabulated neutron energies are
approximate averages for the actual spontan ous fission, induced fission, or (an)
reaction neutron spectra. The neutron intensities are approximate values (calculated
from Tables 11-1 and 11-3 in: Chapter 11) that indicate the relative ease or difficulty of
assaying various isotopes or compounds.

Most holdup measurements of uranium and plutonium are based on passive detect-
ion of the 186-keV 2 3 5U gamma-ray peak and the 375- to 414-keV 239pu complex. Both
portable sodium iodide detectors and: thermoluminescent dosimeters (TLDs) are
usually set up to respond to these gamma rays because they are thethighest energy (and
therefore the most penetrating) gamma rays available at useful intensities. These
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Table 20-4. Useful radiation signatures for holdup measurements

Isotope Technique Signature .ntensity

23SU passive gamma
active neutron

U0 2 passive neutron

U0 2 F2 1.
UF6
2 38 U

Pu
2 39

pu

passive neutron
passive neutron
passive gamma
passive heat'•
passive gamma

,passive neutron

186-keV gammas-
I -MeV neutrons

2-MeV neutrons

I -MeV neutrons

I -MeV neutrons

1001-keV gammas

infrared' :
414-key gammas
375-keV gammas
129-keV gammas

:2-MeV. neutrons

43 000 y/g-s

0.03 n/g-sa
2.0 n/g-ea

5.8 n/g-sa

100 y/g-s

34 000 y/g-s
36 000 y/g-s
140 000 Y/g-s

1000 n/g-s
PuO 2  passive neutron 2-MeV neutrons.: 120 n/gmsb

PuF 6  passive neutron 1-MeV' neutrons 7300 fi/g-sb

aHigh-enriched uranium with l%* U.
bLow-burnup plutonium with 0.03% 21Pu, 6.5% 24Pu, 92.5%
239pu.

intensities are sufficient to measure holdup with a sensitivity of 1 g. When.uranium is
mixed with thorium, measurement of the1 86-key 235U peak may be difficult because of
interferences from 200- to 300-keV radiation from thorium daughters (Ref. I9). When
plutonium is measured with sodium iodide detectors, it is Customary to set, a window
from 375 to 450 keV. This window will coHllect most 414-keV gamma rays and many 375.
keV gamma rays but will exclude 332-keV gamma, riys from 241pu or2Am (Ref. 13).

Large quantities of 238U can be assayeit the, low-intensity but very penetrating

1001-keV gamma rays from 23mpa, a duhter of •38u. After chemical separation of
uranium, about a hundred days are requifrd for the activity to come into equilibrium at
the intensity given in Table 20-4.

Passive neutron counting may be helpful. when it, is necessary to measure holdup in
pumps, valves, or other heavy equipment that is.; too dense to permit the escape of
gammna rays. Neutrons penetra te remetal and iare holdup deposits better than gamma
rays. do, but they require more nuclear material to produce a strong signal. Neutron
measurements are more difficult to interpriebeca•se neutrons do not have a unique
energy, are difficult to collimaie, are subje8t:t multiplication and moderation' effects,
and can be increased in number by (an) reactions in chemical ,ompounds. These effects
cause neutron measurements to overestimate, the i amount, of holdup, whereas self-
attenuation effects cause gamma-ray measurments to underestimate the amount of
holdup.

As indicated in Table 20-4, passive neutron counting of uranium in oxide or fluoride
form is possible 'for reasonably large quantities.i The neutron signal is due to (an)
reactions in oxide or fluoride compounds: Active assay of 235U is also possible but is
very sensitive to nearby reflectors, moderators, and absorbers, and the response is
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roughly proportional to the inverse fourth, power of the uranium-to-instrument distance
(Ref. 20). Passive neutron measurements of plutonium are quite practical, with spon-
taneous fission in 24°Pu being the primary neutron source unless large. quantities of
fluoride compounds are present.

The possible use of infrared scanning devices to locate plutonium holdup is being
studied at several facilities. The primary source of infrared radiation is the heat
generated in the alpha decay of 23 8 Pu. Infrared scanning of equipment to locate "hot
spots" is probably feasible, but it is not known if quantitative: measurements can be
made.

20.6.2 Detectors and Readout Instrumentation

Because of the difficult circumstances under which holdup measurements must be
carried out, the instrumentation should be portable, rugged, and easy to use. Simple
push-button operation and low power consumption is also desirable in case battery-
powered operation or operation inside plastic bags is necessary. All these requirements
are satisfied by most of the equipment used today, which consists primarily of survey
meters, portable multichannel analyzers, and collimated sodium.iodide detectors.

Survey meters are geiger counters or small collimated or uncollimated sodium iodide
detectors that respond to beta or gamma radiation. They are used for rapid surveys of
large areas to locate holdup concentrations, and are usually equipped with audible rate
meters. Quantitative holdup measurements are then performed with sodium iodide
detectors (see Figure 20.6). The resolution and efficiency of these detectors, about 7 to
10%, is usually adequate for holdup measurements. Typical crystal sizes are3-cm dia- m
by 5-6m depth for plutonium measurements and 5-cm diamn by I -cm depth for uranium
measuments. The detectors re collimated to limit their field of view. The collimators

should consist of about 1.5 cm of leadf6or plutonium: measurements and 0.5 cm of lead
or uranium measurements in order to absorb at least 98% of the icident! radiation

(Refs. 13and :21). Anequivaleht thudkness kof lead should cover the back f ihe detector
to reduce.background radiation. Also, te front face of the detector should be covered
with 1.5 mm of lead (for plutonum mesurements) and 0.8 ýmm fcadmium. (for
uraniu•nmind piutdni'um :measurementslpiaced inside the lead) to6'ieduce the count rate
from x rays.

Commercially available electronics packages for sodium iodide detectors include the
Eberline Stabilized Assay Meter (Chape4), the Brookhaven Stabilized Assay Meter
(Ref. 18)i and'the Rocky Flats Assay Meter (Ref. 22), which uses Ludlum electronics.
These packages are all portable, stabilized:dual-channel analyzers. Portable multichan-

nel analyzers are useful for identi6yin- hod1.up of unknown compositioniX and are no w
becoming available in packages Small eý"ogh :to serv as replacements for the stabilid
assay meters. Commercial instrumnents: iuncude the Nuclear Data ND-6, the Canbe'ra
Seres 10, and the Davidson Model 2054K.

Tihe shielded neutron assay probe de'ector described in Chapter 15 can be used for
neutron measurements of holdup (Ref. 23); The low front-to-back detection ratio, which
ranges from 2 to! 4, requires careful attentin, to background and the use, of a collimator
plug shield' (Ref. 13). In general, 10 to 15 cm of polyethylene will reduce the 'intensifty. of
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FIg. 20.6 An example of the usei of a collimated sodium iodide de-Itector
and a portable electronics package to measure holdup in
Raschig-ringfilled tanks.

fission neutrons by a factor of 10. Large slab detectors can be employed for holdup
measurements where portability is not a concern. Slab detectors have been used to
estimate total room holdup (Ref. 24) and holdup in large calciners (Ref. 25).

Thermoluminescent dosimeters (TLDs) have been :placed around, the outside of
gloveboxes (Ref. 26) and in the otherwise inaccessible iiteriors of calciners (Ref. 27).
Lithium fluoride andcalcium fluoride are common TLD crystals:. Lithium fluoride has
the advantage of greater availability,! whereas !calcium fluoride has a higher sensitivity
and does not require, a complexannealing. cle. For either material airaded shield is
required to discriminate against loW-energy xirays."
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20.6.3 Holdup Measurement Procedures.

Planning holdup. measuremnents egins' withi several technical, And ýnontechnical
consideratidns.ýOne important factor is whether or not measurements are to-be periodic,
routine, and can be started before hot operation of the facility commences. Where
possible, measurements in advance'of:hot operation are'very helpful iin defining holdup
collection zones,": measuring backgrounds, measuring attenuation through.equipment
walls, and calibrating for difficult geometries. Biackets;fixtures, and specialshields can
be manufactured andinstalled for later us6.:Another important consideration is whether
the holdup measurements;are-to be absolute. orirelatiyv. Absolute measurements are
more desirable because, they. yield values for the •otal grams -held up in. the facility.
However, a change in 1holdup is easier to measure than-the-actual holdup. because
systematic errors: tend to: cancel. Periodic relative measurements may be sufficient for
monitoring routinedeanoui operations or for ensuring that holdup is not affecting the
plant's monthly inventory balance.

The holdup measurement campaign itselfconsists ofthe following steps:
(1) The measurement team studies the plant process and consults: with plant

operators to identify areas of potentially high hduP.*
(2) A quick radiation survey with collimated or unco Himated survey meters indicates

those areas where most material is held up.
(3) Most of the. remaining measurement time is allocated to those. areas with the

majority of material. Other areas are measured more lightly or estimated by extrapola-
tion. Note however thatreas withlowholdp perunit area may contain large
amounts of material. Conversely, localized hii sots, may contain relatively small

absolute quantities..
(4) The holdup detectorsarecollimatedand calibrated using known standards. Small

check sources are used to monitor instrument stability. Each detector is clibrated for
point, line, and area collection zones.

(5) Quantitative :measurement ofholdup in the facilitybegins at this poizini Each item
ofequipment to be measured is, characterized as a point, line, or area holdup collection
zone. The field of view of the detector is limited so that each. collection zone can be
resolved from its neighbors and from the background. The measurement team records
the date, time, counting interval, collection zone identification, assumed collection
geometry, source-to-detector distance, type and thickness of intervening material, and
count rate.. Each holdup measurement should be long enough to yield several hundred or
severalfthousand.counts. Then a background.measurement is made by using a collima-
tor plug or a movable shield or by moving the detector sideways so it misses the zone but
views the same background.

(6) To obtain: an estimate of uncertainty, the; collection zone should be measured
from a different direction, from a different distance, by assuming a different geometry
(for aple, point -vs area), or by using a: different measurement technique. In this
matter the judgment tand experience of the team, members are paramount. They must
gues at the distribution of material and choose measurement distances and calibration
geometries accordingly in order to averageholdup fluctuationsand use their time to best
advantage.
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(7) Although attenuation corrections, gram values of holdup, and error estimation
can be calculated later, the team members should do some rough calculations on the
spot. This is very important to ensure that they are spending their time where it is most
needed and are not making large measurement errors.

20.6.4 Point, Line, and Area Calibrations

During a measurement campaign each holdup collection zone is characterized as a
point, line, or area, source so that the observed count rate can be easily converted to
grams of nuclear material. For example; a pump, filter, or valve may be considered a
point source if the holdup is distributed over distances that. are small compared to the
source-to-detector distance and if the holdup is entirely within the detector field of view;
a long pipe or duct may be considered a line source;a wall, floor, or broad rectangular
duct. that extends well beyond the detector field of view may be considered an area
source. Sometimes the choice of point, line, or area calibration is not obvious and is a
matter of judgment or experience. Sometimes the measurement team may try two or
even all three possibilities and compare the final results for the holdup. Or the team may
measure the count rate as a function of distance from the .collection zone to help
establish the proper calibration choice. For a point source, the measured response falls
off as the inverse square of the distance (l/r 2 ). For a linesource, the response falls off as
the inverse of the distance (l/r). For a uniform area source, the response is independent
of distance. This last case is not as obvious as it seems; it is predicated on the finite
viewing angle of the collimated detector, which views an area that increases as r2,
thereby canceling the 1/r2 falloff in response with distance.

Point, line, and area calibrations can of course be obtained from point sources, line
sources, and area sheet standards, as described in Section 20.6.5. However, it is also
possible, and usually easier, to obtain all three calibrations from a single point source.
The procedure for doing this with a gamma-ray detector is described below.

(1) Collimate the detector by recessing it in its lead s shield by one or two crystal
diameters to obtain a viewing half-angle 0/2 of 15 to 30 degrees (see Figure: 20.7). This
* collimation must now remain fixed because the line and area calibration constants are
strongly dependent on the field of view.

(2) Place the point calibration source at a fixed distance r0 (typically I to 2 in).
Determine the count rate C0 . Now move the source sideways in fixed steps of width s
(typically 10 to 20 cm), as illustrated in Figure 20.7. Determine the count rate Ci at each
step i, with each count rate corrected for background. The result is a response curve
similar to the example in Figure 20.8.

(3) The curve of detector response as a function of.sideways displacement falls off
because of the finite viewing angle of the collimated detector. If the collimation were
perfect, with viewing half-anple 0/2, the detector could view a length L ; r00 of a line
source or an area A ; 7 r0

202/4 ofan area source. Actually, the equivalent length L of a
uniform line source that gives the same count rate as the integrated response curve is

L = 2 9 _ i/Co - s :~..(20-1)
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(4) The equivalent area A of a uniform area source that gives the same count rate as
the integrated response curve is

A -Iai Cj/C 0 (20-2)

To obtain this equation we have imagined that at each sideways position i of the point
source, the measured response is representative of that which would be obtained over an
annular ring of inner radius (i - 1/2)s and outer radius (i + 1/2)s. The area ai of each
annulus is 2ins2 , except that ao = 7s2/4.
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* (5) If the point source standard contains m0 grams of nuclear material, the point
calibration for holdup is

Cr 2

m(holdup)= mon---i (grams) .(20-3)
C; r07

where C is the observed count rate corrected for background, r is the detector-to-holdup
distance, and m is the mass of holdup in grams.

(6) The line calibration is

m(holdup/m) m0 C r(g/m) (20-4)L C0 r0  . .

CO must be measured at the distance r0 used to determine L.
(7) The area calibration is

m(holdup/m2 ) ( C Im2) (20-5)
AC 0

CO must be measured at the distance r0 used to determine A.
(8) Note that the preceding equations assume that the same standard, of mass m0 , is

used to determine L, A, and CO. This is convenient in practice but not essential. One
standard could be used for the measurements required to calculate L and A with
Equations 20-1 and 20-2, and another could be used to provide m0 and CO for Equations
20-3 through 20-5.

20.6.5 Calibration Standards and Check Sources

In principle, the geometry of a calibration standard should be the same as the
geometry of the unknown being measured. For holdup measurements this is usually not
possible. Therefore, in practice, point, line, and area standards are used to approximate
equipment geometries. Also, as described in the preceding section, a single small
calibration standard can be used to obtain point, line, and area calibrations. For gamma-
ray measurements, I to 5 g of 235U or 239Pu is sufficient. Even for these small gamma-ray
standards, self-absorption is significant and must be corrected for (see, for example,
Table 20-5). For neutron measurements, 10 to 20 g of plutonium (6 to 20% 240pu) gives
an adequate count rate. In the neutron standard, self-absorption and self-multiplication
are negligible, but it is important to establish by calculation. or measurement that the
neutron production rate in the standard is representative of actual plant material.

To ensure the stability and reliability of portable radiation detectors in a plant
environment, it is necessary to carry along small check sources. The performance of the
detectors should be checked against these sources every 1 to 4 h. The point calibration
standards described in: the preceding paragraph (or even somewhat smaller sources) are
suitable for this application.
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Some holdup measurement teams have fabricated sheet standards to supplement
their point calibration standards. One common technique involves sprinkling: oxide
powder on transparent plastic sheets coated with adhesive (Ref. 18). Uranium oxide has
also been mixed with silicon rubber and deposited, on sheets (Ref. .19). The sheet
standards can be used for area calibrations or rolled up in pipes and ducts for line
calibrations. The sheet standards may be difficult to fabricate or use, however, because
the oxide may be deposited nonuniformly and may become stiff, causing itto crack or
flake. .

In any facility there may be special material holdup geometries that cannot be
approximated by point, line, or area sources. Sometimes it is possible to mock up these
geometries with combinations of sheet standards and point standards. Another alterna-
tive. is to put known standards inside the actual Iprocess equipment, although this can
usually be done only before the equipment is placed into operation.

20.6.6 Self-Absorption and Attenuation Corrections

A chronic problem in passive gamma-ray holdup measurements is the tendency to
underestimate holdup because of self-absorption in the material itself or attenuation in
intervening materials. Self-absorption of the gamma rays in uranium or plutonium can
be very severe, as indicated by the two examples in Table 20-5. Although the assayist
cannot correct for self-absorption because the. density and distribution of the material
are unknown, he may be able to make some allowance for self-absorption in, estimating
errors. .:" : " -

Table 20-5. Estimated self-absorption and attenuation correc-
tions for common materials encountered in holdup measure-
ments

Correction for Correction for
186-keV 414-keV

Intervening Material Gamma Rays Gamma Rays

I -g-cube U0 2  2.95"
10-g-cube UO 2  5.97
1 -g-cube PuO 2. 1.28.
Sl0-g-cube PuO2  1.66
Rubber glove 1.05 1.04
0.25-in. Plexiglas 1.11. 1.08
1.0-in. water. 1.42 1.30
0.25-in. aluminum 1.24 1.18
8-in.' 8-in. HEPA filter 1.43 1.31
0.063-in. steel 1.20 1.12
0.125-in, steel 1.44 1.25
0.25o-in. steel 2.08 1.55
0.063-in. lead 6.83 1.44
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• Attenuation of the gamma rays by intervening, pipe walls, gloveboxes, or other
materials can be determined by calculation or by transmission measurements. A
transmission measurement is illustrated in Figure 20.9, where a source (typically 137CS)
is positioned behind a duct. The measurement procedure, calculation of transmission,
and conversion to a self-attenuation correction factor is the same as that given in
Chapter .6. The procedure is rarely used during'a holdup measurement campaign
because it is time-consuming, physically awkward, and requires different electronic
settings to measure the 662-keV cesium peak. Instead, it is usually sufficient to calculate
the attenuation by estimating the: thickness and composition: of the intervening
materials;

Table 20-5 provides examples ofgamma-ray transmission through common materials
and the associated attenuation correction. Although in practice the attenuation correc-
tion is only an estimate; it: is very important to make this estim ate for every holdup
measurement until it is.known by experience where the correction can be neglected'
Otherwise the.holdup measurement is merely a lower limit on the amount of material
actually present.

Nal PROBE AND
COLLIMATOR

TRIPOD ELECTRONICS
PACKAGE

POSITION OF TRANSMISSION
SOURCE (WHEN USED)

Fig. 20.9 Holdup measure-
ment.ofa duct show-
ingplacement of
transmission source

CART "for attenuation cor-
rection measure-
ment.

20.6.7 Error Estimation

Both the art and science of holdup measurements are involved in the process of
estimating, measurement errors. These errors are large and numerous; their causes are
summarized below in a somewhat subjective ordering of decreasing importance:

(1) Unknown material distribution, which affects the source-to-detector distance and
the validity of the chosen point, line, or area calibration.

(2) Self-absorption in the material or its matrix.
(3) Gamma-ray attenuation by intervening materials.
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(4) Background interference from distant line-of-sight objects or from adjacent,
unresolved material..

(5) Detector instability or improper calibration.
,(6) Unrepresentative standards.
(7) Statistical imprecision.
(8) Uncertainty in material isotopic composition.

Statistical imprecision is the only source of error that can be treated in a rigorous
fashion; it is usually negligible compared with other errors.

The most important: technique for: error estimation available to the measurement
team is that of measuring each collection zone in several different ways. After each
measurement is properly corrected for distance, background, attenuation, and so forth,
and a gram value for holdup is obtained,: the different values should be averaged
together. The measurement standard deviation can be estimated or calculated from the
range of values.
..To estimate the accuracy of a series of holdup measurements, the holdup must be

measured both before and after a cleanout campaign. If the actual amount of material
removed can be determined by sampling and chemical analysis or by other nondestruc-
tive assay techniques, then the measurement accuracy can be calculated. Previous
calibrations can be updated, and error estimates can be reassessed.

Table 20-6 gives a brief summary of published comparisons of holdup measurements
and cleanout campaigns in existing facilities; the overall accuracy of holdup measure-
ments can be estimated'from the data. In general, the accuracy of holdup measurements
is ±50%, although better results can be obtained for favorable geometries or carefully
controlled measurement campaigns.

Table 20-6. Typical accuracy of holdup measurements

Measurement Accuracy (+)
Reference Material Location Technique (%)

19 HEU oxide ducts passive gamma 10-20
filters

23 PuO 2  gloveboxes

24 PuO 2  gloveboxes
total rooms

26 Pu02 gloveboxes
14 HEU oxide ducts

precipitator
calciners
pipes
pumps

28 UF6  enrichment
cascade

passive gamma
passive gamma
passive neutron
passive gamma
passive neutron
TLDs
passive gamma
passive gamma
passive gamma
passive gamma
passive gamma
passive gamma

50-100
10
15
50
50
20
20
15
20
10
25
50
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Principles of Calorimetric Assay

R. Likes

21.1 INTRODUCTION

Calorimetry is the quantitative measurement of heat. It measures the transfer of
energy from one system to another caused by temperature differences. Applications of
calorimetry include measurements of the specific heats of solids and liquids, the heats of
vaporization and combustion, and the rate of heat generation (power) 'from radio-
nuclides. For the last mentioned application, radiometric calorimeters are used. They
are specifically designed to measure the power associated with alpha, beta, or gamma
decay of radioactive materials. The technique was first used in 1903 to determine the
heat produced from radium.

Methods of calorimetry are now being applied with precision and accuracy to the
passive nondestructiVe assay of nuclear materials, especially plutonium and tritium.
This chapter discusses the calorimetric assay of plutonium. The important features and
advantages of calorimetric assay are listed below (Refs. I and 2):

(a) The entire sample can be-measured.
(b) The assay is independent of sample geometry (only equilibrium time is affected).
(c) The assay is independent of matrix material composition and distribution,

including nominal moisture concentrations.
(d) The assay is independent of nuclear material distribution within the 'sample,

including the effects of sample self-attenuation.
(e) Electric current; and potential measurements are directly traceable to National

Bureau of Standards (NBS) reference materials.'.
(f) Calorimetric assay discriminates between uranium and plutonium isotopes in

most cases (only plutonium is assayed).
(g) Calorimetric assay is applicable to a wide range of material forms (including

metals, alloys, oxides, fluorides, mixed oxidesi ,waste, and scrap). Representative
plutonium standards are not needed.

(h) Calorimetric assay is comparable to:chemical assay in precision and accuracy if
the isotopic composition is well characterized.
. (i) Calorimetric assay is a completely nondestructive assay procedure when coupled

with high-resolution gamma-ray spectroscopy isotopic analysis.
Calorimetric assayisibased on accurate temperature measurements and requires good
temperature stability1 and control. In general the technique is more. accurate but less
rapid or less portable than other nondestructive assay techniques described in this book.
It can often provide iccurate'reference measurements for improving the calibration of
other assay techniques such as neutron coincidence counting (Ref. 3).

617
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Calorimetric assay is most precise for materials with high plutonium concentrations
such as powders, fuel pellets, and metals. Calorimeters are being used extensively for
nuclear materials accountability and for shipper-receiver confirmatory measurements of
plutonium.:When applied to concentrated, homogeneous plutonium-bearing materials,
calorimetry is comparable in accuracy to weight plus chemical analysis with precisions
approaching 0.1%. For high-density scrap, calorimetry plus gamma-ray :spectroscopy
can approach a precision and accuracy of 1% if the scrap has homogeneous isotopic
composition.

This chapter discusses the principles of heat production, specific power determina-
tion, calorimeter types, methods of operation, and basic sources of assay error. Chapter
22, Calorimetric Assay Instruments, describes existing calorimeters of various. types,
including small calorimeters for laboratory use and bulk assay calorimeters for in-plant
applications.

21.2 HEAT PRODUCTION IN RADIONUCLIDES

,.The energy associated with the spontaneous decay of radioactive. isotopes consists of
the kinetic energy of the, alpha and-beta particles emitted,.the electromagnetic energy of
the gamma rays,! and the recoil energy, of the daughteri product, which collectively is
termed the disintegration energy ofa particular isotope. Ifthe daughter product, is not in
the ground state as a result of the decay, additional gamma-ray! and internal conversion
electron energy will be released:when the daughter decays to the ground state. Each
radiote isotope has a specific disintegration energy associated! with its particular
decay.scheme; for example, .9 Pu.decays to . 5 U + alpha +5.15 MeV.

Radiometric calorimeters operate on theiprinciple that almost all of the energy
associated with the decay of radioactive materials placed in; the sample chamber is
absorbed in .'the form of heat within: the calorimeter.i The; radioactive decay of all
uraniiM and plutonium- isotopes generates; heat, but. only :the: plutonium. isotopes,
because of their shorter half-lives and thus. higherspeciflc activities, generate, heat at a
high enough rate ý(power)toi be measured accurately. Most of the plutonium decay
energy is released as alpha or beta paiticles and :converted •to heat energy through
absorption. A small portion is carried away by neutronsland gamma rays, however this
portion is generally less than 0.01% of the total decay energy (Ref. l).

Calorimetric assay of plutonium is the! process of measuring with a calorimeter the
rate of heat released by the radioactive: decay of the. plutonium,.and determining the
proper analytical factor for zonverting the .calorimetric power measurement to mass.
This section, decribes in. deail the,- production of heat .in. Olutonium. Section 21.3
describes the calculations required to determine the specific. power-the factor that
relatestlie power measurement to plutonium mass.:

21.2.1 Alpha Particles

The dominant radioactive decay mode of the plutonium isotopes is alpha decay. The
mechanismby which heavy particles such as alpha particles transmit their kinetic energy
to surrounding material is ustally ionization. In its penetration of material until the loss
of all of its initial energy, the alpha particle undergoes a large number of "collisions,"
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with smaller and smaller amounts of energy loss per collision. These small energy losses
are of the order of magnitude characteristic of infrared radiation, that is, beat energy.

The range of alpha particles in various materials relative to their range in air is given
by the Bragg-Kleeman rule, Equation 11-2in Chapter 11. The range of 5- to 6-MeV alpha
particles is on the order of 5 pim in common materials. Thus virtually all of the.energy
released by alpha decay will remain within the sample as heat.

2L2.2 Beta Particles

The determination of energy losses ýin matter is much more complicated with beta
decay or electron capture than with alpha decay. With beta decay, a variety of competing
mechanisms are involved: ionization, bremss'trahlung radiation, neutrino production,
and conversion electron emission. The energy deposited locally in an absorber in the
form of heat is, on the average, one-thirdo.f the.maximum, disintegration energy
accompanying the beta decay of a particular radionuclide. The remaining energy is lost
from the heat measurement.

The primary mechanism through which low-, and intermediate-energy: beta particles
lose their energy in matter is ionization. Bremsstr-ahlung is predominant with respect to
high-energy beta particles if their kinetic energy is greater than their rest mass (511 KeV).
The energy loss resulting from ionization is proportional to the atomic numrb Z of the
absorbing material and increases logarithmically with energy. The energy losstht is due
to:bremsstrahlung radiation is proportiional'to Z2 and increases linearly with:energy. The
conclusion is that at high energy the energy loss resulting from radciion iýs predoninant.
The radiaiion length is defined as the path lengthof the: absorber in which the electron
emerges with l/e of its: initial energy. For a 2-MeY electron, a typical adiaton length i
plutonium oxide is several millimeters.

Accompanying each beta particle is an antineutrino, which carries with it part of the
disintegration energy. Neutrinos are extremely penetrating with respect to matter, so
that a portion of the beta emission disintegration energy. is not lcally deposited.

The emission of conversion lecitronsis an teaivef mehanismto d-xitation ofa
nucleus by gamma-ray emission. The energy f conveson electrons can also be
transferred to surrounding material by i6oztion orbremsstrahlung.

21.2.3 Gamma Rays

The decay of a radioisotope by the emission of. a particle, such as an alpha or beta
particle, usually leaves the daughter nucleus in an excited state. A daughter nucleus
making a transition gives up excess energyby means of gamma-ray emission, internal
conversion, or internal pair production. Ofthese, gamma-ray emission is the dominant
process. Gamma rays emitted from nuclear materials usually have energies ranging from
a fraction of an MeV to a few MeV. In this range, gamma rays usually interact with
matter by photoelectric effect, Compton scattering, or pair production. If these interac-
tions do not occur within the sample, the energy associated with high-energy gamma-ray

emission is not captured by the calorimeter. As indicated. earlier, this lost energy is a
small percentage of the total disintegration:energy of the plutonium isotopes.
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21.2.4 Other Emissions

In addition to the primary alpha, beta, and gamma emissions, radionuclides also emit
neutrons through the: spontaneous fission process. The energy lost through neutron
emission is many orders of magnitude less than the total disintegration energy.

Chemical reactions, such, as oxidation,l and radiochemical processes, such as those
associated with fission products in reprocessing plant solutions, are other possible
sources of heat. Possible errors from such sources may be estimated by using gamma-ray
spectroscopy to detect fission products, by observing any time-dependent power emis-
sion, or by comparing calorimetry with other techniquesm(Ref. 4).

21.3 SPECIFIC POWER DETERMINATION

21.3.1 Definition of Speific'Power

Each radioisotope decays at a constant mean rate, X disintegrations/s, with an energy
release of QMeV. The rate of energy release W for a specific isotope is then given by

W(in MeVY QN, (21-i)

where N is the number of radioactive atoms present. N = N0m/A, where No is
Avogadro's number, m is the mass of the radioisotope in grams, and A is the atomic
weight of theisotopein krams. With ! - '0.6931/T 1;2, where T 1/2 is the isotope's half-
life in yeairsthle power in watts as measureid in the calorimeter is given by (Ref. 2)

W(in watts) = 2119.3Qm/T 1 2A. (21-2)

If the total energy released per unit time by a radioactive isotope can be collected in a
calorimeter and accurately measured, and if the disintegration energy, half-life, and
atomic weight of the isotope are known, the mass of the sample can be determined.
Equation 21-2 also shows that the powerdeveloped in a calorimeter by radioactive decay
is directly proportion ai to the mass of the isotope present:

W = Pm. (21-3)

The proportionality constant P is the specific power for the given isotope, measured in
watts of power per gram of isotope present. The specific power of a single isotope can be
calculated directly from Equation 21-2 if the appropriate parameters are known (compu-
tational method) or it can be determined experimentally with Equation 21-3 (empirical
method). The procedures for both the computational and empirical methods are
detailed in Ref. 4.

Specific power values and other nuclear constants for the isotopes of plutonium are
summarized in Table 21-1 (Ref. 4). Note that the specific power of 238pU is much greater
(-250 times) than that.of 239pU because of the shorter alpha half-life of 238pu. The
specific power of 241Am is also considerably larger than that of 2 39 pu,,so the 241Am
content at the time of calorimetric assay is very important. Americium-241 content
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Table 21-1. Specific power values for the plutonium isotopes (Ref. 4)

Total Specific
Disintegration Principal Half-Life Power Specific Power

Radio- Energy Release Decay, T1/2. . P . Std. Deviation
nuclide. Q(MeV) Mode (yr) (mW/g) _•(mW/g).
238 Pu 5.592 alpha 87.74. 567.57 0.26
239Pu *5.243 alpha 24 119 1 9288 :0.0003
240Pu 5.255: alpha 6:564 ' 7.0824: 0.002
241PU 0.0055 beta " 14.348 3.412:: 0.002
142Pu 4.985 alpha 376 300 0. 1 i 59 0.0003
241Am 5.640 alpha 433.6 114.21 0.42

increases with time because 241Am is produced by the decay of. 241PU, and thus the
power from a plutonium sample also increases as a function! of time. For the decay
of 24 1Pu to 24 1Am within the. sample, both the parent nucleus and: therdaughter nucleus
contribute to the total power. The~contribution of 241Am to the total power is described
by Equation 21-11 at the end of Section 2L.3.2.

21.3.2 Effective Specific Power

Because actual plutonium samples contain differing amounts of the various isotopes
listed in Table 2 1-1, the total power is the sum of the power from each isotope:

S'n

W = miPi (214)

whereimi is the mass of the ith isotope, Pi is the specific power of the ith isotope, and the
sum n is taken over the plutonium isotopes and:241Am. If Ri is defined as the mass
fraction mdM of the ith isotope,.where M is the total mass of all the plutonium isotopes,
then

W =M I PR . (21-5)
i-l

For calorimetric assay, the important factor is the effective specific power P.ff, which
is expressed in watts per gram of plutonium and is defined by

Pefr PiRi (21-6)

In terms of effective specific power, the total mass ofall the plutonium isotopes is given
by

M = W/Pff . (21-7)
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The mass of each particular isotope is given by

mi.= Ri W/Pcff (21-8)

To obtain accurate calorimetric assays, very good values for the effective specific power
of the sample must be known. The effective specific power can be determined by either
the empirical method or the. computational. method (Ref. 4):

(a) The Empirical Method. The: empirical method of determining effective specific
power is .well suited to' discrete batches of process materials or to cases where the
computational method is difficult to apply because the abundances of 23Pu and 2 41Am
are not well known. This mirthod requires both a chemical and a calorimetric analysis of
the sample; the calorimetric, analysis:: determines the total power. produced by the
sample, and fhe chemical analysis determines the total amount of nuclear material in the
sample. Equation 21-7 can then be used to calculate the effective:specific power.

(b) The Computational Method.: The computational method. for determining effec-
tive specific power is appropriate when very accurate isotopic determinations can be
made. If radionuclide abuntdances Ri can be measured and: the specific power values Pi
are known: fb each radionu€clide, then the effective specific power for a given isotope
mix can be calculated from Equation 21-6. i

The relative abundances of the radionuclides can be determined nondestructively by
gamma-ray spectroscopy (See Chapter 8) or destructively by mass spectroscopy: (Refs. 5
and 6). Destructive methods must include a technique, for.the determination of 241Am.
Plutonium-238 abundance is preferably measured by alpha-particle spectrometry (Ref
4).

The isotopic mas sfractions must be accurately known and corrected for decay to the
date of the calorimeter power measurement because the effective specific power is a
time-dependent quantity, The corrections for radionuclide decay can be made either by
establishing a power growth curve for the sample over a period of at least 30 days or by
calculating a correction .for growth and decay from rthe previously determined isotopic
abundances. According toiRef. 4, if .the power curve method is used, :•a minimum of
three points should be made to establish a straight line showing power as a function of
time. The curve should be checked iafter an additional 30 days."

The correction for radionuclide decay based on calculation from previously measured
radionuclide abundancesis usually the easiest approach, as in Equation 21-9.

n N

W =M Y PiRi(t) (21-9)
i-I

Equation 21-9 is the same as Equation 21-5 except that Ri(t) expresses the time

dependence of the mass fractions. For the plutonium isotopes,

Ri(t) = Ri(ti)exp[-ýj(t-ti)/F(t) (21-10)

where R1(t) = mass fraction of the ith plutonium isotope at time t
t= time of plutonium isotopic analysis
A, - decay constant of the ith plutonium isotope
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n-I
F(t) = . Ri(tl)exp[-Xi(t-ti)]

i=H

summed over the plutonium isotopes only.
For the daughter nucleus 241Am, the mass fraction is due to. both the decay of 241Am

and the ingrowth from beta decay of 241Pu:

RA(t) = AF(tA) (21-I)

R,(tj) .Iexp[--X•(tA-tl)]
Ft) KIK2 , exp[-A(t-tA)] - exp[--•(t-tA)Ij

where RI(t) =I mass fraction of 241,Pu determined at time t1
RA(t) = mass fraction of 241Am relative to total plutonium at time t

tA = time of americium analysis
,A = decay constant of 241Am
X, - decay constant of 241pu
K, = 0.9999754, 241Pu branching ratio to 241Am
K2 = 0.999999905, 241Am/ 241pu atomic mass ratio.

Lastly, if the total mass of plutonium is known at some time tm,.the mass at any future
date is,

m(t) = m(tm) F(t)/F(tn) (21-12)

21.4 HEAT MEASUREMENT BY CALORIMETRY

A calorimeter consists of a container with a temperature sensor in which the thermal
phenomenon under investigation is carried out. In general the container is coupled to its
environment by walls• that have some thermal resistance. These basic features are
illustrated in Figure 21.1 .(Ref. 7). Heat liberated in the internal cavity raises its
temperature and causes heat to flow across the thermal resistance into the environment
according to Equation 21-13:

dQd- k(T.0 - Tenv) (21-13)

where Q - heat energy
k = thermal conductivity

T -. internal calorimeter temperature
Teny external environment temperature.

Depending on the magnitude of this heat exchange, the calorimeter can be classified as
adiabatic or isothermal.
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FI& 21d The basic features of a calorimeter are its
body or internal cavity, a temperature
sensor, a thermal resistance gap, and the
external.environment. (Figure courtesy of.
Mound Laborawy.)

21.4.1 Adiabatic Calorimeters

In general, calorimeters are designed with a large thermal resistance between the
cavity and its environment AAs: a result, almost all of the heat produced in the
calorimeter body is retained, causing its temperature to increase. By measuring the
temperature increase AT, one can determine the amount of heat energy released from
the formula Q - C AT, where C is the heat capacity. If the source of heat gives rise to a
constant rate of heat production, the internal temperature Tea will rise at a constant rate.
If the source of heat is finite, the internal temperature will level off.

An efficient type of adiabatic calorimeter is one designed' such that Tenv is con-
tinuously adjusted to match Tca so that the rate of heat transfer dQ/dt - 0. This
adjustment is accomplishediwith a regulator that responds to any difference between the
two temperatures. Adiabatic calorimeters are best suited to the study. of processeS such
as chemical reactions wherei isi igimportant ,to measure the total integrated; heat
production. Adiabatic calorimeters are not used for thc assay of radionuclides because
the internal temperature 'would continue to rise indefinitely.

21.4.2 Isothermal Calorimeters

If the thermal resistance between the sample cavity and the environment is small, the
heat produced in the calorimeter is transferred to the surrounding environment. For a
sample that produces heat at a constant rate, the entire system will reach an equilibrium
condition in which the rate of heat transfer to the environment is equal to the rate of heat
production in the sample. The rate of heat transfer is directly proportional to the
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temperature difference between the sample chamber and the environment, as described
by Equation 21-13, where the thermal conductivity k depends on heat path length,
material, and surface shape. It is important that the value of k remain constant because
the measurement of the rate of heat transfer is essentially a precision temperature
measurement. The value of k is determined for a given calorimeter by calibration.

The calorimeter is classified as isothermal if the sample chamber is held at a constant
temperature. If the calorimeter is also designed so that the thermal resistance between
the sample chamber and the heat sink is moderate, it is classified as a heat flow
calorimeter.

Radiometric calorimeters-those designed for the calorimetric assay of radioactive
isotopes--are usually heat flow calorimeters because plutonium samples emit heat at an
almost constant power level as a result of the, spontaneous decay of their radioactive
isotopes. The different types of calorimeters used for plutonium assay that are described
in the following section are all heat flow calorimeters.

21.5 TYPES OF HEAT FLOW CALORIMETERS

Although calorimetric assay of plutonium is usually performed by a heat flow
calorimeter, no universal calorimeter design is suitable for all applications. Each system
is custom designed with many specifications in mind, as described in Section 22.1.2 of
Chapter 22. Depending on the specific requirements, the final design may employ
features of one or more of the calorimeter types described in this section: twin bridge,
over/under bridge, and gradient bridge.

21.5.1 Common Electrical Features

One common feature of modern calorimeters is the precise measurement of tempera-
ture by electrical means. The determination of total sample power is then basically an
electrical measurement of the temperature difference between the sample chamber and
the environmental heat sink or refence chamber.

In twin-bridge calorimeters, both the sample chamber and the reference chamber
have two nickel wire windings whose resistance is a function of temperature. The four
windings are connected as a~transposed-ar wheatstone bridge and are supplied with a
constant current, as illustrated in'Figure 21.2 (Ref. :7). With this arrangement, the
temperature difference between the sample and! reference chambers is directly propor-
tional to the bridge potentiali BP.

With no sample in the Icalorimeter, a small bridge poteniial BP 0 (in microvolts, liV)
may be observed because of variations in the resistances of the nickel windings. When a
reference electrical heat. source or radioisotope: standard that emits a power level of WR
watts isplaced in the sample chamber, •:the bridge potential will reach an equilibrium
value BPR (WiV). The sensitivity S of the ca!0ormeter in microvolts per watt is

S(•IV/W) = (BPR -. BP0)/WR (,4(21-44)
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Fig. 21.2 A wheatstone bridge circuit is used to accurately
measure the tempera$ure derencebe weenthe

sample and reference parts ofa calorimeter. (Figure
. ..courtesy of Mound .•.boratoqr.)

21.5.2 Full Twin-Bridge Calorimeters

To increase calorimetric accuracy, nearly -all calorimeters can be arranged as twin
calorimeters. The most common example is the isothermal twin-bridge calorimeter
developed at Mound Laboratory and used extensively for in-plant assays (Ref. 8). Figure
21.3.shows a cross, section of this calorimeter type, and Figure 21.4 is a photograph of a
full twin-bridge calorimeter withoutits'surrounding water bath.

The full twin-bridge design consists of two identical thermal elements, sample side
and reference side, each separated from the outer wall by an air gap or solid gap that
serves as the thermal resistance. Each thermal element has heater wires wrapped around
itssample chamber for calibration purposes. Axial heat loss from the sample chamber is
minimijzd by the use of plastic end caps with Styrofoa f.fes ad metal plates to
provide a thermal. short. from the sample. to. the calorimeter wails.:.. Two resistance
thermomeiers consisting of thin nickel wire are wound oveithe eni len of each
thermal element to provide an accurate temperature measurement independen t of

variations in heat flow (Ref. 8).,.
For operation', the twin calorimeter is immersed in a water bath whose temperature is

held constant to about one millidegree.in, addition, the use of tw6 identical thermal

elements yie!ds a difference signal, that, is 10. to4. 100 times. more stable than the
environmental bath. When a sample is placed in the chamber, the temperature rises
until heat losses through the nickel windings, thermal gap, and outer jacket to the water
bath equal the heat generated by the sample. When this equilibrium is attained, the
temperature difference measured by the bridge potential is proportional to the amount
of heat being generated. Precise heat flow calorimeters of this type are designed and
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Fig. 21.3 Cross section ofatypical isothermal6tWin calorime-:
terw•ith two identicalthermalcells, onefo•rftie
i samplead onefor reference. (Figure cI Irtfesy o1>

MoundfLaoratory.)

constructedso .that the thermal paths between e ple chamberand the environment
remain constant Additibnal care is taken tokeep the empertureo he environment

constant and tominimize the heatidistribution error assocnate-d!•withlthe location of the

sample in tfiechamiber.
The twinbridge calorimeter provides the. best presion, accua, sensiiity,Thesnitviy and

long-termstability for'power'rmeisurements because of the-internallcancellation of many
thermal effects. However, the two thermal elements and the environmental bath result
i. an instrument that is larger and requires more floor spa': than other designs. Twin-

bridge calorimeters have been designed for sample sizes ranging from 1 to: 30.5 cm in
diameter with an upper limit dictated only by nuclear criticality safety considerations
and a lower limit in the range of 0. 1-w to 0.2-g .9 Pu/L (Ref.: 8). An application of a twin-
bridge calorimeter is described in Section 22.4.1 of Chapter,22.

21.5.3 Over/Under Bridge Calorimeters

In the over/under design, the sample cell is mounted above a somewhat shortened
reference cell (Ref. 7), as illustrated in Figure 21.5. Both cells share a single isothermal
water jacket that is smaller than the environmental bath used by the twin-bridge
calorimeter. The over/under bridge design requires less floor space, but is taller. Also,
theover/under design can be used to build a transportable calorimeter. The calorimeter
shown in.Figure 21.5 can be mounted On a mobile cart along with its circulation bath.
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Fig. 21.4 View of an actual twin-bridge calorimeter without its surrounding
water bath. (Photograph courtesy ofMoundLaboratory.)

The over/under bridge calorimeter has size and cost advantages oVer the twin-bridge
design and provides cancellation 6f some thermal effects. However, the accuracy is not
as good as the full twin-bridge calorimeter. Examples of over/under bridge calorimeters
are given in Sections 22.3.1 and 22.4.2 of Chapter 22.

2M15.4 Gradient Bridge Calorimeter

The gradient bridge calorimeter (Figure 21.6) conrsists of a series of concentric
cylinders, with the sample cell cylinder inside the reference cell cylinder (Ref. 7). Thegap
between the reference cell cylinder and the sample cell cylinderdetermines the sensitiv-
ity ofthe'calorimeter. Outside the reference cylinder is a jacket that provides~a'uniform
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Fig. 21.5 A transportable calorimeter ofthe over/under
bridge design with thesamplecellabo vethe
reference cell and a thin water jacket. (Figure
courtesy ofMoundLaboratory.)

thermal beat sink. Thejacket is in contact with a thin circulating water bath. This design
leads to small size and low material and fabrication costs. The gradient design is well
suited for transportable versions or glovebox installations, or for large samples where
overall bulk should b6 minimized. The gradient calorimeter is usually operated in the
constant temperature servo-control mode described in Section 21.6.3 below. A Mound
gradient bridge calori neter design is described in Section 22.4.4 of Chapter 22.

The isothermal air cihamber calorimeter developed by Argonne National Laboratory
is a version of the gradi ent design that does not require a water bath (Refs. 9 and 10).
This calorimeter.(Figure 21.7) is described in Ref. 10 as ".,A. constant temperature oven
composed of a series of concentric chambers. Each of these chambers is constructed
from an aluminum cylinder upon which resistive heating& Coils aand beat sensors are
mounted. The cylind~rs are separated from one another by high: theimal-resistance
material. The ends of the cylinders are similarly protected by nonconducting plugs and
by pancake-type heater coils. Alternating zones of high and low thermal conductivity in

i
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Fig. 21.6 Cross section ofa gradient bridge
calorimeter design. The environ-
mental heat sink, which wouldbe
small orjust an air chamber, is not
shown. (Figure courtesy of Mound
Laboratory.)

Fig. 2.7 Cross section ofan air chamber calorimeter,
a version of the gradient bridge calorimeter.
(Figure courtesy ofArgonne National Labo-
ratory.).
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this manner tends to minimize the effects of localized external temperature changes. A
temperature profile is established within the calorimeter to eliminate axial heat flow and
to ensure that a negative radial temperature gradient is maintained. In the schematic
drawing (Figure 21.7), the electronic feedback control circuits will maintain the relation
T3 > T2 > Ti > To0 > Tambient. The inner two cylinders (T3, T2) act as the measure-
ment chamber. The calorimeter-supplied electrical power is adjusted to maintain the
temperature difference between theseý cylinders to ±20 microdegrees.ý' Calorimeters of
this type have been used to measure sealed containers of bulk materials with up to&3 kg of
plutonium, mixed-oxide fuel pellets, and fuel rods up to 4 m in length. Examples are
given in Sections 22.2.2, 22.3.2, and 22.5.1 of Chapter 22.

21.6 METHODS OF OPERATION FOR HEAT FLOW
CALORIMETERS

21.6.1 Replacement Method

In this mode of operation the sample to be measured is placed in the calorimeter and
allowed to come. to. thermal equilibrium. The temperature difference between the
calorimeter and the heat sink is determined from the bridge potential. Then the sample
is removed and the calorimeter is heated. electrically until the same equilibrium
temperature difference is obtained. The sample power can be determined from the
known power supplied by the heater that replaced the sample. The same chamber of the
calorimeter is used for both the sample run and the heater run.

The replacement method consists of the following steps: (Refs.- 7 and 8):
(1) A bridge potential BPo is measured with the sample chamber empty, zero heater

power, and the environmental tank under temperature.control. BP: is normally

measured periodically, not for each sample.
(2) The sample to be assayed is p•aced in the calorimeter and its equilibrium bridge

potential BPs is determined.
(3) The sample is then removed and the heater current required to replace the sample

power is calculated. The heater power required is approximately

WH(approx) = (BPs - BP0)/S (21-15)

where S is the sensitivity of the calorimeter as determined earlier with Equation 21 14.
The required heater current is then calculated. The problem of power dissipation in the
wires leading to the heater can be minimized in the twin design calorimeter by running
the wires through both the sample and reference chambers so that the effects cancel.

"(4) The heater current is applied to the sample chamber until the equilibrium'bridge
potential BPH can be determined. Also, the actual exact heatier power W4 is calculated
from the measured heater current and voltage.

(5) The power of the unknown sample is then

Ws(watts) = WH + (BPs - BPH)/S (21-16)

The above procedure is illustrated in Figure 21.8, which also shows the additional
complexity introduced by slow drifts in the instrument.
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,SAMPLE N HEATER 01

Fig. 21.8 ,Calorimeter bridge potential as afunction oftime as observed during the
replacement method of operation. The upward slopes illustrate the additional
complexity introduced by gradual instrument drifts. (Figure courtesy ofMound
Laboratory.)

21.6.2 Differential Method

A twin-bridge or over/under bridge calorimeter can be operated in the differential
mode in which electrical heat in the reference side is compared directly to sample heat
from the sample side. Because the sample run and the heater run :are simultaneous,
assays can be made in about half the time required for the replacement method. In
practice this time savings is realized only when the sample power is known in advance to
about I%. Thus the differential method is most useful when many samples of approx-
imately the same size are to be assayed. For samples ofunknown size this method is only
slightly faster than the replacement method (Ref. 8).

When the differential method is used, the sample power at equilibrium is given by

Ws(watts) - Wn + (BPs - BPM)/S . (21417)

BPm is a bridge potential calculated from mWH, where m is a constant slope. The
quantity (BPs - BPM) is zero if the heater power exactly matches the sample power, if
not, this quantity compensates for small differences betw een the two sides. The slope m
is determined during calibration by running current through the sample and reference
heaters in series (Ref. 8).
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21.6.3 Constant Temperature Servo-Control Method

In this mode of operation both the sample chamber and the environmental bath are
held at constant temperature by a servo-control mechanism. Heater power is used to
maintain the sample chamber at a higher temperature than the bath. When a sample is
placed in the calorimeter, the servo-controller reduces the heater power by the amount of
the sample's power to hold. the chamber at constant temperature. This method, also
called the isothermal method, may be: used with any calorimeter bridge design. Use of
the constant:temperature:method typically reduces assay time by. one-third to one-half
because the time required to reach equilibrium depends principally, on the' thermal
resistance and heat capacity of the sample and less on the calorimeter body.

Before samples are assayed by. the constant temperature method, the baseline power
level is set 10 to 20% above the estimated wattage of anycalibration standards or actual
samples. A baseline power run is made to establish the empty chamber equilibrium
power level W0 . This run takes less time than a sample assay because no mass is in :the
chamber.

When a radioactive sample is placed in the calorimeter, the heater power drops as the
servo-controller tries to maintain a constant temperature in the chamber. The new
equilibrium power level is Wc, and the sample power is

Ws(watts) - Wo. - Wc (21-18)

Constant temperature control of the calorimeter can be maintained by analog or digital
circuits. Digital circuits have the advantage of requiring no adjustments to Equation
21-18 to correct for systematic errors that occur in analog systems,

The constant temperature servo-control method is. one of the fastest methods of
calorimeter operation, especially when used with "pre-equilibration" of the sample in a
separate temperature-controlled environment.

21.7 ASSAY TIME CONSIDERATIONS

The time necessary to complete a calorimetric assay of a radioactive sample is
dependent on a variety of factors that influence the time necessary for the system to
attain steady-state conditions. These factors include the following:

(a) The type of heat flow calorimeter-twin-bridge, over/under bridge, or gradient
bridge.

(b) The thermal resistance and heat capacity of the material used for calorimeter
construction and the material the sample is composed of.

(c) The quality of calorimeter construction-tightness of fit, uniformity of air gaps,
and so forth.

(d) Physical size of the calorimeter sample chamber and the diameter of the sample.
(e) Sample packaging-location of heat sources inside the package, presence of void

spaces, and so forth.
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(f) Method ofcalorimeter operation-replacement, differential, or constant tempera-
ture servo-control.

(g) Use of sample preconditioning.
-(h) Use of end-point prediction techniques.
(i). Required assay accuracy.
Calorimetric assay ofwel-characterizedismall samples may be completed in less than

one hour. On the other hand, bulk samples of product or scrap. materials require
calorimetric assay times of 4 to 161h to reach thermal equilibrium. Table 21-2 (from Ref.
8) :gives a few examples of assay times: for. a twin-cell, water bath calorimeter. Poor
sample packaging consisted of plastic bags and lead shot; good' packaging consisted of
copper shot. A more complete summary oftypical assay times is given in Ref. 1. Some of
the factors and techniques that affect assayime are discussed below.

Table 21-2. Some assay times for a twin-bridge calorimeter (Ref. 8)

1.0% 0.1% 0.01%
Assay Equilibrium Equilibrium Equilibrium

Conditions Time (h) Time (h) Time (h)

Heater only, no sample, no temperature
servo-control 2.8 3.6 4.8

Poorly packaged sample, no temperature
servo-control 8.1 10.2 13.1

Well-packaged sample, no temperature
servo-control 5.2 6.3 8.0

Poorly packaged sample, constant tempera-
ture servo-control 4.7 6.1 8.0

Poorly packaged sample, constant tempera-
ture servo-control, sample pre-
conditioned 0.8 1.6 3.0

21.7.1 Calorimeter Design and Operating Method

The physical dimensions and thermal properties ofa given calorimeter affect both the
equilibrium time and the sensitivity. Decreasing the thermal resistance of a calorimeter
will reduce the time required to come to equilibrium, but it will also reduce the observed
bridge potential and (from Equation 21-14) the sensitivity. Because reduced: sensitivity
will lead to reduced accuracy, thechoice of calorimeter design must reflect a trade-off
between assay timeand assay accuracy for the particular samplevrange. The composition
and dimensions of the gap between the sample and the calorimeter wall ate important
factors.

The replacement method of calorimeter operation is generally the slowest mode of
operation because three distinct calorimeter runs are required to complete an assay: a
sample run, a heater run, and a periodic baseline (BP0 ) run. The differential method,
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which can be used with twin-bridge calorimeters, requires only two calorimeter runs
because the electrical heat in the reference chamber is constantly compared to the heat
developed by the sample. This mode of operation reduces the time necessary for assay
completion.

The constant temperature servo-control mode of operation, or isothermal mode, is
well suited for reducing assay time; when the calorimeter body is'. maintained in an
equilibrium state, the effect of its time constant is minimized and the assay time is
principally dependent on the thermal time constant of the sample. Assay time can be
reduced further if the sample temperature is pre-eqUilibrated to the temperature of the
calorimeter, as described in the next section.

21.7.2 Sample Preconditioning

Preconditioning of the sample to about the internal temperature of the calorimeter
can be used with the constant temperature servo-control method to reduce assay time, as
indicated in Table 21-2. Preconditioning can be used alone.or in conjunction with the
end-point prediction technique described in the next section.: When.the sample is first
placed in a separate preconditioning water bath and then placed in:the calorimeter, the
time required to reach equilibrium is reduced because only the sample itself needs to
equilibrate to a steady-state heat flow. The gradient gap is already at a steady-state heat
flow with respect to the heat sink, and the heater power will reach the equilibrium power
level more rapidly.

Several advantages and disadvantages are associated. with. prcconditioning (Ref. 7).
The primary advantage is increased throughPUt...The. preconditioning bath: caný be
designed to accommodate more than one. sample, and it can be.used: overnight to
prepare samples for assay the next day. The 'disadvantages are :thatiadditional floor
space, electronics, and operator action are :required.. iAlso, the preconditioning: bath
temperature must be carefully maintained near the internal temperature of the calorime-
ter. Any change in the calorimeter's baseline power* level will require adjustment of the
preconditioning bath temperature.

21.7.3 End-Point Prediction

Prediction of equilibrium is a mathematical technique for reducing calorimeter assay
time without affecting calorimeter sensitivity or sample packaging. The technique is
applicable to a variety of calorimeter types. Equilibrium values can be predicted reliably
with a time savings of about 50% (Refs. 11 and 12).

End-point prediction is based on the principle that the calorimeter's response function
is dominated by a single exponential of the form

Y - A + Be-It (21-19)

where Y is the time-dependent calorimeter output, A is the equilibrium output signal, B
is a scaling constant, and X is the final thermal decay constant of the calorimeter.and its
sample (Ref. I). A calorimeter actually consists of. different thermal regions, each
having different values for thermal resistance Ri and heat capacity Ci, as illustrated in
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Figure 21.9. The differing thermal properties of each region determine the time required
for. each region to come to equilibrium with its surroundings. The time required for the
entire calorimeter to reach equilibrium is a sum of several. exponential response
functions. Because the end-point:prediction technique is based on the use of Equation
214 9 with a single exponential, the amount of time saved depends on the validity of this
approximation. Samples that are poorly packaged, with high thermal. resistance or high
heat capacity, will be assayed with less time savings.
'The procedure for calculating the equilibrium output signal A requires determination

of the outputsignal Y at regular time intervals during the assay (Ref. 7). The values for Y
are smoothed and !fitted to Equation 21A19 and a'Value for A is calculated. This
procedure is repeated at regular intervals as the assay'progresses and as more determina-
tions of Y become: available. Figure 2 1. 10 illustrates this process. When the predicted
values for A show zero slope within the expected standard deviation, the run is
complete. The assay is terminated before the calorimeter actually reaches~equilibrium.

21.8 CALORIMETER CALIBRATION

Accurate calibration is needed to relate the observed calorimeter output power to
-known power values. Two types of standards are commonly used for calibration
purposes: electrical and radiometric heat sources. Regardless of the calibration'method
used, traceability to NBS-certified 'electrical :or radiometric standards is essential
(Ref. 4).

21.8.1 Electrical Calibration

Electrical calibration techniques are applicable to calorimetric methods in which
.heater power either duplicates or replaces sample power (Ref. 4). The power generated in
an electrical heater is given by. the. product .f the voltage across, the heater and .the
current through the heater. To calibrate the heater, the current can be determined by
measuring the voltage acrossa standard resistor. This calibration yields the relationship
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Fig. 21.10 Graphical representation of the end-point prediction technique.
The run is complete when the predicted values show zero slope
within the expected standard deviation. (Figure courtesy of
Moynd Laboratory.)

between bridge potential and sample power. the calorimeter sensitivity (Equation
21-14)' The result is a sensitivity curve as a function of sample power.

Accurate electrical calibration requires that the electrical heater produce the identical
change in calorimeter output as an equivalent amount of power from a sample (Ref. 4).
This implies that the location of the heater relative to the temperature-measuring device
should be the same as that of the radioactive sample. The error associated with this
factor is referred to as the heat distribution error. To determine the extent of this error, it
is recommended that a small sample be placed at various locations within the chamber
and its output measured with respect to location. (One of the radiometric heat standards
discussed in the next section would be ideal for thispurpose.) Another Source of error in
electrical calibration is power loss in the heater leads of single-cell calorimeters. The
technique for correcting for heater-lead errors is described in Ref. 4.

21.8.2 Calibration with Radioactive Heat Sources

Calibration with radioactive heat sources is a simpler technique and usually
preferable because it covers all aspects of calorimeter operation. Standard 23 tPuO 2 heat
sources that are traceable to NBS reference materials are available from Mound
Laboratory in the range 0.04 mW to 100 W (Ref. 7). The sources are compact, and the
power output as a function of time can be calculated. The heat sources should span the
range of actual sample powers.
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In the calibration procedure, the radioactive heat sources are placed in the calorimeter
sample chamber in the same manner as the unknown samples. The calorimeter output
signal is measured using the known power of each standard heat source. These data are
used to generate a calibration curve and an associated sensi.vity curve just as in the
electrical case. Additional details on thisprocedure are given in Ref. 4.

21.9 SOURCES OF ERROR

As described in Section 21.3, determination of plutonium content is a two-step
process: determination of calorimetric power and determination of effective specific
power either by empirical or computational methods. The sources of error in this
process are summarized in Table 21-3 (Refs. 4, 7, and 13).

Sources oferror in the power determination include (I) imprecision of the calorimeter
system-the variance of the system response as a result of variations in room tempera-
ture, bath temperature, humidity,:sample weight, sample loading and unloading stresses,
and so forth; (2) heat distribution error-the variance of the system response resulting
from spatial distribution of the sample in the sample chamber, (3) calibration error-the
variance of the system response: to calibration method and standards; and (4) inter-
ference error-heat production :from interfering processes such as fission product
reactions or chemical reactions.

Sources of error in the determhination of effective specific power depend on the
method used for this determination: empirical or: computational. If the empirical
method is used, the possible sources of error are (1) errors in determination of sample
power and (2) errors in determination of the content of the plutonium sample. When the
computational method is used for determination of effective specific power, the error
sources are (1) errors in determination of the :sample's isotopic: composition and (2)
uncertainty in the specific power' values (see the last column: of Table 21-1). The total
assay uncertainty may be estimated:.by. combining the error in the calorimeter power
determination with the uncertainty in the effective specific power:

g(Pu) = VC, 2(W)+ o'(peff) (21-20)

The error magnitudes given in Table 21-3 are typical values; in practice, actual values
may be quite different. In particular, the errors associated with the determination of
isotopic composition depend on the technique used. For concentrations below 0.1%, the
errors quoted are typical of radiometric results for 238pu and:241Am. For concentrations
of 0.1 to 1%, the minimum error for mass spectrometric determination is 1%; for
concentrations greater than 20%, the minimum error is 0.3%. If the isotopic composition
is determined by high-resolution gamma-ray spectroscopy, errors for the major pluto-
nium isotopes are in the range of 0.1 to 10%. Errors in the determination of effective
specific power are in the range, of 0.3 to lI0%in 1- to 4-h counting times (Ref. 14 and
Chapter 8).. Generally, the precision of the calorimeter power measurement is better than
the uncertainty associated with, the determination of effective specific power.
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Table.21-3. Sources of error in calorimetric assay (Refs. 4, 7,. and 13)

Error Source Approximate Magnitude (%)

Power Measurement
Calorimeter imprecision . <0.!
Heat distribution error <0. I
Calibration error <0.1
Interference error <0.1I

Effective Specific Power Determinationi
Empirical method

Sample power . <0.2
Sample plutonium content <0.2

Computational method
Isotopic composition

Concentration <0.1% 2-5
Concentration >0.1% 1.5
Concentration*> 1% 0.5
Concentration >20% 0.3

Specific power uncertainty <0.1
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22.1 INTRODUCTION

This chapter describes some modern calorimeter systems currently in use throughout
the nuclear fuel cycle for the nondestructive assay of plutonium. Since 1950, Mound
Laboratory (Monsanto Research Corporation,. Miamisburg, Ohio). has built over 200
calorimeters of various designs for nuclear material control and accountability, primar-
ily for US Department of Energy (DOE) facilities. Occasionally a few DOE and
commercial nuclear facilities have built their own calorimeters. Argonne National
Laboratory (University of Chicago, Argonne, Illinois) has built several for use by the
International Atomic:Energy Agency (IAEA). The calorimeters described in this chapter
represent the types of instruments in use today; they include those built by.Mound,
Argonne, Rocky Flats, and General Electric (GE).

The Mound calorimeters described in this chapter are the analytical calorimeter, the
transportable calorimeter, the twin-bridge production calorimeter, and the gradient
bridge calorimeter; the Argonne calorimeters are the small-sample calorimeter, the bulk
assay calorimeter, and the one-meter fuel rod calorimeter. Also described are Rocky
Flats production calorimeters and the GE irradiated fuel assembly calorimeter. The
examples gien in this chapter are preceded by a summary of typical calorimeter system
components and design:considerations.

22.1.1 Calorimetric Assay System Components

A typical modern system designed for the calorimetric assay of plutonium-bearing
materials consists of the following components:• (a) A precisely machined heat flow calorimeter body of the twin-bridge, over/under
bridge, or gradient bridge type, Each cell includes an electric heater circuit for accurate
duplication of sample power.

(b) A bridge circuit for the precise measurement of temperature differences between
the sample chamber and the environmental heat sink. The electric circuitry includes
high-quality potentiometýrs and digital voltmeters.

(c) A digital or analog readout device, which i's usually a minicomputer. The computer
controls calorimeter operation, data collection and storage, and data analysis.

(d) Electrical or radioactive heat source calibration standards. Electrical measure-
ments are used to determine temperature differences and to control electrical heater
circuits for sample power duplication. Alternatively, radioactive heat source standards
may be available to the system for calibration and power determination.

641
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22.1.2 Calorimeter Design Considerations

In the design of a calorimetric assay instrument, many important factors dictate the
appearance of the final product. It is not possible todesigna single, universal calorimeter
that is applicable to all measurement situations. This section listsi some of the factors
that influence calorimeter design.

(a) Sample size. The physical size of the sample dictates the dimensions ofthe sample
chamber, tight thermal coupling of the sample to the calorimeter is essential to minimize
assay time. The diameters of sample chambers on existing calorimeters range from I to
30 cm.

(b) Sample power. In general, high-power samples require low-sensitivity calorimeters
with low thermal resistance, and low-power samples require sensitive microcalorimeters
with high thermal resistance.

(c) Calibration. Calorimeter design is a function of the calibration method to be
used-radioactive heat Standards or electrical standards.

(d) Construction materials. The heat capacities and thermal conductivities of the
materials used in construction. influence performance.

(e)..Throughput. The ayailabletime per assay influences the choice of calorimeter type
and method of operation! and the number of calorimeters needed.

(f) Accuracy. The desired assay accuracy must be weighed against the needed through-
put and available space in choosing the type of calorimeter and the method of operation.

(g) Plant environmeni. Calorimeter design is affected by the working enyironment and
the available floor space. An in-line production plant environment requi es different
design considerations than a laboratory setting.

22.2 SMALL CALORIMETERSFOR LABORATORY SAMPLES

Small calorimeters can be used in analytical chemistry laboratories to provide
nondestructive assays of small, plutonium samples. They :can be.used to, determine
effective specific power by the empirical method, in which a small sample of.plutonium
is assayed nondestructively by calorimetry and then destructively by chemistry. Also,
small calorimeters provide a means for evaluating sampling errors..

22.2.1 Mound Analytical Calorimeter

The Mound analytical calorimeter was developed specifically for use in an analytical
chemistry laboratory (Ref. 1). It is a compact instrument (Figure 22.1) designed for
sample sizes up to 5 cm3 (about 10 g of plutonium). The calorimeter includes an
automatic sample loader with a pre-equilibrium position and is designed to fit inside a
standard 3-ft glovebox.: For samples, producing. 10 mW of power, the precision and
accuracy are better than 0.1%. Performance data for the analytical calorimeter are
summarized in Table 22-1 (Refs. I and 2).:The gram values for accuracy, precision, and
range are for low-burnup plutonium with an effective specific power of 2.3:mW/g and
with well-known isotopic composition.
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Fig. 22.1 View ofa disassembledMound analyticalcalorimeterfor the assay ofsmallplutonium. •.,.samples in ;2-dram glassl vials:.(Photograph courtesy of Mound L-aboratory.) " '.

Table 22-1. Performance data* for the Mound :analytc•ai
calofimeter, assuming 2.3 mW/gand known isotopics;(Refs.:

.:'1 and 2)1

Accuracy 0.0'08 g
i.Precision:' 0.08g
... g:"0.4 to "o gt10og:t 23 mW)
iMasurement Sensitivity . 0.4 g or I mWin a'

5-cm3 container.
Assay Mim'e 30-100mmin

A wide v:ariety of plutonium-bearing .materials, including me•a i xde,i and mixed-
oxide, have been imeaurl. in the analytical -calorimieter .and: i .diss•lved and
analyzed I 0 mplu*oium content. Comparisons of the. rslts !de tted ihat
calorimetric assay is both accurate and precis.
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22.2.2 Argonne Small-Sample Calorimeter

The Argonne small-sample calorimeter is designed for the assay of up to 6 cm 3 of
mixed-oxide fuel in the form of pellets, powders, and solutions (Refs. 3 and 4). Its
maximum power range is 45 mW, which is equivalent to 20 g oflow-burnup plutonium.
The unique feature of-this system is its portability, which makes it usiefull for on-site
inspections in the field..Figure 22.2 shows the two modules that makeupthe system: the
isothermal calonmeter and the data acquisition module..Thel total- weight, is• 8 kg.'

The small-sample. calorimeter is an isothermal gra'dient bridgec.alorimeter. it isa
"dry" or "air chamber" calorimeter because of the absence of a Water bathcheat sinik, as
described in Section 21.5.4 and shown in Figure 217 of Chapter 2 1. This design requires
operation in the constant temperature servo-control mode to 'obtain good accuracy.
Peiformance data forthe small-sample calorimeter are given in Table 22-2 (Refs. 4
through 6). The calorimeter has a precision of about 0.1% in 20 rmin Ref. 4), The !shOrt
assay time and good precision are partly duelto double encapsulation oftheesamples in
metal containers to maximize heat transfer.

Fig.22.2 Argonnesmall-samplecalorimeter (right) and its data acquisition system (left). (Photo-
graph courtesy ofArgonne National Laboratory.)
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Table 22-2. Performance data for the Argonne small-
sample calorimeter, assuming 2.3 mW/g and known
isotopics (Refs. 4 through 6)

Accuracy 0.01 g
Precision 0.01 g
Range lIto 20 g (2 to 45 mW)
Measurement Sensitivity 1:g
Assay Time 20 min

The data acquisition module automatically performs electrical calibrations over a
selected input range. The calibrations are performed with the aid ofa microprocessor
calculating the reference 'voltage to beý applied across the calibration resistor coil. This
electrical calibration simulates a, set of plutonium standards over the measurement
range of-the instrumenit(Ref. 4). i

An independent .test and evaluation iof the calorimeter (Ref. 5) found inseisitivity to
operator and environmental effects. H6wever, the study recommended preheating the
sample .capsules;to avoid, a shift in the :reference-power baseline. The ciloieter was
calibrated with plutonium heat standard's an d use of an electrically heated !capsule was
recommended to che1fi the calibration.;, :

22.3 TRANSPORTABLE CALORIMETERS

Some calorimeters have been designed to be transportable.for use at different: nuclear
fuel-cycle facilities :duiing periodic itiventoy verification exercises. This portability

provides the nuclear material inspector!, with the ability to verify inventory items
independently. In addi!ion, a gamma-ray sefrometer is used to determine phtonium

isotopic concentration§; o that the cal6ou.etei power measurement can be converted to
plutonium mas,:i. I

22.3.1 Mound Transportable Calorimseter

The Mound transportable calorimeter was developed for use by DOE inspectors
(Refs.' l and: 7). ',it is. si r in design! tc •e larger in-plant instrument described in

Section 22.4.1, bglow, e•ep ha n tt tmperature bath is replaced by a heat
exchanger, a pump, andia`snmall tern' m t ntrolled reservoir. Water from the small
bath is pumped througli the heat e:ch nerto maintain the calorimeter. at constant
temperature. This- change significantly reduces the size and weight of the system. The
calorimeter is an over/ under bridge type (Ref. 1).

Figure 22.3 shows the small water reservoir, the electronics, and the calorimeter body
mounted on an aluminum cart. Because the total weight of the system is only 200 kg, it
can be moved by one person. The sample -chamber can accommodate samples up to 13
cm in diameter and 20 cm high, with a power range of 0.5 to l0 W. The data acquisition
system reads the bridge potential, monitors the water reservoir to within 0.001C, and
uses the end-point prediction technique to reduce assay time (Ref. 7).
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Fig. 22.3 Mound transportable calorimeter system showing water bath temperature
controller (upper left), electronics and data acquisition system (lower left), and

" over/under bridgecalorimeter (right). (Photograph courtesy ofMoundLabo•
ratory.)
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In the. field, about 4 h are required after unpacking for the water reservoir to come
under temperature control and for the intrinsic germanium gamma-ray detector to cool
down. During opertion, about 4 h1 are required for each calorimeter. power measure-
ment and each gamma-ray spectrum measurement. An on-line computer is, used to
obtain the isotopic composition from the gamma-ray spectra' .and, to calculate the
effective specific power. Reported measurement uncertainties are about 0.3% for the
power determination, including precision error, calibration error, and heater lead error,

and I to 2% for the gamma-ray specific power determination (Ref.. 6).Performance data
for the transportable calorimeter are summarized in Table 22-3 (Ref. 7)..

Table 22-3. Performance data for the Mound
transportable calorimeter, assuming 2.3 mW/g .
and knofn isotopics (Ref. 7)

Accuracyý .0.3%1
Precision. 0..1% . .
:Range 200gto4.4kg(0.5,to 10W)
Assay Time :4 h F

22.3.2" Argonne Bulk Assay Calorimeter

The Argonnee bulk assay. calorimeter (Figure 22.4) was .developed for use by IAEA
insptors (Refs. 6 and:8). It is design dto measure sealed canistersholding-i up to 3 kg of
high-b6rnup recycle Opiiionium in the form of metal,.powder, or scrap,. This thermal
gradienitair. calori'meter (see Section 2 1.5.4 of Chapter 21) 6peratesin the'serv-6control
mode (see Section 21.6.3 of Chapter. 21). It. consists of five nest servo:contio0led
cylinders separated fro'meach other by heat-conducting epoxy. The ;:syp.e m. includes
sample preheaters and is completely microprocessor controlled. Thesatiaple chamber
can accept cans ,11 cm in diameter and 33 cm high.

Performance data (Refs..6, 8,9, and 10) for the bulk assay calorimeter are summarized
in Table 22-4. In one experiment, I &cm-long mixed-oxide fuel rods.were assayed in
different numbers and different arrangements (Ref. 6). The assays were unaffected by
the geometrical arrangement, and the response per gram was constant to within 0. 1% as
the number of rods was varied. This behavior differs from that of other assay techniques,
where gamma-ray self-attenuation or neutron multiplication may result in nonlinear
effects.

A field test of the bulk assay calorimeter was conducted at a.mixed-oxide fuel
fabrication plant in Belgium (Ref. 9). Five plutonium oxide cans were assayed to an
average accuracy of 0.2% (Ia). Most plutonium cans at the facility had a diameter of
more than 11 cm and could not be assayed during this test. A recent evaluation of the
bulk assay calorimeter at three United Kingdom Atomic Energy Agency facilities
involved the measurement of more than 70 standards consisting of plutonium oxide,
metal, fuel pellets, or mixed oxide (Ref. 10). Using calorimeter power values and
gamma-ray isotopic values, the ratio of measured to declared plutonium mass typically
differed from I by 0.3%. The absence of a water jacket was considered helpful for such
field measurements.
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Fig. 22.4 Argonne bulk assay calorimeter (center), with data acquisition system (left), control
circuit power bin (right), and sample preheating chambers and calorimeter canisters
(front). (Photograph courtesy ofArgonne National Laboratory.)

Table 22-4. Performance data for the Argonne
bulk assay calorimeter (Refs. 6, 8, 9, and 10)

Accuracy 0.1 to 0.9%
Precision 0.1 to 0.7%
Range up to 10 kg Pu (1.4 to 26 W)
Assay Time 4 h with end-point prediction
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22.4 IN-PLANT CALORIMETERS

22.4.1 Mound Twin-Bridge Production Calorimeter

The twin-bridge production calorimeter (Figure 22.5) is designed for the assay of
plutonium metal, oxide, and high-density scrap and waste (Ref. 1 1). The calorimeter is
constructed for use in plant environments. Sample and reference cells are contained in a
controlled constant temperature environmental water bath and are about 12 cm in
diameter to accept standard cans in which plutonium materials are packaged.
Calorimeters that can accommodate gallon-size cans of scrap and waste are also
produced in; this design. The instrument shown in Figure 22.5 has two 'twin-bridge
calorimeters inside the water bath.

Each twin-bridge calorimeter may include a servo-controller for constant temperature
operation, a sample pre-equilibrium chamber, or provisions for the use of end-point
prediction techniques. These features can reduce assay time and increase throughput.
All electrical measurements are made with bridge circuits or digital voltmeters and are
fed directly into the computer data acquisition system. Standard resistors and voltage
sources traceable to the National Bureau of Standards are used to ensure accurate
measurements. Plutonium-238 heat standards are used for calibration.

Fig. 22.5 Moundtwin-bridgeproduction calorimeter. The water bath (left) contains twotwin-bridge calorimeters. (Photograph courtesy ofMound Laboratory.)
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At the Los Alamos Plutonium Processing Facility, two Model 102 twin-bridge
calorimeters sharing a common water bath (Ref. 12) similar to that shown in Figure 22.5
are used to assay plutonium feed and product. To save space, sample pre-equilibrium
chambers are not used. All assays are done for 8 h without endpoint prediction. A
measurement control program requires the weekly measurement of either a 400- or 870-
g standard. Measurement control results for I yr show that the power determination has.
a precision of about 0.1%' and a drift of about 0.1%. For large samples the effective
specific power is determined with a precision of about 0.4 to 0.5% (Ilc): by gamma-ray
spectroscopy in count times of 1.5 to 2 h. The overall precision in, plutonium mass
determination is then about 0.5 to 0.7% (1 o) for large, homogeneous samples.* Perform-
ance data for the twin-bridge calorimeter are summarized in Table 22-5 (Refs. 1I. and
ý12). Similar'performance data has been reported for high-burnup plutonium with an
effective specific power of about 14.5 mW/g (Ref. 13).

Table 22-5. Performance data for the Mound
•twin-bridge ýproduction calorimeter, assuming
2.3 mW/g and known isotopics (Refs. 11, 12,
and private communication*)

Accuracy 0: Ito 0.2%
Precision 0.1 to 0.2%
Range - 100 g to 2.5 kg (.23 to 5.8 W)
Assay Time 8 h

*Private communication from R. Blankenship

and F. Hsue, Los Alamos National Laboratory.

By way of comparison, the Los Alamos facility also uses four over/under bridge
calorim6itrs to provide incýeased throughput capability. These calorimeters are similar
in appearance to:the calorimeters described in Section 22.4.4 below. Two have 12.4-cm-
diam samPle chambers; the.other two have 17.8-cm-diam sample chambers. The

calorimetersi are operated. with .end-point prediction techniques to reduce .assay time.
For samples containing 2 t6 3 kg of plutonium, assay times are, typically a little more
than 3 h. Small or poorlyýpackaged samples may require up to 8 hi and 100 g is the
administrative, lower li rit on •pliutonium; size to aIoid longer assay tiirmes. Measurement
control results for.l yr shov<that these faster calormeters have a measurement precision
of about 0.2.% compared to about 0.1% f0rte tWn-bridgecalorimet,.

2 2.4.2 Mound Calorimeter for Simultaneous Isotopics Measurements

In-plant calorimetric assay requires both, sampl• power measurement with a calorime-
ter and (for the computational method) deteFminaion of sample dffectiv specific power
from mass spectroscopy orgamma-ray isotopibcs easuremets. of samples,

the most common approach uses sequential measurements of the plutonium isotopics

*Private communication from R. Blankenship'and F. Hsue, Los Alamos National

Laboratory.
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by high-resolution gamma-ray spectroscopy followed by calorimetry. The isotopics
measurement and the calorimetric measurement may also be performed simultane-
ously.

Figure 22.6 is an example of a simultaneous measurement system.(Ref. 14). The
calorimeter is a Mound transportable over/under bridge type (see Figure 21.5 of Chapter
21) with three layers of water (3.1 cm :total), three layers of Plexiglas (2.1 cm total), 1.0
cmofepoxy, 0.6 cm of aluminum, and 0.1 cm of stainlesslsteel between the sample and
the:gamma-ray detector. The transmissionof 100-!jto400-keV gamma.raysý through the
calorimeter wall is about 20 to 40%. Because this calorimeter design uses Plexiglas, with
a minimum of steel and aluminum, the transmission through the calorimeter is actually
higher than the transmission through the x-ray filter on the. face of the gamma-ray
detector.

Fig. 22.6 Moundsimultaneous calorimeterpower measurement andgamma-ray
isotopic composition measurement system. The side-looking germanium
detector is placed against the calorimeter body during the measurement..
(Photograph courtesy ofMound Laboratory.)
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• A.typical assay time is 5 h, using end-point prediction techniques, .with .0.3%
uncertainty in the calorimeter power measurement (Ref. 14). Gamma-ray isotopic data
were accumulated for the same time period as the power measurement. The overall
assay uncertainty was 1% or less. The performance data are summarized in Table 22-6.

Both the calorimeter. and the gamma-ray detector's. multichannel analyzer are micro-
processor controlled, and data analysis is coordinated by. a minicomputer. This system is
configured such that data from, one sample can be analyzed while another sample is
being.measured. However, some loss of measurement precision is incurred in making
simultaneous measurements because the sample cannot be placed directly against the
gamma-ray detector. Sequential measurements are usually preferred to simultaneous
measurementsunless thereare other overriding requirements.

Table 22-6. Performance data for the Mound simultaneous
calorimetric assay system, assuming 2.3 mW/g (Ref. 14)

Overall accuracy 1.0%
Power determiniation accuracy 0.3%
Range 200g to 4.4 kg (0.5 to 10 W)
Assay time 5 h with end-point prediction

22.4.3 Rocky Flats Production Calorimeters

Multiple-cell calorimeters have been developed at the Rocky Flats Plant for the assay
of low-burnup plutonium oxide and scrap ý(Ref 15). The calorimeters are of the twin-
bridge type, with an air gap between the inner samplekcell and the environmental water
bath to help maintain a! thermal resistance between them. Plutonium oxide cans
containing aiproxirnately 1400 g9are loaded into biass'sample holders, which are placed
into the measurement cells. Siyrofoam plugs 'are used above and below the sample for
insulation. The po~wer output of each can'is roughly §3W. Shortly after the separation ofinsulation.;Th 239 u f eac240h aamericium from plutonium, 78% of the pw&routput iS from 239Pu, 18% from Pu,
and the resti:from 238Puani 24.1P'j .The clorimetrie asay 6f sample power is accurate to
about 0.2%.T..

To handle the production load of samples requiring assay, three 8-unit calorimeters
are available (Ref. 16)Y. Each unit conains eight cells placed in a circle in a common
water bath. Seven cells are ayailable for smple assays, and one is used as a common
reference cell.

For the new plutonium processing' facility at Rocky Flats, a series of in-line
calorimeters have b'en built: by Mound: Lab6ratory and installed under gloveboxes in
the shippigtand receiYing area (Ref. 17). Tw'enty'celis are connected n four banks of
five cells each with each bankihaVing its o6en water batifi. In each bank, one cell serves as
the common refer'ence cell for the otheei 'four sample ;cells. Each sample cell can
equilibrate aA4-W sample in about 10 h. Overall measurement reproducibility is about
0.7% in all cells.

Calorimetric assay bf plutonium scrap and waste encountered in the production
process may. be adversely affected by large container sizes, longer equilibrium times, or
poorly known sample isotopic composition. An extreme example is found in the assay of
impure salt residues that contain plutonium and up to 10% americium. In such residues
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the americium may contribute 50 to 80% of the total sample power. A determination of
plutonium content then requires a careful gamma-ray measurement oftheamericium to
plutonium ratio. in material that is very inhomogeneous and contains self-attenuating
lumps of plutonium. This measurement has been performed by rotating and scanning
the sample in, a helical fashion during the isotopics measurement and by determining
separate gamma-ray self-absorption correction factors for americium and plutonium
(Ref. 18). The specific power is determined with a precision of about 1% and the sample
power with a. precision of about 0.2% (to). Although4 '0t. yet established, the overall
assay accuracy is better than that obtainable from passive gamma-ray or neutron assay,
and has resulted. inlower inventory difference biases.(Ref. 18).

22.4.4 Mound Gradient Bridge Calorimeters

• Mound Laboratory has provided four compact gradient bridge calorimeters for the
plutonium scrap recovery facility at the Savannah River Plant (Ref. 19). The
calorimeters are located in the sample assay room and are used to provide information
on the mass of incoming, plutonium metal and oxide shipments to the accountability
computer, The four calorimete.rs (Figure 22.7) are:connected by insulated water hoses to
four separate temperature-controlled: water reservoirs. Two of the calorimeters have
outer dimensions of 31 cm* diameter by 97 cm high, and accommodate; standard
recovery cans 'up to 12.4 cm in diameter..The other twoa calorimeters arem29 cm in
diameter and 93:cm high, and only accommodate cans up to 11.0 cm in diameter, so that
smaller samples. can be assayed: with' shorter equilibration time.

Fig. 2247 Array of/bur Mound gradient bridge calorimeters, two with 1i-cm-diam sample
chambers and two with 12.4-cm-diam sample chambers.
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The design. of each calorimeter body (Ref. 20) is similar to the gradient bridge design
shown in Figure 21.6 and described in Section 21.5.4 of Chapter 21. The thermal baffles
above and below the sample chamber are made: of Styrofoam. Sample weight is
transmitted to the floor by a central post so that the accuracy of the bridge potential
readings is not. affected by strain in the windings. :The sample is placed in a special
stainless steel can with an 0-ring; seal that fits' tightly into the smple chamber. If
possible, air gaps betWeenthe @m ple and the inner wall of this "cal ccan" are filled- with
aluminum shot to. reduce assay time, and air gaps 'abbve the sample are filled .with
crumpled aluminum foil to prevent air circulation. Theý time required to reach equi-:
librium depends on sample diameter, packaging, and themwidth of any air, gi.

The four 'calorimeters are operated in the constant temperature servo-control mode
(Ref. 20). The water bath temperatures are'controlled to within. 0.00.1°C, and. the
temperatures are checked every 2 min. The water temperature is selected such that the
ratio, of heating to cooling required from the controller.isabout: 1. 1..Each reservoir uses
about one cup of distilled water per week. The electronics. include.five computer-
controlled. digital voltmeters, one for -each bridge circuit output and one-to monitor
room tem perature. Each heater winding is connectedlas a fourTterminal resistor so that
the voltage across the winding can be determined without errors resulting from.power
losses in the leads.

Operation of each:.calorimeter requires periodic baseline power runs to establish the
empty chamber power.level (Ref. 20). Baseline power runs typically require 2 to 2.5 h,
less than actual sample assays, because there is no mass in the. sample chamber. The
baseline power level,(near 15 W) is set at least 3W greater.than the estimated wattage for
actual samples or calibration standards. The calorimeters have been provided with small238Pu0 2 heat source standards mounted in special cans. These standards are measured
periodically to monitor instru ment performance.;:.Calorimeter performance. can be
affectedýlf the. calorimeter is: bumped, if the. lid, is removed during an assay, or if
fluctuaitibons :ccuri in mroomn' temperature. and humidity, bath temperature, or power
supply volt age For-plutonium scrap, assay time cap varywidely deperiding on sample
composition, packaging, asize and power. For a.typical wattage range of 2 to 12 W, the
accuracy olf the cairimeter imeasurementis 022% (Ref 21). Performanceq pecifications
for the gdientg bridgecalorimeters are summarized ai b Tble 22-7.

Table22-7. Perfr mance specifications for
the Mound gradient bridge calorimeters
..(Ref. 0 and• 21)/fi I

Accuracy .%aPreciinon . 031%.
Rangeý g gto 5 kg.(201w I2.W). "

. Assay time 4 h for product
8 to 16 h for-scrap
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22.5 FUEL ROD CALORIMETERS

22.5.1 Argonne One-Meter Fuel Rod Calorimeter

The Argonne one-meter fuel rod calorimeter is intended for the nondestructive assay
of the plutonium content of unirradiated mixed-oxide fuel rods (Ref. 22). The prototype
for this instrument is an earlier Argonne instrument used for the calorimetric assay of 6-
in.-long fuel rods (Ref. 23). A four-meter fuel rod calorimeter has also been built (Ref.
24). Measurements with these instruments, are relatively fast because of the small
diameter of the sample chamber and the calorimeters are called "fast. response"
calorimeters.

This calorimetric assay system contains the following components (see Figure 22.8)
(Refs. 25 and. 26):

1. Calorimeteribox. The one-meter fuel rod calorimeter is an isothermal gradient air
calorimeteri(See Section 21.5.41 ofChapter 21) that is operated in the servo-contr6l mode
(Section21.6.3). It has threeregions :ofcontrled temperature: the l-m-diam sample

chamber, the surrounding thermal shield :aInd heating circuits,, and the .remaining

volume of the box. These three regions are controlled to be at 33, 32, and 30°C,
respectively.

2. Preheater. A preheater for heating rods prior to their injection into the measuring
chamber is connected to the calorimeter measurement box. The preheater reduces assay
time and provides additional space for holding rods larger than 1 m.

3. Control console. The control console contains the. servo-control circuits, the
temperature sensor controls, and other electrical measurement controls.

4. Computer. Data acquisition and analysis and hard-copy printout of results are
controlled by a small portable computer.

The effective fuel rod length that can be accommodated by this instrument is 98 cm.
Longer fuel rods must be assayed in li-m segments. Along the axis, the response of the
calorimeter to heat sources is nonlinear. A correction must be made for the. length of the
fuel column and its position (Ref. :22). Also; when the baseline power level is being
determined, a dummy fuel rodlmust be inserted to simulate heat losses through the ends.
Calorimeter operation can be checked by "an internal electrical calibration or by
calibration with electrically heated resistance rods.

Fig. 22.8 Argonne ModellVfuel rod calorimetric system for one-meterfuel rods, showing the
-calorimeter (left), preheater (long white cylinder), and electronics packages. (Photograph
courtesy ofArgonne National Laboratory.)': .
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Field test and evaluation exercises of the fuel rod calorimeter were conducted at
several Belgian facilities in cooperation with the IAEA (Refs. 27 and 28). At one facility,
four different geometries of fuel rods containing from 3.6 to 28.5 g of plutonium and
having three different isotopic compositions were. measured. All 12 fuel rods were
preheated and then measured for I h, with each fuel rod measurement preceded by a I-h
baseline power measurment. The precision was I mW over the range of 10 to 135 mW.

For rods with more than 50 mW of power, the observed accuracy was on the order of 3%
(I)lorf less, • which was within the errors of measurement and uncertainty* in actual
plutonium mass (Ref. 27).

Two; more batches of 6 and 141 mixed-oxide fuel rods were measured at two other
Belgian facifities. Somne of the fuel rods were as long as 2.5 m; the inactive portion was
kept: within the preheater. For fuel rods of the type for which the instrument was
designed, the calorimeter pefformed'wel, with a measurement ,precision of about 0.4%.

For rods with low power output, the measurement data were inconclusive. Use of the
one-meter fuel rod calorinmeter for rods with power outputs less than! 40 mW is not
recommended because the power output would be Jless'than 5% ofthe baseline power
(Refi 28). Peffoianince data for the:Argonne one-meter o fel red calorimeter are
sum%'irized in Table 22-8.

Table 22-8. Performance data for the Argonne
one-meter . fuel rod calorimeter, assuming
5 mW/g and known isotopics (Refs. 27 and 28)

Accuracy I to 3%::
Precision 0.4% or 0.2 gl: (mW)
Range 8 to 160g gPu (40 to 800 mW)
Assay time 15 min to 2 h

22.5.2 General Electric Irradiated Fuel Assembly Calorimeter

The General Electric irradiated fuel storage facility near. Morris, Illinois, has de-
veloped an in-basin calorimeter for underwater measurements of the heat generated by
irradiated fuel assemblies (Ref. 29). The calorimeter is similar in size and shape to a
water boil-off calorimeter developed earlier by Pacific Northwest Laboratory for above-
water, hot cell measurements (Ref. 30). The General, Electric calorimeter is. operated in
the unloading pit of !the ý fuel storage basin' ýat al depth of about 40 ft. Although the
calorimeter was de•elop~d to provide heat generaiion information for planning future
irradiated fuel storage needs, it was also possible to correlate the measured heat with fuel
burnup.

The in-basin calonimeter (Figure 22.9) is 4.6 m long and onsists of two concentric
steel pipes (Ref. 29). The 41-cm-diam itner pipeforms the sample chamber, which can
be fitted with inserts to support either boiling or pressurized water reactor fuel
assemblies. The annular ý space between the 'two pipes contains 6 cm of urethane
insulation to reduce heat transfer from the calorimeter to the basin water. Temperature
measurements inside the sample chamber and outside the calorimeter are made with
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AS.22.9 GeneralElectric-Morris Operations in-basin calorimeter
for measurement of irradiated fuelassemblies in the un-
loading pit ofthefuelstoragebasin-.RTD - platinum
resistance temperature detector. (Figure courtesy of
General Electric-Morris Operations.)

platinum resistance temperature detectors. A recirculation pump maintains a homoge-
neous water temperature inside the sample chamber; Gamma radiation monitors are
installed on the calorimeter to measure radiation heat losses and axial fuel assembly
burnup profiles.

The calorimeter is usually operated with a constant temperature environment. After a
fuel assembly is loaded into the calorimeter, a water-tight head is bolted on to seal the
sample chamber (Ref. 29). The rise in internal water temperature is monitored over a 5-
h period. Water temperature outside the calorimeter: is usually stable to Ol'if water
circulation is provided in the basin. The rate of change of internal water temperature
(typically 2°F/h) is proportional to the thermal output of the fuel assembly. The
calorimeter is calibrated with a 4-m-long pipe wrapped with electrical heater tape. All
measurements are corrected for heater lead power losses, heat capacity variations
between calibration and actual fuel, and gamma radiation heat losses.

Reference 29 reports a series of 24 measurements of 14 PWR fuel-assemblies with
operator-declared burnups of 26 to 40 GWd/tU and cooling times of 4 to 8 yr. The in-
basin calorimeter measured thermal powers of 360 to 940 W with a precision of 1%. The
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measured power was compared to that calculated from reactor fuel burnup codes. The
agreement varied from 15% (if the codes assumed constant irradiation histories) to I%
(if the codes used the actual irradiation histories). For assemblies with the same cooling
times, measured power was proportional to burnup to within about 3%.
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Application Guide
N. Ensslin, D. Reilly, and H. Smith, Jr.

23.1 INTRODUCTION

This chapter is aný applications guide to nondestructive assay (NDA) techniques to
aid the user in matching instruments with measurement problems. The figures and
tables of this chapter refer to many of the measurement techniques described earlier
in the book; several important active techniques are also included. Additional infor-
mation on active NDA techniques is provided in the Nuclear Regulatory Commission
(NRC) manual Active Nondestructive Assay of Nuclear Materials, by T. Gozani (Ref.
1). Detailed summaries of NDA measurement methods and results are provided in
the NRC Handbook of Nuclear Safeguards Measurement Methods, edited by D. R.
Rogers (Ref. 2).

Figure 23.1 is an overview of NDA techniques including examples of some com-
mon instruments associated with each technique. The figure illustrates the variety of
techniques available to the assayist. In the various nuclear fuel, cycles, plutonium and
uranium appear in many forms, and this can often make it difficult for the user to
select the appropriate technique for his measurement needs. This guide attempts to
address this problem by summarizing the capabilities of the principal gamma-ray and
neutron assay techniques (Section 23.2) and by providing a detailed table that matches
nuclear materials with appropriate NDA instruments (Section 23.3).

This guide does not address irradiated fuel measurements, perimeter monitors, or
attribute and holdup measurements; these subjects are covered in Chapters 18, 19,
and 20.

23.2 CAPABUITMS OF SELECTED PASSIVE AND ACTIVE NDA
TECHNIQUES

Gamma rays follow radioactive decay and carry energy information that uniquely
identifies the nuclides present in the sample. This information is usually preserved by
the detection process. The principal difficulty for gamma-ray assay is to accurately
correct for sample attenuation. Gamma-ray attenuation increases with atomic number

661



Pu isotopics U and Pu TOWalissile. Total fsie Total fissle
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Fig. 23.1 An overview of passýive and active NDA techniques, including the names of some common instruments.
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and material density, so gamma-ray assay techniques work best for materials with low

atomic number (<25) and low density (< I g/cm 3 ). Neutrons carry less specific energy
information, and even this is lost in the typical detection process. Neutron radiation
does not provide information to identify the nuclear species present in the sample. On

the other hand, neutrons penetrate dense, high-atomic-number materials (for example
lead and uranium) with ease. They have more difficulty with very low atomic number
materials,: especially anything containing hydrogen,: such: Ias, water or polyethylene.

Gamma-ray and neutron: assay tech•iques are, therefore, complementary because of

their different sensitivities :to density andmaterial type. In general, passive assay

techniques work well on plutonium• samples, because plutonium decay reactions (alpha

decay and;spontaneous fission) have high specific activities. The ývery low specific

activities of the uranium decay tmod:es .6ften dictate the use of active measurement
techniques.

The figures in this section summarize the accuracy that may be expected for the as-

say of a single sample using the principal: NDA techniques Figujre 23.2 illustrates the
"assayability" of various material forms using gamma-rayiispectroscopy; techniques.

Homogeneous,: low-denisity materials such as gases; solutibns:,ia nd powders: can be

assayed mosi accurately. For these materials, gamma-ray, assay is .the technique of

choice because. the. observed spectrail peaks provide unique hsignatures tat identify the

nuclear material isotopes. presentiand also; yield a quantitativeix a: assay of the isotopic
mass. It is. important to note that: gamma-ray spectroscopy provides a clear identifica-

tion of the nuclear species ina sample, even: in .cases where: th e sample is too dense

or too heterogenous to permit an'accurate determination of 'mass.•
For heterogeneous or dense:materials Where the gamma-ray attenuation is too high

to permit:accurate.corrections, neutron assay techniques: 'may',be preferable.' Figure

23.3 illustrates the "assayability' o 4 different nuclear miaterials using neutron counting
techniques. Most large samples io8f' metaii oxide, and 'higfi-density scrap. and :waste

require neutron-based technique:.' Neutron assay accuracy .is degraded if Athere is a
high background from (ce,n) reactions or' if moderating, materials such as moisture or
combustible waste are pTesent.

For the assay of plutonium, calorimetry provides a slower but more accurate assay
alternative, which is insensitive to the presence of matrix materials (except that matrix
materials may increase the assayitime by increasing the time required to reach ther-

mal equilibrium). Both calorimetry: and neutron, assays. usually require knowledge of
the isotopic composition of the plutonium being measured; gamma-ray spectroscopy
provides one way to measure isotopic composition.

Figures 23.4 and 23.5 illustrate :the range of performance for the most common
gamma-ray and neutron assay techniques. In'general, the gamma-ray techniques,
where applicable, are more accurate than neutron techniques. Also, passive assay
techniques are often more accurate than active assay techniques because the sample
matrix can affect both the induced and the interrogating radiation, and the interrogat-
ing radiation can interfere with the assay radiation, thereby reducing sensitivity and
precision.
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0.1 110 100

RELATIVE ACCURACY (%)

Fig. 23.2 Sample "assayability" using gamma-raY spectroscopy techniques.
By way of comparison, destructive analytical chemistry techniques
routinely achieve accuracies in the range 0.05% to 0.5%.
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0.1 10 100

RELATIVE ACCURACY (%)

Fig. 23.3 Sample "assayability" using neutron-based NDA techniques.
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0.1 1 10 100

RELATIVE ACCURACY (%)

Fig. 23.4 The range of performance for gamma-ray NDA techniques.
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0.1 1 10 100

RELATIVE ACCURACY(%)..

Fig. 23.5 The range of performance for neutron-based NDA techniques.
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23.3 NUCLEAR MATERIAL TYPES AND APPLCABLE NDA
TECHNIQUES

Table 23-1 provides a list of NDA techniques that may be applicable to a given
measurement problem. In spite of its large size, Table 23-1 is not all-inclusive, and
every entry is actually a generalization of many possible techniques. The table should
serve as a: starting point to guide the user toward a suitable technique. More detailed
application 'tables are given in the HandbOok of Nuclear Safeguards Measurement
Methods (Rif. 2). :.An explanation of the table headings is given below.

Nce Material Table 23-1 covers the following material types: plutonium,
high-enriched uranium (HEU), low-enriched uranium (LEU), and mixed uranium and
plutoniunt

Ma Form or Matrix: Table 23-1 covers metal, oxide, fluoride, solutions,
fuel pellets and rods, and high- and low-density scrap and waste. In most cases, the
assay approach. forcarbides:is the same as for oxides;. For fluorides, some assay
technique ar suitable for PuF6 or UFd, gas and others,, are suitable .for PuF6 , PuF4,
UF6, ýr 06AF 2 in either .liquid, powder,:ort solid form. For neutron-baise assay
techni ques, xidesý have low :(an).yields :and fluorides have high (an):yieolsi

Scrap iS relatively rich in nuclear materialand is. usiually recycled whereas the
nuclear mterial. content ,ofwaste is relatively low land can. usually be discarded.
Scrap and waste, may be suitble for gamma-ry assay,:if they have sufficienty low
density.

NDA Technique- Table 23-I covers the following NDA techniques or instruments:

gamma-ray: Far-field assay without transmission correction
(MEGAS: MultiEnergy Gamma Assay System)ý

Transmission-corrected: assay viewing entire sample.
Transmission-corrected segmented scan (SGS: Segmented

Gamma Scanner).
Enrichmerit meter (235 concentration)..
Isotopic composition determination,(Pu).
K-edge densitometry.
L-111-edge densitometry.
X-ray fluorescence (K or L).

neutron: Neutron totals counting (SNAP: Shielded Neutron
Assay Probe)

Passive neutron coincidence counting (HLNCC: High-
Level Neutron Coincidence Counter)

Active neutron coincidence counting (AWCC: Active
Well Coincidence Counter)

Active neutron coincidence collar.
Random driver (fast-neutron coincidence counting).
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neutron: Neutron coincidence self-interrogation.
Californium shuffler (delayed neutron counting).
Photoneutron interrogation (PHONID:

PHOtoNeutron Interrogation Device)
Differential die-away technique.

calorimetry: Plus isotopic measurement.

There are other NDA techniques that are not included in this list, such as the
accelerator-based measurements described in Ref. 1.

For each nuclear material and matrix, only the most commonly used techniques are
included in the table. The techniques are listed in the order of decreasing accuracy or
frequency of uSe. The choice of technique may depend on the specific measurement
problem and on factors such as cost, sample throughput, available space, etc.

Measured Isotopes: The NDA techniques listed in Table 23-1 may determine
element or isotope mass or concentration. The user often requires supplemental in-
formation, usually isotopic composition,: which pmay be available from the facility
or from other destructive or nondestructive measurements. For calorimetric assay,
the accuracy stated in Table 23-1 includes the estimated accuracy of the isotopic
measurement.

• Passive or Active: This column indicates whether the technique uses an external
neutron or gamma-ray source to irradiate the sample. The neutron coincidence self-
interrogation technique, which measures the fissions induced by (an) neutrons from
internal reactions, is classified as passive.

Range: This column provides a very rough estimate of the applicable mass or
concentration range of the NDA technique. The quoted lower limit is the measurability
limit rather than the detectability limit, which may be considerably less than the mass
given in the table. The range is stated in terms of the element mass even if only one
isotope is measured.

Time: This is the approximate measurement time required to produce the stated
precision.

Preclsioi: This is the reproducibility of a single measurement stated, in percent-,
as one relative standard deviation. The precision is estimated for mid-range samples
and, for active techniques, an optimum interrogation source strength is assumed.

Accuracy The accuracy is stated, in percent, as one relative standard deviation,
and includes the errors due to measurement precision, sample position, calibration,
and instrument bias. For calorimetry, the estimated accuracy includes, and is often
dominated by, the accuracy of the isotopic determination. The numbers quoted for
scrap/waste assume some sorting and segregation into material categories and also
assume the presence of few or no self-attenuating lumps of nuclear material.

Reference: References shown as numbers only refer to the section in this book
where more detailed information can be found on a given measurement technique.
Reference "x.y" refers to Section y in Chapter x. Other sources include Refs. 1
through 9.
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Table 23-I. Guide to NDA techniques

Form or Measured Passive Precision Accuracy
Matrix NDA Technique Isotopes or Active Range Time (%) (M) Reference

PU.

metal

oxide

calorimetry/mass spec. isot.
calorimetry/gamma isotopics
neutron coincidence (HLNCC)
neutron totals (SNAP)
neutron coincidence (AWCC)
gamma isotopic

calorimetry/mass spec. isoL
calorimetry/gamma isotopics
neutron coincidence (H-ILNCC)
neutron coincidence (AWCC)
gamma isotopic

total PU
total Pu
fertile
fertile

fissile
all but 242pu

total Pu
total Pu
fertile
fissile

all bt 242pu

P

P

P

P

A
P

P

P
P

A

P

10 - 6000 g
10 - 6000 g
10- 6000 g
10 - 6000 g

10- 10000g
0.1 - lOOOOg

10 - 6000 g
10 - 6000,g
10 - 6000 g
i0 - 10000 g

0.1 - 10000 g

1 -500 g
50- 1000g

4h
4h

300 s

30S
lh

30 - 60 min

4-6h

:4-6h
300 s

3 lh
30 - 60mhii

0.3

0.5

0.5

I5

0.1 -(3 -5)

0.3

0.5
0.5
5

0.1 - (3 - 5)

0.3
1-2

1-4
2

5- 10

0.1-1

0.3
1-2
1-3

10
0.1 -1

-21.9

.21.9
17.2
15.2

17.3
8.7.5

21.9
21.9
17.2
17.3

8.7.5

15.2
20.4

6.9.4
.9.4

PuF4 powder neutron totals
neutron coincidence self-interrogation

solutions transmission-corrected gamma
K-edge.densitometry

fertile P

fissile P:
2 3 9Pu cone. P

Pu cone. A

30s I
600s I

2-5
5-10

0.001 - 400 g/L 1000s 0.2-1 0.2-1
40 - 500 g/L 1500 S 05 0.2 - 1

Luii-edge dens itometry
x-ray fluorescence
neutron coincidence (HLNCC)

Pu cone.
Pu cone.

fertile-

A
A
P

5 1- 100 g/L
0.1 - 400 g/L

I- 50o g

1500 s

300s
300 s

0.5
0;5
0.5

0.2- 1

0.3- I
1-5

9.4

10.5
17.2



Table 23-1. (Continued)

Material

Form or Measured Passive Precision Accuracy

Matrix NDA Tecinique Isotopes or Active Range TIMe (%) (%) Reference E.

Pu

fuel rods neutron coincidence (pin-tray counter) fertile P 10 -1000 g 600s I 0.5-2 Ref. 8

fuel assembly neutron coincidence (breeder counter) fertile/fissile P

scrap/waste neutron coincidence (HLNCC) fertile

(high density) calorimetry/mass spec. isom. total Pu

calorimet-y/gamma isot. total Pu

neutron coincidence self-interrogation fissile

scrap/waste segmented gamma scan (SOS)
(low density) far-field gamma count

neutron coincidence (HLNCC)
x-ay count (MEGAS)

differential die-away
HEU

2 39
PU

23 9
pu

fertile
2 39

pu

fissile

P

PpP
P

P

P

P

P

A

-9 kg 300s 0.2 0.5-2

l0-6000g 300s 1-5 2-30
10 - 6000 g 8 - 16 h 0.3 . 0.5
..10 - 6000 g 8 -. 16,h 0.5 .1-2
50 - 3000 g 1000s 1 .10

l- 1400 g lo00s 1 1-5
1-1400g 300s 1-2 1-5
O-6000g 1000s 5 .5-30

1o Ag - log 200s 10 10 - 5

5mg- log 1000s 1 30

Ref. 9

17.2
22.4
22.4
20.4

6.9.5
6.9

17.2

Ref 2
Ref. 3

metal californium shuffler fissile A
neutron coincidence (AWCC) fissile A

random driver fissile A
photoneutron interrogation (PHONID) fissile A

enrichment meter 235U (%) P

I g - 10 kg 1000s 0.1 0.5-5 Ref. 4

10 g - -10 kg 1OOOs 0.5- 5 1-5 .17.3
50g- 10kg 1000s 1-5 1r5 Ref. 5

lg-lkg 200s 0.1-3 1-5 Refs. 6. 7

200 g - 20 kg 300s 0.1-1 0.1-0.5 • 7.3

0~
-4
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Table 23-1. (Continued)

Material

Form or Measured Passive Precision Accuracy

Matrix NDA Technique Isotopes or Active Range Time (%) (%) Reference

HEU

oxide transmission-corrected gamma

enrichment meter
califorium shuffler

nre•mo coincidence (AWCC)
random driver

photoneutron interrogation (PHONID)

neutron totals (SNAP)

2 3 5
U

235U (%)

fissile
fissile

fissile
fissile
2 34

U

2350

P

P

A

A

A

A

P

0.1 - 200 g 300s 1 1 -2 6.9.3
200 g- 20 kg 1oos 0.1-1 0.1 -0.5 7.3

I g -20kg lO00s 0.1 0.3-3 Ref. 4

10 g - 20 kg 1000s I-5 I -5 17.3

50g- 10kg 1000s 1-5 1-5 Ref. 5
Ig-3kg 200s 0.1-3 I-5 Refs. 6, 7

100 g-10 kg 500 S 2-5 5- 10 15.2

UF6 gas transmission-corrected gamma

UF6 liquid enrichment meter

UF6 solid neutron coincidence (AWCC)

neutron coincidence self-interrogation

neutron totals

enrichment meter

solutions transmission-corrected gamma

K-edge densitometry

LI 1 -edge densitometry

x-ray fluorescence

P 0.1 - 100 g 1000s 0.7

2 3 5
U (%) P 200 g - 20 kg 300s 0.1-1

fissile
fissile
2341U

235U (%)

235U conc.

U conc.

U conc.

Y conc.

A

P
P
P

P
A
A

A

100 - 1000 g 1000s 1 -5

1-20 kg" 600s 0.5
IOg- 1Okg 200s 2

200 g - 20 kg 300s 0.2- 1

0.25

I-5
3

2-5

0.5 - 5

7.5 .z

7.3

Ref. 6

17.3 .:
15.2 V
7.7

6.9

9.4
9.4 -

10.5

0.001 - 400 g/L I000 s 0.1 -0.2 0.2- 1

40 - 500 g/L 1500s 0.5 0.2- 1
5 - 100 g/L 1500s 0.5 0.2- 1

0.1 - 400 g/L 300s 0.5 0.3 -I



Table 23-I. (Cautinued)

Material
Form or Measured Passive Precision Accuracy
Matrix NDA Technique Isotopes or Active Range Time (%) (%) Reference

HEU

fuel pellets random driver: fissile A 50g - 10kg 1000s 1-5 1-5 Ref. 5
neutron coincidence (AWCC) fissile A lOg- 10kg lO00s 1-5 1-5 17.3
califomiumshuffler fissile A I g- lOkg ' 1000s 0.1-2 0.3-3 Reg 4
photoneutrmninimr•gation (PHONID) fissile A .!g -3kg 200s 0.1-3 1-5 Refs. 6, 7

gamma-my wel counter 2 35 U p 0.1 - log 300s 0.2 0.1 -0.5 7.3
enrichment meter 235U P 200g- 20kg 300s 0.5 0.25- I Ref. 2

fuel rods neuon coincidence collar fissile A 100g- 10kg 1000s 0.5 2-4 17.3
fuel rod scamner fissile A 1 - 1oog 301s 0.1 1 Ref. 1

scrp/waft californium shuffler fissile A I g- 10kg 1000s 0.1-2 2-25 Ref. 4
(high density) neutron coincidence (AWCC) fisaile A 10 -100 0  1000 s I-5 5-25 17.3

random driver fissile A 50 - 1000g 1000s 1-5 - 5-25 Ref. 5

scrapfwaste segmented gamma scanner (SOS) 235U P 1 - 200 g 1000 1 2 - 10 6.9.5

(low density) transmission-conected gamma 2 35 U P I - 200 g 300s I 2-20 6.9.3
differential die-away fissile A 5 mg- 10 g 1000 s I 30 Ref. 3

californium shuffler fissile A I -I00og 1000s 0.5 2-25 Ref. 4
neutron coincidence (AWCC) fissile A 10 - 1000 g 1000s i-5 5-25 17.3

0%

j
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Table 23-1. (Continued)

Material
Form or Measured Passive Precision Accuracy

Matrix NDA Technique Isotopes or Active Range Time (%) (%) Reference

-3.

LEU

metal neutron totals: (well counter)
neutron coincidence (well counter)

neutron coincidence (AWCC)

californimn shuffler

photoneutron interrogation (PHONID)

enrchment meter

238U
23 8

U

fissile

fissile

fissile

23 5
U (%)

fissile
fissile

fissile

P
P

A

A

A

p

P

A

A

A

I - 500 kg 1000s 1 2-3

2- 500 kg 1000s 2-5 2-5

1- 10kg lO00s 5 5-10

10g- I0kg 1000s I 1-2

10- 100l)g 200s 0.1-3 1-5

200 g - 200 kg 300s 0.2-I 0.2-0.5

200 g- 200 kg 300s 0.2- 1 0.2-0.5

1- 10kg 1000s 5 5- 10

10g- 10kg 1000s I 1 -2

10-.1000g 200s 0.1-3 1-5

oxide enrichment meter

neutron coincidence. (AWCC)

californium shuffler

photoneutron interrogation (PHONID)

UF 6 gas transmission:corrected gamma

UF6 liquid enrichment meter

UF 6 solid neutron coincidence (AWCC)

enriclment met

solutions transmission-corrected gamma

•. K-ge densitometry

LlJ -edge densitometry

x-ray fluorescence

15.4

15.4
•17.3.

Ref. 4

Refs. 6,7
7.3

7.3

17.3

Ref. 4

Refs. 6; 7. a

<*7.5 a•

7.3

Ref.6 6
•7.7

6.9

9.4

9.4 1

10.5 34

235U (%)

fissile
235U (%)

P 5- g 1000:s 0.7. 1 -3

P 200 g - 20 kg 300s 0.25- 1 0.25-0.5

A 1- 10kg 1000s I 2-5

P 200 g- 500 kg 300s I I -5

P I - 400 g/L 1000s 0.5 0.5

A 40- SWg/L 1500s 0.5 .. 0.2- I

A 5 - 100 g/L 1500s 0.5 0.2- I

A 0.1 - 400 g/L 300s 0.5 0.3-I

235U cone.

U conc.
U conc.

U conc.



Table 23-1. (Continued)

Material

Form or , .., Measured Passive Precision Accuracy

Matrix NDATeclique .Isotopes or Active Range Time (%) (%) Reference

LEU

fuel pellets neutron coincidence (AWCC) fissile A i - 10 kg 1000s 5 5- 10 17.3

califomium shuffler fissile A I g - 10 kg 1000s 1 I - 2 Ref. 4

photoneutron inerrogation (PHONID) fissile A 10- 1000 g 200 s 0.1 - 3 1 - 5 Refs. 6, 7

gamma-ray well counter 235U P 1 - log 300S 0.1 -3 0.1 -0.5 7.3

enichment meter 235U (%) P 200 g - 20 kg 300s 0.5- 1 .0.25- 1 Ref. 2

fuel rods neutron coincidence collar 23u A 100 g - 10 kg 1000s . 2-4 17.3

Sneutron coincidence collar 238U P I - 10 kg 1000s 2 5 17.3

fuel rod scanner fissile A I - 100 g 30s A.i ! Ref. I

scrap/waste californium shuffler. fissile A I £ -10 kg 1000 s ! S - 20 Ref. 4

(high density) neutron coincidence (AWCC) fissile A I - 10 kg 1000 s 5 10 - 50 17.3

transmission-conected gamma 238U P 100 - 5000 g 000 s 1 2 - 20 6.9.3

neutron totals (well counter) 238U P 10 - 500 kg 1000s I 2-5 15.4

scrap/waste segmented gamma scanner (SGS) 2 3 5 U P I - 200 g 1000 s 1 2 - 10 6.9.5

(low density) transmission-corrected gamma 23 5 U P 5 - 200 g 1000 s 1 2 - 20 6.9.3

differential die-away fissile A 5 mg - 10 g 1000 s I 30 Ref. 3

0%
-I
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Table 23-1. (Continued)

Material
Form or Measured Passive Precision Accuracy
Matrix NDA Technique Isotopes or Active Range Time (%) (%) Reference

U&Pu

oxide neutron coincidence (HLNCC) fertile Pu P 10 - 6000 g 300s 0.5 1-2 17.2
calorimetry/mass spec. isot. total Pu P 10:6000 g 4 - 8 h 0.3 0.5 21.9
calonimetry/gamma isotopics total Pu P 10 - 6000 g 4 - 8 h 0.5 1 - 2 21.9
neutron coincidence (AWCC) fissile Pu, U A 50 - 2000 g 100s 3 5 17.3

g -ray spectroscopy all but 2 4 2 Pu P 0.1-6000S l It 0.1-(3-5) 0.2- 1 8.7
gamma-ray spectroscopy Pu/U mix ratio P 0.1 -6000 g 300 s I 2 7.8

solutions trnsm ission-corrected gamma 239pu/235U P I - 400 g/L 1000 s 0.5 0.2 -1 6.9
K-edge densitometry Pu & U conc. A 40- 500 g/L 1500 a 0.5 0.2- 1 9.4
LIi-edge densitometry Pu & U conc. A 5- I 8g/L 1500IS 0.5 0.2-1 9.4
x-ray fluorescence Pu & U cowc. A 0.1 - 400 g/L 300s 0.5 U.0.3/Pu:2 10.5

fuel pellets neutron coincidence (HLNCC) fertile Pu P I - 2000 g 300 s 0.5 1 - 2 17.3 :7
calorimetryhnass Spec. isot. total Pu P 10 - 6000 8 16 h 0.3 0.5 21.9
calorimetry/gamma isotopics total Pu: P 10 - 6000 g 8- 16h 0.5 1-2 21.9
neuron coincidence (AWCC) fissile Pu, U A 50 - 2000 g 1000s 3 5 17.3
gamma-ray spectroscopy all but 2 42 Pu P 0.1-6000g l h 0.1-(3-5) 0.2-1 8.7 .3
gunma-ray spectrscopy Pu/U mix ratio P 0.1 - 6000 g 300s 1 2 7.8



Table 23-1. (Continued)

Material

Form or Measured Passive Precision Accuracy

Matrix NDA Technique Isotopes or Active Range Tune (%) (%) Reference

U&Pu

fuel rods neutron coincidence collar

neutron coincidence collar

calorimetry/isotopes
fuel rod scanner

fissile.Pu, U A 100 g - 10 kg 1000 s I

ferlile Pu P too - 6000 g 1000s I

total.Pu P 10 - 2
00 g I h 0.4

fissile A I -100 g 30s 0.1

2-4

1-2

1-3
1

scrap/waste neutron coincidence (HLNCC)

(high density) calorimetry/mass spec. isot.

calorimetry/ganima.isotopics

neutron coincidence (AWCC)

fertile Pu P
total Pu P

total Pu P
fissile Pu, U A

10 7 6000 g 300s 1 -5 5-30
10- 6000 g 8 - 16 h , 0.3 0.5

10 L6000 g 8- 16h 0.5 1 -2

50 - 2000 g 1000 s 5 0-s50

17.3

17.3

22.5

Ref. I

17.2

22.4

22.4

17.3

6.9.5

6.9.3

17.2

Ref. 3

scrap/waste segmented gamma scanner (SGS) 2 39 pu P I -1400 g 1OOOs 0.5-2 2-20

(low density) transmission-corrected gamma 2 3 9pu1 P 1 . 1400 g 300 a 1 2- 25
neutron coincidence (HLNCC) fertile Pu P 10 - 6000 g 1000 a 5 5 - 30
differential die-away fissile Pu, U A 5 mg -10 g 1000I s 1 30
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Appendix A

Statistical Treatment of Assay Data

This appendix provides a brief discussion of the statistical treatment of nonde-
structive assaydata. It contains several useful statistical formulas and procedures
for estimating assay errors. The discussion considers random errors (assay precision)
only. There is no consideration of the often serious •problem of systematic errors
(assay bias). For a more:thoiough discussion of assay precision and bias, please refer
to textbooks on statistics.'

A.1 GENERAL DEFINITIONS

Assume that some physical quantity x is measured N times, with the results x1 , x2,
x3 , ... , xN. For example, x could be the plutonium mass of a sample measured with
a neutron well counter. The best estimate of the true value, of x is the average, or
mean value,

N

= X xj/N (A-1)

In general, each individual measurement xi deviates from the mean. A common
indicator of the magnitude of this deviation is the standard deviation

S(X,. - i)2 . .

(N > 1) (A-2)
N-1

The estimated standard deviation is often quoted as the relative standard deviation
(RSD), which is given by

r% = (ca/R)100 (A-3)
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It is usually assumed that the measurements are distributed about the mean according
to a Gaussian (or normal) distribution. An example of the Gaussian distribution is
shown in Figure A.I, which is a histogram of 500 measurements with a Gaussian
shape superimposed. The mean value of the measurements is 107.3, and the standard
deviation o, is. 2.43. The abscissa is in units of, o. For a Gaussian distribution, the.
full width at half maximum height (FWHM) is 2.354a. One can also estimate the
percentage of the measurements that should lie within a specified interval about the
mean. Table A- 1 summarizes the estimated percentages in units of a. The distribution
of measurements shown in Figure A. 1 is very close to these estimates.

Table A-1. Percentage of measurements expected to lie
within ±w=w of the mean of a Gaussian distribution

Width of Region,
X w±

Estimated Percentage of
Measurements in Region

±0.6745or
±1d.0000,
+±2.00O0Or
±3.0000o,

50.0,0%
68.27%
95.45%
99.73%

17/
11

4

..4

'4

93

68
24

hjL2

.-o MEAN

VARIATION AROUND MEAN VALUE

Fig. A-i. A histogram of SO0 measurements distributed about a mean.. The
solid line is a superimposed Gaussian shape.
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The mean value I calculated from Equation A-I is subject to some measurement
uncertainty. The estimated standard deviation of the mean that is determined from N
measurements is

AR (A-4)

This equation indicates that the mean is determined more precisely as the number of
measurements N increases. From Table A-i, there is a 68% probability that the true
mean lies within the range 1 4-o/v'/ and a 95% probability that the true mean lies
within the range I ± 2c/v' ""

The standard deviation a calculated from Equation A-2 is also subject to mea-
surement uncertainty. The standard deviation of the standard deviation follows a
chi-square distribution. An approximate equation for the RSD of a that is correct to
about 10% for N greater than 3 is

RSD of oa I/V12(9-W . (A-5)

Table A-2 provides a more accurate compilation of the probability that the standard
deviation lies within a given interval. (From Table A-I it can be seen that the interval
in Table A-2, 90% probability, has a width of almost 2a.) Equation A-5 and Table A-2
show that the standard deviation, like the mean, -will be determined more precisely
as the number of measurements increases, but that there is a large variation in the
computed standard deviation even for 20 or 30 repeated measurements.

Table A-2. Standard deviation of the standard deviation for a series of repeated
measurements. For example, for 10 measurements, there is a 90% probability
that the true standard deviation lies in the interval 0.74a to 1.59o,i Where a is
the standard deviation estimated from Equation A-2

Number of Lower Limit of Interval > Upper Limit of Interval
Measurements 5% Probability 95% Probability

2 0.58 . 4.41.:
3 0.62 2.92
4 0.65 2.371
5 0.67 2.09
7 0.71 1.80

10 0.74 i39
15 0.77 1.44
20 0.80. 1.36
25 0.81 1.31
30 0.83 1.27
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A.2 PROPAGATION OF ERRORS

Often the final answer, such as grams plutonium, involves several different mea-
surements with different uncertainties. For example, suppose that plutonium mass m
- C(P - kB), where C = calibration constant, P = counts in peak window, k = a
constant, and B = counts in background window. The variables C, P, and B may all
have different uncertainties, which must be combined, or propagated, to arrive at the
final error in the mass..There are several. commonformulas that can.handle mostsimple combinati6ns of

errors. Let: x-d., and: y-a, be two independent variables, and let k be a .constant
with no uncertainty,

IfZ=x+yorx-y,: a Vo',-. . -(A-6)

Ifz=x/yorxy, _ = . (A-7)z = + A7

If z =kx, a 'zka7 ' (A-8)

For example, for m = C(P - kB),

am,, =, ( o 2 r2p + k2 a2
-- \. / + ( - B)2 .. .. ... . (A-9)

Other forulas for propgation derived by differentiating,the equation
z f(x,y) and squaring :the result:

21 X.. .(ý 
• 

2..y

=(d ) (d 4 +2 -x)(dx dy). (A-1)

The cross term contains the product (dx dy). If x and y are independent variables,
then dx and dy are uncorrelated. If a series of measurements are made to determine
z, then the measurement uncertainties dx and dy fluctuate randomly between positive
and negative values, and the cross term (dx dy) has an average value close to 0. Also,
the average of squared differentials like (dx)2 is the square of the standard deviation,
a.. Then the square root of Equation A-1O becomes

ýi Dz, 1
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Equations A-6, A-7, and A-9 can be derived from Equation A- 1l, as can any other
equation needed for more complex error propagation.

A.3 Nuclear Counting Statistics

For measurements involving nuclear particle counting, all of the above information
can be applied. In addition, in a nuclear counting measurement, the radioactive decays
or other randomly-spaced events usually follow, a Poisson distribution, for which the
standard deviation oa, of a single measurement can be estimated by

01, . Vr (A-12)

where x is the actual number of counts. Note that Equation A-12 applies to counts
and not to count rate. If a count rate is measured for a time t, yielding a single
measurement of x, there is a 68% probability that the actual rate is included in the
interval (x ± /X-)/t.

Consider the example of m = C(P - kB). Assume that k=l and that uc=)O.

urp ; V•, c'B F V/B, and oa. F CPV+-T + .

The RSD (in percent) is

ar(% = a A: 100 (A-13)
m P-B

If N measurements are made on the same sample, the RSD of the distribution a,. can
be calculated from Equation A-2 (with mi replacing x1) and Equation A-3, or it can
be estimated from

C Ar(%)d 100 P A (A-14)

The two ways of computing a,. should yield similar results if the number of repeat
measurements, N, is large. If the results are not similar, the counting equipment may
be malfunctioning.

Note that all of the discussion in this appendix pertains to the precision or repeata-
bility of measurements. This analysis gives no information regarding the accuracy of a
measurement (how well the measurement determines the correct amount of material).





Appendix B

Radiation Safety

The passive nondestructive assay (NDA) techniques described in this book rely
on the natural radiation emitted by nuclear material. The assayist should be aware
of the amount and type of radiation being emitted by the sample to ensure that the
measurement does not pose a safety hazard. This appendix provides some background
information on radiation safety and gives some examples of typical sample dose rates.

The radiation emitted by plutonium, uranium, thorium, and reactor fission products
consists of alpha particles, beta particles, x rays, gamma rays, and neutrons. Because
the alpha particles have a very short range (3-4 cm in air), they do not present a
health hazard unless the active material is inhaled or ingested. When monitoring
for alpha-particle contamination, the radiation meter must be held very close to the
surface. Alpha-particle radiation is usually measured with an ionization chamber that
has a very thin metal foil window. Beta particleshave a range of several millimeters
in most materials, and x',rays and gamma rays have ranges of several centimeters or
more. A typical beta-gamma meter has a Geiger tube or thihnscintillator and a sliding
metal window that is opened for measuring beta particles and closed for measuring
x rays or gamma rays. Neutron radiation is more penetrating and more hazardous
than any of the other radiations and :is usually detected with a 3He or BF3 detector
surrounded with a 20-cm-diameter sphere of polyethylene (a Bonner sphere or "co'w).

Radioactive material is usually characterized by its activitiy' or disintegration rate,
as measured in curies. One curie (Ci) is 3.7 x 1010 disintegrations per second. The
amount of energy deposited, the absorbed dose, is given in units of rads. One rad is
a quantity of radiation that leads to the absorption of 100 ergs (624 200 MeV) ýper
gram of irradiated material. The: biologicial damage produced by a dose of I rad varies
with the rate of energy loss in tissue. To determine the equivalent dose from different
kinds of radiation, one uses the unit rem defined as

rem(equivalent dose) = QF x rad(absorbed dose).

Values for the quality factor QF are given in Table B-i. The International Commission
on Radiation Protection has recommended that the quality factor for fast neutrons be
increased to 20, but as of January 1989 the U.S. Department of Energy recommends
that, based on the available data, the quality factor remain at 10. A new international
unit of equivalent dose, the sievert, is equal to 100 rem.
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Table B-I. Quality factor QF for the equivalent dose of
different types of radiation

QF = I beta, x, gamma radiation
2.3 thermal neutrons
5 protons

10 alpha particles
10 fast neutrons
20 massive charged particles like fission fragments

There are several approximate relationships that can be used to convert the strength
of gamma-ray and neutron sources into dose rates. For a gamma-ray source of energy
E (in MeV) and strength C (in curies),

rem/h at 30 cm P 6CE.

For a fast-neutron source, the exposure rate is

,-I millirem per hour (mrem/h) at I n per 106 .n/s

For a thermal-neutron source, the exposure rate is

•-,0.l mrem/h at I m per 106 n/s

Examples of typical dose rates encountered in passive NDA assay are given in Table
B-2. The plutonium dose rate may be muich 'higher if the americium content is more
than 0.1%.

Table B-2. Some typical dose rates encountered in passive NDA

Dose Rate at 10 cm Dose Rate at 1 m

Radiation Source (mrem/h) (..remh)
Source Strength Neutron Gamma Neutron Gamma

1 /.t g 252 cf 2.3 x 106 n/s 230 14 2.3 0.14

100 pCi.13 7CS 3.1. x 106 y/S ... 0 3.0 0 0.03
Pu02(6% 2 4°pu) 1 kg ' -10 '-100 -40.1'

U0 2 (93% 235U) 1 kg ,-0. 1.2 -" 0 0.01

Natural bkg environment 0.01-0.02:(100-200 memr/yr)"
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The biological effects of radiation are summarized in Table B-3 for acute (2 hours
or less) and chronic (long term) exposures to the whole'body. Based on these effects,
maximum allowable radiation doses have been established by the International Com-
mission on Radiation Protection. These recommendations are summarized in Table
B-4: and may be compared to the natural background radiation level of 0.1 to 0.2
rem/yr. The maximum allowed doses ýare far below those that would show acute
biological effects. Furthermore, in most facilities, worker exposure is held well below
the allowed maximum.

The International Commission on Radiation Protection also recommends that the
radiation dose should be kept as low as practical or "as low as reasonably achiev-
able (ALARA)." The NDA operator can limit radiation dose from a source in three
ways: minimize the exposure time, maximize the distance to the source, and shield the

Table B-3. Biological effects of radiation on the whole body

Dose Probable Effect

Acute dose below 25 rem

Acute dose of 25-75 rem

Acute dose above 100 rem

Acute dose of 350 rem

Acute dose of 600 rem

Chronic low-level dose

Chronic low-level dose

No noticeable effect'
Blood changes detectable in lab tests
Physical symptoms such as nausea, hair loss
50% fatality rate in I month
95% fatality rate
1 death per 7000 man-rem/yr
Less than 1% increase in genetic disorders
per million man-rem/yr

Table B-4. Maximum allowable radiation doses above natural

background

Person Maximum Dose

Radiation worker

Pregnant worker

General population

3 rem in 3 months
(6 mrem/h continuous in 40-h week)
5 rem in 12 months
(2.5 mrem/h continuous in 40-h week)
0.5 rem to fetus during pregnancy
0.5 rem in 12 months
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source. The operator can measure the dose rate of the source with a health ,physics
instrument or estimate the dose rate by calculation. Unless the dose rate is completely
negligible, the operator should minimize the amount of time spent near the source.
Because the radiation dose from most sources decreases as the square of the distance,
the source should be kept as far away as practical and handled as little as possible.
If large sources must be used, then radiation shielding" is necessary. Information on
gamma-ray attenuation by dense materials is given in Chapter. 2, and information on
neutron shielding is given in Chapter 12, Section 12.6.



App endixC

Criticality Safety

The nondestructive assay (NDA) of fissile material often involves placing the sample

into a highly reflecting geometry or placing it close to other samples to be assayed.
Both of these actions can potentially lead to a criticality accident and fatal radiation

exposure. if the proper combination of fissile material, moderators, and reflectors is
present, a self-sustaining chain reaction can occur. The NDA user is responsible for

the safety of himself and others and should have an awareness of'criticality safety.

This appendix provides a brief introduction to this subject. Additional infornation is

available in the references listed below. In all situations, the NDA user must consult

the Criticality Safety Officer in the facility where the user is working and must follow
facility guidelines for handling and storingfissionable material..,

Criticality results when. the neutron fission process achieves a self-sustaining chain

reaction.ýý If the production ,of neutrons exceeds tihe. loss of: nutrons .by capture or

leakage, :the system.is said tobe supercritical. Criticality depends, not only on the
quantity of ýfissile material present%(such as 2.3U or .2 9 Pu), but also on the. size and
shape. of,.the container,. on, the ;nature of any Meutron-moderafing material present in

the container, and on the presence of any adjacent material (including human bodies)

that might reflect neutronslback into the :container.,.
The minimum critical masses of, some:ý fissionable: materials: are given in Table C- 1.

The minimum critical masses occur for spherical geometries, :and these masses are

lower if the sphere is surrounded byrmaterija §that reflect andimoderate.neutrons. For
example, a critical sphere of uranium metal at normal density with an enrichment of

93%4 2 U has a diameter of about 17.5 cm and a mass of about 49 kg. If the sphere

is immersed in water, some of the neutrons are reflected back into the sphere, and

the critical: diameter drops to about 13. cm, with a correspon.ding uranium mass of

about 22 kg.. If sufficient water is also mixed homogeneously with the uranium, the

critical diameter increases to 31 cm, but the critical mass of 23
,U5is only 800 g.. This

last case represents the minimum critical mass of 235U that could be encountered in
normal ofacility processingoperations. Table C-1 lists minimum, critical masses. for
three systems: pure metal, pure oxide, and a homogeneous metal-water solution, with

the critical mass of each system given bare (no reflectors or .moderators) and fully

water-reflected (the system is surrounded by an unlimited quantity of water).
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Table C-1. Minimum critical masses .of some, fissionable materials in spherical
geometry, bare and fully water-reflected (FWR)

Fissionable Metal (kg) Oxide (kg) Solution (g)
Material Bare FWR Bare,!. FWR Bare FWR

239 pu(19.7 g/cm3)a 10 5 1000 510
239 pu(14.9 g/cm 3 )a 16 8 21 14
2 3 8pu ,,30
242 Pu -80

235Ub\ 49 22 90 43 1,600 760
21U 15 7 34 15 1000 500

a 
239pu is :assumed to, be in the form of lowburnup plutonium with.approximately

6% 24 0p and 94% o umtPu.h x
'

235U is assumed to be in the form of highly-enriched .uranium with.approximately
93% 235U and 7% 23U . ith.approxim..ely

Nondestructive assay often places a: sample into a highly reflecting geometry for.
measurement. In particular, passive " neutron assay often places. the sample into a well
surrounded by a thick polyethylene moderator. Some detector wells :are lined with
cadmium,. a neutron-poison, but this'is not always the case. Although the moderator is
not as well coupled to the sample as the fully *water-reflected geometry -used in Table
C-1, it does lead to a measurable increase in neutron: reflection and multiplication.
The sample:itself 1will usually contain much lessg than the minimum critical: mass of
fissionable material, but the NDA operator. must be certain'that the.sample. cannot
inadvertently: cbntairn sufficient material to become critical when placed: in the well
counter. This can be a difficult problemi, particularly for large containers' of scrap and
waste for Which there is no reliable information on the amount of.fissionable material,
its enrichment, and the matrix in which 'it is embedded. For small: containers of dense
material, .the operator must also consider the possibility of: accidentally placing two
containers in: the counter.

Another area of c6ncern for the. NDA operator is. sample. storage and transport. It
is customary to store many samples in a single vault or safe and to transport them
to the NDA instrument in containers that may hold several samples at Ionce. The
operator must consider the possibility that, 'although each individual sample may be
critically safe, the sitrage. area or transport container may constitute a stacked array
that is 'not critically: safe. 'Flooding of the array is particularly dangerous, because a
flooded array can approach the geometry-of a metal-water mixture and, like alreactor
fuel assembly, can be much more critical when it is flooded ihan when it is dry.
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SThe. most conservative approach is torely only .on the known gross weight and
volume of the sample and assume that the sample-instrument combination constitutes
a fully water-reflected geometry. The operator can establish a weight limit for the
sample, its transport: container, and its storage:area that' is so.low that the given
volume could not contain a critical combination of fissionable material and optimum
moderator.

If the sample containers are too heavy to meet this conservative limit, there are
several, other possible ways to arrive at critically safe operating limits. Multiplication
measurements may be made inside the assay system (Reft. 1) or neutron, transport
calculations (such as those described in Chapter 12, Section .12.7) ".niay be..carried out
using properly validated computational methods (Ref. 2). Many calculations already
exist in 'Refs. 1-7,: and some. may- be applicable to :the: problem at* hand.: Another
option is administrative control.of sample geometry, matrix, or iother parameters. If
all else fails, it may be necessary to 1repackage the samples into smaller containers for
which critically safe limits can be established.

Regardless of how critically safe limits and: operating procedures are established,
they must be determined in cooperationvwith .the facility Criticality Safety Officer. This
person is an expert because of his experience and training, .and the criticality safety
of all operations that involve the handling, storage,. and measurement of'fissionable
material -are his responsibility as well:as the responsibility of the: NDA operator.

Considerable information is available on the subject of criticality safety and critical
limits. Some of this literature is listed in Refs. 1-8. Reference 3 is an excellent and
very readable report that covers the factors influencing critical parameters,, critical limit
data, computational techniques, and general criticality control practices. References.
4 and 5 specify safety limits for a variety of .conditions. References 6, 7, and 8 are
three of the available compilations of experimental or calculated critical data.
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Page numbers in boldface type
indicate main discussion

A, atomic mass number, 3
absorption edge, 33, 316

densitometry, 273
discontinuity, 33, 281
energy, 281

absorption efficiency, 59
accidental coincidence rate, 469
activation products, 535
Active Well Coin. Counter, 515-519.
adiabatic calorimeter, 624
a particle decay, 4, 344

energy, half lives, yields, 344, 345
heat production, 618
particle range, 344, 619

(a, n) reaction
Coulomb barrier, 346-347
gamma rays, 348
neutron sources, 351-352
n spectrum, 3474349, 418-421
neutron yields, 345-347
Q value, 3 44, 347.
thick: target yield, 346, 348.
thin target yield, 419
threshold energy, 34&347

24AM _- 23 7 U peaks, 224
AmBe, neutron spectrum, 349
AmBe, neutron source, 353
AmLi, neutron spectrum, 349
AmLi, neutron source, 353
amplifier, 73-80
analog-to-digital converter, 85-88
Argonne bulk calorimeter, 647-648
atomic mass number (A), 3
atomic number (Z), 3 .
attenuation coefficients

compound materials, 30
curves, 39, 279
linear, 29, 30, 161, 164
mass, 30-31, 162-165, 279.
power law dependence, 186

attenuation correction factor

approximate forms, 178-179
Compton-scattering-based,. 329
far-field assay, 168-171
holdup measurement, 610
intensity ratio, 165, 185-186
internal standard, 329;
interpolation and extrapolation, 185
numerical computation, 171-178
precision, 181 . :,. ;.
segmented. gamma. scan,: 190
transmission(g-ray), 165, 315
XRF, 324-327

attenuation, fundamental. law, 27
attribute measurement, 589
Auger electron, 5, 9, 315.
background radiation, 19, 564

cosmic rays, 19, 20, 496
natural radioactivity, 19-21
4°K, 21

backscatter peak, 35, 36, 54; 319
barn, 358
baseline restoration, 76
Be(-y, n) detector, 547
beta decay, 5, 7
binding energy, electron, 8, 32, 314
bird cage counter, 503
Bi4Ge3 O1 2, scintillation detector, 45
Boiling Water Reactor fuel, 530-531
BF3 neutron detector, 381-390

gamma-ray sensitivity, 384, 390
neutron capture cross section, 387
pulse-height spectrum, 389

'°B neutron detector, 395
branching intensity, gamma ray, 4
bremsstrahlungi, 22, 32, 324, 619
burnup

calorimeter measurement, 657, 658
Cinder code, 555.
definition, 531 :
gamma-ray assay, 546-549
neutron assay, 552-554

bumup indicator
1M4Cs/' 37 Cs, 541-542
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137Cs, 533, 539
1 54

Eu/1
3 7

CS 541-542

fission product ratio, 541-542
total gamma-ray activity, 540-541
total neutron output, 543

CdTe detector, 50, : :
calibration standards,: 159, 182-:184
252Cf ,351.

prompt gamma-ray spectrum, 343
prompt neutron spectrum, 341

calorimeter
adiabatic, 624
air chamber, 629-631, 644,.655
analytical calorimeter, 642-645
assay error sources, 639
assay time, 633-634 :
bulk calorimeter, 647-648
components, 624, 641
design, 634, 642
electrical calibration, 636
equilibrium time, 634-636
fuel rod, 655, 656
gradient bridge, 628-631, 653
heat flow, 625
heat source calibration, 637
irradiated fuel, 656-658
isothermal, 624
Mound transportable, 645-647
over/under bridge, 627-629, 651
sensitivity, 625
simultaneous assay, 650-652
twin bridge, 625-628, 634,

649%-652
calorimeter operation

differential method, 632
end-point prediction, 635-637
isotopic assay,.650-651
replacement method, 631-632
sample, preconditioning, 635
servo-control,: 633, 635, 654

Cerenkov: radiation, 537, 538, 549-551
channel coincidence counter, 502, 503
Compton background, 54, 65, 124

single ROI subtraction, 124-125
step function, 124-125, 252 .
straight-line subtraction, 121-123
two-standard subtraction, 126

Compton edge, 35-37, 54 .
Compton scattering, 31, 33-36, 39, 53
Compton suppression, 92
concentration meter, 2.15-216.
cosmic rays;

background, 19-20
neutrons,. 496.

criticality, 373, 479, Appendix C
cross section

1°B, 387
barn, 358
definition, 357
1H and. 4He elastic scattering, 392.
3He, 387
6Li neutron capture, 387
macroscopic; 363-366
microscopic, 357
table of neutron, 368-369

curium, neutrons, 537, 543-546, 552
data throughput/resolution, 1•36-142
deadtime/pileup corrections, gamma

pulser based, 143-146, 160
pulser-peak precision, 144
reference-source, 146-149

deadtime correction, neutron
coincidence counter, 475
empirical correction, 474
shift register, 471
updating and non updating, 462

delayed gamma rays, 343
delayed neutrons, 343 .

energy spectrum, 343
detectability limit,. 592

densitometer, K-edge
Allied General Nuc. Services, 295
Karlsruhe, 301-302
Los Alamos, 294
Oak Ridge Y-12, 294
performance, 292
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PNC-Japan, 295-297
portable K-edge, 299-300
Savannah River plant, 297-298

densitometer, L11 . edge
Los Alamos, 306-307
New Brunswick Lab, 304
performancei 293
Savannah River Lab, 303

densitomeiry
absorption-edge, 278
characteristic concentration,
275-276, 282, 291
matrix effects, 281, 286-288
measurement precision, 275-282
measurement sensitivity; 285
sample cell thickness, 282-283
single. energy, 274
two energy, 277
x-ray generator, 288-289
XRF comparison, 313

detectability.limit, 446-447, 592
detector design, neutron

collimation, 429-432
3He tube arrangement, 427-428
moderator thickness, 428-431

detector, gamma-ray
gas-filled, 43
scintillation, 45
selection, 62, 66
solid state, 46

detector efficiency, gamma-ray, 58, 67
full-energy peak, 61-62, 153
geometric efficiency, 58
intrinsic, 59, 153-154
relative, 59, 1554156

detector, fast n, 4He and CH 4 , 391
detector, 3He and BF3, 381-390

gamma sensitivity, 384, 390-391
neutron capture cross section, 387
plateau curve, 389
pulse-height.:sl•ctrum, 387-389

detector, neutron
activation foil, 403

°0 B lined, 395
die-away time, 429
efficiency table, 86
fission chamber, 393
gamma-ray sensitivity, 383-386
gas mixture, 383, 390-392
gas-filled thermal-n, 381-386
gas-flow proportional counter, 575
Hornyak button, 403'
loaded scintillator, 401L403
neutron interaction probability, 384
operating voltage, 388, 392
plastic scintillators, 396-398,

573-574
Shalav spectrometer, 404

detector resolution, gamma, 55-57
Fano factor, 56
full width half maximum, 55
measurement, 113, 153
theoretical, 57

die-away time, 459, 493
measurement, 470

differential die-away counter, 592
Dual-Range Coincidence Counter; 512
effective Z, 184
elastic scattering, neutron

energy loss, 360
1H and 4He cross section, 392

electron
binding energy, 8, 32, 314
capture reaction, 5, 7

electron volt (eV), 2
energy calibration, 95

internal, 96-98
linear, 96, 100-101

energy spectrum
(a, n) reaction, 349, 418-421
252 Cf prompt gamma rays, 343
252 Cf prompt neutrons, 340-341

delayed fission neutrons, 343
neutron: measurement, 404
spontaneous-fission n, 418-419

far-field assay, 167, 170, 176, 187
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Fast Breeder Reactor fuel, 530-531
fertile isotopes, definition, 340

fission cross sections, 364
Feynman variance technique, 465-466
filters

gamma ray, 40-41
Pu isotopic assay, 233,.237, 250:

fission reaction,.. 19
cross sections, 364
fragments,.338
induced, 340
spontaneous, 337-340

fission chamber, 393-394
pulse-height spectrum, 394
spent fuel measurement, 550

fission product, 19
activity ratio, 541-542 .
gamma rays, 18, 534-537
mass distribution, 533
,solution assay, 330
yields, 532

fork detector, 551-553
gamma rays

delayed, 343
fission product, 18-21,534-539
from (ci, n) reactions, 348
(-', n) reactions, 350
heat production, 629
prompt, 341-343
reaction cross section, 30
shielding, 41
signatures, 18
spent fuel measurement, 546-549

gamma-ray spectrum
Compton edge, 35-37, 54
escape peaks, 38
full width half maximum, 1 13-120
full-energy interact rate, 142-148
full-energy peak, 35, 53, 59, 65, 67.
plutonium, 15-16
single-channel analyzer, 82-84
spent fuel, 20-21, 534
thorium, 17

uranium, 12-14
uranium ore, 23

gas proportional counter
BF 3, 386-390
3He, 386-391

He and CH4 , 391-392
Gaussian function, 101-102, 106-109,

119-120, 130-131 . .
Geiger-Mueller detector, 44, 383
Ge detector, 46, 55

geometry, 72. -
hyperpure, 46
Li-drifted, 46
resolution, 66

GRPANL, 252-254, 261
GRPAUT, 252, 261-262
half life

alpha decay, 344-345
definition, 3
spontaneous fission, 338-339
total, 339, 345

heat measurement, 623-625
heat production, 618-623
3 He neu"trn detector, 381, 386

gamma sensitivity, 384, 390-391
neutron capture cross section, 387
plateau curve, 389
pulse-height spectrum, 387-388

high-voltage bias supply, 68
High Level Neutron Counter, 494-502

detection efficiency, 432-433
efficiency profile, 501
HLNCC-II, 499-502

holdup, 596
causes and mechanisms, 596-597
magnitude, 598..
statistical modeling, 599

holdup measurement, 601
attenuation correction, 610-611
calibration, 607-609
radiation signatures, 603
slab neutron detector, 442
SNAP-lI, 439
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typical accuracy, 612
Homyak button, 403
hybrid counter, 330-332.
induced fission multiplicity, 339-340
inelastic scattering, 24, 350, 360
internal conversion, 4, 5
interval distribution, 460
intrinsic efficiency, 59; 153-154
Inventory Sample Counter, 506-510
inverse-square law, 59'

sample rotation, 150-152
ION-I electronics, 551-553
ionization, chamber,: 44
irradiated fuel

active assay, 556
burnup, 531-532
burnup codes, 555
calorimeter, 656.
13 4

Cs/f37Cs,. 541-542
1
3 7 Cs, 533,539.

Cerenkov, 537-538, 549-551
154Eu/1 3 7Cs, 541-542
exposure, 532, 562
fission chamber, 550
fission product.yields, 532-536
fork detector, 551-553
gamma-ray assay, 546-549
gamma-ray spectra,: 20, 21
neutron capture reactions, 536
neurono assay, 550-554
neutron production, 537, 543-546
physical attributes, 537
TLD measurement,,.546
US fuel assembly inventory, 529

leached hull assay, 540, 556
least-squares fit

linear, 100
weighted,: 107
weighted quadratic, 112

mean free path, 18
gamma ray, 29
neutron, 367

moderating.power and ratio, 370-371.

Monte Carlo calculations, 375-377
moderator design, 428
sample multiplication, 479-482
photon transport, 171 ..

multichannel analyzer, 51, 65, 84-91
multiplication, 372-373, 4222425

correction factors, 481, 484-486
Keff factor, 372
leakage, 422-425, 480, 485
sample self-, 479.

multiplicity, prompt n, 341-342
(n, 2n) and: (n, n') reactions;, 350
NaI(T1) detector, 45, 55

linear attenuation coefficient, 29
resolution, 66

near-field assay
23 9

pU in solution, 189
numerical computation, 1:71

neutron coincidence circuit
accidental rate, 469
auto- and cross-correlation, 463
die-away time, 470, 493
gate length, 462-463, 493
nonupdating/updating deadtime, 462
reduced-variance logic, 465
shift register, 466-467
updating one-shot, 464
variable deadtime counter, 464

neutron coincidence counters
Active Well, 5i5
Bird Cage Counter, 503
Channel, 502
Dual-Range, 512
family tree, 495
55-gal drum, 495
fuel-pin tray, 504-505
High Level, 497-502
Inventory Sample, 506-510
solution, 510-513
Universal Fast Breeder Reactor,
505-508
Uranium Collar, 520

neutron energy-velocity relation, 358
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neutron multiplicity, 339-3411•
neutron production rate .. •

Pu0 2 plus fluorine, 417-418
Pu0 2 plus moisture, 416-417
spent fuel, 537, 543-546234U thin target, 420 "
uranium and plutonium, 410-415

neutron pulse train, 458461
neutron reactions

(a, n) yield, 345
absorption, 359
delayed neutrons from fission, 343
energy leakage spectrum, 426-427
energy losses, 426
inelastic scattering, 24
mean free path, 367
notation, 359
prompt neutrons from fission, 340
reaction rate, 367
scattering, 359
spontaneous :fission yield, 339

neutron cross section
'0 B, 362, 387:
cadmium, 363
common materials, 368-369
energy dependence, 361-362
fission, 3643He :and 6Li, 387
239pu, 362
235U, 364

neutron shielding, 374-376
neutron sources

(a, n), 349-353
AmBe and AmLi, 353
energy and dose, 352
spontaneous fission, 339

neutron totals counters
box counter,i 443
252Cf hydrogen analyzer, 449
long countei, 451238pu heat source counter, 444
slab detector, 440
SNAP Assay .Probe, 435

pair production,.31, 36-40
Passive Neutron Collar, 521-523
peak area determination

complex fit,. tailing functions, 133
multiplets, known shape, i 131-1 32
peak fitting, 252
region of interest sums, 127-130:
simple Gaussian-.fit, :130:

peak 'position determination'.
first-moment method,:105:
five-channel method, 105
graphical, 104
linearized Gaussian ;fit, 106, 110
parabolized Gaussian fit, 109-141

peak width determination
analytical interpolation, 117-118
graphical, 116-117
linearized Gaussian fit, 119
parabolized Gaussian fit, 120
second-moment method, 119

perimeter monitor
alarm threshold, 570
automatic vehicle monitor, 583-584
calibration, 579-580
contamination,: 563-566, 581
diagnostic tests, 578
electronics,: 576-578
hand-held, .581.-582
long-term monitoring, '573
moving-average method, 571-572
nuc-material, diversion, 563, 577
pedestrian, 563-565, 582-585
performance, 584-585
portal, 563M564 ....,
sequential hypothesis test, 571-572
statistical alarm test, 580
stepwise method, 571-572

photoelectric effect, 31-39, 51, 316
photomultipliei tube, 45-46
pileup rejection, 69, 78, 136, 139,

142-149
plutonium

gamma-ray spectrum, 15, 226-227
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neutron production, 410
production reaction, 24, 536
specific power, 62 11

plutonium isotopic assay
high americium content, 652-653
Lawrence Livermore Lab,. 263-264
Los Alamos, 256.
mass ratio, 245,
response function analysis, 254
Rockwell Hanford, 255
Tokai-Mura, Japan, 264-265

Poisson statistics, 136.
pole-zero compensation, 76:.
preamplifier,:,69-74:
Pressurized Water Reactor

calorimeter burnup assay,. 657-658
fuel parameters, 530531.
spent fuel neutron output, 543-545.

prompt -y and n spectrum and
multiplicity, 340-343

Pu gamma rays, isotopic assay
40-keV region, 225-230

100-keV region, .230-232
125-keV region, 233-234
148-keV region, 234-236
160-keV region, 235-238
208-keV region, 238.-239
332-keV region, 238-241
375-keV region, 240-243
640-keV region, 242-245

Pu decay characteristics, 221-223238pPu heat source
neutron counter, 444
standards, 637240Pu effective. mass
neutron coincidence, 457
neutron totals, 411241pU- 237U equilibrium, 221-223

242pU correlation, 248-249, 257
242pu gamma rays, 223

pulse-shape discrimination, 398-403
Q-value, 4, 344-348
radiation damage, Ge detector, 48

radiation dose, Appendix B
neutron sources, 352 '
shielding calculations, 375-376

radioactivity in soil, .565-566, 591
Random Driver,.517
rate-related loss .corrections (-y ray)

ADC deadtime, 134439
data throughput, 135-140
electronic covirection, 141-149.
Poisson .statistics, 1.36.
pulse pil•up, .134-,139
pulser-based, 143-146.;
reference-source based, 146-149

reaction rate, neutron;' 367
Receipts Assay Monitor, :523-526
reduced chi-square, 105-113
reduced variance logic, 465-466
region of interest, selection, 120-122
relative efficiency, 59;"155

curve, 60, 246-247, 257, 261
Rossi-alpha distribution, 461
SAM-Il Agsay Meter, 202-204
scintillation detectors, 45•

10B, Gd, anOd 6Li-loaded, 401
gamma.ray,.45-46.
light output,: 398-399, 574.
Nal(TI), 55
plastic/liquid, 396-399i 573-579
ZnS(Ag); 401402,::.

segmented gamma scanner, 190-192
Shalev spectrometer, 404.
shielding,, gamma' ray, :4

neutron, 37.4
shift register circuit, 466-470

AMPTEK- electronics, :475
counting:precision, 476-478
deadtime correction, 471-475
multiplicationcoirection, 483-486

signal-to-noise ratio, ý69, 74, :570
Si(Li) detector,.50.ý.
'slab neutron detector, 440-442
SNAP-Il Assay Probe, 435

holdup ;assay, :439-440, 604

(
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plutonium metal assay, 437
UF6 cylinder verification, 438

Solution Coincidence Counter, 510-512
specific power, 620-622, 256-257
spectrum stabilizer, 88-89
spontaneous fission, 337-341, 457'

fragment mass distribution, 533
half lives, 338-339
isotopic dependence, 340
neutron spectrum,. 341, 418-419
neutron multiplicity and yield, 339
neutron sources, 351

sum peaks, 235-237
thermal neutrons, 358-360.
thermoluminescent dosimeter, 403

holdup' assay, 605
spent fuel assay, 546

thorium, gamma-ray spectrum, 17
Universal Fast Breeder Reactor

counter, 505-508
uranium

atom and weight fraction, 195.
compounds, infinite thickness, 199

gamma-ray spectrum,. 12-14, 198
natural isotopic abundance, 195
neutron production rate,' 412-414
uranium ore, spectrum, 23
234U origin, 195
234u, n assay, 203, 210,1438

uranium enrichment assay:
enrichment meter equation, 201
gas-phase monitor, (UFe), 207-2 10
in-line liquid UF6 assay, 203-204
infinite thickness, .197
relative efficiency curve, 206-207
SAM-il Assay Meter, 202-203
23 8 U background,202
UF 6' slab neutron detector, 440
wall correction, 211-213 •

variable deadtime circuit,'464
vehicle monitor, 583-585:
waste, low-level

detectability limit, 446-447, 592

55-gal drum assay, 447-448
measurement, 445, 496, 591
100 nCi/g activity limit, 591-592

x mry
fluorescence yield,.9, 315
generator, 320-323
line shape, 233, 254
nomenclature, 10, 314-315
production,: 314,.
U and Pu, energy'and intensity, 316

x-ray fluorescence assay.
attenuation correction; 324
beta-particle-induced, 330;
excitation sources, 320-322
measurement: geometry, 318
reprocessing :plant. solutions, 330
sensitivity,. 329.::

Z (at6mic :number), 3
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