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Abs t rac t  - 
Monte Car lo  ca lcu ' la t ions 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  an a1 uminum sample t o  determine the adequacy of 

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

f o r  a1 umi num. The experimental  resu l  t s  analyzed i nc l  uded energy-dependent 

NE-213 de tec to r  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  

125 deg and pu l  se-hei g h t  spec t ra  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 l  se-hei g h t  data were unfo lded t o  generate secondary neutron 

and gamma-ray spec t ra  a t  125 deg as a f u n c t i o n  o f  i n c i d e n t  neut ron  energy. 

Mu1 t i g r o u p  Monte Car lo  c a l c u l a t i o n s  us ing  the  MORSE code and ENDF/B-IV 

cross sec t ions  were made t o  analyze a1 1 repo r ted  resu l  t s .  Discrepancies 

between c a l c u l a t e d  and measured responses were found f o r  secondary neut ron  

s c a t t e r i n g  data above 10 MeV and f o r  gamma-rays produced a t  energ ies be- 

tween 4 and 7 MeV. A d e t a i l e d  a n a l y s i s  has n o t  y e t  been performed t o  de- 

termine the  reasons f o r  these d iscrepancies.  
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Introduction 

Calculations of neutron and gamma-ray integral count rates and secon- 
dary energy spectra have been performed for comparison with integral ex- 

periments on aluminum. These calculations and the experiments, conducted 

at Oak Ridge National Laboratory, are part of the Defense Nuclear Agency 
data testing program designed to test neutron scattering and gamma-ray 
production data for several nuclides of interest for incident neutron 
energies from 1 to 15 MeV. The experimental data are reported in Ref. 1. 

The calculations, experiments, and comparisons to be presented here 
are similar to those given in earlier reports. 2 '5  In these earlier reports, 

the procedures for the data testing program are out1 ined in .terms of ex- 
perimental techniques, calculational models, and methods of data compari - 
son. 

The experiment consisted of an aluminum ring pulsed by a collimated 
beam of neutrons traveling approximately 50 meters from source to sample. 
An NE213 detector was used for detecting both neutrons and gamma rays and 
it was located on the center line of the ring creating an approximately 
125-deg scattering angle with respect to the incident beam. The data were 
reduced to neutron and gamma-ray counts as a function of time and reported 
as counts per incident neutron as a function of incident neutron e.nergy by 
using time-of-flight considerations. Pulse-height information was also 
recorded as a function of arrival time so that the differential spectrum 
of neutrons and gamma rays could be obtained by unfolding techniques as a 
function of incident neutron energy. 

All calculations were made with the MORSE mu1 tigroup Monte Carlo code6 
using coupled neutron-gamma ray multigroup data processed by the AMPX code 
system.' The data set used was DNA aluminum MAT 4193 (ENDFIB-IV MAT 1193). 

I I. Experimental Arrangements 

The Oak Ridge Electron Linear Accelerator (ORELA) was used to create a 
white pulsed source (12 nsec burst width) from the Be(y,n) reaction. These 
neutrons were collimated into a beam and traveled 47.72 meters along a flight 
path to the scattering sample forming a uniformly distributed monodirectional 
source at the sample position. 



The s c a t t e r i n g  sample cons is ted  o f  an aluminum r i n g  w i t h  a  w id th  o f  

2.704 g/cm3. The sample and d e t e c t o r  a re  shown schemat ica l l y  i n  F ig.  1. 

More s p e c i f i c a t i o n s  o f  t h e  experiment can be found i n  Ref. 1. The 4.22 

cm x  4.65 cm NE213 de tec to r ,  used f o r  both neutron and gamma-ray de tec t ion ,  

was p laced a t  a  p o s i t i o n  corresponding t o  a  s c a t t e r i n g  angle o f  125 deg 

w i t h  respec t  t o  t h e  i n c i d e n t  d i r e c t i o n .  The experimental  data cons is ted  

of i n t e g r a l  count r a t e s  and energy spec t ra  f o r  both neutrons and gamma 

r a y s  a t  t h e  d e t e c t o r  p o s i t i o n .  

T I I .  Ca l cu la t i ona l  Model 

A .  Codes 

A l l  c a l c u l a t i o n s  presented i n  t h i s  r e p o r t  were made w i t h  t h e  MORSE 

m u l t i g r o u p  Monte Car lo  code us ing  coupled neutron-gamma mu l t i g roup  da ta  

processed by the  AMPX code system. 

B. Cross-Sect ion Data and M a t e r i a l  S p e c i f i c a t i o n  

The s c a t t e r i n g  sample was taken as pure aluminum us ing  DNA MAT 4193 

MOD 0  w i t h  d e n s i t y  o f  0.06057 at/barn-cm. 

The cross sec t i ons  f o r  each case were processed by AMPX i n t o  a  103-38 

coupled neutron-gamma group s t r u c t u r e  w i t h  a  P7 Legendre expansion. The 

c ross -sec t i on  group s t r u c t u r e  i s  shown i n  Table 1. The neutron groups a re  

e q u a l l y  spaced i n  l e t h a r g y  between 20 MeV and 300 keV. The c a l c u l a t i o n  

was run  i n  t h e  MORSE pr imary p a r t i c l e  mode i n  which gamma rays are  produced 

u t i l i z i n g  neutron group t o  gamma group t r a n s f e r  p r o b a b i l i t i e s  and a l s o  the  

gamma-ray angular  p roduc t ion  data. 

C. C a l c u l a t i o n a l  Procedure 

Neutron h i s t o r i e s  i n  each energy group were g iven  i n i t i a l  t imes  de ter -  

mined by t h e  neut ron  t i m e - o f - f l i g h t  a t  t h e  midpo in t  o f  each energy group 

t o  t h e  l ead ing  edge o f  t h e  sample. R e l a t i v i s t i c  v e l o c i t i e s  were used " 

throughout  t h e  c a l c u l a t i o n s .  The i n i t i a l  t imes were smeared w i t h  a  Gaussian 

approx imat ion o f  t h e  expe r imen ta l l y  determined t ime  spread as fo l l ows :  

A t  = (R1 - RZ) x  T  

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



Fig. 1. schematic Diagram of the Details of the Scattering Sample 
and Detector. 
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Group 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
1 5  
16 
17 
18 
19  
20 
2 1 
2 2 
23 
24 
2 5 
2 6 
2 7 
28 
29 
3 0 
31 
3 2 
33 
34 
35 
36 
3 7 
3 8 
39 
40 
41 
42 
43 
44 
4 5 
46 
47 
48 

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

(eV) Efficiency No. (eV) Efficiency 



Table 1 (Cont 'd . )  

Group 
No. 

Upper Energy 
(ev 

Detec tor  
E f f i c i e n c y  



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  un i fo rm ly  

over  t h e  c ross-sec t iona l  area o f  t h e  sample and p lac ing  z a t  t h e  lead ing 

edge of t h e  sample. Neutrons were s t a r t e d  s t r a i g h t  ahead i n  the  z d i r e c -  

t i o n .  Gamma rays produced i n  the  sample acquired t h e  pos i t i on ,  time, 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 -  

a1 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 $I x  E A  where $I i s  t he  f l u x ,  a i s  t he  

d e t e c t o r  e f f i c i e n c y  g iven i n  Table 1, and A i s  t h e  de tec to r  cross-sect iun-  

a1 area, 19.6 cm2. The count ra tes  were converted t o  counts/MeV/ i n c i d e n t  

source neutron by m u l t i p l y i n g  by t h e  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  correspondlng energy group wid 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 t a 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 i ons  o f  t h e  inc ident ,  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  sec from acce lera tor  source t o  sample face f o 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  s a ~ ~ ~ p l t !  face, 

E '  = 1.91322 x  loi2 x  E, where E i s  t h e  energy i n  MeV, 

L speed of l i g h t  i n  cm/scc. 

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  the  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  pub1 ished exper i -  

mental r e s u l t s .  



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

the  empi r ica 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 

R=J= 

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 of the  

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

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

the  energy boundaries used i n  compi 1 i ng the  experimental  spectra.  

I V .  Comparison o f  Experimental and Calculated Resul ts  

The f i g u r e s  which f o l l o w  summarize t h e  c a l c u l a t i o n  o f  t h e  expe r i -  

men ta l l y  determined data f o r  t h e  two experiments. A1 1 c a l c u l a t i o n s  were 

made w i t h  the  MORSE Monte Car lo code us ing  DNA MAT 4193 MOD 2 cross-  

sec t i on  se t .  The i n t e g r a l  count r a t e  comparisons f o r  both neutrons and 

gamma rays a re  g iven i n  F ig.  2. I n  a l l  f i g u r e s  t h e  e r r o r  bars represent  

one standard dev ia t i on  o f  t he  mean value. Figures 3 through 8 g i v e  the  

secondary energy spectra comparisons f o r  both neutrons and gamma rays. 

I n  t h e  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  midpo in t  o f  t he  appropr ia te  i n c i d e n t  neu t ron  energy b i n  

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

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

t h e  sample). 

V.  D iscussion 

The count r a t e  comparisons shown i n  F ig.  2 a re  i n  good general agree- 

ment. The areas o f  d isagreement-are above 10 MeV f o r  t h e  neutrons where 

t h e  ca l cu la ted  count ra tes  a re  too  h igh  by a few percent  and ' f rom 4 t o  7 

MeV f o r  t he  gamma rays where t h e  ca l cu la ted  count ra tes  a re  low by a few 

percent. Also, t h e  ca l cu la ted  neutron count r a t e  does n o t  f o l l o w  the 

s t r u c t u r e  i n  t he  experimental data between 2 and 3 MeV. A f i r s t - c o l l i s i o n  

c a l c u l a t i o n  indi lcates t h a t  about 80% o f  t h e  t o t a l  neutron count r a t e  i s  

t h e  r e s u l t  o f  f i r s t  c o l l i s i o n s  on ly .  Th i s  e f f e c t  i s  due t o  the  r e l a t i v e l y  

t h i n ,  1.3 cm, sample. 



Fig. 2. Comparison of Neutron and Gamma Ray Integral Results. 
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Fig.  3 .  Comparisons of Neutron Secondary Energy Spec t r a .  
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Fig. 4. Comparisons of Neutron Secondary Energy Spectra. 
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Fig. 5 .  Comparisons of Neutron Secondary Energy spectra.  
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Fig. 6. Comparisons of Gama.Ray Energy Spectra. 
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Fig.  7 .  Comparisons o f  Gamma Ray Energy Spectra .  
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Fig. 8. Comparisons of Gamma Ray Energy Spectra. 



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

These comparisons a re  i n  good agreement, p a r t i c u l  a r l y  f o r  i n c i d e n t  ener- 

g ies  below 10 MeV. Above 10 MeV i n c i d e n t  energy the  c a l c u l a t e d  f luxes 

a re  low a t  h igh  secondary energies. This  e f f e c t  i s  p r i m a r i l y  due t o  the  

inadequacy o f  t he  P7 Legendre expansion f o r  e l  a s t i c  s c a t t e r i n g  cross 

sect ion.  This  causes negat ive s c a t t e r i n g  p r o b a b i l i t i e s  a t  125-deg. when 

the  e l a s t i c  angular d i s t r i b u t i o n  i s  h i g h l y  forward peaked as i t  i s  above 

10 MeV. These low c a l c u l a t i o n s  a r e  r e f l e c t e d  i n  the high-energy count 

r a t e  and spectra ca l cu la t i ons .  

The gamma-ray f l u x  spectra comparisons, Figs. 6, 7, and 8, show 

f a i r l y  good agreement about 5  MeV i n c i d e n t  energy. Below t h i s  energy the  

data are  quest ionable. The cross-sect ion group theory  i t s e l f  tends t o  

cause a  smoothing e f f e c t  i n  the  ca l cu la t i ons .  
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