
AEC RESEARCH AND DEVELOPMENT REPORT 

TESTING OF 

ENDF/B - THERMOS CROSS SECTIONS 

FOR H 2 0 ,  D 2 0 .  C. ZrH2. ( c ~ H , ) ~ , B ~ ,  BeO, 
C6H6. A N D  U 0 2  

F .  J .  M c C R O S S O N  

D .  R .  F I N C H  

E .  C .  OLSON 

Savanna A River ~ a b o r a t o r ~  

Aiken ,  South Carol ina 



N O T I C E  

This  repor t  W,IS prepared as  a11 account  o f  worh 5pc)nsorecl h y  t l ~ c  1!11itcd 
Sta tes  Govcl-nment.  Nettlicr the  U n ~ t e ~ i  State5 nor  the  l l t ~ i t e d  State5 Ato l l~ t c  
Energy Commission. nor  ;tny o f  t h e ~ r  etnl)loysc\.  nor ally o f  tlleil- 
contractors .  sitbcontractorb. o r  flieir cmplo)cer .  ~ ~ ~ a h c s  '111) \\.arl-al-it!. 
express o r  implied. o r  as,utne\ a n )  Ieg,~l I t r~Oil~t)  o r  re\pot1\1l11ltty 1.01. the  
accuracy,  complt ' tcncss o r  11sel'ult1css 01 an)  I I I ~ ~ I - I I I . I ~ I ~ I ~ ,  .Ipl>.irJtit\. prucluct 
o r  process disc1ost.d. o r  rcprrst.tit\ t l i ~ t  I I ~  use w o u l ~ l  1101 111ll.ingc p r i v ~ t ~ , l )  
owned rights. 

Printed in the United States of America 
Available f rom 

National Technical Information Service 
U. S. Department of Commerce  

5285 Por t  Royal Road 
Springfield, Virginia 22151 

Pr i ce :  Pr in ted  Copy $3.00; Microfiche $0.95 



DP- 1276 
ENDF- 158 

Phys ics  
(TID-4500, UC-34) 

TESTING OF 
ENDF/B - THERMOS CROSS SECTIONS 
FOR H 2 0 .  DZO. C, ZrH2, ( c ~ H & . B ~ .  BeO. 

C6H6. AND U 0 2  

F. J . McCrosson 
D .  R.  F i n c h  
E .  C .  O lson 

Approved by  

P.  L .  Roggenkamp, Research Manager 
T h e o r e t i c a l  Phys i cs  D i v i s i o n  

October  1971 

E. I. DU PONT DE NEMOURS COMPANY 

SAVANNAH RIVER LABORATORY 

AIKEN, S. C. 29801 

CONTRACT AT(07 - 2)- I WITH THE 

UNITED STATES ATOMIC ENERGY COMMlSSlON 



ABSTRACT 

Multiple temperature THERMOS multigroup cross 
sections were generated from the ENDF/B thermal 
neutron scattering data for light and heavy water, 
graphite, zirconium hydride, polyethylene, beryl- 
lium and beryllium oxide, benzene, and uranium 
dioxide using the FLANGE I1  processing code. No 
major inconsistencies were uncovered in the TfIERbIOS 
cross sections, which were tested by comparisons 
with literature values of the total neutron cross 
section (oT), the average cosine of the scattering 
angle (c), and the thermal diffusion parameters 
(Do and C) . 
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INTRODUCTION 

I n t e g r a l  t e s t s  o f  t h e  the rmal  neu t ron  s c a t t e r i n g  d a t a  f o r  
Vers ion  I 1  E N D F / B  moderators  were made t o  v e r i f y  t h a t  t h e  Vers ion 
I 1  moderator  d a t a  a r e  f r e e  of g r o s s  e r r o r s  and t h a t  FLANGE 11,  1 

t h e  p r o c e s s i n g  code f o r  c o n v e r t i n g  t h e  p o i n t w i s e  ENDF/B  d a t a  t o  
mul t ig roup  form, i s  working ? r o p e r l y .  Another o b j e c t i t ? ?  was t o  
e v a l u a t e  t h e  o v e r a l l  q u a l i t y  o f  t h e  d a t a ,  b u t  because  of l i m i t e d  
scope ,  t h e  p r e s e n t  s t u d y  s e r v e s  on ly  a s  a  s t a r t i n g  p o i n t  f o r  such 
an e v a l u a t i o n .  

I n  t h e  t e s t i n g  p r o c e d u r e ,  t h e  p o i n t w i s e  ENDF/B d a t a  were c a s t  
i n t o  t h e  THERMOS energy group s t r u c t u r e  (Table  I )  w i t h  t h e  
FLANGE I 1  code; such measurable  q u a n t i t i e s  a s  t h e  t o t a l  neu t ron  
c r o s s  s e c t i o n  ( o T ) ,  t h e  average c o s i n e  o f  t h e  s c a t t e r i n g  a n g l e  
(F), t h e  d i f f u s i o n  c o n s t a n t  ( D o ) ,  and t h e  d i f f u s i o n  c o o l i n g  
c o e f f i c i e n t  (C)  were c a l c u l a t e d ;  t h e  c a l c u l a t i o n s  were scanned 
f o r  i n c o n s i s t e n c i e s ,  and,where p o s s i b l e ,  t h e  c a l c u l a t i o n s  were 
compared wi th  measured v a l u e s .  

TABLE I 

THERMOS Group Structure 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Average 
Energy, eV 

0.0002530 
0.0010120 
0.0022770 
0.0040480 
0.0063250 
0.0091080 
0.0123970 
0.0161920 
0.0204930 
0.0253000 
0.0306129 
0.0364319 
0.0427568 
0.0495878 
0.0569247 

Weight ing 
F a c t o r  

0.0005060 
0.0010120 
0.0015180 
0.0020240 
0.0025300 
0.0030370 
0.0035420 
0.0040480 
0.0045540 
0.0050600 
0.0055660 
0.0060720 
0.0065779 
0.0070839 
0.0075900 

Upper 
Energy, eV 

0.0005692 
0.0015812 
0.0030992 
0.0051232 
0.0076532 
0.0106892 
0.0142312 
0.0182792 
0.0228332 
0.0278932 
0.0334592 
0.0395311 
0.0461091 
0.0531930 
0.0607830 

Group 

16 
17 
18  
19 
20 
2 1 
22 
23 
2 4 
2 5 
26 
27 
28 
2 9 
30 

Average 
Energy, eV 

0.0651730 
0.0748471 
0.0861214 
0.0991855 
0.1139759 
0.1312305 
0.1524829 
0.1790117 
0.2124051 
0.2546369 
0.3081548 
0.3759819 
0.4618304 
0.5702278 
0.7066566 

Weight ing 
Fac to r  

0.0089334 
0.0104437 
0.0121363 
0.0140262 
0.0155727 
0.0190148 
0.0236022 
0.0296110 
0.0373862 
0.0473557 
0.0600416 
0.0760740 
0.0962037 
0.1213123 
0.1524296 

Upper 
Energy, eV 

0.0697163 
0.0801601 
0.0922964 
0.1063226 
0.1218953 
0.1409101 
0.1645123 
0.1941233 
0.2315095 
0.2788652 
0.3389068 
0.4149808 
0.5111846 
0.6324969 
0.7849265 

The THERMOS group s t r u c t u r e  was chosen more f o r  i t s  f a m i l -  
i a r i t y  t o  a  wide range of c r o s s  s e c t i o n  u s e r s  t h a n  i t s  a b i l i t y  
t o  r e p r e s e n t  t h e  c r o s s  s e c t i o n  f o r  each m a t e r i a l .  The THERMOS 
energy mesh i s  t o o  c o a r s e  f o r  moderators  w i t h  s t r o n g  e l a s t i c  
components ( e . g . ,  g r a p h i t e ) ;  s e v e r a l  peaks  i n  t h e  energy t r a n s f e r  
c r o s s  s e c t i o n  may be  i n c l u d e d  i n  a  s i n g l e  THERMOS group f o r  such 
modera to rs .  The re f inement  o f  choosing an optimum group s t r u c -  
t u r e  f o r  each moderator  was beyond t h e  scope  of t h e  p r e s e n t  s t u d y .  





SUMMARY 

The ENDF/B k e r n e l s  f o r  H20, based on t h e  Haywood f requency  
spec t rum,  appear  t o  r eproduce  exper imenta l  s c a t t e r i n g  d a t a  more 
a c c u r a t e l y  t h a n  t h e  Ne lk in  k e r n e l .  The ENDF/B k e r n e l s  f o r  D20 
appear  v e r y  s a t i s f a c t o r y ,  p r o v i d i n g  a c c u r a c i e s  comparable t o  t h e  
IIoneck model ; each o f  t h e s e  D20 models i s  l i m i t e d  i n  accuracy  
by t h e  u s e  o f  t h e  i n c o h e r e n t  approx imat ion .  The ENDF/B d a t a  f o r  
f120 and D20 y i e l d  a  weaker t e m p e r a t u r e  dependence f o r  t h e  d i f -  
f u s i o n  c o n s t a n t  t h a n  t h a t  o b t a i n e d  w i t h  Radkowskyfs method. 

The ENDF/B d a t a  f o r  g r a p h i t e  g i v e  a  p r e c i s e  r e p r e s e n t a t i o n  
o f  t h e  h i g h l y  s t r u c t u r e d  s c a t t e r i n g  c r o s s  s e c t i o n  and y i e l d  
d i f f u s i o n  pa ramete r s  s i m i l a r  t o  t h o s e  o b t a i n e d  from t h e  Parks  
k e r n e l .  6 

A t  room t e m p e r a t u r e  t h e  ENDF/B k e r n e l s  f o r  z i rconium h y d r i d e ,  
b e r y l l i u m ,  b e r y l l i u m  o x i d e ,  benzene,  and uranium d i o x i d e  a l l  
appear  s a t i s f a c t o r y .  The accuracy  o f  t h e  ENDF/B d a t a  a t  h i g h e r  
t e m p e r a t u r e s  i s  l e s s  c e r t a i n  due t o  t h e  s c a r c i t y  o f  exper imenta l  
d a t a .  





DISCUSSION 

KERNEL GENERATION 

THERMOS s c a t t e r i n g  k e r n e l s  were g e n e r a t e d  f o r  a l l  t h e  
moderators  l i s t e d  i n  Tab le  11 u s i n g  t h e  FLANGE IT code d i s t r i b u t e d  
from t h e  Argonne Code Cente r  i n  June  1969. T h i s  i s  an e a r l i e r  
v e r s i o n  of t h e  code d e s c r i b e d  i n  Reference 1 and does no t  c o n t a i n  
any s h o r t  c o l l i s i o n - t i m e  methods f o r  ex tend ing  t h e  S(a,B,T) d a t a  
beyond i t s  t a b u l a t e d  range .  I n e l a s t i c  s c a t t e r i n g ,  o i n e l a s ,  i s  
r e p r e s e n t e d  by t h e  thermal  neu t ron  s c a t t e r i n g  law S(a ,B ,T) ,  i . e . ,  

where 

E = i n c i d e n t  neu t ron  energy 

t" = secondary n e u t r o n  energy 

p = c o s i n e  of t h e  s c a t t e r i n g  ang le  

'r = moderator t empera tu re  

N o  = molecular  d e n s i t y  

ab = bound atom s c a t t e r i n g  c r o s s  s e c t i o n  

A = atomic mass of molecule  

k = Boltzmann's c o n s t a n t  

Tab le  I1 a l s o  l i s t s  t h e  ENDF/B t a p e  l a b e l s  and t h e  t y p e  o f  d a t a  
a v a i l a b l e  on t h e  t a p e s ,  i . e . ,  whether s c a t t e r i n g  law d a t a ,  
Legendre moments f o r  e l a s t i c  s c a t t e r i n g ,  o r  n e u t r o n  c a p t u r e  c r o s s  
s e c t i o n s  a r e  a v a i l a b l e .  



TABLE I1 

Data Available f o r  Each Moderator 

M a t e r i a l  MAT' Z A ~  -- 
Hz0 1002 100.0 

D20 1004 101.0 

( C Z H I + ) ~  1011 205.0 

Be 1064 4009.0 

C 1065 6000.0 

C6H6 1095 106.0 

Z r  i n  ZrHx 1096 203.0 

H i n  ZrHx 1097 230.0 

UO 2 1098 207.0 

Be0 1099 200.0 

ENDF/B Tape 
Labe 1 

a. MAT i s  t h e  unique ENDF/B code number used t o  i d e n t i f y  a 
s p e c i f i c  c ross  s e c t i o n  e v a l u a t i o n  f o r  a  g i ven  m a t e r i a l  
( ~ e f e r e n c e  1 ) .  

b. ZA i s  t h e  ENDF/B code number f o r  des igna t ing  m a t e r i a l s  
(Reference I ) .  

C' '%last 
= Legendre moment f o r  e l a s t i c  s c a t t e r i n g  

d. uy = r a d i a t i v e  capture  cross  sect ion .  

Because t h e  E N D F / B  2200 m/sec n e u t r o n  c a p t u r e  c r o s s  s e c t i o n s  
f o r  t h e s e  modera to r s  have n o t  been wide ly  d i s t r i b u t e d ,  t h e s e  a r e  
l i s t e d  i n  T a b l e  111. The c a p t u r e  c r o s s  s e c t i o n s  f o l l o w  a  ~ / J E  
energy  dependence based  on t h e s e  v a l u e s .  For conven ience ,  t h e  
THERMOS k e r n e l s  have been made i n t o  a  two-volume l i b r a r y  on mag- 
n e t i c  t a p e  from which d a t a  can b e  p r i n t e d  and /o r  punched u s i n g  a  
s p e c i a l l y  p r e p a r e d  r e t r i e v a l  r o u t i n e .  G r o u p - s t r u c t u r e  i n f o r m a t i o n  
f o r  t h e  k e r n e l s  i s  i n c l u d e d  i n  each volume o f  t h e  l i b r a r y ,  which,  
t o g e t h e r  w i t h  t h e  r e t r i e v a l  r o u t i n e ,  i s  a v a i l a b l e  from t h e  
Argonne Code C e n t e r .  The i n p u t  f o r  t h e  r e t r i e v a l  r o u t i n e  and t h e  
s t r u c t u r e  o f  t h e  l i b r a r y  a r e  d e s c r i b e d  i n  t h e  Appendix. 



TABLE I11 

2200 m/sec Capture Cross Sections f o r  Moderators 

Mater ia l  

H 2 0  

D 2 0  

(C2H4) ,  

Be 

C 

C 6 H 6  

Z r  i n  ZrH, 

H i n  ZrH, 

B e 0  

MAT - 
1002 

1004 

1011 

1064 

1065 

1095 

1096 

1097 

1099 

- 

a. rnillibarns/atorn; other cross sections a re  
millibarns/rnolecule, except C 6 H 6 .  

In genera t ing  t h e  s c a t t e r i n g  ke rne l s ,  t h e  fol lowing p r i n c i p l e s  
were employed : 

I n e l a s t i c  Legendre c ros s  s e c t i o n s  were obtained by 
accura te  numerical i n t e g r a t i o n  of t he  S(a ,B,T)  da t a .  

Group-averaged e l a s t i c  Legendre c ros s  s e c t i o n s  were 
computed when d a t a  ex i s t ed  i n  E N D F / B  F i l e s  3 and 4 .  

Kernels were normalized t o  t h e  exact  t o t a l  Legendre 
s c a t t e r i n g  c ros s  s e c t i o n  defined as t h e  sum of t he  
e l a s t i c  and i n e l a s t i c  components. 

The ind ices  used t o  spec i fy  t h e  FLANGE I1  opt ions  a r e  shown i ~ !  
l 'able  IV (see Ref. 1  f o r  n o t a t i o n ) .  



TABLE I V  

Input Options Used i n  Generating Kernels 

Mater ia l  

H z 0  

D 2 0  

( C 2 ~ 4 ) ~  

Be  

C 

C6H6 

Z r  i n  ZrH, 

H i n  ZrH, 

uo 2 

B e 0  

MAT -- 
1002 

1004 

10 11 

1064 

1065 

1095 

1096 

109 7 

1098 

1099 

LELAS LPELAS -- 
0 0 

0 0 

0 0 

1 7 - L 

1 - 2 

1 - 2 

1 - 2 

1 - 2 

1 - 2 

1 - 2 

LTSL - 
4 

4 

4 

5 

5 

5 

5 

5 

5 

5 

The fo l lowing indices were the same f o r  
a l l  kernels  except mater ia l  1098 ( f o r  
1098, the  indices w i th  as te r isks  (*) 
were zero) : 

*LABS = 1 *LPABS = -2  

LPDD = 0 LPFP = 0 

L F I S S  = 0 L P F I S S  = 0 

*LTOT = 2 *LPTOT = -1 

LINEL = 3 LPINEL = -1 

LSCAT = 2 LPSC = -1 

LPTR = -2  LPTSL = 2 



CALCULATING D o  AND C 

The diffusion parameters Do and C for the THERMOS scattering 
kernels were obtained using the PIDLE code (Proper Integration 
of the Diffusion Length Equation). PIDLE is a thoroughly tested 
in-house code which computes the inverse diffusion length, K, of 
the diffusion length experiment. In PIDLE, it is assumed the 
spatial dependence of the flux in slab geometry can be represented 
by a single Fourier component 

where z, E ,  and p represent the position, energy, and direction 
coordinates. 

The energy-angle variation, @(E,u), is obtained from the 
eigenvalue equation, 

which is analyzed in a straightforward way using the spherical 
harmonics method outlined by   lo neck.^ In the above equation, 

and Is are the absorption and scattering cross sections, 
s ( t ' , o )  is the scattering kernel, and PO is the cosine of the 

angle of scatter. The mathematical relationship between the 
static and pulsed neutron experiments is used to derive Do and C. 

For the present study, the total absorption cross section of 
the system (moderator plus added absorber) was assumed to vary 
inversely with neutron speed. Anisotropy in the scattering kernel 
was represented by a P 3  Legendre expansion. For each moderator, 
K was computed for eleven different absorption cross sections, 
A = l,(k~), where kT = thermal energy. / The eigenvalues were then 
fitted to a three-term series in A, 

where the expansion coefficients, a, were determined by conven- 
tional least squares analysis. Generally, the eleven values of 
A were chosen to be equally spaced over an interval symmetric with 



r e s p e c t  t o  t h e  o r i g i n .  However, some e x c e p t i o n s  t o  t h i s  p r a c t i c e  
w i l l  be  no ted  i n  subsequen t  s e c t i o n s .  Fol lowing t h e  theorems o f  
co rngo ld , '  t h e  l imits o f  t h e  i n t e r v a l  were always chosen s m a l l  
enough t o  e n s u r e  p h y s i c a l l y  meaningful  e i g e n v a l u e s .  Whereas t h e  
p o s i t i v e  segment o f  t h e  i n t e r v a l  co r responds  t o  d i f f e r e n t  p o i s o n  
c o n c e n t r a t i o n s  i n  t h e  moderator  f o r  t h e  d i f f u s i o n  l e n g t h  e x p e r i -  
ment ,  t h e  n e g a t i v e  segment can be  i d e n t i f i e d  w i t h  t h e  p u l s e d  
n e u t r o n  exper iment  th rough  t h e  r e l a t i o n s  

The symbol v o  i s  t h e  speed o f  a  n e u t r o n  a t  the rmal  energy kT, 
B' i s  t h e  geomet r i c  b u c k l i n g  o f  t h e  p u l s e d  n e u t r o n  exper iment ,  
X i s  t h e  decay  c o n s t a n t ,  and X o  i s  t h e  a b s o r p t i o n  p r o b a b i l i t y ,  
V ~ , ( E ) .  The d i f f u s i o n  p a r a m e t e r s  D o  and C ,  which a r e  u s u a l l y  
a s s o c i a t e d  w i t h  t h e  p u l s e d  n e u t r o n  exper iment ,  and t h e  expans ion  

were t h e n  computed u s i n g  t h e  r e l a t i o n s  

These  r e l a t i o n s  have been  d e r i v e d  by floneck7 by combining 
Equa t ions  3  th rough  5 .  

RESULTS 

T h i s  s e c t i o n  o u t l i n e s  t h e  r e s u l t s  o f  t h e  d a t a  t e s t i n g  f o r  
t h e  m a t e r i a l s  i n  T a b l e  11. Only t h e  g raphs  f o r  OT an6 F v e r s u s  
energy  a t  2 9 6 O ~  have been i n c l u d e d  h e r e  s i n c e  t h e y  a r e  g e n e r a l l y  
i n d i c a t i v e  of t h e  q u a l i t y  o f  t h e  d a t a  a t  o t h e r  t e m p e r a t u r e s .  To 
d i s p l a y  a l l  t h e  s t r u c t u r e o f t h e  t o t a l  c r o s s  s e c t i o n  f o r  modera to r s  
w i t h  s t r o n g  e las t i c  s c a t t e r i n g  components ( g r a p h i t e ,  z i rconium , 

h y d r i d e ,  b e r y l l i u m ,  and b e r y l l i u m  o x i d e ) ,  t h e  e l a s t i c  s c a t t e r i n g  
component was o b t a i n e d  d i r e c t l y  from t h e  ENDF/B p o i n t w i s e  d a t a ,  
and o n l y  t h e  a b s o r p t i o n  and smooth i n e l a s t i c  s c a t t e r i n g  c r o s s  
s e c t i o n s  were t a k e n  from t h e  30-group FLANGE It o u t p u t .  I n  con- 
t r a s t ,  some o f  t h e  s t r u c t u r e  o f  f o r  t h e s e  modera to r s  i s  n o t  
e v i d e n t  i n  t h e  g r a p h s ,  s i n c e  f o r  s i m p l i c i t y  bo th  t h e  e l a s t i c  and 
i n e l a s t i c  c o n t r i b u t i o n s  were o b t a i n e d  from t h e  FLANGE I1 o u t p u t .  



Water 

Scattering kernels were tested and found satisfactory at 
each of the following temperatures: 296", 350°, 400°, 450°, 500°, 
600°, 800°, and 1000°K. 

Excellent agreement between the 30-group FLANGE I1 output at 
296'~ and the total neutron cross section measurements of Russell, 
et a1. is shown in Figure 1. For at 2 9 6 " ~  (Figure 2), the 
ENDF/B values are consistently higher than those obtained by 
~ e ~ s t e r  ,' but lower than those obtained by Nelkin. Thus, the 
ENDF/B data based on llaywood's frequency spectrum2 is expected to 
yield smaller values for the thermal diffusion constant Do than 
that from the Nelkin model. Table V compares the results of the 
present I ' IDLE calculations to calculations by iloneck7 using the 
Nelkin model and also to some experimental determinations. 

E, eV 

F I G U R E  1 To ta l  Neutron Cross S e c t i o n  f o r  Water a t  296°K 



A REF 10 

E. eV  
- 

FIGURE 2 as a  F u n c t i o n  o f  Energy f o r  Water a t  296°K 

TABLE V 

Diffusion Parameters for H20 

( P  = 1.0 g/cm3) 

Method T, O K  Do, l o 4  cm2/seca C ,  l o 3  cm4/sec 

ENDF/B Data 2 96 

350 

400 

450 

500 

600 

800 

1000 

Reference 7 296 

Reference 11 296 

Reference 12 296 

Reference 1 3  296 

a. I n  a l l  t a b l e s ,  t he  number i s  t o  be m u l t i p l i e d  b y  t he  
power of t en  ind ica ted  i n  t he  column heading. 



The E N D F / B  d a t a  y i e l d s  a weaker temperature dependence f o r  
D o  (Figure 3)  than  t h a t  der ived  from Reference 5.  In  making t h i s  
comparison, D o  f o r  t h e  Radkowsky method was computed us ing  the  
empir ica l  formula i n  Reference 14 .  

Temperature, O K  

FIGURE 3 Temperature Dependence o f  t h e  D i f f u s i o n  
Constant  f o r  Water 



Heavy Water 

THERMOS s c a t t e r i n g  ke rne l s  were generated and t e s t e d  f o r  t h e  
same temperatures  a s  those  of water  ke rne l s .  When i n t e g r a l  
parameters were t e s t e d ,  minor d i f f e r ences  between t h e s e  va lues  and 
experimental va lues  were found, but  t hese  can be a t t r i b u t e d  t o  
t h e  incoherent  approximation which was used t o  gene ra t e  t h e  
S(a,B,T) d a t a .  For example, most of t he  discrepancy between the  
FLANGE I1 va lues  and t h e  experimental va lues  f o r  F, shown i n  
Figure 4 ,  can be a t t r i b u t e d  t o  coherent  s c a t t e r i n g ,  which i s  not  
accounted f o r  i n  t h e  p re sen t  E N D F / B  model f o r  D20. In Figure 5 ,  
t h e  agreement i s  q u i t e  good between t h e  FLANGE I 1  va lues  and the  
experimental values of a~ a t  2 9 6 O K  due t o  t h e  f o r t u i t o u s  can- 
c e l l a t i o n  of t h e  i n t e r f e r e n c e  s c a t t e r i n g  e f f e c t s .  Table VI shows 
t h a t  t h e  d i f f u s i o n  parameters Do and C a r e  i n  reasonable  agreement 
with experiment.  Honeck's c a l c u l a t i o n s  using h i s  incoherent  
s c a t t e r i n g  model4 ' appear i n  somewhat b e t t e r  agreement with 
experiment.  

E, eV 
- 

FIGURE 4 as a Func t ion  o f  Energy f o r  Heavy Water a t  296°K 
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FIGURE 5 Total Neutron Cross Sec t ion  f o r  Heavy 
Water a t  2 9 6 O K  

TABLE V I  

Diffusion Parameters for  D20 

( p  = 1.1054 g/cm3) 

Method T,  O K  

ENDF/B Data 296 

350 

400 

450 

500 

600 

800 

1000 

Reference 7 296 

Reference 17 296 

Reference 12 296 

Reference 18 297 

Reference 19 296 



Figure 6 compares the temperature dependence of D o  calculated 
from ENDF/B data with the empirical formula in Reference 14. 
~aurnann'sl' formula was obtained using Radkowsky's method5 for 
determining the transport cross section as modified by Spielberg. 2 o 

Temperature, O K  

FIGURE 6 Temperature Dependence o f  t h e  D i f f u s i o n  
Constant  f o r  Heavy Water 



Graphite  

Scattering kernels were tested and found satisfactory at 
each of the following temperatures: 296", 400°, 500°, 600°, 700°, 
800°, 1000°, 1200°, 1600°, and 2000°K. 

Figure 7 indicates that the ENDF/B data for 296°K yield a 
total cross section which is in excellent agreement with the 
experimental data of walton2' above the Bragg peak at 0.002 eV. 
Below 0.002 eV, the ENDF/B data falls so~nehlla'i below the room 
temperature measurements reported in Reference 16. (Walton's 
measurements appear to be too high below the Bragg peak.) Only the 
30 group-averaged values from the FLANGE I1 output were used in 
plotting p; hence, the lack of resolution is seen in Figure 8. 

- ENDF/6 
o WALTON 

REF 16 

FIGURE 7 Total Neutron Cross Sect ion f o r  Graphi te  a t  296°K 



- 
FIGURE 8 u as a Func t ion  o f  Energy f o r  Graph i te  a t  296°K 

The PIDLE r e s u l t s  f o r  t h e  d i f f u s i o n  pa ramete r s  and C i n  
Equa t ion  5 a r e  t a b u l a t e d  i n  T a b l e  V I I .  These pa ramete r s  c o r r e -  
spond t o  a  l e a s t  s q u a r e s  f i t  of  X v e r s u s  B~ over  t h e  b u c k l i n g  
i n t e r v a l  0 . 0  < B~ < 0.001 ~ m - ~ .  I n  s p i t e  of  d i f f e r e n c e s  i n  t h e  
b u c k l i n g  i n t e r v a l s  used i n  t h e  v a r i o u s  l e a s t  s q u a r e s  a n a l y s e s ,  2 2 

t h e  ENDF/B r e s u l t s  a t  2 9 6 O K  a re  i n  good agreement (Tab le  V I I )  
6 w i t h  t h e  c a l c u l a t i o n s  o f  tloneck7 who used t h e  Parks  k e r n e l ,  and 

t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  of S t a r r  and P r i c e .  2 3  The ENI)F/B 
r e s u l t s  a r e  a l s o  i n  good agreement w i t h  t h e  exper imenta l  d e t e r m i -  
n a t i o n s  o f  Takahashi  and ~ u m i t a , ~ ~  who used t h e  s i n u s o i d a l l y  
modulated n e u t r o n  s o u r c e  t e c h n i q u e 2 5  o v e r  t h e  f requency  range  
0 . 0  t o  1 .89  r a d s / s e c .  The ENDF/B d a t a  y i e l d  a  minimum s c a t t e r -  
i n g  c r o s s  s e c t i o n  o f  0 .36  b a r n  a t  0.00065 eV. Ilence, i n  accord-  
ance  w i t h  Corngo ld ' s  theorems,  ' t h e  ENDF/B s c a t t e r i n g  c r o s s  
s e c t i o n  i m p l i e s  t h a t  p u l s e d  n e u t r o n  exper iments  f o r  room tempera- 
t u r e  g r a p h i t e  w i t h  p = 1 . 6  g/crn3 cannot  g i v e  meaningful  v a l u e s  
f o r  h  - A.  above 1030 s e c - ' .  Based on Equa t ion  5 and t h e  ENDF/B 
d i f f u s i o n  pa ramete r s  i n  Tab le  V I I ,  t h i s  l i m i t  co r responds  t o  a  
b u c k l i n g  o f  0.005 ~ m - ~ ,  i .  e .  , ENDF/B i m p l i e s  t h a t  meaningful  
decay c o n s t a n t s  cannot  b e  o b t a i n e d  o u t s i d e  t h e  b u c k l i n g  r a n g e  
0 . 0  < B~ < 0.005 ~ m - ~ .  No a t t e m p t  was made, t h e r e f o r e ,  t o  extend 
t h e  ENDF/B c a l c u l a t i o n s  f o r  D o  and C t o  t h e  l a r g e r  b u c k l i n g s  
s t u d i e d  by b o t h  ~ o n e c k ~  and S t a r r  and P r i c e . 2 3  



TABLE V I I  

D i f f u s i o n  Parameters f o r  Graphite 
( p  = 1.6 g/crn3) 

8' Interval, 
Method cm- * T, O K  Do, 10' cm2/sec C ,  l o 5  ern'/':--7 

ENDF/B Data 0.0<~'<0.001 296 

400 

500 

600 

700 

800 

1000 

1200 

Reference 7 0.0<~'<0.015 296 2.18 24.6 

Keference 23 0.0076< 
~ '<0.0189 2 96 2.14 kO.01 39 23 

Reference 24 296 2.16 k0.02 28 23 

Zi rconi urn Hydride 

I n  t h e  p r e s e n t  s t u d y ,  THERMOS s c a t t e r i n g  k e r n e l s  f o r  Z r  and 
I 1  a s  bound i n  Z r H x  were g e n e r a t e d  from ENDF/B Tape 8503 a t  t h e  
f o l l o w i n g  t e m p e r a t u r e s :  296", 400°,  500°,  600° ,  700° ,  800° ,  
1000°,  and 1200°K. The i n t e g r a l  t e s t s  r e v e a l e d  no major  d e f i c i e n -  
c i e s  i n  t h e s e  k e r n e l s . *  

The t o t a l  c r o s s  s e c t i o n  f o r  Z r H l . 8 5  a t  296°K i s  shown i n  
F i g u r e  9 ,  where e x c e l l e n t  agreement i s  s e e n  between t h e  FLANGE I1  
o u t p u t  and t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n s .  The d a t a  o f  Reference  
26 was chosen o v e r  t h a t  o f  Refe rence  27 above 0.02 eV because  t h e  
l a t t e r  e x h i b i t e d  anamol ies  which cou ld  b e  due t o  t h e  p r e s e n c e  o f  
room r e t u r n  n e u t r o n s .  

- 
* An e a r l i e r  E N D F / B  d i s t r i b u t i o n  of  s c a t t e r i n g  law d a t a  (Tape 

8501) c o n t a i n e d  an e r r o r  i n  t h e  6 0 0 " ~  d a t a  f o r  Z r  a s  bound i n  
Zrllx. 



FIGURE 9 Total  Neutron Cross Sec t ion  f o r  ZrH,. ,, a t  2 9 6 O K  

Figure 10 shows t h a t  t h e  agreement between FLANGE I1 and t h e  
experimental  de te rmina t ion  of c a t  2 9 6 ' ~  i s  not  very s a t i s f a c t o r y .  
The d i s p a r i t y  i n  t h e  o s c i l l a t o r y  reg ion  above 0.08 eV i s  most 
l i k e l y  due t o  t h e  simple frequency spectrum used t o  genera te  t h e  
poin twise  ENDF/B d a t a ,  r a t h e r  than t o  e r r o r s  i n  t he  conversion of 
t h e  ENDF/B d a t a  t o  mult igroup form o r  t o  d e f i c i e n c i e s  i n  t h e  exper i -  
mental d a t a .  (See, f o r  example, t h e  d a t a  presented  by W ~ l g s e r .  2 8 )  

Table VII I  i n d i c a t e s  t h a t  t h e  d i f f u s i o n  parameters obtained 
us ing  ENDF/B d a t a  a r e  i n  good agreement with those  computed by 
Reichardt  u s ing  h i s  Gaussian and a l s o  with those  d e t e r -  
mined exper imenta l ly  by Meadows and Whalen. 3 0  The s t r i k i n g  
d i f f e r e n c e  between t h e  z r H 1 . 7  d i f f u s i o n  parameters of  t h e  Reichardt  
s tudy  and those  of t h e  Meadows and Whalen s tudy  (Figure 11) i s  
caused by t h e  d i f f e r e n t  buckl ing i n t e r v a l s  analyzed i n  t hese  
i n v e s t i g a t i o n s .  Whereas t h e  use  of Equation 5 t o  determine D o  and 
C i n  t h e  pulsed  neutron experiment assumes t h a t  (A - A O ) / B ~  v a r i e s  
l i n e a r l y  with buckl ing ,  t h e  PIDLE r e s u l t s  us ing  ENDF/B c r o s s  
s e c t i o n s  demonstrate t h a t  (A - A o ) / B ~  f o r  Z r H 1 . 7  has  a  pronounced 
nonl inear  dependence on buckl ing i n  t h e  range 0.0 < B~ < 0.10 ~ m - ~ .  



E, eV 

FIGURE 10 as a F u n c t i o n  o f  Energy f o r  ZrH,.,, a t  296°K 

TABLE VIII 

D i f f u s i o n  Parameters f o r  ZrH, 

( p  = 5.61 g /un3 )  

C ,  l o 4  
Method B~ In te rva l  T, O K  Do, l o 4  cm2/sec cm4/sec 

ENDF/B Data -O.O1<Ca<O.O1 c m - '  296 3.38 

400 4.72 

500 5.89 

600 6.90 

700 7.86 

800 8.68 

1000 10.1 

1200 11.3 

ENDF/B L)ataa 0 . 0 < ~ ~ < 0 . 0 3  c m - 2  296 6.2 1 

Reference 29 296 6.39 

ENDF/B ~ a t a ~  0 . 0 3 < ~ ~ < 0 . 1 1  cm-2  296 5.75 

Reference 30 296 5.79 f0.32 
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F I G U R E  11 Dependency of (A -Xo) /B2  on Geometri  c  Buck1 i ng 
C a l c u l a t e d  w i t h  ENDF/B Cross Sec t ions  f o r  
ZrH, . , a t  296°K 

P o l y e t h y l e n e  

THERMOS scattering kernels were tested and found to be satis- 
factory at 296" and 350"~. The FLANGE I 1  results for a~ at 296"K, 
in Figure 12, are in good agreement with Armstrong's experimental 
findings . 3 1 

The FLANGE I1 values for (Figure 13) are consistently 
higher than the experimental determinations. 

3 2 



E, eV 

- 
F I G U R E  13 as a Funct ion o f  Energy f o r  Polyethy lene a t  2 9 6 O K  



The calculated diffusion parameters (Table IX) are in excel- 
lent agreement with experiment. 

TABLE I X  

D i f f u s i o n  Parameters f o r  Polyethylene 

(p = 0.918 g/cm3) 

Method T, O K  Do, 10" cm2/sec C ,  1 0 "  cm4/sec 

ENDF/B Data 296 2.61 0.264 

350 3.11 0.337 

Reference 33 296 2.65 k0.06 0.300 k0.08 

Beryllium and Beryllium Oxide 

Scattering kernels were tested and found satisfactory at 
each of the following temperatures: 296", 400°, 500°, 600°, 700°, 
800°, 100oO, and 1200"~. The ENDF/B pointwise data for the total 
cross section of beryllium at 296OE; are in excellent agreement 
with the measurements reported in Reference 16 (Figure 14). 
Similarly, the ENDF/B data for a~ at 296'~ for beryllium oxide are 
in excellent agreement with the 1947 measurements of Fermi, et al. 3 4 

(Figure 15). The group-averaged FLANGE I 1  output for r? for beryl- 
lium and beryllium oxide at 296OK are shown in Figures 16 and 17; 
no experimental determinations were found in the literature. 



FIGURE 14 Total Neutron Cross Section for Beryllium at 296°K 



FIGURE 15 Total Neutron Cross Section for 
Beryllium Oxide at 296OK 



E, eV 
- 

FIGURE 16 p as a Function of Energy f o r  Beryllium a t  296°K 

FIGURE 17 11 as a Function of Energy f o r  Beryllium 
Oxide a t  296°K 



The diffusion parameters obtained from the ENDF/B data for 
beryllium and beryllium oxide are compared to some experimental 
determinations in Tables X and XI. The PIDLE (ENDF/B) results 
for the room temperature diffusion constants are in excellent 
agreement with experiment. The large differences between the 
ENDF/B and experimental values for C in these tables may arise 
from the different buckling intervals used in the analyses. This 
possibility could not be adequately tested in the present calcu- 
lations since the validity of the asymptotic flux assumption in 
PIDLE is questionable for the relatively large bucklings of the 
experiments. For room temperature beryllium and beryllium oxide, 
typical neutron mean free paths below the Bragg cutoffs, 0 .006  
and 0 .004  eV, respectively, are in the range 15-20 cm. Because 
PIDLE uses a single Fourier component to represent the spatial 
dependence, calculations should be limited to systems having 
thicknesses greater than 2 mean free paths (-34 cm), i.e., systems 
with 

In Figure 18, for example, the PIDLE results for X - X o  for 
beryllium at 2 9 6 " ~  are in excellent agreement with the measurements 
of ~ n d r e w s ~ ~  for B* cC.008 cnl-', but the agreement deteriorates 
as the buckling increases. 

TABLE X 

D i f f u s i o n  Parameters f o r  B e r y l l i u n i  

( P  = 1.84 g/cm3) 

C ,  l o 5  
Method B~ l nterval  T, O K  Do, l o 5  cm2/sec cm4/sec 

ENDF/B Data -0 .OO1<Ca<O .001 cm-' 296 

400 

500 

600 

700 

800 

1000 

1200 

Reference 35 0 . 0 0 3 < ~ ~ < 0 . 0 7 5  cm-2 296 

Reference 36 0 . 0 0 8 < ~ ~ < 0 . 0 7 2  296 

Reference 37 0 . 0 0 3 < ~ ~ < 0 . 0 4 1  296 



TABLE X I  

D i f f u s i o n  Parameters f o r  Bery l l ium Oxide 

(p  = 3.0 g/cm3) 

Method 8' Interval T ,  O K  

ENDF/B Data -O.OO1<Ca<O.OO1 crn-I 296 

400 

500 

600 

700 

800 

1000 

1200 

Reference 38 0 . 0 2 < ~ ~ < 0 . 0 4  crn-2 296 

Reference 39 0.0028<~'<0.0245 crn-' 296 

D~~ l o 5  
crn / s e c  

1.27 

1.39 

1.54 

1.69 

1.82 

1.95 

2.19 

2.39 

1.18 *0.02 

1.33 20.01 

10,000 

Corngold L~m i t  - - ----  ------------ 

0 REF 35 

FIGURE 18 A - A ,  as a Function of B2 for Beryllium at 2 9 6 O K  



Benzene 

THERMOS s c a t t e r i n g  k e r n e l s  were g e n e r a t e d ,  t e s t e d ,  and found 
s a t i s f a c t o r y  a t  t h e  f o l l o w i n g  t e m p e r a t u r e s :  296", 350°,  400° ,  
450°,  500', 600°,  800°,  and 1 0 0 0 ' ~ .  F i g u r e  19 d i s p l a y s  good agree -  
ment between t h e  FLANGE I 1  o u t p u t  f o r  0~ a t  2 9 6 ' ~  and t h e  measure- 
ments by Sprevak,  e t  a1 .  4 0  The ENDF/B d a t a  i s  s y s t e m a t i c a l l y  
lower t h a n  t h e  measurements, b u t  t h e  d i f f e r e n c e s  a r e  l e s s  t h a n  2% 
o f  t h e  t o t a l  c r o s s  s e c t i o n .  I n  c o n t r a s t ,  t h e  FLANGE I 1  o u t p u t  
y i e l d s  v a l u e s  f o r  F which appear  s y s t e m a t i c a l l y  h i g h e r  t h a n  t h e  
measurements o f  Sprevak,  e t  a l .  ( F i g u r e  20) .  These smal l  d i f -  
f e r e n c e s  s e r v e  t o  e x p l a i n  p a r t  o f  t h e  7% d i f f e r e n c e s  observed i n  
Tab le  XI1 between t h e  ENDF/B d i f f u s i o n  c o n s t a n t  a t  2 9 6 ' ~  and t h e  
e x p e r i m e n t a l  d e t e r m i n a t i o n  by Kuchle and Kussmaul , ' b u t  t h e  
magnitude o f  t h i s  d i f f e r e n c e  between t h e  ENDF/B and measured 
d i f f u s i o n  c o n s t a n t s  i s  s u r p r i s i n g .  

E, eV 

F IGURE 19 T o t a l  Neutron Cross Sec t i on  f o r  Benzene a t  296°K 
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- 
FIGURE 20 p as a F u n c t i o n  o f  Energy f o r  Benzene a t  296°K 

TABLE XI1  

D i f f u s i o n  Parameters f o r  Benzene 

(p  = 0.874 g/cm3) 

Method 

ENDF/B Data 

Reference 41 



Uran i  urn D i o x i d e  

THERMOS s c a t t e r i n g  ke rne l s  were generated a t  296O, 400°, 5 0 0 ~ ~  
600°, 700°, 800°, 100oO, and 1200°K. For a l l  t h e s e  tempera tures ,  
no unusual behavior  was de t ec t ed  when t h e  s c a t t e r i n g  c ros s  s e c t i o n  
and jT were p l o t t e d  a s  a  func t ion  of energy. The p l o t s  f o r  room 
temperatures  a r e  shown i n  Figures  21 and 2 2 .  In  c o n t r a s t  t o  t h e  
Bragg peaks t r a d i t i o n a l l y  observed i n  U02 t ransmiss ion  measurements 
( e . g . ,  t h e  a n a l y s i s  of Verdaguer, e t  a 1 . 4 2 ) ,  Figure 21 d i sp l ays  a  
smooth s c a t t e r i n g  c ros s  s e c t i o n  a t  thermal energ ies  because i n  
ENDF/B,elastic s c a t t e r i n g  has been computed i n  t he  incoherent  
approximation. No c a l c u l a t i o n s  of t he  d i f f u s i o n  parameters have 
been performed due t o  t h e  s e n s i t i v i t y  which such c a l c u l a t i o n s  have 
on t h e  2 3 5 ~  con ten t .  

FIGURE 21 S c a t t e r i n g  Cross S e c t i o n  f o r  Uranium D i o x i d e  a t  296°K 

- 
FIGURE 22 u as a  F u n c t i o n  o f  Energy f o r  Uranium D i o x i d e  a t  296°K 



APPENDIX 

SCATTERING KERNEL L I B R A R Y  AND R E T R I E V A L  ROUTINE 

The s c a t t e r i n g  k e r n e l s  g e n e r a t e d  t o  t e s t  t h e  S (a ,B ,T)  d a t a  
on ENDF/B were made i n t o  a  two-volume l i b r a r y  on magnet ic  t a p e ,  
and a  r e t r i e v a l  r o u t i n e  was w r i t t e n  t o  p r i n t  and /or  punch s e l e c t e d  
d a t a  from e i t h e r  volume. Group s t r u c t u r e  d a t a  f o r  t h e  k e r n e l s  
a r e  inc luded  i n  each volume o f  t h e  l i b r a r y .  These k e r n e l  l i b r a r -  
i e s  and r e t r i e v a l  r o u t i n e s  a r e  a v a i l a b l e  from t h e  Argonne Code 
C e n t e r .  

The r e t r i e v a l  r o u t i n e  provided wi th  t h e  t a p e  l i b r a r y  c a l l s  
f o r  one ca rd  o f  i n p u t  f o r  each k e r n e l  t o  be p r i n t e d  and/or  punched. 
The format  i s  a s  f o l l o w s :  

Mnemonic Column Format D e s c r i p t i o n  

Z A 1-10 E 1 O . O  Z A  from Table  I1 of  
d e s i r e d  k e r n e l  

T  11- 20 E 1 O . O  Temperature i n  " K  o f  
d e s i r e d  k e r n e l  

LEG@ 21-30 I10 Maximum Legendre o r d e r s  
d e s i r e d  f o r  p r i n t i n g  

NgPT 3  1 - 40 I10 Opera t ion  t o  be  performed: 
=1 , punch k e r n e l  on ly  
= 2  , p r i n t  k e r n e l  on ly  
= 3  , p r i n t  and punch 

k e r n e l  

NT 41-50 I10 Data s e t  on which t a p e  
volume i s  mounted 

I f  ZA i s  s p e c i f i e d  a s  0 . 0 , t h e  group s t r u c t u r e  i n  energy u n i t s  w i l l  
be p r i n t e d .  

A s  p a r t  o f  t h e  r e t r i e v a l  package,a  s u b r o u t i n e  (named GETKER) 
i s  p rov ided  which may b e  i n c l u d e d  i n  a  p r o c e s s i n g  code t o  p o s i t i o n  
t a p e s  i n  f r o n t  of s e l e c t e d  k e r n e l s  f o r  d i r e c t  r e a d i n g  i n t o  t h e  
p r o c e s s i n g  code.  D e t a i l e d  usage o f  t h i s  r o u t i n e  i s  d e s c r i b e d  by 
comments c a r d s  w i t h i n  t h e  r o u t i n e  i t s e l f .  

The s t r u c t u r e  o f  t h e  k e r n e l  l i b r a r y  t a p e  volume i s  shown i n  
F igure  A - 1 .  



A l l  d a t a  on t h e  k e r n e l  l i b r a r y  i s  s t o r e d  i n  BCD c a r d  image form. 
The f o r m a t s  f o r  t h e  v a r i o u s  decks  a r e  d e s c r i b e d  below. 

GROUP STRUCTURE DECK 

Card 1 - D e s c r i p t i o n  Card 

Mnemonic Column Format D e s c r i p t i o n  

NG 1- 10 I10 Number o f  groups  

ELPW 11-20 E 1 O . O  Low energy o f  group 1 

(TITLE ( I ) ,  1=1,13)  21-72 13A4 D e s c r i p t i o n  

NSEQ 79-80 I 2  Card Sequence No. 



Cards 2 -Group Characteristic Energies 

Mnemonic Column Format Description 

(EC(1) ,1=1,7) 1-70 7E10.0 Characteristic energies 
of each group in order, 
eV 

NT 78 I1 Card type identifer = 1 

NSEQ 79-80 I2 Card Sequence No. 

(Card 2 is repeated until all groups are complete.) 

Cards 3 -Group Widths 

Mnemonic Column Format Description 

(EB(1) ,I=1,7) 1-70 7E10.0 Energy width (eV) of 
each group in order 

NT 7 8 I1 Card type identifier = 2 

NSEQ 79- 80 I2 Card Sequence No. 

(Card 3 is repeated until all groups are complete.) 

K E R N E L  D E C K  STRUCTURE 

Card 1 - Ti t l e  Card 

72 alphanumeric characters. Columns 73-80 must be blank. 

Card 1 is followed by from 1 to 6 kernel decks corresponding 
to P o  through Ps  scattering kernels, respectively. 

Card 2 - Kernel Header Card 

Mnemonic Column Format Description 

LEGQ) 1 I1 Legendre order of 
kerne 1 

NGLQ) 2-4 I3 Smallest group index 
in kernel 

NEG 5- 7 I3 Largest group index 

T 9- 20 E12.4 Temperature of kernel, 
O K  



Cards 3 - Kernel Matrix Elements 

F ie ld  

1 

Column 

1 

2- 4 

Format 

I1 

I 3  

Descr ip t ion  

Legendre o rde r  0-9 

F ina l  energy group index ( J )  of 
t h e  f i r s t  word on t h i s  card 

I n i t i a l  energy group index ( I )  
of t h e  d a t a  on t h i s  card 

all (1 -+ J)  

all ( I  -t J+1)  

a ( I  -t J+2)  R 

ZA des igna t ion  of ke rne l  

Deck Sequence No. 

Zero va lues  a r e  not  loaded by Card 3 ,  which presumes core  
has  been c l ea red  p r i o r  t o  loading ke rne l s .  
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