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FOREWORD

The Light Water Reactor Pressure Vessel Surveillance Dosimetrv Improvement
Program (LWR-PV-SDIP) has been established by NRC to improve, test, verify,
and standardize the physics-dosimetry-metallurgy, damage correlation, and
the associated reactor analysis methods, procedures and data used to predict
the integrated effect of neutron exposure to LWR pressure vessels and their
support structures. A vigorous research effort attacking the same measure-
ment and analysis problems exists worldwide, and strong cooperative links
between the US NRC-supported activities at HEDL, ORNL, NBS, and MEA-ENSA and
those supported by CEN/SCK (Mol, Belgium), EPRI (Palo Alto, USA), KFA
(Jilich, Germany), ané several UK laboratories have been extended to a
number of olher countries and laboratories. These cooperative links are
strengthened by ti-e active membership of the scientific staff from many par-
ticipating countries and laboratories in the ASTM E10 Committee on Nuclear
Technology and Applications. Several subcommittees of ASTM E10 are respon-
sible for the preparation of LWR surveillance standards.

The primary objective of this multilaboratory program is to prepare an updated
and improved set of physics-dosimetry-metallurgy, damage correlation, and
associated reactor analysis ASTM Standards for LWR pressure vessel and support
structure irradiation surveillance programs. Supporting this objective are a
series of analytical and experimental validation and calibration studies in
“Standard, Reference, and Controlled Environment Benchmark Fields," research
reactor "Test Regions,” and operating power reactor "Surveillance Positions."

These studies will establish and certify the precision and accuracy of the
measurement and predictive methods recommended in the ASTM Standards and used
for the assessment and control of the present and end-of-life (EOL) condition
of pressure vessel and support structure steels. Consistent and accurate
measurement and data analysis technigues and methods, therefore, will be
developed, tested, and verified along with guidelines for required neutron
field calculations used to correlate changes in material properties with the
Characteristics of the neutron radiation field. It is expected that the
application of the establisned ASTM Standards will permit the reporting of
measured material property changes and neutron exposures to an accuracy and

precision within bounds of 10 to 30%, depending on the measured metallurgical
variable and neutron environment.

The assessment of the radiation-induced degradation of material properties
in a power reactor requires accurate definition of the neutron field from
the outer region of the reactor core to the outer boundaries of the pressure
vessel. Problems with measuring neutron flux and spectrum are associated
with two distinct components of LWk irradiation surveillance procedures:

1) proper application of calculational estimates of the neutron exposure at
in- and ex-vessel surveillance positions, various locations in the vessel
wall and ex-vessel support structures, and Z) understanding the relationship
between material property changes in ré.“tor vessels and their support

structures, and in metallurgical tes* spec mens irradiated in test reactors
and at accelerated neutron flux pnsitions in operating power reactors.
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The first component requires verification and calibration experiments in a
variety of neutron irradiation test facilities including LWR-PV mockups,
power reactor surveillance positions, and related benchmark neutron fields.
The benchmarks serve as a permanent reference measurement for neutron flux
and fluence detection techniques, which are continually under development
and widely applied by laboratories with different levels of capability. The
second component requires a serious extrapolation of an observed neutron-
induced mechanical property change from research reactor "Test Regions" and
operating power reactor “"Surveiliance Positions" to locations inside the
body of the pressure vessel wall and to ex-vesse! support structures. The
neutron flux at the vessel inner wall is up to one order of maanitude lower
than at surveillance specimen positions and up to two orders of magnitude
lower than at test reactor positions. At the vessel outer wall, the neu-
tron flux is one order of magnitude or more lower thamrat the vessel inner
wall. Further, the neutron spectrum at, within, and leaving the vessel is
substantially different.

In order to meet the reactor pressure vessel radiation monitoring require-
ments, a variety of neutron flux and fluence detectors are employed, most of
which are passive. Each detector must be validated for application to the
higher flux and harder neutron spectrum of the research reactor "Test Region"
and to the iower flux and degraded neutron spectrum at “"Surveillance Posi-
tions." Required detectors must respond to neutrons of various energies so
that multigroup spectra can be determined with accuracy sufficient for ade-
auate damage response estimates. Detectors being used, developed, and tested
for the program include radiometric (RM) sensors, helium accumulation fluence
monitor (HAFM) sensors, solid state track recorder (SSTR) sensors, and

damage monitor (DM) sensors.

The necessity for pressure vessel mockup facilities for physics-dosimetry
investigations and for irradiation of metallurgical specimens was recognized
early in the formation of the NRC program. Experimental studies associated
with high- and low-flux versions of a pressurized water reactor (PWR) PV
mockup are in progress in the US, Belgium, and the United Kingdom. The US
low-flux version is known as the ORNL Poolside Critical Assembly (PCA), and
the high-f Tux version is known as the Oak Ridge Research Reactor (ORR) Pool-
side Facility (PSF). Both are located at Oak Ridge, TN. As specialized
benchmarks, these facilities will provide well-characterized neutron
environments where active and passive neutron dosimetry, various types of
LWR-PV and support structure neutron field calculations, and temperature-
centrolled metallurgical specimen exposures are brought together. The two
key low flux pressure vessel mockups in Europe are known as the Mol-Belgium-
VENUS and Winfrith-United Kingdom-NESDIP facilities. The VENUS facility is
to be used for PWR core cource and azimuthal lead factor studies, while 3
NESDIP is to be used for PWR cavity and azimuthal lead factor studies.

The results of the measurement and calculational strategies outlined here
will be made available for use by the nuclear industry as ASTM Standards.
Federal Regulation 10CFR50 already requires adherence to several ASTM Stand-
ards that establish a surveillance program for each power reactor and incor-
porate metallurgical specimens, physics-dosimetry flux-fluence monitors and
neutron field evaluation. Revised and new standards in preparation will be
carefully updated, flexible, and, above all, consistent.
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SUMMARY

Following the 1983 Annual Report issue in this series (NUREG/CR-3391,

vol. 3), these reports have been changed to semiannual d?ogress reports,

Two semiannual repsrts will be issued per year covering the periods October-
March and April-September (in place of the previous three quarterlies and
one annual). Since no reqular gquarterly report is, therefore, prepared for
October - December 1983, this special report is being issued to provide
timely dissemination of the Benchmark Compendium prepared by the National
Bureau of Standards (NBS). Contributions from other participating
laboratories will appear in the first 1984 semiannual (due April 1984).

NATIONAL BUREAU OF STANDARDS (NBS)

In order to achieve reliable surveillance dosimetry for pressure vessels in
light water reactors, it is necessary to perform sensor calibration, other
dosimetry reference measurements, and validation of transport calculation in
henchmark and test region neutron fields. One element in this effort is the
development of a compendium of experimental and calculated dosimetry-related
information for these fields. The first two entries in this compendium, the
52¢cf and 235y fission spectrum standard fields, were completed in 1978,
The revision given in this Progress Report provides updated facility
information and evaluated dosimetry cross sections with a cut-off date of
June 1983, References are in a separate section following the two entries.

5-1




NATIONAL BUREAU OF STANDARDS

COMPENDIUM OF BENCHMARK NEUTRON FIELDS FOR PRESSURE VESSEL SURVEILLANCE DOSIMETRY

J. A. Grundl
C. Eisenhauer
E. D. McGarry

Objective

To provide a compendium of information on benchmark neutron fields that
are employed for detector calibration, dosimetry methodology referencing,

and transport calculation validation for pressure vessel irradiation
surveillance.

Summary

In order to achieve reliable surveillance dosimetry for pressure vessels in
light-water power reactors it is necessary to perform sensor calibrations,
other dosimetry reference measurements and validation of transport calculation
in benchmark and test region neutron fields. One element in this effort is
the development of a compendium of experimental and calculated dosimetry
related information for these fields. The first two entries in this
compendium, the 252Cf and 235U fission spectrum standard fields, were
completed in 1978. The revision given in this Progress Report provides
updated facility information and evaluated dosimetry cross sections with

a cut-off date of June, 1983. References are in a separate section
following the two entries.

Accomplishments and Status

The revised compendium entries for the 252Cf and 2350 fission spectrum
benchmarks were completed in November 1983. The next standard benchmark

field to be documented will be the Intermediate-Energy Standard Neutron
Field (ISNF).

X=1



COMPENDIUM OF BENCHMARK NEUTRON FIELDS

FOR

REACTOR DOSIMETRY

STANDARD NEUTRON FIELD ENTRY

252

Part IA: Cf Spontaneous Fission Neutron Spectrum

X-111
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1. IDENTIFICATIONS

1.a. NEUTRON FIELD: 2°2Cf SPONTANEOUS FISSION SPECTRUM

CLASSIFICATION: STANDARD NEUTRON FIELD
1.b. DESIGNATION:  XCF-5-N

NES 1975 evaluation of documented differential spectrum
measurements. References: F1 (1975) and F2 (1975)

l.c. ENTRY DATE: May, 1978 REVISIONS: July, 1983

1.d. GENERIC DESCRIPTION

A standard 252Cf neutron field consists of neutrons from the spontaneous
fission of Californium-252 with little or no energy degradation from collided
fission or other background neutrons. The median energy of this spectrum is
1.68 MeV, with 98% of the neutrons between 0.1 MeV and 8 MeV. Neutron fluxes
in the range of 107 n/(cnzs) are obtained in isolated environments near small,
intense fission sources. Neutron fluences are established in terms of neutron
source strength, irradiation time, and source-detector distance; neither
microscopic nuclear data nor an irradiation monitor are required. Certified

13 2

free-field fluences of up to 107" n/cm” may be obtained with uncertainties as

low as ¢ 1.5% (lo).

Measurements of the Cf fission neutron spectrum and its close relative the
2350 fission spectrum are extensive and well-documented. Therefore, these two
standard fields are much better known than any other benchmark employed for
reactor dosimetry calibration. In the energy range above 2 MeV many neutron
fields in and around test and power reactors have fission-spectrum-1ike

components.

X-1



l.e.

1.7,

2.4a.

2.b.

FACILITY LOCATIONS:

National Bureau of Standards (NBS)

Center for Radiation Research

Gaithersburg, Maryland 20878

U. S. A

Contact: Dale McGarry or James Grund]
Phone: 301-921-2767

SEFOR Calibration Facility

University of Arkansas
Fayetteville, AR 72701

U.S.A.

Contact: Cecil 0. Cogburn
Phone: 501-575-3153

CONTACT FOR _INFORMATION:

James Grundl or Dale McGarry
Center for Radiation Research
National Bureau of Standards
Gaithersburg, Maryland 20878
U. S. A Phone: 301-921-2767

Physikalisch-Technische
Bundesanstalt (PTB)

33 Braunschweig

Federal Republic of Germany

Contact: Wolfgang G. Alberts
Phone:

2. SUMMARY INFORMATION

AVAILABLE FISSION NEUTRON EXPOSURES (NBS ONLY)

o flux intensity (5 cm from source)

o nominal maximum fluence

~ 2 x 107 n/(en’s)

7 x 101 n/en?

0 accuracy of free-field fluence (lo) ¢ 1.5% (lo)

CORRECTIONS FOR NEUTRON SCATTERING (5 CM POSITION)
0 Net perturbation for threshold detector reaction rate <(0.5 ¢ 0.5)%

0 Net perturbation for 235

U reaction rate (1.4 £ 0.5)%



3. FACILITY DESCRIPTION

Fission neutron irradiation facilities employing intense 252Cf spontaneous
fission sources exist at the National Bureau of Standards, the SEFOR Calibra-
tion Center in Arkansas, Westinghouse-Bettis in the U. S. and the PTB standards
laboratory in the Federal Republic of Germany. Only the NBS facility which is
in general use for neutron detector calibrations and cross section measuremen s
will be summarized in detail. Distinguishing characteristics of the other
irradiation facilities may be ascertained from the literature (R1, R2, R3, R4,
RS, R6).

3.a. CONFIGURATION AND CHARACTERISTICS (F3)

The two irradiation locations available at NBS are distinguished by the degree

to which the neutron source is isolated from environmental neutron return:

Location A: Large room with thick walls and open ceiling. Source 2.2 meters
above floor, nearest wall 4.1 meters.

Location B: Corner area of room with thin walls and ceiling. Source

2.8 meters above floor.

At both locations a light-weight source detector assembly is available for
frradiation of passive and active neutron detectors. The source-detector
assembly s shown in Fig. X-1 with two active fission chambers mounted on a
single axis. Alternatively, simultaneous exposure in pairs may be performed
along three separate axes.

The californium source capsule shown in Fig. X-2, is made up of a disk-shaped
Cf deposit in an aluminum pellet encapsulated in a thin-walled stainless stee)
cylinder. The position of the californium deposit relative to the capsule

surface 1s known to ¢ 0.5 mm based on constraints of fabrication and x-ray
x=3



photographs. Newer capsule designs feature a short attachment stem in place

of the first few cm of the source guide tube, the Cf deposit enclosure is

unchanged.

Neutron field parameters for a nominal 5 cm source-to-detector distance are
given in Table X-1. The source strength uncertainty of t+ 1.1% dominates the
composite error. The irradiation geometry shown in Fig. X-1 is termed com-
pensated-beam geometry and refers to the experimental practice of placing
detector pairs of similar sensitivicy on opposite sides of the source, and
equidistant from it. The source-to-detector distance error to first-order
then is associated only with separation of the detectors; the uncertainty in
source position becomes second order. The effective dotcétor response in this
case involves the jiometric average of the two detector responses. The source

and the detectors may be rotated during any irradiation to further ensure

proper spatial averaging of the neutron flux at the detectors.

Scattering Corrections. Neutron fluence perturbations in location B

attributable to roow return, scattering in the source capsule and in support
structures are given in Table X-2. Corresponding reaction perturbations are
listed for both a threshold, and a low-energy response neutron detector
irradiated at a source-to-detector distance of 5 cm. The room-return com-
ponent is estimated from calculation and response-versus-distance measurements
in which the source is moved while the detectors are kept at their normal
position. For detectors with low-energy response, a large cadmium basket is
placea around the source-detector assembly. The fission neutron return from
this basket is less than 0.1%.



Three types of calculations were employed for estimating the fiee-fielc
fluence: (1) discrete ordinates calculation of a spherical cavity in con: ~ete
to obtain the albedo from boundaries; (2) geometry and cimple energy dejrada-
tion factors calculated for single scattering events in individual pieces to
obtain corrections for source capsule and support structures; and (3) calcula-
tions based on published analytical formulations involving a simple scattering
kernel to obtain estimates of air scattering. Air scatter contributions are

less than 0.5% for source-detector distances up to 15 cm.

The difficulty of correcting a free-field neutron fluence for scattering in a
detector depends upon the mass. arrangement, and material of the detector.

The NBS has codes available which provide corrections for isotropic scattering
of neutrons in lightly constructed detectors with cylindrical symmetry. More
extensive Monte-Carlo calculations have been carried out for special detectors,
specifically the NBS double fission chamber. Multiple scattering in more
massive detectors are difficult to estimate and often require auxiliary
experiments. Generally, isolated Cf fission neutron fields are most appropriate
for accurate, uncluttered exposures with 1ight weight detectors.

3.b. IRRADIATION PROCEDURES

Detector pairs of similar sensitivity are hung from the mounting ring on
opposite sides and equidistant from the source - see Fig. X-1. Alignment and
the exact distance between front faces of detectors are determined optically
with a coordinate measuring machine. The mounting ring then is placed in the
irradiation facility and the Cf source is raised from the storage hole for a
timed exposure. Exposure times ranging from a few minutes to a few days are

available. As many as three detector pairs may be irradiated simultaneously




along separate axes. No irradiation monitor is required since californium is
a natural neutron source with an emission rate governed by its nuclear decay

constant (2.2% change per month).

The free-field fission neutron fluence at the detector positions (i.e. the
fluence in the absence of all neutron scattering effects) is obtained from the
known Cf neutron source strength, the detector separation distance, and the
irradiation time. The final certified free-field fission neutron fluence for
the detector pair is specified to ¢+ 1.2% (lo). Reaction rate measurements
are expressed in terms of this pair-averaged neutron fluence.

3.c. SPECIFICATION FOR NEUTRON TRANSPORT CALCULATION

Neutron transport calculations are employed for scattering corrections.
Material specifications for the source are indicated in Section 3a and in Fig.

X-2.
4. NEUTRON FIELD CHARACTERIZATION

The energy spectrum of californium-252 spontaneous fission neutrons is similar
to that of U-235 and other fissionable materials. As such it provides

a neutron flux characteristic of the driving source for most of nuclear energy.
Because fission spectra are similar and were evaluated at the same time, the

235

zssz spectrum will be specified together with the U spectrum. A concise

description of the two fission spectra may be given in terms of broad energy
ranges,



Fission Spectrum Energy Range
lower bound median upper bound
Ep(pto.99) Ep(p=0.5) Ep(p=0.01)
25204 0.09 MeV 1.68 MeV 7.8 MeV
235 0.08 1.57 7.2

and a coarse multigroup flux display, ¢(E)AE, as follows:

Fission Spectra in Seven-Groups

MeV 0 0.25 0.8 1.5 2.3 3.7 8 12
252 (0.047) 0.184 0.220 0.194 0.200 0.146  0.009
235, (0.054) 0.197 0.229 0.195 0.192 0.127  0.006

The prompt fission gammas and the gamma-rays from fission products contribute
about equally to total gamma-ray emission throughout the useful lifetime of
the source. As indicated in Table X-1, the neutron-to-gamma ratio is
about 1 x 105(ﬂ/Clzl)por R/h at 5 cm.

NEUTRON FLUX.

The nsutron emission rate for the single-encapsulated sources employed at NBS

4. a.

are ~ 5 x lo’n/s when fabricated and decays at a rate of 2.2% per month.
Limitations on use of the irradiation facility generally restrict exposure
times to less than a week. Thus, for a neutron flux intensity of ~ 2 x
lo7n/(clzs) at the 5-cm distance, maximum fluences are in the range of 8 x

102n/ce’.

x=7




Flux gradients for the uncollided neutrons are just those of a point source in
free space:

-
A small flux anisotropy results from the cylindrical shape of the source. The
ratio of the flux averaged over all directions to the flux along a direction
perpendicular to the capsule axis is 0.992 when the detectors do not subtend
an angle of more than about 20° at the source (see Fig. X-1).

4.b. NEUTRON SPECTRA

4.b.1. Calculation. Fission neutron spectra are most accurately

determined by laboratory measurement. (See, however, Ref. F19 and earlier
work cited therein.)

4.b.2. Measurement (F2, F1). From 1952 to the present, well-documented
235

fission spectrum measurements of :52Cf and U have employed every perfected
technique of neutron spectrometry (F4). Fission spectra, therefore, are among
the most widely studied of any neutron energy distributions. The large body
of available fission spectrum data was evaluated at NBS in 1975 (F2). The
evaluation included an estimate of the spectrum uncertainty in multigroup

ZSZCf and ZJSU

format based on the spread of the various data sets. The
fission spectrum shapes recommended in the evaluation are based on the sixteen
selected measurements listed in Table X-3.

4.b.3 Evaluated Spectrum. The NBS fission spectrum evaluation, is chosen
for this compendium (F2, F1). The 292Cf spectrum is defined up to 20 Me by
means of a reference Maxwelliam, M(E), modified by four piecewise continuous
linear segments below 6 MeV plus one exponential segment above 6 MeV. The
reference Maxwellian is

M(E) = 0.667 JE « exp(=1.56/2.13), E in Mev,



and the adjustment functions p(E) are as follows:

Energy Interval (MeV) pcf(f)
0.0 - 0.25 1+ 1,206 =~ 0.237
0.25 - 0.8 1~-0.146 + 0.098
0.8 - 1.5 1+ 0.0246 - 0.0332
1.5 - 6.0 1 - 0.0006E + 0.0037
6.0 - 20 1.0 exp[-0.03(E~6.0)/1.0]

The evaluated spectrum then is given by x(E) = p(E) - M(E). A 45-group

tabulation of the evaluated 252

235

Cf fission spectrum is given in Ta?lo X-4 along
with the corresponding U evaluated spectrum. Group fluxes for other energy
group structures may be derived from this tabulation with the interpolation

recommended in the footnote.

Spectrum uncertainties in the evaluation are based on departures of subsets
of measured data from the final adjusted Maxwellian. This estimate, carried
out in a seven group structure, includes both lo and 20 errors. Results are

given in Table X-5.



5. INTEGRAL DETECTOR RESPONSE
Performing neutron dosimetry measurements with integral detectors requires the
use of benchmark neutron fields for calibrating measurement techniques and for
referencing data interpretation methods. In order to carry out these measure-
ment assurance procedures, and in particular 1or estimating uncertainties, it
is necessary to distinguish between calculated and measured reaction rates and
to identify parameters which characterize the energy response of each detector
in the various spectra to which it is exposed. A formulation which meets
these requirements is described briefly in this section and includes
expressions for first-order error propagation. Tables of response parameters
Tist present cross sections, spectral indexes, and energy response ranges for
a number of reaction rate detectors. Measured reaction rates are presented in
Section 5.b. followed by comparisons of measured and calculated cross sections
in Section 5.c.

5.a. CA T 1 P ILITIES

The calculated reaction probability, 'c' for an integral detector is equal to
the product of the neutron fluence to which it has been exposed and to the

spectrum-averaged reaction cross section:

L=e- d (X-1)

® = total spectrum integrated neutron fluence, (n/caz).
®
o = spectrum-averaged reaction cross section: /a(!)t(!)dt.
0
where (E) s the neutron spectrum normalized to unity. In many
applications the lower 1imit of integration is 0.4 eV, the cadmium
cut-off.



The reaction probability is sometimes referred to as the total reactions per
target nucleus or the time-integrated reaction rate. In this formulation al)
experimenta)l quantities such as detection efficiencies, time history
corrections, and neutron field perturbations are relegated to the expression
for the mcasured reaction probability given in Eq. X-10.

Integral detector response also may be expressed in terms of an average
neutron fluence rate, <¢> = @/T, where T is the irradiation interval. In this
case, the quan.ity of interest (experimentally, the saturated specific activity
for activation detectors) is the average reaction rate: 5<¢>.

when neutron spectra extend over a large energy range, a truncated
neutron fluence, [¢(>E°)-¢ﬂ. may be defined where $(>E°) is the spectrum
fraction above Eo‘ An example from materials damage dosimetry is [w(>1 MeV) @],
the fluence greater than 1 MeV. Similarly, for integral detectors with a
restricted energy response range (e.g. threshold detectors), a cross section
truncated near the lower bound of the detector response range is a measure of

detector response invariance to spectrum shape:

ﬂ o(E)w(E)dE
P : Ep = truncation energy. (x-2)

f w(E)dE
£

P

o(>£p) =

For a fractional response p, the truncation energy is defined by

pro -j: o(E)w(E)dE

= o(>!’) °¢(>!p) (x-3)

X-11
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that include 90% of the detector response. The lower-energy bound,

!’(p = 0.95), is the truncation energy corresponding to the truncated cross

section given in column 3.

5.8.2.  Spectral Indexes. Elementary spectrum indicators associated with
integral detector responses are the spectrum-averaged cross section ratios
among detector pairs with distinguishable energy response ranges. This ratio
is generally called a spectral index:

S

a/p p
where o and f refer to the two detector reactions involved.

N 6,/5

A selected set of spectral indexes calculated for full-spectrum-averaged cross
sections is given in Table X-7 (BS). The corresponding set for truncated

cross sections s in Table X-8 (BS). The ratio of a calculated spectral index
to the observed value, C.,'. is the basic spectrum information available from

an integral detector measurement.

These double ratios are established for benchmark neutron fields and for
neutron fields under study. Then, by a2 variety of analytic means, the double
ratios may be employed for (1) directly adjusting the calculated spectrum of
the neutron field under study; (2) normalizing neutron transport calculations;
(3) establishing spectrum consistency among the benchmark fields themselves,
or (4) validating or adjusting reaction rate cross sections. In particular,
calibration against a benchmark neutron field is established by normalizing

the double ratio for a study spectrum to the corresponding double ratio for a
relevant benchmark:

X-13
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The fractional error for a spectral index, Sarp 5./6’, is simidar,

) (- )

0.4 © 2 260‘2 So \2 S0 \2
cE (i 2 oy me? () (G - (e

. (X=8)
The truncated spectrum-averaged cross section in multigroup form is,
o (k) = o, ‘):' sodty L gty
p
and the fractional error is
- 2
8o
[. ml)] » '}:' i :nl ]2
a0E) o leoe) M
p
o 2 , 6o \2
o L u;(:-"-l o (2 (x-9)
11 al(*E) ¥y °o
v p
where vy * O'll‘/o(bl.).
5.b. MEASURED REACTION PROBABILITIES
The measured reaction probablility, R, 1s proportional to some detector
response mechanism, 0:
LRI " CRETUR MU (-10)

D = observed integra)l detector response during or after
frradiation (e.g. counts per sec from a fission chamber
or from a gamma counting system, or total number of
permanently registered nuclear particle tracks).

LEL



G(A,t) = activation decay rate factor, (sec-l)

0o

f o(t) e tat
-1

o »

[T o(t)dt

where ¢(t) is the irradiation time history of the neutron flux

= A

intensity, T is the irradiation interval, and A is the decay
constant. For an uninterrupted irradiation of length T at constant
flux, G = [1 - exp(-AT)]/T. The dimensionless quantity G/A is
sometimes used in place of G. For detectors that register reaction

rate directly (e.g., fission chambers), G is replaced by 1/T.

N = number of detector atoms.
€ = detection efficiency factor
p = composita of response factors exclusive of £/NG needed to connect

observed counts per sec or its equivalent to reaction probability;
e.g., effective number of detector atoms including neutron self
absorption corrections (N), fission yield (Y), neutron field
perturbations (F), isotopic abundance, branching ratio, extrapolation
of pulse height distribution, effects of competing reactions, background
subtraction, pulse losses, etc.
Benchmark referencing tests the combined validity of many of the factors
included within the bracket of Eq. X-10. In dosimetry experiments where
absolute reaction rates are not determined, or are separately interpreted, a
comprehensive calibration factor may be established on the basis of a standard
neutron field exposure. In this way, most of the response factors in Eq. X-10
are either eliminated or their error contribution reduced. Subsequent fluence

determinations with the detection system thus calibrated will be as accurate

X-16



as the calibration factor if the neutron spectrum matches that of the standard
neutron field. Spectrum differences between the standard and the field under
study will introduce additional errors, mainly through differences in spectrum-
averaged cross sections in Eq. X-1. Error propagation formulas similar to Eq.

X-7 and X-9 may be used to obtain an estimate of the latter error contribution.

The important observed quantities for reactor dosimetry are the ratios of
reaction probabilities among detectors which, according to Eq. X-1, are
proportional to ratios of spectrum-average cross sections. These cross
section ratios, when they are sensitive to spectrum shape, are called spectral
indexes as noted above. An observed spectral index is obtained from the
measured reaction probabilities of two detectors by replacing the calculated
reaction probabilities in Eq. X-1 with the measured values in Eq. X-10 and
dividing:

[Sa/a]obs = (Ra/Ra)obs ’ (X-11)
The subscripts a and B refer to the two detector reactions involved.

5.c. MEASURED CROSS SECTIONS AND CALCULATED-TO-OBSERVED RATIOS

For the two fission spectrum benchmarks in this compendium, the primary

integral detector quantities are cross sections and spectral indexes taken

238

with respect to the U(n,f) reaction. This index will be denoted sa/UB or

SUB/a depending upon whether the energy response range of a particular

detector is higher (U8/a) or lower (a/U8) than that of 238U(n.f).




Since absolute free-field neutron fluxes may be established directly for a
natural neutron source such as californium, absolute integral cross sections
may be determined without recourse to microscopic nuclear data. A substantial
amount of such data exists in spite of relatively low fluxes. Data for the
californium fission spectrum are reported and summarized in references R2, R3,
R4, and R8 through R22. Collections of evaluated measured cross sections may

be found in references R16, R19, R23, and R24.

A new and restricted evaluation of measurement reported before July 1983 was
performed at NBS for detector reactions considered important for reactor
technology. Results are given in Table X-9 and X-11. The spectral indexes in
Table X-11 are based either on independent measurements for each detector or
on true ratio measurements - the latter most notably for the fission reactions.
The uncertainties given at one standard deviation include estimates of

systematic errors.

Calculated-to-observed ratios of reaction cross sections are shown in Table

252¢c¢ ¢4ssion

X-10(B5). The errors in calculated cross sections correspond to
spectrum uncertainties from Table X-5 propagated according to the second term
of Eq. X-7 in Section 5.a. Two reactions, 47Ti(n,p) and Th232(n,f), show

calculated-to-observed discrepancies in excess of 10% and six of the eighteen

reactions, some of considerable significance for reactor dosimetry and neutron

flux monitoring, show discrepancies of 5% or more. Standard deviations of the



4714(n,p) and Th232(n,f),

seventeep C/E ratios in Table X-10(B5), excluding
are + 0.025 about an average ratio of 1.034 and ¢ 0.043 about a mean C/E of

0.995.

Calculated-to-observed ratios of spectral indexes, ca/U8’ are presented in
Table X-12(B5). The calculated indexes are obtained with spectrum-averaged
cross sections given in column 2 of Table X-6(B5). Non-overlapping energy
response intervals are given in column 2 of Table X-12(B5) and contributing
errors for observed and calculated indexes are listed separately in columns 4
and 5. As is appropriate for cross section validation, propagated errors for
the calculated indexes assess only the contribution of fission spectrum
uncertainties given in Table X-5. The propagation formula for this partial
error is that of the second term of Eq. X-8, Section 5.a.3.

The Ca/ua ratios in Table X-12(B5) indicate how calibration in a reference
neutron field can improve the accuracy of a neutron fluence measurement with
integral detectors. The ca/ua value for 47Ti(n.p). for example, departs from
unity by 29%. Similarly, the cus/p value for U235 fission departs by more
than 5%, a significant disagreement considering the amount of cross section
data which exists, and the accuracy which is expected of these two reaction.
Without benchmark calibration, a neutron fluence obtained with these detectors
would be biased by the full amount of the departures shown in Table X-12(BS).
The standard deviations of sixteen Ca/u8 ratios in Table X-12(B5) (‘7T1
excluded) are + 0.031 about an average ratio of 1.041, and + 0.055 about a

mean C/E of 1.008.
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252

TABLE X-1. Cf FISSION NEUTRON FIELD PARAMETERS AND ERROR COMPONENTS

Free-field fission neutron flux 9

(5-cm distance; source 6 x 10° n/s) 2 X 107 n/(cm2 s)
Source decay rate 2.2%/month
Free-field fluence for 100-h exposure 7 x 1012 n/cm2
Source capsule scattering
(inelastic plus net elastic inscatter) 1.1%
Gamma-ray exposure at 5 cm
(2.8 yr after separation) ~ 190 R/h
Error components for free-field fission
neutron flux (lo):
Source strength + 0.9%
Source capsule and support scattering t 0.7%(max)
Distance measurements (typical for
compensated-beam geometry) + 0.5%
Free-field flux error (rms sum): + 1.2%
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TABLE X-2. TYPICAL NEUTRON FLUENCE AND REACTION RATE PERTURBATIONS IN
LOCATION B DUE TO NEUTRON SCATTERING

Distance to nearest boundary: 2.8m

neutron fluence perturbations:
(abocve 0.4 eV)

room return <0.0%
source capsule scattering 1.1%
support structure scattering 0.5%
air scatter <0.1%

Net reaction rate perturbation due to neutron scattering:

235U(n,f) detector with cadmium cover:
room return 0.1%
source capsule 0.8%
support structures 0.5%
2380(n,f) threshold detector:
room return 0.0%
source capsule 0.0%
support structures 0.5%

*
Source capsule perturbations depend markedly upon detector threshold.



TABLE X-3. DIFFERENTIAL SPECTRUM MEASUREMENTS FOR NBS EVALUATION OF

252 235

Cf AND U FISSION NEUTRON SPECTRA

CALIFORNIUM-252 SPONTANEOQUS FISSION

Measurement
Reference Date Range (MeV) Detection Scheme

Green et al. F5(1973) 0.5 -13 Time-of-flight (TOF); energy
scale based on carbon scattering
resonances. Scintillator
NE-213 efficiency from long
counter response (E < 4 MeV);
calculations for E > 4 MeV.

Knitter et al. F5(1973) TOF; energy scale calibrated
with monoenergetic neutrons
(0.4 to 2.3 MeV). Liq. scint.
eff. from angular distribution
of T(p,n), D(d,n), Li(p,n),
H(n,n), etc. (0.05 to 8.2 MeV).

Werle and Bluhm F6(1972) Proton-recoil proportional
(n,p) 1.5~ 2 counters (PR); response functions
(3He) - - & from monoenergetic response.
*He-spectrometer and prop. Gas
counter.

Meyer et al. F5(1974) 0.05 - 8 PR (0.05 to 1.2 MeV). Scint.
- NE-213; unfolded spectrum
(1.1 to 8 MeV).

’
Jeki et al. « F5(1971) 0.002- 1 TOF; 6Li glass scint. efficiency
£ same as Meadows.

Meadows F6(1967) 0.003-15 TOF; 6Li glass scint. (E < 2.
MeV); liqg. scint. (E > 1.0 e
calculated efficiencies.

6
v);

Condé and During F6(1965) 0.07 - 7.5 TOF; GLi Glass scint. (E < 1.1
MeV), Calc. eff.; NE 102A
plastic scint. (E > .3 MeV),
eff. measured against calibrated
long counter.

Zamyatnin et al.  F6(1970) 0.04 - 6 ToF; SLi glass and plastic
scint.
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TABLE X-3.

DIFFERENTIAL SPECTRUM MEASUREMENTS FOR NBS EVALUATION OF

2520¢ anD 235U FISSION NEUTRON SPECTRA (Continued)

U-235 THERMAL-NEUTRON-INDUCED FISSION

Measurement
Reference Date Range (MeV) Detection Scheme

Rosen F7(1956) 0.3 -13 Incident neutron energy (E.
thermal. Phocographic plalg
method, background measurements
included.

Islam and Knitter F8(1973) 0.55 - 7 E; 0.4 MeV, TOF; energy
ségle checked with monoenergetic
neutrons. NE 102 scint. eff.
from H(n,n) up to 5.75 MeV.

Barnard et al. F7(1965) 0.1 -4 0.1 MeV, TOF; Plastic
sé?nt ca11brated wtth long
ctr. (E < 2.3 MeV).

Condé and During F6(1965) 1 «1.% = 0.04 MeV, TOF; Plastic

é nt only, same as for
Cf by Condé and During.
Werle and Bluhm  F6(1972) Same as for 2°2Cf by Werle and
(n,p) 1.5~ 7 Bluhm. E. = thermal.
(3He) 1 -4

Cranberg et al. F7(1956) 0.18 - 2.7 0.08 MeV, TOF; Plastic
s&?nt ca]ibrated aga1nst long
ctr. (0.1 - 3.4 MeV).

Johansson et al. F8(1975) 0.5 -14 = 0.1 - 2.0 Mev, TOF;
e*grgy scale based on scattering
resonances (0.5 - 21 MeV).

NE 213 scint. eff. from H(n,n)
and T(p,n) angular distribution.

Watt F7(1952) 2.6 -16 E. = thermal. Proton-recoil,

912 counter telescope.
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TABLE X-4. EVALUATED FISSION NEUTRON SPECTRA FOR 2°2Cf AND
235, IN 45-GROUP FORMAT

Designation: XCF-5-N1 Designation: XU5-5-N)

|
Californium-252 | Uranium-235
Lower | (a)
Energy Group Cumulative | Group Cumulative
Boundary Flux ¢-AE Flux to Lower Flux ¢-AE Flux to lower
(Mev) Boundary(?’ Boundary
0.0 0.0039 1. 0000 0.0048 1. 0000
0.05 0.0074 0.996) 0.0088 0.9952
0.1 0.0219 0.9887 0.0249 0.9864
0.183 0.0140 0.9668 0.0154 0.9615
0.25 0.0152 0.9528 0.0166 0.9461
0.302 0.0323 0.9377 0.0350 0.9295
0.4 0.0337 0.9054 0.0363 0.8945
0.498 0.0343 0.8717 0.0367 0.8582
0.6 0.0343 0.8374 | 0.0365 0.8215
0.7 0.0338 0.8031 { 0.0358 0.7851
0.8 0.0664 0.7693 | 0.0697 0.7493
1.0 0.0641 0.7029 | 0.0668 0.6796
L 4 0.0608 0.6388 0.0629 0.6128
1.35 0.02%0 0.5780 ! 0.0298 0.5499
1.5 0.0279 0.549%0 0.0286 0.520)
1.6 0.0527 0.5211 0.0536 C.4915
1.8 0.0484 0.4684 0.0487 0.4379
2.0 0.0442 0.4200 0.044) 0.3892
2.2 0.0206 0.3758 0.0204 0.3451
2.3 0.0196 0.3552 0.0193 0.3247
2.4 0.0364 0.3356 0.0356 0.3054
2.6 0.0328 0.2992 0.0319 0, 2698
2.8 0.029% 0.2664 0.0284 0.2379
3.0 0.0503 0.2368 0.0477 0.2095
3.4 0.0310 0.1865 0.02% 0.1618
3.679 0.0413 0. 1555 0.0378 0.1328
4.2 0.0253 0.1142 0.0227 0.09503
4.6 0.0200 0.0889 | 0.0176 0.07233
50 0.0190 0.0689 | 0.0164 0.05473
5.5 0.0740 0.0499 | 0.0118 0.03833
6.065 0.0102 0.0359 | 0.00831 0.02653
6.5 0.00734 0.0257 l 0.00573 0.01822
7.0 0.00527 0.01839 { 0.00394 0.01249
7.5 0.00378 0.01312 0.0027 0.00855
8.0 0.00270 0.00934 i 0.00186 0.00584
8.5 0.00193 0.00664 0.00127 0.00398
9.0 0.00137 0.00471 0.00087 0.002M
9.5 0.00098 0.00334 0.00059 0.00184
10.0 0.00118 0.00236 0.00068 0.00125
n 0.00059 0.00118 0.00021 0.00057
12 0.00030 0.00059 0.00014 0.00026
13 0.00015 0.00029 0.00007 0.00012
4 0.00011 0.00014 0.00004 0.00005
16 0.00003 0.00003 0.00001 0.0000)
18 0.00000 0. 00000 0. 00000 0.00000

For interpolation up to 10 MeV, use the shape function l:'” + exp(-af);
a=0.70 for %¢; a=0.76 for 2%,
(D) gpectrum fraction sbove lower energy bound.
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TABLE X-5. ERROR ESTIMATES FOR 2°2CF and 23°U EVALUATED FISSION SPECTRA

Californium-252 Uranium-235
(Spontaneous Fission) (Thermal-Neutron-Induced Fission)
Error Error
Energy Group lo 20 Group lo 20
Boundaries| Flux ¢-AE (%) (%) Flux ¢-AE (%) (%)
0.0
0.047 13 +26 0.054 16 +32
0.25
0.184 £ 1.1 : 3.3 0.197 + 4.1 + 6.2
0.8
0.220 + 1.8 + 3.6 0.229 + 3.0 + 4.8
1.5
0.194 + 1.0 + 3.1 0.195 s 5 5.2
2.3
0.200 + 2.0 £ 3.0 0.192 + 2.0 + 3.0
3.7
0.146 2. + 4.8 0.127 + 4.8 t+ 8.0
8
0.0087 + 8.5 17 0.0056 + 5.3 11
12
(r.00058) (0.00026)
20
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TABLE X-6(BS). INTEGRAL DETECTOR RESPONSE PARAMETERS (continued)
Spectrum: NBS-Evaluated 2°2Cf Spontaneous Fission Neutron Designation: XCF-5-N]

Entry Date: May, 1978

Cross Sections: ENDF/B-V Dosimetry File (Ref. R25) Revised: March, 1982
f (a) (b) Miln(d
Cross Section Spectrum Response (<)
Detector | a(> E)) Fraction Energy Response Range’
Reaction P
E0a e E(p0.95) oo ) £ (p=0.5) £, (p=0.95) £, (=0.05)
| (barns) (barns) (Mev) (Mev) (Mev)
Helium Production |
08¢n.0) ‘ 0 489 0.468 0.992 1.44 0.078 5.6
bLi(n.a) | 0.468 0.454 0.972 1.5 0.179 6.0
Threshold Reactions |
'S 1ngn,n") L e 0.270 0.641 2.1 1.20 6.2
Tritn.p) | 0.2407 E-) 0.520 £~ 0.440 39 V.92 8.0
Rgn.p) ‘ 0.0760 0.206 0.350 4 2.3 7.9
|
Byitn.p) 0.1138 0.285 0.380 4.2 2.2 7.9
Aeein.p) 8.83 £-2 0.249 0.337 43 2.4 8.0
15tn.p) 1.347 £-2 8.85 £-2 0. 1445 5.9 18 9.9
T avin.p) i 5.14 -3 2.79 £-2 0.1749 6.0 35 9.8
Bt e(n.p) 1.414 E-3 2.79 €-2 0.0482 7.6 5.6 2
83cu(n.e) 0.758 E-3 9.72 £-3 0.074) 7.7 49 12
203 (n.0) 1.059 -3 4.08 E-2 0.0247 8.6 6.6 12
Britn.p) . 0.409 E-3 (099 E-2 0.0354 8.4 6.0 13
Mduimm
3 anin,n*) 0.703 0.849 0.787 2.37 0.75 6.0
Bin.n') | o1s0s ©.220 0.694 2.61 1.02 5.9
1
5O n.p) 3.44 £-3 4.57 £-2 0.0715 7.3 49 "
5Sun(n,2n) 0.440 E-3 0.401 1.084 E-3 13 " 13
dpa 895 1030 0.825 2.65 0.64 6.8
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TABLE X-7(BS).

Spectrum: 252

Spectral Index:

from Table X-6(B5)

Cf Spontaneous Fission Neutron

CALCULATED SPECTRAL INDEXES

Designation:
Entrx Date:

Revised:

Full-Spectrum Cross Sections

(ENDF/B-V Dosimetry File)

[Sa/ﬂ 1calc.

" [oa/oa] calc.

XCF-5-N]
Feb. 1980
March, 1982

B v . s M 5 MR o
aA (0=1.236b)  (0=0.314b) aA (0=1.236b)  (0=0.314b)
Fission Threshold
23%,  1.a50 5.71 M1ncn,n') 0.1472 0.580
235, 1.000 3.941 1itn,p)  0.01947 0.0768
2y 1.540 6.07 BNi(n,p)  0.0921 0.363
e, 0.2537 1.000 MAte(n,p) 0.0714 0.2816
7% 1.0 4.21 %1i(n,p)  0.01089 0.0430
240p,  1.097 4.32 3cun,a) 6.13 E-4  2.417 E-3
He Prod.
Bre(n,p) 1.144 E-3  4.51 E-3
108(n,a) 0.395 1.559 Britn,p) 3.31 E-4  1.304 E-3
SLitn,a) 0.376 1.483 2Thg(n,a) 8.57 E-4  3.38 E-3
Captur e Additions
0 0.0553 0.2178 193n(n,n') 0.569 2.242
2325, o.0725 0. 2560 Nb(n,n') 0.1299 0.511
9% 0.0619 0.2443
o 4.88E-3  0.01923
Bre  1.303E-3  5.29 E-3
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TABLE X-8(B5) CALCULATED SPECTRAL INDEXES TRUNCATED
25 .
spectrum “Cf Spontaneous Fission Neutron Designation XCF
Entry Date Fel
*Truncated Cross Section Revised March,
from TABLE X-6
(ENDF/B-V Dosimet
=
L'a/p Jcalc
18
Uin,f)

2 IR

n,t)

0 a/B ¢ 0.541b
1/; ‘}) “

Thresho

Addit 1ons

]
Hth(m_n')

13
Nb(n.n')

for each 1sotope 1s given in column 5 TABLE X-6




TABLE X-9. OBSERVED INTEGRAL CROSS SECTIONS

spectrum:  2°2Ct Spontaneous Fission Neutrons pimgtien: W
| (W—?'nﬁua; June, 1983
\
‘ (')Crosn Section Median (“Msununt
Reaction Value Response References
| (10" ca?) Energy,
| [so(~V)
Threshold Reactions
| 238y, 1) 126, t2.0% 2.8 R20 (1983), R10, R17, R28
B votn, 1) 1365 + 208 2.1 R20 (1983), R10, R17, R28
| 0, 1337 +2.4% 2.1 R20 (1983)
| 232, 894 10X 3.0 R20 (1981)
| Buw(n,n') 149 . 7% 2.5 R28a (1982)
| "5 1ntnn") 195, o+ 19 2.7 Rl (1979), R3
% itn.p) 194 s 2.5% 3.9 R3 (1975), RI2
Byicn.p) 194 ¢ 1.5% a2 R3 (1975), R12
M e(n.p) .8 2.2 43 R13 (1977), R3, RI2
Syitnp) w2 2% 5.9 R3 (1978), R12
i 63cu(n.a) 0.69 ¢+ 3.0% 7.7 R18 (1981), R19
| Bpe(n.p) 145 2% 7.6 R3 (1975)
| By itnm 0.425 + 2.5% 8.4 R3 (1975), RI12
Tag(n.0) 1.024 2 2.5% 8.6 R3 (1975), R12
h 1 ti
19 pstn ) M4 2% 0.74 Rl (1979), R4
%y(n.1) 1824, 2 1W )75 R20 (1983), R10, R17, R28
240, 1) 1216 & 16X 1.68 R20 (1983), R8, R9, R17, R22
yin. 1) 1893 +2.5% 1.62 R20 (1983)
puin,0) 1616 ' 5.0% 1.63 R20 (1983)

(8)ype total errar includes a consideration of the agreement among |ndependent
measurements when they are available, as well as the error estimate given in
the primary reference.

“)Vuo primary measurement chosen for each reaction is listed first.
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TABLE X-11. OBSERVED SPECTRAL INDEXES
252

Spectrum: [S i:]iaonfac\[:ouf Fissvo.r[ Neutrons Dre‘:igna;:':?: M:§F1978
a/uglobs = oa/of(U23B) ke Revised: June, 1983
Reactions(‘) s::‘-:;:z:::; Spectrﬂ(c)
Interval (MeV) Index
Threshold Reactions (7o)
23 \p(n, 1) /08 0.69 - 1.5 419  + 1.5%
23271 /u8 1.5 = 1.5 0.274 + 2.6%
240p,/u8 0.69 - 1.5 4.10  + 1.6%
51n(n,n' )/u8 1.2 = 1.5 0.598 + 2.8%
1i(n,p)/v8 1.9 - 1.5 0.0595 + 3.2%
Ni(n,p)/u8 2.2 - 1.5 0.366 + 2.1%
4e(n,p)/u8 2.4 - 1.5 0.269 + 3.0%
415 (n,p)/u8 1.8 - 1.5 0.0436 + 3.2%
83¢u(n,a)/u8 4.9 - 1.5 2.14 E-3¢ 3.6%
Bre(n,p)/us 5.6 - 1.5 4.45 E-3+ 3.2%
ri(n,p)/u8 6.0 - 1.5 1.308E-3+ 3.2%
T ag(n,a)/U8 6.6 - 1.5 3.14 E-3+ 3.2%
Non-Threshold Reactions
23%(n, £)/u8 0.29 - 1.5 5.60 + 1.2%
] 23%y(n, 1)/08 0.22 - 1.5 373 ¢ L%
I 233y(n, £)/08 0.23 - 1.5 5.81 +2.1%
21 p(n, £)/u8 0.22 - 1.5 4.96 ¢+ 4.8%
197 pu(n, y) /U8 0.06 - 1.5 0.237 +3.2%

(8)a11 spectral indexes are taken relative to the U238(n,f) reaction labeled "US".

(b)Calcuhud values of E_ are for p = 0.95 for each reaction in the ratio--see
Table X-6(BS). P

(C)Fission detector indexes are from simultaneous measurement of fission rates
from both isotopes and hence show smaller uncertainties because of reduced
neutron from flux errors. Other spectral indexes are formed from independent
cross section measurements listed in Table X-9.
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TABLE X-12(BS). CALCULATED-TO-OBSERVED RATIOS OF SPECTRAL INDEXES - NBS EVAL.

252 gl ’ E=F,
Spectrum: Cf Spontaneous Fission Neutrons Designation: XCF-5-N)
Entry Date. March 1982

Spectral Index: Calculated: ENDF/BV/Table X-7(BS) Revised: .June, 1983
Observed: Table X-1)

Carus :[Sa/UD] cale. /lso/ue] obs °" Cuasq

(b) ERROR (10)
Reaction Calculated- (¢)
( Non-Overlap to-Observed | Observed Calculated
Reactions'®’ Interval (Mev) Values value Value Total
Threshold Reactions
Wo(n, 9.7 - 1.5 0.972 v 15% +0.5% C Ll
us/ 2%, 0.7 - 1.5 0.951 .68 ‘0.5 v
us/$ ¥ 1.6 - 1.8 1.100 . 2.6% + 0% + 268
U8/In(n,n') 1.2 - 1.8 1,031 .2 cox sm
Micnpre 15 - 1.9 1.29 [y . 0.5% I r:
Buinp)s 15 - 2.2 0.992 v 2% s07 Ty
Hrenpyu8 15 - 2.4 1.00 ‘30 ‘0.8 3%
®ricnpive 15 - 38 0.986 Iy R + 368
Scutraie 15 - a9 1129 | s 36%
®renp)6 1.5 - 56 1.013 v 32 v 30 +aax
Bricop)ve 15 - 60 1.000 I F: .
Al(n,a)/u8 1.5 - 6.6 1.07%6 Y v .38
Non-Threshold Reactions
82 %u(n,t) 0.3 - 1.5 low 0.981 - ‘0.8 ‘e
5.7 = 1.2 hig

/2B, t) 0.2 - 1.5 tow 0.946 I . 10% ‘e
5.8 - 7.2 high

8 Bun ) 0.2 - 1.5 low 0.957 s . 0% R
5.5 - 7.2 high

82 unt) 02 -1510w | 0973 cam N cam
5.6 - 7.2 high

UB/Au(n,y) 0.06 - 1.5 low 0.970 v 32 - -
3.0 - 7.2 high

(a)

Spectral indexes are tuken with respect to the lel(u.') reaction labeled "U8"
with the lower energy response detector in the denominator. The cal-ulated-to-
observed ratio for a'(uzn) is 0.960 from Table X-10(B5).

")bn-ovorh”mg energy response interval between the 95% response energy boundary
for each detector. Also see footnote (b) Table X-11. Ffor non-threshold reactions
two non-overlapping energy intervals are listed: The 95% exclusion interval is
labeled “low" and the 5% exclusion interval “high." See Table X-6(85).

“)Enors in the calculated value correspond to mcv fission spectrum uncertainties
only, given in Table X-3, and propagated according to the second term of
Eq. X-8, Sect. 5.a.3. Error in o(U238) calculated is + 0.9% (lo) from
Table X-10(B5); error in the observed value is from Table X-11.
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[IDENTIFICATIONS

NEUTRON FIELD: 23°U FHERMAL-NEUTRON-INDUCED FISSION SPECTRUM

CLASSIFICATION: STANDARD NEUTRON FIELD

DESIGNATION:  XU5-5-N)
NBS evaluation in 1975 of documented differential spectrum
measurements References: F1 (1975) and F2 (1975)

ENTRY DATE: June, 1978 REVISIONS: July, 1983

1.d. GENERIC DESCRIPTIOM

The standard spectrum consists of neutrons from the thermal-neutron-induced

L35U

fission of The median energy of the spectrum is 1.57 MeV with 98% of

the spectrum between 0.1 and 7 MeV Contributions from scattered neutrons and

other backgrounds must be small and well defined if a particular 235U fission

source facility is to qualify as a standard neutron field. Fission neutron
fluxes of up to 2 x lo]on/(cmzs) can be generated in reactor thermal-columns
with spherical cavities Source to detector distances are small in such
arrangements and the pure fission neutron field is restricted to a volume of
one to ten cubic centimeters.

. 235 T
Extensive and well documented measurements exist for the U fission neutron

spectrum and its close relative the ZSZCf fission spectrum. Therefore these
two standard fields are much better known than any other benchmark employed
for reactor dosimetry calibration. In the energy range above 2 MeV many

neutron fields in and around test and power reactors have fission-spectrum-1like

components.




1l.e. FACILITY LOCATIONS:

National Bureau of Standards Research Reactor Institute
Center for Radiation Research Kyoto University
Gaithersburg, Md 20878 Kyoto, Japan

U.S.A.

Contact: Itsuro Kimura

Contact: Dale McGarry and James Grund]
Phone: 301-921-2767

Centre D'Etude De L'Energie Nucléaire
SCK/CEN

BOERETANG 200

B-2400 MOL

Belgium

«Contact: Albert Fabry or Reactor Physics Section
Phone: (011) 32 14 311801

1.f. CONTACT FOR INFORMATION:

James Grundl or Dale McGarry
Center for Radiation Research
National Bureau of Standards
Gaithersburg, Maryland 20878
U.S.A.

Phone: 301-921-2767

2. SUMMARY INFORMATION

2.a. AVAILABLE FISSION NEUTRON EXPOSURES (NBS ONLY)

0 flux intensity ~2 X 1010 n/(cuzs)
0 nominal maximum fluence 1.5 x 1015 n/ca2
0 accuracy of free-field fluence +2.6% (lo)

2.b. CORRECTIONS FOR NEUTRON SCATTERING IN SOURCE AND ENCAPSULATIONS

0 neutron fluence < 2.5%
o reaction rates (595 < 3 MeV) (+0.6 to 0)%
() reaction rates (595 > 3 MeV) (0 to -1.0)%
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3. FACILITY DESCRIPTION

Fission neutron sources in spherical cavities are in operation at two reactor
thermal-column facilities. At SCK/CEN in Belgium a one meter diameter cavity
in graphite provides fission neutron fluxes in an arrangement where low-energy
background components may be established experimentally (F9, F10, F11). At
NBS in the United States a 30-cm diameter spherical cavity generates a higher
fission neutron flux than is available at the SCK/CEN facility, but, because
of the smaller diameter cavity and a less simple source detector geometry,
low-energy backgrounds are more difficult to estimate (F12, F13, F14). At
Kyoto University, a high- and low-power fission plate converter system is
enclosed in a cubical concrete shield with ~2.5 m wall-to-wal| separation
(F15). Only the NBS facility will be described in this compendium.

3.a. CONFIGURATION AND CHARACTERISTICS (F12)

The NBS cavity fission source operates at the center of a 30-cm diameter
spherical cavity in the NBS Research Reactor graphite thermal column. The

2350 metal

source-detector capsule consists of two coaxial source disks of
(16 mm dia x 0.13 mm thk) placed outside a cadmium box that encloses passive
detectors for exposure. The cavity and source-detector arrangement are shown
in Fig X=3. In 1983, the source-detector assembly was reworked so that the
cadmium box and detectors may be removed separately from the fission disks.
The main features of the source detector geometry otherwise are unchanged.
Fission neutron fluxes of ~2 x 1010 n/cnzs are obtained at the midplane
between the source di:ks when they are at a separation distance of 11 mm. For
thin disk-shaped detectors with diameters up to 12 mm, axial flux gradients
are mild: the flux at 1 mm from the midplane is 4% greater than at the

midplane. Center-to-edge flux ratios are more severe--see section 4a.




Fission neutron return for spherical c: ~ < ite s been
extensivelv by means ) n transps cal )y experime
connection vith the general developmer
geometry (
of threshi
walls to the

Uux from the f
the response to the 1"
based on calculatio have been checked experimental Dy mean
chamber traverse n the cavity S 1« urces at EN (F36
important 15 fission neutron s 1Ng the source~detector
alculations are employed fo ' probl nd they p

threshold detectors which ary jetecrLion thresho

number and arrangement of detector : (F12) andat ia

rales are generally between

The NBS fission source wot used generally for low-energy integral detectors
h

because of uncertainty ] the graphite yac ke und he graphite

return correction for )¢ UL  ( { example, s nearly l“"t and

‘)P""\,?“Pl-”"\l) of the 1 ! vity return flux by the fiss disks and by

¥y

i

> s
LS

A ')U activation foll makes this orrection uncertain to within a factor of
about one third The one meter cavity arrangement at SCK s better suited
for an"ennrqy response detectors (F9, FI1(

3.b. IRRADIATION PROCEDURES

Disk detector irradiations are monitored with indium monitor foils placed

between the detectors The neutron fluence in the detector capsule




obtained from the measured In(n,n') activity on the basis of a fluence

szCf irradiation facility. In this

252

transfer calibration carried out at the

procedure, the ratio of the In(n,n') activity obtained in a known cf

fission neutron fluence to that obtained during a cavity fission source

235

irradiation is translated into a U fission neutron fluence at each indium

detector position in the source-detector capsule.

The expressien which aoverns this flux transfer is

(’E ( E) D
Pevy © G, %'5 '_T'E'S 5-31 ' Bet (X-9)

235

where @ = fission neutron fluence and "cvy" denotes the U cavity fission

source and "cf" the 252Cf fission neutron calibration flux.

The ratios on the right side of Eq. X-9 involve the decay correction factors
(G), the In(n,n') truncated reaction cross sections (o), the spectrum fractions
(), and the ratio of Indium detector activity in the cavity to that at the Cf
irradiation facility. (See Sections 5.a. and 5.b. for integral detector
reaction rate formulations.) For indium, the truncated cross section ratio is
1.023 £ 0.010 and the spectrum fraction ratio is 1.027 £ 0.013. Combined with
a typical error of ~20.5 for scattering corrections, +0.6% for detector
response ratios and decay correction factors, and t1.6% for the 2"’sz fission
neutron flux, the flux transfer procedure yields a free-field 2350 cavity

fission neutron flux to an accuracy of £2.5% (lo).
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lsn/cmz may be obtained at the NBS

Fission neutrcn fluences of ~1.5 x 10
facility in 24 hour long irradiations. The small irradiation volume restricts
multiple foil packages that can be irradiated to a diameter of 12 mm and a
thickness of a few millimeters.

3.c. SPECIFICATIONS FOR TRANSPORT CALCULATIONS

Neutron transport calculations are required for two types of corrections: (1)
neutron scattering in the fission source disks and in the source and detector

capsule; and (2) the neutron return flux from the graphite.

The return flux at the cavity center is a calculations problem of general
interest and for this purpose the geometric and physical arrangements of the
cavity will be described. The NBSR graphite thermal column is effectively
infinite for fission neutrons originating in the cavity; its graphite density
is 1.74 gn/cm3, and the cavity is a well formed sphere 29.8 cm in diameter.
The fission source disks may be considered as a point source at the cavity

center.

Scattering in the source-detector capsule is more complex and has been established
on the basis of Monte Carlo calculations (F12). The main scattering components

in these calculations (see Fig. X-3) are the cadmium box (22.5 mm dia., 0.076

mm thick), the source disks (16 mm dia. x 0.13 mm thk), and the foil samples
(typically less than 2 gm). Although the indium flux monitor foils are in the
same geometry as the foil samy'es, they do not correct.y monitor energy-angle
effects for higher threshold detectors The latter effect, along with energy
transfer by inelastic scattering, are the largest uncertainties in detector

response corrections for neutron scattering.
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4. NEUTRON FIELD CHARACTERIZATION

The energy spectra of fission neutrons are very similar for all fissionable
materials and both test and power reactors exhibit fission-specirum-like
components in the MeV energy range. Using the same description as in Part IA,

the 235

U fission neutron flux spectrum may be described in terms of a broad
energy range,

Fission Spectrum Energy Range

lower bound median upper bound
E_(p=0.99) E (p=0.5) E_(p=0.01
o p'P= E(p— E(p—
U 0.08 MeVv 1.57 MeVv 7.2 MeV

and a short multigroup-flux display, ¢(E)AE, as follows:

2350 Fission Spectrum in Seven-Groups
Energy
S 0 0.25 0.8 1.5 2.3 3.7 8 12 MeV
235 (0.054)  0.197 0.229 0.195 0.192 0.127 0.006

Although the neutron spectrum listed is specifically for thermal-neutron-induced
235U fission, the fission spectrum for fast-neutron-induced fission is little
different. The change in median energy is ~0.05 MeV.

4.a. NEUTRON FLUX (see also SECTION 3a.)

The combined source strength for the two fission disks in the NBSR thermal
column cavity is approximately 1 x 1011 n/s. Since this source strength is
difficult to determine accurately, the 2350 fission neutron flux is established
by means of flux transfer from the 2°2Cf fission neutron irradiation facility

as described in section 3.b. The neutron flux intensity at the midplane of
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the source-detector capsule for a source disk separation of 11 mm is 0.13

10 n/cmzs with the

n/cuzs per source neutron corresponding to a flux of ~2 x 10
reactor at full power. The fission neutron flux is minimum at the midpiane
between the two source disks. At 1 mm above or below the midplane, the mean
flux for a 12 mm diameter disk detector is ~4% higher than for the same disk
at the mid plane. Radial variations of the flux are more severe: center-to-
edge flux ratios are 1.2 for 12 mm diameter disks. This gradient does not
require that detector disks be extremely uniform. For example, a radial mass
nonuniformity of 20% distributed linearly in a detector changes the activation
rate by less than 0.5% compared to a uniform mass distribution. Also, the

indium flux monitor included in each irradiation package yields a flux averaged

over the radial variation.

The fission neutron flux is perturbed by a small cavity return contribution,
and also by scattering in fission source disks, in encapsulations, and in the
detector foils. The correction for these effects, based on calculation, is
given as the fractional departure for each detector (usc) from its free-field

activity attributable to both neutron scattering and cavity return:

total s
sesiurea | = |enitielal [y ]
activity y

This scattering correction depends markedly upon reaction threshold because of
energy-angle correlation in the near by materials of the encapsulation.
Components of Hee obtained from detailed Monte-Carlo calculations of the
source detector capsule which include a representative foil stack, are as

follows:
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neutron threshold reaccion rates
flux

E95 = 1.2 MeV E95 = 2.1 MeV 695 = 6.5 MeV
cavity return +1.2% +0.17% <0.1% <0.1%
encapsulations +2.5% +(0.5£0.3)% -(0.240.3)% =(1.3£0.3)%
(incl. source
disks and cd box)
foil stack +1.5% +(0.0 to 0.5)% -(0.4 to 1.0)% -(0.8 to 1.5)%
psc(%): +(0.7 to 1.2)% -(0.6 to 1.2)% -(2 to 3)%

The spread of the foil-stack component of Hsc is associated with foil posi-
tion. It is possible to derive from the Monte-Carlo calculation individual
foil-to-foil sca“tering factors as a function of foil separation. These
correction functions can be applied to a range of foil stack arrangements
beyond the one calculated as long as the foil-to-foil scattering is mainly

first collision. An overall error of $0.6% is assigned to Hge:

It is the small source to detector distance which makes it possible to obtain
pure fission neutron fluxes in small cavities. The cavity return flux at the
cavity center is about 1.2% of the fission neutron flux. This return flux

gives rise to threshold detector responses that are between 0.05% and 0.39% of
the free-field fission neutron response depending upon the reaction threshold.

4.b. NEUTRON SPECTRA

4.b.1. Calculation. Fission neutron spectra are determined most accurately

by laboratory measurement. There is no adequate nuclear theory for confidently

calculating fission neutron spectra without reference to experiment. (See,

however, Ref. F19 and earlier work cited therein.)




4.b.2. Measurements (F2, F1). See Section 4.b.2. in Part 1A of this
ned2

Compendium, Cf Spontaneous Fission Neutron Spectra."

4.b.3. Evaluated Spectrum. The NBS fission spectrum evaluation is

chosen for this compendium because of the consistency of its procedures for

both 735U and 252Cf f.ssion spectra, and because it includes an articulated

s : s 235,
error estimate (F2, F1). Cross section comparisons with the ENDF/B-V 2 U

fission spectrum shape will be given as a suppliement.

The NBS evaluated spectrum is described up to 20 MeV by means of a reference
Maxwellian, M(E), modified by four piecewise continuous linear segments below
6 MeV and one exponential segment above 6 MeV. The reference Maxwellian for
the 235U fission spectrum is,

M(E) = 0.750 JE exp(-1.5€/1.97), E in MeV,

and adjustment functions p(E) are as follows:

Energy Interval (MeV) p25(E)

0.25 .5k =~ 0.15
0.8 0.14c + 0.082
0.8 1.5 + 0.040E - 0.062
1.5 6.0 1+ 0.01E - 0.017
6.0 20 1.043 exp [-0.06(E - 6.0)/1.043]
The evaluated spectrum is given by x(E) = pu(E) - M(E). A 45-group tabulation
of the evaluated 235U fission spectrum is given in Table X-4, Part IA. Group
fluxes for other energy group structures may be derived from this tabulation
with the interpolation recommended in the footnote to the table. Spectrum
uncertainties, given in Table X-5 of Part IA, are based on departures of

subsets of measured data from the final adjusted Maxwellian of the evaluation.

This estimate, carried out in a seven-group structure, includes both lo and 20

errors.




Of the many descriptions employed for the 235U fission spectrum, the most

common is the Watt-function fit chosen for ENDF/B-V in June, 1979:

x(E) = C exp (-E/a) sinh (JbE)

1

a=0.988 MeV'® b 1

2.249 MeV

median energy: Ep(p=0.5) 1.64 MeV

Contemporary time-of-flight data was emphasized in the ENDF/B-V evaluation, as
compared with the NBS evaluation which considered all well-documented data.
Differences between the two evaluated spectra, in terms of calculated spectral

indexes, are shown in Table X-14a(85) and X-14a.1.
5. INTEGRAL DETECTOR RESPONSE

Performing neutron dosimetry measurements with integral detectors requires the
use of benchmark neutron fields for calibrating measurement techniques and for
referencing data interpretation methods. In order to carry out these measure-
ment assurance procedures, and in particular for estimating uncertainties, it
is necessary to distinguish between calculated and measured reaction pro-
babilities and to identify parameters which characterize the energy response
of each detector in the various spectra to which it is exposed. A formulation
which meets these requirements is describad in Secticn 5 of Part IA. In this

section tables of response parame*ers including cross sections, spectral

indexes, and energy response ranges are given for a number of integral detectors.

Measured reaction probabilities are presented in Section 5.b. followed by

comparisons of measured and calculated cross sections in Section 5.c.
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5.a. CALCULATED REACTION PROBABILITIES

(See Section 5.a. in Part IA for reaction probability formulations, param-
eters, and error propagation.)

5.a.1. Spectrum Response Table Basic integral detector response
235

parameters for U fission neutrons are given in Table X-13(B5). The
spectrum-averaged cross sections listed in column 2 are the full-spectrum
averaged values above a cadmium cut-off energy of 0.4 eV and are followed in
column 3 by cross sections truncated at p = 0.95. The energy dependent cross
sections employed are those of the ENDF/B-V dosimetry file reduced to 620
energy groups; spectrum averaging is carried out with the NBS DETAN code. The
spectrum fraction, [¢(>Ep). p=0.95], follows in column 4. Energy response
characteristics, given in the last three columns, are the median response
energy and the energy response range, i.e. the lower- and upper-energy bounds
that include 90% of the detector response. The low-energy bound, Ep(p B
0.95), is the truncation energy corresponding to the truncated cross section

given in column 3.

5.a.2. Spectral Indexes (See Part IA, section 5.a.2 for formulations) A

selected set of spectral indexes calculated for full-spectrum-averaged cross
sections from Table X-13(B5) is given in Table X-14(B5); a corresponding set
for truncated cross sections is in Table X-15. All of these spectral indexes
are for the NBS evaluated fission spectrum shape described in Section 4.b.3.
Tables 14a(B5) and 14.a.1 list spectral indexes for the ENDF/B-V fission
spectrum and a comparison of the two evaluations.

5.b. MEASURED REACTION PROBABILITIES (See Part IA, section 5.b)

The important observed quantities for reactor dosimetry are the ratios of
reaction probabilities among detectors which, according to Eq. X-1 (Part IA),

are proportional to the ratio of spectrum-averaged cross sections. These
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cross section ratios, when they are sensitive to spectrum shape, are called

spectral indexes as discussed in Section 5.a.2 of Part IA. As an observed
quantity it is obtained by putting the measured reaction probability (Eq.

X-10) in place of the calculated value in Eq. X-1 and dividing:

[sm /a]om - [RG/RB]obs . (X-11)

The subscripts a and B refer to the two detector reactions involved.

5.c. MEASURED CROSS SECTIONS AND CALCULATED-TO-OBSERVED RATIOS

For this compendium, the primary integral detector quantities are cross
sections and the spectral indexes taken with respect to the 238U(n,f)
reaction. This index will be denoted Sue/u or Sa/u& depending upon whether
the energy response range of a particular detector is higher or lower than

that of 238U(n,f). Available integral detector data for the 235

U fission
spectrum are to be found in References F1, F10, F15, R24, F11, F13, R9, and
R29. Collections of evaluated measured cross sections may be found in

References R23, and R30, R31, R32.

A new and restricted evaluation of measurements reported before July, 1983,
was performed at NBS for detector reactions considered important for reactor

technology. The evaluation begins with the absolute 235U(n.f) cross section

measured for 252Cf fission neutrons. Since the zasu(n.f) cross section
for zssz and 2350 fission neutrons is the same to within a conservative upper
bound of +0.6%, cross section measurements relative to 235U(n,f) in the 2350

252 235

fission spectrum can be sca.ed to the Cf cross section for U(n,f) with
little additional error. Ratio measurements in the cavity fission source at

SCK/CEN (F10 and R24) have established cross sections relative to zasU(n.f)

for three normalizing reactions: 238U(n.f). In(n,n'), and 58Ni(n,p). Cther
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measurements with cavity fission sources and with fission plates are evaluated
with one of these three reactions taken as the flux monitor. Results are
given in Table X-16 and X-18. The uncertainties are one standard deviation

and include estimates of systematic errors.

Calculated-to-observed ratios of reaction cross sections are listed in Table
X-17(B5) and include comparison with both the NBS evaluated and the ENDF/B-V
fission spectrum shapes. The errors in calculated cross section errors in
correspond to the uncertainties in the fission spectrum (Table X-5) propagated
according to the second term of Eq. X-7 (Part IA, section 5.a). Only

the 47Ti(n.p) reaction shows a calculated-to-observed ratio in excess of 10%.
The standard deviations of eleven C/E ratios in Table X-17(B5) for the NBS
spectrum, excluding ‘7Ti(n,p). are 0.029 about an average ratio of 1.048, and
0.031 about a mean C/E value of 0.955. The standard deviations for the same
ten C/E ratios in the ENDV/B-V spectrum are 0.019 about an average ratio

of 1.029, and 0.031 about a mean value of 0.984.

Calculated-to-observed ratios of spectral indexes, ca/UB' are presented in
Table X-19(B5). The calculated indexes correspond to full-spectrum averaged
cross sections ratios (NBS Evaluat on) from Table X-14(B5). Non-overlapping
energy response intervals for the two detectors involved are given in column 2,
and contributing errors for observed and calculated indexes are listed

separately.
Propagated errors for the calculated indexes assess only the contribution of
spectrum uncertainties listed in Table X-5, Part IA. The propagation recipe

for this partial error is that of Eq. X-8, (Part IA, sect. 5.a.3).
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The cu/UB ratios in Table-X19(B5) validate integral detector measurement
techniques and detector cross sections. The difficulties with the titanium
isotopes, which was so evident with the ENDF/B-IV dosimetry file, are improved

47

except for ' Ti where a 30% discrepancy remains. The discrepancy of CUB/B for

U235 fission is in excess of 5% confirming the similar result obtained with

- 252

th Ci fission;spectrum. Agreement otherwise is within 5% for all

detectors. The standard deviations of ten Ca/U8 ratios (47Ti excluded) in

Table X-19(B5) are 0.016 about an average ratio of 1.034, and 0.038 about a
mean C/E value of 0.996.
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TABLE X~13(B5). [INTEGRAL DETECTOR RESPONSE PARAMETERS (continued)
Spectrum: 2350 Thermal Neutron-Induced Fission Designation: XU5-5-N1
(NBS evaluation, F1, F2)
Entry Date: June, 1978
Cross Sections: ENDF/B-V Dosimetry Fiie (R25)

Revised: March, 1982
(a) ) Mian(c)
Cross Section Spectrum Response ()
Detector o(> E) Fraction Energy Response Range”
Reaction P
ED-CKT ev ep(p-a.m o> ep) Ep(p-O.S) tp(wo.ss) Ep(p=0 05)
(barns) (barns) (Mev) (Mev) (Mev)
Helium Production
Wg(n.a) 0.499 0.478 0.993 1.16 0.066 5.2
SLitn,a) 0.465 0.455 0.971 1.2% 0.167 5.7
Threshold Reactions
W5 (n.n") 0.1734 0.264 0.624 2.6 1.16 5.9
Tritn.m 0.02159 0.0487 0.421 1.8 1.87 7.5
25n.0) 0.0676 0.198 0.324 4.0 2.3 7.4
Bnign,p) 0.1009 0.2645 0.36" : a1 2.1 7.5
|
54 !
Fe(n,p) 0.0778 0.2334 0.317 | 4.2 2.3 7.6
|
1i(n.0) 0.01081 0. 0806 0.1274 ? 5.7 3.8 9.3
pvn.p) 4.121 €-3 2.522 £-2 0.1553 5.8 35 9.3
Bge(n.p) 1.006 €-3 2.486 E-2 | 0.0391 7.3 5.5 1.2
63¢u(n.a) 5.40 -4 7.80 €3 6.58 £-2 7.3 a7 1.1
2510 a) 6.93 -4 1.54 €-2 1.861 E-2 84 6.5 1.9
Brin.0) 2.726 £-4 9.21 €-3 2.813 £-2 8.1 5.9 12.2
Additions®)
10380 (n.n*) 0.682 0.835 0.776 2.3 0.72 5.7
MByw(nn') 0.1543 0.2159 0.679 2.5 0.99 5.6
80hi(n.p) 7.528 £-3 3.99 £-2 0.0603 7.0 4.9 10.4
Sa(n.2n) 0.2016 €-3  0.366 0.523 £-3 12.7 1.1 16
dpa 854 973 0.83 2.5 0.57 6.3
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Footnotes for TABLE X-13(BS5)

a . : " :
( )ThP value given in column 2 is the spectrum averaged cross section above

a cadmium cut-off of 0.4 eV The truncated cross section in column 3
a truncation energy (column 6) above which 95% of the detector response occurs

A spectrum average cross section truncated at energy E‘

o(> E ) = o(E)(E )dE // y(E)dE
g E [ Jt
P

P /

p(E)dE

b i 7 .
( )The fraction of the spectrum above Ep(p 0.95

{

. ) .
The full-spectrum-averaged cross section o(> 0.4 r 95%1s equal to
o(> E) - (O
p
((’)»- ) = 0 C 1R 5 L o (= 50
The fractions p = ( », 0.5, and 0.05 define energies above which 95%, 50%

(median), d 5% of the detector response occurs, respectively _1s defined

by the relation

* )

j o(E)WW(E)ME = p
E

18 MeV
0, , (EX(E)DE =
1/v
0.4 eV
'0ss sections not on the ENDF/BV Dosimetry File
Nb(n,n') is from the IRDF Dosimetry File (R25a)
Rh{n,n') 1s from data reported in Ref. (R26)

dpa, the atom displacement cross section, is from ASTM Standard

Practice E693-79. (R27)




TABLE X-14(BS). CALCULATED SPECTRAL INDEXES--NBS EVAL. FISS. SPEC.

Spectrum: 2350 Thermal-Neutron Induced Fission Designation: XU5-5-N1
I (NBS evaluation, F1, F2)
Entry Date: June, 1978

Spectral Index: Full-Spectrum Cross Sections Revised: March, 1982
from Table X-13(BS)
(ENDF/B-V Posimetry File)

[sa/B]calc. . [oa/ob] caic.

2By(n,t)  Bun, ) 2Byn, 1) 238y(n, 1
a \ i i a\ } -
(5=1.236b) (=0.295b) (3=1.236b) (0=0.295b)
Fission Threshold
3%, 1.5 6.06 510(n,n') 0.1403 0.588
235, 1.000 4.19 1icn,p)  0.01747 0.0733
233, 1.547 6.49 Byi(n,p) 0.0816 0.342
28, 0.2384 1.000 ce(n,p) 0.0630 0.2640
7% 1.070 4.49 %ri(n,p) 8.75 E-3  0.0367
40, 1.07m 4.50 Bre(n,p) 8.14 E-4  3.41 E-3
He Prod. 83cutn,a) 4.37 -4 1.832 E-3
108(n,a) 0.404 1.693 2Tpo(n,a) 5.61 E-4  2.351 E-3
SLi(n,a) 0.376 1.578 ®yinp) 2.21E-4  9.25 E-4
Capture Additions
28, 0.0583 0.245 103gn(n,n') 0.552 2.314
232y, 9.0762 0.320 Brp(n,n') 0.1248 0.523
197,y 0.0656 0.2749 5(n,p)  0.0547 0.229
%o  5.08 E-3 0.0213
Bre  1.385 -3 5.81 E-3
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TABLE X-14a.1. CALCULATED SPECTRAL INDEX RATIO: NBS EVALUATION
VS ENDF/B-V

Spectrum: 2350 Thermal-Neutron-Induced Fission: Designation:

XUS-5-N1
(NBS Eval./ENDF/B-V) XU5-9-E5

Entry Date: March, 1982

Spectral Index: Full-Spectrum Cross Sections Revised:
(ENDF/B~-V Dosimetry File)

[sa/p] B [Sa/a] =

a\p  Punn  Byn,n o\ g Punn  Pnn
Fission Threshold
239, 0.997 1.032 Win(n,n')  0.967 1.001
235 1.000 1.035 Y1itn,p)  0.962 0.996
"y 1.003 1.038 BNi(n,p)  0.960 0.994
e, 0.966 1.000 %e(n,p)  0.960 0.994
B 0.982 1.018 %ri(n,p)  0.971 1.003
He Prod. ®re(n,p) 0.971 1.006
Wg(n,a) 1 018 1.053 83cu(n,a)  0.968 1.002
Sti(n,a) 1.022 1.060 T pg(n,a)  0.965 0.997
®rin,p)  0.970 1.002
Capture
23, 1.026 1.064 Additions
Wiy  1.0% 1.072 103gn(n,n')  0.979 1.013
o 1.018 1.083 Bub(n,n')  0.966 1.000
Bre 1.013 1.051 24(n,p)  0.960 0.991
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235
Spectrum:

(NB
Spectral Index

TABLE X-15(B5).

CALCULATED SPECTRAL INDEXES--TRUNCATED

U Thermal=-Neutron-Induced Fission Neutrons Designation: XU5-5-N1

S Eval., F1, F2)

:  Truncated Cross Sections
from Table X-13(B5), Column 3
(ENDF/B~V Dosimetry File)

[aa(> Ep)/ oB(> Ep)]

[Sm/ﬁil

Ll

J calc.

Entry Date: June, 1978
Revised: March, 1982

calc.

«\3

2381, 1)
o(> Ep) =0.532 b

238
U(n,f)
a\p .
o(> Ep) =0.532 b

Fission

239, ,
2JSU

233u

238,
237Np
240,

Additions
1:mlh(n,n')

93Nb(n,n')

3.38
2.295
3.56
1.000
2.97
2.98

1.570
0.406

Threshold

115In(n.n')
‘7Ti(n,p)
25(n,p)
*Ni(n,p)
54Fe(n.p)
‘STi(n,p)
bte(n,p)
53cu(n,a)

Bri(n,p)

2700 (n,a)

e O © © OO0 © O ©o © o

. 496

. 0915
.372

. 497
.439

. 1515
. 0461
. 01466
.01731
. 0665




TABLE X-16. OBSERVED INTEGRAL CROSS SECTIONS

Spectrum: 235U Thermal-Neutron-Induced Fission Neutrons Designation: XU5
Entry Date: March, 1982
Cross
Median Respornse Section Measurement
Reaction Energy (10-27cm?) Reference
Threshold Reactions

238,(n, 1! 2.68 309+ 2.6% F10, R9, R17, R28
Bvo(n, 0! 1.96 1344+ 4.0% F10, R9, R17, R28
Bnb(n,n') 2.4 168 +9 % R28a, R29a
WSrntn,n")! 2.6 192 & 3.7% F10

ricn,p) 3.8 17.2 +6 % F15

BNi(n,p) 4.1 109+ 2.8% R24, F11, R33
Mte(n,p') a.2 80.5 + 3.5% R24, R33
%1in.p) 5.7 1.5 +7 % F15, R24, R34
83cu(n,a) 7.3 0.58 +7 % R24, F15

2T ng(n,a) 8.4 0.708 + 4.0% R24

Brin,p 8.1 0.271+7 % F15

Non-Threshold Reactions

23%y(n, 0t 1.65 1832+ 3.0% F10, R9, R17, R28
235 (n, 1! 1.57 (1216  +1.7%]  R9, R17, R28

'Iatio measurements with double fission chambers in the SCK/CIN cavity fission
source (1 meter dia. cavity in graphite). The flux monitor was 235y(n,f) for
which the Cf fission spectrum observed value is (1216 t+ 1.6%)mb--see Part IA.
The 235y fission cross section ratio between Cf and 235U fission spectra is
1.000 based on spectrum evaluation (Section 4.b.3). A conservative upper
bound for the error in this ratio is $0.6%.
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TABLE X-17(B5). CALCULATED-TO-OBSERVED RATIOS OF CROSS SECTIONS

Spectrum: 235U Thermal-Neutron-Induced Fission Designation: XUS5-5-N1
(NBS-Evaluated, F1, F2)
Entry Date: March, 1982
Cross Section: ENDF/BV Dosimetry File Revised:
! = ¢
Observed Calculated Calculated-to-Observed
e B s s
REACTION NBS-eval. (3 ENDF /B-V NBS-eval.  ENDV/B-V
fiss. spec. fiss. spec. fiss. spec. fiss. spec.
(Table X-16)  |TABLE X-13(B5) TABLE X-14a(B5)
(mb) (mb) (mb)
Fission
2%yn,f) | 1832 +3.0% | 1786 +0.2% 1791 0.975 + 0.3%  0.978
Byn,nT |r1216 ¢ 1.6%1 1236  +0.2% 123 {1.017 ¢+ 1.8%  1.017]
238yn,f) | 309  +2.6% | 294.7 & 1.5% 305 0.953 + 3.0%  0.988
BTy, f) | 1388 +a.0% | 1322 2 1.08 1347 0.984 + 4.1%  1.002
Threshold
Brb(n,n')| 168 +9 % | 154.3 &+ 1.4% 159.7 10.941 ¢+ 9.1%  0.974
Whinnny| 192 3.7 | 173 & 1.4% 179 0.90 +4.0%  0.93
Yiicnp) | 172 26 % | 216 +2.% 225 |1.26 +6.4%  1.31
Britn,p) | 109. +2.8% | 100 ¢ 2.6% 105 0.93 +3.8% 0.9
Meen,p) | 805  35% | 77.8 & 2.8% 81 0.97 +4.5%  1.006
Wrinp) | 115 7 % | 108 ¢ 3.8% 1.2 |0.94 +8.0%  0.97
83cu(n,a) 0.58 +7 % 0.540 + 3.4% 0.558 [0.93 +7.8% 0.9
2T g (n,a) 0.708 + 4.0% 0.693 + 3.6% 0.719 [0.98 +54%  1.016
Britn.p) 0.271¢7 % 0.273 + 3.3% 0.282 [1.007 ¢+ 7.7%  1.041
235

(a)Errors correspond to U fission spectrum uncertainties given in Table X-5 and
propagated according to the second term of Eq. X-7, Sect. 5 a.3., Part IA.

Tsee footnote, Table X-16.
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TABLE X-18. (OBSERVED SPECTRAL INDEXES

Spectrum: 235U Thermal-Neutron-Induced Fission Neutrons Designation: XU5
Entry Date: May, 1978
S = |lo /o (uzss)] Revised: March, 1982
[G/Ué] obs [ . obs
Roaction(‘) Roaction(b) Spectral(c)
Non-overlap Index Measurement

Interval (MeV) (lo) Reference

Threshold Reactions

237vo(n, £)/08" 0.67 - 1.5 4.35 ¢+ 3.0% F10 (1975) ‘
W 1nn,n'ysus' 1.2 - 15 0.620 + 3.1% F10 (1975)
415(n,p)/ue* 1.9 - 1.5 0.0557 +6 % F15 (1976)
BNi(a,p)/u8 2.1 - 1.5 0.353 4 3.8% R33 (1982), R24
Me(n,p)/u8 2.5 - 1.5 0.261 + 4.4% R33 (1982), R24
%11 (n,p)/u8* 3.8 - 1.5 0.0373 +7 % F15 (1976)
83¢u(n,a)/u8 47 - 1.5 1.886-3 + 8 % R24 (1975), F15
88y (n,p)/us* 5.9 - 1.5 0.88-3 ¢+ 7 % F15 (1976)
279 (n,a)/U8 6.5 - 1.5 2.29€-3 + 4.8% R24 (1975), R22
Non-Threshold Reactions
239, fy/us’ 0.26 - 1.5 5.93 & 2.2% F10 (1957)
238y(n, £)/us’ 0.20 - 1.5 3.94 & 2.0% F10 (1975)
\
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Footnotes for TABLE X-18

(‘)All spectral indexes are taken relative to the U238(n,f) reaction labeled
"us".

(b)Non-overlapping energy response interval between the 95% response energy
boundary for each detector. See Table X-13(B5) and footnote (b) on Table
X-9.

(C)Indexes for independent cross sectiun measurements are obtained from

Table X-16.

TRatio measurements obtained with double fission chamber at the SCK/CEN cavity
fission source (1 m diameter cavity in graphite).

235

*Titanium cross sections cbtained with a thermal-beam driven U converter.

Data renormalized to G(In(n,;')\ = 192+3.7%.
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TABLE x-19(B5). CALCULATED-TO-OBSERVED RATIOS OF SPECTRAL INDEXES - NBS EVAL

spectrum:  23% Thermal-Neutron-Induced Fission Designation: XUS-5NI
(NBS evaluation, F1, F2)

Entry Date: May, 1978

Spectral Index: Calculated: Table X-14(B5) Revised: March, 1982
Observed: Table Xx-18

€= |S [s or €
a/U8 [ a/Ul]c"c'/ G/UOJ e U8/a
lucuon“) luction(b) Calculated~ ERRORS (lo)
Non-overlap To-Observed ()
Interval (MeV) Values Observed Calculated Total
value Value
Threshold Reactions
UB/Np(n, f) 0.7 - 1.5 0.969 +3.0% + 10% + 3%
u8/In(n,n') 1.2-15 1.054 318 + 03 + 3%
1itn.0) /08 1.5 - 1.9 1.32 +6 % + 1.1% 6. 1%
Byi(n,p)/u8 1.5- 2.1 0.969 + 38 L 1% + 4%
e e(n.p)/u8 1.5+ 2.5 1.011 ¢ 48 K + 48
461i(n.p)/ue 1.5 1.8 0.984 +7 % - .
63cu(n,a)/u8 1.8 - 4.2 0.974 + B % . .
8¢ i(n.0)/u8 1.5 - 5.9 1.051 7 % +2.8% +7.5%
2 g (n )08 1.5 - 6.5 1.027 + 48 L 2.8% $ 5. 5%
Non-Threshold Reactions
w823 %u(n, 1) 0.3 1.5 low 0.979 + 2. +1.4% + 2.6%
5.2 - 6.7 high
ve/2(n. 1) 0.2+ 1.5 low 0.940 +2.0% s 1% + 2.6%
5.2 - 6.7 high

(')Snctul indexes are taken with respect to the #3%y(n f) reaction labeled “U8"
with the lower energy response detector in the denominator. The calculated-to-
observed ratio for o (U238) is 0.953 (NBS-eval.) from Table X-17(85).

“’M-onrlcumg mr? response interval between the 95% response energy boundary
for each detector. For non-threshold reactions, two non-overlapping energy
intervals are listed: The 95% exclusion interval is labeled “low” and the 5%
exclusion interval "high". See Table X-13.

(€dgrrors in the calculated spectral indexes are for #3% fission spectrum uncertain-
ties oniy as given in Table X-5 and propagated according to the second term of Eq.
X-8, Part IA, sect. 5.2 3. The error in e,(u:m) calculated is £1.5% from Table
X=17(85)
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FIGURE X-3.

NBS CAVITY FISSION SOURCE
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LRy = 2 2 TE &
»
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NBS cavity fission source and detector assembly for fission
neutron irradiations in the NBS reactor thermal column. Two
source disks of 16 mm diameter are mounted in a capsule at a
separation distance of 11 mm.
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