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PLUTONIUM CALORIMETRY ARND
SNM HOLDUP MEASUREMENTS

by

S. B. Brumbach, A. M. Finkbeiner, R. N. Lewis,
and R. B, Perry

ABSTRACT

Part T of this report discusses the calorimetric instrumentation developed
at Argonne National Laboratory (ANL) for making nondestructive measurements
of the plutonium content of fuel rods, Measurements with these instruments
are relatively fast (i.e., 15 to 20 minutes) when compared to the several
hours usually required with more conventional calorimeters and for this
reason are called "fast-response."” Most of the discussion concerns the
One-Meter and the Four-Meter Fuel-Rod Calorimeters and the Analytical Small-
Sample Calorimeter., However, to provide some background and continuity
where needed, a small amount of discussion is devoted to the three earlier calori-

meters which have been described previously in the literature.

In Part 11, a brief review is presented of the literature on plutonium
holdup measurements, The use of gamma-ray techniques for holdup measurements
is discussed and results are given for the determination of sample thickness using
the ratio of intensities of high- and low-energy gamma rays. The measurements
cover the plutonium metal thickness range from 0.001 to 0.120 inches. The
design of a gamma-ray collimator with 37 parallel holes is also discussed.
Neutron-counting experiments using BF3 proportional counters embedded in
two polyethylene slabs are described. This detector configuretion is characterized
for its sensitivity to sample and background plutonium, counting both coincidence
(fission) and total neutrons, In addition, the use of infrared imaging
devices to measure small temperature differences is considered for locating
large amounts of plutonium holdup and also for performing fast attribute

checks for fabricated fuel elements.
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PART 1. PLUTONIUM CALORIMETRY

I. INTRODUCTION

General

Calorimetry has been shown to be a relatively precise method of
determining plutonium content in many different types and sizes of
fuel rods., Each of the ANL calorimeters possesses a measurement precision
that is currently much better than that of other nondestructive assay
techniques and destructive chemical analyses. Models I and II are
designed to accommodate 6-inch ZPPR rods, and they have a measurement
uncertainty of about 0,2% relative, Models III and IV accommodate
one-meter fuel columns, and they have a measurement uncertainty of
less than 0,1% relative. The four-meter calorimeter is under construction
and further efforts are being made to optimize temperature control
and data treatment. An analytical calorimeter is being constructed
to accommodate small-volume samples of plutonium solids encountered
in plutonium recycle fuel fabrication. Investigations into bulk

and kinetic calorimetry are also in progress.

Nature of a Dry, Fast-Response Calorimetric Measurement

Plutonium assay with these calorimeters is done by making electrical
power (i.e., wattage) measurements. Measurements are made of the
number of watts that are needed to heat the measurement chamber
and keep it at a constant temperature, When the measurement chamber
contains a plutonium-loaded fuel rod, less electrical heating is
needed to maintain the chamber temperature because some heat is supplied
by the radioactive decay of the fuel in the rod. This radioactive
heating comes primarily from the plutonium isotopes and from a daughter
product, americium=241, and is directly proportional to the total
abundance contained in the rod. Any contribution from the uranium
portion of a mixed-oxide loaded rod is too small to have measurable
significance. Therefore, the difference in the wattage required
to heat an empty measurement chamber (a chamber containing a rod

with no plutonium in it) and the wattage required when it contains a
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plutonium~loaded rod is directly proportional to the amount of plutonium
and americium=241 in the fuel rod. To convert this difference measurement
from watts to grams of each of the plutonium isotopes and of the
americium-241, the isotopic abundance ratios (i.e., weight percent)

and the specific power constants (i.e., watts/gram) are used, The
specific power constants are reliably known and usually the isotopic
abundance ratios have been well characterized for the plutonium

blend being calorimetrically assayed., The conversion has been described
previously by Beyer, et a]..l-z and by Nutter, O'Hara and Rodenburg.aﬁ“
In some cases, this conversion to grams of material is required,
However, it is not necessary if transfers of plutonium fuel rods

are made by accepting the agreement between heat output determined

by a receiver and that predicted by a shipper. Nor is it necessary

if accountability measurements made after receipt are made on this
basis. In this situation, wattage measurements would be compared

and vhe excellent precision and accuracy (currently +0.1% or less

for a single measurement) that is possible with these instruments

could be applied to the safeguarding of plutonium fuel.

The simplest way of describing how measurements are made with
the ANL fast-response fuel-rod calorimeters is to consider the instruments
as constant-temperature ovens., They are operated by electronic-feed-
back control circuits which are capable of very precise maintenance
of the temperatures of each chamber and of very precise measurement
of the electrical power required to maintain the innermost chamber

temperature,

I1. EVALUATION OF THE PERFORMANCE CAPABILITIES
OF THE ONE-METER FUEL-ROD CALORIMETER

Major Attributes of the Model IV Calorimeter

The precision of the measurements that can be made with the
Model IV (one-meter) calorimeter is considerably better (i.e.,

40.1-0,2% relative) than can be attained with other nondestructive



assay (NDA) instrumentation. It is also possible to calibrate

with a higher degree of dependability and accuracy because electrically
heated calibration rods can be used which may be standardized against
well-established and highly accurate electrical standards. These
desirable attributes, coupled with a nondestructive measurement

of reasonable duration, make these calorimeters attractive for

safeguards measurements.

Covered in this section of the report are six general areas:
(1) the nature of the Model IV calorimetric measurement; (2) design
features of the Model IV calorimeter; (3) measurement reliability
of previcus ANL calorimeters; (4) calibration linearity; (5) performance
under simulated field conditions; and (6) data control and precision

after stabilization.

The Nature of the Model IV Calorimeter

The basic components of the ANL fast-response fuel-rod calorimeters
are shown in Fig. 1, which is a photograph of the Model 1V calorimeter,
The calorimeter measurement box (on the far left) contains the
measurement chamber, thermal guards, temperature sensors, and a
few circuit boards. Attached to this box is the preheater, which
is used to warm fuel rods before measuring them., The control console
contains the main electronic feedback control circuits and potentiometers
which allow adjustment of t“~ temperature settings. The HP 45 Controller
provides a means for precise data control and automatic statistical
analysis. The controller comprises a combination of a commercially
available portable electronic calculator, a number of electronic logical
elements, and a small printer which provides a hard-copy printout
of power measurements and calculations Figure 2 is a closeup

photograph of the control console and t e 45 Controller.
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The steps in making a measurement with these four basir components
are as follows: 1) A fuel rod is inserted in the preheater. After
the rod heats for 10 minutes, a meter on the control console indicates
it is within +0,0001°C of the temperature of the mcasurement chamber
and is ready to be measured., 2) Another fuel rod is now inserted
into the preheater, pushing the preheated rod ahead of it into the
measurement chamber, 3) The circuits which control the heating of the
measurement chamber automatically start to operate., Within fifteen
minutes the measurement chamber temperature has stabilized to within
+20 microdegrees C of the measurement temperature., 4) The HP 45 Readout/Con-
troller automatically senses this temperature stabilization, indicates
the electrical power (milliwat.s) required to sustain it, converts

this to grams of plutonium, and calculates the measurement precision,

Design Features of the Model IV Calorimeter

The basic hardware of the ANL instruments consists of concentric
cylinders that arc wrapped with heater-wire c~ils and sensor-wire
coils, The cylin. 2rs are surrounded by air. No water bath is used
with the ANL rod calorimeters, called "dry" calorimeters. The earlier
models (Models I and TI) which are described in Ref. 1, and the latest
instrument (Model IV) use three cvlinders., Model III, described in
Ref, 2, has only two cylinders. The cylinders are housed in a measurement
box. For Models III and IV, temperature of the interior of the box
is controlled by a box heater. The basic features of the Model IV
are represented in Fig., 3, which is a functional blocl. diagram of
the calorimeter. The measurement chamber is one meter in length and
can be used to measure fuel columns up to approximately 98 centimeters

in length.

The measurement chamber box of the Model IV contains six temperature-
controlled regions: three concentric and thermally gradated cylinders;
entrance and exit guards; and the box itself. All six thermal regions
are maintained at temperatures that are a few degrees above ambient

temperature. The temperature gradation from T3 (the highest temperature

¢ (RSR
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and that of the innermost cylinder) to Tz to Tl to Tbox to room temperature
requires a constant flow of heat outward. The power to the 'l‘.3 heater
that is required to maintain the temperature difference AT = T3 - T2

is constant under steady state conditions and determines the maximum
sample power that can be measured by the calorimeter. The precision

o7 control varies considerablv among the different Lemperatures, with

T3 and Tz coutrolled with the greatest refinement., The measurement
chamber temperature, T3, is maintained to within + 20 microdegrees

C. The ends of the T3 cylinder are thermally protected by cylindrical
entrance and exit guards of the same diameter und maintained at T3.

The guards help to maintain a zero th.rmal gradient at the entrance

and exit to the measurement chamber. The;'are required because fuel rods
often extend beyond the ends of their fuel column and, in this case, they
provide protection against heat losses (or maintain the losses very
constant) out of the ends of the measurement chamber, The box also
contains circuit boards for the Tz and T3 regions and a heating element

to create a constant temperat:.re environment.,

The functi-n ~f he preheater is to raise the temperature of the
fuel rod to a temperature close to that of T3 in order to minimize
the amount of time required to achieve thermal stability upon insertion

of the rod into the measurement chamber.

A microswitch on the entrance door to the preheater causes the
control circuit to go to standby/hold when the door is opened. Thisn
maintains a steady input power to the heater and prevents a sudden
increase in applied power when a cooled rod replaces a preheated rod,.

Such an increase in power would overheat the rear portion of the preheated
rod, For Models III and IV, the preheater is approximately 2.5 meters

in length and therefore can be used for fuel rods up to that length,

The main control console houses the meters which monitor the
temperature errors of the various temperature regions and the potentiometer
knobs for the initial temperature adjustments. After setting appropriate

levels for the temperatures of each therma' region, the operator does

not need to adjust any controls wnen making a measurement.
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The HP 45 Controller is one of the most interesting improvements
that has been made in the ANL Model IV Calorimeter. The Hewlett-Packard
45 is a pocket calculator with callable memory registers and built-in
rrograms for calculating means and standard deviations of input data.
It has been interfaced so that keyboard acces~ is electronically availablie,
and printout of the display (X-register) can be accomplished., It
is currently programmed to compute: a) the point at which thermal
stabilization is sufficient to provide a desired measurement precision (us-
ually 0.1% or less); b) the mean value and standard deviation of the
electrical power of the T3 circuit; and c¢) the mean value and standard
deviation of the grams of plutonium, calculated by using the appropriate
specific power constant (milliwatts/gram)., The HP 45 may also be

used off-line for other computations.

Measurement Reliability of Previous ANL Models

Thies section includes a discussion of our experience in evaluating
measurement reliability of the ANL fuel-rod calorimeters. Although
experience with Models I, II, and IIl has been reported previously
in the lil:erature."2 a brief review is presented for the sake of providing

background continuity.

Models ' and 11 were designed to spc:ifically handle the small
(i.e., 6 inches long by 3/8 inch diameter) fuel rods used in the Zero
Power Plutonium Reactor (ZPPR). These small, portable instruments
were used to verify, on a sampling basis, the plutonium content of
the ZPPR fuel r ds. The experience gained in using these instruments
to measure the ZPPR rods was very useful because it was possible to
compare the calorimetric measurement results with other extensive
analyses made by both nondestructive and destructive techniques (i.e.,
gamma-ray counting, neutron coincidence, and chemical measurement). .
A thorough comparison of results has been presented in the literature,

so only one set of results is presented here. The results were as

follows:
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for this purpose. The fact that it is possible to construct and use
electrically simulated fuel rods with the ANL fuel-rod calorimeters

is a fortunate circumstance, since the determination of the "real" value
of the power supplied by the fuel is, in this case, independent of

the uncertainties associated with mass spectrometric and/or chemical
analyses which usually form a basis for determining the accuracy of
other nondestructive assay instruments, The electrical measurements
with an electrical fuel rod can be traced to the highly precise electrical
standards available through organizations like the U, S, National
Bureau of Standards. Figure 4 shows a recent calibration of the Model
1V instrument, made wit! an electrically simulated FFTF fuel rod.

A linear least-squares fit to the measurement data indicated 2 slope
of ~0,99085 40.00089 and intercept of 274,66164 milliwatts with an
uncertainty of +0,18004 or less than 0.1%. This linearity was shown

to be unaffected by changes in room temperature between 21°C and 26°C.

Repetitive measurements made with the Model IV instrument using
four FFTF fuel rods revealed that the precision for a single measurement
of the thermal power is of the order of 0.1%Z or less and can be obtained
in about 15 minutes, The overall measurement precision (i.e., including
uncertainties in the conversion factors, specific power constants,
and mass spectrometric analyses) obtained for a determination of the
grams of plutonium in FFTF type rods was +0.2% relative at the one-sigma
confidence level, The stability over a 12-hour period was on the order

of +0.02% relative.

A complete discussion of calorimeter measurements and calibration
techniques is given in ANSI N15.22, Calibration Techniques for the
Cxlorimetric Assay of Plutonium-Bearing Solids Applied to Nuclear Ma-
terials Controls,® and MLM-1798, Calorimetry for Safeguards Purposes,

by F. A. O'Hara, et al.,“

Performance under Simulated Field Conditions

In an attempt to predict actual use dependability, field conditions

were simulatea in the laboratory, and the ”l',3 power dependence on
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electrical and environmental extremes was examined ex onsively., These
evaluation measurements were made, for the most part, with a dummy

rod containing depleted uranium dioxide which simulated the thermal
conductivity and geometry of a fuel rod., On the basis of the results,
a set of operating conditions has been developed, which ensures maintenance
of the usual performance precision of 0.1%, Although these conditior
requirements are broad, and adherence to them should present no diffi-
culty to the operator, the 45 Controller has been equipped with the
means to correct for any drift in the T3 power which might or might

not be caused by violation of these condition requirements,

Because of the inherent properties of electronic elements, the
temperature control circuits were found to be minutely affected by
a number of environmental and electrical conditions, most notably
room temperature, These external conditions cannot be controlled
to the precision required to reproduce any given set; that is, the
state of the calorimeter at any given moment cannot be reproduced
by gross control of ambience. This became especially clear when the
T3 power measurement of a depleted rod (i.e., the zero-power intercept)
assumed two different values on two different days of similar conditions,
This drift in the zero-power intercept occurred only when the set
of conditions was violated (e.g., at night when the temperature droppe!).
As discussed above, the value to be converted to grams of plutonium

is xalpha =X, = X where X, is the electrical power required by the

T3 circuit to maintain a constant temperature when the chamber contains
a dummy rod, and x is the electrical power required when the chamber
contains a fueled rod., When a drift occurs in ;6, the same drift
occurs in x, and the difference, xalpha’ remains the same, as would

be expected. The data control program is such that X, is keyed into

a memory register by the operator. So, periodic updating of X, is

all t .+ was necessary to correct for a day-to-day change of x for

a single rod.

Among the operating requirements detailed in the ANL Model IV
Fuel-Rod Calorimeter Operating Manual (internal document, available on
request from the authors), are minimum line voltage of 105V, a maximum

of 35 V of continuous noise, and a maximum vibration of 450 1n/sec2. The
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power measurement is also dependent on the position of the fuel rod

along the measuring chamber. The calorimeter was found to perform
optimally in a room that has temperature control of +1°C or less, with
temperatures within the range of 18°C to 26°C, When the ambient temperature
was kept to within a degree of 23°C, the zero-power intercept was

uncertain by 40,20 mW or no more than 0,07%. This implies an uncertainty of
40,05 gm or 0,13% in the calculation of grams of radiocactive material

of a typical fuel rod containing 40 gm of plutonium,

Data Control and Precision after Stabilization

The data control system of the Model IV Fuel-Rod Calorimeter
is designed so that the relative precision of the power measurement
remains constant over time, provided that a minimum stabilization
time has elapsed after the insertion of a rod. This is desirable
for fast measurements because the first measurement of a rod after
stabilization of the 'I‘3 circuit is as precise as, say, the tenth
measurement of that rod. The two features of the data control program
which enable this situation are (1) the use of fifty measurements,
rather than five or five hundred, to determine each mean value of
power; and (2) the use of a maximum limit of standard deviation to
ensure that the T3 circuit has stabilized to a state that reflects
a statistically normal distribution, A third feature will be investigated
which would indicate on a 95% confidence level whether or not the
power measurement was drifting toward a stabilization value within

the 0,17 precision range. FEven without this added precision, the

mean value of the power measurements is uncertain by only 0.1% relative,
Conclusion

In conclusion, the greatest assets of the ANL Model IV Fuel-Rod
Calorimeter have been shown to be an improved calorimeter design, operator
control of input data (esp., the zero-power intercept), and an improved
data control system. More specifically, the accuracy and speed demonstrated
by the Model IV Fuel-Rod Calorimeter in the lab need not be sacrificed

in less ideal environments because of the following features:
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1) The environmental conditions which yield measurements with an

accuracy of 0,.1%Z generally are not difficult to maintain.

2) Updating the zero-power intercept is a fast and simple method

of correction, in the event that these conditions are violated.

3) Choosing a small enough allowed standard deviation ensures that
the first printed value will occur only after the T3 circuit
stabilizes, and that it will represent a value which cannot be

improved by increasing the measurement time,

I1I. DESIGN AND CONSTRUCTION EFFORT FOR THE
FOUR-METER FUEL-ROD CALORIMETER

A. Description of the Four-Meter Fuel-Rod Calorimeter

A sketch of the four-meter fuel-rod calorimeter system is shown

in Fig. 5. The system consists of:
1) A preheater, 14 feet long, for preheating the fuel rods,
2) Electronics for controlling the preheater,

3) The calorimeter, 15 feet long, consisting of four concentric

cylinders whose temperatures ar2 precision controlled.

4) Electronics units for controlling the calorimeter including

a microprocessor.

|
\
} 5) A "silent 700" typewriter as the I/0 device, including dual

cassette magnetic tape units.

B. Mathematical Model of the Calorimeter

A schematic of the temperature control circuits of the cylinders

in the measurement chamber box is shown in Fig. 6. The outer (plastic)
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case is at room temperature., As in the one-meter calorimeter, the
outermost cylinder is held at a higher temperature To by automatic

control of the input current, or power, wo. The potential is stored

by the therma! capacity Co while the current through the thermal resistance

Ro causes heat to be lost to the room.

The second concentric cylinder is held at temperature T1 by automatic

adjustment of power Hl which flows through Rl and also through Ro. The

third concentric cylinder is held at temperature T2 in a similar manner,

The temperature difference T3 - Tz is controlled by automatic adjustment

of the power W The equation relating this power to the temperature

3.
difference in the steady state is Ho =W +W, = (T3 - Tz)/R3. where
Ho is the zero-power intercept, and Hq is the power attributed to
alpha activity. Studies of the model indicate that this scheme will
yield better performance of the instrument than the scheme used in

previous models wherein the temperatures T3 and T2 were controlled

independently of each other. Study of the model also reveals that

T. can be made more stable if the sum W, + W, is constant after initial

2 3 2

stabilization., This improvement is mechanized in the present instrument.

Temperature Control

Computer control of the critical temperatures will be accomplished
by usirg a prediction technique. According to this technique, a set
of error signals, €;, €3, €3, 18 made at time intervals At. The final
error ¢ is predicted using measured system parameters. Then the input
signal ie modified by a step change calculated to achieve zero error
at the end of time interval At. One such approach is described in
Appendix A. To aid in setting up the computer programs, a simulator
has been constructed and will be used to optimize methods of temperature

control until construction of the calorimeter is completed.

Construction

The preheater has becn wound and tested. Figs, 7 through 11 are

drawings of sections of the four-meter calorimeter, and they prov}de
{0J
I
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Four-meter Calorimeter with Preheater
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material specifications and dimensions of the cylinders and the sense
windings. The inner cylinders which maintain temperatures T3 and

T2 are being wound., The preamplifiers for the critical temperatures

T3 and T2 are under test., The nickel-wire bridges produce a 5-microvolt
signal for a temperature error of 10-4°C. This provides an S/N of

about 10, Drifting of the preamp is about 3 microvolts/month. Since
W= l((T3 - TZ) and dW = KdT, the long-term stability dW is less than

or equal to 0.1 mW for K = 1. Components for the electronics units

have been nricured and initial construction is under way.

The microprocessor unit has been received and is currently being
used to assemble programs for data control. The necessary modifications
have been made to the microprocessor to make it operational from the
“"silent 700" terminal. The design has been started and parts have
been ordered for the analog-to-digital and digital-to-analog interfaces
to the processor.  These interfaces are needed for data acquisition,
automatic troubleshooting, and automatic calibration systems. The

programming for these systems has been started.

Preliminary Studies for Bulk and Kinetic Calorimetry

Preliminary studies for the bulk calorimeter is under way. A
second bulk calorimeter is being constructed on a different project,

and detailed measurements of its performance will aid in the study

report.
Preliminary studies for kinetic ~1: 1ime -y have begun. The
programming studies are sufficier. - ar te bulk calorimetry that

advantage is being taken to cons. °r botn ,roblems simultaneously.
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IV. DESIGN AND CONSTRUCTION EFFORT FOR THE
ANALYTICAL SMALL-SAMPLE CALORIMETER

The analytic calorimeter under construction is being designed for
measurement of solid plutonium compounds or mixtures encountered in plutonium
recycle fuel fabrication. The sample size will be 1-2 grams of contained
plutonium, The sample volume will be 7.58 cm3. The inside diameter of
the sample capsule will be large enough to accept power reactor fuel pellets
up to 1.47 cm in diameter. The calorimeter will be used in conjunction
with chemical analysis to determine the specific power of plutonium samples.

A goal of this project is to develop an instrument capable of a single-measurement
precision of 0,05% relative standard deviation with a systematic error

in thermal-power measurement of 0.01% relative, or less.

A thermal circuit model for this calorimeter has been developed under

a subcontract to South Dakota School of Mines and Technology. A status
report on this work was given at the INMM meeting in June, 1976.7 A computer
program has been developed to utilize the thermal circuit model, and has

been used to generate axial temperature profiles for the calorimeter to
determine the optimum power settings for the thermal guards., The program

was also used to determine the optimum leagth of the insulating spacers
between the center coils and guard coils --information which is difficult

and time-consuming to obtain experimentally.

The coils for the calorimeter, shown in Fig. 12, have been constructed
and their control circuits have been breadboarded. Tests of temperature
and power stability are now being conducted. A microprocessor and a "silent

700" page printer will provide control and readout for the calorimeter.
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ArvENDIX TO PART I.
Computer Control of Calorimeter Temperature

The error prediction technique to be used to control critical temperatures is
described by the following derivation. A single time-constant calorimeter section
can be represented by the circuit in Fig. 13. By a current-node analysis, the

response to a constant input power W is

T -T.__ =RW( - e t/RC ye~t/RC. (1)

REF ) + (T - T

REF
where T, TREF’ R, and C are as defined in Figs. 13 and 14, and TO - TREF is
the initial condition., As shown in Fig. 14, T3 - TREF = AT and T3 =T+ g, so

T=-T = AT - ¢ and To = Tpgp = AT = €9. Then Eq. 1 becomes

REF EF

e-t/RC e-t/RC.

AT = & = RW(1 - ) + (AT = €p)

After a time interval At this can be written as

e-At/RC e-At/RC’ (2)

AT - €7 = RW(1 =~ ) + (AT - Eo)

where AT - ¢y is the initial error at t = 0, Similerly, after a second time

interval At, the output is

-At /RC e-At/RC (3)

AT = €3 = RW(1 - e ) + (AT = €,)

where AT - £; 1s taken as the initial error at t = At. The general expression

for this output is

AT = € = RW(1 = A) + (AT - €__,)A, (4)

-At /RC
e

where A . From Eq. 4,

AT = €5 = RW(1 = A) + (AT - €))A, and

AT

€3 = RW(1 = A) + (AT = €5)A.
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Applying an input power of W + &W will thus ensure a correct final temperature
difference, although this value may not be reached for several time constants,
The signal W + 8W may be magnified to &« ralue K(W + &W) such that the correct tem-

perature is achieved in At, From Eq. & we can write:

AT-C“

RW(1 = A) + (AT - €3)A, or

AT = RW(1 = A) - (AT - e3)A. (6)

To make ¢ = 0 in the time interval At, we let W = W + 8W and increase the

power by a factor of K:

0 = AT - KR(W + 8W)(1 = A) =~ (AT - e3)A.

AT(1 = A) + €3A

K*R@ywa-n i
Since R(W + &W) = AT, this factor becomes
£ A.A
= 4 e ———
5 1 AT(Y = A) (8)

The program is illustrated in Fig. 14. During the interval from tl
to t, the errors ¢, €2, and €3 are acquired, and calculation of éW and K
is made. During the interval from t3 to tA the correction K(W + &W) is
calculated. For t > L, s K(W - 8W) is applied to the input power, and new
error values ¢y, €2, £3 are measured to determine more precise values for

correction of the input power,

For the fuel sample chamber, W is comprised of wu, the heating due to

alpha activity of the ‘uel; and we, the auxiliary electrical heating; that is
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W= H; + We . (9)

When Eq. 9 is used in Eqs. 6 and 7, the expression for K in Eq. 8 becomes

£3A
s-1+(AT-Rwu)(1-A) ’

where Wa is the anticipated heating by alpha activity. If We is the historical
average value of required electrical power for a large number of samples,
then the value &8W will be an immediate indication of deviation from the mean

for that particular sample.
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gamma-ray count-to-gram conversion. Both thickness and count-to-gram

are calibrated with the same standard. The technique is based on measuring the
intensity ratio of high- and low-energy gamma rays. Matrix attenuvation
corrections based on such intensity ratios have been used previously

in measuring plutonium contained in scrap and waste.'* A combination

of matrix attenuation and self-attenuation effects'® and self-attenuation
effects alone!® were studied for waste and scrap containers by this technique

as was self-attenuation in plutonium-containing solutions.!’

For a constant external absorber, this intensity ratio is only
a function of source thickness if single peaks of the same isotope are
compared (high-resolution Ce(Li) detector). If a low-resolution NaTl(Tl)
detector is used, several high-energy peaks of different isotopes are
compared to several low-energy peaks of different isotopes. Thus the
isotopic composition must be held constant in order to obtain thickness
data from peak group intensity ratios. For either detector, the intensity

ratios are independent of source-detector geometry and collimator configuration.

The errors introduced by self-absorption in a count-gram measurement
without thickness determination increase with increasing sample thickness
and decreasing gamma-ray energy. The fraction of self-absorption of
413 keV and 129 keV gamma rays for various thickness of plutonium are

shown in Table 1.

Table I. Fraction of Gamma Rays Self-absorbed

Plutonium Thickness, Tach 413 keV 129 keV
0.001 0.007 0.09
0.002 0.014 0.17
0.015 0.10 0.33
0.060 0.33 0.91
0.120 0.55 0.96

18

These values were calculated according to the treatment of Evans,



In order to make a thickness determination, a calibration curve

was generated for high- to low-energy intensity ratios (Iaﬁall for
Lo

129

Ge(Li) detector, IHigh/ILow for NaI(T1) detector) as a function of sample

thickness, The samples used were plutonium foils 2 inches wide, 3 inches
long, and clad in stainless steel. The curve from a Ge(Li) detector
calibration experiment is shown in Fig. 15. A similar curve for an Nai(Tl)
detector using the low=-energy region between 179 and 239 keV (the 237U
208 keV peak) and the high-energy region between 300 and 460 keV is shown
in Fig. 16. The ratios are normalized to an arbitrary thickness, 0.020

41211297 %' T413/112970. 020

or (lﬂigh/[Low)x/(Iﬂigh/ILow,ﬂ.OZO' Using this curve, it is only necessary

inch, so that for the thickness x, the ordinat. is (I

to make a single calibration measurement of a sample of known thickness
incorporating the external absorber to be encountered in a holdup situation.
The relative change in intensity ratio from one thick.ess to another indicated
in Figs. 15 and |6 is independent of external absorber, but, in order to
determine thickness in a holdup configuration, a calibration measuremant

must be made using the expected external absorber. After this, all ratios
can be compared to that for the sample of known thickness and an unknown
thickness determined from the calibration curve. The calibration curve
should cover the range of thickness expected. The thinnest sample included
can be that below which the errors from self-absorption are not considered

important for a particular application,

As an example of *' , procedure, a thick layer of Pu in a heivy-
wall pipe was simulate’. The pipe was stainless steel, 2.88-inch od
with an 0.214=inch : 1ick wall, Using a Ge(Li) detector, a calibration
measurement was made for an 0.020-inch thick Pu sample inside the pipe.
413’ 11297 Res A
gsecond Pu sample, an "unknown," was then placed in rhe pipe and counted.
The ratio (I&l3/1129)x/(1413/1129)Ref was 1.831., Frcm the calibration
experiment, the ratio (1613/1129)0.060/(Ib13/1129)0.020 was 1.787. Thus,
the "unknown" would be identified as slightly chicker than 0.040 inches,

In fact, the "unknown" was 0.040 inches thick and the accuracy of the determina-

The intensity ratio now becomes the reference ratio (I

tion was within 2.%%, The statistical precision was 27, For an 0,060~
inch thick samplc, the accuracy was within 4.27 and the precision 1%

Using an NaI(Tl) detector, both the 0,040-inch and the 0,060-inch samples

;.," 1}'/
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to container attenuation and self-absorption problems, However, self-multipli-
cation due to induced fission can be a problem for large masses of Pu.

The techniques also suffer from being sensitive to buckground neutrons

from material in the detector vicinity, especially if total neutrons are

counted. Also, total neutron-counting methods are sensitive to the chemical
composition of the Pu environment. Coincidence methods detect only neutrons
from fission, and thus are independent of the chemical composition of

‘he Pu matrix., This method is also less sensitive to background neutrons.
however, coincidence methods lack sensitivity, since the detector efficiency
for coincidence neutrons is the square of the efriciency for total neutrons,
This lack of sensitivity results in higher statistical uncertainties or

unreasonably long counting times,

For holdup applications, a neutron assay system must be able

to adapt to various dimensions and geometries depending on the location
and geometry of the holdup container, With this in mind, a two-slab "sand-
wich" configuration was chosen. The slabs are made of 3-inch thick polyethylene

and contain two 2-inch diameter 12-inch active length BF., neutron proportional

counters, The slabs are simply placed on opposite sides3of the suspected

holdup container, With this system, one can count either total neutrons

(a, n plus fission) or coincidence neutrons (fission only). As in the

gamma-ray experiments, a 2.88-inch od, 0.214-inch-wall stainless-steel

pipe with various Pu samples inside was used to simulate holdup. Again, |

the plutonium samples were 2 by 3 inches and clad in stainless steel.
To study the sensitivity of the system, the response of the

detector for coincidence neutrons was measured as a function of slab
separation from a Pu sample centered between two slabs. The results
are shown in Fig. 17. As shown, the response f=llis rapidly with separation

distance d; roughly, as l/dé. This is not surprising since the count

rate for total neutrons decreasees roughly as 1/d2 (for a point source),

and the coincidence efficiency varies as the square of the total neutron

efficiency. This rapid decrease in sensitivity with slal separation is po-

tentially a ‘erious problem for coincidence counting of holdup. Typical

sensitivitie: for Pu in the 2.88-inch od pipe (2.88-inch slab separation)

fn‘!
n(:)J'
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20. Infrared Scans of Stainless Steel
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With Various Pwer Input to Electrical
Resistor Attached t [nner Pipe Wall.
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