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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 Commission: 

A. Makes any warranty or representation, expressed or implied, 
with respect to the accuracy, completeness, or usefulness of the in­
formation contained in this report, or that the use of any information, 
apparatus, method, or process disclosed 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 in 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 Commission, or his employment with such contractor. 
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FOREWORD 

This r epo r t is submit ted by the Nuclear Division of the Mar t in Mar ie t ta Corpora t ion , 
in support of United States Atomic Energy Commiss ion cont rac t AT(30-1)-3607. This 
volume and Appendix C (MND-3607-173-1) consti tute the final r e p o r t for I tem 1 (e) of 
the exper imenta l safety p r o g r a m for SNAP 19, dated January 1966, 

For convenience, Appendix C which contains Confidential Res t r i c t ed Data informa­
tion has been placed m a s e p a r a t e 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 recoi l 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 r eco i l e lec t rons from Compton s ca t t e r ing of photons, a discriminating 
c i rcu i t was incorpora ted within the s p e c t r o m e t e r to pa s s essen t ia l ly only the neutron 
pu l s e s . 

The s p e c t r o m e t e r cons is t s of a scintillation counter employing a stilbene crystal 
detec tor , a p reampl i f ie r sec t ion, a d i sc r imina to r sect ion and a 256-channel ana lyzer . 
The preampl i f i e r section of the s y s t e m makes use of space charge effects in the photo-
amplif ier tube to d i sc r imina te against g a m m a s . Under this space cha rge sa tu ra t ion 
condition, the las t dynode (which is dr iven negative by all pulses) r e m a i n s negat ive 
for s e v e r a l mic roseconds in r e s p o n s e to a pulse from a reco i l e lec t ron resu l t ing from 
an incident gamma. A reco i l proton from an incident neutron will p roduce a pulse which 
goes posi t ive in l e s s than a mic rosecond . This posi t ive-going pulse is shaped in the 
d i s c r imina to r to provide a gating pulse which t r i g g e r s the ana lyzer so that only neu t ron-
produced pulses a r e counted by the ampl i f ier . 

The s p e c t r o m e t e r was ca l ibra ted to es tabl ish the p roper high vol tage to be applied 
to the photomult ipl ier tube. To cover the energy range of about 0. 5 to 12, 5 Mev, two 
m e a s u r e m e n t s at high voltage se t t ings of 1535 and 1650 volts were r equ i r ed . The s y s t e m 
was found to be sens i t ive to the count r a t e . Cal ibra t ion showed that the g r o s s count 
r a t e (neutron plus gamma) had to be r e s t r i c t e d to the range between 1000 and 8000 
c o u n t s / s e c . 

F o r routine cal ibrat ion to es tab l i sh reproducib le data, the sys t em was ca l ib ra ted 
agains t the Compton reco i l s p e c t r a from ces ium-137 , sodium-22 and m a n g a n e s e - 5 4 . 
This was accompl ished by adjusting the gain of the l inear amplif ier so that the midpoint 
of the Compton edge always fell in the s a m e channel for each of the gamma s o u r c e s . 

Measuremen t s were made to evaluate the r e sponse of the s p e c t r o m e t e r s y s t e m . 
These m e a s u r e m e n t s included: de terminat ion of appropr ia te range of g r o s s count r a t e , 
evaluation of system, reproducib i l i ty , de terminat ion of the effects of s ca t t e r i ng on 
m e a s u r e m e n t s , evaluation of the effects of c rys t a l or ienta t ion with r e s p e c t to. the in­
cident neutrons and determinat ion of the ability of the s y s t e m to s p e c t r a l change through 
a hydrogenous shield m a t e r i a l . 

Absolute normal iza t ion of the s y s t e m to de te rmine absolute count r a t e from the 
m e a s u r e d s p e c t r a l data was es tab l i shed . Calculat ional techniques w e r e ver i f ied by 
compar ing r e s u l t s for a f ission s o u r c e . The Mar t in Mar ie t t a P u - Be sou rce (M-740) 
was normal ized by de termining the neutron emiss ion of the s o u r c e us ing the act ivat ion 
of gold foils through var ious th icknesses of water and compar ing with analyt ical ly 
de te rmined t h e r m a l neutron flux. Measu remen t s of the neut ron s p e c t r u m from the P u -
Be sou rce were made in a i r and through water . This normal iza t ion p r o c e s s ver i f ied 
that the st i lbene s y s t e m provides an a c c u r a t e , r e l i ab le means of de te rmin ing absolute 
dose r a t e s as well a s a re la t ive neutron spec t rum. 
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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 

Dose 
Point 

1 
2 

3 

4 

5 

6 

Distance from 
Subsystem Center 

(in.) 

Axial 
13.8 
15.8 

15° off midplane 

12.7 
Radial 

13. 1 

17. 1 

29. 1 

Measured 
(mrem/hr) 

662 

411 

491 

486 

315 

129 

Calculated 
(mrem/hr) 

826 

512 

517 

451 

282 

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, Sub task 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 , prel iminary measurements and data 
evaluation were pursued as defined in Ref. 1. 

Efforts during the task included assembling the necessary instrumentation, checking 
out the m e a s u r e m e n t s y s t e m and techniques aga ins t a neu t ron s o u r c e of known s t r eng th 
and energy , m e a s u r i n g the neu t ron and gamma s p e c t r a and fluxes of the fueled s u b ­
sys t em, providing analy t ica l suppor t for the m e a s u r e m e n t s , de te rmin ing the s o u r c e of 
neut rons in the fuel capsu le , and proving analy t ica l techniques for ca lcula t ing potent ia l 
shield r e q u i r e m e n t s appl icable to the subsys t em in tegra t ion p r o c e s s . 

This r e p o r t documents the background and the efforts pursued during this p r o g r a m . 
The r e p o r t is divided into seven chap t e r s , with g e n e r a l content a s follows: 

Chapter I Introduction 

Chapter II D i scus se s the theory of neut ron s p e c t r u m de te rmina t ion us ing a 
s t i lbene c r y s t a l detection s y s t e m . 

Chapter III D e s c r i b e s the e l ec t ron i c s , ca l ib ra t ion and opera t ion of the 
neut ron s p e c t r o m e t e r . 

Chapter IV Discusses p r e l i m i n a r y m e a s u r e m e n t s p e r f o r m e d to evaluate 
s y s t e m r e s p o n s e ; de sc r ibe s the method of obtaining absolute 
normal iza t ion ; and d i s c u s s e s measuremien ts made to es tab l i sh 
the absolute normal iza t ion . 

Chapter V Desc r ibe s the neutron s p e c t r u m and dose r a t e m e a s u r e m e n t s 
and p r e sen t s ' the data obtained. 

Chapter VI D i scus se s gamma m e a s u r e m e n t t echniques , and gamma 
spec t r iun m e a s u r e m e n t s and dose evaluat ion. 

Chapter VII P r e s e n t s conclusions . 

Analys is to de t e rmine the s o u r c e of neu t rons f rom a SNAP 19 fuel capsule i s 
p resen ted in Appendix C. This ana lys i s i s r epo r t ed s e p a r a t e l y in a c lass i f ied supp le ­
ment (MND-3607-173-1) to this r e p o r t . 
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II. SPECTROMETER THEORY 

The stilbene neutron detecting sys tem is basical ly a device for measuring the 
amplitude of the light pulses produced by proton recoi l resulting from neutron elastic 
scattering in a hydrogeneous system. The heart of the sys tem is a stilbene crystal 
which provides the hydrogeneous medium. Extensive analysis and experimentation 
have been performed for such sys tems ( 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 re la t ion between the observed pulse height s p e c t r u m and the neutron spectrum 
takes i ts s i m p l e s t form if the c r y s t a l is of such proportions to minimize the probability 
of neutron second s ca t t e r i ng and escape of recoi l protons from the crystal . In the 
absence of these effects , the differential proton s p e c t r u m produced by an incident 
neutron s p e c t r u m is 

dN„ c dN dE 

where 

E = neut ron energy (Mev) 

E p = proton energy (Mev) 

d N p / d E p = number of protons pe r unit proton energy (Mev ) 

dN /dE = number of neut rons per unit a r e a pe r unit neutron energy in te rva l 
n n - 2 - 1 

incident on the c r y s t a l (cm Mev ) 
2 

a - hydrogen s ca t t e r i ng c r o s s sec t ion (cm ) 

N V = number of hydrogen a toms in the c r y s t a l (product of the hydrogen 
-3 

a tom densi ty per unit volume N (cm ) and the c r y s t a l volume 

V (cm 

The in tegrat ion is n e c e s s a r y s ince , in neu t ron -p ro ton s ca t t e r i ng , a proton of energy , 
E p , may be produced by any neutron whose energy is g r e a t e r than E p . An expres s ion 

for the neutron s p e c t r u m is obtained by differentiat ing and solving Eq. I I - 1 . Hence, 

dN E 
n _ n dE N^Va 
n h 

d^Np 

. d E p 
Y (II-2) 

E = E ^ 
n P 

The actual m e a s u r e m e n t is of the number of p ro tons pe r unit pulse height, dN-^^/dL 
- X '^ 

(Mev ). In t e r m s of this quanti ty, the neut ron s p e c t r u m is 
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dN -E n_ n 
dE NTVOWI 

n h n 

-E 
N^voffe;) 

dL d /_dL ^ \ 
VdE^ dL / dEp dL _ p . . , j ^ __^ 

_(dE'p) 

2 d^Np dNp ^2^ n 
+ dL^ dL dEp 

n ""P 

(II-3) 

-• E = E „ n P 

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 cor rec­
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 r e ­
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 i s , 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 
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F o r the m e a s u r e m e n t of continuous s p e c t r a , these cons idera t ions imply that c r y s t a l 
s ize should be chosen a t the expected m i d - r a n g e ene rgy or at ene rg ies where e r r o r 
is to be min imized . The s y s t e m employed in this p r o g r a m , and desc r ibed in Chapter 
III, used a cy l indr ica l c r y s t a l for which the r a d i u s , R, i s equal to the t h i ckness , ''• , 
of 0. 5 c e n t i m e t e r . This c r y s t a l a p p e a r s to be a r e a sonab l e choice for m e a s u r e m e n t 
of continuous s p e c t r a over the range of 1 to 10 Mev. 

The light r e s p o n s e of s t i lbene to protons is nonl inear . Ideally, the r e sponse for 
a p a r t i c u l a r s y s t e m could be m e a s u r e d ut i l izing a s e r i e s of mono-ene rge t i c neutron 
s o u r c e s which span the energy range over which s p e c t r a l m e a s u r e m e n t s a r e to be 
made to de t e rmine the r e s p o n s e for each neut ron energy. This p rocedure is far f rom 
p r a c t i c a l , however , and l imi ted expe r imen ta l data have been used to cons t ruc t the 
e m p i r i c a l form a s s u m e d for al l ana lyses r e p o r t e d he re in . The a s sumed re la t ionsh ip 
for the light pu l se , L , (in Mev energy units) and the proton energy , E (Mev) is 

L p = 0.192 E p ^ ' ^ ^ ^ (II-4) 

G r e a t e s t uncer ta in ty in this r e l a t ionsh ip o c c u r s for low e n e r g i e s . 

Energy ca l ib ra t ion of the de tec tor s y s t e m s is accompl i shed by using single l ine 
energy gamma s o u r c e s . C r y s t a l r e s p o n s e to r eco i l e l ec t rons from gamma Compton 
sca t t e r ing is l i nea r . The energy at which the Compton edge o c c u r s , E (Mev) for 

a gamma line emis s ion energy E , i s (Mev): 

0 .51 E 

^ C - \ - 0.51 4- 2 E (II-5) 
y 

Measu remen t of the energy s p e c t r u m from a gamma sou rce provides the bas i s for 
a s s ignment of energy to a channel by observing at which channel , H p , the Compton 

edge o c c u r s . E l e c t r o n equivalent energy , L (Mev), for Channel H is then 

L = aH + b (II-6) 

where the constants a and b a r e evaluated from Eq, (II-5) using two s e p a r a t e gamma 
e n e r g i e s , E and E . F o r two g a m m a s o u r c e m e a s u r e m e n t s of Compton edge 

''l "̂ 2 
e n e r g i e s , E p and E „ o c c u r r i n g in channels Hp and Hp , the constants in Eq. (II-6) 

^ 1 ^ 2 ^ 1 ^ 2 
a r e evaluated to yie ld: 

F - F 
'^2 ^ 1 (H - Hp ) + E (11-7) 

^ ' Hp - H "^1 "^1 
^ 2 ^ 1 

The zero energy channel, H, , is, according to Eq. (II-7), 
b 

/Hp - H, 

« b 
* ^ 2 _ _ _ ^ \ E^ + H^ (II-8) 

E p - E / ^ 1 ^ 1 
^ 2 ^ 1 V 

Equation (II-7) in t e r m s of H, becomes 

H - H, 

H c - ^ b 
E (n-9 

^ 1 
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H, , referred to in Ref. 

program (Appendix A). 

8 as a back bias, is a necessary input to the data reduction 

The known electron energy equivalence (Eq II-9) and the proton-light responiie 
function (Eq II-4) are used to determine the relationship between neutron energy Ê .̂  

(Mev) and channel number as 

1 

E = n 0. 192 

1. 342 1 
0. 192 ^ C ' ^ b 

E, 

1 
1. 342 

(11-10) 

Examination of the nonlinear dependence on channel number as expressed in Eq. 
(11-10) demonstrates the necessity of very accurate gamma calibration. Small un­
certainties in determination of the Compton edge channel, Hp, and the electron zero 

energy channel, H, , can cause great uncertainty in the calculated neutron energy, E , 

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 (Ep = 0.478 Mev), the system is 

adjusted for the following settings: 

«C 
Approximate Location of 

Setting Cs-137 Compton Edge 
1 110 to 120 
2 15 to 20 

Approximate Energy Range 
where Neutron Results 

are Valid (Mev) 

1. 0 to 3. 0 
>3 . 0 

Two neutron measurements are then made for these two sections. The selection of 
the changeover energy of 3. 0 Mev is somewhat arbi trary. 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 e r ror in the overall measurement is relatively small. 

MND-3607-173 
6 



III. SPECTROMETRY SYSTEM 

A. ELECTRONIC EQUIPMENT 

Measurements of neutron spectrum and absolute dose rate were made with the 
neutron spectrometer shown in Fig. III-l . 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 
gam.ma), 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 tr iggers 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 miajority 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 i s , from about 0. 5 to 12. 5 Mev. 
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FIG, III-2. BLOCK DIAGRAM OF NEUTRON SPECTROMETER 
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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. III-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 to 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 II, 

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, E , as a reference. The neutron 

III 3.x 
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 
E max 

255.5 E c 
0. 192 (H - H, ) c b 

(III-l) 

where 

E = neutron full scale energy (Mev) 
max ^•' ^ ' 

H = analyzer channel where the midpoint of the Compton edge is located 

H, = 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 E 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 experinaentation 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 restilts. 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 arbi trary 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. StatisticaJ. 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. 

I 
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TABLE IV-1 

Neutron Exper iment Descript ion 

Experiment 

Detector count ra te 

Reproducibili ty 

Attenuation 

Scattering 

Crys t a l Orientation 

Purpose 

To determine variat ion m spect ra l 
and total flux measu remen t s at 
var ious count r a t e s (and cor respond­
ing dis tances) . 

Descript ion 

Measurements of P u - B e neutrons were made over a range 
spanning the anticipated count r a t e s for the SNAP 19 
capsules and gene ra to r s . Gross count r a tes (neutron and 
gamma) for high energy measuremen t s ranged from 100 
to 8000 cps . Resul t s are-

Gross Count Rate (cps) 

Neutrons 
> 3.2 Mev 

100 
250 

1150 
1700 
3800 
8000 

< 3.2 Mev 

--
--

1600 
2400 

--
--

Fig. No 

IV-1 
IV-2 
IV-3 
IV-4 
IV-5 
IV-6 

To determine extent to which given 
measurement could be reproduced. 

Repeat measurement was made after t ime lapse of ap­
proximately a week, during which ins t ruments were r e ­
adjusted for h i ^ and low energy measurements severa l 
t imes . Instruments were r e se t at original settings and 
counting t imes were approximately same (within 10% of 
original counting t ime) . 

Counting Time 
(min) 

(high) (low) 
Gross Count Rate 

(cps) 
F ig . 
No. 

To determine ability of stilbene 
sys tem to measure spec t ra l change 
and magnitude of flux resul t ing from 
hydrogeneous shield m a t e r i a l . 

Measurement 
Original 100 200 1700, 2400 IV-4 
Repeat 90 210 1700, 2400 IV-7 

For fixed source-de tec tor separat ion distance of 6, 5 in . , 
3 measurements were made with bare source, 3-in. slab 
of paraffin between source and detector, and two 3 -in. s labs 
of paraffin. Slab dimensions were large (12 x 14 in . ) , 
Source and detector s ize and separation distance effectively 
simulated semi-infinite slab when placed perpendicular to 
source detector l ine . 

Configuration F ig , No. 

Bare source IV-7 
3 in. paraffin IV-8 
6 in. paraffin rV-9 

To determine extent, if any, to which Two measurements were made of neutrons through paraffin, 
neutrons sca t t e red from facility walls one with slab 6 in. thick (see attenuation experiment) and 
and support equipment influence one a 6-in. thick block shield. Block shield had la te ra l 
m e a s u r e m e n t s . dimensions sufficiently smal l (2 x 4 in.) to attenuate only 

direct neutrons and neutrons reaching detector after r e l ­
atively small angle sca t t e r . Both measurements were 
made with fixed source-de tec tor separat ion distance of 
6.5 m. 

Configuration Fig . No. 

Slab shield 
Block shield 

IV-
IV-

9 
10 

To determine reproducibi l i ty of 
spec t ra l shape and differences in 
absolute count ra te at differing 
stilbene c rys ta l orientation with 
respec t to sou rce . 

Two measuremen t s were made at fixed source detector 
separation of 6. 3 in. Crys ta l orientations with respec t 
to source detector line were al ternately flat (top of 
cylindrical c rys ta l directed toward source) and curved 
(curved cylindrical surface of c rys ta l directed toward 
source) . Nominal mode of measurement is flat orientation. 

Crys ta l Orientation 

Flat 
Curved 

Fig. No. 

IV-7 
IV-11 
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(2) Uncertainty in the assignment of neutron energy to channels may lead to 
large variations m energy regions where the flux shows greatest variations. 
This consideration is particularly important for high neutron energies 
since the relationship is 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 is shown on Fig. IV-12 m 
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 
energies. 

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 its 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, it 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 if 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 m 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, in the total flux at the 
detector for the block shield. This decrease was recorded as a deficiency in 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 in 
the low energies was observed both in the spectral and absolute flux comparison. 
Absolute fluxes were as follows: 

Flux 

A 

Shield Neutrons < 3.2 Mev 

Slab 3.6 X 10^ 

Block 2.8 X 10^ 

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 is readily resolved when it is recognized that the 

Ratio 
Neutrons > -J. 2 Mev B/A 

4.8 X 10^ ^•'^^ 

4.2 X 10^ 1.50 
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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 
diiferences 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 is significant to note that this factor may be directly 
related to the geometry of the experiment. Assuming the curved orientation to 

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

and height, the ratio of curved area to f latarea(3, 14 cm ; is 0.65. The comparison 
IS not rigorous because analysis of the data involves factors derived from experi­
ments m 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 in 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 m the ratios 1. 0, 0. 50 and 0. 20, respectively. A removal 

cross section > (cm ), computed from these data as 

1 1 ^(x) 1 -1 
- In - ^ = , ^ \ . In 0. 20 = 0, 106 cm ^(o) 

compares favorably with the measured neutron removal cross section for paraffin 

of ^ = 0 . 109 cm . (Density = 0. 952 gm/cm ). Here, x is the slab thickness (cm) 

and 1^^^^ and 4), , are the total neutron fluxes (n/cm -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 renioval cross section for a fission source. For larger attentuation, the 
expected behavior is 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 m water, 
which was analyzed m much greater detail. The results of this experiment are 
given m Section IV-B. 
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B. DETAILED EXAMINATION OF SPECTRAL RESPONSE 

A set ot experiments was performed to explore the utility of the stilbene dc tccting 
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: spectral measurements in air and measurements 
of the perturbed spectra m water. The experiments were set up to nearly approxi­
mate a condition for which precise analysis is possible- that of a point source in an 
infinite 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 is reported m Section IV-B, 

A prime quantity associated with the intent of the experiments is 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 m water. This source normalization is r e ­
ported in Section IV-B. 

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

Aleasurements 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 input 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 is, 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, in this respect, the system represents a precision dosimeter. More un­
certainty exists in individual details of the energy dependent spectrum. Here, e r ro r 
in the magnitude is probably around 20%. Part of this variation is due to the un­
certainty in assignment of energy values according to the gamma calibration method. 

1. Fission Source Calculations 

The investigation 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 m 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 isotopic fission source m 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. Moments technique 
2 

Calculation of moments and reconstruction of the flux tj) (n/cm -sec-Mev) for 
radius r (cm) as a sum of exponential terms 

2 ? -'̂ 1 ^̂ > % ^ 

4TTr̂  ct> (r, E) = \ A (E) e ^ ° (IV-1) 

J 

where N > 2, was performed by a computer program (SPFRC) written m FORTRAN IV 
for the IBM 7094 and 360 computers. The quantities A (sec Mev ) and a (cm ) 
are determined from the moments in the reconstruction phase. The dimensionless 
quantity^ ,is p^-eselected to ease numerical calculations. To ensure an adequate 
representation of the neutron source spectrum and energy dependent cross section 
data, provisions were made m the program for allowance of up to 200 discrete points 
spanning the energy range of interest. Exact calculations of spatial moments B . 

(cm /Mev-sec) in a hydrogeneous medium through order n = N involves scattering 
(jf) - 1 

integral expansion coefficients M (cm ) through order ^ = N /2 and an integral over 
( i ) J ' 1 

moments B '' for all energy indices J < i (all higher energies). The large demands 
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 m the subroutines for matrix inver­
sion and polynomial root finding associated with the exponential flux reconstruction 
routine. 

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 in 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-
form.ed 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 Legendre 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 
A^ =0.5) and a 68-energy point structure (A|u = 0, 25) were compared to the data of 
Aronson, et. a l . , (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 A^ =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 Api 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 

C r o s s Section Data and Legendre Expansion Coefficients 

Oxygen (2) 

E n e r g y 
(Mev) 

18.02 
14.03 
10.93 

8 .51 
6 .63 
5.16 
4 .02 
3 .13 
2 .44 
1.90 
1.48 
1.15 
0 .897 
0 .699 
0 .544 
0 .424 
0 .330 
0.257 
0 .200 
0.156 
0. 121 
0 .0946 
0.0736 
0 .0573 
0.0447 
0 .0348 

Hydrogen 
a ^ = a g 

(ba rns ) 

0 .520 
0.682 
0 .878 
1.11 
1.36 
1.63 
1.94 
2 .28 
2 .66 
3 .09 
3 .58 
4 . 1 4 
4 . 8 0 
5 .54 
6 .34 
7 .15 
8 .04 

(ba rns ) 

1.71 
1.58 
1.33 
1.46 
1.30 
1.50 
1.85 
1.70 
0 .90 
3 .00 
2 .21 
3 .15 
2 .90 
2 .85 
3.87 

11.2 
3.82 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 

(ba rns ) 

0 . 7 5 
0 .67 
0 .67 
0 .90 
1.06 
1.47 
1.78 
1.70 
0 .90 
3 .00 
2 .21 
3 .15 
2 .90 
2 .85 
3 .87 

11.2 
3 .82 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 
3 .70 

^ 

0 .870 
0 .680 
0 .650 
0 .621 
0 .523 
0 .303 
0 .152 
0 .253 
0 .235 
0 .034 
0 .044 

- 0 . 0 5 5 
0 .020 
0 .135 
0 .280 
0 .020 

- 0 . 0 2 2 1 
- 0 . 1 2 6 
- 0 . 0 7 0 
- 0 . 0 3 8 
- 0 . 0 1 7 
- 0 . 1 4 7 
- 0 . 1 3 3 
- 0 . 1 2 7 
- 0 . 1 0 2 

0 

L e g e n d r e 

0 .680 
0 .480 
0 .456 
0 .420 
0 .329 
0 .190 
0 .066 
0 .169 
0 .056 
0 .062 
0 .090 
0 .240 

- 0 . 0 1 0 
- 0 . 0 1 5 

0 
0 .120 

- 0 . 0 1 7 
- 0 . 0 2 6 
- 0 . 0 2 0 
- 0 . 0 0 9 

0 
0 .0069 
0 
0 
0 
0 

Expans: 

! 3 

0 .603 
0.327 
0 .295 
0.259 
0 .211 
0.163 
0 .026 
0.092 

- 0 . 0 0 6 
0 .015 
0 .041 

- 0 . 0 2 2 
- 0 . 0 1 5 

0.002 
0.007 
0.009 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

ion Coefficients^ ' 

F F 
11 lA 

0.459 
0 .251 
0 .204 
0.153 
0 .070 
0 .020 

- 0 . 0 1 3 
- 0 . 0 1 3 

0 .006 
0 
0 .016 
0 .015 
0 .001 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 .388 
0 .146 
0 .105 
0 .060 
0 .031 
0 .018 
0 
0 
0 
0 
0 .006 

- 0 . 0 0 8 
- 0 . 0 0 5 

0 .001 
0 .004 
0 

- 0 . 0 0 4 
- 0 . 0 0 5 
- 0 . 0 0 3 
- 0 . 0 0 1 

0 
0 
0 
0 
0 
0 

! i 
0.260 
0 .064 
0 .060 
0 .052 
0 .045 
0 .033 
0 
0 
0 
0 
0 .004 
0 .004 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

(1) 

(2) 

Expans ion coeff icients a r e in c e n t e r of m a s s s y s t e m and no rma l i zed such that F„ = 1.0. 

F o r oxygen, at a l l e n e r g i e s below 0. 0348 Mev, a™ = CTQ = 3 . 70 b a r n s and F = 0 for a l l 
1 > 0. i b 1 

C r o s s 

E n e r g y 
(Mev) 

2 .71 X 

2 .11 X 

1.64 X 

1.28 X 

9.97 X 

7.76 X 

6 .05 X 

4 . 7 1 X 

3.67 X 

2.86 X 

2 .22 X 

1.73 X 

1.35 X 

1.05 X 

8.18 X 

6 .37 X 

4 .96 X 

3 .86 X 

3 .01 X 

2 .34 X 

1.83 X 

10-2 

10-2 

10-2 

10-2 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

10-^ 

10-4 

10-4 

10-4 

10-4 

10-4 

10-4 

Sect ion Data for Hydrogen 

Hydrogen 
a ^ = a g 

(barns) 

17 .2 

17 .8 

18.2 

19. 1 

20 .0 

2 0 . 0 

2 0 . 0 

2 0 . 0 

2 0 . 0 

2 0 . 0 

2 0 . 0 

2 0 , 0 

2 0 . 0 

2 0 . 0 

2 0 . 0 

20 .0 

20 .0 

2 0 . 0 

2 0 . 0 

2 0 . 0 

20 .2 

E n e r g y 
(Mev) 

1.42 

1. 11 

8.62 

6 .71 

5 .23 

4 .07 

3 .17 

2 .47 

1.92 

1.50 

1.17 

9 .09 

7 .08 

5 .51 

4 . 2 9 

3 .34 

2 .60 

2 .03 

1.58 

1.23 

9 .58 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-4 

10-4 

10-5 

10-5 

10-5 

10-5 

10-5 

10-5 

10-5 

10-5 

10-5 

io-« 
10-6 

10-6 

10-6 

10-6 

10-6 

10-6 

10-6 

10-6 

1 0 - ' 

Hydrogen 

(barns) 

2 0 , 2 

20 .3 

2 0 . 3 

2 0 . 4 

2 0 . 4 

2 0 . 5 

2 0 . 5 

2 0 . 5 

2 0 . 5 

2 0 . 5 

2 0 . 5 

20 .6 

20 .6 

20 .7 

20 .7 

20 .8 

20 .8 

20 .9 

2 1 . 0 

2 1 . 0 

2 1 . 0 
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TABLE IV-3 
Fast Neutron Spectra Point Isotropic Fission Source in Water 

2 
4irr 4) ( r , E) (n / sec /Mev-f i ss ion neutron) 

E (Mev) r = 0 10 20 30 60 90 120 

d 
1 

CO 0 5 
fi5 O 

1 
h-* 
- 3 
CO 

10. 

6. 

4 . 

2 . 

1. 

0 . 

0 . 

0 . 

(1) 

(2) 

(3) 

< I ) A 

9 B 
C 

63 

02 

44 

48 

897 

544 

330 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 
B 
C 

4 . 6 - 4 
(2) 

4 . 6 7 - 4 ( 1 , 0 2 ) 

1 .25 -2 
1 .22 -2 ( 0 . 9 8 ) 
1 .22 -2 ( 0 . 9 8 ) 

7 . 0 - 2 
6 . 7 2 - 2 ( 0 . 9 6 ) 
7 . 4 2 - 2 ( 1 . 0 6 ) 

1 .8 -1 
1 .90 -1 ( 1 . 0 6 ) 
1 .93 -1 ( 1 . 0 7 ) 

3 , 0 - 1 
3 . 0 5 - 1 ( 1 . 0 1 ) 
3 , 0 1 - 1 ( 1 , 0 0 ) 

3 , 7 - 1 
3 . 5 3 - 1 ( 0 . 9 5 ) 
3 . 4 7 - 1 ( 0 . 9 4 ) 

3 . 7 - 1 
2 . 2 6 - 1 ( 0 . 6 1 ) 
2 . 2 8 - 1 ( 0 . 6 2 ) 

3 . 2 - 1 
4 , 0 0 - 2 ( 1 , 2 5 ) 
2 . 0 6 - 2 ( 0 . 6 4 ) 

2 . 0 - 4 

2 . 2 0 - 4 ( 1 . 1 0 ) 

4 . 8 - 3 
5 . 5 4 - 3 ( 1 . 1 5 ) 
5 . 1 4 - 3 ( 1 . 0 7 ) 

9 fi - 9 

2 ! 6 0 - 2 ( 1 . 0 0 ) 
2 . 5 3 - 2 ( 0 . 9 7 ) 

7 3-2 
7 . '30-2 ( 1 . 0 0 ) 
7 . 2 4 - 2 ( 0 . 9 9 ) 

8 3-2 
9 ! 6 0 - 2 ( 1 . 1 6 ) 
1 . 2 1 - 1 ( 1 . 4 6 ) 

1 . 4 - 1 
1 . 4 3 - 1 ( 1 . 0 2 ) 
1 . 4 3 - 1 ( 1 . 0 2 ) 

1 . 7 - 1 
1 . 9 7 - 1 ( 1 . 1 6 ) 
1 . 9 3 - 1 ( 1 . 1 4 ) 

2 . 4 - 1 
2 . 4 2 - 1 ( 1 . 0 1 ) 
2 . 8 5 - 1 ( 1 . 19) 

8 . 8 - 5 

1 .02 -4 ( 1 . 1 6 ) 

1 .9 -3 
2 . 3 9 - 3 ( 1 . 2 5 ) 
2 . 0 9 - 3 ( 1 . 1 0 ) 

6 . 5 - 3 
7 . 7 1 - 3 ( 1 . 1 8 ) 
7 . 6 9 - 3 ( 1 . 1 8 ) 

2 . 0 - 2 
2 . 2 3 - 2 ( 1 . 1 2 ) 
2 . 1 9 - 2 ( 1 . 1 0 ) 

2 2-2 
2 ! 6 2 - 2 ( 1 . 1 9 ) 
3 , 0 8 - 2 ( 1 , 4 0 ) 

3 . 4 - 2 
3 . 6 5 - 2 ( 1 . 0 7 ) 
3 . 4 8 - 2 ( 1 . 0 2 ) 

3 . 8 - 2 
4 , 9 1 - 2 ( 1 . 2 9 ) 
4 , 5 9 - 2 ( 1 . 2 1 ) 

5 , 0 - 2 
5 . 9 9 - 2 ( 1 . 2 0 ) 
6 , 7 3 - 2 ( 1 . 3 5 ) 

3 . 8 - 5 

4 . 7 1 - 5 ( 1 . 

7 . 5 - 4 
9 . 9 7 - 4 ( 1 . 
8 , 3 0 - 4 ( 1 . 

1 .8 -3 
2 . 3 3 - 3 ( 1 . 
2 . 3 2 - 3 ( 1 . 

5 . 3 - 3 
6 . 4 0 - 3 ( 1 . 
6 . 2 1 - 3 ( 1 . 

5 . 7 - 3 
7 . 0 1 - 3 ( 1 , 
7 . 8 9 - 3 ( 1 . 

7 . 3 - 3 
9 . 5 2 - 3 ( 1 . 
8 . 7 5 - 3 ( 1 . 

9 . 5 - 3 
1 .26 -2 ( 1 . 
1. 13-2 ( 1 . 

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

/ 1 £» \ 

Key r o r e s u l t s : A - - N Y O 6267 , e x a c t d e g r a d a t i o n in oxygen , A|j = 
B - - C u r r e n t r e s u l t s , 3 4 - p o i n t , A | j = 0 . 5 
C - - C u r r e n t r e s u l t s , 6 8 - p o i n t , A | J = 0 . 2 5 

E x p o n e n t i a l r e c o n s t r u c t i o n so lu t i on fa i l ed a t 1 0 . 9 M e v 

N o t a t i o n A L 6 - 4 = 4 . 6 X 10' -4 

,24) 

,33) 
11) 

,29 
,29) 

.21) 
,17) 

,23) 
,38) 

,30) 
,20) 

,33) 
,19) 

,28) 
39) 

= 0 . 1 

3 . 0 - 6 

4 . 3 5 - 6 ( 1 . 4 5 ) 

4 . 6 - 5 
6 . 5 8 - 5 ( 1 , 4 3 ) 
4 . 8 2 - 5 ( 1 . 0 5 ) 

6 , 0 - 5 
8 . 2 3 - 5 ( 1 . 3 7 ) 
7 . 5 1 - 5 ( 1 . 2 5 ) 

1 .3 -4 
1 .70 -4 ( 1 . 3 0 
1 , 5 0 - 4 ( 1 . 1 5 ) 

1 .3 -4 
1 .73 -4 ( 1 . 3 3 ) 
1 .79 -4 ( 1 , 3 8 ) 

1 ,7 -4 
2 . 3 3 - 4 ( 1 . 3 7 ) 
1 . 9 5 - 4 ( 1 . 1 5 ) 

2 , 1 - 4 
3 . 0 4 - 4 ( 1 . 4 5 ) 
2 , 4 8 - 4 ( 1 , 1 8 ) 

3 3-4 
3 ! 6 7 - 4 ( 1 . 1 1 ) 
3 , 6 8 - 4 ( 1 . 1 2 ) 

2 . 4 - 7 

3 . 8 2 - 7 ( 1 . 5 9 ) 

3 . 0 - 6 
4 , 0 8 - 6 ( 1 . 3 6 ) 
2 . 6 7 - 6 ( 0 . 8 9 ) 

2 . 7 - 6 
4 . 0 8 - 6 ( 1 . 5 1 ) 
3 . 1 6 - 6 ( 1 . 1 7 ) 

4 . 7 - 6 
6 . 9 - 6 ( 1 . 4 7 ) 
5 . 2 2 - 6 ( 1 , 1 1 ) 

4 . 5 - 6 
7 . 0 5 - 6 ( 1 . 5 7 ) 
6 , 4 0 - 6 ( 1 . 4 2 ) 

6 . 8 - 6 
9 . 5 9 - 6 ( 1 . 4 1 ) 
7 . 0 2 - 6 ( 1 . 0 3 ) 

8 . 4 - 6 
1 . 2 5 - 5 ( 1 . 4 8 ) 
8 . 9 0 - 6 ( 1 . 0 6 ) 

1 . 0 - 5 
1 . 5 1 - 5 ( 1 . 5 1 ) 
1 . 3 2 - 5 ( 1 . 3 2 ) 

^ N u m b e r s in p a r e n t h e s i s | 
/ r e p r e s e n t r a t i o \ 
] r e s u l t B o r C ( 
\ r e s u l t A / 

1 .8 -8 

3 . 2 2 - 8 ( 1 , 7 9 ) 

1 .7-7 
2 . 4 7 - 7 ( 1 . 4 5 ) 
1 . 4 8 - 7 ( 0 , 8 7 ) 

1 .4-7 
2 . 4 3 - 7 ( 1 . 7 4 ) 
1 .56-7 ( 1 . 1 1 ) 

2 . 2 - 7 
3 . 8 8 - 7 ( 1 . 7 6 ) 
2 , 4 4 - 7 ( 1 . 1 1 ) 

2 . 4 - 7 
3 . 8 8 - 7 ( 1 . 6 1 ) 
3 . 0 2 - 7 ( 1 . 2 6 ) 

3 . 7 - 7 
5 . 2 9 - 7 ( 1 . 4 3 ) 
3 . 3 0 - 7 ( 0 . 8 9 ) 

4 . 4 - 7 
6 . 8 8 - 7 ( 1 . 5 6 ) 
4 . 1 7 - 7 ( 0 . 9 5 ) 

5 . 4 - 7 
8 . 2 8 - 7 ( 1 . 5 3 ) 
6 . 2 1 - 7 ( 1 . 1 5 ) 



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 

4 
a.fj. r 4irr^ct)(r, 1.58) = ) A. e ^ ° I 

i = i 
where 

^ 1 

^ 2 

^ 3 

^ 4 

= 0 . 1 

= 1 .88123 X 10^ 

= 1 .34539 X 10^ 

= 1. 16819 X 10^ 

= - 2 . 1 5 1 7 5 X 10^ 

n / s e c - M e v 

n / s e c - M e v 

n / s e c - M e v 

n / s e c - M e v 

a^ = 1.16980 cm-1 

a = 0.900023 cm'^ 

Og = 1.71469 cm-1 

a^ = 5.19761 cm"l 

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 

2 
4TTr <j> (r) (n/sec) 

r 
( c m ) 

3 

5 

10 

15 

20 

30 

40 

50 

60 

70 

80 

90 

E x p e r i m e n t 

1 .36 x 

2 . 5 8 X 

2 . 5 0 X 

1 .25 X 

5 . 8 2 X 

1.32 X 

3 . 7 4 X 

9 . 7 8 X 

2 . 6 5 X 

8 . 8 7 X 

2 . 6 1 X 

8 . 3 4 X 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

102 

10^ 

10^ 

10^ 

10° 

1 0 - 1 

C a l c u l a t e d 
E = 1.58 e v 

3 . 8 9 

4 . 4 9 

2 . 6 2 

1 .24 

5 , 8 2 

1.34 

3 . 3 6 

9 . 18 

2 . 7 1 

8 . 5 0 

2 . 7 9 

9 . 5 0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

10^ 

loi 
loi 

10° 

10° 

1 0 - 1 

exp 

2 . 8 6 

1 .74 

1 .05 

0 . 9 9 

1 .00 

1,02 

0 , 9 0 

0 . 9 4 

1.02 

0 . 9 6 

1.07 

1 ,14 

The computed moments, B^ - and B„ ^, may be used to deternaine the neutron 
2 - • -

age T (E) (cm ), which is defined as 
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r r ^ . 4Trr^ct5(r, E) d r 

T ( E ) = | - ^ , 2 ( I V - 2 ) 
^ ( 4TTr'^<)5(r, E ) d r 

•̂ 0 

•According to the definition of the moments (Appendix B), the age of neut rons to 
energy, E, is computed as 

1 ^2 0 ^1^^ 

Neutron ages , computed from this express ion are-
E (ev) 

2.03 
1.58 
1.23 
0,957 

T (cm ) 

26.4 
26 .5 
26.6 
26,7 

These r e su l t s a r e m good ag reemen t with the m o r e recen t m e a s u r e m e n t s of the age-
to-indium resonance which range from 26. 7 + 0. 9 to 27. 68 + 0. 10 as repor ted by 
Joanau, Good]ohn and Wikner (Ref. 18). The unweighted average of these m e a s u r e ­
ments IS 27. 17 + 0 . 7 8 . Joanau, Goodjohn and Wikner used the moments method to 

2 
compute a value of 26 .4 cm to indium resonance (1.46 ev) which is in ve ry good 
ag reement with the p re sen t ca lcu la t ions . 

e. T h e r m a l neutron flux compar i son 

The final objective of the fission source s tudies was to obtain a solution for the 
t he rma l neutron flux (2200 m / s e c ) . The method of Anderson (Ref. 10) was used 
(see Appendix B) which ut i l izes the zero th moment and exponential r ep resen ta t ion 
of the ep i the rmal flux to solve for the t h e r m a l flux. This technique emphas izes the 
impor tance of obtaining a good solution for the ep i t he rma l flux. The moments 
resu l t at 2. 03 ev is a s follows: 

u ' l BQ Q = 3.47256 x 10^ n - c m / s e c - M e v 

4 
a ur AiTV <\> ( r , 2 . 03 ) = > A e J ° 

1 = 1 

x̂ = 0. 1 
° 4 -1 

A = 1 .45950 X 10 n / s e c - M e v °^^ = 1. 16887 c m 

A2 = 1 .08702 x 10^ n / s e c - M e v «2 = 0 - 8 9 9 8 6 6 c m ' l 

Ag = 9 . 0 5 6 7 3 x 10^ n / s e c - M e v ^^ = 1. 71183 c m ' l 

A^ = 1 .67696 x 10^ n / s e c - M e v «^ = 5 . 26098 c m " l 
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This resu l t was used to solve tor the the rma l Ilux at E Q = 0.025 ev assuming a 

t h e r m a l cutoft energy E . = 0.625 ev. A macroscop ic t h e r m a l neutron c r o s s sect ion 

°'I 0.0221 cm" and a t he rma l neutron diffusion length of L = 2.72 cen t ime te r s 

a 
were used. Resul ts a r e compared to the kernel for water deduced by Trubey, e t . a l . 
(Ref. 19), from the exper imen ta l data taken at the Lid Tank Shielding Faci l i ty of 
ORNL. This compar i son is given in Table IV-5 . The r e s u l t s a r e absolute, e x p e r i ­
mental and calculated fluxes a r e independently normal ized to one fission neutron. 

TABLE IV-5 

Compar i son of Exper imenta l and Analytical T h e r m a l Neutron 
Fluxes for a F i s s ion Source 

2 
4Trr (^ (r) ( t he rma l neu t rons / f i s s ion neutrons) 

„ calc 

r 

5 

10 

15 

20 

25 

30 

35 

40 

50 

60 

70 

80 

90 

100 

120 

Experimental 

1.53 

2.54 

1.72 

8.2 x lO"! 

3.8 x 10"! 

1.83 X lO'l 

9.0 X lO'^ 

4.2 X lO'^ 

1.14 X 10"2 

3. 1 X 10"^ 

9.0 X 10"^ 

2.8 X lO'^ 

8.9 X 10"^ 

3. 1 X 10"^ 

4.0 X 10"^ 

Calculated 

6.31 

4.21 

2.04 

9. 10 X 

4.06 X 

1.86 X 

8.82 X 

4.32 X 

1, 13 X 

3.22 X 

9.88 X 

3.20 X 

1.08 X 

3. 74 X 

4.85 X 

10-1 

10-1 

10-1 

10-2 

10-2 

10-2 

10-3 

10-4 

10-4 

10-4 

10-5 

10-6 

1\ -

4. 

1. 

1. 

1. 

1. 

1. 

0. 

1. 

0. 

1. 

1. 

1. 

1. 

1. 

1. 

^exp 

12 

66 

19 

, 11 

07 

02 

976 

,03 

991 

,04 

, 10 

14 

21 

22 

,20 

The compar i son shows good ag reement over the range 15 < r < 120 cen t ime te r s , 
the maximum deviation being + 22% at 110 c e n t i m e t e r s . Of pa r t i cu la r in t e res t for 
the p resen t work is the range from 20 to 40 c e n t i m e t e r s , where a maximum deviation 
of 11% occu r s . These r e s u l t s once again i l lus t ra te the failure of the exponential 
solution to adequately r e p r e s e n t the flux very close to the source as indicated by the 
poor compar ison for r < 10 c e n t i m e t e r s . 

The derivat ion of the solution for the t h e r m a l flux a s s u m e s that the mac roscop ic 
absorpt ion c r o s s sect ion of the water medium v a r i e s a s 1/v and that the moment s 
B„ „ (E) vary as 1/E over the energy regions of impor tance (the effective source 

region for t h e r m a l neut rons) . A check of the zero th moments for ene rg ie s from 
9.97 kev to 0.96 ev showed l e s s than 5% var ia t ion from the 1/E condition ( i . e . , 
moments per unit le thargy 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 is probably due to the inclusion m the calculation of the 
fission source per unit lethargy s (u) as given by (neutrons/fission neutron) fox c nc igy E 
(Mev) 

s (u) = ES (E) = 0.484 e -^ sm h V2E" (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) is valid only for the condition that the epithermal relaxation 
length b = 1/u a (cm) be greater than the thermal diffusion length L (cm). This con­
dition IS not met in the fourth exponential term of the solution for the epithermal flux. 
This term, although the coefficient A is negative, gives rise to an erroneous position 
flux component which introduces significant e r ro r m 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 
technique (Appendix B). 

f. Discussion 

The intent 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 is 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 is 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 m water from a Pu-Be source. 
These calculations use the same 68-point energy structure and scattering matr ices . 

2. Plutonium Beryllium Source Normalization 

Calibration experiments involving neutron spectral measurements with the stilbene 
system in 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 associated 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 essential. 

Two independent techniques were used to measure the source emission rate-

ID 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 initial 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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ncution emission rate of 1.99 x 10 neutron/sec (4/18/()6) wjth ui al)Solute accuracy 
ot +^ The following anistropy oi the source, measured with resi)ect to its axis 
was reported 

€ (0") 0.71 + 0.01 

e (90°) 1,084+0.005 

e(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 
lormula (from Mound) (Ref. 20), 

-3 -2 
Q (t) =Q (0) [1.0 + (0.31 + 0.04) (e-1-51 ^ 1° t _ g - 5 . 2 5 x 1 0 t̂ -j (W--,) 

where t is time m years and Q (t) is the absolute emission rate (n/sec). The original 
n 

calibration of this source gives a base of Q (0) = 1.84 x 10 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 m water from the source with thermal fluxes calculated by the technique 
described m 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 isotropic Pu-Be source m water. The 68-energy point structure and 
scattering matiices for hydrogen and oxygen described m 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 energies in 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, is gi\en m 
Table I'V -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 D Mev 
the source was assumed to be zero. 

The moments calculation yielded fast and epithermal neutron spectra for t'le point 
isotropic Pu-Be source m water at specific energy values down to 0.9 ev. Fast 
neutrons spectral results are discussed m Section IV-B. Moments for the flux at 
2 03 ev were used to reconstruct the spatial flux. For this case, the exponential 
reconstructior technique which uses 2N moments to solve exactly for the 2N coefti-
cients A a j = 1, 2, . . N failed to produce a solution for N = 3 and 4 (see dis­
cussion m Appendix B). In the solution for N = 2 (a two-exponential fit) one of the 
coefficients A was negative. This term has a significant influence on results through 
r = 20 centimeters and the existence of a negative coefficient of rattier large magnitude 
would liave an effect on the magnitude of the remaining positive coefticient R ithei 
than reject the negative term and use the remaining positive term (as was done foi 
the fission source where the perturbation was small), the Gaussian least square 
technique was used to reconstruct the flux as a single exponential term Tlie first 
five even moments of the flux with unit weighting at 2. 03 ev were used to detei mine 
in the least squares sense, the best values of the coefficients A and a for the tlu\ as 

4Trr24,(2.03 ev, r) = Ae-^'^o'" n/cm2-sec-Mev 
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Moments for this calculation (according to the definition in Appendix B) and the 
solution are as follows-

B„ „ = 3.28347 xlo4 n (cm)""*"!/sec-Mev \j. = 0 , 1 0 0 

B„ Q = 5 . 3 6 3 8 2 x 1 0 n (cm) /sec-Mev A =4.0000x10 n/sec-Mev 

B ' = 5.56999 X1O4 n (cm)"'^l/sec-Mev ot = 0 . 9 5 2 6 2 

B ^ ' = 5 . 6 7 9 2 7 x l o 4 n (cm)""*" 1/sec-Mev 
^6,0 

*8,0 
4o,o 

B Q = 5.81794 xlo4 n (cm)'^'''l/sec-Mev 

B ' „ =5.95103xlo4 n (cm)'^"*"l/sec-Mev 

TABLE IV-6 

Pu-Be Source Spectrum for Moments Calculations* 

E n e r g y 
E 

(Mev) 

1 0 . 9 3 
8 . 5 1 
6 . 6 3 
5. 16 
4 . 0 2 
3 . 13 
2 . 4 4 
1.90 
1 .48 
1. 15 
0 . 8 9 7 
0 . 6 9 9 
0. 544 
0 . 4 2 4 

L e t h a r g y 
u 

0 . 5 
0 . 7 5 
1.0 
1 .25 
1 .50 
1 .75 
2 . 0 
2 . 2 5 
2 . 50 
2 . 7 5 
3 . 0 0 
3 . 2 5 
3 . 5 0 
3 . 7 5 

S ( E ) 
( n / s e c / M e v - s o u r c e 

0 
0 . 0 7 5 8 8 
0 . 0 7 0 7 1 
0 . 1214 
0 . 1 1 4 7 
0 . 1 5 8 5 
0 . 1 4 1 6 
0 . 1 0 7 9 
0 . 1 5 1 7 
0 . 1 5 1 7 
0 . 1 5 1 7 
0 . 1 5 1 7 
0 . 1 5 1 7 
0 

n e u t r o n ) 
S (u) = E S (E) 

( n / s e c / s o u r c e n e u t r o n ) 

0 
0 . 6 4 5 7 
0 . 4 6 8 8 
0 . 6 2 6 4 
0 . 4 6 0 9 
0 . 4 9 6 1 
0 . 3 4 5 6 
0 . 2 0 5 0 
0 . 2 2 4 6 
0 , 1 7 4 5 
0 . 1 3 6 1 
0 . 1 0 6 0 
0 . 0 8 2 5 5 
0 

Spectrum is 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: 

2 
Energy (ev) T (cm ) 

2 . 0 3 
1. 58 
1 ,23 
0 . 9 5 8 

5 4 . 5 
5 4 . 6 
5 4 . 7 
5 4 . 8 

These results are m 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 cm2, respectively, 
found in Ref, 21. 

The single exponential solution was used to compute the thermal flux in water 
according to Eq ( B - 1 5 ) , 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) m water resulting from a point isotropic 
Pu-Be neutron source m water which emits 1 n/sec. 
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TABLE IV-7 

Calculated Thc^rmal Neutron Flux (2200 m/sec) I rom 
Point Isotropic Pu-Be Neutron Source in Water 

r 
(cm) 

14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 

4^v^<^^^(r) 

(n/source neutron) 

1.92 
1.56 
1.26 
1.02 
0.827 
0.673 
0. 548 
0.448 
0.367 
0.301 
0.247 
0.203 
0.167 
0.137 
0. 113 
0.0931 
0.0768 
0.0632 
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 tlie source to obtain a fast dose rate 
and epithermal flux m water. The fast dose and the epithermal flux kernels were 
obtained from the moments solution. 

The Pu-Be source is 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 is 1. 36 inches and the height is 2.69 inches. This source is en­
capsulated m stainless steel with overall dimensions of 1.543 inches m 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 unit volunae 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 is a direct measure of perturbation due to finite geometry. The ratios 
are given m Table IV-8. 

For small radii, the expected result is observed, the volume source gives lower 
values. For radii greater than 15 centimeters, the two results agree to within 1%. 
(Small variations noted are probably due to inherent e r ro r s m the point kernel 
technique.) As a result of these calculations, it is concluded that for radii greater 
than or equal to 15 centimeters, the source is equivalent to a point isotropic 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. 

I 
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TABLE IV-8 

Ratio of Resu l t s for Pcjint Source to 
Fini te Volume Sc^urce 

r Point Kerne l E p i t h e r m a l Point Kerne l 
(cm) Cyl indr ica l Volume Flux (2. 03 ev) Cyl indr ica l 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. Exper imenta l de te rmina t ion of t h e r m a l flux 

T h e r m a l flux in wa te r beyond the P u - B e source was m e a s u r e d by determinat ion 
of t h e r m a l gold foil a c t u a t o r s . T h e r m a l act ivat ions were obtained from the total foil 
act ivation by applying cadmium ra t io c o r r e c t i o n s . An infinite water medium was 
s imulated by placing the source m a water tank of d imensions sufficient to have at 
l eas t one foot of water separa t ing the source from the water sur face , tank walls or 
bot tom. Accura te posit ioning of the foils was a s s u r e d by use of a p las t ic holder 
placed so that the foils were m the rad ia l midplane of the s o u r c e . The same r e ­
s t r ic t ion of a min imum of one foot of water from the sur face , bottom and walls 
applied to foil pos i t ions . M e a s u r e m e n t s of ba re and cadmium-cove red foils were made 
at var ious d is tances from the sou rce , ranging from 1 to 15.75 inches from the cen te r 
of the source . Small foils, approximate ly 0. 1875 inch m d i a m e t e r and weighing 
approximate ly 0.0211 g r a m were used for d is tances of up to 8 inches from the source 
surface . Beyond this d i s tance , l a rge foils approximate ly 0.75 inch in d iamete r and 
weighing approximate ly 0. 27 g ram were used. 

Neutron absorpt ion by gold leads to the formation of Au-198. The major port ion 
(98. 6%) of the decay scheme of Au-198 is by emiss ion of a 0. 960 Mev beta and a 
0.412 Mev gamma accord ing to 

n"^ + A 197 A 198 ^^1/2 " 64 .8 hr 198 , ^ ^, , „-
0 vg^u - ygAu '———— • ggHg (Stable) + /B + > 

F o r the conditions under which this exper iment was conducted (counting from much 
sho r t e r than the half-life of the act ivi ty so that no apprec iab le decay occur s during 
counting and low fluxes) the act ivi ty due to t h e r m a l neutron (2200 m / s e c ) is given by 

^ 2 ^ 2 = N i a <t>̂ , [ l - e - ^ T - j ^ - X t ^^^._g^ 
th 
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where 

A N . 

I n ' 

1/2 

Au 

decay constant ( sec ) 

198 „„ .^^ act ivi ty (d is in tegra t ions /uni t t ime) and N„ = number of 
79 ^ 

a toms of Au-198 m the foil 

= 98 .8 ba rns = the t h e r m a l activation c r o s s sec t ion . 
T 

t 

N, 

= i r r ad ia t ion t ime (sec) 

= t ime elapsed after remova l from the flux no counting (sec) 

= the number of a toms of Au-197 m the foil. 

6.025 X 10 
197.0 

23 
W 

where 

W = the weight of the foil (gm) 

The t h e r m a l act ivi ty may be equated to the propor t iona l counter t h e r m a l count ra te 
C,, ( s e c - ) divided by the counter efficiency, e . The t h e r m a l count r a t e is d e t e r ­
mined from the total count r a t e , C (sec ) (after co r r ec t ion for background) by use 
of the cadmium ra t io , R, defined as the ra t io of the total act ivi ty to the activi ty 
induced by neut rons other than t h e r m a l . (The cadmium covers abso rb al l neutrons 
up to about 0,4 ev . ) Thus , 

^2^2 
R - 1 

R 
( I V - 7 ) 

E q u a t i o n s ( IV-6 a n d rV-7) m a y be c o m b i n e d to g ive the s o l u t i o n for t h e t h e r m a l flux 
m t e r m s of the o b s e r v e d p r o p o r t i o n a l c o u n t e r c o u n t r a t e a n d e f f i c i e n c y a s 

^̂ th ?[ R - 1 
R 

1 

N l - a 
th 

- X T -X t 
(IV-8) 

The cadmium cor rec t ion factor , 
data points of F ig . IV-13 . 

R - 1/R, IS given by the smooth curve through the 

The counter efficiency was de termined from gold foils identical to those used in 
the exper iment . These foils were sent to Brookhaven National Labora to ry for ac t iva ­
tion in a known flux. At Brookhaven, sma l l and la rge foils were placed m the grapliite 
Sigma pile and exposed to neut rons from a Ra -Be source for 8. 1 days (3 .0 ha l f - l ives) . 

4 2 
P i le Posi t ion 1-5 was used for which the absolute t h e r m a l flux is 1.552 x 10 n / c m -
sec and the cadmium ra t io is 5 .7 . Absolute act ivat ion of these foils is p ropor t iona l 
to R/(R - 1). The efficiency of the Mart in Mar ie t ta p ropor t iona l counter was then 
de termined from the observed count r a t e for the s tandard foils or 

C ["R - 1 1 

N,CT 

1 a 

4.7" 
1.552 X 10 

th 

1 - e -^ TH ^-Xt 

L5.7 
Nx-a [l -«"''] ^th 

(IV-9) 

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

Note that tins 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 in the experiment, e r ror introduced by this effect is 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 m 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 initially normalized to the calculated values by 

assuming the source emission rate as measured by Mound of 1.99 x 10 n /sec . 
These data, for all foil positions, are given m Table IV-9. Over the range 14.66 
centimeters to 40.06 centimeters, where the calculation applies, the observed 
maximum variation is 9. 7%. The emission rate which normalized the experimental 

data to the calculated values was 2.06 x 10 n/sec . Hence, this experiment yields 
an absolute emission rate for the Pu-Be source of 2.06 x 10 n /sec . This value is 
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 is 2.01 x 10 n/sec which is withm 
2. 5% of the gold foil experimental value. 

TABLE IV-9 

Comparison of Calculated and Experimental Thermal Fluxes 
2 

4Trr 4> (r) (n/sec/source neutron) 

r 
( c m ) 

4 . 5 0 
7 . 0 4 
9 . 0 8 

12 . 12 
1 4 . 6 6 
1 7 . 2 0 
1 9 . 7 4 
2 2 . 2 8 
2 4 . 8 2 
2 9 . 9 0 
3 2 . 4 4 
4 0 . 0 6 

, _ C a l c u l a t e d 
V a l u e s 

3 . 2 1 
3 . 3 7 
2 . 9 1 
2 . 3 2 
1 .79 
1.37 
1 .05 
0 . 8 0 3 
0 . 6 1 8 
0 . 3 7 0 
0 . 2 8 8 
0 . 1 3 6 

T-, E x p e r i m e n t a l 
7 

1.99 X l O ' 

0 . 8 4 4 
1.84 
2 . 0 3 
2 . 0 6 
1.82 
1.39 
1. 13 
0 . 8 6 3 
0 . 6 2 1 
0 . 4 0 6 
0 . 2 8 1 
0 . 138 

R - B 
^ " A 

1 .017 
1 .015 
1 .076 
1 .074 
1 .005 
1 .097 
0 . 9 7 6 
1 .015 

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

Without further analysis, an absolute e r ror on the gold foil experiment cannot be 
assigned. Since the observed variance is small, the Mound result is accepted as 
correct. Analysis of stilbene measurements of fast spectra and dose rate m air and 

n 

water (reported in Section IV-C) is based on an emission rate of 1.99 x 10 n/sec. 

( 
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3 . Spec t rum M e a s u r e m e n t s in A i r 

Neut ron s p e c t r u m m e a s u r e m e n t s w e r e made with the st i lbene sys t em at two 
points in the r ad i a l midplane of the P u - B e s o u r c e . A specific objective of th is 
exper iment was to t e s t the abil i ty of the s y s t e m and data reduct ion technique to 
c o r r e c t l y p red ic t the absolute magni tude of the ene rgy dependent s p e c t r a . The ex ­
pe r imen ta l ly der ived s p e c t r a a r e in tegra ted to de t e rmine the neutron dose r a t e . 
These dose r a t e s a r e compared to ca lcula ted va lues based on the known emiss ion 
r a t e of the s o u r c e . 

Spec t ra l m e a s u r e m e n t s w e r e made us ing s epa ra t i on d i s tances of 5. 625 and 12. 125 
inches between the s o u r c e surface to c r y s t a l cover su r face . Long counts w e r e 
taken to e n s u r e good counting s t a t i s t i c s . Count r a t e data were analyzed us ing the 
Stilbene Data Reduct ion Code (Appendix A) to de t e rmine the absolute neu t ron s p e c t r a l 
da ta . The r e s u l t i n g neut ron s p e c t r a a r e shown in F i g . IV-14. The d i s tance , R, of 
F i g . IV-14 i s the r ad i a l d is tance f rom the cen te r of the source to the face of the 
s t i lbene c r y s t a l . The s p e c t r a l shape is e s sen t i a l l y the s a m e a s p rev ious m e a s u r e ­
men t s in a i r for th is s o u r c e . 

Neut ron dose r a t e s in m r e m / h r w e r e ca lcula ted a s 

E = 10.4 Mev 

D ( r ) = \ C (E) (t) ( r , E) dE (IV-10) 

E = 0 .2 Mev 

where 
2 

(t)(E, r ) = m e a s u r e d s p e c t r u m ( n / c m - s e c - M e v ) , F i g . IV-14 
2 

C (E) = f lux- to-dose r a t e convers ion fac tor ( m r e m / h r pe r n / c m -sec) a s 
der ived from 10 CFR 20 and l i s ted in Table IV-10. 

To compute to ta l neut ron dose , it was n e c e s s a r y to ex t rapola te the expe r imen ta l data 
below 1. 0 Mev (as shown by the dashed por t ion of the curves of F ig . IV-14). Since 
the dose r a t e convers ion function d e c r e a s e s rap id ly in th is region, the resu l t an t un­
cer ta in ty in the computed dose r a t e due to the ext rapola t ion is r e la t ive ly s m a l l . The 
computed dose r a t e s for neut rons with e n e r g i e s l e s s than 1. 0 Mev a r e 8 and 9% of the 
total dose r a t e for the two po in t s . The expe r imen ta l ly de te rmined dose r a t e s a r e a s 
follows: 

Neut ron Dose Rate 
Radia l Dis tance ( m r e m / h r ) 

(cm) Neu t rons < 1. 0 Mev Tota l 

16.41 62 776 
32.92 20 221 

The r a d i a l d i s tance includes the sou rce r a d i u s ( 1 . 96 cm) and the th ickness of the 
s t i lbene c r y s t a l a luminum cover p la te (0 . 16 cm) . Attenuation of neut rons in the 
thin c r y s t a l cover pla te was not cons ide red in computing these r e s u l t s or in the 
t heo re t i ca l a n a l y s i s . 
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TABLE IV-10 

on Flux to Dose 

E 
(Mev) 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 
5.2 
5.4 
5.6 

C (E) 

0.0345 
0.0595 
0.0909 
0. HI 
0. 133 
0. 139 
0. 135 
0.133 
0. 132 
0. 130 
0. 128 
0. 125 
0. 125 
0. 127 
0. 128 
0. 128 
0. 130 
0. 132 
0. 133 
0. 133 
0.135 
0. 135 
0.137 
0. 139 
0. 139 
0. 139 
0. 139 
0. 141 

Rate Conversion 

E 
(Mev) 

5.8 
6.0 
6.2 
6.4 
6.6 
6.8 
7.0 
7.2 
7.4 
7.6 
7.8 
8.0 
8.2 
8.4 
8.6 
8.8 
9.0 
9.2 
9.4 
9.6 
9.8 
10.0 
10.2 
10.4 
10.6 
10.8 
11.0 
11.2 

C (E) 

0. 141 
0. 141 
0. 143 
0. 143 
0. 145 
0. 145 
0. 145 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 147 
0. 149 
0. 152 
0. 152 
0. 154 
0. 156 
0. 156 

Exper imenta l data were compared to r e s u l t s of an analyt ical model for computa­
tion of dose r a t e s which employs a point kernel in tegrat ion over this source volume 
using neutron effective r emova l c r o s s sec t ions . Th i s model employs p r o g r a m 
SPEND, an IBM computer p r o g r a m , for point kerne l in tegrat ion over volume d i s ­
t r ibuted sources and shield reg ions m cyl indr ica l geomet ry . The physical r e p r e s e n t a ­
tion of the source geometry is exact , it is a cy l indr ica l source region containing a 
homogeneous m.ixture of 159 g r a m s of Pu-239 and 79. 1 g r a m s of Be with a rad ius of 
1.73 cen t ime te r s and a height of 6 .83 cen t ime te r s encapsula ted by a s t a in le s s s t ee l 
cyl indr ica l annulus and cy l indr ica l end p l a t e s . The source and encapsulat ion have an 
outer radius cf 1. 96 cen t ime te r s and a height of 8. 61 c e n t i m e t e r s . Neutron r e m o v a l 
c r o s s sect ions used for the calculat ions a r e a s follows-

i\/r 4. 1 ^ D ( c m ) Mate r i a l R ; 

Homogenized source region 0. 134 

Sta inless s teel 0 .168 

Air 5. 168 X l O ' ^ 
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Since only the source neutron emission rate (and not the source strength) 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 10 n/sec 
(see Section IV-C) as measured at Mound using a BF,, long counter. To simulate 
this long counter technique, a SPEND calculation was performed to determine the 

2 
neutron flux, cjj (n/cni -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, 

Q I 
A 

dA = 4TTR 5"̂  (9) sin ede(n/sec) (IV-11) 

where 0 is the polar angle measured from the axis of the cylinder 

dA = 2 7rR^ sin e d 

The equivalent source strength, S, is that which yields an emission rate Q = 1.99 x 
7 

10 n/sec as measured by Alound Laboratory. The uniform volumetric source 
strength used tor subsequent calculation is: 

V 
S 
V 

^ 2.76 x 10 n/sec 
3 

source 64. 04 cm 
4.31 x 10 n/cm -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 witli the experunental 
results . Comparison is as follows: 
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FIG. IV-15. NEUTRON DOSE RATES FROM PuBe SOURCE IN AIR 
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Neutron Dose Rate ( m r e m / h r ) ( 

Radia l Dis tance Ratio: Exper iment -
(cm) Exper iment Calculat ion to-Calculat ion 

16.41 776 895 0.87 
32.92 221 225 0.98 

The max imum discrepancy of 12% is within exper imenta l and analyt ical uncer ta in t i e s , 
which a r e mainly due to exper imenta l s t a t i s t i ca l deviation, uncer ta inty in m e a s u r e ­
ment of €, ext rapola t ion of spec t rum below 1.0 Mev and uncer ta inty in the use of 
remova l c r o s s sec t ions in the absence of hydrogenous m a t e r i a l s . These r e s u l t s 
tend to val idate the use of the st i lbene sys t em including the normal ized data reduct ion 
p r o g r a m for m e a s u r e m e n t of absolute neutron energy spec t r a and neutron dose r a t e s . 

4. Spec t rum M e a s u r e m e n t s in Water 

An exper iment and ana lys i s were pe r fo rmed in which spec t ra l r e s u l t s of the P u ­
Be source in wa te r obtained with the s t i lbene sys t em a r e compared with moment s 
method ca lcu la t ions . The objective of the exper iment and analys is was to demon­
s t ra te the abi l i ty of the m e a s u r e m e n t technique to c o r r e c t l y de te rmine the absolute 
magnitude and energy dependence of the s p e c t r u m a s pe r tu rbed by w a t e r . 

Spec t ra l m e a s u r e m e n t s were made with the st i lbene sys tem in the r ad i a l m id ­
plane of the P u - B e sou rce beyond two different th icknesses of wa te r . Source 
de tec tor geomet ry was a r r anged to s imulate the source in infinite w a t e r . A p e r ­
turbation to the des i r ed geometry was introduced by the necess i ty of placing the 
broad face of the de tec tor c r y s t a l e x t e r i o r to , but in contact with, the wa te r tank 
containing the s o u r c e . The uncer ta in ty introduced by this per turba t ion is believed 
to be sma l l due to the forward peaking of neutron angular d is t r ibut ions through wa te r 
sh ie lds . Two m e a s u r e m e n t s were made with wa te r th ickness of 5.625 and 8. 0 inches . 
The cor responding r ad i a l d is tances from the cen te r of the source to the detector 
c rys t a l face of 16.89 and 22.92 c e n t i m e t e r s include a source radius of 1.96 cen t i ­
m e t e r s , tank wall th ickness of 0. 16 cen t ime te r , an a i r gap of 0.32 cen t ime te r and 
an aluminum c r y s t a l face cover with a th ickness of 0. 16 cen t ime te r . 

Verif icat ion of the abil i ty of the s t i lbene s y s t e m to m e a s u r e spec t r a and dose r a t e s 
through shield m a t e r i a l s accura te ly was achieved by compar i son of exper imenta l r e ­
sul ts with momen t s calculat ions for a point sou rce in wa te r . The solution for the 
moments employs a sca t t e r ing ma t r ix for oxygen based on a heavy e lement t r e a tmen t 
which ut i l izes an a c c u r a t e N point quadra tu re to r e p r e s e n t the s ca t t e r ed s o u r c e . 
Moments thus calcula ted a r e exact to within the n u m e r i c a l l imi t s imposed by the 
energy point spacing and machine computer p r o g r a m l imi ta t ions . Recons t ruc t ion of 
the s c a l a r energy flux from the moments i s accompl ished by as suming the exponential 
flux or dose function of the form of Eq IV-1 and solving for the constants A. and a. 

which may be exp re s sed in t e r m s of the known momen t s . This exponential form yields 
m o r e accu ra t e r e s u l t s for deep penet ra t ion when compared to the m o r e conventional 
spat ia l polynominal r ep resen ta t ion . (For fur ther d iscuss ion of moments calculat ions 
see Section IV-C and Appendix B. ) 

The f i r s t 20 energy points of the 68-point energy s t ruc tu re were used for r e c o n ­
s t ruc t ion of the energy dependent fast flux over the in te rva l from 18. 02 to 0. 1559 Mev. 
The input s o u r c e s p e c t r u m approximated the m e a s u r e d emiss ion s p e c t r u m of the 
Pu-Be s o u r c e (see Section IV-C-3 and Table IV-6). Some smoothing was n e c e s s a r y 
for high ene rg ie s due to a lack of a sufficient number of energy points in the r e p r e ­
sentat ion to r e p r e s e n t adequately the fine detai l exhibited by this s o u r c e . Dose moments 

( 
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were formed as the energy in tegra l of the product of the flux m o m e n t s and convers ion 
factor . The spat ia l ly dependent dose function is then formed accord ing to a form s i m i ­
l a r to Eq. (rV-1). The solution yielded a two-exponential dose r a t e function for the point 
P u - B e s o u r c e in water which is val id for r > 12 cm: 

4 ; r r 2 D M = 0. 28157e-0-09^023r . ^̂  ^39^g^-0. 188743r ^ ^ ^ ^ / ^ r 
s n / s e c 

A check of this function was made by compar i son of moment s of higher o rde r (not 
used in the r econs t ruc t ion solution) calculated from Eq. (IV-l2) with the exact higher 
o r d e r m o m e n t s . The compar i son shows good ag reemen t . Additional checks have 
been made by compar ing solut ions for a point f ission sou rce us ing the s a m e p r o g r a m 
and s ame hydrogen and oxygen sca t t e r ing m a t r i c e s which show good ag reemen t with 
s i m i l a r calculat ions pe r fo rmed at o ther l abo ra to r i e s and expe r imen ta l data (Section 
rv-B). 

An addit ional calculat ion was pe r fo rmed to invest igate the effects of the finite 
geomietry of the s o u r c e . P r o g r a m SPEND was used to in tegra te the dose r a t e kernel 
(Eq. (rV-12))over a cyl inder of d imensions equal to the P u - B e s o u r c e region to de ­
t e r m i n e dose r a t e s in the r ad i a l naidplane of the s o u r c e . Attenuat ion, according to 
Eq. (rV-12), was included in the sou rce region. Resu l t s were normal i zed to and 
compared to the point s o u r c e solution (see Section IV-B and Table rV-8) . These ca l ­
culat ions indicated that , for r >15 cm, the dose r a t e from a point s o u r c e of S (n /sec) 
is equivalent to the dose r a t e s from the volume dis t r ibuted s o u r c e with dimensions 

equivalent to the P u - B e sou rce and with a sou rce s t reng th S-.T = S/V (n / cm - s e c ) . 
V sourcG 

Neutron s p e c t r a l data and dose r a t e s were no rma l i zed to a s o u r c e s t rength of 

1, 99 X 10 n / s e c (the Mound m e a s u r e d emiss ion ra te ) and compared to exper imenta l 
r e s u l t s . F igure IV-16 p r e s e n t s the m e a s u r e d and calculated neut ron spec t r a . The 
exper imen ta l s p e c t r a s were in tegra ted according to Eq. (IV-10) to de te rmine the 
neutron dose r a t e . Note that an extrapolat ion was made for neut rons with energ ies 
l e s s than 1. 0 Mev. Resu l t s and compar i son a r e a s follows. 

Neutron Dose Rate ( m r e m / h r ) 

Radial Calcula ted 
Distance Exper imen t (moments) 

(cm) E > 1.0 Mev Tota l Tota l 

16.89 43 271 273 

22.92 12 '̂̂  86 

Calculated and exper imen ta l dose r a t e s a r e a l so shown in Fig . IV-17. 

The a g r e e m e n t in s p e c t r a l shape and dose r a t e data i s well within exper imenta l and 
computat ional e r r o r . The re la t ive ly smooth calculated s p e c t r u m for high neutron 
energ ies (as compared with the exper iment) is a d i r ec t r e s u l t of the s ca r c i t y of energy 
points in this range and the r e su l t an t smoothing of the input s p e c t r u m . Bet te r r e s o l u ­
tion could be obtained by inc reas ing the number of energy points . However , in this 
c a s e , it if believed that l i t t le new knowledge would be gained and that the p r e s e n t r e ­
sul ts a r e sufficient to demons t ra t e the capabi l i t ies of the s t i lbene detect ing sy s t em. 
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FIG. IV-16. NEUTRON FLUX FROM PuBe SOURCE IN WATER 
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FIG. IV-17. NEUTRON DOSE RATES FROM PuBe SOURCE IN WATER 
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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 r e ­
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 153 5 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 r e ­
producibility. 
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B. DOSE RATES ( 

The energy spectrum at each measured point shown in Fig. V-2 was numerically 
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 

4 
and a 3. 33 X 10 n/sec-gm of Pu-238 neutron generation rate. This generation rate 
was derived from the maximum neutron generation (2. 5 x 1 0 ) 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, k „ , 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 10 n/sec. 

1. 30 Measured 
(mrem/hr) 

662 

411 
491 
486 
315 
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 

^ • ^ ^ ^ / ° Q " / ^ ^ ^ = 2. 90 X 10^ n/sec 

The calculated neutron dose rates are given in Table V-2 for the points at which the 
neutron spectra are measured. 

( 

Dose* 
Point 

1 

2 

3 

4 

5 

6 

TABLE V 
Measure 

Location 

X (in. ) Y (in. ) 

0. 0 

0. 0 

11. 9 

13. 1 

17. 1 

29. 1 

13. 8 

15. 8 

4. 5 

0. 0 

0. 0 

0. 0 

-1 

d Dose Rates 

Measured 
( m r e m / h r ) 

509 

316 

378 

374 

242 

99 
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TABLE V-2 
Calculated Neutron Dose Rates 

Dose Point 

1 

2 

3 

4 

5 

6 

Dose Rate (mrem/hr) 

810 

502 

550 

480 

300 

111 

The enaission 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 10 

and 2. 96 x 10 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 frona 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 10 n/sec ^ ^ o2 
2,90 X lo'^ n/sec 

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 10^ + 2, 52 X lo'^ = o 94 
2 X 2.90 X lo"^ 

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 ra tes , which have been increased by 30% as previously 
discussed, and the corrected calculated dose ra tes . Previous calculations indicated 
that, for the six stilbene detector positions, approximately 90% or more of the total 
dose rate is neutron dose ra te . 

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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VI. GAMMA MEASUREMENTS 

A. MEASUREMENT TECHNIQUES 

In measur ing the gamma s p e c t r u m emit ted by SNAP 19 Subsys tem S/N A, con­
ventional gamma s p e c t r o m e t r y techniques were employed (Ref 25). Gamma spectrum 
was measu red with a scint i l la t ion counter , using a 1-1/2- inch diameter sodium iodide 
c r y s t a l and a TMC 256-channel mult ichannel ana lyzer with a pulse height plug-in unit. 
F igure VI-1 shows a block d iag ram of the c i rcui t used. 

Nal 
crystal Photomultiplier 

HV 

Preamplifier 
Linear 

amplifier 
256-channel 
pulse height 

analyzer 
Printout 

FIG. V I - 1 . BLOCK DIAGRAM AND PHOTO OF GAMMA SPECTROMETER 

Measurements were made in T e s t Cell 2 of the Mart in Mar ie t ta C r i t i c a l Faci l i ty 
using the p rocedures defined in Tes t P rocedu re 452B1900019, "Subsystem Radiation 
M e a s u r e m e n t s " , which is reproduced in Appendix C. The s a m e tes t s tand and de ­
tec tor mounting fixture descr ibed in Section V-A were employed. 

Because of s ca t t e r ing p r o b l e m s , m e a s u r e m e n t s were made at only one loca t ion- -
on the midplane of the s u b s y s t e m , 29 inches from the subsys t em ax i s . 

To ca l ibra te the s y s t e m , it was f i rs t n e c e s s a r y to de te rmine the r e sponse of the 
Nal c rys ta l to gamma e n e r g i e s . Standard sources l is ted in Table VI-1 were used in 
this cal ibrat ion. 

TABLE VI-1 

Standard Sources Used in Nal Cal ibra t ion 

Source 

Na-22 

Cs-137 

Mn-54 

Co-60 

Gamma Energy 
(Mev) 

0.511 

0.662 

0.84 

1. 17, 1,33 

The re sponse of the s p e c t r o m e t e r was found to be l inear in the range covered by 
these s o u r c e s . By r eco rd ing the channel of the 256-channel ana lyzer in which the 
c h a r a c t e r i s t i c gamma energy for each of the sou rces fell , the s y s t e m was ca l ib ra ted 
for the var ious energy r anges of i n t e re s t to these m e a s u r e m e n t s . 
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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 

Energy Range 
(Mev) 

0 to 1.55 
0 to 3 

0 to 4.70 

and Resolutions 

Resolution 
(Kev) 

6 

11.7 
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. Vl-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 , is scattered with a decrease in energy and the production of a 

lower energy photon. Eg. The energy loss between the incident gamma and the r e ­
sulting photon is a function of the angle between them, Q. The resultant photon has 
an energy equal to 

Eg = E^ - E^/ 1 + E^ (1 - cos e) (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 
var ious locat ions in the vicinity of SNAP 19 Subbystem S/N 4. It a lso determined 
the gamma spectrum on the subsys tem midplane at a radial distance of 29 inches 
from the subsystem ax i s . 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 s t i lbene detection sys t em as a reliable means of determining 
neutron spectrum and dose r a t e s . The most significant conclusion to be drawn from 
the p r o g r a m is that the s t i lbene sys t em prov ides an accurate means of determining 
absolute dose r a t e s in addition to i ts more conventional applicat ion of de te rmin ing 
re la t ive s p e c t r a . 

In es tabl ishing the val idi ty of the absolute dose r a t e m e a s u r e m e n t s us ing the s t i l ­
bene s p e c t r o m e t e r , t h r ee independent approaches were used: 

(1) Cal ibrat ion of the s p e c t r o m e t e r against a P u - B e neutron source of known 
m i s s i o n 

(2) Determinat ion of dose r a t e s when the P u - B e neutron spec t rum was p e r ­
turbed by wa te r 

(3) Compar i son of the Pu -Be neutron spec t rum in a i r and in w a t e r . 

To de te rmine the neutron emiss ion of the source , absolute t h e r m a l and ep i the rma l 
fluxes were m e a s u r e d through var ious th icknesses of wa te r using gold foi ls . The 
emiss ion thus obtained was compared with a ca l ibra t ion pe r fo rmed at MRC using a 
BFo long counter . These emiss ion r a t e s agreed within 2. 5%. 

Compar ison of exper imenta l and analyt ical data verif ied that the s t i lbene neut ron 
s p e c t r o m e t e r was a re l iab le sys tem for de te rmin ing both re la t ive neutron spec t r a 
and absolute dose r a t e . 

The demons t ra ted validity of the sti lbene s p e c t r o m e t e r in m e a s u r i n g both shape 
and magnitude of neutron spec t r a should be of significant uti l i ty in the field of biological 
dos imete r ca l ib ra t ion . There fo re , in the energy region in which confidence ex i s t s in 
the spec t ra l m e a s u r e m e n t s (1 .0 to 10 Mev), the f lux- to-dose convers ion function v a r i e s 
by about 50%. The probable e r r o r in m e a s u r i n g a soft s p e c t r u m (that f rom a f ission 
source , for example) may be a s l a rge a s 10 to 20% if dos ime te r m e a s u r e m e n t s a r e 
per formed with an ins t rument ca l ibra ted with a source having a ha rd spec t rum. 

While a sys t emat i c e r r o r of this magnitude i s not normal ly a source of g rea t con­
ce rn among health phys ic i s t s , exper ience has shown that dos ime te r accu racy , p a r ­
t icular ly when applied in control of the extensive opera t ions pe r fo rmed on SNAP gen­
e r a t o r s during a s s e m b l y and tes t , can be advantageous with r e spec t to economics and 
convenience. 

The obse rved accu racy of the s p e c t r o m e t e r i s , m o r e o v e r , well within r e q u i r e m e n t s 
imposed in de te rmining radia t ion effects on ins t rumenta t ion . S imi la r conclusions apply 
a l so in de te rmin ing competi t ion between nuc lear radia t ion emanat ing from the SNAP s o u r c t 
and radiat ion to be detected in some space e x p e r i m e n t s . El iminat ion of th i s competi t ion 
may dictate shielding r e q u i r e m e n t s or influence craft design for such expe r imen ta l m i s ­
s ions . 
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APPENDIX A 

STILBENE DATA REDUCTION PROGRAM 

The st i lbene data reduct ion p r o g r a m , obtained from Mound Labora to ry and modified 
for IBM 7094 and IBM 360 s y s t e m s , is p resen ted in this sect ion. A br ief descr ip t ion of 
input, output, equat ions, a l i s t of the sou rce deck (FORTRAN IV) and input and output 
data from a typical p rob lem a r e included. This p r o g r a m is used to compute the ene rgy -
dependent neutron spec t rum from the light pulse count data obtained from the s t i lbene 
detection s y s t e m . 

1. Input 

NCARDS = niunber of c a r d s containing Holleri th information. 
Columns 2 through 72 of these ca rds may be used to include 
identifying information. 

R = radius of s t i lbene c r y s t a l (cm) 

T = th ickness of s t i lbene c r y s t a l (cm) 

HN = hydrogen atom density of s t i lbene ( a t o m s / c m ) 

(HN = 4. 67 X 10^^ a t o m s / c m ) 

EC = gamma cal ibrat ion source Compton edge energy E (Mev) 

A, B = constants assoc ia ted with the proton- l ight r e s p o n s e function. 
(A = 0. 192, B = 1.342) 

HC = channel number in which gamma Compton edge occur s (midpoint 
of m e a s u r e d Compton r eco i l edge) 

HB = back b ia s , or channel number for which e lec t ron r e c o i l energy 

function is z e r o . HB may be pos i t ive , ze ro or negative) 

N = number of channels for which light r e sponse data a r e input 

IDl = (not used) 

C(I) = count r a t e data for channels I = 1 to I = 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 z e r o , the data of this p roblem a r e to be r e - a n a l y z e d 

using a new channel width, DH. If ID is not z e r o , a complete 
new set of data for the next case follows. (Construct ive p rob l ems 
may be run by s tacking data ca rd se ts one behind the other) 
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2, Output 

JLOWl(I) = channel number s r ep re sen t a t i ve of the Ith channel grouping 
JL0W2(I) 

E(I) = midrange energy of the Ith channel grouping 
2 

DNE(I) = time integrated flux (n/cm -sec-Mev) of energy (E(I). Flux in 
2 

units of (n/cm -sec-Mev) may be obtained by dividing this value 
by the total count time in seconds. 

ERR(I) = the s t a t i s t i ca l error associated with the Ith flux value 

TDE = is the total number of neutrons incident on the crystal (the 
in tegra l of DNE over energy) 

Y1(I) DNE(I) 
TDE 

Y2(I) = Y l ( I ) - ^ f | g ^ 

Y3(I) = Y 1 ( I ) + ^ ^ ^ 

3. P r o g r a m Notes 

The notation in this sect ion is s i m i l a r to the FORTRAN p r o g r a m var iab le n a m e s . 

Radiation from counter is en te red without a l tera t ion . The total number of counts in 
any one channel m u s t be in the range of 0 to 999,999. 

Severa l of the consecutive raw data channels will be summed to form a group, i. 
At this point, unwanted data may be re jec ted 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 a r e H. „.yy and 

H^, , r e spec t ive ly . Then 

where 

^^LOW ^̂  i = 1, 2, 3, • • • , H , , p - ^TT , and is always an in teger . 

The width of each group, in Mev-e lec t ron equivalent, AL, is computed from 

AL = „ 9 „ AH 
^ C ^ B 
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The height at the upper end of each group, i, in Mev-e lec t ron equivalent i s 

L. = 
1 " c • ^ B 

E , 

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

1/b 
TT "I 

E. ='=[S 
Calculation of ( j g j and 

( d E ^ ) i 
(derivat ives of the light pulse data) 

VdEJ. 
bL. 

1 
E. 

1 

0) (b- l )bL. 

E. 
1 

E i y^^h 

Calculation of the hydrogen sca t t e r ing c r o s s sect ion (cm ) 

a (E , ) = 3n 

1. 206 E. + ( - 1 . 860 + 0. 0941491 E. + 0. 000130658 E^ ) 2, 2 

TT „ ( i n " 2 4 
1, 206 E. + (0, 4223 + 0. 1300 E.) '^i ^ ^" 

Calculation of the t ime integrated differential neutron flux 

dN 
n 

E. 
1 

n / i T r r r N a ( E . ) 
n 1 •-

2 / N . - N 

-): (i (AL) 

i+1 d^L 

dE^ 

N . • 
i_ 

A L 

where r , t and N a r e the c rys t a l r a d i u s , th ickness , and hydrogen atom dens 

respec t ive ly . 
/dN 

Calculat ion of the s ta t i s t i ca l e r r o r in 
d E 

n / 1 

E r r o r 
dN 

n 
E . 

dE / 2 „ , _ > 
n / . TT r T N CT (E.) 1 n 1 

dL 
dE 

^ i ^ ^ i+1 

(AL)^ 

d ! L \ 2 

dEV. 

N. 

( A L ) ' 
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a(0. 068E.) i s calculated using equation of note g. 

Compute R _ , = 1. 524 x l o ' ^ (E. + 0. 118)^- ^^^^ (cm) 
XXlcLX 1 

The cor rec t ion for wall effect and double sca t te r ing (Ref. 8) is computed as 

0.78 R _ , „ (E.) 
C F = 1 max 1 + 0. 0 9 0 N T a (E.) + 0. 077 N TCT (0.068 E.) 

n 1 n 1 

dN dN^ 
and e r r o r -rp- a r e co r rec ted by dividing by C F of note i dE 

n 
dE_ 

Calculate AE. from 

^ ^ i = ^ ( i + l / 2 ) ' ^ ( i - 1/2) 
+ 1/2 

1/b 
L. i - 1/2 

1/b 

and integrate over energy as 1(^\ -^ to obtain the total number of neutrons 

incident on the c rys t a l . 
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4. Stilbene Data Reduction P r o g r a m - - S o u r c e Deck L i s t 

c 

c 

c 

c 

c 

c 

c 

1 

2 

CALCULATION NEUTRON FLUX USING STILBINE SPECTROMETER 

10=0 READ NEW DATA FOR CHANNELS NOT NEW TAPE 

ID=1 READ NEW DATA AND NEW TAPE 

PROGRAM MODIFIED FOR IBM 7094 . FORTRAN IV 

W.D.OWINGS APRIL 15«1966 

DIMENSION C(500) « E(400) « DNE<400) « ERR(400) < 

TABLE(500). JL0W1(400) » JL0W2(400) 

.Yl(400)t Y2(400)« Y3(400) 

DIMENSION ICHAN(500) « SIGE(400> « SIGPF(400) 

-NLH 

. AN(2) 

0031 

0031 

0031 

4-15-

4-15-

4-15-

4-15-

. 

10 

1 1 

12 

-66 

-66 

-66' 

-66 

COMMON C . TABLE 

1000 

850 

READ{5.8«^0) NCARDS 

FORMATtIft) 

W R I T E ( 6 , B 6 0 ) 

750 

1F(NC AROC)760.760,750 

DO 751 J=l.NCARDS 

READ(5«8=^1 ) 

751 

851 

WRITE(6,051) 

FORMAT(7?H 

1 

760 CONTINUE 

READ(5«8S2) R.T.HN^EC.A,8.HC.HB»N.IDl 

B5P 

853 

F0RMAT(6f=-12.5/2E12.5«?I12) 

READ(5.853) ( C(I)»I=1.N) 

FORMAT( l!»F6.0) 

00 2000 1=1»N 

2 0 0 0 ICHAN(I) = I 
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WRITE(6.860) 

WRITE(6,A70) 

B70 FORMAT(//22H CHANNEL 

WRITE(6,87n {ICHAN(I), 

871 F0RMAT(lft,lPE16.5) 

15 REAO(5,855) HLOW.HUP.DH 

COUNTS /) 

C(I).1=1,N) 

,ID 

855 F0RMAT{3F12.5,112) 

TDE=0. 

B1=1./B 

NG=(HUP-HLOW+1.)/OH 

DL=EC»DH/(HC-HB> 

JLOW=HLOW 

JHIGH=HLOW+DH-1• 

AN(1)=0. 

DO 14 J = J L O W , J H I G H 

14 AN(1)=AN(1)+C(J) 

JL0W1(2)=JL0W 

DO 10 I=?,NG 

AI = I 

JL0W=HL0W+(AI-1,)•DH 

JLOW2(I)=JL0W 

JHIGH=HLOW+At^DH-l. 

JL0W2<I)=JHIGH 

AN(2)=0, 

DO a JsJLOW.JHIGH 

a AN(2)=AN(?)+C(J) 

AI=I-1 

AL=(HL0W-HB-.5+AI•DH)*EC/(HC-HR) 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

0031 

155 

160 

170 

ISO 

181 

IB? 

184 

185 

186 

195 

200 

210 

220 

225 

230 

235 

240 

260 

270 

285 

290 

{ 
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E( I ) » ( A L / a ) * ^ B l 0031 300 

0LE1=AL^B/E(I) 

DLE2=(B-1,)•OLE1/E(I) 

0031 310 

0031 320 

X = E( n 

AAA = 1,206 • X 

BBB = -1,86 + 0,0941491 • X + 0,000130658 • X • X 

BBB = BBB * BBB 

CCC = 0,4223 + 0,13 • X 

CCC = CCr • CCC 

ODD s ( ( 9 , 4 2 4 7 7 / (AAA + BBB)) + ( 3 . 1 4 1 5 9 / (AAA + CCC))) 

S I G E ( I ) s ODD • l , 0 E - 2 4 

SIGA = SIGEd ) 

l002 KATY=0 0031 344 

DNE(I)=(E(I)/<3,14159^R^R^T^HN^SIGA))^(DLEl^DLEl^(AN(l)-AN(2))/(0L 

1^DL)-DLE2^AN(1)/DL) 0031 360 

ERR(1)=(E(I)/(3,14159^R^R*T^HN^SIGA))+SQRT (DLE1^^4^(AN(1)+AN(2))/ 

1(DL^^4)+DLE2^DLE2^AN(1)/(DL^OL)) 0031 380 

X = 0.068 • E(I) 

AAA = 1,206 • X 

BBB = -1,86 + 0.0941491' • X + 0,000130658 • X • X 

BBB = BBB • BBB 

CCC = 0,4223 + 0.13 • X 

CCC = CCr * CCC 

ODD = ( ( 9,42477 /(AAA + BBB)) +(3,14159 /(AAA + CCC))) 

SIGPE(n = ODD • l,0E-24 

SIGPA = ciGPEd) 

RMAX=1.524E-03^{E(I)+,!19)^^1.815 0031 420 

CF=1,-.78^RMAX/T+.09^HN^T^SIGA+.077^HN^R*SIGPA 
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DNE( I )=DNP-( I ) / C F 0 0 3 1 4 4 0 

9 

10 

ERR(I)=ERR(1)/CF 

AN(1)«AN(2) 

JLOWl(I+l)eJLOW 

AL1 = (HLOW-HB-.5+(A I+,5)"OH)•EC/(HC-HB) 

AL2=(HLOW-HB-.5+(A I-.5)•OH)*BC/< HC-HB) 

TDE=TDE+DNE(t)•((AL1/A)••B1-(AL2/A)••B1) 

CONTINUE 

0031 

0031 

0031 

0031 

0031 

0030 

003H 

450 

455 

456 

480 

490 

500 

510 

DO 903 1=2,NG 

IF(DNE(I))900,900.901 

900 Yl( I ) = 0.0 

Y2(I) = o.O 

Y3(I) = ft.O 

GO TO 903 

901 Yl(I) = ONE(I) / TDE 

Y2(I) = V K I ) - (ERR(I> / TDE) 

1F(Y2(I>)904.905,905 

904 

905 

Y2(I) = n.o 

CONTINUE 

Y3(I) = V K I ) + (ERR(I) / TOE) 

903 CONTINUE 

WRITE(6.860) 

860 FORMAT(50H1 PROGRAM 0031 //) 

WRITE(6,861) R 

WRITE(6,862) T 

WRITE(6,863) HN 

WRITE ( 6 , 864 ) EC 

WRITE(6,865) A 
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WRITE(6.866) B 

861 

862 

863 

864 

865 

WRITE(6,867) 

WRITE(6,868) 

WRITE(6,869) 

FORMAT(46H 

FORMAT(46H 

FORMAT(46H 

FORMAT(46H 

FORMAT(46H 

HC 

HB 

N 

GAMMA 

CRYSTAL RADIUS 

CRYSTAL DIAMETER 

HYDROGEN DENSITY 

CALIBRATION ENERGY 

CONSTANT A 

31 

•E 

= 

S 

2S 

1PE12,5) 

1PE12.5) 

1PE12,5) 

1PE12,5) 

1PE12,5) 

866 FORMAT(4fiH CONSTANT 1PE12,5) 

867 FORMAT(46H GAMM* CALIBRATION CHANNEL 1PE12,5) 

868 FORMAT(46H BACK BIAS 1PE12,5) 

869 FORMAT(46H FULL SCALE CHANNELS 18) 

WRITE(6.872) 

872 FORMAT(//30H CHANNEL GROUPJNG /) 

873 FORMAT(30H LOWEST 1 PE 12 , 5 ) 

874 FORMAT(30H HIGHEST 1PE12.5 ) 

875 FORMAT(30H WIDTH 1PE12.5) 

WRITE(6,873) HLOW 

WRITE(6,874) HUP 

WRITE(6,e75) DH 

WRITE(6.876) 

876 FORMAT (89H CHANNELS ENERGY FLUX ERROR 

1 Yl Y2 ,7X,2HY3,7X,/) 

WRITE(6,877)( JLOWl (I),JL0W2( I),Ed ),DNE( I) ,FRR( n ,Y1( I),Y2( I), 

1 Y3d).I«2,NG) 

WR1TE(6,878) TDE 

877 F0RMAT(2T4,1P6E16.5) 

878 FORMAT(//41H TOTAL NEUTRONS INCIDENT ON CRYSTAL 1PE12.5) 

16 IFdD) 15,15,1000 

END 0031 780 
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5, Input Data L i s t - - T y p i c a l P r o b l e m 

The output of Section 6 is from this p rob lem. 

6 

RUN NO, 8 

PU-BE 

O F C E M B E R 14 

SOURCE (M-740) IN 

» «1966 

WATER SOURCE SURFACE TO DETECTOR CRYSTAL FACE 

SEPERATION DISTANCE IS 5,625 INCHES 

GROSS COUNT RATE « 2134 CPS 

SETTING 

CS-

0 

•137 

1.0 

16.8 

HV=1530(808. 

HC=16. 

5) 

COUNTING TIME » 60 MINUTES 

FG = 0.8 

,8 FOR BL=20 ( 

1.0 

-6.0 

4, ,67+22 

256 

CG = 0. 

ASSUME HB = 

0.478 

31631227473171893114582648202309462074331 

13418412557711985611413910880810429610088= 

80554 

56918 

42842 

34081 

27928 

23766 

12764 

8582 

5861 

3826 

2478 

1179 

544 

209 

127 

48 

24 

78161 

55165 

41598 

33276 

27466 

23759 

11872 

8428 

5724 

3615 

2476 

1062 

494 

221 

124 

42 

22 

75215 

54128 

41524 

32836 

26918 

23675 

11333 

8021 

5453 

3499 

2387 

1003 

468 

?19 

120 

59 

22 

72608 

52039 

40909 

32466 

26196 

23373 

10769 

7866 

5193 

3350 

2346 

924 

474 

192 

109 

48 

25 

70896 

51111 

40202 

31949 

25708 

23124 

1 0631 

7725 

5228' 

3226 

2172 

897 

440 

192 

106 

36 

7 

68315 

49374 

39060 

31225 

25269 

22440 

10281 

7658 

4852 

3154 

2071 

850 

395 

194 

93 

38 

17 

66306 

48753 

38652 

30926 

24829 

21647 

10170 

7319 

4872 

3002 

1915 

749 

337 

173 

69 

43 

17 

96785 

64280 

47446 

37447 

30483 

24784 

20296 

9860 

6998 

4540 

2899 

1804 

769 

340 

157 

89 

33 

18 

5 BL = 

•• -6.0 

= 20 

) 

0.192 

910371732=0) 

95373 

62477 

47095 

37083 

29666 

24287 

18424 

9431 

6796 

4329 

2771 

1650 

737 

301 

140 

62 

30 

8 

84374 

61605 

45626 

35365 

29310 

24101 

16706 

9426 

6571 

4290 

2631 

1466 

643 

285 

139 

62 

22 

11 

1.342 

58466144266 

85180 

60031 

44933 

34764 

28664 

24665 

15427 

9123 

6431 

4061 

2575 

1319 

652 

270 

148 

81 

27 

11 

83095 

58080 

43394 

33896 

28147 

23678 

13765 

8838 

6212 

3915 

2554 

1314 

582 

244 

143 

62 

10 

15 

I 
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14 14 5 5 10 12 4 9 8 3 3 2 

5 3 4 6 - » 2 2 2 3 2 5 0 

1 0 3 1 

4 . 0 2 5 6 . 0 8 . 0 0 

4 . 0 2 5 6 . 0 10 .0 0 

4 . 0 2 5 6 . 0 1 2 . 0 1 

6, Output Data (see input of Section 5) 

PROGRAM 0031 

RUN NO. 8 DECEMBER 14,1966 
Pll-flF snilRCF (M-7A0> IN k̂ ATFK <;niiRr.F <;uRFAr.p r n nFTFCmR rRY<;TAi F t r p 

SEPERAIICN DISTANCE I S 5 . 6 2 5 INCHES 
GROSS CnUNT RATE = 2 1 3 4 CPS COUNTING TIME = 60 MINUTES 
SETTING H V = 1 5 3 0 ( 8 0 8 . 5 J FG = 0 , 8 CG=0.5 BL=20 
C S - 1 3 7 HC=16.-e ECfi BL-=20 ( ASSUME t-B = - 6 . 0 > 

M N D - 3 6 0 7 - 1 7 3 
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PROGRAM 0031 

CHANNEL 
1 
2 
3 
4 
5 
6 
7 
a 
9 

10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
2C 
2 1 
?2 
23 
24 
25 
2 6 
27 
28 
29 
30 
3 1 
3? 
3 3 
34 
35 
36 
37 
38 
3 9 
4 0 
4 1 
4? 
4 3 
44 
45 
46 
47 
48 
49 
50 

, 5 1 
«2 
53 
54 

- . 55._ -
56 

COUNTS 
0 . 
3 . 1 6 3 0 0 E 0 3 
1 . 2 2 7 4 7 E 
3 . 1 7 1 8 q E 
3 . 1 1 4 5 a E 
2 . 6 4 8 2 0 E 
2 . 3 Q 9 4 6 E 
2 . 0 7 4 3 3 E 
1 . 9 1 0 3 7 E 
1 . 7 3 2 5 C E 
1 . 5 6 4 6 6 E 
1 . 4 4 2 6 6 E 
1 . 3 4 1 8 4 E 
1 . 2 5 5 7 7 E 
1 . 1 9 e 5 6 E 
1 . 1 4 1 3 9 E 
l . C f c e 9 8 E 
1 . 0 4 2 9 6 E 
l . C 0 8 a 5 E 
9 . 6 7 e 5 0 E 
9 . 5 3 7 3 0 E 
a . 4 3 7 4 0 E 
a . 5 i a 9 0 E 
e . 3 r 9 5 0 E 
6 . 0 5 5 4 0 E 
7 . 8 1 6 1 0 E 
7 . 5 2 1 5 0 E 
7 . 2 6 C 8 0 F 
7 . Q e c 6 0 E 
6 . 8 3 1 5 0 E 
6 . 6 3 0 6 0 E 
6 . 4 2 a 0 O E 
6 . 2 4 7 7 0 E 
6 . 1 6 0 5 0 F 
6 . C O 3 1 0 E 
5 . 8 0 8 0 0 E 
5 . 6 9 1 8 0 f c 
5 . 5 1 6 5 C E 
5 . 4 1 2 a O E 
5 . 2 C 3 9 C F 
5 . 1 1 1 1 0 F 
4 . 9 3 7 4 0 E 
4 . a 7 5 3 D E 
A . 7 4 4 6 C E 

0 5 
05 
05 
05 
0 5 
0 5 
0 5 
05 
0 5 
05 
0 5 
05 
C5 
05 
0 5 
05 
0 5 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
C4 
C4 
0 4 
0 4 
0 4 
C4 
0 4 
0 4 
£14 
C4 
0 4 . 
0 4 
0 4 _ 
C4 
0 4 
C4 

4 . 7 C 9 5 0 E i ) 4 
4 . 5 6 2 6 0 E 0 4 
4 . 4 9 3 3 0 E J ) 4 . _ 
4 . 3 3 9 4 0 F 
4 ^ 2 8 4 2 C E 
4 , 1 5 9 8 0 E 

. 4 ^ 5 2 4 Q E 
4 . r 9 C 9 0 E 
4 . 0 2 0 2 0 E 
3 . 9 0 6 0 C E 

0 4 
flA 
0 4 
Q 4 - . 
0 4 
G 4 _ -
0 4 

_ i . B f L 5 ^ Q E ^ i l 4 
3 . 7 4 4 7 0 E 0 4 

57 
58 
59 
6 0 
6 1 
62 
63 
6 4 
6 5 
6 6 
67 
6 8 
6 9 
7 0 
7 1 
72 
73 
7 4 
75 
7 6 
77 
78 
79 
flO 
8 1 
82 
83 
8 4 
85 
8 6 
8 7 
8 8 
89 
90 
9 1 
92 
93 
i 4 _ 
95 
9 6 
9 7 
V8 
9 9 

JLOD— 
1 0 1 
1 0 2 _ 
1 0 3 

. 1 0 4 _ 
1 0 5 
106^ 
1 0 7 
I Q A - _ . 
1 0 9 

j j n 
1 1 1 

J J 2 

3 . 7 0 e 3 0 E 0 4 
3 . 5 3 6 5 C E C4 
3 . 4 7 6 4 0 E 0 4 
3 . 3 a 9 6 0 E 0 4 
3 . 4 0 6 1 0 E 0 4 
3 . 3 2 7 6 0 E 0 4 
3 . 2 8 3 6 0 E 0 4 
3 . 2 4 6 6 C E 0 4 
3 . 1 9 4 9 G E 0 4 
3 . 1 2 2 5 0 E 0 4 
3 . ( 9 2 6 0 E 0 4 
3 . 0 4 8 3 0 E 0 4 
2 . 9 6 6 6 0 E 0 4 
2 . g 3 1 0 Q E 0 4 
2 . 8 6 6 4 0 E 0 4 
2 . 8 1 4 7 0 E 0 4 
2 . 7 9 2 8 0 E 0 4 
2 . 7 4 6 6 C E 0 4 
2 . 6 9 1 8 0 E 0 4 
2 . 6 1 9 6 0 E C4 
2 . 5 7 C a C E 0 4 
2 . 5 2 6 9 C E 0 4 
2 . 4 8 2 9 0 E 0 4 
2 . 4 7 £ 4 0 E 0 4 
2 . 4 2 8 7 0 E 0 4 
2 . 4 1 C 1 C E 0 4 
2 . 4 6 6 5 0 E 0 4 
2 . 3 6 7 8 0 6 0 4 
2 . 3 7 6 6 0 E 0 4 
2 , 3 7 59^0E 0 4 
2 . 3 6 7 5 C E 0 4 
2 « 2 3 7 3 C E 0 4 
2 . 3 1 2 4 0 E 0 4 
2 . 2 4 4 0 0 E 0 4 
2 . 1 6 4 7 C F 0 4 
2.C29feOE-^J14-
1 . 8 4 2 4 C E 0 4 
1 - 6 7 C 6 C E 114-
1 , 5 4 2 7 C E C4 
1 . 3 7 6 5 0 E 0 4 . 
1 . 2 7 f 4 0 E 0 4 

. 1 .^1&720E 0 4 ^ 
1 . 1 3 3 3 0 E 0 4 

J..a76^9Xi£- C4_ 
1 , C 6 3 1 0 E 0 4 
1 . 0 2 8 1 0 E 0 4 . 
1 . 0 1 7 0 0 F 0 4 
9 ^ a 6 0 G 0 £ - 0 3 -
9 . 4 3 1 0 C E 0 3 
9 * 4 2 6 0 OE 0 3 -
9 . 1 2 3 C C E 0 3 

_ . . 8 * f i 3aOOE _Qa 
8 . 5 8 2 0 0 E 0 3 
f . 4 2 8 0 0 F 0 3 -
e . 0 2 1 0 0 E 0 3 

i . £ i i 6 C 0 E _ i L 3 

1 1 3 
1 1 4 
1 1 5 
1 1 6 
117 
118 
1 1 9 
1 2 0 
1 2 1 
122 
1 2 3 
1 2 4 
1 2 5 
1 2 6 
127 
128 
1 2 9 
1 3 0 
1 3 1 
1 3 2 
133 
1 3 4 
1 3 5 
136 
1 3 7 
1 3 8 
1 3 9 
1 4 0 
1 4 1 
1 4 2 
1 4 3 
1 4 4 
145 
146 
1 4 7 
148 
1 4 9 
1 6 0 
1 5 1 
152 

1 5 3 
1 5 4 
1 5 5 ^ 
1 5 6 
1 5 7 
158 
1 5 9 
1 6 0 

J L 6 i _ 
1 6 2 
1 6 3 
1 6 4 
1 6 5 - . 
1 6 6 
1 6 7 . 
1 6 8 

7 . 7 2 5 0 0 E 
7 . 6 5 8 0 0 E 
7 . 3 1 9 0 0 E 

„ 6 . .99aQ0E 
6 . 7 9 6 0 0 F 
6 . 5 7 1 0 0 E 
6 . 4 3 1 0 0 E 
6 , 2 1 2 0 O E 
5 . 8 6 1 0 C E 
5 . 7 2 4 0 0 E 
5 . 4 5 3 Q G E 
5 . 1 9 3 0 0 E 
5 . 2 2 8 0 0 E 
4 , 8 5 2 0 C E 
4 . f c72aOE 
4 .64CCCE 
4 . 3 2 9 0 G E 
4 . 2 9 0 0 0 E 
4 .U61QGE 
3 . 9 1 6 0 0 E 
3 . 8 2 6 C 0 E 
3 . 6 1 5 f l O E 
3 . 4 9 9 0 C E 
3 . 3 5 C 0 0 E 
3 . 2 2 6 0 0 E 
3 . 1 5 4 0 0 E 
3 . C Q 2 0 0 E 
2 . 8 9 9 0 0 F 
2 . 7 7 1 C 0 E 
2 . 6 3 1 0 0 E 
2 . 5 7 5 C C E 
2 . 5 5 4 C C E 
2 . 4 7 8 Q C E 
2 . 4 7 6 0 0 E 
2 . 3 a 7 0 0 E 
2 . 3 4 6 0 0 E 
2 . 1 7 2 Q 0 E 
2 . U 7 1 Q 0 E 
1 . 9 1 5 0 0 E 
1 .8040GE 
1 . 6 5 0 G 0 E 
1 . 4 6 6 0 0 t 

0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
03 
0 3 
0 3 
0 3 
C3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 

- J L . 3 1 9 C D t Q 3 . 
1 . 3 1 4 0 0 E 
U 1 7 9 Q Q E 
1 . 0 6 2 0 G E 

0 3 
0 2 
0 3 

l « C 0 3 f i O £ ^ 1 3 
9 . 2 4 C 0 Q E 0 2 

_ „ f i . 9 7 C : Q 0 ^ i l 2 
e.SCCOOE 
7 . 4 9 0 0 0 E 
7 .69CQ0E 

„ 7 . 3 7 C i 3 0 £ 
6 . 4 3 C Q 0 E 

0 2 
02 
0 2 

- 0 2 
0 2 

._ 6 . 3 2 0 QOE-02-
5 . 8 2 C 0 0 E 0 2 
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1 6 9 
170 
1 7 1 
172 

J173 
1 7 4 
1 7 5 
1 7 6 
1 7 7 
178 
1 7 9 
1 8 0 
1 8 1 
182 
1 8 3 
1 8 4 
1 8 5 
1 8 6 
1 8 7 
1 8 8 
1 8 9 
1 9 0 
1 9 1 
1 9 2 
1 9 3 
1 9 4 
1 9 5 
1 5 6 
1 9 7 
1 9 a -. 
199 
2 0 0 
2 0 1 
2Q2L 
2 0 3 
2 f l 4 
2 0 5 
2 0 6 
2 0 7 
2oa^ 
2C9 
2 1 0 
2 1 1 

5 . 4 4 C C C E 
4 . 9 4 0 f l O E 
4 . 6 8 0 C C E 
4 . 7 4 f l 0 0 E 
4 . 4 0 0 0 0 E 
3 . 9 5 0 0 0 E 
J . 3 7 ( ! 0 C E 
3 .400QOE 
3 . C 1 C 0 O E 
2 . 8 5 t ; 0 0 E 
2 . 7 ( 0 O O E 
2«44C0CE 
2 . C 9 0 0 0 E 
2 . 2 1 C f l O E 
2.19COOE 

J 1 . 9 2 C 0 0 E 
1 . 9 2 0 0 0 E 

- 1 H . 9 4 0 0 0 £ 

1 . 7 3 0 0 0 E 
1 . 5 7 0 Q C E 
1.4CCQGE 
1 . 3 9 C 0 0 E 
1 . 4 8 C a 0 E 
1 * 4 3 C 0 0 £ 
1 . 2 7 C 0 0 E 
1 . 2 4 C 0 0 E 
1 .2GC00E 
l . t 9 ( i 0 0 E 
1 . 0 6 0 0 0 E 
9 * 3 0 0 0 0 E 
6 . 9 C 0 0 0 E 
a .9C0QQE 
6 . 2 0 0 0 0 E 
6 . 2 0 0 0 0 E 
a . l f C Q O E 
6 * 2 C C 0 0 £ 
4 . 8 t C Q 0 E 
4 . 2 C 0 0 0 E 
5 .90Cf lOE 

0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
02 
J)2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
02 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 2 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 

4 . 8 0 C 0 0 t 0 1 
3 ,6CC0OE 
3 .aC0QOE 
4 . 3 C 0 0 0 E 

0 1 
0 1 
0 1 

2 1 2 
2 1 3 
2JLA 
2 1 5 
2 1 6 
2 1 7 
2 1 8 
2 1 9 
2 2 0 
2 2 1 
222 
2 2 3 
2 2 4 
2 2 5 
2 2 6 
2 2 7 
22B 
2 2 9 
2 3 0 
2 3 1 
2 3 2 
2 3 3 
2 3 4 
2 3 5 
2 3 6 
2 3 7 
2 3 8 
2 3 9 
2 4 0 
2 4 1 
2 4 2 
2 4 3 
244 
2 4 5 
246 
247 
2 4 8 
2 4 9 
2 50 
2 5 1 
2 5 2 
2 5 3 
254 
2 5 5 
2 5 6 

3 . 3 C 0 0 D E 
3 .CCC00E 
2. .2aC0Q£ 
2 .7CC0CF 
l^COCfiOE 
2 .4 CC0 0 E 
2.2C0OOE 
2 . 2 0 0 0 0 E 
2.^5L0QflE 
7.CCC00E 

0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 0 

14I.7C0110E--01 
1.70CODE 
1 . 8 C 0 0 0 E 
8.CCC00E 
l - l t C O O £ 
I . IOQOOE 
1*500QX1E 
1.4C00OE 
1.4C0Q0E 
5.cccaoE 
5.CCCQ0E 
l.CCGCOE 
1 . 2 t t Q Q £ 
4.CC00OE 
9.CCC0CE 
a.ct;aocF 
3.CCCQCE 
3.CO(J0OE 
2.CC;000E 
5.C0CQCE 
3.C0C0CE 
4.COC0OE 
6.GrCCCE 
3.CCC0CE 
2 .C000CE 
2.CLC0CE 
2.CCC0CE 
3 .CC00CE 
2 . C C 0 0 0 E 
5.CCC0GE 
0 . 
l .CCCOCE 
0 . 
S.CtCOCE 
l.CODOCE 

0 1 
0 1 
0 0 
0 1 
0 1 

J J l 
0 1 
0 1 
0 0 
0 0 
0 1 
0 1 
0 0 
0 0 
0 0 
CC 
0 0 
0 0 
0 0 
0 0 
0 0 
00 
00 
00 
0 0 
00 
0 0 
0 0 
CO 

00 

0 0 
0 0 
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PROGRAM 0031 

§ 
2 
O 

CO « i 
to 05 o 

1 
1—» 

- J 
w 

CRYSTAL RADIUS 
. . _ CRYS.IAL—HIAMETER =. 

HYDROGEN DENSITY 
r,AMMA r.AI IRRATirilM FNFRGY = 

CONSTANT A 
r.CNSTANT R = 

GA(«MA CALIBRATION CHANNEL 

CHANiNFl 

CHAKJUELS. 
4 19 

- 1 2 - 2 i 
20 35 
2a 43 
36 51 
44 59 
52 6 7 
6 0 75 
6 8 83 
76 9 1 
84 99 
97 1 0 7 

1 0 0 1 1 5 
l Q a - 1 2 3 
116 1 3 1 
1 2 4 1 3 9 
132 147 
1 4 0 - 1 5 5 -
148 1 6 3 
156 171 
1 6 4 1 7 9 
1 7 2 1 8 7 
1 8 0 1 9 5 
i a a - 2 Q 3 -
196 2 1 1 
2 0 4 . ^ 1 9 
2 1 2 2 2 7 
2 2 0 2 3 5 ^ 
228 243 
2 3 6 2 5 1 . - -

TOTAL NEL 

BACK BIAS 
FULL SCALE CHANNELS 

fieniiPiNf; 
LOWEST = 4 . 0 0 0 0 0 E 0 0 
HjKHFST = ? , s h n n n F n? 

nilDTH = 8 . 0 0 0 0 0 E 0 0 
ENERGY FLUX 

1 . 6 2 0 1 7 E OC 7 . 2 1 3 6 8 E 0 6 
2 . 1 4 4 8 4 8 0 0 3 . 9 3 1 8 7 E 0 6 
2 . 6 2 8 4 5 E CO 3 . 5 3 5 8 6 E 0 6 
3 .Cf l32 f lE 0 0 3 . 4 7 3 9 8 E 0 6 
3 . 5 1 6 C C E 0 0 3 . 3 7 9 9 7 E 0 6 
^ , q ^ 1 2 5 F o n ^ , i f t i 3 ' i F n^ 
4 . 3 3 1 9 e E CO 3 . 4 7 0 4 4 E 0 6 
4 . 7 2 0 4 C E rO 3 . I 8 1 5 2 E 06 
5 . 0 9 8 1 6 E 0 0 3 , 5 6 0 4 8 E 06 

- 5 . 4 6 6 S a E - D a . - l . - a 0 4 a 7 E - D 6 
5 . 8 2 6 6 9 E CO 1 . 3 1 3 3 2 E 0 7 
6 . 1 7 9 3 4 E CO 9 . 6 2 1 5 4 E 0 6 
6 . 5 2 5 2 3 E CO 3 . 9 5 7 0 1 E 0 6 
6 . a 6 4 9 6 E CO 4 . 3 3 5 1 9 E 0 6 
7 . 1 9 9 0 3 E 0 0 4 . 3 7 4 9 9 E 0 6 

. 7 . 5 2 7 a 8 E 0 0 3 .^aQ723E 0 6 -
7 . e 5 1 8 8 E CO 2 . 9 6 0 4 2 E 06 

. a . 1 7 1 3 a £ 0 0 2» .93930£-Xl6-
8 . 4 8 6 6 5 E CO 3 . 7 1 3 4 3 E 0 6 
8 , 7 9 7 9 7 E 0 0 1 . 8 5 8 2 7 E 0 6 
9 . 1 0 5 5 7 E 0 0 1 . 3 5 4 3 8 E 0 6 

.. . . 9 . 4 a 9 6 5 E 0 0 a.^667QBE..05 
9 . 7 1 0 4 1 E 0 0 4 . 2 7 4 3 8 E 05 
l * C 1 0 0 M E . - i l i 3 . 6 4 a 9 7 £ OS -
1 . 0 3 0 2 6 E 0 1 2 . 7 3 9 1 7 E 0 5 
1 . P S 9 4 4 F 01 U f l 7 0 4 9 F 05 
1 . C 8 8 3 4 E 0 1 8 . 2 0 0 7 5 E 0 4 

- 1 . 1 1 6 9 8 E 0 1 4 , 0 3 4 4 1 E 0 4 
1 . 1 4 5 3 8 E 0 1 5 . 2 5 9 3 6 E 0 4 
1 , 1 7 3 5 3 F 01 l . s q ^ ^ ^ F 0 4 

ITRCNS INCIDENT ON CRYSTAL = 3 . 

l.OOOOOE 0 0 
- -L .J iaQOQE.QO. . 

4 . 6 7 0 0 0 E 2 2 
4 . 7 8 0 0 0 F - 0 1 
1 . 9 2 0 0 0 E - 0 1 
K ^ 4 2 0 0 F 0 0 
1 . 6 8 0 0 0 E 0 1 

- A . n o o O O F 0 0 
2 5 6 

ERROR 
1 . 7 6 8 4 5 E 0 4 

- 2.-55055E..CL4 
3 . 5 0 3 2 9 E 0 4 
4 . 5 1 J 6 a E . a 4 
5 . 5 7 3 7 5 E 04 
6 , h 7 f t 6 6 F 0 4 
7 . 8 1 0 7 6 E 0 4 
8 . 9 5 9 4 4 E 0 4 
1 . 0 1 2 3 2 E 0 5 

_ 1 . 1 4 a . 4 6 E 0 5 . — 
1 . 1 9 1 2 8 E 0 5 
1 . 1 1 6 6 3 E 0 5 
1 . 0 8 6 9 1 E 0 5 
1 . 1 0 2 1 5 E 0 5 
1 . 0 8 7 6 7 E 0 5 
1 .Q5-2fl i l£ U i _ 
1 . 0 1 2 6 0 E 0 5 
9 , 6 3 0 7 5 F 0 4 
8 . 5 0 8 6 2 E 0 4 
7 . 0 4 2 9 6 E 0 4 
5 . 9 8 1 9 1 E 0 4 
4 . 9 7 5 4 9 ? 0 4 
4 . 2 3 3 7 9 E 0 4 
3 . 6 9 0 3 6 E 0 4 
3 . 0 7 2 5 9 E 0 4 
? , 4 ' * « 7 8 F 0 4 
1 . 9 2 4 9 4 E 0 4 
1 . 6 4 8 2 8 6 0 4 
1 . 3 7 0 4 9 E 0 4 
1 - 0 7 2 5 3 F 04 

4 7 2 6 0 E 0 7 

— -

. . _JY1_ 
2 . 0 7 7 3 1 E - 0 1 
1 . 1 3 2 2 6 E - 0 1 
1 . 0 1 8 2 2 E - 0 1 
i . n o n 4 n F - o i 
9 . 7 3 3 2 5 E - 0 2 
9 . 1 0 3 7 0 F - 0 2 
9 . 9 9 3 7 9 E - 0 2 
9 . 1 6 1 7 9 F - 0 ? 
1 . 0 2 5 3 1 E - 0 1 
5 * i a . 7 4 6 E - 0 2 
3 . 7 8 1 9 5 E - 0 1 
2 . 7 7 0 7 0 E - 0 1 
I . 1 3 9 4 9 E - 0 1 
l , 7 4 a 4 0 F - 0 1 
1 . 2 5 9 8 6 E - 0 1 
I . . i i a 6 3 6 £ . - 0 1 - „ _ 
8 . 5 2 5 0 8 E - 0 2 
8 . 4 6 4 2 5 E - 0 2 
1 . 0 6 9 3 5 E - 0 1 
5 . 3 5 1 2 4 F - 0 2 
3 . 9 0 0 2 0 E - 0 2 
2 . 4 9 5 8 5 F - 0 ? 
1 . 2 3 0 8 9 E - 0 2 
1 . 0 5 0 7 9 E - 0 2 
7 . 8 8 7 9 5 E - 0 3 
5 , 3 f t 6 4 3 F - 0 3 
2 . 3 6 1 5 6 E - 0 3 
1 . 1 6 1 7 8 E - 0 3 
1 . 5 1 4 5 3 E - 0 3 
4 . 5 B f i 2 8 F - 0 4 

Y2 
2 . 0 7 2 2 2 E - 0 1 
l . l 2 4 9 1 £ . - i l L -
1 . 0 0 8 1 3 E - 0 1 
9 ^ a 7 3 8 a £ = Q 2 _ 
9 . 5 7 2 7 4 E - 0 2 
8 , 9 m f t F - 0 ? 
9 . 7 6 8 8 6 E - 0 2 
8 , q n ' ^ 7 9 F - 0 ? 
9 . 9 6 1 5 4 E - 0 2 
4 . a 6 5 Q 4 E . - 0 2 -
3 . 7 4 7 6 5 E - 0 1 
2 . 7 3 8 5 5 E - 0 1 
1 . I 0 8 1 9 E - 0 1 
1 . 2 1 6 6 6 E - 0 1 
1 . 2 2 8 5 4 E - 0 1 
1 . Q 6 6 0 7 E - Q 1 -
8 . 2 3 3 4 9 E - 0 2 

. -a .^ l8693E.- .Q2 
1 . 0 4 4 8 5 E - 0 1 

- . . 3 » 1 4 a 4 3 £ - Q 2 
3 . 7 2 7 9 4 E - 0 2 

- . J 2 * . 3 1 2 5 1 E ^ 2 . 
1 . 1 0 8 9 7 E - 0 2 

_ A . . 4 4 5 1 7 E - Q 3 
7 . 0 0 3 1 4 E - 0 3 
4 , 6 8 4 1 4 F - 0 3 
1 . 8 0 7 2 4 E - 0 3 
6 . 8 7 1 3 2 E - 0 4 
1 . 1 1 9 8 7 E - 0 3 
1 . 4 9 9 7 3 F - 0 4 

. Y i 
2 . 0 8 2 4 1 E - 0 1 

- l » 1 3 a 6 f l E = Q l - . 
1 . 0 2 8 3 1 E - 0 1 

- l . Q 1 3 4 1 £ ^ Q L L . 
9 . 8 9 3 7 5 E - 0 2 
9 . 2 9 6 Q 3 F - 0 ? 
1 . 0 2 1 8 7 E - 0 1 
9 . 4 1 9 7 9 F - 0 2 
1 . 0 5 4 4 6 E - 0 1 

. 5 . 5 2 5 A a E - 0 2 - . 
3 . 8 1 6 2 6 E - 0 1 

- 2 . f l 0 2 R 6 E - Q l 
1 . 1 7 0 7 9 E - 0 1 
1 . 2 8 0 1 4 E - 0 1 
1 . 2 9 1 1 8 E - 0 1 
1 . 1 2 6 6 6 E - 0 1 
8 . 8 1 6 6 8 E - 0 2 
fl.74158F-Q? 
1 . 0 9 3 8 5 E - 0 1 
5 . 5 5 4 0 6 E - 0 2 
4 . 0 7 2 4 6 E - 0 2 
2 . 6 3 9 1 3 J E - f l 2 -
1 . 3 5 2 8 1 E - 0 2 
1 .157Q6E--Q2^ 
8 . 7 7 2 7 6 E - 0 3 
6 , 0 R 8 7 2 F - 0 3 
2 . 9 1 5 8 8 E - 0 3 

- 1 . 6 3 6 4 4 E - Q 3 -
1 . 9 0 9 1 9 E - 0 3 
7 . 6 7 6 8 4 E - 0 4 

http://-L.JiaQOQE.QO


PROGRAM 0031 

CRYSTAL RADIOS 
CRYSTAL UlAMETER 

HYCROGEN DfcNSITY 
GAMilA CALlBRATi l iN ENERGY 

CONSTANT A 
CONSTANT B 

GAKKA CALIBRATION CHANNEL 
BACK BIAS 

FULL SCALE CHANNELS 

0 
. . ^ CJJ 
CO 
03 2 o 

- J 

r-* 

CO 

Ci^ANNEL 

CHANNELS 
4 

1 4 
?4 
3 4 
44 
54 
6 4 
7 4 
fl4 
9 4 

104 
1 1 4 
1 2 4 
A 3 4 
144 
1 5 4 
164 

23 
3 3 
43 
53 
63 
73 
83 
93 

103 
1 1 3 
123 
1 3 3 
143 
1 5 3 
163 
1 7 3 
1 8 3 

J .74 .JLS3 
1R4 
1 9 4 
2 0 4 
5 1 4 
2 2 4 

2 0 3 
£ 1 3 _ 
2 2 3 
2 3 3 „ 
243 

? 1 4 _ ^ 5 i 

GROUPING 
LCWEST 
HIGHEST 

K IOTH 
ENERGY 

1 . 7 5 6 2 2 E 
2 - 3 q 0 8 4 E 
2 . 9 7 1 7 8 E 
3 . 5 1 6 C C E 
4 . 0 3 2 6 9 E 
4 . 5 2 7 6 1 E 
5 . t l Q 4 6 4 E 

J . 4 6 6 5 a £ 
5 . 9 1 5 5 2 F 
6 . 3 5 3 Q 9 E 
6 . 7 8 0 5 e E 
7 . . 1 9 9 0 3 E 
7 . 6 0 9 3 2 E 
B . Q 1 2 1 7 E 
8 . 4 0 8 2 1 E 
j 8 . 7 9 7 9 7 £ 
9 . 1 8 1 9 1 E 
S * 5 6 0 4 4 E 
9 . 9 3 3 9 C E 

_ J l ^ 0 3 0 2 t E 
1 . C 6 6 6 9 E 

__ 1 . 1 Q 2 6 9 E 
1 . 1 3 8 3 0 E 

^ _ 1 . 1 7 3 5 3 E 

to 
CO 
f O 
0 0 
0 0 
CO 
0 0 
CO 
CO 
CO 
CO 
0 0 
CO 
CG 
0 0 
Cfl 
0 0 
CO „ 
CO 
Q I 
0 1 
Ol_ 
0 1 
0 1 

4 . 0 0 0 C 0 E 0 0 
2 . 5 6 0 C C E 0 2 
l .OOOOOE 0 1 
FLUX 

6 . 6 1 5 8 8 E 
3 » 6 6 9 9 8 E 
3 . 4 8 0 3 7 E 
3 . 3 6 9 5 0 E 
3 . 3 8 5 2 0 E 
3 . 1 i j 6 5 4 E 
i . 4 8 9 4 8 E 
2 . 6 8 0 8 9 E 
1 . 3 5 5 5 7 E 
5 . 7 4 2 8 7 E 
4 . 1 2 3 5 9 E 
4 . 3 8 7 8 0 E 
3 . 6 8 3 2 1 E 
2 . 5 9 2 3 0 E 
3 . 7 8 6 3 3 E 
1 . 9 0 6 5 7 E 
1 . 2 9 0 9 4 E 

_ 5 . 8 4 5 2 1 E 
3 . 6 8 4 3 2 E 
2 . 8 2 5 0 7 E 
1 . 6 1 0 3 5 E 
5 . 8 5 0 7 5 E 
4 . 5 4 7 6 7 f c 
2 . 3 0 6 5 0 E 

0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
06 
tt6 
0 7 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 5 
0 5 
05 
0 5 
0 4 
0 4 
C4 

TOTAI NFLTRONS INCIDENT ON CRYSTAL 

l.OOOOOE 00 
l.QOOOOE 00-
4 .67000E 22 
4.78000E--OJ_ 
1 . 9 2 0 0 0 E - 0 1 
1,34200E Oa 
1.68000E 01 

- i>.00000E-OQ 
256 

ERROR 
1.44629E 04 
2.17644E 04 
3.06370E 04 
4.00515E 04 
4.98602E 04 
^.00564E^04 
7.04692E 04 
a,1338Q£ 04 
8.44289E 04 
7*86705fc 04 
7.88424E 04 
7.ai3aQ£ 04 
7.48041E 04 
7.12313E 04 
6.36697E 04 
5.11467E 04 
4.13477E 04 
3.30113E 04 
2.76268E 04 
2.23629E 04 
1.68057E 04 
1.27748E 04 
1.02503E 04 
7.74845E 03 

Yl 
1.92450E-01 
J..Q67S6E-01 „ 
1.01241E-01 
9*8015aE-02 
9.a4723E-02 
9*ia210£-02 
1.01506E-01 
7^I9a47£-02 _ 
3.94324E-01 
1^&7Q55E-Q1 
1.19951E-01 
1 . 2 7 6 3 7 E - 0 ] 
1 . 0 7 1 4 I E - 0 1 
7.^54a7^E-Q2 
1 .10141E-01 
5*546Q4E-Q2 
3 . 7 5 5 2 4 E - 0 2 
I * 7 0 f l 3 2 £ - Q 2 
1 .07173E-02 
fl.21JjBJET-Q3___ 
4 . 6 8 4 3 6 E - 0 3 
1.7Q193£-Q3__ 
1 .32288E-03 
6 t70940E-Qj4 „ 

Y2 
1 .92029E-01 
1 ^ 0 6 1 2 3 £ - Q i „ 
1 .00349E-01 
9*6a5Q7E-^Q2 
9 . 7 0 2 1 9 E - 0 2 

^9 . .00740£-02 
9 . 9 4 5 5 9 E - 0 2 
1*56186E-Q2 
3 . 9 1 8 6 8 E - 0 1 
1*64766E-Q1 
1 .17658E-01 
1 . ^5364E-Q1 
1 .04965E-01 
7 . 3 3 3 5 7 E - 0 2 
1 .08289E-01 
5 . 3 9 7 2 6 E - 0 2 
3 .63496E-02 
i i 6 Q 4 2 9 £ - 0 2 
9 .91370E-03 
7 . 3 4 7 i 5 £ ^ 3 
4 . 1 9 5 5 0 E - 0 3 
1 .33032E-03 
1 .02471E-03 
4.^45545E-Q4 

_ Y3 ^ _ 
1 .92871E-01 

_1..0I39QErOX 
1 .02132E-01 
9.518Q9E-Q2_ 
9 . 9 9 2 2 7 E - 0 2 

_9»356Xa£- i l2 
1 .03556E-01 

__8.il350TE-fl2_ 
3.96780E-01 
1.69343E-ILL_ 
1.22245E-01 

_L.2991I1E-I1L 
1.09317E-01 
7.^7479aEraZ 
1.11993E-01 
5.694a3f-Q2_^ 
3.87552E-02 
JL. 79635 £-0^ 
1.I5210E-02 
*i6fiaBErQ3_ 
5.17322E-03 
2.i»73-M£rJJ3_ 
1.62105E-03 

43772E 07 



PROGRAM 0031 

-GAtJM 

CRYSTAL RADIUS 
CR:Y-S.TAL - DIAMETER 

HYCROGEN DtNSITY 
CALIRRATION ENERG^YL-

CONSTANT A 
XOaS-IANI -B 

CALIBRATION CHANNEL GA>'HA 
BACK BIAS 

FULL SCALE CHANNELS 

-iliiANNFI -GRXlU-PlJiG-

2 
O 

CD " 
j ^ OS 

- J 
I 

h-* 
- J 
CO 

- CHANJitFLS-
4 27 

-XA 39 

LOWEST 
-hlGHEST... 

WIDTH 
ENERGY 

l . R 8 f l 7 6 E 0 0 
2 , 6 2 a 4 S E - C a 
3 . 3 0 2 0 2 E 0 0 
3 - S 3 1 2 i £ iJO 
4 . 5 2 7 6 1 E CO 
5 » a 9 f i l i i E 
5 . 6 4 7 6 2 E CO 
A.17934E-00 
6 . 6 9 5 8 3 E 0 0 
7.1S9£3E-XC 
7 . 6 9 C 4 6 E 0 0 

8 . fc4279E 0 0 
9 * 1 0 5 5 7 F f!0 
9 . 5 6 0 4 4 E 0 0 

LQCaCE 0 1 . 
1 . 0 4 4 « 8 E 0 1 
1 . f . f l f t34F m 

2 2 0 2 4 3 
2 3 2 2 5 5 

1 . 13121E 0 1 
1 . 1 7 3 5 3 E OK 

4 . 0 0 0 0 0 E 0 0 
2 - 5 6 Q f l I l E . i l 2 
1 . 2 0 0 0 0 E 0 1 
FLUX -. 

6 . i a 0 1 8 E 0 6 
- 3 * i . l 4 2 3 E J ) 6 

3 . 4 9 4 5 7 E 06 
^ 3 . 2 4 1 4 3 E 06__ 

3 . 2 4 8 5 3 E 0 6 
J 3 * ^ 3 7 3 7 E SX(y -
6 . 5 4 2 8 2 E 06 
1*01446E Sn 
4 . 0 7 4 1 5 E 0 6 

- _ 4 . 3 3 0 9 8 £ 0 6 
3 . 4 1 0 1 7 E 0 6 
3 . 0 7 3 8 0 F 0 6 -
2 . 7 9 9 6 1 E 0 6 
1.33970E 0 6 
6 . 2 9 0 7 9 E 05 
3 . 6 6 1 3 8 E 0 5 
2 . 2 5 6 0 9 E 05 

^.^233ii4E 114 
5 . 0 2 0 4 7 E 0 4 

04- ^ 

TOTAL NELTRONS INCIDENT CN CRYSTAL = 

l.OOOOOE 00 
l*QCa00£ JIO 
4.67000E 22 
4. IBaOOErOl 
1.92000E-01 
L>34200E-00 
1.68000E 01 

-^6.Q00O0F 00 
256 

ERROR Yl Y2- Y3 
1.24489E 04 1.81ia6E-01 1.80821E-01 I.81551E-01 

_1.*9J585£ C4 l.nS959F-01 L.Q53-92F-01 L>0fi5?7F-ni 
2.76578E 04 1.02451E-01 1.01640E-01 1,03262E-01 

_ 3,A4afllE_Q4 9^^0297E-Q2 9.39599E-02 9.6n994E-Q2 
4.58114E 04 9.52377E-02 9.38947E-02 9.65808E-02 
5 . 5 425aE_ 0 4 9 . 4 9 1 0 5 E - a 2 9 . 3 2 8 5 6 E - 0 2 9 . 6 5 3 5 5 F - 0 2 
6.29860E 04 1.91817E-01 1.89970E-01 1,93664E-01 
6 . 3 2 0 3 S E i l 4 2 . 9 7 4 1 0 E - 0 1 2 . 9 5 5 5 7 E - ^ Q 1 2 . 9 9 2 6 3 F - 0 1 
5 . 9 a 7 3 6 E 0 4 1 . 1 9 4 4 3 E - 0 1 1 . I 7 6 8 7 E - 0 1 1 . 2 1 1 9 8 E - 0 1 
5 . 9 5 a 7 4 E - X 1 4 1 .2 iL972E-QJ 1 .2522SE-dDl l * 2 8 7 l 9 E - f l l _ 
5.67754E 04 9.99767E-02 9.83122E-02 1.01641E-01 

- 5 ^ 1 9 4 0 £ J)4 a .01153E^^12 8 . a 5 8 S l E - 0 2 9 . 1 6 4 5 4 F - 0 2 
4,37452E 04 8.20767E-02 8.07943E-02 8.33592E-02 
J3.318S7E-^C-4 3*92L7^3£-02 3*-a303-4E-J12 4.02492F-02 _ 
2.57502E 04 1.84428E-02 1.76879E-02 1.91977E-02 

_ 2 . 0 3 7 S 9 E 0 4 1 » Q 7 3 4 1 E - Q 2 i*X113j£L7E-J}2. 1 . 1 3 3 1 6 E - 0 2 - -
1.54277E 04 6.61422E-03 6.16192E-03 7.06651E-03 
1.11573E 114 ^.:ZQJil4ErQ3 Z..3I9JL4E-03 3^3414E-Q3 
8.28423E 03 1.47ia6E-03 1.22899E-D3 1.71473E-03 

^ 5 * 9 i . 2 5 5 E J13 6 . 7 7 3 7 4 E - Q 4 5 . 0 2 5 6 9 E - 0 4 a . 5 2 1 7 9 E - 0 4 

4 1 C 9 7 E 0 7 



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 radiat ion t r a n s p o r t equat ions. A 
s u m m a r y of the method and r e s u l t s obtained a r e given by Goldstein (Ref. 26), A br ief 
descr ip t ion of the method, with emphas is on the pa r t i cu la r form of the equations used 
and flux recons t ruc t ion techniques , i s p resen ted m this appendix. 

The t r a n s p o r t equation for neut ron radia t ion in t e r m s of the number flux pe r unit 
le thargy in te rva l is 

V. fiN + E^N =CC N ( r , n', fi') E (f2'- U, E ' - E ) E' d ju'd n' 

+ S( r ,fji, n) (B-1) 

where 

N(r^, /u, Si) = neutron number flux per unit angle pe r unit l e thargy . 

E = m a c r o s c o p i c total c r o s s section 

'E 
/u = i n \ 

and 

E 
/u = i n \-wj = le thargy defined from an a r b i t r a r i l y chosen r e f e rence 

energy, E. 

E ( n ' - » n , E'-»E) = c r o s s sect ion for sca t te r ing from n' into the e lement of 
solid angle dn about fiand from E ' to E in the range dE. 

The source per unit le thargy, S ( r^, lu, r) , is a ssumed continuous over a specified 
energy E^ E„) and is numer ica l ly equal to the product of the energy , E, and the 

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

In spher ica l geomet ry , the angular flux depends on the magnitude r of r and on the 

component w -^—, which is the cosine of the angle between the neutron di rec t ion. 

F o r a point isotopic s o u r c e , located at the origin, the sou rce t e r m b e c o m e s 

6 (r) 6 ( l -w) S {^) 
4 . r 2 2 . 

The f i rs t s tep m the der ivat ion of the moment s equation is the expansion of the 
angular flux as a Legendre polynomial s e r i e s m w 

00 

N ( r , /u, w) = ) - ^ ^ N^ ( r , ;u) P^ (w) (B-2) 

ho 
where the coefficients, N , , a r e , due to the orthogonality of the s e t i p . l 

In^ N ( r , M, N^(r , /u ) = 2Tr\ N ( r , /u, w) P^ (w) dw (B-3) 

-1 
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The coefficient number for which a solution is sought i s read i ly identified a s the s c a l a r 
flux. 

The sphe r i ca l m o m e n t s , B -, where i is an index for a pa r t i cu l a r value of the 
n , X , 

le thargy U., a r e defined as 1 

n+1 1 
^^^ = 27r—2- C 4Trr̂  dr r r " P , (w) N (r. /u. w) dw (B-4) 
n,-f N^ J„ J , ^ 

B 
0 -1 

In t e r m s of the angular expansion coefficient, the moments a r e 

n+1 

jW = ^ f r " N / i ^ r , M) 4 . r 2 d r (B-5) 
n , i n J o 

The d imens ionless a r b i t r a r y constant )u„ has been included to facilitate n u m e r i c a l 

solut ions. 

The p rocedure for obtaining a solution for the moments i s : 

(1) Obtain a set of in tegro-di f ferent ia l equations in N . by multiplying Eq. (B-1) 

by P^(w) and integrat ing overa l l solid angles util izing the definition of N-

and p rope r t i e s of the polynomials P^ 

(2) Multiplying the resu l tan t set by 47r /u^ r /N' and in tegra t ing over 

the spa t ia l va r i ab le . 

In Step (2), use is made of the assumpt ion that N vanishes so rapidly at oo that 
N + 1 r N . is z e ro at this l imi t . In this p r o c e s s , the sca t t e r ing in tegra l i s approximated 

as a mechanica l quadra tu re for numer i ca l integrat ion as 

y MJ^I N̂ ^ (r) (B-6) 
- 1 1 

J = 1 

M) where the coefficients M. . r e p r e s e n t the probabil i ty for sca t te r ing from le thargy j 

to the c u r r e n t value i with suitable integrat ion weights . The resu l tan t equation for 
the sphe r i ca l momen t s i s 

B 
(i) 1 ) ^ 0 _ J 
N , i ' ^ . J^(JC) I N 2i + 1 

t i , i 

i ( i + N + l)B5j>.^^ ^ . ^ - ( i + l ) ( i - N ) B ^ 1 ^ ^ ^ . ^ 

i -1 ^ i -1 
+ 

^̂ 3 

This equation may be solved for al l moments B ^ , 0 for which N = 0 or a posi t ive even 

in teger . Rigorous solution of the moments through B , 0 r e q u i r e s a knowledge of 
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the s ca t t e r ing coefficients M. : through o rde r i = P / 2 . This solution for the momen t s 
J» ^ 

is essent ia l ly exact. Small e r r o r s may only be introduced by the use of the mechan ica l 
quadra tu re and the n u m e r i c a l technique used to solve Eq. (B-7) . 

The final s tep in the solution is the recons t ruc t ion of the s c a l a r flux NQ from a finite 

number of the moments for the s c a l a r flux B^ Q . The f irst step i s the selection 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 e x ­
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 

4^r2 NJ) (r) = ^ A^^\ - aij^ MQ r (B-8) 

is m o r e appropr ia te for deep pene t ra t ion due to the exponential na ture of the observed 
flux. Two methods of r econs t ruc t ion of the flux in exponential form a r e p resen ted . 

The f i r s t method of r econs t ruc t ion is the unique de te rmina t ion of the 2N coefficients 

A. a^ ^ = 1 2, . . . , N from 2N even moment s B^^^ ^, B^^^ ^ . . . , B^gN - 2 0 

If the r ep resen ta t ion of Eq. (B-8) i s substi tuted into Eq. (B-5) the following 
set of N nonl inear equations in N unknowns may be obtained. (For c l a r i ty the energy 
index s u p e r s c r i p t i is omit ted. This se t is obtained and mus t be solved for each energy 
point . ) 

^ 1 

«1 

^ 1 
3 

'^l 

^ 1 
4 N - 1 

"'I 

+ 

+ 

+ 

^ 2 

°'2 

^ 2 
3 

°'2 

^ 2 

.f-l 

+ • • 

+ . . 

+ • • 

• + 

. + 

• + 

^ N 

«N 

^ N 
3 

'^N 

^ N 
4 N - 1 

" ^ 0 , 0 

" ^ 2 , 0 

• ^ 4 N - 2 , 

(B-9) 

These equations may be solved by a method descr ibed by Chandrasekha r (Ref. 27) 
which in t roduces the constants m „ , m , ni-j_^ de termined by the condition that 

" ^ 0 ^ 0 , 0 ^ " ^ 1 ^ 2 , 0 - ' - • • ' ^ N - 1 ^ 2 N , 0 + ^ 2 N + 2 , 0 = ° 

^ 0 ^ 2 , 0 - ^ " ^ l B 4 , 0 + - • • " " N - 1 B 2 N + 2 , 0 + B 2 N + 4 , 0 = ° ^^'^^^ 

" ' 0 ^ 2 N , 0 + " ^ r ^ 2 N - 2 , 0 + - • • "^N-1 ^ 4 N - 4 , 0 + B ^ ^ ^ Q = 0 

It can be shown that E q s . (B-10) a r e a n e c e s s a r y and sufficient condition that the 
a. a r e the roo ts of the equation 
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a a 

m 1 1 

2N-2 2N = 0 (B-11) 

o r 

m^ + m^ |3 + Mg (3 + 

where 

/ 3 . = 

^ „N-1 , pN . „ (B-12) 

The a a r e thus de te rmined from the roo ts j3 , j = 1, . . . N of Eq. (B-12). Having 
J J 

dete rmined the a , the A may be de te rmined uniquely from any N equations of the s e t 

(B-9). Note that the roo ts of Eq. (B-12) mus t be r e a l and posi t ive, if not, the 
method fai ls . 

The second method of recons t ruc t ion is the Gauss ian i t e ra t ive l eas t s q u a r e s technique. 

An a l te rna t ive method for recons t ruc t ing the flux in the exponential form (B-8) is an 
i t e ra t ive method using an excess of momen t s . For s impl ic i ty the p r o c e s s will be 

i l lus t ra ted for a single exponential 4TTr d (r) = A- ^0 . This p r o c e s s is appl icable 

for an a r b i t r a r y number of exponential t e r m s N, provided at l eas t 2N moment s a r e 
avai lable . Note f i r s t that , according to the definition of the moments 

*2n, 0 = a 2N + 1 " ^ n <^' "'̂  (B-13) 

Given ini t ia l guesses or values obtained from the previous i t e ra t ive i of a and N moment s 

where N > 2, the equations for AA and AQ- a r e 

/ N „ . 2 , N „ , N „ / _ N „ > 

]=1 1=1 J=l 3=1 3=1 3=1 

N ^ 1 , 2 . N 

(B-14) 

/ ^ aF \ / ^ Q-F \ / ^ ccFl \^ / -"̂  \ / ^ o F 

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

where the notation means that the der iva t ives a r e to be evaluated with the c u r r e n t 

values A and a 
I 1 

and 

^y^-'^2,,o-^i^\' -i> 

The der iva t ives m the l inea r se t (B-14) a r e 

^•^n ^ 1 = SF = (2N+1) A 
9A 2N+1, da 2N+2 
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Equations (B-14)are solved for AA _. and Aa and the new approximations for the next 

iterative are 

A , = A + h A A 
1 = 1 1 

a 1 = 0 ' + h A ĉ  
1 = 1 1 

where h is an arbitrary constant less than or equal to unity. This procedure minimizes 
the value 

-N 
E^ =^ (Ayj ) ' 

3 = 1 

and thus determine the coefficients A and a m the least squares sense. The solution is 
2 

assumed converged when changes m E between successive iteratives are less than some 
predetermined arbitrarily small number t. 

A difficulty IS that there is no guarantee of convergenca Normally, good initial guesses 
of A and a are required and obtaining a solution may be a trial and er ror 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 l /E m the energy 
region of importance for epithermal absorption, a solution may be written for the thermal 
flux m terms of spatial solution for an epithermal energy E . The zeroth moment and 

spatial dependence are written m terms of energy. 

The redefined mcment is 

,L _ ^ o ! o 
*0,0 ' M Q E ^ 

and the spatial dependence is 

4ur^Q ( E ' , r) = ) M '̂̂  e ^3 

3 = 1 

where 
^ ( i ) 

3 ^ ^ 2 0 J 

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

where E is the thermal range cutoff energy (taken as 0. 625 ev) 
Y-th " 
y is the macroscopic thermal absorption cross section (2200 m/sec) and E , is the 

thermal energy (0. 025 ev). 
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