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Abs t rac t  

Monte Car lo c a l c u l a t i o n s  were made t o  analyze the r e s u l t s  ' o f  an i n -  

t e g r a l  experiment w i t h  a sample of  S i02  t o  determine the adequacy of  

ENDF/B-IV neutron s c a t t e r i n g  and gamma-ray product ion  c ross-sec t ion  data 

f o r  s i l  i c o n  and oxygen. The experimental resu l  t s  analyzed i nc l  uded energy- 

dependent NE-213 detec tor  neutron and gamma-ray count r a t e s  a t  a s c a t t e r -  

i n g  angle o f  90 deg and pu lse-he igh t  spectra f o r  sca t te red  neutrons and 

gamma rays. The experiments were c a r r i e d  o u t  w i t h  the ORELA 1- t o  20-MeV 

pulsed neutron source. The pu lse-he igh t  data were unfo lded t o  generate 

secondary neutron and gamma-ray spec t ra  a t  90 deg as a f u n c t i o n  o f  i n c i d e n t  

neutron energy. Mu1 t i g r o u p  Monte Car lo  c a l c u l a t l o n s  us ing the MORSE code 

and ENDF/B-IV cross sec t ions  were made t o  analyze a l l  r epo r ted  r e s u l t s .  No 

outs  tand i  ng discrepancies between c a l c u l a t e d  and measured responses were 

found on the  neutron data below 12 MeV. Possib le d iscrepancies i n  the  i n -  

e l a s t i c  s c a t t e r i n g  data above 12 MeV a re  ind ica ted .  This  i s  cons i s ten t  

w i t h  a previous ana lys is  o f  an oxygen experiment. A more d e t a i l e d  ana lys i s  

w i l l  have t o  be performed before  any d e f i n i t e  conclus ions can be drawn 

from these comparisons. 
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I. I n t r o d u c t i o n  

Ca lcu la t ions  o f  neutron and gamma-ray i n t e g r a l  count r a t e s  and 

secondary energy spectra have been performed f o r  comparison w i t h  i n t e -  

g r a l  experiments on s i l  i con  d iox ide .  These c a l c u l a t i o n s  and t h e  exper i -  

ments, conducted a t  Oak Ridge Nat iona l  Laboratory, a re  p a r t  o f  t he  Defense 

Nuclear Agency data t e s t i n g  program designed t o  t e s t  neutron s c a t t e r i n g  

and gamma-ray product ion  data f o r  several nuc l ides  o f  i n t e r e s t  f o r  i n c i -  

dent neutron energies from 1 t o  15 MeV. The experimental  data are  r e -  

por ted i n  r e f .  1. 

The ca l cu la t i ons ,  experiments, and comparisons t o  be presented here 

are  s i m i l a r  t o  those given i n  e a r l i e r  repo r t s .  2'5 I n  these repo r t s ,  the  

procedures f o r  t h e  data t e s t i n g  program are  o u t l i n e d  i n  terms o f  exper i -  

mental techniques, c a l c u l a t i o n a l  models, and methods o f  data comparison. 

The experiment consis ted o f  s i l i c o n  d iox ide  r i n g  pulsed by a c o l l i -  

mated beam o f  neutrons t r a v e l i n g  approximately 50 meters from source t o  

sample. An NE213 de tec to r  was used f o r  de tec t i ng  both neutrons and gamma 

rays and i t  was l o c a t e d ' i n  t h e  center  o f  the  r i n g  c r e a t i n g  an approximate- 

l y  90-deg s c a t t e r i n g  angle w i t h  respect  t o  t h e  i n c i d e n t  beam. The detec- 

t o r  was sh ie lded f rom t h e  d i r e c t  beam by a shadow bar.  The data were r e -  

duced t o  neutron and gamma-ray counts as a f u n c t i o n  o f  t ime and repor ted  

as counts per  i n c i d e n t  neutron as a f u n c t i o n  o f  i n c i d e n t  neutron energy 

by us ing  t i m e - o f - f l i g h t  considerat ions.  Pulse-height i n fo rma t ion  was a l s o  

recorded as a functon o f  a r r i v a l  t ime so t h a t  t he  d i f f e r e n t i a l  spectrum o f  

neutrons and gamma rays cou ld  be obta ined by un fo ld ing  techniques as a 

f u n c t i o n  o f  i n c i d e n t  neutron energy. 

A l l  c a l c u l a t i o n s  were made w i t h  t h e  MORSE mu l t i g roup  Monte Car lo 

code6 us ing  coupled neutron-gamma r a y  mu l t i g roup  data processed by the  

AMPX code system. The data se ts  were DNA oxygen MAT 4276 (ENDF/B-IV MAT 

1276) and DNA s i l i c o n  MAT 4194 (ENDF/B-IV MAT 1194). 

11. Experimental Arrangements 

The Oak Ridge E lec t ron  L inear  Acce lera tor  (ORELA) was used t o  c rea te  

a wh i te  pulsed source (12 nsec bu rs t  w id th)  from t h e  B e ( ~ , n )  reac t i on .  

These neutrons were c o l l  imated i n t o  a beam and t r a v e l e d  47.65 meters a long 



a flight path to the scattering sample forming a uniformly distributed 

monodirectional source at the sample position'. 

The scattering 'sample consisted of a Si02 ring with a density of 

2.219 g/cm3. The sample and detector are stiown schematically in Fig. 1. 
More specifications of the experiment can be found in Ref. 1. The 4.22 

cm x 4.65 cm NE213 detector, used for both neutrons and gamma-ray detec- 

tion, was placed at a position corresponding to a scattering angle of 90 

deg with respect to the incident direction. The experimental data con- 

sisted of integral count rates and energy spectra for both neutrons and 

gamma rays at the detector position. 

I I I. Cal cul ati onal Model 

A. Codes 

All calculations presented in this report were made with the MORSE 

mu1 tigroup Monte Carlo code using coupled neutron-gamma mu1 tigroup data 

processed by the AMPX code system. 

B. Cross-Secti on Data and Material Specification 

The scattering sample was taken as pure SiOP using DNA MAT 41 94 

MOD 0 with density of 0.02224 at/barn-cm and DNA MAT 4127 MOD 0 with 

density 0.04448 at/barn-cm for the silicon and oxygen, respectively. 

The cross sections for each case were processed by AMPX into a 103-38 

coupled neutron-gamma group structure with a P7 Legendre expansion. The 

cross-section group structure is shown in Table 1. The neutron groups are 

equally spaced in lethargy between 20 MeV and 300 keV. The calculation 

was run in the MORSE primary particle mode in which gamma rays are pro- 

duced uti 1 izing neutron group to gamma group transfer probabi 1 ities and 
also the gamma-ray angular production data. 

C. Cal cul ational Procedure 

Neutron histories in each energy group were given initial times deter- 

mined by the neutron time-of-flight at the midpoint of.each energy group 

to the leading edge of the sample. Relativistic velocities were used 

throughout the calculat,ions. The initial times were smeared with a 

Gaussian approximation of the experimentally determined spread as 
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F ig .  1. Schematic Diagram o f  t h e  D e t a i l s  o f  t h e  S c a t t e r i n g  Sample 
and Detec to r .  



Group 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2 0 
2 1 
22 
2 3 
2 4 
25 
26 
2 7 
28 
2 9 

Table  1. Energy Group Structure and Detector Response 
Upper Energy Detector Group .Upper Energy Detector 

(eV ) E f f i c i ency  No. (eV) E f f i c i ency  



Table 1 (Cont'd.) 

Group 
No. 

101 
102 
103 
104 
105 
106 
107 
1 08 
109 
110 
1 1  1 
112 

Upper Energy Dectector 
(eV) Efficiency 



f o l  1  ows : 

where R1 and R2 a re  random numbers and T  = 12 nsec. 

Neutron h i s t o r i e s  were s t a r t e d  un i fo rm ly  per u n i t  l e tha rgy  from 20 

MeV t o  t h e  lowest energy w i t h  repor ted  experimental data. The i n i t i a l  

s p a t i a l  coordinates o f  t h e  neutrons were determined by s e l e c t i n g  x  and y 

u n i f o r m l y  over t h e  cross-sect ional  area o f  t he  sample and p l a c i n g  z a t  

t h e  l ead ing  edge o f  t h e  sample. Neutrons were s t a r t e d  s t r a i g h t  ahead i n  

t h e  z d i r e c t i o n .  Gamma rays produced i n  t h e  sample acquired t h e  pns i t i on ,  

t ime, and c a l c u l a t i o n a l  weight o f  t h e  neutrons which produced them. The 

c a l c u l a t i o n a l  model f o r  t h e  ORNL experiment i s  as shown i n  Fig.  1. 

Count ra tes  were ca l cu la ted  as 4 x  E x  A where (I i s  t h e  f l u x ,  E i s  

t h e  de tec to r  e f f i c i e n c y  g iven i n  Table 1, and A i s  t h e  detec tor  cross- 

sec t i ona l  area, 19.6 cm2. The count r a t e s  were converted t o  counts/MeV/in- 

c i d e n t  source neutron by m u l t i p l y i n g  by the  t ime b i n  w id th  and by d i v i d -  

i n g  t h e  count r a t e  by t h e  corresponding energy group w id th  i n  MeV. The 

f r a c t i o n  o f  i n c i d e n t  neutrons i n  each energy group i s  equal ( w i t h i n  s ta-  

t i s t i c s )  s ince t h e  group boundaries are equa l l y  spaced i n  l e tha rgy  and t h e  

s t a r t i n g  energies were se lec ted un i fo rm ly  i n  le thargy .  

The count r a t e s  are  repor ted  as func t ions  o f  t h e  i n c i d e n t  neutron 

energy. The t ime  b ins  f o r  t h e  c a l c u l a t i o n  were determined from Eq. (2 ) .  

where 

T  - f l i g h t  t ime  i n  see from acce lera tor  source t o  sdi~iplt! fdce fu r  a 

neutron o f  energy E  a t  t h e  source, 

D = d is tance i n  cm from acce lera tor  source t o  sample face, 

E '  = 1.91322 x  1012 x  E, where E i s  the  energy i n  MeV, 

c  = speed o f  1 i g h t . i n  cm/sec. 



Although inc luded i n  t h e  ca l cu la t i ons ,  t h e  f l i g h t  t imes i n  t h e  sample 

and t o  t h e  de tec to r  are n e g l i g i b l e  compared t o  t h e  t ime from Eq. (2).  The 

neutron induced gamma-ray counts were removed from t h e  publ ished exper i -  

mental r e s u l t s .  

The ca lcu la ted  secondary energy spectra f o r  t h e  experiment inc luded 

t h e  e m p i r i c a l l y  determined energy r e s o l u t i o n  o f  t h e  de tec to r  g iven by R, 

t h e  FWHM i n  percent 

. A = 250 f o r  neutrons, 170 f o r  gamma rays 

B = 670 f o r  neutrons, 288 f o r  gamma rays 

and E i s  an energy i n  MeV un i fo rm ly  selected i n  t h e  energy group o f  the  

detected p a r t i c l e .  The spectra were obtained by time-dependent c a l  c u l  a- 

t i o n s  w i t h  t ime b ins  being determined by Eq. ( 2 )  where E corresponds t o  

t h e  energy boundaries used i n  compi l ing the  experimental spectra. 

I V .  Comparison o f  Experimental and Calculated Results 

The f i g u r e s  which f o l l o w  summarize t.he c a l c u l a t i o n s  f o r  a l l  t he  

experimental l y  determined data. A1 1 c a l  cu l  a t i o n s  were made w i t h  the  MORSE 

Monte Car lo code. The i n t e g r a l  count r a t e  comparisons f o r  both neutrons 

and gamma rays are  given i n  Fig. 2. The e r r o r  bars i n  the  histograms 

represent  one standard dev ia t i on  of the  mean value. Figures 3 through 8 

g i ve  the  secondary energy spectra comparisons f o r  both neutrons and gamma 

rays. . I n  the  m u l t i p l e  energy spectra f i gu res ,  each s e t  o f  comparisons i s  

p l o t t e d  a t  t he  mid-point  o f  the  appropr ia te  i n c i d e n t  neutron energy b i n  

(i .e., the  p l o t s  a t  11.25 MeV on the  s lan ted energy scale correspond t o  

the  spectra f o r  neutrons i n  the 10.0-12.5 MeV energy range i n c i d e n t  on the  

sample) . 
V. Discussion 

The count r a t e  comparisons shown i n  Fig. 2 i n d i c a t e  very good agree- 

ment between experiment and ca lcu ' la t ion  fo r  both .neutrons and gama rays. 

The neutron comparison i s  very s i m i l a r  t o  t h a t  g iven f o r  the  oxygen exper i -  

n ~ e n t . ~  The same cross-sect ion group s t r u c t u r e  was used f o r  both ca lcu la-  

t i o n s  and i n  both cases the  small d ips  i n  the  experimental count r a t e  a t  
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Fig. 2. Comparisons o f  Neutron and Gamma Ray I n t e g r a l  Resul ts .  
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F i g .  3. Comparisons o f  Neutron Secondary Energy Spect ra .  
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Fig. 4. Comparisons o f  Neutron Secondary Energy Spec t ra .  
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F i g .  5 .  Comparisons o f  Neutron Secondary Energy Spect ra .  
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Fig.  6. Comparisons of Gamma Ray Energy Spectra. 
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Fig .  7. Comparisons of Gamma Ray Energy Spectra. 
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5, 6.5, and 8 MeV a r e  no t  seen i n  the  ca l cu la t i on .  Add i t i ona l  c a l c u l a t i o n s  

i n d i c a t e  t h a t  a t  l e a s t  50% o f  t he  neutron count r a t e  i s  due t o  f i r s t -  

c o l  1  ided neutrons. 

The neutron f l u x  spectra comparisons i n  Figs. 3, 4, and 5  a re  i n  

good general agreement. The o n l y  area o f  cons i s ten t  disagreement i s  a t  

the  h ighes t  secondary energies where the  c a l c u l a t e d  values f a l l  o f f  f a s t e r  

than the  experimental  data. These d iscrepancies a r e  cons i s ten t  w i t h  the  

r e s u l t s  o f  the  oxygen experiment where the  ca l cu la ted  neutron f luxes are  

always too h i g h  a t  t he  low secondary energy range f o r  h igh  energy i n c i d e n t  

neutrons. The gamma-ray f l u x  spectra a r e  shown i n  Figs. 6, 7, and 8. The 

h igher  i n c i d e n t  energy spectra a re  i n  good general agreement. The cross- 

s e c t i o n  energy s t r u c t u r e  and the  mu1 t i g r o u p  theory  i t s e l f  tend t o  cause a  

smoothing e f f e c t  i n  t h e  ca l cu la ted  resu l  t s .  The lower i n c i d e n t  energy 

comparisons d isagree due t o  the  absence o f  any r e a l  data. 
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