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LEGAL NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the Commission, nor any person
acting on behalf of the Commaission:

A, Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the in-
formation contained 1n this report, or that the use of any information,
apparatus, method, or process disclo-ed in this report may not in-
fringe privately owned rights, or

B. Assumes any liabilities with respect to the use of or for damages
resulting from the use of any information apparatus, method, or proc-
ess disclosed in this report.

As used 1n the above, ''person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee
of such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates,
or provides access to, any information pursuant to his employment or
contract with the Commzission, or his employment with such contractor,
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FOREWORD

This report 1s submitted by the Nuclear Division of the Martin Marietta Corporation,
in support of United States Atomic Energy Commission contract AT(30-1)-3607., This
volume and Appendix C (MND-3607-173-1) constitute the final report for Item 1 (e) of
the experimental safety program for SNAP 19, dated January 1966,

For convenience, Appendix C which contains Confidential Restricted Data informa-
tion has been placed in a separate volume,
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SUMMARY

The objective of the SNAP 19 Radiation Measurements Program was to determine
the energy distribution and absolute magnitude of the neutron and gamma radiation
emitted from SNAP 19 fuel capsules and assembled generator subsystems, A further
objective was to apply the data obtained to determine the source of neutrons in the fuel
capsule. The task included assembling and checking out instrumentation, evaluating
the spectrometer system against a known neutron source, measuring SNAP 19 Sub-
system S/N 4, providing analytical support for the measurements and determining the
source of neutrons in the fuel capsule,

The stilbene neutron detecting system employed in the spectrometer measures the
amplitude of light pulses produced by recoil protons resulting from neutron elastic
scattering within the stilbene crystal, The light pulse data are reduced to neutron
spectrum by means of a data reduction computer code. Since the stilbene crystal
also responds to recoil electrons from Compton scattering of photons, a discriminating
circuit was incorporated within the spectrometer to pass essentially only the neutron
pulses,

The spectrometer consists of a scintillation counter employing a stilbene crystal
detector, a preamplifier section, a discriminator section and a 256-channel analyzer,
The preamplifier section of the system makes use of space charge effects in the photo-
amplifier tube to discriminate against gammas. Under this space charge saturation
condition, the last dynode (which is driven negative by all pulses) remains negative
for several microseconds in response to a pulse from a recoil electron resulting from
an incident gamma, A recoil proton from an incident neutron will produce a pulse which
goes positive in less than a microsecond, This positive-going pulse is shaped in the
discriminator to provide a gating pulse which triggers the analyzer so that only neutron-
produced pulses are counted by the amplifier,

The spectrometer was calibrated to establish the proper high voltage to be applied
to the photomultiplier tube. To cover the energy range of about 0.5 to 12,5 Mev, two
measurements at high voltage settings of 1535 and 1650 volts were required. The system
was found to be sensitive to the count rate., Calibration showed that the gross count
rate (neutron plus gamma) had to be restricted to the range between 1000 and 8000
counts /sec,

For routine calibration to establish reproducible data, the system was calibrated
against the Compton recoil spectra from cesium-137, sodium-22 and manganese-54,
This was accomplished by adjusting the gain of the linear amplifier so that the midpoint
of the Compton edge always fell in the same channel for each of the gamma sources.

Measurements were made to evaluate the response of the spectrometer system.
These measurements included: determination of appropriate range of gross count rate,
evaluation of system reproducibility, determination of the effects of scattering on
measurements, evaluation of the effects of crystal orientation with respect to the in-
cident neutrons and determination of the ability of the system to spectral change through
a hydrogenous shield material,

Absolute normalization of the system to determine absolute count rate from the
measured spectral data was established. Calculational techniques were verified by
comparing results for a fission source. The Martin Marietta Pu-Be source (M-740)
was normalized by determining the neutron emission of the source using the activation
of gold foils through various thicknesses of water and comparing with analytically
determined thermal neutron flux, Measurements of the neutron spectrum from the Pu-
Be source were made in air and through water. This normalization process verified
that the stilbene system provides an accurate, reliable means of determining absolute
dose rates as well as a relative neutron spectrum,
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Neutron measurements were performed on SNAP 19 Subsystem S/N 4 at six spatial
locations. The experimental and analytical dose rates at these locations are presented
in the following table.

Comparison of Measured and Calculated Dose Rates

Distance from
Dose Subsystem Center  Measured Calculated

Point {in.) (mrem/hr) (mrem/hr)

Axial
1?.23_ 662 826

2 15,8 411 512

15° off midplane

3 12,7 491 517
Radial
13.1 486 451
17.1 315 282
29,1 129 104

The gamma spectrum was measured on the SNAP 19 subsystem midplane, 29 inches
from the subsystem axis. The measured spectrum compares favorably with the spectrum
measured by Mound Research Corporation on System No. 6 capsules, Gamma dose rate
data were not obtained.

The program demonstrated that neutron dose rate data obtained experimentally,
analytically and using Health Physics techniques were in substantial agreement, and
that the stilbene system provides an accurate, reliable means of determining relative
neutron spectrum and absolute dose rates.
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I. INTRODUCTION

The objective of the SNAP 19 Radiation Measurements Program, Subtask 10,1 of
the SNAP 19 Experimental Safety Program, was to determine the energy distribution
and absolute magnitude of the neutron and gamma radiation emitted from all SNAP 19
fuel capsules and assembled generator subsystems. A further objective was to apply
the data obtained to determine the source of neutrons in the fuel capsule. The require-
ments for the program are defined in Ref., 1. Limitations imposed by the SNAP 19
program schedule confined the measurements to an evaluation of SNAP 19 Subsystem
S/N 4 only. However, all background studies, preliminary measurements and data
evaluation were pursued as defined in Ref, 1.

Efforts during the task included assembling the necessary instrumentation, checking
out the measurement system and techniques against a neutron source of known strength
and energy, measuring the neutron and gamma spectra and fluxes of the fueled sub-
system, providing analytical support for the measurements, determining the source of
neutrons in the fuel capsule, and proving analytical techniques for calculating potential
shield requirements applicable to the subsystem integration process.

This report documents the background and the efforts pursued during this program.
The report is divided into seven chapters, with general content as follows:

Chapter I Introduction

Chapter II  Discusses the theory of neutron spectrum determination using a
stilbene crystal detection system.,

Chapter III Describes the electronics, calibration and operation of the
neutron spectrometer.

Chapter IV  Discusses preliminary measurements performed to evaluate
system response; describes the method of obtaining absolute
normalization; and discusses measurements made to establish
the absolute normalization.

Chapter V' Describes the neutron spectrum and dose rate measurements
and presents the data obtained,

Chapter VI Discusses gamma measurement techniques, and gamma
spectrum measurements and dose evaluation.

Chapter VII Presents conclusions,
Analysis to determine the source of neutrons from a SNAP 19 fuel capsule is

presented in Appendix C. This analysis is reported separately in a classified supple-
ment (MND-3607-173-1) to this report,
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II. SPECTROMETER THEORY

The stilbene neutron detecting system is basically a device for measuring the
amplitude of the light pulses produced by proton recoil resulting from neutron elastic
scattering in a hydrogeneous system. The heart of the system is a stilbene crystal
which provides the hydrogeneous medium, Extensive analysis and experimentation
have been performed for such systems (see, for example, Refs. 2 through 9). This
section presents a brief description of some of the aspects of the data reduction tech-
nique used to translate the scintillation count rate data to an energy-dependent neutron
flux spectrum,

The relation between the observed pulse height spectrum and the neutron spectrum
takes its simplest form if the crystal is of such proportions to minimize the probability
of neutron second scattering and escape of recoil protons from the crystal. In the
absence of these effects, the differential proton spectrum produced by an incident
neutron spectrum is

dNp, ; dN_ dE_
&, " MY S E) gE B {&-n
P E n n
P
where

E = neutron energy (Mev)

Ep = proton energy (Mev)

dNP/dEP = number of protons per unit proton energy (Mev_l)

dNn/dEn = number of neutrons per unit area per unit neutron energy interval
incident on the crystal (cm-2 Mev_l)

o] = hydrogen scattering cross section (sz)

th = number of hydrogen atoms in the crystal (product of the hydrogen

3

atom density per unit volume Nn (cm °) and the crystal volume

A% (cm3)
The integratfion is necessary since, in neutron-proton scattering, a proton of energy,
EP’ may be produced by any neutron whose energy is greater than EP‘ An expression

for the neutron spectrum is obtained by differentiating and solving Eq. II-1, Hence,

aN E a®N
B e (11-2)
dE N, Vo

n h dEP

En EP
The actual measurement is of the number of protons per unit pulse height, dNP/dL

(Mev_l). In terms of this quantity, the neutron spectrum is
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N, B, [ dL  d <_dg ﬂz)]
dEn NhVO'(En) dEP dL dEP dL E

2
. E (dL >2 aNp N dzL:| 11-3)
N Vo(E) |[\dEp) 42 Y

:EP

n

Here, L = f(EP) is the response {nonlinear for stilbene) of the scintillation crystal

to protons (Mev).

A computer program for the numerical solution of Eq. II-3 was obtained from
Mound Research Corporation (MRC), This program, as-received, was coded for the
IBM 1620, Modifications to this program were minimal; a subroutine for the correc-
tion of raw data for low energy channels was removed (this correction applied only
to the MRC system) and modifications necessary to adapt the program to the Martin
Marietta IBM 7094 or IBM 360 system were made. No changes were made in the
theory and equations of the code. A description of this program and list of the
FORTRAN IV source deck are given in Appendix A,

The data reduction technique is essentially the same as that used by McN., Wasson
(Ref. 9). The normalization of this technique is such that calculated spectral values
are of the correct magnitude. Thus, the stilbene system and the associated data re-
duction will yield not only the spectral shape but also the absolute magnitudes of the
time-integrated differential flux over the applicable energy range. An assumption is
made in the normalization that neutrons are incident only on the broad (flat) face of
the cylindrical crystal., For this reason measurements are made with the stilbene
crystal axis directed at the source. This is a reasonable approximation for relatively
small sources, However, appreciable amounts of scattering material, such as test
cell walls or structural material, could introduce a significant number of scattered
neutrons which would perturb both the shape and magnitude of the spectral measure-
ment,

The stilbene crystal also responds to recoil electrons from Compton scattering
of photons. Included in the system are gamma discriminating circuits. The purpose
of this device is to eliminate light pulses due to gammas from the recorded count.
An assumption in the data reduction technique is that all recorded pulses are due to
neutron scattering events.

Corrections are made for wall effect (protons which lose only part of their energy
before escaping the crystal) and for neutron second scattering, Rigorous analysis of
these effects is obviously very complex, Uncertainty related to these geometry-
dependent corrections can be minimized by selection of the proper crystal size. A
relationship has been derived which relates the minimum correction to the crystal
thickness (Ref. 8) for a cylindrical crystal geometry in which the radius equals the
thickness. This relationship is, however, energy-dependent. For measurement of
mono-energetic neutron sources, a crystal size could be selected which would mini-
mize uncertainty due to wall effect and second scattering., Optimum crystal sizes for
a cylindrical crystal, as reported by Broek and Anderson (Ref, 8), are as follows:

Neutron Optimum Crystal Thickness
Energy (Mev) or Radius (cm)
1 0. 14
2 0. 28
5 0.78
10 1.8

MND-3607-173
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For the measurement of continuous spectra, these considerations imply that crystal
size should be chosen at the expected mid-range energy or at energies where error
is to be minimized. The system employed in this program, and described in Chapter
III, used a cylindrical crystal for which the radius, R, is equal to the thickness, 7 ,
of 0,5 centimeter. This crystal appears to be a reasonable choice for measurement
of continuous spectra over the range of 1 to 10 Mev,

The light response of stilbene to protons is nonlinear, Ideally, the response for
a particular system could be measured utilizing a series of mono-energetic neutron
sources which span the energy range over which spectral measurements are to be
made to determine the response for each neutron energy. This procedure is far from
practical, however, and limited experimental data have been used to construct the
empirical form assumed for all analyses reported herein. The assumed relationship
for the light pulse, L, (in Mev energy units) and the proton energy, Ep, (Mev) is

_ 1,342 _
Lp =0.192 Ep (II-4)

Greatest uncertainty in this relationship occurs for low energies.

Energy calibration of the detector systems is accomplished by using single line
energy gamma sources. Crystal response to recoil electrons from gamma Compton
scattering is linear. The energy at which the Compton edge occurs, EC’ {(Mev) for

a gammma line emission energy Ey, is (Mev):

0.51 E
E.=E Y

C v 0.51 +2 EY (II-5)

Measurement of the energy spectrum from a gamma source provides the basis for
assignment of energy to a channel by observing at which channel, HC’ the Compton

edge occurs. Electron equivalent energy, L (Mev), for Channel H is then
L.=aH+b (I1-6)

where the constants a and b are evaluated from Eq. (II-5) using two separate gamma
energies, E7 and Ey . For two gamma source measurements of Compton edge
1 2
energies, EC and EC occurring in channels HC
1 2 1
are evaluated to yield:

and HC , the constants in Eq, (II-6)
2

E -E

__C_Ziﬁi‘H )+ E (I1-7)
Lg—= G
C C
2 1
The zero energy channel, Hb’ is, according to Eq. (II-7),
H - H
i Co Ci )\ E. +m. (11-8)
H = -|le=—%—"— C C
b EC EC 1 1
2 1
Equation (II-7) in terms of Hb becomes
H-H
1= b EC (II1-9)
H . - H 1
C b
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Hb’ referred to in Ref. 8 as a back bias, is a necessary input to the data reduction

program (Appendix A).

The known electron energy equivalence (Eq II-9) and the proton-light responze

function (Eq II-4) are used to determine the relationship between neutron energy En

(Mev) and channel number as

1 1
1,342 H-H 1,342
E - [—L—} - [ 1 b g ] (II-10)
n C1

0.192 0.192 HC-Hb

Examination of the nonlinear dependence on channel number as expressed in Eq.
(II-10) demonstrates the necessity of very accurate gamma calibration. Small un-
certainties in determination of the Compton edge channel, HC, and the electron zero

energy channel, Hb’ can cause great uncertainty in the calculated neutron energy, En’

This is particularly true at high neutron energies. For this reason, the experimental
procedure used with the Martin Marietta stilbene system calls for frequent gamma
calibration with two gamma sources representing two different line energies,

The nonlinear energy dependence also necessitates two measurements at two
different gamma settings to accurately determine a continuous spectrum which spans
energies in the Mev range, For the Martin Marietta system, two different gamma
energy settings are used. In terms of cesium-137 (EC = 0.478 Mev), the system is

adjusted for the following settings:

H

C Approximate Energy Range
Approximate Location of where Neutron Results
Setting Cs-137 Compton Edge are Valid (Mev)
1 110 to 120 1.0 to 3.0
2 15 to 20 >3.0

Two neutron measurements are then made for these two sections. The selection of
the changeover energy of 3,0 Mev is somewhat arbitrary. This energy cutoff is only
approximate and a judgment must be made as to which data are to be accepted. Nor-
mally, in the energy region where the results overlap, variation in the two sets of
data is within 20% so that error in the overall measurement is relatively small,

MND-3607-173
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III. SPECTROMETRY SYSTEM

A. ELECTRONIC EQUIPMENT

Measurements of neutron spectrum and absolute dose rate were made with the
neutron spectrometer shown in Fig, III-1., The block diagram in Fig, III[-2 shows
that the spectrometer consists of a scintillation counter employing a stilbene crystal
detector, a preamplifier section, a discriminator section and a 256-channel analyzer,
The circuit employed in the preamplifier and discriminator sections is shown in
Fig, III-3. This circuit is based on the electronic circuit described in Ref, 4,

Although organic scintillators have a very high efficiency for detection of fast
neutrons, one limitation in their use as spectrometers in the past had been their
high sensitivity to gammas and the resulting high gamma background (Ref. 8). The
circuit in this system makes use of space charge effects in the photomultiplier tube
to discriminate against the gammas, By maintaining the potential on Dynode 14 only
a few volts below that on the anode, a space-charge saturation condition is set up.
Under this condition, the last dynode is driven negative during the initial fast com-
ponent part of all pulses. For a pulse from a recoil electron (due to an incident
gamma), the last dynode will remain negative for several microseconds, A recoil
proton {(due to an incident neutron) will produce a pulse which goes positive in less
than a microsecond. This positive-going pulse is shaped in the discriminator to
provide a gating pulse, All pulses are picked off from Dynode 11, amplified and fed
into the multichannel analyzer. The gating pulse triggers the analyzer so that only
the pulses produced from incident neutrons are counted by the analyzer,

B. SPECTROMETER CALIBRATION

In the calibration of the neutron spectrometer, measurements were made to
establish the proper high voltage to be applied to the photomultiplier tube and the ap-
propriate potential difference between the anode and Dynode 14 for providing space-
charge saturation. The effects of temperature on the electronic equipment were in-
vestigated. Daily routine calibration procedures were established,

Initially, the photomultiplier was operated at 1550 and 1700 volts with_the voltage
between the anode and last dynode adjusted so the positive excursions of the neutron
pulses reached about 3. 0 volts maximum to produce conditions of space-charge limi-
tation of the current for the majority of pulses of interest. At 1550 volts, the neutron
full-scale energy was 12.5 Mev, but resolution lower than about 1.5 Mev could not be
achieved. At 1700 volts, the neutron full-scale energy was 3.5 Mev, and the lower
limit was about 0. 5 Mev. The neutron full-scale energy for each of the high-voltage
settings could actually be varied by changing the electronic gain so that the midpoint
of the drop off in the Compton recoil spectra from the gamma calibration sources
falls into a different analyzer channel,

With the two high-voltage settings, a neutron energy range of about 0.5 to 12.5
Mev was achieved, These particular voltages, 1550 and 1700 volts, were chosen
after measurements were made at several voltages to determine where optimum con-
ditions for practical neutron detection with the maximum amount of gamma ray dis-
crimination existed. During the period between the preliminary measurements with
the spectrometry system and the measurements on the SNAP 19 No. 4 subsystem, the
spectrometer was shut down for approximately six months. On startup it was found
that a slight calibration change had taken place. As a result, all subsequent cali-
bration measurements and measurements on the generator subsystem were made with
high voltage settings of 1535 and 1650 volts. This permitted the system to cover the
same energy range as achieved previously; that is, from about 0.5 to 12, 5 Mev.

MND-3607-173
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The observed neutron spectrum is influenced by the total count rate to which the
spectrometer is exposed, This combined neutron and gamma count rate is measured
on the scaler shown in Fig. II[-2. Based on the measurements described in Chapter
IV-A, it was determined that at count rates above approximately 8000 counts/sec the
spectrum became erratic., Based on this evaluation, measurements throughout the
program were made with the system set up to limit the count rate to the range between
1000 and 8000 counts/sec.

The neutron spectrometer system was found tc be extremely sensitive to tempera-
ture. There was no temperature problem as long as the spectrometer was operating
in a room where the temperature was fixed, preferably below 70° F. The problem
was caused by the address storage current in the computer of the multichannel analyzer.
This current could be set to operate at a given temperature, but slight changes in
temperature (greater than + 5° F) caused it to vary. When the current varied, it
caused the wrong number of counts to be randomly placed in different channels of the
analyzer, Because of statistical variations in the output from the analyzer, it was
not certain whether variations were real or false., Close control on the room tempera-
ture eliminated this uncertainty.

Output data from the spectrometer are in the form of integral spectra and are
printed out on paper tape as relative number of counts per channel. These data
(number of counts per channel) are actually the pulse height spectrum produced by
the recoil protons originating in the stilbene crystal. Analysis of these data to
yield the incident neutron energy distribution was performed using the techniques
described in Chapter IL.

C. CALIBRATION USING COMPTON EDGES

To establish the energy range of the neutron spectrometer at various photomultiplier
high voltage settings, calibration was performed using the Compton recoil spectra of
the gamma rays from cesium-137, sodium-22 and manganese-54. The response of
the stilbene crystal to electrons is linear, but to protons it is nonlinear, The computer
program has a neutron energy scale correction factor for this nonlinearity, but the
program must have the neutron full-scale energy, Emax ,as a reference, The neutron

full-scale energy was determined (using the analyzer channel in which the midpoint of
the dropoff in the Compton recoil spectrum from the gamma source is located) through

the expression:
0,7452

255.5 EC
Eax T {0,192 (H_ - &) (-1
[¢ b
where
Emax = neutron full scale energy (Mev)
Hc = analyzer channel where the midpoint of the Compton edge is located
Hb = gamma zero energy channel
E, = energy of the midpoint of the Compton edge (Mev)

For Cs-137, Na-22 and Mn-54, the values of EC are 0,478, 0.341 and 0, 64 Mev,

respectively, This method is also used as the daily routine calibration check on the
spectrometer to correct for drift or changes in gain of the electronic equipment,
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IV, DETERMINATION OF SPECTROMETER CHARACTERISTICS

A, INITIAL RESPONSE MEASUREMENTS

Several neutron experiments involving the stilbene detector system and the
Martin Marietta plutonium-beryllium neutron source (M~740) were conducted.

The experiments were devised to demonstrate the characteristics of the Martin
Marietta stilbene detector system and to verify that this system can duplicate results
obtained from extensive prior experimentation and analysis of stilbene neutron spectros-
copy. The purpose and description of each experiment is given in Table IV-1 along with
a figure number reference showing the results, The neutron spectra shown in Figs.
IV-1 through IV-11 were derived from the experimental data by use of the data reduc-
tion code obtained from Mound Research Corporation (Appendix A).

A spectral measurement involves two experimental measurements at different
high voltages and instrument settings to obtain the low energy spectrum (less than
3.2 Mev) and the high energy spectrum (greater than 3.2 Mev). The selection of the
3.2 Mev cutoff was arbitrary but it appears to be a very reasonable choice. Actual
measurements overlap as indicated by the data points on Figs. IV-1 through IV-11,
In these figures, the symbol O is used for high energy measurements and the symbol
A is used for low energy measurements., All spectral measurements have been
normalized to approximately the same area under the curve., Linkage of the low and
high energy spectra have been made by adjusting the absolute neutron flux from the
low energy result to the absolute flux of the high energy measurements at the single
energy point of 3.25 Mev, (This point is the approximate location of a maximum in
the Pu-Be spectrum,) The adjustment factor varied from 0.91 to 1.12, correspond-
ing to an uncertainty range of -9 to +12%. This uncertainty appears to be mainly due
to the channel groupings selected for the reduction code analysis. Statistical un-
certainty for these channel groupings was within + 8% and + 5% for the low and high energy
measurements, respectively, with corresponding group widths of 12 and 8 channels.
A somewhat more appropriate linking of high and low energy results would have been
to match the peak in the vicinity of 3.2 Mev rather than to match at a single point.
This procedure would, however, involve extensive re-analysis to adjust energy values
of one or both low and high energy results.

A comparison of results for the various experiments was performed. The in-
dicated results and conclusions follow.

1. Count Rate Determination

The results for fast neutrons (> 3.0 Mev) of the various count rates have been
replotted on Fig. IV-12, Only very minor variations can be expected due to the
manner of normalization and results do not lie within the computed statistical ac-
curacy, However, with the exception of the results for the highest gross count rate
of 8000 cps (the dotted line in Fig. IV-12) and the behavior about the peak near 10 Mev,
all results are within +30% of a median spectrum which may be constructed by draw -
ing a line through the midpoint of the band.

Two factors may significantly influence the results and account for most of the
variation:

(1) The reported analysis was performed using a constant channel grouping of
8 channels. This channel grouping was chosen because the computed
statistical uncertainty was small, Results obtained with larger groupings
tend toward more consistent results. However, larger groupings also
tend to smooth results and may result in omission of physically signifi-
cant details of the spectrum.

MND-3607-173
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Experiment

Detector count rate

Reproducibility

Attenuation

Scattering

Crystal Orientation

TABLE IV-1

Neutron Experiment Description

Purpose

To determine variation in spectral
and total flux measurements at
various count rates (and correspond-
ing distances).

To determine extent to which given
measurement could be reproduced.

To determine ability of stilbene
system to measure spectral change
and magmtude of flux resulting from
hydrogeneous shield material.

To determine extent, if any, to which
neutrons scattered from facility walls
and support equipment influence
measurements,

To determine reproducibility of
spectral shape and differences in
absolute count rate at differing
stilbene crystal orientation with
respect to source,

Description

Measurements of Pu-Be neutrons were made over a range
spanning the anticipated count rates for the SNAP 19
capsules and generators. Gross count rates (neutron and
gamma) for high energy measurements ranged from 100
to 8000 cps. Results are-

Gross Count Rate (cps)

Neutrons
>3,2 Mev <3.2Mev Fig. No
100 -- -1
250 -- V-2
1150 1600 IV-3
1700 2400 V-4
3800 -- V-5
8000 -- IV-6

Repeat measurement was made after time lapse of ap-
proximately a week, during which instruments were re-
adjusted for high and low energy measurements several
times. Instruments were reset at original settings and
counting times were approximately same (within 10% of
original counting time),

Counting Time

(min) Gross Count Rate Fig.

Measurement (high) (low) (cps) No,
Origmal 100 200 1700, 2400 V-4
Repeat 90 210 1700, 2400 V-7

For fixed source-detector separation distance of 6.5 1n.,

3 measurements were made with bare source, 3-in. slab
of paraffin between source and detector, and two 3-in. slabs
of paraffin., Slab dimensions were large (12 x 14 1n.),
Source and detector size and separation distance effectively
simulated semi-infimite slab when placed perpendicular to
source detector line.

Configuration Fig, No.

Bare source V-7
3 1n. paraffin V-8
6 1n, paraffin V-9

Two measurements were made of neutrons through paraffin,
one with slab 6 in. thick (see attenuation experiment) and
one a 6-in. thick block shield. Block shield had lateral
dimensions sufficiently small (2 x 4 1n,) to attenuate only
direct neutrons and neutrons reaching detector after rel-
atively small angle scatter. Both measurements were
made with fixed source-detector separation distance of

6.5 1n.

Configuration Fig, No,

Slab shield V-9
Block shield IvV-10

Two measurements were made at fixed source detector
separation of 6.3 1in. Crystal orientations with respect

to source detector line were alternately flat (top of
cylindrical crystal directed toward source) and curved
(curved cylindrical surface of crystal directed toward
source). Nominal mode of measurement 1s flat orientation.

Crystal Orientation Fig, No,

Flat V-7
Curved v-11

MND-3607-173
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(2) Uncertainty in the assignment of neutron energy to channels may lead to
large variations in energy regions where the flux shows greatest variations,
This consideration 1s particularly important for high neutron energies
since the relationship 1s nonlinear. An uncertainty of 0.3 Mev at a neutron
energy of 1.4 Mev corresponds to an uncertainty of 2.5 Mev at an energy
of 10,9 Mev. Evidence of this type of variation 1s shown on Fig, IV-12 in
the intervals of 6, 6.5 Mev and 8.5, 9.5 Mev,

Consideration (2) indicates the importance of energy considerations. A standard
procedure includes the use of two standard line gamma sources, Cs-137 and Na-22,
to more definitely ascertain the gamma energy relationships used in assigning neutron
energiles.

Results for the highest count rate show some apparently erratic behavior when
compared to the other results. Some of this variation may be due to the extreme
closeness of the detector to the source and 1ts surrounding support equipment (less
than 3-in, separation distance). However, the ability of the counting equipment to
adequately handle high count rates was suspect. Therefore, 1t was concluded that
capsule and generator measurements should be restricted to gross count rates of
less than 8000 cps.

2. Reproducibility

In this experiment, a measurement was repeated after numerous adjustments of
the counting instrument for intervening high and low energy measurements., A com-
parison of the results shows the same type of variation reported for the count rate
experiment. Variations of +10% for neutron energies less than 3.2 Mev appear to
be mainly due to the normalization technique, Closer agreement would have been
indicated 1if results had been normalized to the peak at 3.2 Mev., For the intended
use of the stilbene system, the agreement was considered satisfactory,

3. Scattering

In this experiment, two measurements were made which compared the attenuation
of an essentially infinite slab of paraffin to a finite slab of paraffin of sufficient extent
to attenuate only neutrons emitted in the direction of the detector. In the absence of
a significant number of neutrons scattered from facility walls and support equipment
reaching the detector, there was a decrease as expected, 1n the total flux at the
detector for the block shield. This decrease was recorded as a deficiency 1n low
energy neutrons due to a loss of neutrons through the sides of the block, these
neutrons might otherwise have been scattered back to the detector. A comparison
of the results revealed this expected behavior. The disproportionate decrease 1n
the low energies was observed both in the speciral and absolute flux comparison.
Absolute fluxes were as follows:

Flux
A B Ratio
Shield Neutrons < 3.2 Mev Neutrons > 3.2 Mev B/A
Slab 3.6 x 10° 4.8 x 10° 1.33
Block 2.8 x 10° 4.2 x 10° 1.50

These results indicated that wall- or structure-scattered neutrons were not signiti-
cantly influencing these measurements. However, later measurements performed
on Subsystem S/N 4 tended to indicate that the results were influenced by scattered
neutrons. The apparent anomaly 1s readily resolved when 1t 1s recognized that the
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preluninary measurements were restricted to placement of the detector only six
inches from the source, while the subsystem measurements were made at distances
varying between 12 and 30 inches. The effect of scattered neutrons was quite small
for the short separation between source and detector, but increased with increasing
separation distance.

4. Crystal Orientation

A comparison of the normalized spectra for the two measurements indicated no
ditferences attributable to the differing crystal orientation, The ratio of absolute
neutron count for the curved orientation measurement to that for the flat orientation
was approximately 0.7, It 1s significant to note that this factor may be directly
related to the geometry of the experiment. Assuming the curved orientation to

present an effective area of 2 crn2 to the source (the product of the crystal diameter

and height, the ratio of curved area to flatarea (3. 14 ch) 1s 0.65. The comparison
1s not rigorous because analysis of the data involves factors derived fromni experi-
ments 1n which only the flat orientation is assumed. All measurements performed
on the generator were performed with the flat orientation.

5. Perturbed Spectrum Measurements

This experiment was run with a fixed source-detector distance of 6.5 inches.
Spectral variations and variations in absolute total flux were totally attributable to
the attenuating properties of the paraffin slabs, Comparison of the spectra showed
the expected buildup of neutrons 1n the lower energy regions from neutron scatter.
The total fluxes for the three measurements of bare source, three- and six-inch
thickness of paraffin were in the ratios 1,0, 0. 50 and 0. 20, respectively. A removal

Cross sectlonz (cm_l), computed from these data as

1 % 1 ) -1
Z = Xln——¢(0>——-—15.24ln0.20~0.1060m

compares favorably with the measured neutron removal cross section for paraffin

sz = 0,109 cm_l, (Density = 0,952 gm/cms). Here, x 1s the slab thickness (cm)

r
and (b(x) and (b(o) are the total neutron fluxes (n/cmz—sec) measured with and without

the paraffin slab, respectively. This comparison was not completely valid since two
different quantities were involved: a flux removal cross section for a Pu-Be source
and a dose removal cross section for a fission source. For larger attentuation, the
expected behavior 1s a lower cross section for Pu-Be neutrons than for fission
neutrons due to the relative hardness of the Pu-Be emission spectrum. The results
do, however, demonstrate adequate behavior of the stilbene system.,

This experiment was a preliminary to the perturbation experiment in water,
which was analyzed in much greater detail., The results of this experiment are
given 1n Section IV -B,
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B. DETAILED EXAMINATION OF SPECTRAL RESPONSE

A set of experiments was performed to explore the utility of the stilbene dctccting
system for the general application of absolute measurement of the neutron energy
spectrum. In constrast to the experiments of the preceding section, experimental
emphasis was on precise determination of those quantities which determine the abso-
lute number scale associated with a spectrum measurement. Two experiments were
performed with the Pu-Be source: speciral measuremenis in air and measurements
of the perturbed spectra in water., The experiments were set up to nearly approxi-
mate a condition for which precise analysis 1s possible- that of a point source 1n an
mfinite medium,. Analysis and experiment were then compared,

Correlative analyses utilized the moments method solution of the transport equa-
tion to determine fast and epithermal flux spectra and a technique for determination
of thermal flux {from results of the moments calculation, The first step in the
analysis was to verify the accuracy of these mathods, associated techniques for
generation of scattering matrices and selected cross section. This was achieved
by comparison of analysis with experiments and previous calculations performed for
a fission neutron source. This analysis 1s reported in Section IV-B,

A prime quantity assoclated with the mntent of the experiments 1s the absolute
emission rate of the Pu-Be source. Results of long counter measurements performed
at Mound Research Corporation are verified by comparison of measured and calculated
thermal flux distributions for the source i1n water. This source normalization 1s re-
ported in Section IV-B.

Spectral measurements were made at selected distances in air, Results were
mtegrated to determine absolute dose rates which were compared to calculated
values and other measurements (Section IV-B).

Measurements of the perturbed spectra through varying amounts of water serve
to verify the correctness of the measured source neutron emission spectrum. The
measured spectrum was as nput to moments calculations of the energy dependent
neutron flux in water, Here, good comparison of the experimental and analytically
determined spectra after perturbation by water reflects the ability of the spectrom-
eter system for absolute spectral measurement,

As evidenced by the results of this chapter, the spectrometer system 1s, for
neutrons of energies greater than 1 Mev, capable of yielding absolute neutron spectra
to within the limits required for biological dose rate and radiation damage studies.
Particularly, the integral of the measured spectrum appears to be correct to within
10% and, 1n this respect, the system represents a precision dosimeter. More un-
certainty exists in individual details of the energy dependent spectrum. Here, error
1n the magnitude 1s probably around 20%. Part of this variation 1s due to the un-
certainty 1n assignment of energy values according to the gamma calibration method.

1. Fission Source Calculations

The 1nvestigation of measurements performed with the stilbene detecting system
required comparison with a theoretical analysis of fast neutron spectra and thermal
neutron flux from the Pu-Be source in water. The moments method (see Appendix B)
and a technique for determining thermal flux from the moments and analytical repre-
sentation of the epithermal flux (Ref. 10) were used for this analysis. Prior to per-

forming calculations for the Pu-Be source, these techniques were used to calculate fast
and epithermal spectra, age-to-indium resonance and thermal neutron flux from a

point 1sotopic fission source in water, The objective of these calculations was to
verify, by comparison with similar calculations and experiments that the analytical
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techniques would give sufficient accuracy. The results of the calculations for the
tission source are presented in this section.

a. DMoments technique

2
Calculation of moments and reconstruction of the flux ¢ (nfcm”-gsec-Mev) for
radius r (cm) as a sum of exponential terms

N
4nr‘2 ¢ (r, E) =ZAJ (E) e
J

-~ (E)p r
J © (IV-1)

where N > 2, was performed by a computer program (SPFRC) written in FORTRAN IV
for the IBM 7094 and 360 computers. The quantities AJ (sec™! Mev ') and a (em™ b

are determined from the moments 1n the reconstruction phase. The dimensionless
quantity,u .18 preselected to ease numerical calculations. To ensure an adequate

representation of the neutron source spectrum and energy dependent cross section
data, provisions were made 1n the program for allowance of up to 200 discrete points
(1)
+1 n,t
(em”" "/2Mev-sec) mn a hydrogeneous medium through order n = N involves scattering

spanning the energy range of interest, Exact calculations of spatial moments B

integral expansion coefficients M(in (cm_l) through order £ = N/2 and an integral over

(1)
n, 4
for data storage necessitated the use of magnetic tape units (7094) or auxiliary disk
units (360) for temporary storage of scattering matrices and computed moments for
all energy points. Initial calculations were performed and compared to hand calcula-
tions for elimination of possible coding errors. Checks were made to determine the
extent of and to eliminate excessive round-off error, In particular, the use of double
precision arithmetic was found to be necessary in the subroutines for matrix inver-
s1on and polynomial root finding associated with the exponential flux reconstruction
routine.

moments B for all energy 1nd1(;es j < 1{all higher energies). The large demands

b. Cross sections and scattering matrices

An objective of the moments calculations was to predict accurately the detailed
energy-dependent flux spectra over a broad spatial range. This objective required
that considerable emphasis be placed on selection of the best available cross sec-
tional data and the development of accurate, consistent scattering matrices from
these data. A method had been developed for generation of neutron scattering
matrices for heavy elements (defined for this purpose as atomic mass greater than
one) (Ref. 11). This method assumes a pomtwise spacing in uniform lethargy
intervals® and uses the Lagrange interpolation formula for representation of the
flux. A minimum of four lethargy points are used 1n evaluating the scattering in-
tegral. Thus, this procedure yields at least a tetradiagonal slowing down matrix

Subsequent to analysis reported here, the formulation for heavy elements and
hydrogen were generalized for computation of scattering matrices for an arbitrary
nonuniform lethargy structure. This generalization reduces the number of energy
points required for computation to low energies while allowing accurate source
spectrum and cross section representation.
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which is superior to the more usual linear approximation. Computations are per-
formed by computer program ELASTIC which accepts cross sections and Legendre
expansion coefficients (laboratory system) as input and provides scattering matrices
as card output in a format accepted by the moments program. An auxiliary program
is available for conversion of L.egendre coefficients in the CM system to the laboratory
system. For hydrogen, elastic scattering matrices are generated by the moments
code according to the formulation of Certaine (Ref. 12) under the assumption that
scattering is isotropic in the center of mass system. Cross section data and Legendre
expansion coefficients for oxygen were taken from GA 2156 (Ref, 13),NDA 15C-15 (Ref,
14) and NDA 15C-40 (Ref. 15), Inelastic scattering was treated as pure absorption.
Cross section data for hydrogen and oxygen used in all moment calculations are given
in Table IV-2., Hydrogen cross sections are from BNL 325 (Ref, 16).

c. Selection of energy mesh spacing

Moments calculations for the fission source spanned the energy range of from
18. 02 Mev to approximately 1 ev. Comparative calculations for varying numbers of
lethargy points over this range were run to determine the minimum number of
lethargy spacings which would adequately represent the fission spectrum, flux varia-
tions and variations in cross sectional data. Comparisons were made with prior
moments calculations and a measurement of the indium resonance flux in water,
Fast neutron spectra for a 34-energy point structure (a constant delta lethargy of
Au = 0.5) and a 68-energy point structure (Au = 0,25) were compared to the data of
Aronson, et, al., (Ref, 17). Table IV-3 presents this comparison over the range
(0 to 120 cm) for various neutron energies. The comparison is made with the results
of the NDA model for exact degradation in oxygen computed with a lethargy interval
of Ap = 0.1 for integration of the scattering term.

Lacking detailed experimental data, the NDA moments calculations are taken as
a standard for comparison. These data are correct to within the limitations imposed
by the oxygen slowing down model and the basic cross section data. Variations
between these data and the present calculations were expected due to use of different
basic oxygen cross section data. An examination of the data in Table IV -3 shows
that a decrease in the integration lethargy interval from 0.5 to 0.25 (34 to 68 energy
points) generally decreases the flux and tends to give better comparison with the
NDA data. Some variation is certainly due to the difference in integration intervals.
Disregarding the other variables, it is expected that the NDA data would give better
results than either of the two present calculations due to the use of the fine mesh
structure afforded by the Apy of 0.1. However, the development of scattering
matrices using the Lagrangian weights for oxygen removes the implied assumption
of linearity in flux, source and cross sections between successive mesh points and
should yield a more exact integration for a given lethargy mesh spacing. Therefore,
the use of this formulation for oxygen should tend to compensate for a relatively
coarse mesh width, Care must still be taken, however, to properly account for
cross section resonances. This was done by smoothing values at energy points in
the neighborhood of resonances such that the total cross section (energy integral
over the resonance) is preserved.

Of more importance to this study is the extension of calculations to low energies
(~1.0 ev). On the basis of this comparison and results reported, the 68-energy point
structure appeared adequate and was selected for moments calculations with the Pu-Be
source. Results reported are for the 68-point calculation,

d. Comparison of indium resonance fluxes and age-to-indium resonance

Moments results for low energies were compared to the measurements of indium
resonance flux from a fission source in water of Hill, Roberts and Fitch (reported by
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TABLE IV-2

Cross Section Data and Legendre Expansion Coefficients

Hydrogen Legendre Expansion Coetficientst !
Energy °T % °T s F F F F F
(Mev) (barns)  (barns) (barns) "1 2 3 4 -5
18. 02 0.520 1.71 0.75 0.870 0.680 0.603 0.459 0,388
14,03 0.682 1.58 0.67 0.680 0.480 0.327 0.251 0.146
10.93 0.878 1.33 0.67 0.650 0.456 0.295 0.204 0.105
8.51 1.11 1.46 0.90 0.621 0.420 0.259 0.153 0.060
6.63 1.36 1.30 1.06 0.523 0.329 0.211 0.070 0.031
5.16 1.63 1.50 1.47 0.303 0.190 0.163 0.020 0.018
4.02 1,94 1.85 1,78 0.152 0.066 0.026 -0.013 0
3.13 2.28 1.70 1.70 0.253 0.169 0.092 -0.013 0
2.44 2.66 0. 90 0.90 0.235 0.056 -0.006 0.006 0
1.90 3.09 3.00 3.00 0.034 0.062 0.015 0 0
1.48 3.58 2.21 2.21 0.044 0.090 0.041 0.016 0.006
1.15 4,14 3.15 3.15 -0,055 0.240 -0.022 0.015 -0,008
0.897 4,80 2.90 2,90 0.020 -0.010 -0,015 0.001 -0,005
0.699 5.54 2.85 2.85 0.135 -0.015 0.002 0 0.001
0.544 6.34 3.87 3.87 0.280 0 0,007 0 0.004
0.424 7.15 11.2 11.2 0.020 0.120 0.009 0 0
0.330 8.04 3.82 3.82 -0.0221 -0.017 0 0 -0.004
0. 257 3.170 3.70 -0.126 -0.026 0 0 -0.005
0. 200 3.170 3.70 -0.070 -0.020 0 0 -0.003
0.156 3.70 3.70 -0.038 -0.009 0 0 -0.001
0.121 3.170 3.70 -0.017 0 0 0 0
0.0946 3.70 3.70 -0,147 0.0069 O 0 0
0.0736 3.170 3.70 -0,133 0 0 0 0
0.0573 3.70 3.70 -0.,127 0 0 0 0
0.0447 3.170 3.70 -0.102 0 0 0 0
0.0348 3.170 3.70 0 0 0 0 0

Oxygen

(2)

[=2]

0,260
0.064
.060
.0562
. 045
.033

. 004
.004

COOCO0OOCOOCOOO0OOO0O0OOOOOOOCOOOOO

(I)Expansmn coefficients are 1n center of mass system and normalized such that FO =1,0,

(Z)For oxygen, at all energies below 0.0348 Mev, o

1> 0,

T ™%

Cross Section Data for Hydrogen

Hydrogen Hydrogen
Energy 9t = % Energy o = %
(Mev) (barns) (Mev) (barns)
2.71 x 1072 17.2 1.42 x 1074 20,2
2.11 x 1072 17.8 1.11x107% 20.3
1.64 x 1072 18.2 8.62 x 1072 20.3
1.28 x 1072 19.1 6.71 x 1072 20.4
9.97 x 107° 20.0 5.23 x 107° 20.4
7.76 x 1075 20.0 4,07 x 1072 20.5
6.05 x 1075 20.0 3.17 x 1070 20.5
4,71 x 1073 20.0 2.47 x 107° 20.5
3.67 x 1075 20.0 1.92 x 1070 20.5
2.86 x 1073 20.0 1.50 x 107 20.5
2.22 x 1075 20,0 1.17x107° 20.5
1.73x 1073 20,0 9.09 x 1078 20.6
1.35x 1073 20.0 7.08 x 1078 20.6
1.05 x 1073 20.0 5.51 x 1070 20,7
8.18 x 1072 20.0 4.29 x 1078 20.7
6.37 x 1072 20.0 3.34 x 1078 20.8
4,96 x 1074 20.0 2.60 x 1070 20.8
3.86 x 1072 20.0 2.03 x 1078 20.9
3.01x 1074 20,0 1.58 x 1078 21.0
2.34x 1072 20.0 1.23 x 1078 21.0
1.83x 1074 20,2 9.58 x 1077 21.0
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€LT-L09E-ANIN

E (Mev)
(1)A
10.9 B
C

A
6.63 B
C
A
4,02 B
C
A
2,44 B
C
A
1.48 B
C
A

0.897 B
C
A
0,544 B
C

A

0.330 B
C

(1) Key ro results:

N bW NNW WWW WWW =k a0 === 19

Fast Neutron Spectra Point Isotropic Fission Source in Water

.6-4

(2)

.67-4(1.02)

.25-2
.22-2(0.98)
.22-2(0,98)
.0-2

.72-2(0,96)
.42-2 (1.086)
.8-1

.90-1(1.086)
.93-1(1.07)

.0-1

05-1(1.01)

-01-1 (1.00)

LT-1
.53-1(0.95)
.47-1(0.94)

L7-1
.26-1(0,61)
.28-1(0.62)

.2-1
.00-2 (1.25)
.06-2 (0,.64)

A--NYO 6267,

10

2.0-4

2.20-4 (1,

4.8-3

5.54-3 (1.
5.14-3 (1.

2.6-2

2.60-2 (1.
2.53-2 (0.

7.3-2

7.30-2 (1.
7.24-2 (0.

8.3-2

9.60-2 (1.
1.21-1(1.

1.4-1

1.43-1(1,
1.43-1 (1.

1.7-1

1.97-1 (1.
1.93-1 (1,

2.4-1

2.42-1 (1.
2.85-1 (1.

(16)

TABLE IV-3

41Tr2¢ (r, E) (n/sec/Mev-fission neutron)

10)

15)
07)

00)
a7)

00)
99)

16)
46)

02)
02)

16)
14)

01)
19)

20

8,8-5

1,02-4 (1.

1.9-3

2.39-3 (1.
2,09-3 (1.

6.5-3

7.71-3 (1.
7.69-3 (1.

2.0-2

2.23-2(1.
2.19-2 (1,

2.2-2

2.62-2 (1.
3.08-2 (1.

3.4-2

9-

3.6
3.4
3.8-2
4,91-
4.5
5.0-2
5.9
6.7

B--Current results, 34-point, Ap

5-2 (1.
8-2(1.02)

9-2 (1.
3-2(1.35)

16)

25)
10)

18)
18)

12)
10)

19)
40)

07)

2(1.29)
2 (1.

21)

20)

(2) Exponential reconstruction solution failed at 10,9 Mev

(3) Notation 4.6-4 = 4,6 x 10

-4

w
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.8-5

.71-5 (1.

.5-4
.97-4 (1,
.30-4 (1.

.8-3
.33-3 (1.
.32-3 (1,

.3-3
.40-3 (1.
.21-3 (1,

.7-3
.01-3 (1,
.89-3 (1,

.3-3
.52-3 (1,
.75-3 (1.

.5-3
.26-2 (1,
.13-2 (1,

.2-2
.53-2 (1,
.67-2 (1.

24)

33)
11)

29
29)

21)
17)

23)
38)

30)
20)

33)
19)

28)
39)

exact degradation in oxygen, Au = 0,1
= 0.5
C--Current results, 68-point, Au = 0,25

60 90
3.0-6 2.4-7
4.35-6 (1.,45) 3.82-7(1.59)
4.6-5 3.0-6
6.58-5(1.43) 4.08-6(1.36)
4.82-5(1.05) 2.67-6(0.89)
6.0-5 2,7-6
8.23-5(1.37) 4.08-6(1.51)
7.51-5(1.25) 3.16-6 (1.17)
1,3-4 4,7-6
1.70-4(1.30 6.9-6 (1.47)
1.50-4(1,15) 5.22-6(1,11)
1.3-4 4.5-6
1.73-4(1.33) 7.05-6 (1.57)
1.79-4(1.38) 6.40-6 (1.42)
1,7-4 6.8-6
2.33-4(1.37) 9.59-6 (1.41)
1.95-4(1.15) 7.02-6 (1.03)
2.1-4 8.4-6
3.04-4(1.45) 1.25-5(1.48)
2.48-4(1,18) 8.90-6 (1,06)
3.3-4 1.0-5
3.67-4(1.11) 1,51-5(1,51)
3.68-4(1.12) 1.32-5(1.32)

5

represent ratio
result B or C

result A

1
1
Numbers in parenthes1sl

120

1.8-8

3.22-8(1.79)

1.7-17
2.47-7(1.45)
1.48-7(0,87)

1.4-7
2.43-7(1.74)
1.56-7(1.11)

2.2-7
3.88-7(1.76)
2.44-7(1.11)

2,4-17
3.88-7(1.61)
3.02-7(1.26)

3.7-17
5.29-7 (1.43)
3.30-7(0.89)

4,4-7
6.88-7(1.56)
4,17-7(0,95)

5.4-7
8.28-7(1.53)
6.21-7(1,15)



NDA 15C-40 (Ref. 15). The exponential form solution for the flux of 1,58 ev from
the moments calculation, normalized to one fission neutron per second, is

9 4 “aqu T
4nr®¢ (r, 1.58) = z Aje J
i=1

where
u =0,1
o 4 -1
A1 =1,88123 x 10 n/sec-Mev 011 =1,16980 cm
A, =1.34539 x 10° n/sec-Mev @, = 0.900023 em™ !
A, =1.16819 x 10° n/sec-Mev @y = 1.71469 em” !
A, =2.15175x 10° n/sec-Mev a, = 5.19761 em !

Fluxes computed from this expression are compared to the experiment described in
Table IV-4, The experimental flux has been arbitrarily normalized to the calculated
flux at r = 20 centimeters. Good shape agreement occurs when r is greater than 10
centimeters; the maximum deviation of 14% occurs at 90 centimeters., The large
discrepancies for radii less than 10 centimeters are, in part, a consequence of the
assumed exponential form for the flux which is not valid close to the source.

TABLE IV-4

Comparison of Indium Resonance Flux Experiment and
Moments Calculations

4nr2¢ (r) (n/sec)
$

r Calculated R = .22l
(cm) Experiment E =1.58ev exp
3 1.36 x 10 3,89 x 10% 2.86
5 2.58 x10%  4.49 x 10% 1.74
10 2.50x10%* 2.62 x 10% 1.05
15 1.25x10%  1.24x10% 0.99
20 5.82 x10°  5.82 x 10° 1.00
30  1.32 x10°  1.34x10° 1.02
40  3.74x 102  3.36 x 10° 0.90
50 9.78 x 100 9.18 x 10! 0.94
60 2.65x10'  2.71 x 10! 1.02
70  8.87x10°  8.50 x 10° 0.96
80 2.61x10°  2.79 x 10° 1.07
90 8.34x10°) 9.50x 10 ! 1.14

The computed moments, B and B2 or may be used to determine the neutron

0,0
age T (E) (cmz), which is defined as
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o0

S r2 . 41rr2¢(r, E) dr

S (IV-2)
S 4ar°¢ (r, E) dr

0

T(E) =

=

According to the definition of the moments (Appendix B), the age of neutrons to
energy, E, 1s computed as

B (E)
1 72,0
T (BE) = —5 = (IV-3)
3u(2) BO’O (E)

Neutron ages, computed from this expression are-

E(ev) T (cmz)

2.03 26,4
1.58 26.5
1.23 26,6
0.957 26,7

These results are in good agreement with the more recent measurements of the age-
to-indium resonance which range from 26,7 + 0.9 to 27,68 + 0.10 as reported by
Joanau, Goodjohn and Wikner (Ref. 18). The unweighted average of these measure-
ments 1s 27,17 + 0.78. Joanau, Goodjohn and Wikner used the moments method to

compute a value of 26.4 cm? to ndium resonance (1,46 ev) which 1s 1n very good
agreement with the present calculations.

e. Thermal neutron flux comparison

The final objective of the fission source studies was to obtain a solution for the
thermal neutron flux (2200 m/sec). The method of Anderson (Ref. 10) was used
(see Appendix B) which utilizes the zeroth moment and exponential representation
of the epithermal flux to solve for the thermal flux. This technique emphasizes the
importance of obtaining a good solution for the epithermal flux, The moments
result at 2.03 ev 15 as follows:

ug' By o 3.47256 x 10° n-cm/sec-Mev

0 o,
4 - u T
4rr26 (r, 2.03) = A cdo
1=1 :
by T 0.1 A »
A1 = 1.45950 x 103 n/sec-Mev 0’1 = 1,16887 cm »
A, =1.08702 x 10° n/sec-Mev @, = 0,899866 cm
A, = 9.05673 x 10° n/sec-Mev o =1.71183 cm !
A, =1.67696 x 10° n/sec-Mev @ =5,26008 em”t
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This result was usecd to solve for the thermal flux at EO = 0,025 ¢v assuming a
thermal cutoft cnergy El = 0.625 ev. A madacroscopic thermal neutron cross section

sz = 0.0221 crn'1 and a thermal neutron diffusion length of L. = 2,72 centimeters

a
were used. Resulis are compared to the kernel for water deduced by Trubey, et. al.
(Ref. 19), from the experimental data taken at the Lid Tank Shielding Facility of
ORNL. This comparison is given in Table IV-5, The results are absolute, experi-
mental and calculated fluxes are independently normalized to one fission neutron,

TABLE IV-5

Comparison of Experimental and Analytical Thermal Neutron
Fluxes for a Fission Source

41rr2¢ {r) (thermal neutrons /fission neutrons)

¢

R = -calc

r Experimental Calculated q)exL
5 1.53 6.31 4.12
10 2.54 4.21 1.66
15 1.72 2.04 1.19
20 8.2x10°! 9.10 x 1071 1.11
25 3.8 x 10! 4.06 x 107! 1.07
30 1.83x10°0  1.86x 107" 1.02
35 9.0 x 1072 8.82 x 102 0.976
40 4.2 x1072 4.32 x 1072 1.03
50  1.14 x 1072 1.13 x 1072 0.991
60 3.1x10°° 3,22 x 1073 1.04
70 9.0x 1077 9.88 x 107% 1.10
g0 2.8x107% 3.20 x 1074 1.14
90 8.9 x107° 1.08 x 1072 1,21
100 3.1x107° 3.74 x 107° 1.22
120 4.0x10°° 4.85x 1070 1.20

The comparison shows good agreement over the range 15 < r < 120 centimeters,
the maximum deviation being + 22% at 110 centimeters, Of particular interest for
the present work 1s the range from 20 to 40 centimeters, where a maximum deviation
of 11% occurs. These results once again 1llustrate the failure of the exponential
solution to adequately represent the flux very close to the source as indicated by the
poor comparison for r < 10 centimeters.

The derivation of the solution for the thermal flux assumes that the macroscopic
absorption cross section of the water medium varies as 1/v and that the moments
B0 0 (E) vary as 1/E over the energy regions of importance (the effective source

region for thermal neutrons). A check of the zeroth moments for energies from
9.97 kev to 0,96 ev showed less than 5% variation from the 1/E condition (1.e.,
moments per unit lethargy were constant over this range to within the quoted
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variation). Above 9,97 kev to the Mev range, the moment per unit lethargy shows a
gradual increase. This 1s probably due to the inclusion in the calculation of the

fission source per unit lethargy s (u) as given by (neutrons/fission neutron) for cncrgy L
(Mev)

s (u) = ES (E) = 0,484 ¢ ¥ s1n h V3E (IV-4)
over the entire range of energies down to 0.96 ev,

It should be noted that the particular form of the equation for the thermal flux
(Appendix B, Eq B-15) 1s valid only for the condition that the epithermal relaxation
length b = l/uoa (cm) be greater than the thermal diffusion length L. (cm). This con-

dition 1s not met in the fourth exponential term of the solution for the epithermal flux.
This term, although the coefficient A 1s negative, gives rise to an erroneous position
flux component which introduces significant error in the total result for very small
r. {(This difficulty has not been completely resolved.) Possibly, a better result
would have been obtained by applying the exponential least squares reconstruction
techmque (Appendix B),

f. Discussion

The 1ntent of the calculations for the fission source was to examine the accuracy
of the techniques and data employed. The choice of the 68-energy point for moments
calculations utilizing scattering matrices generated with the Lagrange weighting
technique 1s shown to yield sufficiently accurate results. When calculations are
extended to thermal energies, comparison with an experimentally derived kernel
shows small variation (20%) over a wide spatial range. In particular, over the range
of 20 to 40 centimeters, the maximum deviation 1s 11%. Differences in fast neutron
spectra (when compared to NDA data) are probably, for the most part, caused by
revised cross section data and some smoothing of the oxygen cross section over the
coarser energy interval,

In succeeding sections, the moments method and thermal flux calculation will be
used to derive fast neutron spectra and thermal flux in water from a Pu-Be source.
These calculations use the same 68-point energy structure and scattering matrices.

2. Plutonium Beryllium Source Normalization

Calibration experiments involving neutron spectral measurements with the stilbene
system 1n air and through water were performed with the Martin Marietta standard
Pu-Be source, M-740. An objective of these experiments was to determine the
degree of accuracy to which the spectral measurements and assoclated data reduction
techniques could reproduce the absolute magnitude of the neutron flux, Hence, a
knowledge of the absolute emission rate of the neutron source was egsential,

Two 1ndependent techniques were used to measure the source emission rate:

(1) Long counter measurements and comparison with a standard source (per-
formed at Mound Research Corporation),

(2) Spatial measurement of the thermal neutron flux in water and comparison
with analytically determined thermal neutron flux.

During the inmitial phases of this study, the Pu-Be source was sent to MRC for
measurement of the fast spectrum with a stilbene system and for recalibration.
Long counter measurements, performed at Mound(Ref, 20), indicated a total
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neutron emission rate of 1,99 x 107 neutron/scc (4/18/66) with in absolule accuracy
ot +3 The following anisiropy ol the source, measured wilh respect to its axis
was reported

¢ (0°) 0.71 + 0.01
€(90°) 1,084 + 0,005
¢(180°)  0.66 + 0.01

The basis for the normalization was comparison with MRC source M-591, The Pu-
Be sources experience a buildup of neutron emission rate given by the approximate
tormula (from Mound) (Ref, 20),

S1.51x 1073 -5.25 x 1072
e -e )]

Q(t) =Q(0) [1.0+(0.31+ 0,04) ( (IV-5)

where t 15 time 1n years and Q (t) 1s the absolute emission rate (n/sec). The original

calibration of this source gives a base of @ (0) = 1,84 x 10'7 n/sec as of January 1
1960.

A second calibration was performed at Martin Marietta, Nuclear Division. The
technique employed was comparison of the measured spatially dependent thermal
neutron flux in water from the source with thermal fluxes calculated by the technique
described 1n Section IV-C., A description of the calculation and comparison with ex-
periment tollows.

a, Moments and thermal flux calculations

The moments method was utilized to determine fast and epithermal neutron spectra
from a point 1sotropic Pu-Be source 1in water, The 68-energy point structure and
scattering matrices for hydrogen and oxygen described in Section IV-B was used for
this calculation. The relative, energy dependent, fast spectrum used for the calcula-
tion was based on the spectrum as measured by the stilbene system. A relative
sparsity of points at high energles 1n the 68-point structure necessitated some
smoothing of the data, Care was taken to retain the dominant features of the measured
spectrum. The source spectrum normalized to one neutron per second, 1s giten in
Table IV-6 An extrapolation of the measurements from 0.9 to 0.5 Mev was nec-
essary due to the limitations on the measurement. In this region the source per
unit energy was assumed constant and equal in the value at 0,9 Mev. Below 0 o \lev
the source was assumed to be zero,

The moments calculation yielded fast and epithermal neutron spectra for the point
1sotropic Pu-Be source 1n water at specific energy values down to 0.9 ev, Fast
neutrons spectral results are discussed i1n Section IV-B., Moments for the flux at
2 03 ev were ysed to reconstruct the spatial flux. For this case, the exponential
reconstructior technique which uses 2N moments to solve exactly for the 2N\ coefti-
cients AJ on 3=1, 2, .. N failed to produce a solution for N = 3 and 4 (see dis-

H

cussion 1n Appendix B). In the solution for N = 2 (a two-exponential fit) one of the
coefficients A was negative, This term has a sigmificant influence on results through
r = 20 centimeters and the existence of a negative coefficient of rather large magnitude
would have an effect on the magnitude of the remaining positive coefticient R ither
than reject the negative term and use the remaining positive term (as was done fot

the fission source where the perturbation was small), the Gaussian least square
technique was used to reconsiruct the flux as a single exponential term  The first

five even moments of the flux with unit weighting at 2. 03 ev were used to deter mine

in the least squares sense, the best values of the coefficients A and « for the tlux as

4nr2¢ (2.03 ev, r) = Ae Wo" n/cmz—sec—Mev
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Moments for this calculation (according to the definition in Appendix B) and the
solution are as follows:

By, o =3.28347x 10" »n (em)™!/sec-Mev  u_ =0.100
B, , =5.36382x 10% n(cm)™/sec-Mev A =4.0000 x 10% n/sec-Mev
B, , =5.56999 x 10 n(ecm)™!/sec-Mev @ =0.95262
B, , =5.67927x 10° n (cm)™!/sec-Mev
BS, 0 - 5,.81794 x 104 n (cm)n+1/sec—Mev
Blg) 0 = 5,95103 x 104 n (crn)n+1/sec~Mev
TABLE IV-6
Pu-Be Source Spectrum for Moments Calculations*
Energy
E Lethargy S (E) S(u) = E S (E)
(Mev) u (n/sec/Mev-source neutron) (n/sec /source neutron)
10.93 0.5 0 0
8.51 0,75 0.07588 0.6457
6,63 1.0 0.07071 0.4688
5,16 1,25 0.1214 0.6264
4,02 1,50 0,1147 0,4609
3.13 1,75 0.1585 0.4961
2.44 2.0 0.1416 0. 3456
1.90 2.25 0.1079 0.2050
1,48 2,50 0.1517 0.2246
1.15 2.75 0,1517 0.1745
0.897 3.00 0,1517 0,1361
0,699 3.25 0.1517 0.1060
0. 544 3.50 0.1517 0.08255
0.424 3.75 0 0

Spectrum 1s based on stilbene spectral measurements of Pu-Be source, M-740.
A comparison of Fermie age was made to check the validity of the epithermal
moments and flux calculations. The age of Pu-Be neutrons to epithermal energies
computed from the moments according to Eq (IV-3) are as follows:

Energy (ev) T (cm2)

2.03 54.5
1.58 54.6
1.23 54.1
0.958 54.8

These results are in good agreement with experimentally determined ages to In-115

(E = 1,46 ev) and Rh-103 (E = 1,25 ev) resonances of 52,8 and 53.7 cmz, respectively,
found i1n Ref, 21,

The single exponential solution was used to compute the thermal flux 1n water
according to Eq (B-15), Appendix B, Thermal constants and L used in this calcula-
tion were the same as for the fission source calculations, Results are given in
Table IV-7 as the thermal flux (2200 m/sec) 1in water resulting from a point 1sotropic
Pu-Be neutron source in water which emits 1 n/sec.
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TABLE IV-7

Calculated Thermal Neutron Flux (2200 m/scce) lrom
Point Isotropic Pu-Be Neutron Source in Water

r 4T|’I‘2¢th (r)

(cm) (n/source neutron)

14 1.92
16 1,56
18 1.26
20 1.02
22 0.827
24 0.673
26 0.548
28 0.448
30 0.367
32 0.301
34 0. 247
36 0. 203
38 0.167
40 0,137
42 0.113
44 0.0931
46 0,0768
48 0.0632
50 0.0522

b, Source geometry investigation

The comparison of analysis with experimentally determined fluxes assumes that
the finite source may be represented as a point source at the center of the actual
source, To determine the validity of this assumption, a point kernel technique was
employed to integrate over the finite volume of the source to obtain a fast dose rate
and epithermal flux in water. The fast dose and the epithermal flux kernels were
obtained from the moments solution.

The Pu-Be source 1s a right circular cylinder which initially contained a mixture
of approximately 159 grams of Pu-239 and 79 grams of Be. The source-containing
region diameter 1s 1.36 inches and the height 1s 2. 69 inches. This source 1s en-
capsulated in stainless steel with overall dimensions of 1,543 inches 1n diameter and
3.389 inches high.

The kernels were integrated over the volume of the actual source to determine
fast dose and epithermal flux in the radial midplane at various distances from the
source, Source strength per unmt volume was assumed uniform and was normalized
such that the integral over the source volume was equivalent to the normalization
of the kernels (1 n/sec). Hence, the ratio of the results of the volume integration
to the kernel 1s a direct measure of perturbation due to finite geometry. The ratios
are given in Table [V-~8.

For small radii, the expected result 1s observed, the volume source gives lower
values. For radi greater than 15 centimeters, the two results agree to within 1%,
(Small variations noted are probably due to inherent errors in the point kernel
technique.) As a result of these calculations, 1t 1s concluded that for radii greater
than or equal to 15 centimeters, the source 1s equivalent to a point 1sotropic source
in water at the center of the actual source and having a source strength (n/sec) equal
to the total emission rate of the finite source in the same units.
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TABLE IV-8

Ratio of Results for IPoint Source to
Finite Volume Source

r Fast Dose Rate Point Kernel Epithermal Point Kernel
(cm) Cylindrical Volume Flux (2.03 ev) Cylindrical Volume
3 0.812 0.788
4 0.871 0.859
5 0.908 0.899
6 0.932 0.924
8 0.958 0.954
10 0.972 0.970
12 0.972 0.973
15 0.987 0.987
20 0.993 1.001
25 0.996 0.997
30 0.998 0.998
40 1.000 1.000
50 1.001 1,001
60 1.002 1.002
80 1,002 1.002
100 1.002 1.003

c. Experimental determination of thermal flux

Thermal flux 1n water beyond the Pu-Be source was measured by determination
of thermal gold foil actuators. Thermal activations were obtained from the total foil
activation by applying cadmium ratio corrections. An infinite water medium was
simulated by placing the source 1n a water tank of dimensions sufficient to have at
least one foot of water separating the source from the water surface, tank walls or
bottom. Accurate positioning of the foils was assured by use of a plastic holder
placed so that the foils were 1n the radial midplane of the source, The same re-
striction of a minimum of one foot of water from the surface, bottom and walls
applied to foil positions. Measurements of bare and cadmium-covered foils were made
at various distances from the source, ranging from 1 to 15.75 inches from the center
of the source, Small foils, approximately 0.1875 inch in diameter and weighing
approximately 0,0211 gram were used for distances of up to 8 inches from the source
surface. Beyond this distance, large foils approximately 0.75 inch in diameter and
weighing approximately 0.27 gram were used.

Neutron absorption by gold leads to the formation of Au-198, The major portion
(98.6%) of the decay scheme of Au-198 1s by emission of a 0,960 Mev beta and a
0.412 Mev gamma according to

T =64.8 hr

1
n + 197 19
7.9Au - 79Au

For the conditions under which this experiment was conducted (counting from much
shorter than the half-life of the activity so that no appreciable decay occurs during
counting and low fluxes) the activity due to thermal neutron (2200 m/sec) 1s given by

8 “1/2

0

198 -
goHe (stable) + B+

) ATy At
A 9Ny Nlaath¢th [1-e Je

(IV-6)
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where

2
A = Ao decay constant (sec 1)
T
1/2
A N2 * 79 Au 198 activity (disintegrations/unit time) and N2 = number of

atoms of Au-198 1n the foil

o, = 98, 8 barns = the thermal activation cross section.
T = 1irradiation time (sec)
t = time elapsed after removal from the flux no counting {sec)
N1 = the number of atoms of Au-197 1n the foil.
N -6.025 x 10% o
1 197.0
where
W = the weight of the fo1l (gm)

The thermal activity may be equated to the proportional counter thermal count rate
Cin (sec—l) divided by the counter efficiency, ¢. The thermal count rate 1s deter-

mined from the total count rate, C (sec 1) (after correction for background) by use
of the cadmium ratio, R, defined as the ratio of the total activity to the activity
induced by neutrons other than thermal. (The cadmium covers absorb all neutrons
up to about 0.4 ev.) Thus,

AN, =8 C [R — 1] (IV-7)

R

Equations (IV-6 and IV-7) may be combined to give the solution for the thermal flux
1n terms of the observed proportional counter count rate and efficiency as

_cfr-1], 1 i
Pth ~ e[ R :| l:l _e—)\T] oAt (IV-8)
th

Nlca

The cadmium correction factor, R - 1/R, 1s given by the smooth curve through the
data pomnts of Fig. IV-13.

The counter efficiency was determined from gold foils 1dentical to those used in
the experiment, These foils were sent to Brookhaven National Laboratory for activa-
tion in a known flux. At Brookhaven, small and large foils were placed in the graphite
sigma pile and exposed to neutrons from a Ra-Be source for 8.1 days (3.0 half-lives),

Pile Position 1-5 was used for which the absolute thermal flux 1s 1,552 x 104 n/crnz—
sec and the cadmium ratio 1s 5.7. Absolute activation of these foils 1s proportional
to R/(R - 1), The efficiency of the Martin Marietta proportional counter was then
determined from the observed count rate for the standard foils or

E:L [ _ 1’] 1
onp L R Iy %4 [1 Se A TJ e M
[ ]t i (IV -9)
= 5Y;
1,552 x 104 o, [1 - e"‘T} e

th
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Hence, all factors are known and the absolute thermal flux may be determined from
Eq (IV-8).

Note that this procedure has eliminated the necessity of correction for flux per-
turbations in the vicinity of individual foils, Since the standard foils were the same
as those used 1n the experiment, error introduced by this effect 1s approximately
equal and self-cancelling, The second order effect of additional perturbation of one
foil on another was not examined. Due to size and placement of foils 1n this experi-
ment, corrections due to this effect are believed to be negligibly small (less than 1%).

d. Comparison of experiment and theory

Experimental results were mmtially normalized to the calculated values by

assumaing the source emaission rate as measured by Mound of 1,99 x 107 n/sec,
These data, for all foil positions, are given in Table IV-9. Over the range 14,66
centimeters to 40, 06 centimeters, where the calculation applies, the observed
maximum variation 1s 9, 7%. The emission rate which normalized the experimental

data to the calculated values was 2.06 x 107 n/sec. Hence, this experiment yields

an absolute emission rate for the Pu-Be source of 2.06 x 10'7 n/sec. This value 1s
to be compared to the Mound measurement, as corrected according to Eq (IV-5) for
the elapsed time of approximately 270 days between the Mound measurement and the

gold foil actuator., The corrected Mound value 1s 2.01 x 10'7 n/sec which 1s within
2.5% of the gold foil experimental value.

TABLE IV-9

Comparison of Calculated and Experimental Thermal Fluxes

4nr2¢th (r) (n/sec/source neutron)

r _ Calculated B = E_ngfl_mﬂ%g_l R = B
(cm) Values 1,99 x 10 ~A
4,50 3.21 0.844

7.04 3.37 1.84

9.08 2.91 2.03
12.12 2.32 2,06
14.66 1.79 1.82 1.017
17.20 1.37 1.39 1.015
19,74 1.05 1.13 1,076
22.28 0.803 0.863 1.074
24.82 0.618 0.621 1.005
29.90 0.370 0.406 1.097
32,44 0.288 0.281 0.976
40.06 0.136 0.138 1.015

'r = distance i1n water, source radial midplane, from
center of source,

Without further analysis, an absolute error on the gold foil experiment cannot be
assigned. Since the observed variance 1s small, the Mound result 1s accepted as
correct, Analysis of stilbene measurements of fast spectra and dose rate 1n air and

water (reported in Section IV-C) 1s based on an emission rate of 1.99 x 107 n/sec.

MND-3607-173
44



3. Spectrum Measurements in Air

Neutron spectrum measurements were made with the stilbene system at two
points in the radial midplane of the Pu-Be source. A gpecific objective of this
experiment was to test the ability of the system and data reduction technique to
correctly predict the absolute magnitude of the energy dependent spectra. The ex-
perimentally derived spectra are integrated to determine the neutron dose rate.
These dose rates are compared to calculated values based on the known emission
rate of the source.

Spectral measurements were made using separation distances of 5. 625 and 12, 125
inches between the source surface to crystal cover surface. Long counts were
taken to ensure good counting statistics. Count rate data were analyzed using the
Stilbene Data Reduction Code (Appendix A) to determine the absolute neutron spectral
data. The resulting neutron spectra are shown in Fig, IV-14, The distance, R, of
Fig. IV-14 is the radial distance from the center of the source to the face of the
stilbene crystal. The spectral shape is essentially the same as previous measure-
ments in air for this source,

Neutron dose rates in mrem/hr were calculated as

E = 10,4 Mev
D (r) =S C(E) ¢(r, E) dE (IV-10)
E =0.2 Mev

where

6 (E, r) = measured spectrum (n/cmz—sec—Mev), Fig. IV-14

flux-to-dose rate conversion factor (mrem/hr per n/cmz-sec) as
derived from 10 CFR 20 and listed in Table IV-10,

C (E)

To compute total neutron dose, it was necessary to extrapolate the experimental data
below 1,0 Mev (as shown by the dashed portion of the curves of Fig. IV-14), Since
the dose rate conversion function decreases rapidly in this region, the resultant un-
certainty in the computed dose rate due to the extrapolation is relatively small. The
computed dose rates for neutrons with energies less than 1,0 Mev are 8 and 9% of the
total dose rate for the two points. The experimentally determined dose rates are as
follows:

Neutron Dose Rate

Radial Distance (mrem /hr)
(cm) Neutrons < 1.0 Mev Total
16.41 62 776
32,92 20 9291

The radial distance includes the source radius (1.96 cm) and the thickness of the
stilbene crystal aluminum cover plate (0,16 cm). Attenuation of neutrons in the
thin crystal cover plate was not considered in computing these results or in the
theoretical analysis.
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TABLE IV-10

Neutron Flux to Dose Rate Conversion Factor

E E

(Mev) C(E) (Mev) C (E)
0.2 0.0345 5.8 0.141
0.4 0,0595 6.0 0. 141
0.6 0,0909 6.2 0.143
0.8 0,111 6.4 0.143
1.0 0,133 6.6 0.145
1.2 0.139 6.8 0.145
1.4 0.135 7.0 0. 145
1.6 0.133 7.2 0.147
1.8 0.132 7.4 0,147
2.0 0.130 7.6 0.147
2.2 0,128 7.8 0. 147
2.4 0.125 8.0 0.147
2.6 0.125 8.2 0,147
2.8 0.127 8.4 0,147
3.0 0.128 8.6 0,147
3.2 0,128 8.8 0.147
3.4 0,130 9.0 0,147
3.6 0,132 9.2 0.147
3.8 0,133 9.4 0.147
4.0 0.133 9.6 0,147
4.2 0,135 9.8 0.147
4.4 0.135 10.0 0.147
4.6 0.137 10.2 0.149
4.8 0,139 10.4 0.152
5.0 0.139 10.6 0.152
5.2 0.139 10.8 0.154
5.4 0.139 11,0 0.156
5.6 0. 141 11.2 0.156

Experimental data were compared to results of an analytical model for computa-
tion of dose rates which employs a point kernel integration over this source volume
using neutron effective removal cross sections. This model employs program
SPEND, an IBM computer program, for point kernel integration over volume dis-
tributed sources and shield regions 1n cylindrical geometry. The physical representa-
tion of the source geometry 1s exact, 1t 1s a cylindrical source region containing a
homogeneous mixture of 159 grams of Pu-239 and 79.1 grams of Be with a radius of
1,73 centimeters and a height of 6, 83 centimeters encapsulated by a stainless steel
cylindrical annulus and cylindrical end plates. The source and encapsulation have an
outer radius cf 1,96 centimeters and a height of 8,61 centimeters, Neutron removal
cross sections used for the calculations are as follows:

-1
z
Material R (em )
Homogenized source region 0,134
Stainless steel 0.168
Arr 5.168 x 107>

MND-3607-173
47



Since only the source neutron emission rate (and not the source sirength) is
known, a preliminary calculation was performed to adjust calculations to the mea-

sured emission rate, The emission rale of the source was taken as 1,99 x 107 n/sec
(see Section IV-C) as measured al Mound using a Bl', long counter, To simulate
this long counter technique, a SPEND calculation was performed to deltermine the

neutron flux, d)s (11/(:1112—sec), at all points on a spherical surface of radius R with a

center at the source center. The neutron emission rate, Q (n/sec), is then given by
the integral of the flux over this surface. Thus,

Ny

Q = S o, dA = 4rR? g (6) s1n 6d0 (n/sec) (IV-11)
A 0

where 0 1s the polar angle measured from the axis of the cylinder

\?

dA = 27R%sinod e

The equivalent source strength, S, 1s that which yields an emission rate Q = 1,99 x

7
10" n/sec as measured by Mound Laboratory. The uniform volumetric source
strength used for subsequent calculation is:

|0

S = :2.76x10’7 n/sec

v Vsource 64.04 cm3

= 4,31 x 105 n/cm3—sec

Neutron dose rates exterior to and in the radial midplane of the source were com-
puted using this source strength and a conversion factor (consistent with removal
cross section theory) of 0.1428 mrem/hr.

Results of this calculation are shown on Fig. IV-15 along with the experumental
results. Comparison 1s as follows:
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Neutron Dose Rate (mrem/hr)

Radial Distance Ratio: Experiment-
(cm) Experiment Calculation to-Calculation
16. 41 776 895 0.87
32,92 221 225 0.98

The maximum discrepancy of 12% is within experimental and analytical uncertainties,
which are mainly due to experimental statistical deviation, uncertainty in measure-
ment of ¢, extrapolation of spectrum below 1.0 Mev and uncertainty in the use of
removal cross sections in the absence of hydrogenous materials. These results

tend to validate the use of the stilbene system including the normalized data reduction
program for measurement of absolute neutron energy spectra and neutron dose rates.

4. Spectrum Measurements in Water

An experiment and analysis were performed in which spectral results of the Pu-
Be source in water obtained with the stilbene system are compared with moments
method calculations. The objective of the experiment and analysis was to demon~
strate the ability of the measurement technique to correctly determine the absolute
magnitude and energy dependence of the spectrum as perturbed by water.

Spectral measurements were made with the stilbene system in the radial mid-
plane of the Pu-Be source beyond two different thicknesses of water, Source
detector geometry was arranged to simulate the source in infinite water, A per-
turbation to the desired geometry was introduced by the necessity of placing the
broad face of the detector crystal exterior to, but in contact with, the water tank
containing the source. The uncertainty introduced by this perturbation is believed
to be small due to the forward peaking of neutron angular distributions through water
shields. Two measurements were made with water thickness of 5,625 and 8. 0 inches.
The corresponding radial distances from the center of the source to the detector
crystal face of 16.89 and 22.92 centimeters include a source radius of 1.96 centi-
meters, tank wall thickness of 0. 16 centimeter, an air gap of 0.32 centimeter and
an aluminum crystal face cover with a thickness of 0. 16 centimeter,

Verification of the ability of the stilbene system to measure spectra and dose rates
through shield materials accurately was achieved by comparison of experimental re-
sults with moments calculations for a point source in water. The solution for the
moments employs a scattering matrix for oxygen based on a heavy element treatment
which utilizes an accurate N point quadrature to represent the scattered source.
Moments thus calculated are exact to within the numerical limits imposed by the
energy point spacing and machine computer program limitations. Reconstruction of
the scalar energy flux from the moments is accomplished by assuming the exponential
flux or dose function of the form of Eq IV-1 and solving for the constants Ai and @

which may be expressed in terms of the known moments. This exponential form yields
more accurate results for deep penetration when compared to the more conventional
spatial polynominal representation. (For further discussion of moments calculations
see Section IV-C and Appendix B.)

The first 20 energy points of the 68-point energy structure were used for recon-
struction of the energy dependent fast flux over the interval from 18. 02 to 0, 1559 Mev.
The input source spectrum approximated the measured emission spectrum of the
Pu-Be source (see Section IV-C-3 and Table IV-6). Some smoothing was necessary
for high energies due to a lack of a sufficient number of energy points in the repre-
sentation to represent adequately the fine detail exhibited by this source, Dose moments
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were formed as the energy integral of the product of the flux moments and conversion
factor. The spatially dependent dose function is then formed according to a form simi-
lar to Eq. {IV-1). The solution yielded a two-exponential dose rate function for the point
Pu-Be source in water which is valid for r > 12 cm:

-0,097023r -0.188743r

- 0.13916e mrem /hr

arr? 20 - o 28157¢
S n/sec

A check of this function was made by comparison of moments of higher order (not
used in the reconstruction solution) calculated from Eq. (IV-12) with the exact higher
order moments, The comparison shows good agreement. Additional checks have
been made by comparing solutions for a point fission source using the same program
and same hydrogen and oxygen scattering matrices which show good agreement with
similar calculations performed at other laboratories and experimental data (Section
IV-B).

An additional calculation was performed to investigate the effects of the finite
geometry of the source, Program SPEND was used to integrate the dose rate kernel
(Eq. (IV-12))over a cylinder of dimensions equal to the Pu-Be source region to de-
termine dose rates in the radial midplane of the source. Attenuation, according to
Eqg. (IV-12), was included in the source region. Results were normalized to and
compared to the point source solution (see Section IV-B and Table IV-8), These cal-
culations indicated that, for r >15 cm, the dose rate from a point source of S (n/sec)
is equivalent to the dose rates from the volume distributed source with dimensions

equivalent to the Pu-Be source and with a source strength Sy; = S/VSource (n/cmg-sec).

Neutron spectral data and dose rates were normalized to a source strength of

1.99 x 107 n/sec (the Mound measured emission rate) and compared to experimental
results, Figure IV-16 presents the measured and calculated neutron spectra, The
experimental spectras were integrated according to Eq. (IV-10) to determine the
neutron dose rate. Note that an extrapolation was made for neutrons with energies
less than 1,0 Mev. Resulis and comparison are as follows.,

Neutron Dose Rate (mrem/hr)

Radial Calculated
Distance Experiment (moments)
{cm) E >1,0 Mev Total Total
16, 89 43 271 273
22.92 12 87 86

Calculated and experimental dose rates are also shown in Fig. IV-17.

The agreement in spectral shape and dose rate data is well within experimental and
computational error. The relatively smooth calculated spectrum for high neutron
energies (as compared with the experiment) is a direct result of the scarcity of energy
points in this range and the resultant smoothing of the input spectrum. Better resolu-
tion could be obtained by increasing the number of energy points. However, in this
case, it ic believed that little new knowledge would be gained and that the present re-
sults are sufficient to demonstrate the capabilities of the stilbene detecting system.
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V. SUBSYSTEM NEUTRON MEASUREMENTS

A. EXPERIMENTAL MEASUREMENTS

Neutron spectrum and dose rate measurements were made on the SNAP 19 System
4 generator subsystem. The measurements were made in Test Cell 2 of the Martin
Marietta Critical Facility, using the Procedures defined in Test Procedure 452B 1900019,
"Subsystem Radiation Measurements'.

For the measurements, the subsystem was mounted in a fixed position on the test
stand in the center of the test cell, a room approximately 20 by 20 by 20 feet with re-
inforced concrete walls and ceiling (Ref. 22), To measure neutron spectra at various
locations, the detector was positioned at the proper spatial orientation using the
mounting fixture shown in Fig. V-1,

To obtain a continuous spectrum from 1,0 to 12. 5 Mev, measurements were made
with high voltage settings of 1535 and 1650 volts as described in Chapter III-B.

Calibrations were performed before and after each spectrum measurement, using
the Compton recoil spectra of Cs-137 and Na-22 gamma sources as described in
Chapter IV-A.

Neutron spectra were measured at six locations around the subsystem as shown
in Fig, V-2. The three radial locations were on the midplane of the subsystem at
radial distances of 13.1, 17.1 and 29. 1 inches from the subsystem axis, The two
locations of the measurements on the subsystem axis were 13, 8 and 15, 8 inches from
the midplane of the subsystem. The sixth point was an off-axis location approximately
15 degrees from the subsystem midplane.

The experimental data points were reduced using the data reduction program pre-
sented in Appendix A, The spectral shapes for all measured locations were essentially
the same, Figure V-3 shows a typical spectrum, measured at Location 1 on Fig, V-2,
The measured spectrum covers the energy range from approximately 1.0 to 12. 5 Mev,
For the dose rate evaluation discussed in Chapter V-B, it was necessary to extrapo-
late the spectrum data to include the energy range from 0 to 1. 0 Mev, Two such ex-
trapolations are shown in Fig. V-3. The one marked Approximation 1 is essentially
a linear extrapolation of the lower energy portion of the measured data. Approximation
2 assumes that the spectrum is essentially flat below 1. 0 Mev, The actual value
logically falls somewhere between the two extrapolations, Using these extrapolations
increases the neutron dose rate 22 or 29%, depending on which approximation is used.
The difference between these two increases represents the range of uncertainty in
total neutron dose rate contributed by neutrons below 1.0 Mev, Therefore, the un-
certainty would be only 7%.

The neutron spectrum data for all six locations evaluated in this experiment are
presented in Figs. V-5 through V-10. The two sets of data points, obtained from the
data reduction, are shown using the symbols A for the high energy and O for the low
energy measurement. The smooth curves are believed to be the best representation
of the data, These curves were integrated to determine the dose rates reported in
Chapter V-B. Figure V-2 shows the location of the points with respect to the subsystem.

The measurement of Dose Point 2 was repeated (see Figs, V-5 and V-6). A com-
parison of data points for these two measurements indicates good experimental re-
producibility.
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B. DOSE RATES

The energy spectrum at each measured point shown in Fig, V-2 was numericaily
integrated to find the neutron dose rate at that point, In the analysis of the data,the
measured neutron dose rates at every point were increased by 30% to account for the
energy spectrum in the 0,0 to 1, 0 Mev range as discussed in Section V-A, Table V-1
gives the neutron dose rates at each point prior to and after this increase,

Neutron dose rates from a subsystem are also calculated using program SPEND
(Shield Penetration and Energy Deposition) for comparison with those determined
from the measured energy spectra. The neutron dose rates as computed by program
SPEND are based on the original 625-watt(t) inventory of the SNAP 19 fuel capsule

and a 3.33 x 104 n/sec-gm of Pu-238 neutron generation rate. This generation rate

was derived from the maximum neutron generation (2,5 x 104) n/sec-gm of Pu-238)
measured by Mound Laboratory on small samples of the capsule fuel (Ref. 23) and an

0. 25 effective multiplication factor, keff’ to account for the increase due to fast
fissioning in the capsule. The thermal inventory and neutron generation rate quoted

correspond to a source production rate of 3. 75 x 107 n/sec.

TABLE V-1
Measured Dose Rates

Dose* Location Measured 1.30 Measured
Point X (in.) Y (in.) (mrem/hr) {mrem/hr)

1 0.0 13.8 509 662

2 0.0 15. 8 316 411

3 11.9 4.5 378 491

4 13.1 0.0 374 486

5 17.1 0.0 242 315

6 29.1 0.0 99 129

*From Fig, V-2

Before a valid comparison between measured and calculated neutron dose rates
can be made, a comparison must be made between the emission rate on which the
calculated dose rates are based and the emission rates on which the measured dose
rates are based. An integration was performed for the calculated neutron fluxes at
a distance of 50 centimeters from the center of a SNAP 19 fuel capsule. It was found
that the ratio of the source production rate to the emitted production rate is 1. 29; i.e.,
29% of the neutrons are attenuated in the fuel capsule. Therefore, the calculated
neutron dose rates are based on an emission rate of

3.75 % 107 n/sec
1. 29

=2.90x 107 n/sec

The calculated neutron dose rates are given in Table V-2 for the points at which the
neutron spectra are measured,
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TABLE V-2
Calculated Neutron Dose Rates

Dose Point Dose Rate (mrem/hr)

1 810
2 502
3 550
4 480
5 300
6 111

The emission rates for the two fuel capsules used in Subsystem S/N 4 were

measured at Mound Research Corporation. These emission rates were 2,52 x 107

and 2,96 x 107 n/sec, respectively, for Capsules 300 and 307 (Ref. 24), Since Capsule
307 is in the top generator of Subsystem S/N 4 and it was found from the calculations
that greater than 80% of the neutron dose rate at points on the axis above and within

10 inches of the top of the subsystem are due to the top capsule, an approximate
correction factor for calculated dose rates on the system axis (Points 1 and 2, Fig,
V-2)is

2,96 x 107 n/sec
2.90 x 107 n/sec

= 1,02

An approximate correction factor for radial points (Points 4, 5 and 6, Fig. V-2),
based on the average emission rate for the two capsules, is

2.96 x 107 +2.52x 10'

2x 2,90x 107

= 0.94

The correction factor for Point 3 of Fig. V-2 lies somewhere between 1. 02 and 0. 94.
From Fig. V-2, it appears that the correction factor would be closer to 0. 94 and,
hence, this value is used. Table V-3 compares the corrected calculated neutron dose
rates with extrapolated (1. 30 measured) measured values,

Health physics measurements were made of total dose rates (neutron and gamma)
above and to the side of SNAP 19 Subsystem S/N 4. Figures V-11 and V-12 give these
total dose rates as a function of distance from the centers of the subsystem. Also
plotted are the stilbene dose rates, which have been increased by 30% as previously
discussed, and the corrected calculated dose rates. Previous calculations indicated
that, for the six stilbene detector positions, approximately 90% or more of the total
dose rate is neutron dose rate,

TABLE V-3
Comparison of Measured and Calculated Dose Rates
1.30 Measured Corrected Calculated

Dose Point (mrem/hr) (mrem/hr)
1 662 826
2 411 512
3 491 517
4 486 451
5 315 282
6 129 104
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V. GAMMA MEASUREMENTS

A, MEASUREMENT TECHNIQUES

In measuring the gamma spectrum emitted by SNAP 19 Subsystem S/N 4, con-

ventional gamma spectrometry techniques were employed (Ref 25), Gamma spectrum
was measured with a scintillation counter, using a 1-1/2-inch diameter sodium iodide
crystal and a TMC 256 -channel multichannel analyzer with a pulse height plug-in unit.
Figure VI-1 shows a block diagram of the circuit used.

Nal
crystal

Linear 256-channel .
Photomultiplier }— Preamplifier — amplifier [ ptglr?:l;;éfht —— Printout

FIG. VI-1. BLOCK DIAGRAM AND PHOTO OF GAMMA SPECTROMETER

Measurements were made in Test Cell 2 of the Martin Marietta Critical Facility

using the procedures defined in Test Procedure 452B1900019, "Subsystem Radiation
Measurements'', which is reproduced in Appendix C. The same test stand and de-
tector mounting fixture described in Section V-A were employed.

Because of scattering problems, measurements were made at only one location--

on the midplane of the subsystem, 29 inches from the subsystem axis.

To calibrate the system, it was first necessary to determine the response of the

Nal crystal to gamma energies., Standard sources listed in Table VI-1 were used in
this calibration.

TABLE VI-1

Standard Sources Used in Nal Calibration

Gamma Energy

Source (Mev)
Na-22 0.511
Cs-137 0.662
Mn-54 0. 84
Co-60 1,17, 1.33

The response of the spectrometer was found to be linear in the range covered by

these sources. By recording the channel of the 256 -channel analyzer in which the
characteristic gamma energy for each of the sources fell, the system was calibrated
for the various energy ranges of interest to these measurements.
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B. SPECTRUM MEASUREMENTS

Measurements were difficult to make due to the low energy gammas resulting from
scatterings within the generator, from the walls and floors and from structures in the
measuring room, This low energy spectrum results in poor resolution in the definition
of the low energy gamma spectrum. To overcome this, spectral measurements were
made using three different energy ranges, These energy ranges and the resolution
attributable to each one are shown in Table VI-2,

TABLE VI-2
Energy Ranges and Resolutions
Energy Range Resolution

{Mev) (Kev)
0 to 1.55 6
0to3 11,7
0to 4.70 20

By performing the measurements in more than one range, better resolution was
obtained in the low energy part of the spectra, the part most affected by scattered
radiation., Better resolution was also obtained as the distance between the generator
and the detector was increased. The resultant gamma spectrum measured on the
subsystem midplane 29 inches from the axis is shown in Figs, VI-2 and VI-3. In
Fig. VI-2, the counting scale was calibrated so that Channel 256 of the TMC was
equivalent to 1, 55 Mev. Therefore, the low energy spectrum of the generator was
better defined since the spectrum was then spread out, thus increasing resolution,
The TMC was then calibrated to make Channel 256 equivalent to 4.7 Mev and the
high energy component of the spectrum was defined as shown in Fig. VI-3. The data
compare favorably with the spectrum measured by Mound Laboratories on System 6
capsules.

C. GAMMA DOSE

The gamma dose rate could not be accurately computed because of the scattering
of gammas and the resultant increase in the magnitude of the low energy spectrum.
Gamma doses computed from spectral data were high by as much as a factor of 5.

Low energy gammas result from the Compton scattering of higher energy gamma
rays in various materials surrounding the capsules. In Compton scattering, an in-
cident gamma, E‘y, is scattered with a decrease in energy and the production of a

lower energy photon, Eo. The energy loss between the incident gamma and the re-
sulting photon is a function of the angle between them, 8. The resultant photon has
an energy equal to

E, = Ey - E_)// 1+ B, (1 - cos 8) (VI-1;
In this manner, a single energy incident gamma can produce an energy distribution

from 0 Mev up to near the energy of the incident gamma. Because of this effect of
scattering on spectrum, gamma dose rates are not reported for Subsystem S/N 4,
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VII, CONCLUSIONS

The program described herein determined the neutron spectrum and dose rate at
various locations in the vicinity of SNAP 19 Subsystem S/N 4, It also determined
the gamma gpectrum on the subsystem midplane at a radial distance of 29 inches
from the subsystem axig, Comparison of neutron dose rate data shows good agreement
among data obtained experimentally with the stilbene detection system dose rates, deter-
mined analytically, and dose rates measured using health physics techniques.

Preliminary experiments and theoretical analyses, both described in Chapter IV,
validate the use of the stilbene detection system as a reliable means of determining
neutron spectrum and dose rates. The most significant conclusion to be drawn from
the program is that the gtilbene system provides an accurate means of determining
absolute dose rates in addition to its more conventional application of determining
relative spectra,

In establishing the validity of the absolute dose rate measurements using the stil-
bene spectrometer, three independent approaches were used:

(1) Calibration of the spectrometer against a Pu-Be neutron source of known
migsion

(2) Determination of dose rates when the Pu-Be neutron spectrum was per-
turbed by water

(3) Comparison of the Pu-Be neutron spectrum in air and in water,

To determine the neutron emission of the source, absolute thermal and epithermal
fluxes were measured through various thicknesses of water using gold foils, The
emigsion thus obtained was compared with a calibration performed at MRC using a
BF3 long counter. These emission rates agreed within 2, 5%,

Comparison of experimental and analytical data verified that the stilbene neutron
spectrometer was a reliable system for determining both relative neutron spectra
and absolute dose rate,

The demonstrated validity of the stilbene spectrometer in measuring both shape
and magnitude of neutron spectra should be of significant utility in the field of biological
dosimeter calibration., Therefore, in the energy region in which confidence exists in
the spectral measurements (1,0 to 10 Mev), the flux-to-dose conversion function varies
by about 50%. The probable error in measuring a soft spectrum (that from a fission
source, for example) may be as large as 10 to 20% if dosimeter measurements are
performed with an instrament calibrated with a source having a hard spectrum,

While a systematic error of this magnitude is not normally a source of great con-
cern among health physicists, experience has shown that dosimeter accuracy, par-
ticularly when applied in control of the extensive operations performed on SNAP gen-
erators during assembly and test, can be advantageous with respect to economics and
convenience,

The observed accuracy of the spectrometer is, moreover, well within requirements
imposed in determining radiation effects on instrumentation, Similar conclusions apply
also in determining competition between nuclear radiation emanating from the SNAP source
and radiation to be detected in some space experiments, Elimination of this competition
may dictate shielding requirements or influence craft design for such experimental mis-
sions,
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APPENDIX A
STILBENE DATA REDUCTION PROGRAM

The stilbene data reduction program, obtained from Mound Laboratory and modified
for IBM 7094 and IBM 360 systems, is presented in this section, A brief description of
input, output, equations, a list of the source deck (FORTRAN IV) and input and output
data from a typical problem are included. This program is used to compute the energy-
dependent neutron spectrum from the light pulse count data obtained from the stilbene
detection system,

1. Input
NCARDS = number of cards containing Hollerith information.
Columns 2 through 72 of these cards may be used to include
identifying information.
R = radius of stilbene crystal (cm)
= thickness of stilbene crystal (cm)
HN = hydrogen atom density of stilbene (atoms/cms)
(HN =4.867x 1022 atoms/cm)
EC = gamma calibration source Compton edge energy EC (Mev)
A,B = constants associated with the proton-light response function,
(A =0.192, B =1, 342)
HC = channel number in which gamma Compton edge occurs {midpoint
of measured Compton recoil edge)
HB = back bias, or channel number for which electron recoil energy
function is zero. HB may be positive, zero or negative)
N = number of channels for which light response data are input
ID1 = (not used)
c(D = count rate data for channels I =1tol =N
HLOW = lowest channel number of data to be analyzed by this run
HUP = highest channel number of data to be analyzed by this run
DH = channel width for data grouping (see Notes)
ID = if ID is zero, the data of this problem are to be re-analyzed

using a new channel width, DH, If ID is not zero, a complete
new set of data for the next case follows. (Constructive problems
may be run by stacking data card sets one behind the other)
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2. Output

JLOWI(I) = channel numbers representative of the Ith channel grouping
JLOW2(I)
E(I) = midrange energy of the Ith channel grouping
DNE(I) = time integrated flux (n/cmz-sec-Mev) of energy (E(I), Flux in
units of (n/cmz-sec-Mev) may be obtained by dividing this value
by the total count time in seconds,
ERR(I) = the statistical error associated with the Ith flux value
TDE = ig the total number of neutrons incident on the crystal (the
integral of DNE over energy)
_  DNE(I)
Y 1(I) = DR
] _ ERR()
Y 2(I) = YD) TDE
_ ERR(I)
Y3(I) = YI(I) + “TDE

3. Program Notes

The notation in this section is similar to the FORTRAN program variable names.

Radiation from counter is entered without alteration. The total number of counts in
any one channel must be in the range of 0 to 999,999,

Several of the consecutive raw data channels will be summed to form a group, i.
At this point, unwanted data may be rejected by the choice of both the lower and upper
levels which will bound the channels to be grouped together.

Let Cj be the number of raw data counts in Channel j, Let Ni be the number of
counts in Group i. The number of raw data channels which will be grouped together

is AH, The lowest and highest of the raw data channels to be summed are HLOW and

HUP’ respectively. Then

j= HLOW + (i) AH-1
Ni =z Cj
j-= HLOW +(i-1) AH
where
(H 1)
i=1,2,3,.«.-+, HUP - —l§+ , and is always an integer,.

The width of each group, in Mev-electron equivalent, AL, is computed from
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The height at the upper end of each group, i, in Mev-electron equivalent is

L [HLOW - Hy - 1/2+iAH] o
i C

HC -HB

The neutron energy at the upper end of each group, i, is
1/b

dL dzL
Calculation of (5= and [~—5- {(derivatives of the light pulse data)
dE /., 2 ).
i dE" /i
dL _ bLi
dE /. ~ K,
i i
d2L> s W ()
dE> E.2 E; \dEJ

1

Calculation of the hydrogen scattering cross section (cmz)

_ 37
o(E;) = 3. 2
1206 E, + (-1.860 + 0. 0941491 E, + 0, 000130658 E, 2)

} x 10724

Calculation of the time integrated differential neutron flux

<dNn> ) B (dL>2 (Ni i Ni+1> ) (dzL Ny
=) = | (% — L i
dEn i Tr TNnO’ (Ei) dE i (A L) ZIE;Z i AL

+ T 2
1. 206 Ei + (0.4223 + 0, 1300 Ei)

where r, t and Nrl are the crystal radius, thickness, and hydrogen atom density,

respectively,

dN
Calculation of the statistical error in (H_EE)
n/i

dNn ) Ei /dL 4 Ni + N].._'_1 d2L 2 Ni
Error\gg | = 5 3aE Z Ly 2
n/, mroT Nno (Ei) \ i (AL) dE i (A L)
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a(0. 068Ei) is calculated using equation of note g.

1,1815

_ -3
Compute Rmax =1.524x 10 (Ei +0,118) {(cm)

The correction for wall effect and double scattering (Ref, 8) is computed as

0.78 Rmax (E.)

1 i
CF =1 - + 0. 090 Nn’r g (Ei) + 0.077 Nn'ra (0. 068 Ei)

dN dN

dE_n and error '&E—n are corrected by dividing by CF of note i
n n

Calculate AEi from

1/b
L L
- - o |_i+1/2 | Zi-1/2
AE; S E; 4172 E(i-1/2)‘[ Y ] [ a }

dN
and integrate over energy as Z (d_EE ) AEi to obtain the total number of neutrons
n/i

1/b

i
incident on the crystal.
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4,

Stilbene Data Reduction Program--Source Deck List

CALCULATION NEUTRON FLUX USING STILBINE SPECTROMETER

=NLH 0031 10

1D=0 READ NEW DATA FOR CHANNELS NOT NEW TAPE

0031 11t

1D=1 READ NEW DATA AND NEW TAPE

0031 12

4=-15=66

PROGRAM MODIFIED FOR IBM 7094 + FORTRAN 1V

4-15-66

WeDeOWINGS APRIL 1541966

4-15-66"

4=~15=-66

DIMENSION C(500) + E€(400) + DNE(400) + ERR(400)

AN(2Y

TABLE(S00)s JLOWI(400) « JLOW2(400)

+¥1(400)s Y2(400)s Y3(400)

DIMENSION ICHAN(S00) o SIGE(400) + SIGPF(400)

COMMON C o+ TABLE

1000

READ(S+8=0) NCARDS

850

FORMAT(18)

WRITE(6+060)

IF(NCARN2}Y 76047604750

750

DO 751 U=1eNCARDS

READ(S+8R1}

751

WRITE(64251)

851

FORMAT (72K

760

CONT INUE

READ(S+852) ReTsHNIECIABIHCIHBWNGID1

/52

FORMAT(6F 12¢5/2E126542112)

READ(S+853) ( C{I)alz=1eN)

853

FORMAT (12F640)

N0 2000 1=14N

2600

ICHANC(Y1)Y = I
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WRITE(64R60)

WRITE(64A70)
B70 FORMAT(,/,22H CHANNEL COUNTS /)
WRITE(6+R71) (ICHAN(CI)«C(T)eT=14N)
871 FORMAT(1As1PE1645)
15 READ(54855) HLOW<HUP+DH,s 1D
B55 FORMAT(3F12¢5+112)
TOE=0. 0031 155
Bl=1./8 0031 160
NG= (HUP=R_OW+1 ) /DH 0031 170
DL=EC*DH/ (HC~HB) " 0031 180
JLOW=HL.OW 0031 181
JHTGH=HLOw+DH~- 1 0031 182
AN(1)=0, 0031 184
DO 14 J=J OWsJHIGH 0031 185
14 ANCI1)=AN(1)+C(J) 0031 186
JLOW1(2) = JLOW 0031 195
DO 10 1=2,NG 0031 200
AT=1 0031 210
JLOW=HLOW+ (AT—1,)*DH 0031 220
JLOWZ( 1) = JLOW 0031 275
JHTGH=HLOW+A I *DH=1,4 0031 730
JLOW2( 1) =JH1GH 0031 235
AN(2)=0, 0031 240
DO B J=JLNAWe JHIGH 0031 260
8 ANC2)=AN(2)+C(J) 0031 270
AT=1-1 " 0031 285
AL=(HLOW«HB-e5+A 1 ¥DH) #EC/ (HC=HB) 0031 290
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ECIY=C(AL/AY X%B] 0031 300

DLE1=AL*RE(1) 0031 310
DLE2=(B~1 ) *DLEL /E( 1) 0031 320
X = ECI)
AAA = 1,006 * X )
BBB = =1,86 + 040941491 % X + 0,000130658 * X * X

BBB = BAR * BB

CCC = 04,4223 + 0e13 * X

CCC = CCr * CCC

DDD = ( ( 9442477 /(AAA + BRB)) +(3,14159 /(AAA + CCCHI)H)H

SIGE(]) = DDD * 1.0E~24

SIGA = SIGE(1)

1002 KATY=0 003! 344

DNE(I)I=(E(1)/(3¢14159XR¥RUTEHNRSIGA) ) ¥ (DLE 1 ¥DLEI1* (AN(1)=AN(2)) /(DL

1%#DL)Y~DLE2%AN(1)/D0L) 0031 360

ERR(II=(E(I)I/(3e141SO¥R*RETEHNASIGAI ) *SQRT (DLE1%##4*(AN(1)Y+AN(2))/

1(OL*¥¥4)+D| E2XDLE2XAN(1 3/ (DL*DL) ) 003! 380

X = 0406 % E(1)

AAA = 1,206 * X

BBB = =1,86 + 0,0941491 % X 4 04000130658 % X * X

888

0

8RR * BBR

CCC = 0,4223 + 0413 % X

CCC = CCc * CCC

DOD = ( ( 9442477 /(AAA + BBB)Y) +(3414159 /(AAA + CCCHY)H

SIGPE(IYy = DDD * 1 ,0E~-24

SIGPA = QIGPE(1)

RMAX=1e524E-03%(E(1)+4119)1%%1,815 0031 420

CFR=1e=e 7T8RRMAX /T4 OOFHNAXTHSIGA+ OTTXHHNER XS I GPA
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DNE(1)=DNF L 1)Y/CF

0031

440

ERR(1)Y=ERR(I)/CF

0031

450

AN{1)=AN(?)

0031

45%

JLOWL (1+19y=ULOW

0031

456

ALI = (HLOWaHB=~e S+ (Al +:S)2DHIXEC/(HC~-HB)

0031

480

AL2= (HLOW=HB= e S+ (Al =eS) *DH)X¥EC/{HC~HB}

0031

490

TOE=TDE+DNE( 1) ¥ ((AL1/A)%¥%B1~(AL2/A) %*%B1)

0030

500

10

CONT INUE

003H

510

DO 903 1=2:NG

IF(DONE(13)900+9004+90C1

900

Yi(1) = A0

Ya2¢1)y neO

Y3cn)

MeO

GO TO 9nn

901

Yi(1) = PDNE(I) / TDE

Y2¢Iy = v1(1) - (ERR(1) / TDE)

IF(Y2(1)1904+45054905

904

Y2(I) = N0

905

CONT INUE

Y3(1) = vitl) + (ERR(!) / TDE)

903

CONT INUE

WRITE(64R60)

860

FORMAT (5nH1

PROGRAM 0031

/7

WRITE(64861) R

WRITE(6.n62) T

WRITE(64863) HN

WRITE(64m64) EC

WRITE(64n65) A
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WRITE(64nr66) B

WRITE(64867) HC

WRITE(64068) HB

WRITE(64869) N

861 FORMAT(agH CRYSTAL RADIUS = 1PE12e5)
862 FORMAT(a6H CRYSTAL DIAMETER = 1PE12e5)
863 FORMAT(a&H HYDROGEN DENSITY = 1PE12e5)
864 FORMAT(a6H GAMMA CALIBRATION ENERGY = 1PE12.5) )
865 FORMAT (aéH CONSTANT A = 1PE12e5)
866 FORMAT(46H CONSTANT B = 1PE12e5)
867 FORMAT (agH GAMM* CALIBRATION CHANNEL = T1PE1245)
868 FORMAT(a6H BACK BIAS = 1PE12.5)
B60 FORMAT(a6H FULL SCALE CHANNELS = 18)
WRITE(64R72)
872 FORMAT(/,30H  CHANNEL GROUPING 2
873 FORMAT(3nH LOWEST = 1PE12.5)
874 FORMAT(3nH HIGHEST = 1PE12.5) o o
875 FORMAT(3nH WIDTH = 1PE12.5)
WRITE(6,R73) HLOW
WRITE(6,a74) HUP
WRITE(6+875) DH
WRITE(64R76)
876 FORMAT (ROH CHANNELS ENERGY FLUX FRROR
1 vi v2 s TXe 2HY3 47X /)
WRITE(G+R77) CILOWI (1) s JLOWS(TIsE (T )+ DNECTIsERR(T) o V1 (T vV2( 1) s
1 Y3(1) 4 1224NG) - o
WRITE(64A78) TDE
877 FORMAT(214+1P6E1645)
878 FORMAT(,/,41H TOTAL NEUTRONS INCIDENT ON CRYSTAL = 1PE12e5)
16 IF(I0) 1541541000
END 0031 780
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5. Input Data List--Typical Problem

The output of Section 6 is from this problem.

6

RUN NO, 8 DFCEMBER 1441966

PU«~BE SOURCE (m=740) IN WATER SOURCE SURFACE TO DETECTOR CRYSTAL FACE

SEPERATION NDISTANCE IS 54625 INCHES

GROSS COUNT RATE = 2134 CPS COUNTING TIME = 60 MINUTES

SETTING HV=1530(808.5) FG = 0.8 CG=0es5 RBL=20

CS~137 HC=16.8 FOR BL=20 ( ASSUME HB = =6,0 )
140 1.0 4467+22 0.478 0e1092 1342
168 ~6¢0 256

0 3163122747317189311458264820230946207433191037173280158466144266

134184125577110R5611413910889810429610088% 96785 95373 842374 85180 83005

80554 78161 75215 72608 70896 68315 66306 64280 62477 61605 60031 58080

56918 55165 54128 52039 51111 49374 48753 47446 47095 45626 44933 43394

42842 41598 41524 40909 40202 39060 38652 37447 37083 35365 34764 33896

34081 33276 32836 32466 31949 31225 30926 320483 20666 29310 28664 28147

27928 27466 26018 26196 25708 25269 24829 24784 24287 24101 24665 23678

23766 23759 23475 23373 23124 22440 21647 20296 18424 16705 15427 13765

12764 11872 11333 10769 10631 10281 10170 9860 9431 9426 9123 8838

8582 8428 8an21 7866 7725 7658 7319 6998 6796 6571 6431 6212

5861 65724 5453 5193 5228 4852 4872 4540 4329 4290 4061 3915

3826 3615 3499 3350 3226 3154 2002 2899 2771 2631 28575 2554

2478 2476 2387 2346 2172 2071 1915 1804 1650 1466 1319 1314

1179 1062 1003 924 897 850 749 769 737 643 652 582

544 494 468 474 440 395 337 340 301 285 270 244

209 221 219 192 192 104 173 157 140 139 148 143

127 124 120 109 106 93 69 89 62 62 81 62
48 42 59 48 36 38 43 33 30 22 27 10
24 22 22 25 7 17 17 18 8 11 11 15
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14 14 S ] 10 12 4 9 8 3 3 2

[ 3 4 () - 2 2 2 3 2 5 (o]
1 0o 3 1

4,0 25640 8.0 0

4.0 25640 1040 0

4,0 25640 1240 1

6. Output Data (see input of Section 5)

PROGRAM 0031

RUN NO. 8 CECEMBER 1441666
— PU-BF SOURCE (M-740) IN WATER  SOURCFE SURFACE YO DETECTOR CRYSTAL FACE
SEPERATICN DISTANCE IS 5.625 INCHES
—— GROSS CCOUNT RATE = 2134 CPS ~~~ COUNTING TIME = 60 MINUTES
SETTING HV=1530(808.5) FG = 0.8 CG=0.5 BL=20
CS=137 HC=164,8 FGR BlL =20 { ASSUME FB = «f,0 )

MND-3607-173
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CHANNEL

_. 55
56

COUNTS
0.
3.1€300E
1.22747F
3.17189F
3.11458E
2.6482CE
2.30G406E
2.07433E
1.91C37E
1.73250F
1.584¢€6E
1.44266E
1.34184F
1.25577F
1.15E856E
1«1413GE
1.0&ESBE
1.04296E
1.G0885E
Se«67TESOE
G«53730E
8a4374CE
Ba518SG0E
8.30950F
Ea0SS40GE
7.81610E
752150E
1 26C80F
7.06<60E
6.83150F
£e63060E
6.42800F
te2417170E
6«16050F
6.00210E
54 8G800F
5«66180E
5a51€65C0E
S«41280F
54 20390GF
511110F
4.53740E
44 BTE3VDE D4
4eaT446CE C4
44 7CSH50E 04
4456260E G4
4+49330E 04
44323G40F QG4
4.2842GE 04
4,15680FE C4
4415240F
4,090S0E
4402020E
3.9060GCE

03
05
g5
G5
Cs
a5
05
05
G5
G5
05
0s
¢s5
€5
G5
G5
as
05
Q4
G4
G4
C4
G4
a4
(7
G4
04
Ca
G4
04
G4
g4
Cé
04
04
04
Cé4
(1178
04
04 _
G4

.- 34B6520E 04

3.74470E 04

PROGRAM 0031

3:;0830E 04

57
58 3.53¢65CE C4
56 3.4TE4CE G4
60 3.38960E 04
é1 3.40E10E G4
£2 34322760E 04
€3 3.2832¢C0F G4
€4 2.24€6CE G4
€5 3.1949GE 04
68 3412250 €4
67 3.05260F G&
&8 3.04830E 04
£S 2.56660F 04
70 2.93100F D4
71 2.86640E Q4
12 2.B1470E 04
13 2.7G28CE C4
74 2.7466CE G4
15 ?2.65180F 0¢
186 2.61S60E C4
7 2.57C8CE G4
8 2.526S5CE 04
15 2.482S0E €4
80 2.47£40E 04
a1 2.42870F 04
82 2441C10LE 04
a3 2.4€E50E 04
84 2.36780E G4
85 2.37660F 04
8¢ 2.3715SCE 04
87 2.36750F 04
88 2.323730E 04
8g 2.31240E G4
90 2.24400E 04
Sl 2.1647CF 04
Q2 2.C2960E 04
63 1.8424CE 04
S4 . . 1.67C60E 04
95 1.5427CE G4
Sé 1.37€50F Q4.
S7 1.27€40F 04
S8 . 1.18720F 04
SS 1,12330F 04
oo 1.076SLE 04
141 1.G6210F 04
102 1.02810F. 04.
103 1.01700F G4
104 S.860C00E 03
108 S«4310CF C3
106 - S.426008 03
107 S«.123CCE 03
108 _ __ 8.83800GF 03
1as €.58200E 03
110 £.42B00F 03
111 €.02100€ 03
112  1.86600F 03

MND-3607-173
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113
114
115
116
117
118
116
12¢
121
122
123
124
125
126
127
1218
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
1£0
151
152
153
14
155
156
157
158
159
160
61
162
1€3
1¢é4
165 __
166
1617
1e8

—~ 6aS9B0CE

1. 72500E
7.65800E
7.31600E

6e7S€0C0F
6+.57100E
£+43100E
6.21200UF
5.861QCE
54 72400E
S+ 45300E
519300E
5.22800E
44 8520CE
4a8720GE
4.54C0CE
4.32S0CE
4429000E
4.U610GE
3.51500E
3.826CCE
3.61500E
3.4560GCE
3.35C00E
3.22600E
2.1540GE
3.00200F
2. 869C0F
2.77100E
?.6310CE
2.575CCE
24.554CCF
244780CE
2.47600F
2.3870GE
2434600F
241720GE
2.L7100E
1.91500F
1.8040GE
1.650C0E
l.46€00CE

~ - 1.31S8GCE 03

1.31400E 03
1.1750QE 03
1.0620GE 03
1.C0300F 03
S« 24C00E 02

—£297C00F 02

8.5CCO0E €2
74S00GE 02
7469CA0E 02
7.37C00F 02
65.43C00E 02

_ .—6452000F 02

5482C00E 02



16S ... . 5.44C0GE 02
170 449400CQE 02
171 4.680CGE €2
172 4 74000GE 02
A73 . 4.40000F 02
174 3.95000€ 02
1715 .. 337C0CE 02
176 3.4000CE Q2
S117 _.3.C1CQGE 02
178 2.85C00E 02
175 2.7C000E G2
180 2.44CCCE 02
181 2.CS000E @2
182 . 2421CA0GE C2
183 2.19000E 02
184  1.S92C00E 02
185 1.62000E 02
186 . 1.94000E €2
187 1. 73000E 02
188 . .. .1.5700GE 02
186 1.4CC00E 02
190. ... 1.3GC00E 02
151 1.48C00E 02
182 . .-1le430Q00E 02
153 1.27C00E 02
164 . 1a24CQ0E. 02 .
195 1.2CC0OCE 02
166 1.C9000E 02
167 1.06C00E €2
188 ... . S.30000E 01
169 6.9CG0O00OE 01
200, . B.9CCO0GE.O1..
201 6.20CC0E 01
202  £.20C0GE_01}
203 8.10CC0GE 01
204 6.2CC00E OL.
205 48(COCE 01
206 ... 4.2CC00GE 0)
207 5.590CAGE 01
208 . .. . . 4.80006CE 01
2C9 3.6CCO0E 01
2140 3.8CC00E._01
211 443C0C00E 01

MND-3607-173
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212 .

213

214 ...

215
214
217

218 .

215
220
221

222 .

223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
2446
241
248
246
250
251
252
253
254
255
256

3.3C00CE

3.CCCOCE

.C1.
01

—2.2CLACE_01.

2. 7CCOCE

.~ 1aCOGGELE

2.4CCO0GE

.222CGO00E.

2.2000GE

2.5C0006E

7.0GCQ0E

o1
01..
g1
01
01
cl._
00

- 1a7CO0GE_O) _

--15000CE

1. 76CGOGCE
1.8C0Q0E
8.CCCOGE

1.1CCAGE

1.1000GE

1.4CQ00E
1.4CC00E
5.CCCA0GE
5.CLCA0E
1.CCCCCE
1.2CCAGE
4.CCOQCE
S« CCCOCE
84CCCOGE

-3.CCCACGE

. 3.0GOOCE.

3.€0C00E
2.CLC00CE

5.00C0OCE

3.C00C0CE
44COCOCE
6.CLGGCE

3.CC00CE"

2.C000CE
2.CCCOCE
2.£CCACE

2.0L00CE

. 5.C0CQGE

Ca
1.CCCOQCE
Qe
3.C0G0CE
1.CCGOCE

01
01
o0
01
o1
01
c1
01 .
00
00 .
o1

-1

oo
Go.

.ac .



43
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PROGRAM 0031

 CRYSTAL RADIUS

e CRYSTAL . _DIAMETER .

HYDROGEN DENSITY

i" It

1.00000E 00

4467000E 22

--10C000E Q0 ..

e GAMMA_ CAL IBRATION  ENERGY = 44 78000E~-01
CONSTANT A = 1.92000E-01
et e . COGNSTANT B = 1.34200E QO
GAMMA CALIBRATICN CHANNEL = 1.68000E 01
e BACK _ BIAS . ... =__..=heG000OF Q0. . __ I
FULL SCALE CHANNELS = 256
_  _LCHANNEl GROUPING . e _
LOWEST = 4. 00000E OO0
--HIGHEST Z . 2856000F 02 . _ _ — — e
WIDTH = 8.00000E 00
LCHAMNELS ENERCGY CFLUX ERROR Yl - Y2 .. Y3
4 18 1.62C17E CC T.21368E 06 1. 76845E 04 2.07731E-01 2.07222€E-01 2.08241E-01
12 27 2.14484F 00  3,93187F 06 .. 2.55055E Q4 . 1.13226E-01 _1.12491€-=01_____  1.13960FE-0}
20 35 2.62845E (0 3.53586F 06 3.50329E 04 1,01822E-01 1,00813E~-01 1,02831€~01
28 43 . 3.CB8320F 00 . __3.4739BFE C6 .. 4.51760F 064 __ _ _1.00040F~-01 . 9487388F=02 . _ 1.01341F=-01
36 51 3.516CCE CO 3.37997E 06 E«S5T375E 04 9.73325€E-02 94 5T7T274E-02 9,89375€E-02
A4 859 . 3.93125F CQ 3.16135E Q6 b HTBOEAE 04 9., 10370E~-02 __Be91138F=02 = 94,29603E-02
82 61 443319EE €O 344T7044E 06 T81076E 04 9.,99379E-02 9.76886E-02 1.02187€-01
B0 .. 75 . _4,7204CE €O . 3,18152E 06 . 8495944E 04 9416179E-02 - _3;90319E:0Z‘,*ﬂ_..,ﬂ‘.‘tw’lQE?ﬂZ_
68 83 5.09816E 00 3.56048E 06 1.01232E 05 1.02531€-01 9961 54E-02 1.05446E-01
76 91 . . 5.4665BF 00 . 1.8048B7E 06 . _ 1.14046F 05 _  5,19746E=-02 . 4.86904E=02 .. _5,52588E-02
84 §S 5. 82669E GQ 1.31332E 07 1.19128€ 05 3,78195£-01 3.T4765E-01 3.81626E-01
.92 107 . 6.17934F QO 9,62154FE 06 1.115663E 05 2. T7070E=-01 _24T385S5E=-01 _ 2,802B6E-01_
100 115 6452523E €O 3.95701E 06 1.08691E 05 1.13949E-01 1.10819€-01 1,17079E-01
A0R . 123 6.86496E 00 . 4433519F 06 1,10215E 05  1,24840F-01  1.21666F-01 ____ 1,28014FE=01
116 131 7«19903E 00 4,37499E 06 1.08767E 05 1.25986E-01 1.22854£-01 1.29118E-01
124 139 .. 1.52788E 00 3.80723E 06 .. __1.05200F 05 _1.09636E-=01_ . _ _1.06607E~01 _ _1,12646FE-01
132 147 T« E5188E €O 2.96042E Q6 1.01260& 05 8452508E-02 8423349E-02 8¢81668E-02
140155 . 8.17138E 00 2.93930E Q6 GSa63025E 04 Bl 4bG25E~-02 _  B8418693E-02 = B.74158E-02
148 163 8.48665E CQ 3.71343E Q6 B8450862E 04 1.06935€-01 1.04485£-01 1.09385€E-01
156 111 Ba79791E 00 .. 1.85827FE 06 7,04296F 04 5,35124F-02 S5,14843F=02 _  5,55406E=-02
164 179 9.10557€E 00 1.35438E 06 5¢98191E 04 3.90020E-02 3,72794E-02 4407246E-02
2172 187 ... _9440S65E Q0 .. . B8.66708E 09  ___ 4.97549F 04 = 2,49988E-02 = 2.35257E-02 = 2.63913E-02
180 195 9.71041FE €O 4427438E 05 4.23379E 04 1.23089E~-02 1.10897€-02 1,35281€-02
188203 . 1.0008QFE 01 3.64897E 05 2.69036F 04 = 1,05079E=02 9.44517E-03 = 1.,15706E-02 _
196 211 1.03026F C1 2+73917E 05 3.07259E 04 7.88795E-03 7«00314E-03 8e 172T76E-03
204216 1.05G944F 01 . 1.B87049FE 05 = 2.,43878F 04~ 5,38643F~03 4,68414F=03__ 565,08872E-03
212 227 1.08834E 01 8.20075E 04 1.92494E C4 2¢36156E-03 1.80724E-D3 291588E-03
220 235 . 1.11698F 01 . _44a03441F Q& _ _ _1464828F 04 _ 1.16178E=03 = 6.87132F-04 . 1.63644E=03
228 243 1.14538E 01 5.25936E 04 1.37049E 04 1l.51453E-03 1.11987E-03 1.90919E-03
236 251 . 1.17353FE 01 1.59333F 04 = 1.07253F 04 4.58828F-04 = 1.49973E-04 . T.6T684E=04
TOTAL NEUTRONS INCIDENT ON CRYSTAL = 3.417260E 07


http://-L.JiaQOQE.QO

€6
€L1-L09¢-ANIN

GANMMA

CRYS
CRYS
HYCROGEN

CcC

cc
CALIBRATIG
BACK

FULL SCAL

CHANNEL GROUPING

CHANNELS
4 23
14 33
24 43
34 53
44 63
54 13
64 83
74 G3
84 103
94 113
104 123
114 133
124 143
134 153
144 163
1%4 173
164 1813
174 193
184 203
194 213
204 223
214 233
224 2473
234 253

_ 1210269E

LCWEST
HIGHEST
WIDTH
ENERGY
1. 75622E (O
2.36084E €0
2.S7178E (G
34516CCE QO
4.0326SE 00
44 52761E €C
5.00464E 00
5Ha46658E €O
5.91552F GO
£«35306E €O
6. 780658E €0
7.19903E Q0
7.60932E (O
B« 01217E €Q
B.40821E 00
Be75791E €O
S.18161E 00
S« 56044E CO
5e9339CE (O
1.0302€6E 01
1.0666SE 01

1.1383CE 01

_ -1a17352E 01

TOTAL

PRCGRAM 0031

TAL
TAL
DENSITY

RADILUS

GAMMA CALIBRATIUN ENERGY

NSTANT A
NSTANT 8
N CHANNEL

BIAS

E CHANNELS

nonon

FLUX
6« 61588E
3.66998E
3.48037E
3436950
3e38520E
3e12654E
3e48948E
2+ 68089E
1435557E
574287E
4« 12359E
4+38780F
3468321E
2459230E
3.78633F
1l.90657E
1.29094E

——  5.84521E
3.68432E
2 82507E
1.61035€
5+ 85075E
4454767E
2 30650E

NELTRONS INCIDENT GN CRYSTAL

DIAMETER

4. 000C0E 00
2.560CCE 02
1.00000E 01

06
[¢1-1
o6
06
06
06
06
¢1.)
o1
cé
06
06
0é
06
06
06
cé
05
05

LI T 1 | T N [ 1}

1.00000€ 00
1.00000E 00
4.67000E 22

44 78000E-01_ __

1.92C00E-01

1.34200E 0O

1.68000£ 01

~-6.00000E_00
256

ERROR

1.44629E G4
2.17644E Q4
3.06370E 04
4.00515E Q4
4.98602E 04
£.00564E C4
1.04692E 04
8413380F 04
8444289E 04
7.86T705E 04
T«88424E 04
7.81380FE 04
7.48041E 04
7.12313F 04
6e366S7E 04
5¢11467E 04
4.13477E 04
3.30113E 04
2.76268E 04
2023629E 04
1.68057E 04
1.27748E C4
1.02503E 04
T«74845E 03

3e437172E 07

Yi _ —
1.92450E-01
1.06756E-Q1 _
1.01241E-01
9.80158E-02
9484723E-02
9.18210E-02
1.01506E~01
T+ 79847E-02 _
3.94324€-01
1.67055E~-01
1.19951€-01

— 1.27637E-01

1.07141E-01
7.54078E-02
1.10141E-01
5454604E-02
3.75524E-02
1.70032E-02
1.07173E~-02
8421787E-03
4.68436E~03

_ 1a70193E-03

1.32288E-03
6270940E-04

Y2
1.92029E-01

1.06123€-01_

1.00349E-01
9.68507E-02
9.70219€E-02
-9.00740E=D2
9.94559E-02
1.56186E~02
3.91868E-01
1a64T66E-DY
1.17658E-01
1.25364E-01
1.04965E-01
T«33357E-02
1.08289E-01
5.39726E-D2
3.63496E-02
1.60429E-02
9.91370E~-03
T7256735E-03
4¢19550£-03
1.33032£-03
1.02471€E-03
42 45545E~-04

Y3 _ _

1.92871E-01
—1.07390E-01
1,02132€-01

9.91809E~-02 .
9.99227E-02
—9.35679E~02
1.03556E-01
—8.03507E-02_
3.96780E-01
1.69343E-01
1.22245€-01

_ 1429910E-01
1.09317e-01

~ T1a74798E~-02
1.11993E~-01
5.69483E-02
3.87552E-02
_1.79635E~-02
1,15210E-02

_ 8486838E-03
5017322E-03

- -—-2007354E-03

1.62105€E-03
. Be96335E-04



¥6
€LTI-LO9E-ANIN

PROGRAM 0031

1.00000E QO
--— 1. QCO00E. 00 -
4+67000E 22
. —4478000E=01

CRYSTAL RADIUS

e e e+ v - e GCRYSTAL . DIAMETER
HYCROGEN DENSITY

e _GAMMA  CAL IBRATION _ENERGY

[ I T T I 1}

CONSTANT A 1.92000£~01
CONSTANT ... B = 1.34200FE 00
GAMMA CALIBRATION CHANNEL = 1.68000E 01
i e — - BACK _BIAS . . __._ = ._=6.00000F Q0 — -
FULL SCALE CHANNELS = 256
- —CHAMNEL _GROUPING — S — R
LOGWEST = 4.00000E 00
- e — - RIGHEST. . _= 22560008 02 . . . . __ — ——— — -
WIDTH = 1.20000E 01
_CHANNELS . ENERGY_ ____ _ _FLUX_. ___ _  ERROR ____ .. _ _ Y1 Y2 Y3
4 27 1.88876E GO 6.18018E 06 1.24489E 04 1.81186E-01 1.80821E-01 1.81551E-01
1639 2.62B45E 00 3.61423E 06  1.93585E C4 _ 1,08959E-01 ~  1.05392F~-01 = 1.06527FE-01
28 51 3.30202€ ©0 3.49457E 06 2.T657BE C4 1.02451E-01 1.01640E-01 1.03262E-01
~-40_ 63 . 3.S3128F 00 . 3.24143FE 06 __ _ _ 2.648B1F Q4 . 9,50297F-02 9,39599F=02  9,60994E=02
52 75 4«52761EF CGC 3.24853E 06 4«58114E 04 95237T7E-02 9.3894TE-D2 9. 65808E-02
b4 BT __ 5.09BY£F €0  3.23737FE 06 .. . 5.54250F 04 9.,49105E=02 = 9,32856F=02 = 9,65355E=02
76 S9 5.64762E 0O 6.54282E 06 6.29860E 04 1.91817E-01 1.89970€E-01 1,93664E-01
— B8 111 . _6.17934F 00 = 1.01446FE 07  6.32035f 04 2.97410E-01 = 2,95557E=01 = 2,99263E=01_
100 123 6« 69583E 00 4.07415E 06 5+98736E 04 1.19443E-01 1,17687€E-01 1.21198E-01
112 138 .0 _T7.1S903E . COQ . 4433098 06. . _5.95974E.04.__ _ _1.26972F=~01 _ _ _1,25225E=01 _ 1.28719F=01
124 147 1. 69046E 00 3.41017E 06 Se6T754E 04 9.99T6TE-02 9.83122E-0D2 1.01641E-01
136 156 8.17138F 00~  3.07380F 06 . S.21940F 04 9.,01153E=02 _ 8485B51E=02 = 9,16454E=02
148 171 8. £427SE QO 2. 79961E 06 4+37452E 04 8.20767E-02 8.07943€~02 8,33592€~02
~160.183  G.10857E 00 _  1.3397CE 06 - 3e31857E 04 3.92763E-02 3.83034E-02 = 4,02492FE-02
172 165 S« 56044E €O 6.29079E 05 245T502E 04 l.84428E~02 1.76879E-02 1.91977€E~-02
184 207 _ ____1.0CQ08CE Q01 ... . 3.6613BE 05 _ 24037SSE 04 1a07341£-02  1.01367E-02 = 1.13316E-02
196 219 1.04488E 01 2425609E 05 1.54277€ 04 661422E-03 6016192E-03 T.06651E-03
—208 231 1.CAB34F 01 =~ 9.23364F 04 1411572F 04 2.70704F-03 . _2.37994E~03  3.03414FE-03
220 243 1. 13121E 01 5.02047€ 04 8.28423E 03 1.47186E-03 1.22899€-03 1. 71473E-03
232 255 1.17353F Q) @ 2.,31050F 04 = 5.96255F 03 6.77374E-04 5.02569E-D4 Ba52179€E-04

" TOTAL NELTRONS INCIDENT GN CRYSTAL = 3.41C97E 07




APPENDIX B

MOMENTS SOLUTION FOR POINT ISOTOPIC NEUTRON
SOURCE AND DETERMINATION OF THERMAL FLUX

The moments method, applicable to infinite homogeneous media, has been extensively
employed for the solution of the neutron and gamma radiation transport equations. A
summary of the method and results obtained are given by Goldstein (Ref. 26). A brief
description of the method, with emphasis on the particular form of the equations used
and flux reconstruction techniques, 1s presented in this appendix.

The transport equation for neutron radiation in terms of the number flux per unit
lethargy interval is

V'QN+EtN :S‘S‘N(—I;’ u', Q'Y E(Q- Q, E'-»E)E'du'd

+S(£,p,, Q) (B-1)
where
N(r, 4, D = neutron number flux per unit angle per unit lethargy.
z = macroscopilc total cross section

t
EO>
M = fn —E'

o(Q'=Q, E'SE)

1

lethargy defined from an arbitrarily chosen reference
energy, E.
and

cross section for scattering from Q'into the element of
solid angle dQ about Q2and from E' to E in the range dE,

The source per umt lethargy, S(r, u, r), 1s assumed continuous over a specified
energy E1 E2) and is numerically equal to the product of the energy, E, and the

source per unit energy S(r, E, Q).

In spherical geometry, the angular flux depends on the magnitude r of r and on the

—_

component w - gr',—r, which 1s the cosine of the angle between the neutron direction.

For a point isotopic source, located at the origin, the source term becomes

S (u) §(r) 6(l-w)

41'rr2 zw

The first step in the derivation of the moments equation 1s the expansion of the
angular flux as a Legendre polynomial series in w*

N(r, p, W) ; 2N, 0, ) Py (w) (B-2)
=0

where the coefficients, Nﬂ, are, due to the orthogonality of the set {Pg}

1
Nﬂ(r, u) = ZTrg N(r, u, w) P,Q (w)dw (B-3)
-1
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The coefficient number for which a solution is sought is readily identified as the scalar
flux,

The spherical moments, BS)Z where i is an index for a particular value of the
lethargy Ui’ are defined as
n+l © 1
@ -, *o 2 n i
Bn I 27r—1— 4rr” dr r PB (W) N (r, u, w) dw (B-4)
’ N
0 -1

In terms of the angular expansion coefficient, the moments are
n+l
Hq ®

gt g r N, (i) (r, u) 4vrldr (B-5)
0

n, £ n

The dimensionless arbitrary constant Mo has been included to facilitate numerical
solutions,

The procedure for obtaining a solution for the moments is:

(1) Obtain a set of integro-differential equations in Nﬁ by multiplying Eq. (B-1)
by Pﬁ(w) and integrating overall solid angles utilizing the definition of N,Q
and properties of the polynomials Pﬁ

N+1 N+2
r

(2) Multiplying the resultant set by 47 u /N' and integrating over
Y AT K

the spatial variable,

In Step (2), use is made of the assumption that N vanishes so rapidly at « that
rN t4 Nﬂ is zero at this limit. In this process, the scattering integral is approximated

as a mechanical quadrature for numerical integration as

i .
Z M NI () (B-6)
It £
i=1
where the coefficients Mgﬂi represent the probability for scattering from lethargy j
1

to the current value i with suitable integration weights. The resultant equation for
the spherical moments is

o o g W =) g
BN,g 7 g‘“’W{—N“ T [ﬂ wansnsll eene-well

1
¢ "My 4
i-1
(£) (j) (i) _ -
+ j:le’ : BN,B +u0 S 6N, 0 6N, 0 61, 0 (B-7)

This equation may be solved for all moments BN’ 0 for which N = 0 or a positive even

integer. Rigorous solution of the moments through Bp’ 0 requires a knowledge of
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(2)

is essentially exact. Small errors may only be introduced by the use of the mechanical
guadrature and the numerical technique used to solve Egq, (B-7).

the scattering coefficients M."; through order £ = P/2, This solution for the moments

The final step in the solution is the reconstruction of the scalar flux N from a finite
number of the moments for the scalar flux Bl(\}) o + The first step is the selectlon of an
analytical form for the flux. The coefficients of the assumed form are then solved for,
utilizing the computed moments thus completing the solution, Traditionally, both ex-
ponential forms and polynomials with a preassigned exponential weight function have
been employed, The representation of the flux as a sum of exponentials of the form

N .
amr? N (r) = zj B Aﬁ ; a(yl) B T (B-8)

is more appropriate for deep penetration due to the exponential nature of the observed
flux. Two methods of reconstruction of the flux in exponential form are presented.

The first method of reconstruction is the unique determination of the 2N coefficients

- (1) gl g
Aj ij =12,, .., Nfrom 2NevenmomentsB0, 0’ 2 0, " " 2N- 2, 0

If the representation of Eq. (B-8) is substituted into Eq. (B-5) the following
set of N nonlinear equations in N unknowns may be obtained., (For clarity the energy
index superscript i is omitted. This set is obtained and must be solved for each energy
point. )

A A A
_1._ + —_g_ 4+ . . . + —111. = BO 0
o 2 N ,
A A A
1 2 N _ .
=5 +'QT e v 3 = Bs o (B-9)
@ 2 N
i + Ag PR AN B
IN-1 AN-1 IN-1 4N-2, 0
@ 2 N

These equations may be solved by a method described by Chandrasekhar (Ref, 27)

which introduces the constants m, m, mN_1 determined by the condition that
Mo By 0¥ ™ By ot s o1 Bon, 0T Banse, 070
mo By gtmy By ot c -y Bonyo 0" Bangs, 0 7O (B-10)
m.B +m., B _ + e m,, , B, _
0 " 2N,0 1 2N-2,0 N-1 74N-4, 0+B4N—2,0 =0

It can be shown that Egs. (B-10) are a necessary and sufficient condition that the
aj are the roots of the equation
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1 e M1 1
my+ -ttty Ty <0 (B-11)
a o
or
2 N-1 N _ -
where
21
BJ T 7
o
J
The a/J are thus determined from the roots BJ, 3=1, ... Nof Eq. (B-12), Having

determined the o« , the A_ may be determined uniquely from any N equations of the set
(B-9). Note that the roots of Eq. (B-12) must be real and positive, if not, the
method fails,
The second method of reconstruction 1s the Gaussian iterative least squares technique,
An alternative method for reconstructing the flux in the exponential form (B-8) 1s an
1terative method using an excess of moments. For simplicity the process will be
1llustrated for a single exponential 41rr2 d(r) = Aﬂ @KoY | This process 18 applicable

for an arbitrary number of exponential terms N, provided at least 2N moments are
available. Note first that, according to the definition of the moments

- A = -
B2I’l, 0 = m = Fn (A, Q’) (B 13)

Given initial guesses or values obtained from the previous iterative 1 of a and N moments

where N > 2, the equations for AA and Aqg are

N A 2 A N .F Now| _/ <Nar
ab o ab art . al
z aA N Z oA N Z o0 L z oA 1

3=1 1=1 1=1 3=1

Na_F Ng N_@ 2 N N&E
AA z oA | z as | +Aa( adl =( AW)(Z ab 1)
171 1=1 =1 171 J

=1

(B-14)

where the notation l L means that the derivatives are to be evaluated with the current

values A_ and o
1 1
and
Ayq = -
Y31 =By o T (A, )

The derivatives in the linear set (B-14) are

8F, 1 _ 8aF _ (2N+1) A

9A  2N+1, Jda 2N+2
o o
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Equations (B-14)are solved for AAl_l and Aal and the new approximations for the next

+1
1terative are

. =A +hAA
1=1 1

a _, =a +hlAa
1=1 1

where h 1s an arbitrary constant less than or equal to unity, This procedure minmimizes
the value

N
2 2
E =Z (Ayy
1=1

and thus defermine the coefficients A and « 1n the least squares sense. The solution 1s
2
assumed converged when changes in E” between successive iteratives are less than some

predetermined arbitrarily small number t.

A difficulty 1s that there 1s no guarantee of convergence. Normally, good 1initial guesses
of A and « are required and obtaining a solution may be a trial and error process.

The exponential solution for the moments at epithermal energies may be utilized for
determination of thermal (2200 m/sec) neutron flux (Ref. 10). Assuming that the epithermal
absorption varies as 1/V and that the epithermal zeroth moment varies as 1/E in the energy
region of importance for epithermal absorption, a solution may be written for the thermal
flux 1n terms of spatial solution for an epithermal energy El. The zeroth moment and

spatial dependence are written in terms of energy.

The redefined mcment 1s
1
Lo Bo,o
0,0 umyE

and the spatial dependence is

N (1)
4rr2Q (B, 1) =z Mgl) ¢ B
1=1

where
(1) Al (1) ()
‘ 1) _ 3 1) 1
M, B Byl ke

1

Then the thermal flux ¢ (r) is given by (
B-15)

et 5wt 51 T [, )]

where E_ 1s the thermal range cutoff energy (taken as 0, 625 ev)
th

Z 1s the macroscopic thermal absorption cross section (2200 m/sec) and Eth 1s the
o

thermal energy (0. 025 ev).
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