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ABSTRACT 

The FLANGE I1 (Version 71-1) computer code processes data 
for smooth cross sections, resonance parameters, angular distri- 
butions, and thermal scattering law from an ENDF/B-I1 or ENDF/B- 
111 data tape for use in thermal spectrum calculations. Options 
are available in the code to produce pointwise or group-averaged 
cross sections for up to 200 energy points or groups, and Legendre 
angular distributions up to P 5  order. Resonance contributions in 
the thermal region are computed as infinitely dilute, Doppler 
broadened values. This report describes the theory, methods, 
application, and utilization of FLANGE I I  in creating thermal 
cross sections from ENDF/B-I1 and ENDF/B-I11 library data. 
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This r e p o r t  descr ibes  t h e  code FLANGE I1 (Version 71-1) 
developed t o  process d a t a  f o r  thermal neutron cross  s e c t i o n s ,  
resonance parameters,  angular d i s t r i b u t i o n s ,  and s c a t t e r i n g  law 
from t h e  ENDF/B-I1 o r  ENDF/B-I11 l i b r a r y  i n t o  multigroup c ross  
sec t ions  and s c a t t e r i n g  kernels .  Sect ions 1 through 5 of t h i s  
r epor t  g i v e  a  b r i e f  descr ip t ion  of  t h e  code, t he  phys ica l  and 
numerical theory,  and operat ing i n s t r u c t i o n s .  Sec t ions  6 and 
7 desc r ibe  i n  d e t a i l  the numerical procedures. Sec t ion  8 
desc r ibes  an a u x i l i a r y  code f o r  use with FLANGE TI. 

FLANGE I1  i s  wr i t t en  i n  FORTRAN I V  and i s  designed f o r  use 
on a  computer with about 40K of f a s t  core s torage  and 3 t apes  
(plus systems tapes) .  Larger core s torages  o r  d i sk  memories can 
be e a s i l y  used t o  increase  t h e  speed of t h e  code. The code i s  
designed t o  handle up t o  200 energy groups and Legendre moments 
up t o  P5. 

The input  d a t a  on t h e  ENDF/B t ape  can be summarized as fol lows 
(only d a t a  needed f o r  thermal ca l cu la t ions  a r e  l i s t e d  h e r e ) :  

v (neut rons / f i ss ion) ,  r ad ioac t ive  decay da ta ,  f i s s i o n  
product y i e lds .  

Cross sec t ions  of  t h e  form O'(E,T), where E i s  t h e  neutron 
energy, T i s  t h e  mater ia l  temperature, and x denotes  
e l a s t i c ,  i n e l a s t i c ,  s c a t t e r i n g  ( e l a s t i c  and i n e l a s t i c ) ,  
absorpt ion,  f i s s i o n ,  t o t a l ,  o r  (n,y) . 
Angular d i s t r i b u t i o n s  of t h e  form O'(E,~,T), where p i s  
t h e  cosine of t h e  s c a t t e r i n g  angle,  and x denotes  e l a s t i c ,  
i n e l a s t i c ,  o r  s c a t t e r i n g .  

The thermal neutron s c a t t e r i n g  law, S ( a , @ , T ) ,  which i s  
represented a s  a  tabula ted  p a r t  p lus  a n a l y t i c  p a r t s  of 
t he  f r e e  gas o r  d i f f u s i v e  motion form. 

Resolved resonance parameters i n  t h e  s i n g l e  o r  mul t i -  
l eve l  Breit-Wigner representa t ion .  



The user of FLANGE 11 supplies  a group s t r u c t u r e  (energy 
mesh) and t h e  des i red  temperature of t h e  mater ia l .  FLANGE I1 
then computes, p r i n t s ,  and punches 

where I, denotes the  order  of t h e  Legendre expansion; E i  and E j  
a r e  points  on t h e  u s e r ' s  energy mesh; y denotes absorpt ion,  
f i s s i o n ,  t o t a l ,  o r  t r anspor t ;  x denotes e l a s t i c ,  i n e l a s t i c ,  o r  
s c a t t e r i n g ;  and i n  denotes i n e l a s t i c .  The cross  sec t ions  
oY(Ei) and ~ E ( E ~ )  may be e i t h e r  evaluated a t  t he  po in t s  i n  t h e  
input  energy mesh o r  averaged over t h e  input  group s t r u c t u r e .  
The s c a t t e r i n g  kerne ls  ~ ' " ( E ~ - + E - )  a r e  evaluated only a t  t he  input  R energy po in t s .  The diagonals o$ t h e  kernels can be adjus ted  s o  
t h a t  when they a r e  in t eg ra t ed  t o  y i e l d  a cross  sec t ion ,  they 
y i e l d  t h e  i n e l a s t i c  o r  e l a s t i c  p lus  i n e l a s t i c  c ross  sec t ion .  If  
G ~ ( E )  i s  not  given on the ENDF/B input  tape ,  a high accuracy 
i n t e g r a t i o n  can be done t o  compute it d i r e c t l y  from the s c a t t e r i n g  
law. 

The code computes only Legendre moments of angular  d i s t r i -  
bu t ions .  The code i s  w r i t t e n  i n  the  form of sepa ra t e  l inks ,  and 
a d d i t i o n a l  l i nks  can be conveniently added. Later  extensions of 
t h e  code could be l i nks  t o  handle p o i n t  angular  d i s t r i b u t i o n s ,  
s p e c i a l  l i n k s  t o  produce r e s u l t s  of d i r ec t  i n t e r e s t  t o  experi-  
men ta l i s t s ,  and l inks  f o r  compressing l a r g e  s c a t t e r i n g  ke rne l s  
t o  few group kernels v i a  a BE calculation. 



2. DESCRIPTION OF THE PHYSICS 

2.1 NOMENCLATURE 

Symbol Definition Unit 

E Neutron energy ev 

E 1  ,E Initial and final neutron energies ev 

E i Characteristic energy of the i th 
energy group ev 

E~ Lower energy boundary of the i th 
i energy group ev 

Integration weight for the i th 'i 
energy group ev 

u(E3 Cross section barns 

da/dQ Differential cross section barns/steradian 

d2a/dC?d~ Differential cross section barns/steradian-ev 

Cosine of the scattering angle in 
the laboratory sys tern 

a (E ,Lo Differential cross section defined 
by a (E ,p) = 2~da/dQ barns 

o(E '+E ,p) Differential cross section defined 
by o(E '+E ,p) = 2sd20/dQd~ barns/ev 

t,a,s,f ,in, Superscripts denoting total, absorption, 
el,tr,~ scattering, fission, inelastic, elastic, 

transport, and (n ,y) 

R Subscript denoting the Legendre order 

PR(lJ) Legendre polynomial of order R 

T Material temperature 

Material temperature, 
k = 0.86166 x ev/OK 

To Reference temperature = 293.62OK 

kT o Reference temperature = 0.0253 ev/O~ \ 

fR(E) Coefficient in a Legendre expansion 

I? (E ,P) Angular scattering probability 

S(a,B) Thermal scattering law 



2.2 ENDF/B INPUT TAPE 

The q u a n t i t i e s  contained on t h e  ENDF/B input  t ape  a r e  de- 
s c r i b e d  b r i e f l y  i n  t h i s  s ec t ion  and i n  more d e t a i l  i n  the  
s p e c i f i c a t i o n  of t h e  ENDF/B formats. '  

The ENDF/B tape  i s  organized by ma te r i a l ,  f i l e ,  and sec t ion .  
For a p a r t i c u l a r  ma te r i a l ,  t he  f i l e  numbers run from 1 t o  7, and 
each f i l e  contains a p a r t i c u l a r  type of information. 

F i l e  Tme of Information 

1 Description of t h e  ma te r i a l ,  comments, V 
(neut rons / f i ss ion)  , f i s s i o n  y i e l d s ,  and radio-  
a c t i v e  decay da ta  

2 Resolved and unresolved resonance parameters 

3 Smooth cross  sec t ions ,  a ( E , T )  

4 Angular d i s t r i b u t i o n s ,  p(E,p,T),  expressed as 
tabula t ions  o r  Legendre expansions 

5 Secondary energy d i s t r i b u t i o n s ,  p (E '+E,T) 

6 Secondary energy angle c o r r e l a t i o n s ,  p(E1+E,p,T) 

7 Thermal s c a t t e r i n g  law, S(a, B,T) 

The dependence of t h e  above q u a n t i t i e s  on t h e  ma te r i a l  temperature 
i s  a l s o  included where appropr ia te .  F i l e s  5 and 6 a r e  intended 
p r imar i ly  f o r  high energy d a t a ,  and a r e  no t  used by FLANGE 1 1 .  

Each f i l e  i s  divided i n t o  sec t ions .  The sec t ions  which may 
occur i n  F i l e  1 are: 

Sect ion Descript ion 

451 H o l l e r i t h  comment cards descr ib ing  t h e  d a t a  
and ma te r i a l  

452 v (E) (neut rons / f i ss ion)  expressed a s  a 
t abu la t ion  o r  polynomial i n  E 

453 Radioactive decay cons tants  f o r  t h i s  i so tope  
and neutron-induced r e a c t i o n  products  of 
t h i s  i so tope  

454 Fiss ion  product y i e l d  d a t a  



A l l  o f  t h e  above q u a n t i t i e s  ( i f  present  on t h e  tape)  a r e  
processed by FLANGE 11. v ( E )  i s  evaluated a t  E = 0 and s t o r e d  
f o r  l a t e r  use .  

F i l e  2 contains resolved resonance parameters from which 
con t r ibu t ions  t o  capture,  f i s s i o n ,  and e l a s t i c  s c a t t e r i n g  a r e  
computed where appl icable .  

F i l e s  3 ,  4, and 7 a r e  divided as  follows: 

Sect ion F i l e  3 F i l e  4 F i l e  7 

Here, s c a t t e r i n g  ( supe r sc r ip t  s )  means e l a s t i c  p l u s  i n e l a s t i c .  
The p(E,v,T) a re  defined by 

and p(E,y,T) may be represented  by a  t abu la t ion  o r  a  Legendre 
expansion. The s c a t t e r i n g  law on F i l e  7 i s  represented a s  a  
t abu la t ion  and/or a n a l y t i c  terms of t h e  f r e e  gas o r  d i f f u s i o n  
type.  The shor t  c o l l i s i o n  time approximation i s  used t o  
extend t a b u l a r  values t o  h igher  energ ies .  

The t a b l e  above conta ins  the  maximum amount of d a t a  of  u se  
f o r  thermal ca l cu la t ion  which could be given on t h e  tape .  In  most 
cases,  many of t h e  items w i l l  be missing. When s u f f i c i e n t  data  
a re  given, FLANGE I 1  can compute items not  given on t h e  tape.  
For example, @(E,T) and p i n ( ~ , p , ~ )  can be computed from 
S(a ,B ,T ) ;  os(E,T) can be computed from oel(E,T) and o i n ( E , ~ ) ;  and 
ot (E,T) can be computed from os(E,T) and oa(E,T). The t ape  
should contain s u f f i c i e n t  information t o  allow computation o f  a l l  
requi red  q u a n t i t i e s .  The u s e r  must be aware of what q u a n t i t i e s  
a r e  a c t u a l l y  given on t h e  t ape  and then i n s t r u c t  FLANGE I1 what 
q u a n t i t i e s  a re  t o  be derived.  



2 . 3  INPUT ENERGY MESH 

The use r  must supply a descr ip t ion  of the  neutron energy 
space i n  which the ca lcula t ions  a r e  t o  be done. Three s e t s  of 
numbers are required. Let i denote a region of energy (group). 

b t h  
Ei Lower energy boundary (ev) of t h e  i group 

Ei 
Charac te r i s t i c  energy (ev) of t h e  ith group ly ing  
between the  lower boundary ( ~ b )  and t h e  upper boundary 
( ~ b  ) of t h e  group 1 

l+ 1 

Wi In tegra t ion  weight (ev) f o r  the  i t h  group such t h a t  the  
i n t e g r a l  of a  funct ion f (E)  over t h e  group i s  well 
approximated by f (Ei) Wi 

Several  methods may be used t o  speci fy  these numbers. For 
example, t h e  use r  may: 

a Give an a r b i t r a r y  l i s t  of t h e  Ei 
b Give an a r b i t r a r y  l i s t  of t h e  Ei 

b Specify energy regions i n  which the  E i  w i l l  be assigned on 
t h e  b a s i s  of equal spacing i n  energy o r  le thargy (In E)  

a Use the  above methods but change the  word energy t o  reduced 
ve loc i ty ,  x = mO 

2.4 CROSS SECTIONS 

The u s e r  s p e c i f i e s  t h e  cross sec t ion  des i r ed  and whether t h e  
cross sec t ion  i s  t o  be read from t h e  input  ENDF/B tape  o r  t o  be 
derived from other  c ross  sec t ions .  The u s e r  s p e c i f i e s  t h e  mater ia l  
temperature, and as  the  appropr ia te  c ross  s e c t i o n  a(E,T) i s  read 
from the  ENDF/B tape,  it i s  automatical ly evaluated a t  t h e  des i r ed  
temperature. Thus, t h e  temperature dependence has been removed, 
and t h e  r e s u l t i n g  cross  sec t ion  i s  denoted by u(E) . Resolved 
resonance cont r ibut ions  a r e  included where requi red  as  i n f i n i t e l y  
d i  l u t e  values.  Doppler broadening is  included i n  the resonance 
ca lcu la t ions .  

A s e r i e s  of t e s t  numbers a r e  used as input  t o  descr ibe  how 
a s p e c i f i c  c ross  sec t ion  i s  t o  be obtained. One t e s t  number f o r  
each type of cross sec t ion  i s  i l l u s t r a t e d  i n  t h e  following t a b l e :  



Value - .  of t h e  Test  Number 
Cross Section 1 2 3 

at (E) ENDF/B tape  o s ( ~ )  + o a ( ~ )  - 
ael (E) ENDF/B tape as (E) - oin (E)  - 
ain (E) ENDF/B tape  e l  

o S ( ~ )  - o  (E) s(a,B) 

of (E) ENDF/B tape  - - 

aa(E) of (E) + oY[E) ot (E) - oS (E) - 
( G ~ ( E )  from 
ENDF/ B tape)  

as (E) ENDF/B tape a (E)  + oin(E) h 

e l  

If t h e  t e s t  number i s  1, the  c ross  sec t ion  is  read from t h e  
ENDF/B tape ;  if it is  2 ,  t h e  c ross  sec t ion  is  computed from 
o the r  c ross  sec t ions ;  and i f  it i s  3 ( i n e l a s t i c  only) ,  i t  i s  
computed from S(a,B) . 

A second s e r i e s  of  t e s t  numbers a r e  inpu t  by t h e  user t o  
descr ibe  the  averaging and output  procedures. I f  t h e  t e s t  i s  
p o s i t i v e ,  t h e  c ross  sec t ion  w i l l  be p r in t ed  and punched; i f  
negat ive,  only p r i n t i n g  w i l l  occur. If t h e  absolute  value of 
t h e  t e s t  is  1, t h e  c ross  sec t ion  w i l l  be evaluated on t h e  inpu t  
energy mesh, SO t h a t  t h e  output w i l l  be the  numbers Ui = o(Ei). 
I f  t h e  absolu te  value of t h e  t e s t  i s  2 ,  the  c ross  s e c t i o n  w i l l  be 
averaged over t h e  input  energy group, s o  t h a t  t h e  output  w i l l  be 
t h e  numbers 

This  l a t t e r  f e a t u r e  i s  e s s e n t i a l  f o r  e l a s t i c  c ross  s e c t i o n s  of  
c r y s t a l l i n e  ma te r i a l s .  Group averaging of t h e  i n e l a s t i c  c ross  
sec t ion  can be done i f  i t  i s  read  from the  ENDF/B tape ,  but  no t  
i f  it i s  computed from t h e  s c a t t e r i n g  law. 

A t r anspor t  c ross  s e c t i o n  (with o r  without absorpt ion)  can 
a l s o  be computed, p r in t ed ,  and punched. For f i s s i o n a b l e  i so topes ,  
t h e  q u a n t i t i e s  q i  and a i  a r e  a l s o  computed and p r in t ed .  

2.5 ANGULAR DISTRIBUTIONS 

The present  vers ion  of FLANGE II  computes Legendre moments 
o f  t he  angular d i s t r i b u t i o n  (up t o  P5) from S(a,f3), and accepts  
Legendre moments o r  t abu la t ed  d i s t r i b u t i o n s  from the ENDF/B t ape .  



The d a t a  given on F i l e  4 of t h e  E N D F / B  t ape  a r e  p (E,p,T) i n  
t h e  Legendre expansion form 

o r  a s  t a b u l a r  values of p(E,p,T). A s  before ,  a s  each f%(E,T) is 
read  from t h e  tape o r  obtained by f i t t i n g  t h e  t a b u l a r  va lues ,  i t  
is  evalua ted  a t  t h e  des i red  temperature t o  ob ta in  fk(E) .  The 
appropr i a t e  c ross  sec t ion ,  a (E) ,  i s  obtained from F i l e  3 .  
FLANGE I1 processes these  d a t a  i n t o  Legendre c ross  sec t ions ,  
a g  (E) , def ined  by 

The same s e r i e s  of t e s t  numbers used f o r  c ross  s e c t i c n s  a r e  
used he re  with t h e i r  same meaning. 

Legendre Value of t h e  Tes t  Number 
Cross Sect ion 1 2 3 

- - - - - -- -- - - - - - -- 

ENDF/B tape  a ; ( ~ )  - okn (E)  

i n  e l  
op. (E) E N D F / B  t ape  c r i ( ~ )  - oQ (E) s(a,B) 

0; (E) 
e l  ENDF/B t ape  oQ (E) + ~ Y ( E )  

If resonance parameters a r e  defined t h a t  overlap t h e  input  
energy mesh, t hese  con t r ibu t ions  a r e  added t o  t h e  e l a s t i c  
s c a t t e r i n g  if t h e  t e s t  number is  1. An opt ion  allows t h i s  con- 
t r i b u t i o n  t o  be ca l cu la t ed  from t h e  resonance formulas o r  taken 
as only t h e  p o t e n t i a l  s c a t t e r i n g  term. 



The second t e s t  number again ind ica t e s  the  des i red  p r i n t i n g ,  
punching, and averaging procedure. Thus, t h e  computed quantities 
may be e i t h e r  O R i  = oll(Ei), o r  

The product u(E)fR(E) = og(E) is averaged over t h e  group, r a t h e r  
than fg(E)  . 

As mentioned i n  Sect ion 2.4, a t r anspor t  c ross  s e c t i o n  can 
be computed from e i t h e r  

s a where the  ogi and oi a r e  the  c r o s s  sec t ions  defined above and 
may be e i t h e r  poin t  o r  averaged numbers. 

2.6 SCATTERING KERNELS 

The present  vers ion  of FLANGE I1 computes Legendre moments 
of t h e  s c a t t e r i n g  kernel (up t o  P5) from the  s c a t t e r i n g  law on 
F i le  7 on t h e  ENDF/B tape.  

The s c a t t e r i n g  law contained on the  ENDF/B t ape  c o n s i s t s  
of a f u l l y  tabula ted  S(a,B) plus t h e  parameters needed t o  spec i fy  
a n a l y t i c  terms t o  be added t o  t h e  tabula ted  s c a t t e r i n g  law. 
FLANGE I1 w i l l  handle t h e  t a b u l a t i o n  and a n a l y t i c  terms of t h e  
free gas o r  d i f f u s i v e  type. The t abu la t ion  may be extended t o  
h igher  energy t r a n s f e r s  using t h e  s h o r t  c o l l i s i o n  t ime approxi- 
mation. The e f f e c t i v e  temperature of t h e  s c a t t e r e r  must be 
s p e c i f i e d  t o  use t h i s  feature. 



The s c a t t e r i n g  kernel  i s  r e l a t e d  t o  t h e  s c a t t e r i n g  law by 

where a = (E + E - ~ V V ' % ' ) / A ~ T  

f3 = (E - E')/kT 

i n  
The Legendre moments of t h e  ke rne l ,  0 (E1+E), a r e  defined R 

by 

FLANGE I1 computes these  i n t e g r a l s  and t h e  ke rne l s  

f o r  0 4 R 6 5, and t h e  Ei and E r e f e r  to t h e  input energy mesh. J 

The i n e l a s t i c  c ross  s e c t i o n s  can be computed from 

The Ei r e f e r s  t o  t h e  input  energy mesh, but  t h e  i n t e g r a t i o n  over 
f i n a l  energ ies  E i s  independent of t h e  input  energy mesh. 

I t  i s  o f t e n  d e s i r a b l e  t o  renormalize t h e  ke rne l s  by ad jus t ing  
t h e  diagonal terms so  t h a t  when i n t e g r a t e d ,  they will give some 
des i r ed  cross  sec t ion .  Let be t h e  c ross  s e c t i o n  obtained from 
t h e  kerne l  before  adjustment: 



X X Let aRi be the cross section used for normalization, and oRij 
be the kernel after normalization: 

The following renormalizations are allowed: 

X * = 0 '$5 ili No renormalization 

in = a Normalized to the computed or input inelastic 
Li cross section 

S Normalized to the input elastic plus the = 
computed or input inelastic cross section 





3. NUMERICAL PROCEDURES 

The numerical procedures used i n  FLANGE I1 a re  descr ibed  
b r i e f l y  i n  t h i s  sec t ion .  A mo.re d e t a i l e d  desc r ip t ion  is  given 
i n  Sec t ions  6 and 7. 

3.1 TABULATED FUNCTIONS 

Nearly a l l  da t a  s to red  on an ENDF/B tape  a r e  i n  t h e  form of 
a  t abu la t ed  funct ion ,  y (x ) ,  which might represent  o(E), aQ(E), o r  
S(a,f3) a t  a  p a r t i c u l a r  6. The q u a n t i t i e s  used t o  r ep resen t  t h e  
funct ion a re :  

X(N) - L i s t  of values of x (or  E)  

Y(N) - L i s t  of values of y  (or a) evaluated a t  X(N) 

NP - Number of values of x (and y) given 

NBT(M) - Breakpoint t a b l e  g iv ing  t h e  upper N value a s soc ia t ed  
with t h e  ~ t h  reg ion  of x 

JNT(M) - In t e rpo la t ion  code used i n  t h e  ~ t h  region of  x 

NR - Number of  i n t e r p o l a t i o n  regions of x 

The fol lowing sketch i l l u s t r a t e s  t h e  use of t hese  t abu la t ed  
funct ions .  

Region M 
.f L w 



Let t h e  N~~ panel  be the  space between X(N) and X(N+l). Then, i n  
t h e  ske tch  above, panels N 1 ,  N 1 + l ,  ..., N 2 - 1  belong t o  region M. 
A reg ion  is  defined a s  a  consecutive s e t  of panels  i n  which t h e  
same i n t e r p o l a t i o n  method i s  used i n  each panel.  The i n t e r p o l a t i o n  
code JNT(M) i nd ica t e s  how intermediate  values a r e  t o  be obtained. 
For  s i m p l i c i t y ,  l e t  (x l , y l )  and (x2,y2)  denote t h e  end po in t s  of 
a panel .  

JNT - In t e rpo la t ion  Formula 

3.2  INTERPOLATION PROCEDURES 

I n  c e r t a i n  cases,  t h e  i n t e r p o l a t i o n  code given may be c o r r e c t  
f o r  t h e  o r i g i n a l  da ta ,  but  subsequent manipulation of t h e  d a t a  
makes t h e  i n t e r p o l a t i o n  code ambiguous. For example, i n  t h e  
c a l c u l a t i o n  of ~ e ~ e n d r e  c ross  sec t ions ,  t h e  o r i g i n a l  d a t a  f o r  
a(E) may spec i fy  In-ln i n t e r p o l a t i o n ,  and t h e  o r i g i n a l  d a t a  f o r  
f%(E) may spec i fy  l i n e a r  i n t e r p o l a t i o n .  Since a&(E) = o(E)fg(E),  
a  dec i s ion  must be made as  t o  what E mesh and i n t e r p o l a t i o n  a r e  
t o  be  used. Since o(E) probably v a r i e s  more r a p i d l y  than fg(E) ,  
t h e  E mesh and i n t e r p o l a t i o n  a r e  used f o r  o(E),  and fg(E) i s  
evaluated on t h i s  mesh. The fg,(E) may be negative or zero, and 
logari thmic i n t e r p o l a t i o n  i s  meaningless. The code automat ica l ly  
senses such condit ions and w i l l  change t h e  i n t e r p o l a t i o n  code 
i n  an appropr ia te  manner. Thus, i f  JNT = 4 o r  5, and y l  o r  y2  
i s  negat ive  o r  zero, Codes 3 o r  4 w i l l  au tomat ica l ly  be used. 
If JNT = 3 o r  5, and x l  o r  xz i s  negat ive o r  zero, Codes 2 o r  4 
w i l l  be used. A l l  i n t e r p o l a t i o n s  and t h e  l o g i c  described above 
a r e  i n  subrout ine  TERP1, which i n t e r p o l a t e s  a  s i n g l e  po in t .  

A s  i nd ica t ed  i n  the i l l u s t r a t i o n  above, i t  i s  o f t e n  necessary 
t o  compute an e n t i r e  t a b l e  by i n t e r p o l a t i o n  i n  another  t a b l e .  
Subroutine TERP2 i s  used f o r  t h i s  purpose. The procedure would 
be t r i v i a l  were i t  not  f o r  t h e  p o s s i b i l i t y  of d i s c o n t i n u i t i e s  i n  
y(x) ( indica ted  by two success ive  va lues  of  y  with t h e  same value 
of x) .  Such d i s c o n t i n u i t i e s  appear i n  thermal e l a s t i c  s c a t t e r i n g  
cross  sec t ions  f o r  c r y s t a l l i n e  m a t e r i a l s ,  and a t  t h e  end po in t s  
of energy regions described by resonance parameters.  TERP2 w i l l  
look f o r  such d i s c o n t i n u i t i e s  and t r e a t  them properly.  



Tabular S(a,f3) d a t a  cannot be in t e rpo la t ed  accura t e ly  as a 
funct ion o f  temperature using t h e  two-point i n t e r p o l a t i o n  formulas 
described i n  Section 3.1. A four-point  Lagrangian i n t e r p o l a t i o n  
formula i s  used i n  these  cases and is discussed i n  d e t a i l  i n  
Sect ion 7.2.1. 

3.3 ENERGY AVERAGING OF CROSS SECTIONS 

As i n d i c a t e d  i n  Sect ion 2 ,  t h e  cross  sec t ions  q ( E )  may 
be e i t h e r  evaluated a t  po in t s  of t h e  input energy mesh o r  averaged 
over an i n p u t  energy group. For t h i s  l a t t e r  case,  i n t e g r a t i o n  
formulas are needed. Since t h e  d a t a  t o  be averaged w i l l  always 
be t abu la t ed ,  t h e  requi red  formulas a r e  i n t e g r a l s  over a  p o r t i o n  
of a panel .  The i n t e g r a l  of a group i s  then found from t h e  sum 
of i n t e g r a l s  over appropr ia te  panels  o r  p a r t s  of panels .  

Let (x3 , y 3 )  and (x4,y4)  be t h e  end po in t s  o f  a  panel ,  and 
x l  and x2 be the  in t eg ra t ion  limits. The i n t e g r a l s  a r e  then  
given by 

Interpol ati on Code 1 

Interpolation Code 2 

Interpolation Code 3 



Interpol ation Code 4 

B = e  a+bxl 
( ez - l ) /b ,  izl > 0.1 

Interpolation Code 5 

3.4 a MESH FOR S(a,@) 

The s c a t t e r i n g  law d a t a  on t h e  ENDF/B tape a r e  arranged i n  
the following way. For the  f i r s t  value of (= 0) , t h e r e  is a  
t a b l e  of S(a,B1) versus  a. Next, the re  i s  a table  o f  S(a,B2) 
versus a, and s o  f o r t h .  In genera l ,  the  a mesh used t o  desc r ibe  
S i s  d i f f e r e n t  f o r  each value of B. The procedure used i s  



t o  def ine  a "fine" a mesh and t o  eva lua te  S by i n t e r p o l a t i o n  on 
t h i s  f i n e  a mesh. A l l  c a l cu la t ions  a r e  then done with t h e  S 
ca l cu la t ed  on t h e  f i n e  a mesh, and it i s  assumed t h a t  In (S) i s  
l i n e a r  i n  a between tabula ted  values.  

The f i n e  a mesh, a i ,  is  defined by 

1 ,< i ,< IALX 

where po = 1.03 and IALX = 300 a re  p r e s e t  cons tants .  If Emax i s  
t h e  l a r g e s t  energy i n  t h e  input  energy mesh, and A is t h e  mass used 
t o  c a l c u l a t e  a ,  then = 4Ema,/AkT i s  t he  l a r g e s t  a t h a t  w i l l  be 
needed. a. i s  computed s o  t h a t  t h e  l a r g e s t  a i n  t h e  f i n e  mesh w i l l  
b e  l e s s  than  amax. 

IALX- 2 
"0 = % a x / ~ o  

If Em = 1 . 0  ev, kT = 0.025 ev, A = 1, and am,, = 160, then  
a, = 8.024. 

Def in i t i on  of t h e  f i n e  a mesh i n  t h i s  manner has two 
advantages. F i r s t ,  t h e  S f o r  a l l  f3 are evaluated on t h e  same 
a mesh s o  t h a t  i n t e r p o l a t i o n  i n  B i s  g r e a t l y  s impl i f i ed .  Second, 
t h e  use of a constant  expansion r a t i o  p o  permits l a rge  savings i n  
computation time through t h e  use of f a s t  t a b l e  look-up procedures 
f o r  t h e  a i n t e g r a t i o n s .  

Generally t h e  t abu la t ed  a mesh f o r  l a rge  6 values w i l l  no t  
span t h e  e n t i r e  range of t h e  f i n e  mesh a ' s .  This  can lead t o  
ignoring some s c a t t e r i n g  cont r ibut ions  f o r  l a rge  energy t r a n s f e r s .  
The requi red  S(a,f3) values f o r  t hese  l a rge  B's may be added us ing  
t h e  shor t  c o l l i s i o n  form of t h e  S(a,B). 

3.5 cc INTEGRATION OF s ( ~ , B )  

In  t h e  ca l cu la t ion  of Legendre moments, i n t e g r a t i o n s  over p 
can be transformed i n t o  i n t e g r a t i o n s  over a. 

The W~ 
a re  expansion c o e f f i c i e n t s  of  PQ(ll) i n  powers of a and 

depen on E and E f .  The main c a l c u l a t i o n  i s  t h a t  of t h e  a moments 



of S(a ,  6 ) ;  s ince  t h e  limits a~ and a~ include many tabula ted  
p o i n t s ,  t h e  moments can be expressed as  t h e  sum of cont r ibut ions  
from each "panel," o r  the  region between two tabula ted  po in t s .  

Consider one panel bounded by the  po in t s  (a3 ,y3)  and 
( a 4 , y 4 ) ,  where y = l n ( S ) .  Let a1 and a2 denote t h e  end poin ts  
of t h e  i n t e g r a t i o n  f o r  t h i s  panel .  Since it i s  assumed t h a t  
ln(S)  (= y) i s  l i n e a r  i n  a between tabula ted  poin ts ,  

and t h e  requi red  i n t e g r a l  i s  

By s u i t a b l e  t ransformation,  

p + l  "+I 1 
where G ,  = ( )  [YFO(C) + ~ Y ~ F ~ ( C I  + 7 n ( n - 1 ) Y 3 ~ 2 ( C ) l  

This  formula can be used f o r  s t a r t i n g  panels  (a1 = a ~ ,  a2 = at , ) ,  
intermediate  panels  (a l  = a3, a2 = a 4 ) ,  and end panels  (a l  = a3,  
a2 = aH). For in termedia te  panels ,  p = po which i s  a cons tant  f o r  
a l l  panels ,  and c  = 1/2(y4-y3).  The func t ion  G,(c,po) depends 
only on c, and can be tabula ted  f o r  f a s t  eva lua t ion .  



Severa l  numerical approximations a r e  used t o  speed up t h e  
eva lua t ion  of t h e  a i n t e g r a l s .  They have been se l ec t ed  t o  be 
accura te  t o  a r e l a t i v e  prec is ion  of 3 . 3  x lo-' .  

3.6 FINAL ENERGY INTEGRATION OF THE KERNEL 

Legendre i n e l a s t i c  c ross  sec t ions  a r e  obtained from 

The E r  r e f e r  t o  t h e  input  energy mesh, but  t h e  f i n a l  energy 
i n t e g r a t i o n  i s  completely independent o f  t h e  input  energy mesh 
and depends only on t h e  B mesh given f o r  t h e  s c a t t e r i n g  law. 
Two success ive  B po in t s  (BL and pH) a r e  se lec ted;  t h e  reg ion  
between BL and f 3 ~  i s  a panel.  The i n t e g r a l  given above i s  then  
t h e  sum of i n t e g r a l s  over each panel.  A downscattering p a r t  
(E<E ' )  and upsca t t e r ing  p a r t  (E>E I )  must be considered f o r  each 
panel ,  and th ree  d i f f e r e n t  types of panels  are considered. 

The panel BL = 0 cont r ibutes  heavi ly  t o  t h e  c ross  s e c t i o n  
and may conta in  a s i n g u l a r i t y .  A v a r i a b l e  y i s  propor t ional  t o  
t h e  neutron v e l o c i t y  and i s  sca led  t o  be zero a t  6 = BL and u n i t y  
a t  f3 = pH. The kernel  i s  evaluated a t  t h e  po in t s  y l  = 1 / 8 ,  
y2 = 1/4,  y3 = 1/2, and y4 = 1. The r e s u l t i n g  va lues  of  t h e  kerne l  
a r e  denoted by H I ,  H2, Hz, and H 4 r  These four  va lues  a r e  f i t  t o  
t h e  funct ion  

and H(y) i s  then in t eg ra t ed  over t h e  panel .  



The above equation i s  used f o r  upsca t te r ing .  For downscattering, 
A i s  r ede f ined  t o  be p o s i t i v e ,  and t h e  s ign  of t h e  second term 
of  the  i n t e g r a l  i s  s e t  negat ive.  

For intermediate  values of B, t h r e e  po in t s  equal ly spaced 
i n  v e l o c i t y  i n  the  panel a r e  used. Again y i s  propor t ional  t o  
t h e  v e l o c i t y  and sca led  s o  t h a t  y l  = 0 a t  B = BL,  ys = 1 a t  
f3 = BH, and y2 = 1/2(yl+y3).  The corresponding va lues  of t h e  
ke rne l  a r e  H i ,  Hz, and H3. These th ree  values a r e  f i t  t o  the  
f u n c t i o n  

H (y) = a + by + cy2 

and H(y) is then in t eg ra t ed  over t h e  panel .  

The above equat ion i s  used f o r  upsca t te r ing .  For downscattering, 
A is  redef ined  t o  be p o s i t i v e ,  and t h e  s ign  of t h e  second term 
of t h e  i n t e g r a l  i s  s e t  negat ive.  

For l a rge  values of f3, only the  end p o i n t s  of t h e  panel ,  
H1 and H2 a r e  used, and it is assumed t h a t  t h e  funct ion  i s  
exponential  i n  cha rac te r .  Thus, 

Many s p e c i a l  cases  t o  t h e  above formulas a r e  considered 
i n  d e t a i l  i n  a l a t e r  s ec t ion .  For example, downscattering 
w i l l  have t o  be terminated when E = 0, which may occur i n  t h e  
middle of  a panel .  Also, Legendre moments may change s i g n  s o  
t h a t  terms involving logarithms must be changed. 



4. DESCRIPTION OF CODE 

4.1 GENERAL STRUCTURE AND OPERATION 

FLANGE I1 i s  w r i t t e n  i n  ASA Standard FORTRAN (FORTRAN IV) and 
i s  designed t o  be used on a computer with a t  l e a s t  40K o f  a v a i l -  
ab le  f a s t  s torage  p lus  t h r e e  tapes .  I t  has been w r i t t e n  a s  a main 
program p l u s  l a rge  subprograms which can e a s i l y  be made l i n k s  o f  
a chain o r  overlay program. The subprograms w i l l  be r e f e r r e d  t o  
as  l i n k s  he re .  The various p a r t s  of t h e  FLANGE I1 code a r e :  

Main Program - Processes the input  da t a ,  s e t s  up t h e  inpu t  
energy mesh, and con t ro l s  t h e  c a l l i n g  of t h e  l i n k s  
l i s t e d  below. 

Link 1 - Processes F i l e s  1, 2 ,  3 ,  and 4 from t h e  ENDF/B 
input  tape.  Cross sec t ions  and angular  d i s t r i -  
bu t ions  a r e  evaluated (o r  averaged) on t h e  inpu t  
energy mesh, Legendre components a r e  computed, 
and t h e  r e s u l t s  (if  complete) a r e  p r i n t e d  and 
punched. The r e s u l t s  a r e  a l s o  s to red  on t a p e  
NSTA f o r  use i n  Link 2 .  

Link 2 - Processes F i l e  7 from t h e  ENDF/B input  t ape .  
The s c a t t e r i n g  law is in t eg ra t ed  t o  form 
Legendre components of  t h e  s c a t t e r i n g  k e r n e l ,  
t h e  i n e l a s t i c  c ross  s e c t i o n s  a r e  computed, t h e  
c ross  s e c t i o n s  from tape NSTA a r e  read (and 
completed i f  necessary) ,  and the  s c a t t e r i n g  
ke rne l s  a r e  p r in t ed  and punched. 

4 . 2  TAPE ASSIGNMENTS 

The following tapes  a r e  used. The t ape  numbers a r e  symbolic 
and a r e  s to red  i n  C@MMfdN/BL@CKl/. The va lues  a r e  assigned a t  t h e  
s t a r t  of  t h e  main program. 

NIN - Systems input  t ape  

NfdUT - Systems p r i n t  output  t ape  

NPUN - Systems punch output t ape  

LIB - ENDF/B l i b r a r y  t ape ,  modes 1 ,  2 ,  o r  3 

NSTA - Scra tch  tape  used t o  t ransmi t  c ros s  s e c t i o n s  
from Link 1 t o  Link 2. Disk s to rage  should be 
used i n  p l ace  of t h i s  tape  i f  ava i l ab le .  



NSTB - Scratch tape used i n  Link 2 t o  s t o r e  t h e  s c a t t e r i n g  
kerne ls  i n  t h e  order  ca l cu la t ed .  Disk s to rage  
should be used i n  p lace  of t h i s  tape  if ava i l ab le .  

4 . 3  ERROR STOPS 

E r r o r s  a r e  s ignaled  on the  output by a message "FLANGE I1 
ERRgR STgP NUMBER xxx," where xxx is a t h r e e - d i g i t  i n t e g e r  
desc r ib ing  the  e r r o r .  The l is t  of t hese  numbers, t h e  subrout ine  
i n  which t h e  e r r o r  occurred, and a desc r ip t ion  of t h e  e r r o r  a r e  
given below. 

Number Subroutine Descr ip t ion  

21 EMESH NEG larger than 200 

22 EMESH NEVT not  1 o r  2 

23  EMESH METH not  1, 2, o r  3 

24 EMESH KX not i n  range 1-20 

25 EMESH Zero groups/region s p e c i f i e d  

26 EMESH NEG not  equal t o  t h e  sum of 
groups s p e c i f i e d  f o r  each r eg ion  

27 EMESH Energy range breakpoint  t a b l e  
out  of o rde r  

99 RREC Library tape d a t a  s e t  not  defined 

100 RREC Record type  c a l l e d  f o r  not  v a l i d  

101 RREC Library tape mode not  1, 2 ,  or 3 

102 RREC T not  i n  range of spec i f i ed  d a t a  

103 RREC I n t e r p o l a t i o n  t a b l e  too  long o r  of 
zero length  

104 RREC List length too long o r  of zero 
length 

105 RREC Data length  too  long o r  l e s s  than  
2 po in t s  

106 RREC Improper temperature dependence 

107 RREC MAT, MF, MI' i n c o r r e c t  f o r  L i s t ,  
TABI,  TAB2, o r  H o l l e r i t h  records  

110 ECSI Wrong i n t e r p o l a t i o n  code given 

120 ACS Zero group width s p e c i f i e d  

122 ACS I n t e r p o l a t i o n  t a b l e  i n c o r r e c t  

130 TERP2 x t a b l e  not  i n  inc reas ing  o r d e r  



Number Subroutine 

TERP2 

TERP2 

TERP 1 

TERPl 

SRCH 

SRCH7 

REATS 

REATS 

REATS 

REATS 

PRgF7 

PRPF7 

KERC 

KERC 

KERA 

KERA 

x t ab le  not i n  increasing order 

Interpolat ion t ab le  incorrect  

Interpolat ion t a b l e  incorrect  

Zero o r  negative value cannot be 
interpolated by logs 

Section not on l ib ra ry ,  o r  
l i b r a r y  out of order 

Angular data  given i n  CM (center  
of mass) system 

Internal  tape e r r o r  on NSTA 

E in terpola t ion t a b l e  incor rec t  
on F i l e  4 

No F i l e  7 on l i b r a r y  

Temperature ou t  of range given 
on l i b r a r y  

Improper T dependence, l ists 
d i f fe ren t  lengths 

More than 1000 S(a,B) given f o r  
one f3 

More than 100 e n t r i e s  i n  a 
in te rpo la t ion  t a b l e  

Improper B in te rpo la t ion  t a b l e  

Scat ter ing law not given 

Improper B in te rpo la t ion  t a b l e  

S(a,B) not in tegrable  a t  small a 
Analytic S (a,B) not spec i f i ed  

S(a,B) not in tegrab le  a t  low a 





5. INPUT/OUTPUT DESCRIPTION 

The following section describes the input and output data 
for FLANGE 11. The input data consist of the ENDF/B library tape 
(Mode 1, 2, or 3) and two decks of cards (the problem definition 
input and the input energy mesh), 

5.1 PROBLEM DEFINITION INPUT 

All input data are read by the main program. The problem 
definition input is read by subroutine INPUT. The input data are 
listed below, and are stored in CgMM@N/BL@CK3/. 

Card Columns Format Symbol - Description 

1 1-72 18A4 (TITLE(N) 72-character Hollerith descrip- 
N=1,18) tion of the calculation 

2 1-10 I10 LABEL Label that is supposed to appear 
at the ENDF/B tape. If LABEL = 
0, label will not be checked. 

11-20 I10 MAT Material number to be processed 
from the ENDF/B tape 

21-30 E1O.O FID Seven-digit integer (written in 
floating point) used to identify 
the punched output for this 
material 

31-40 E1O.O T Desired temperature (OK) 

41-50 E1O.O TEFF Effective temperature for short 
collision time approximation (OK) 

51-60 I10 MQIDE Tape mode (1, 2, or 3 -defaults 
to 3) 

3 1-10 I10 LINK1 Flag indicating whether Link 1 
is to be used or not; 0 = no, 
1 = yes 

11-20 I10 LINK2 Same as above, but for Link 2 

4 1-10 I10 LX Maximum Legendre order (0-5) 
desired 

11-20 I10 LMESH = 0, read new energy mesh 
= 1, use energy mesh of previous 
prob 1 em 



Card Columns Format Symbol 

4 21-30 I10 LRSCT 

31-50 20X - 
51-60 I10 LPDD 

LPFP 

LABS 

LPABS 

LFISS 

LPFIS 

Descr ip t ion  

= 0, i f  ma te r i a l  i s  not  t o  be 
t r e a t e d  a s  a resonance s c a t -  
t e r e r ,  = 1 otherwise 

= 1, p r i n t  and punch decay data 
= 0, ignore  
= -1, p r i n t  decay d a t a  

= 1, p r i n t  and punch f i s s i o n  
product y i e l d s  

= 0, ignore  
= -1, p r i n t  f i s s i o n  product 

y i e lds  

= 0, ignore  o a ( ~ )  

= 1, read  ~ Y ( E )  from E N D F / B  
tape and compute 
oa (E) = 0 - q ~ )  + of (E) 

= 2, compute 
oa(E) = ot(E) - oS(E) 

= - 2 ,  p r i n t  group avg o a ( ~ )  

= -1, p r i n t  a a ( ~ )  

= 0, ignore 

= 1, p r i n t  and punch c r a ( ~ )  

= 2, p r i n t  and punch group avg 

aa ( E l  
f = 0, ignore 0 (E)  

f = 1, read  a (E) from E N D F I B  tape 
f = - 2 ,  p r i n t  group avg 0 (E) 

f = -1, p r i n t  a (E) 

= 0, ignore 
f 

= 1, p r i n t  and punch a (E)  
f = 2 ,  p r i n t  and punch group a (E) 

= 0, ignore  ot (E) 

= 1, read &E) from E N D F / B  t ape  

= 2 compute 
t o (E) = o ~ ( E )  + oS (E) 

t = - 2 ,  p r i n t  group avg (E) 
t = -1, p r i n t  a (E) 



Card Columns Format Symbol - Descript ion 

5 51-60 I10 LPTgT = 0, ignore 

= 1, p r i n t  and punch ot(E) 

61-70 I10 LPTR 

6 1-10 I10 LELAS 

11-20 I10 LPEL 

21-30 I10 LINEL 

31-40 110 LPIN 

= 2 ,  p r i n t  and punch group avg 

ot ( ~ 1  
= -2 ,  compute and p r i n t  

o t r ( ~ )  = C J ~ ( E )  + o ~ ( E )  - ~ S ( E )  
= -1, compute and p r i n t  

otr(E) = 0; (E) - 0; (E)  

= 0,  ignore 

= 1 ,  compute, p r i n t  and punch 
@(E) = 0; (E) - 0; (E)  

= 2 compute, p r i n t ,  and punch 
o t r ( ~ )  = a a ( ~ )  + a: (E) - oy (E) 

= 0, ignore oel (E) 

= 1, read CJ;'(E) and pzl ( E , ~ )  
from ENDF/B tape 

= 2 ,  compute 
@(E)  = ~ Z ( E )  - $(E) 

= - 2 ,  p r i n t  group avg o ; l ( ~ )  
e l  

= -1, p r i n t  ak (E) 

= 0 ,  ignore 
e l  

= 1, p r i n t  and punch o2 (E) 

= 2,  p r i n t  and punch group avg 

0;' ( E l  
i n  

= 0 ,  ignore 02 (E)  
i n  

= 1, read aR (E) and 

 pin(^ ,p) from ENDF/B 

= 2 ,  compute 

O ~ ( E )  = ~ Z ( E )  - o ; l ( ~ )  

= 3 ,  compute $(E) from s(a,B) 
i n  

= -2, p r i n t  group avg oQ (E) 
i n  

= -1, p r i n t  oQ (E) 

= 0, ignore 



Card Columns Format - Descript ion 

6 31-40 I10 LPIN = 1, p r i n t  and punch O;"(E) 

= 2 ,  p r i n t  and punch group 
avg c r i n ( ~ )  

41-50 I10 LSCAT = 0, ignore u$(E) 

= 1 , read crS (E) and pz (E ,p) 
from END& 

= 2 ,  compute 

o; (E) = $(E) + O;l (E) 

51-60 I10 LPSC s 
= -2, p r i n t  group avg crI1(E) 

S = -1 ,  p r i n t  aQ(E)  

= 0, ignore 
= 1 ,  p r i n t  and punch o z ( ~ )  
= 2, p r i n t  and punch group 

avg a;(~) 

7 1-10 I10 LTSL = 0, ignore s c a t t e r i n g  kerne ls  
= 1, ignore s c a t t e r i n g  ke rne l s  
= 3 ,  compute s c a t t e r i n g  kerne ls  
= 4 ,  compute s c a t t e r i n g  kerne ls  

and normalize t o  exact o r  

= 5, compute s c a t t e r i n g  kerne ls  
and n o m a l i  ze to o i  (E) 

11-20 I10 LPTSL = -2, p r i n t  s c a t t e r i n g  kerne ls  
= -1, ignore p r i n t  and punch 
= 0, ignore p r i n t  and punch 
= 1, punch s c a t t e r i n g  ke rne l s  
= 2 ,  p r i n t  and punch kerne ls  

21-30 I10 LBND Signal t o  compute only bound 
component of molecule. Also 
d i v i d e s  ab  by i t s  va lue ,  i . e . ,  
ob = %/LBND. 

5.2 INPUT ENERGY MESH 

Text Code 
Symbol Symbol Descr ip t ion  

i I Index numbering energy groups 

NEG NEG Number of  energy groups 

Ei E (I) C h a r a c t e r i s t i c  energy of t he  ith group (ev) 

E; EB (I) Lower energy l i m i t  of t h e  ith group 



Text Code 
Symbol Symbol Descript ion 

v i V (I) Reduced cha rac te r i s  t i c  ve loc i ty  o f  t h e  
i t h  group v i  = @/0.0253 

V* i V B ( 1 )  Lower reduced ve loc i ty  l i m i t  of t h e  ith 
group v; = q / o  .0253 

Wi W(I) Energy i n t e g r a t i o n  weight f o r  the  ith group 

*i 
D E L ( I )  Group width used f o r  both energy and 

v e l o c i t y  ca l cu la t ions  

k K Index numbering regions t o  be subdivided 
i n t o  groups 

K KX Number of regions 

Mk MK Number of groups t o  be d i s t r i b u t e d  i n  t h e  
k th  region 

Bk BPT(K) Upper boundary of  t h e  kth region 

The mesh can be s p e c i f i e d  i n  any one of s i x  ways: 

I .  The mesh is computed from an input  t a b l e  of  energy regions  
and number of groups t o  be assigned pe r  region.  

2 .  Energy group widths a r e  read i n  and t h e  c h a r a c t e r i s t i c  ener-  
g i e s  a r e  computed as being a t  t h e  cen te r  of each group. 

3 .  Energy group widths and c h a r a c t e r i s t i c  energ ies  a r e  r ead  i n  
and a r t i f i c i a l  group boundaries a r e  computed. 

4 .  Same as  1 b u t  using v e l o c i t y .  

5 .  Same a s  2 but  using ve loc i ty .  

6 .  Same as  3 but  using ve loc i ty .  

Current p r a c t i c e  a t  GGA i s  t o  use  2 (but  3 was used i n  t h e  p a s t ) ,  
and a t  BNL and SRL t o  use  5 .  Two t e s t s  are  used: 

NEVT = 1, energy input  
= 2,  reduced v e l o c i t y  input  

METH = 1, regions and groups pe r  reg ion  input  
= 2, group widths input  
= 3 ,  group widths and c h a r a c t e r i s t i c  energy 

(ve loc i ty)  input  

In  a l l  cases a complete energy and v e l o c i t y  mesh w i l l  be computed 
and s t o r e d ,  The s i x  cases  w i l l  be described sepa ra t e ly .  



NEW = 1, METH = 1 

The energy range of i n t e r e s t  i s  divided i n  K regions numbered 
1, 2 ,  . . , , k ,  . . , K .  Let Bk be t h e  upper bound of the k th  reg ion ,  
and Mk t h e  number of groups t o  be d i s t r i b u t e d  i n  t h e  kthregion. 
If Mk > 0, a constant  mesh spacing i s  used within t h e  region.  If 
Mk < 0, t h e  group boundary expands by a f a c t o r  f o r  each success ive  
group i n  t h e  region.  

To i l l u s t r a t e  t h e  procedure, l e t  k be  the  region under con- 
s i d e r a t i o n ,  and l e t  i denote t h e  l a s t  group boundary computed. 
Thus, E: i s  the  upper l i m i t  of t he  k-ls t  range and t h e  lower l i m i t  
of t h e  k th  range. For Mk > 0, compute 

1 

For Mk < 0,  s e t  Mk = -Mk, and compute 

The Ihlkl must add up t o  NEG, t h e  t o t a l  number of  energy groups. 

The group boundaries a r e  e s t ab l i shed ,  and the  c h a r a c t e r i s t i c  
energy, i n t e g r a t i o n  weight,  and reduced v e l o c i t i e s  a r e  computed 
from : 



V = q / 0 . 0 2 5 3  
i 

NEVT = 1, METH = 2 

A low energy cutoff (EVL) and the group widths Wi (taken to 
be the same as the integration weights) are read in. The group 
boundaries are computed from 

E; = EVL 

The remaining quantities are computed from 

V = K / 0 . 0 2 5 3  i I 

NEVT = 1. METH = 3 

The characteristic energies Ei and integration weights are 
read in. Presumably, the weights were selected for some high 
accuracy integration scheme and may not resemble group widths. 
Group boundaries are required to average simple cross sections. 
Group boundaries (arbitrarily) are selected as the midpoint between 
characteristic energies. Thus 

E; = EVL 



NEVT = 2, METH = 1 

The method is the same as for NEVT = 1, METH = 2 except that 
all quantities (including EVL, Bk) r e f e r  to reduced velocity. 
Thus f o r  Mk > 0 

For Mk .h, 0, s e t  % = -Mk, 



Wi = E* - E* 
i+l i 

NEVT = 2 .  METH = 2 

The method i s  t h e  same as  fo r  NEVT = 2, METH = 1 except  t h a t  
a l l  q u a n t i t i e s  (EVL, W . )  r e f e r  t o  reduced ve loc i ty .  Thus 

1 

v* = EVL 1 

Wi read  i n  r e f e r s  t o  v e l o c i t y  but  i s  recomputed t o  r e f e r  t o  energy. 

NEVT = 2, METH = 3 

The method i s  the  same as f o r  NEVT = 1, METH = 3 except  t h a t  
a l l  q u a n t i t i e s  ( inc luding  EVL and Wi) r e f e r  t o  ve loc i ty .  

vf = EVL 

1 V* = - ( v  + v . )  
i 2 i-1 1 

'i 
= 0 . 0 5 0 6 ~ .  W. ( input )  

1 1  

Wi on input  r e f e r s  t o  v e l o c i t y  but  is recomputed t o  r e f e r  t o  
energy. 



The following cards a r e  used t o  descr ibe  t h e  input  energy 
mesh. These cards follow t h e  problem d e f i n i t i o n  cards .  

Card Columns Format Symbol Descript ion 

8 1-10 I10 NEG Number o f  energy groups (4200) 

11-20 I10 NEVT = 1, mesh input  i n  energy u n i t s  
= 2 ,  mesh input  i n  reduced veloc- 

i t y  u n i t s  

21-30 I10 METH = 1, region d a t a  a r e  input  
= 2 ,  group widths a r e  input  
= 3, group widths and cha rac te r -  

i s t i c s  a r e  input  

31-40 I10 NPNT = 0,  ignore 
= 1, p r i n t  energy mesh 
= 2,  p r i n t  and punch energy mesh 

41-50 E10.5 EVL Low energy ( i f  NEVT = 1) o r  veloc-  
i t y  ( i n  NEW = 2) c u t o f f  

51-70 5A4 (HQIL (N) 20-character d e s c r i p t i o n  of the  
N=1,5) energy mesh. See d e s c r i p t i o n  of 

t h e  punching. 

The remaining cards depend on t h e  values of METH and NEVT. 

NEVT = I ,  METH = 1 

Card Columns Format Symbol Descript ion 

9 1-10 I10 KX Energy of energy regions  (620) 

11-20 I10 MINT(1) Number of groups i n  Region 1. I f  
MINT(1) > 0 ,  equal energy spacing. 
I f  MINT(1) < 0, equal l e tha rgy  
spacing.  

21-30 E10.5 BPT(1) Upper energy l i m i t  o f  Region 1 

31-40 I10 MINT(2) Same a s  above, bu t  f o r  Region 2 

41-50 E10.5 BPT(2) Same a s  above, b u t  f o r  Region 2 

The p a t t e r n  above is repeated u n t i l  a l l  KX reg ions  have been 
s p e c i f i e d ,  The second and remaining cards  s tar t  i n  Column 11. 



NEVT = 1, METH = 2 

Card Columns Format Symbol - Descript ion 

9 - 7E10.5 (W(I),I=l L i s t  of  energy group widths (ev) 
NEG) i n  order of increas ing  group 

number 

- 7E10.5 (E ( I )  , 1 List of c h a r a c t e r i s t i c  group 
NEG) energies  (ev) i n  inc reas ing  

order 

- 7E10.5 ( W (  I In t eg ra t ion  weights (ev) 
NEG) 

Cards f o r  NEVT = 2 follow the  same desc r ip t ion  as  f o r  NEVT=l, 
except t h e  word "energy" is changed t o  read "reduced ve loc i ty . "  

5.3 OUTPUT 

The p r in t ed  output  (on t ape  N@UT) i s  c l e a r l y  labe led  and w i l l  
no t  be descr ibed  he re .  

There a r e  t h r e e  types of punched output :  energy mesh, s c a t -  
t e r i n g  ke rne l s ,  and cross  s e c t i o n s .  

The energy mesh i s  punched i f  t h e  input  number is  NPNT = 2.  
Two decks of cards  a r e  obtained.  I f  NEVT = 1 (energy mesh), t h e  
f i r s t  deck i s  t h e  energy po in t s  E i ,  and the  second deck t h e  i n t e -  
g r a t i o n  weights ,  W i  . If NEVT = 2 (ve loc i ty  mesh) , t h e  f i r s t  deck 
is  t h e  v e l o c i t y  po in t s  v i ,  and the  second deck i s  t h e  v e l o c i t y  
i n t e g r a t i o n  weights defined by Wi/0.0506vi. The punching of one 
deck i s  done i n  subroutine PUNCH3. Each card  of  t h e  deck has t h e  
same s t r u c t u r e .  

Columns Format Descript ion 

1-70 7F10.7 Seven values of t h e  d a t a  

73-76 A4 F i r s t  fou r  cha rac te r s  of  t h e  Hol- 
l e r i t h  desc r ip t ion  of  t h e  mesh. 
See input  desc r ip t ion .  

77-78 12 In t ege r  descr ib ing  t h e  d a t a  
= 1, energy po in t s  
= 2 ,  energy i n t e g r a t i o n  weights 
= 3 ,  v e l o c i t y  p o i n t s  
= 4 ,  ve loc i ty  i n t e g r a t i o n  weights 

79-80 I 2  Sequence number 

The punched card format f o r  s c a t t e r i n g  ke rne l s  was devised 
by John Suich a t  SRL and i s  used a t  GGA, SRL, and BNL. A card i s  
divided i n t o  11 f i e l d s .  



F i e l d  Columns Format Descript ion 

1 1 I1 Legendre order  (0-9) 

2 2-4 I3  Final  energy group index (J) o f  
t h e  f i r s t  data word on t h i s  card 

3 5-7 13 I n i t i a l  energy group index o f  t h e  
d a t a  on t h i s  card  

4 8 - Blank 

10 69-76 F8.0 I so top ic  o r  ma te r i a l  des ignat ion ,  
FID 

11 77-80 14 Deck sequence number 

The zero values w i l l  no t  be read from t h e  above ca rds ,  but  
t h e  a r r a y  w i l l  be c leared  p r i o r  t o  loading t h e  ke rne l  deck. I t  
i s  only necessary t o  punch t h e  non-zero values of t h e  ke rne l  on 
these  cards .  Each card i s  uniquely i d e n t i f i e d  a s  t o  i t s  loca t ion  
i n  t h e  a r r ay .  

Each deck i s  headed by a card i n  the format given above. The 
f i e l d s  on t h i s  card  a r e :  

F i e l d  Descr ip t ion  

1 Same a s  before  

2 Smallest  group index = I 

3 Largest  group index = NEG 

4 Same 

5 Temperature ( O K )  

6-9 Not used 

10 Same as before  

11 Same as  before  

With a s l i g h t  modif icat ion,  t h e  above card format i s  a l s o  
used t o  punch cross  sec t ions  and Legendre moments. The cha rac te r  
f t c f f  punched i n  F ie ld  4 s i g n a l s  t h i s  type of  da ta .  F i e ld  2 i s  used 
t o  denote t h e  type o f  c ross  s e c t i o n  d a t a  given,  and t h e  number i s  
t h e  same a s  the  MT [ r eac t ion  type) number given on t h e  ENDF/B tape. 



6. DETAILED DESCRIPTION OF LINK 1 

6.1 OVERALL OPERATION 

Link 1 is divided i n t o  f i v e  major sec t ions  (subroutines 
PRgFl, P R W ,  PRPF3, PRgF4, and PLEAT). The opera t ion  of  these  
s e c t i o n s  a r e  described genera l ly  here  and i n  d e t a i l  i n  l a t e r  
s e c t i o n s .  The f i v e  major sec t ions  perform the  following opera t ion:  

PRPF1 P r i n t s  documentation information, decay d a t a ,  and 
f i s s i o n  product y i e l d  d a t a ,  Evaluates v (neutrons/ 
f i s s i o n )  a t  E = 0.0  ev. 

PRPF2 Calculates  i n f i n i t e l y  d i l u t e  (Doppler broadened) 
capture f i s s i o n ,  and s c a t t e r i n g  cross  s e c t i o n s  
from resolved resonance parameters. Group averages 
a r e  produced a s  requi red .  

PROF3 Group averages o r  i n t e r p o l a t e s  a l l  smooth c ross  
sec t ions  spec i f i ed  by t e s t  numbers t o  be taken 
from the  ENDF/B tape .  

PRPF4 Combines smooth cross  sec t ions  and Legendre 
moments taken from t h e  ENDF/B tape and produces 
group-averaged o r  i n t e rpo la t ed  Legendre c ross  sec-  
t i o n s  f o r  e l a s t i c ,  i n e l a s t i c ,  and t o t a l  s c a t t e r i n g .  

PLEAT Completes the cross  sec t ions  based on t h e  s e t  of  
t e s t  numbers described i n  Sect ion 2 .4 .  This  oper-  
a t i o n  i s  performed only if Link 2 i s  not  t o  be  
executed. 

Cross sec t ions  t o  be p r i n t e d  o r  punched a r e  done 
s o  i n  t h i s  rou t ine .  

6.1.1 Internal  Energy Mesh 

To properly genera te  t h e  cont r ibut ions  t o  e l a s t i c ,  i n e l a s t i c ,  
and t o t a l  s c a t t e r i n g  from F i l e  3 c ross  sec t ions  wi th  p o s s i b l e  
cont r ibut ions  from F i l e  2 resonance parameters,  an i n t e r n a l  energy 
mesh i s  defined.  This mesh conta ins  energy p o i n t s  a t  which F i l e s  3 
and 2 cross  sec t ions  a r e  evaluated.  In t e rpo la t ion  between po in t s  
i s  assumed In-ln,  but may be e a s i l y  changed i f  requi red .  The 
number of po in t s  is chosen t o  enable the  sharp Bragg peaks i n  
some c r y s t a l l i n e  moderator ma te r i a l  t o  be adequately represented .  



The mesh conta ins  IENX po in t s  (= 1000) equal ly  spaced i n  
l e tha rgy  between t h e  low and high energ ies  of t h e  inpu t  mesh. 
The l e tha rgy  increment i s  defined from 

and t h e  po in t s  from 

I  ENX 

I n  PRQIF2, con t r ibu t ions  t o  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  
from resonances a r e  generated on t h e  i n t e r n a l  energy mesh and 
w r i t t e n  t o  tape  NSTA. I n  PRgF3, c ros s  sec t ions  f o r  e l a s t i c ,  
i n e l a s t i c ,  and t o t a l  s c a t t e r i n g  a r e  generated and w r i t t e n  on t ape  
NSTA. Tape NSTA i s  read i n  PR(dF4 and t h e  c ross  s e c t i o n s  used t o  
genera te  t h e  Legendre c ross  s e c t i o n s  f o r  each r e a c t i o n .  

6.1.2 Comnon Storage 

Common s to rage  is divided i n t o  f i v e  named blocks designated 
BLOCKl ,  BLgCK2, ..., BLfdCK5. BLgCK1,  BLgCK3, and BLgCK4 a r e  t h e  
same throughout t h e  code. BLgCK2 common changes throughout t h e  
code t o  provide temporary s to rage  as requi red .  BLPCKS i s  t h e  
same wi th in  each l i n k  of t h e  code and i s  used f o r  c r o s s  sec t ion  
s torage .  The d e t a i l s  of each common block a r e  given below f o r  
Link 1. 

NIN 

NPUN 

LIB 

NSTA 

NSTB 

Input  da t a  s e t  number 

Output d a t a  s e t  number 

Punch da ta  s e t  number 

Not p re sen t ly  used. Data s e t  number of i n t e r -  
faced l i b r a r y  f o r  output .  

Data s e t  number of ENDF/B tape  

Data s e t  number of  s c r a t c h  tape A 

Data s e t  number of  s c r a t c h  tape  B 



LINK3 

LINK4 

LINK5 

LINK6 

LINK7 

DUMB (33) 

BLgCK3 

LABEL 

MATS 

T 

TEV 

LXPg 

F I D  

TITLE (18) 

LPDD 

LPFP 

LABS 

LPABS 

LFISS 

LPFIS 

Mode of ENDF/B tape 
= 1, binary standard format 
= 2 ,  binary a l t e r n a t e  format 
= 3 ,  BCD format 

Not used 

Flag t o  ind ica t e  execution of Link 1 
(0 - no; 1 - yes) 

Flag t o  ind ica t e  execution of Link 2 
(0 - no; 1 - yes) 

Not used 

Not used 

Not used 

Not used 

Not used 

Not used 

ENDF/B tape  l abe l  request,ed 

ENDF/B ma te r i a l  number 

Temperature (OK) a t  which cross  sec t ions  a r e  
required 

kT = temperature (ev) at which c ross  s e c t i o n s  
a r e  requi red  

Highest Legendre s c a t t e r i n g  o rde r  requested 
6 5 )  

LX + 1 

Float ing  po in t  output  i d e n t i f i c a t i o n  number 
f o r  numbered output 

72-character d e s c r i p t i o n  and page heading 

Tes t  f l a g  on decay d a t a  (453) 

Test  f l a g  on f i s s i o n  product y i e l d  d a t a  (454) 

Tes t  f l a g  f o r  process ing  absorpt ion  c ross  
s e c t i o n  

Tes t  f l a g  f o r  p r i n t i n g ,  punching, and group 
averaging i n  absorpt ion  cross  s e c t i o n  

Tes t  f l a g  f o r  process ing  f i s s i o n  c ross  s e c t i o n s  

Tes t  f l a g  f o r  p r i n t i n g ,  punching, and group 
averaging f i s s i o n  c ross  sec t ions  



Test  f l a g  f o r  processing t o t a l  c ross  s e c t i o n s  

Test  f l a g  f o r  p r i n t i n g ,  punching, and group 
averaging t o t a l  cross  sec t ions  

Test f l a g  de f in ing  t r anspor t  c ross  s e c t i o n s  LPTR 

LELAS Test  f l a g  f o r  processing e l a s t i c  s c a t t e r i n g  
cross  sec t ions  

LPEL Tes t  f l a g  f o r  p r i n t i n g ,  punching, and group 
averaging e l a s t i c  s c a t t e r i n g  cross  s e c t i o n s  

LINEL Test  f l a g  f o r  processing i n e l a s t i c  s c a t t e r i n g  
cross  s e c t i o n  

Test  f l a g  f o r  p r i n t i n g ,  punching, and group 
averaging i n e l a s t i c  s c a t t e r i n g  cross  s e c t i o n s  

LPIN 

Tes t  f l a g  f o r  processing t o t a l  s c a t t e r i n g  
cross  sec t ions  

LSCAT 

Test  f l a g  f o r  p r i n t i n g ,  punching, and group 
averaging t o t a l  s c a t t e r i n g  cross  s e c t i o n s  

LPSC 

Test  f l a g  f o r  computing and normalizing 
thermal s c a t t e r i n g  matr ices  

LTSL 

LPTSL Test  f l a g  f o r  p r i n t i n g  and punching thermal 
s c a t t e r i n g  matr ices  

Test  f l a g  i n d i c a t i n g  whether t o  read new energy 
mesh o r  use old mesh (0 - yes;  I - no) 

LMESH 

Value of v a t  E = 0.0 from Sect ion  452 of  
F i l e  1 

Not used LSTRP 

LBND Test  f l a g  i n d i c a t i n g  only t h e  bound p r i n c i p a l  
s c a t t e r e r  i s  t o  be ca l cu la t ed  from S(a,f3) d a t a  

Test  f l a g  i n d i c a t i n g  s h o r t  c o l l i s i o n  t i m e  
approximation t o  S(a,B) i s  used (0 - no; 
1 - yes) 

E f fec t ive  temperature (OK) t o  be used i n  shor t  
c o l l i s i o n  time equat ions 

TEFF 

LRP Tes t  flag showing presence of reso lved  reso- 
nance parameters f o r  a  ma te r i a l  (0 - no; 
1 - yes) 

Test  f l a g  i n d i c a t i n g  s c a t t e r i n g  should be com- 
puted from resonance formula (0 - no; 
1 - yes) 

LRSCT 

DUMC (31) 

BLOCK4 

Not used 

Number o f  energy groups i n  mesh 

C h a r a c t e r i s t i c  energy of  each group (ev) 

NEG 

E (200) 



W (200) 

IENX 

BLgCK5 

Z A 

AWR 

L1H 

L2H 

N I H  

N2H 

NBT (100) 

INT (100) 

X(4000) 

XRC (200) 

XRF (200) 

XRS (200) 

XSE (200,6) 

Lower boundary energy of  each group (ev) 

C h a r a c t e r i s t i c  reduced ve loc i ty  of each 
group (m/sec) 

Lower boundary reduced v e l o c i t y  f o r  each 
group (m/sec) 

I n t e g r a t i o n  weight f o r  each group 

Number of  poin ts  i n  i n t e r n a l  energy mesh 

ENDF/B ZA des ignat ion  f o r  mater ia l  

Atomic mass r a t i o  of  mater ia l  t o  neutron mass 

Tes t  f l a g  L1 i n  ENDF/B record  

Tes t  flag L2 i n  ENDF/B record  

Tes t  f l a g  N 1  i n  ENDF/B record  

Tes t  f l a g  N2 i n  ENDF/B record 

In t e rpo la t ion  breakpoint  t a b l e  i n  ENDF/B 
record 

In t e rpo la t ion  code t a b l e  i n  ENDF/B record 

Independent v a r i a b l e  t a b l e  i n  ENDF/B t a b u l a r  
record 

Dependent v a r i a b l e  t a b l e  i n  ENDF/B t a b u l a r  
record 

ENDF/B LIST record t a b l e  

Absorption cross  s e c t i o n  f o r  each group 
(barns) 

F iss ion  cross  s e c t i o n  f o r  each group (barns)  

Tota l  c ross  sec t ions  f o r  each group (barns) 

Transport c ros s  s e c t i o n s  f o r  each group 
(barns) 

Resonance con t r ibu t ion  t o  capture  c ross  
s e c t i o n  f o r  each group (barns) 

Resonance con t r ibu t ion  t o  f i s s i o n  c r o s s  
s e c t i o n  f o r  each group (barns 

Resonance con t r ibu t ion  t o  e l a s t i c  s c a t t e r i n g  
c ross  s e c t i o n  f o r  each group (barns) 

E l a s t i c  s c a t t e r i n g  c ross  s e c t i o n  f o r  each 
group and Legendre order  (barns/ev) 



XSI (200,6) I n e l a s t i c  s c a t t e r i n g  c ross  sec t ion  f o r  each 
group and Legendre order  (barns /ev) 

XSS(200,6) Total  s c a t t e r i n g  cross  s e c t i o n  f o r  each group 
and Legendre order  (barns/ev) 

BLOCK2 - Normal 

TSA(2000) Temporary s torage  

TSB (200 $ 5 )  Temporary s torage  

TSC (1000) Temporary s torage  

TSD (1 000) Temporary s torage  

TSE (2500) Temporary s torage 

TSA(2000) Temporary s to rage  

TSB(200,5) Temporary s to rage  

TSA (1 000) Temporary s to rage  

TSB (1000) Temporary s to rage  

TSC (1000) Temporary s to rage  

TSD (1 000) Temporary s to rage  

XSEC (1000) Cross s e c t i o n  on i n t e r n a l  energy mesh (barns) 

EN (1 000) Energies of  i n t e r n a l  energy mesh (ev) 

TMP(1000,5] Legendre c ross  s e c t i o n  on i n t e r n a l  energy 
mesh (!t = 1, . . . , 5) 

TM(400) Transformation matrix from CM t o  LAB ( cen te r  
of  mass t o  labora tory  coordina te  systems) 
f o r  Legendre c o e f f i c i e n t s  

BS(1O) Temporary s to rage  of Legendre coe f f i c i en t s '  

6.2 FILE 1 PROCESSING 

Subroutine PRgF1 processes d a t a  from F i l e  1 o f  t h e  ENDF/B 
tape .  These c o n s i s t  of documentation (451), neutron y i e l d / f i s s i o n  
(452), r ad ioac t ive  decay d a t a  (4531, and f i s s i o n  product y i e l d  
d a t a  (454). For a l l  of t h e s e  r eac t ions  except neutron y i e l d /  
f i s s i o n ,  t h e  only  ope ra t ion  i s  t o  p r i n t  t h e  information and/or 
punch cards f o r  input  t o  another  program. Documentation (451) i s  



always p r i n t e d ,  and t e s t  numbers a r e  s p e c i f i e d  f o r  decay d a t a  
(453) and f i s s i o n  y i e l d  da ta  (454) t o  determine what i s  done. 

The t o t a l  neut rons / f i ss ion  (452) may be spec i f i ed  by one of 
two rep resen ta t ions  on t h e  ENDF/B tape.  E i the r  a  s e r i e s  expansion 
of t he  form 

o r  as  a  t a b u l a r  a r ray  of v ( E )  versus E.  FLANGE I1 eva lua te s  the  
thermal v a s  t h a t  value t h a t  occurs a t  E = 0. This corresponds 
t o  C o  i n  t h e  above expansion o r  t h e  value of v ( E )  t h a t  occurs  at  
t h e  lowest energy i n  a  t abu la t ion .  

6.3 F I L E  2 PROCESSING 

Thermal c ross  sec t ions  a r e  o f t en  represented by reso lved  
resonance parameters r a t h e r  than as t a b u l a r  c ross  sec t ions .  This 
method i s  economical i n  terms of  t h e  volume of numbers r equ i red  
t o  r ep resen t  a  c ross  sec t ion .  Subroutine PRgF2 c a l c u l a t e s  t h e  
con t r ibu t ions  t o  capture ,  f i s s i o n ,  and 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  from resolved resonances. This ca l cu la t ion  i s  r e s t r i c t e d  
t o  s i n g l e  l e v e l  Breit-Wigner resonance parameters,  and may conta in  
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  term. A l l  c ros s  sec t ions  produced a r e  
i n f i n i t e l y  d i l u t e  and contain Doppler broadening f o r  t h e  s p e c i f i e d  
temperature. 

The method used i s  t o  generate  t h e  c ross  sec t ions  on t h e  
i n t e r n a l  energy mesh described i n  Sec t ion  6 .1 .1  using t h e  equa- 
t i o n s  i n  Sec t ion  6.3.1.  The r e s u l t i n g  c ross  sec t ions  a r e  i n t e r -  
pola ted  o r  group averaged, as  s p e c i f i e d  by t e s t  f l a g s ,  and added 
t o  t h e  capture ,  f i s s i o n ,  and e l a s t i c  s c a t t e r i n g  cross  s e c t i o n s  
as  spec i f i ed .  The s c a t t e r i n g  component may be ca l cu la t ed  under 
one of  two assumptions spec i f i ed  by t e s t  f l a g  LRSCT. 

a The s c a t t e r i n g  i s  represented by i t s  p o t e n t i a l  
s c a t t e r i n g  cross  s e c t i o n  which i s  t h e  normal case  
f o r  heavy i so topes  (LRSCT = 0 ) .  

The s c a t t e r i n g  i s  represented by t h e  c ross  s e c t i o n s  
ca l cu la t ed  from t h e  resonance formulas which is more 
normal f o r  l i g h t  i so topes  (LRSCT + 0 ) .  

The s c a t t e r i n g  cross  s e c t i o n  on t h e  i n t e r n a l  mesh i s  w r i t t e n  
t o  s c r a t c h  tape NSTA f o r  t r a n s f e r  t o  F i l e  4. I t  i s  i d e n t i f i e d  by 
a negat ive  reac t ion- type  number t o  i n d i c a t e  it i s  t o  be added t o  
the  e l a s t i c  s c a t t e r i n g  c ross  s e c t i o n .  



6.3. I Resonance Formulas Without Doppler Broadening 

The equat ions ' '3  used t o  c a l c u l a t e  c ross  sec t ions  from Bre i t -  
Wigner parameters a t  O"K a r e  those recommended f o r  use  by the 
Resonance Region Subcommittee of t h e  Cross Section Evaluat ion 
Working Group. The cross  sec t ions  f o r  s c a t t e r i n g ,  capture,  and 
f i s s i o n  a r e  given as  follows f o r  a  s i n g l e  l eve l  r ep resen ta t ion .  

A l l  A l l  Number 
J s t a t e s  resonances 

+ - 
R= 0 k 2  k2 ,j=1 1 gJ C r= 1 

r2 C O S ~ @ ~  - 2rnr ( rv+r f r )  s i n 2 $  + 2 (E-E ' )  ~ i n 2 4 ~  
X 

n r  R r 
r 

A l l  A 1  1 A 1  1 
R s t a t e s  J s t a t e s  resonances 

a y ( ~ ) =  C C gJ C Lr 'yx r 
R=O k 2  ~ = 1  r=l (E-E;)~ + ($12 

A l l  A l l  A l l  
R s t a t e s  J s t a t e s  resonances 

IT C Lr rfr 
q E ) =  2 - 1 gJ 

k2  r R=O J r= 1 (E-E;)~  + ( F 1 2  

where 

E = energy a t  which c ross  s e c t i o n  is  evaluated (ev) 

Er = resonance energy (ev) 

I = t a r g e t  nuclear  s p i n  

J = compound nuclear  s p i n  

rnr (  1 Er I )  = neutron width (ev) 



PR = pene t r a t ion  f a c t o r  

Po = P 

a = channel rad ius  (10-l2 cm) = 1 . 2 3 ( ~ ) ' / ~  + 0.8 
10  

A = atomic mass r a t i o  of t a r g e t  nucleus t o  neutron 

r = r (E)  + ryr + rfr 
r n r  

r ~ r  
= r a d i a t i o n  width (ev) 

rfr  
= f i s s i o n  width (ev) 

SR = s h i f t  f a c t o r  

so  = 0 

gk = phase s h i f t  

go = 6 

g1 = 6 - t an- '  8 

g2 = 6 - tan-'  36 
3 - P 2  

6 = k 2  

2 = e f f e c t i v e  s c a t t e r i n g  r ad ius  (10'" cm) 



I f  mul t i level  Breit-Wigner parameters a r e  provided, the  following 
term i s  added t o  the  os(E) t o  include level- level  in ter ference:  

A 1  1 A1 1 A1 1 resonances 
R s t a t e s  J s t a t e s  i n  s t a t e  J 

6.3.2 Resonance Forrnul as w i  t h  Doppl-er Broadening 

The formulas used when a non-zero temperature i s  spec i f i ed  
are t h e  same as used i n  the  M C ~  program.4 These formulas do not 
include the  level- level  terms as  used i n  Section 6.3.1; however, 
t h e  in te r fe rence  term with p o t e n t i a l  s c a t t e r i n g  i s  included. 
The cross  sect ions f o r  sca t t e r ing ,  capture,  and f i s s i o n  a re  given 
as follows. 

A 1  1 
k s t a t e s  f 

A 1  1 A l l  J 
J s t a t e s  resonances. m r O ~ r l )  +g(y)2 1 lz, C ~ ~ ( E ' x )  

A l l  A l l  J 
J s t a t e s  resonances 

A+1 C fiJ 
~ ~ ~ ( 1 ~ ~ 1 )  

+ 4n2 - 
ak o x (S,x3 

J r= 1 

A l l  A 1  1 A l l  J 
JL s t a t e s  J s t a t e s  resonances 



A 1  1 A 1  1 A l l  J 
R s t a t e s  J s t a t e s  resonances 

o f@)  = 1 ( k% c g~ 

R=O J 
C 
r=l 

where 

E = energy a t  which cross sec t ion i s  evaluated (ev) 

Er = resonance energy (ev) 

- - 2J+1 = s t a t i s t i c a l  spin f a c t o r  
g.J 2(21+1) 

I = t a r g e t  nucleus spin  

J = compound nucleus spin  

L r ( I  ErI ) = neutron width (ev) 

( 1 E ) = rad ia t ion  width (ev) 

( E )  = f i s s i o n  width (ev) 

A  = atomic mass r a t i o  of t a r g e t  nucleus t o  neutron mass 

QR = phase s h i f t  

8 0  = B 
= (3 - tan- '  8 

v2 = - tan-'  36 
3 - fi2 



$ = s p i n  dependent s c a t t e r i n g  length (10-l2 cm) 

} = Doppler broadened l i n e  shape funct ions  x(E. ,XI 

I 

/41Er 
A = Doppler width (ev) = - 

\ A  
T = temperature (ev) 

The Doppler l i n e  shape funct ions  a r e  eva lua ted  using t h e  
complex p r o b a b i l i t y  i n t e g r a l  funct ion  w . ~  These q u a n t i t i e s  a r e  
r e l a t e d  through t h e  expressions 

The p r o b a b i l i t y  i n t e g r a l  funct ion  i s  evaluated d i r e c t l y  from 
convergent s e r i e s  and asymptotic expansions given i n  Reference 5. 

6.4 FILE 3 PROCESSING 

Subroutine PRgF3 performs i n t e r p o l a t i o n  o r  group averaging 
of smooth components of c ross  s e c t i o n s  contained i n  ENDF/B F i l e  3 .  
The reac t ions  considered a r e  : 

Reaction Sec t ion  

t 
0 (E,T) t o t a l  

e l  
0 (E,T) e l a s t i c  

o~*(E ,T)  i n e l a s t i c  

f a (E,T) f i s s i o n  

oS (E,T) t o t a l  s c a t t e r i n g  29 

o Y ( ~ , ~ )  (n,yI 102 



A c a l l  i s  made t o  subroutine PRPF3 fo r  each r eac t ion  shown i n  t h e  
t ab le .  PRgF3 f i r s t  examines the  t e s t  f l a g s  t o  determine whether 
t o  process  the  sec t ion ,  then r e tu rns  o r  continues. If  i t  con- 
t i n u e s ,  it f i r s t  searches the  tape f o r  the  required cross  sec t ion .  
If  no t  found, e r r o r  s top  135 occurs. If found, t h e  c ross  s e c t i o n  
is i n t e r p o l a t e d  f o r  t he  co r rec t  temperature. I f  t h e  s p e c i f i e d  
temperature i s  outs ide  the range of t he  d a t a ,  e r r o r  s t o p  102 occurs.  

When t h e  required da ta  a r e  a t t a ined ,  they a r e  s t o r e d  a s  an 
ENDF/B TAB1 record i n  /BLOCKS/ common. The cross  s e c t i o n  may be 
i n t e r p o l a t e d  a t  t h e  c h a r a c t e r i s t i c  energies  of  each group o r  
averaged over  the  energy range of  each group as spec i f i ed  by t h e  
t e s t  f l a g s .  In t e rpo la t ion  i s  performed by subroutine TERPZ, and 
group averaging i s  performed by subroutine ACS. 

If t h e  c ross  s e c t i o n  i s  e l a s t i c ,  i n e l a s t i c ,  o r  t o t a l  s c a t -  
t e r i n g  t h e  c ross  sec t ions  a r e  in t e rpo la t ed  on the  i n t e r n a l  energy 
mesh us ing  subrout ine  TERP2. These cross  sec t ions  a r e  then  
w r i t t e n  t o  tape  NSTA with the  s e c t i o n  number as an i d e n t i f i e r  f o r  
use i n  F i l e  4. 

6.5 FILE 4 PROCESSING 

Subroutine PRgF4 c a l c u l a t e s  Legendre c ross  sec t ions  up t o  
order  Pg using smooth cross  sec t ions  passed t o  i t  from PRQIF2 and 
PRgF3 and angular  d i s t r i b u t i o n  da ta  from F i l e  4 of  t h e  ENDF/B 
tape .  E l a s t i c ,  i n e l a s t i c ,  o r  t o t a l  s c a t t e r i n g  i s  ca l cu la t ed  
depending on t h e  t e s t  f l a g s  spec i f i ed  i n  input .  

When a  s c a t t e r i n g  cross  sec t ion  i s  t o  b e  processed,  t h e  first 
s t e p  i s  t o  loca te  and read t h e  Po order  c ross  s e c t i o n s  t abu la t ed  
on the  i n t e r n a l  energy mesh from tape  NSTA. These t a b u l a t i o n s  
were w r i t t e n  i n  PRpF3.  For e l a s t i c  s c a t t e r i n g ,  a  f u r t h e r  search  
of  t ape  NSTA is  made t o  l o c a t e  poss ib l e  con t r ibu t ions  from reso-  
nance s c a t t e r i n g  which a re  added t o  t h e  smooth c ross  sec t ions  
from PRgF3. The c ross  sec t ions  a r e  s t o r e d  i n  BLgCK2 i n  a r r a y  
XSEC(N) with t h e  corresponding i n t e r n a l  energy mesh i n  BLgCK2 
a r ray  EN (N) . 

The p r o b a b i l i t y  t h a t  a  neutron with energy E and temperature 
T w i l l  s c a t t e r  through an angle whose cosine i s  y f o r  a  p a r t i c u l a r  
s c a t t e r i n g  process i s  given i n  F i l e  4 of t he  ENDF/B tape  a s  e i t h e r  
an expansion i n  Legendre polynomials i n  the  form 



o r  a  t a b u l a r  t a b l e  of p(E,pi ,T) versus p i .  The des i red  Legendre 
c ross  s e c t i o n s  aR(E) a r e  given by 

where o ( E )  i s  t h e  Po cross  sec t ion  and f t ( E )  i s  t h e  Legendre 
c o e f f i c i e n t  of order  R. The d i f f e r e n c t i a l  angular c ross  s e c t i o n  
f o r  s c a t t e r i n g  is  r e l a t e d  t o  aR(E) by 

I n  F i l e  4 of  the.ENDF/B t ape  the  angular d i s t r i b u t i o n  may be 
s p e c i f i e d  i n  e i t h e r  t h e  cen te r  of mass (CM) system o r  t h e  labora-  
t o r y  (LAB) system. The requi red  cross  sec t ions  a r e  f o r  t h e  LAB 
system: hence whenever poss ib l e  a  t ransformation i s  made, o ther -  
wise an e r r o r  s t o p  occurs.  Normally a t ransformation mat r ix  i s  
given f o r  e l e a s t i c  Legendre moments when s p e c i f i e d  i n  t h e  CM sys- 
tem. The LAB moments a r e  r e l a t e d  t o  t h e  CM moments by t h e  
fol lowing equation. 1 

where t h e  ukm a r e  t h e  elements of  t h e  t ransformation mat r ix  and 
a r e  s t o r e d  i n  a r r ay  TM(400) i n  BLgCK2. 

I f  t h e  angular  d i s t r i b u t i o n  is t a b u l a r ,  t h e  Legendre moments 
may be derived by i n t e g r a t i n g  t h e  t a b u l a r  d i s t r i b u t i o n  f o r  a 
s p e c i f i e d  number of  Legendre polynomials. These moments a r e  given 
by 

~ h j s  d e f i n i t i o n  i s  v a l i d  f o r  both t h e  LAB and CM systems. 

PRgF4 w i l l  process  angular  d i s t r i b u t i o n s  i n  e i t h e r  Legendre 
expansion o r  t a b u l a r  form i n  t h e  LAB system. Only t h e  Legendre 
expansion form i s  acceptable  f o r  CM d a t a  and t h e  t ransformat ion  
mat r ix  must be suppl ied .  Any d a t a  no t  meeting t h e s e  r e s t r i c t i o n s  
w i l l  lead t o  an e r r o r  s top .  



A f t e r  t h e  required Po cross  sec t ions  a r e  r e t r i e v e d  from tape  
NSTA the  angular  d i s t r i b u t i o n  a t  t he  f i r s t  energy is  read ,  con- 
ve r t ed  i n t o  LAB system Legendre moments, and s to red .  The calcu- 
l a t i o n  of  t h e  Legendre c ross  sec t ions  i s  arranged so  t h a t  t h e  
angular  d i s t r i b u t i o n  d a t a  a r e  read only once. A t  any time two 
d i s t r i b u t i o n s  corresponding t o  Ehigh and E l o w  a r e  maintained i n  
core .  Legendre moments f o r  each energy on the  i n t e r n a l  mesh 
between Ehigh and E l o w  a r e  obtained by in t e rpo la t ion .  A f t e r  
Legendre c r o s s  sec t ions  a r e  tabula ted  a t  a l l  energy p o i n t s  between 
Ehigh and E l o w  t he  d i s t r i b u t i o n  a t  Elow i s  moved t o  Ehigh and a 
new El,, d i s t r i b u t i o n  i s  read. The process continues u n t i l  
- 
Legendre c r o s s  sec t ions  a r e  obtained f o r  a l l  orders  and a l l  energy 
p o i n t s  on the  i n t e r n a l  mesh. These Legendre c ross  s e c t i o n s  w i l l  
be  a r r a y  TMP(1000,S) i n  BLgCK2 common. 

The Legendre c ross  sec t ions  a r e  now in t e rpo la t ed  o r  group 
averaged as spec i f i ed  by the  t e s t  f l a g s  t o  ob ta in  t h e  f i n a l  c ross  
s e c t i o n s .  

6.6 COMPLETING THE CROSS SECTION SET 

Subroutine PLEAT i s  executed only i f  LINK2 of t h e  code i s  n o t  
executed. I ts  funct ion  i s  t o  complete the  c ross  s e c t i o n s  spec i -  
f i e d  by t h e  t e s t  f l a g s  a s  being derived from o t h e r  c r o s s  sec t ions .  
If LINK2 of t h e  code i s  being executed, a l l  c ros s  s e c t i o n s  corn- 
puted and s to red  i n  BLQCKS common a r e  w r i t t e n  as  tape  NSTA f o r  
t r a n s f e r .  A second subroutine PLEAT2 i n  LINK2 w i l l  t hen  perform 
t h e  opera t ions  necessary t o  complete the  c ross  sec t ions .  

The t e s t  f l a g s  and computing operat ions performed by PLEAT 
a r e  described i n  d e t a i l  i n  Sec t ion  2.4. Any mutually exc lus ive  
s e t  of  t e s t  f l a g s  w i l l  lead t o  an e r r o r  s top .  

Af ter  t h e  opera t ions  necessary t o  complete t h e  c ross  s e c t i o n s  
a r e  performed, PLEAT then p r i n t s  and/or punches a l l  c r o s s  s e c t i o n s  
as ind ica t ed  by t h e  second s e t  of t e s t  f l a g s .  





7. DETAILED DESCRIPTION OF LINK 2 

7.1 OVERALL OPERATION 

Link 2 i s  divided i n t o  th ree  sec t ions  (subroutines PR(dF7, 
PLEATZ, and REKgN). Operation of each sec t ion  i s  descr ibed  below, 
and a flow diagram f o r  PRaF7 i s  given here. 

1 
Read Constants and Read S ( U , B )  f o r  Initialize Loo 6 Interpolat ion + F i r s t  f3 From -w 

Table From Library Tape Over A l l  8 
Library Tape 

t 
I n i t i a l i z e L o o p  ReadS(a .B) for  

Over A l l  E and E '  + Next B From 
Library Tape 

No i b 

From This 8 Panel 

No 

Compute and Store , IS Exact \ Compute Cross 
+ Kernels for Cross Section 5 Section From 

Analytic Terms Wanted? Analytic Terms 

Flow Diagram for PRgF7 

It is assumed t h a t  on en te r ing  Link 2 ,  Link 1 has been 
executed and t h e  r e s u l t i n g  c ross  sec t ions  a r e  s to red  on tape NSTA. 
Link 2 then opera tes  as fol lows:  

PROF7 - The tabula ted  s c a t t e r i n g  law S ( a , B )  i s  read  one f3 
a t  a  t ime from t h e  ENDF/B tape .  Two success ive  f3 
values  form a panel ,  and t h e  s c a t t e r i n g  ke rne l s  
and c ross  sec t ions  a r e  computed f o r  each panel a s  i t  
i s  read i n .  These r e s u l t s  a r e  s t o r e d  i n  t h e  f a s t  



memory if room is available, or dumped onto tape NSTB. 
Analytic terms are also evaluated and added to the 
results from the tabulated S ( a , B ) .  The short collision 
approximation is used to extend the tabular S(a,B) table 
when requested. 

PLEAT2 - If all required cross sections were obtained in Link 1, 
they are read in from tape NSTA and stored for use in 
normalizing the scattering kernels. If the inelastic 
cross section was computed in Link 2 (and not read in 
Link 11, the cross sections are read from tape NSTA 
and the inelastic cross section is added to complete 
the set. The cross sections are then printed, punched, 
and stored for use in normalizing the scattering 
kernels . 

REKgN - The scattering kernels (in the order in which they 
were computed) are brought in from core or tape 
storage, re-ordered, normalized, printed, and punched. 

7.2 STORAGE ALLOCATION 

7.2.1 Storage o f  S(a,B,T) 

The scattering law, S(a,f3,T), is stored on the library tape 
in the following manner. 

1. Heading record giving the test LAT. 

2. Record giving ob and A for the tabulated law, and the constants 
for the analytic laws. 

3. Record giving the number of #3 values given (NBETA) and a table 
telling how to interpolate between values of B. 

4. Record giving pairs of a,S(a,@,T) for the first f3 and the first 
temperature, and a table telling how to interpolate between 
values of a. 

5. Record giving values of S (a, f3,T) for the first f3 and the second 
temperature (same a and interpolation as for the first temper- 
ature). 

6 .  Repeat of Item 5 until all temperatures are given. 

7 .  Repeat of Items 4 and 5 until all temperatures and all f3 are 
given. 

The first three records are read and processed in PRgF7. The 
remaining records are read and processed in REATS. 



The c a l c u l a t i o n  i s  arranged so  t h a t  t he  S(a,f3,T) i s  read  
from t h e  l i b r a r y  t ape  only once. Since t h e  e n t i r e  array probably 
cannot be f i t  i n t o  core s torage,  only two consecutive va lues  o f  
f3 a r e  s t o r e d  at  one time. The d a t a  f o r  t h e  f i rs t  two va lues  of  
8 a r e  r ead  i n ,  and a l l  computations of kerne ls  and c ross  s e c t i o n s  
t h a t  involve  t h i s  range of B a r e  done. The da ta  f o r  t h e  high 
value of  B a r e  then moved t o  t h e  a rea  used t o  s t o r e  d a t a  f o r  t h e  
low value of  B ,  and a new s e t  of  d a t a  f o r  t h e  next  f3 a r e  read  
from t h e  l i b r a r y .  The computations involving t h i s  f3 range a r e  
done, and t h e  process i s  repeated u n t i l  a l l  f3 have been processed. 
This l o g i c  i s  contained i n  PRgF7. 

Consider the  s t eps  involved i n  reading t h e  d a t a  f o r  one B 
from t h e  l i b r a r y .  Since t h e  a mesh f o r  one value of  f3 may be 
d i f f e r e n t  from t h e  a mesh f o r  another value of f3, it i s  convenient 
t o  eva lua te  t h e  s c a t t e r i n g  law on a s ing le  a mesh f o r  a l l  6. This  
common a mesh i s  c a l l e d  t h e  "fine" a mesh and i s  computed i n  t h e  
following manner. Let IALX (= 300) be t h e  number of  p o i n t s  i n  t h e  
l l f ine t '  a mesh, and p, (= 1.03) be an expansion r a t i o .  Denote t h e  
"f ine" a mesh by ai. 

The a, is  se l ec t ed  by requi r ing  t h a t  ~ I A L X  < hax, where 
gax = 4Em,/AT, and Emax i s  t h e  l a r g e s t  energy i n  t h e  input  
energy mesh. Then 

For Emax = 1 ev, kT = 0.025 ev, A  = 1, p, = 1.03, and IALX = 300, 
then %ax = 160, and a. = 0.024. 

Let BH and BL denote t h e  high and low values  of f3 contained 
i n  s torage.  Define 

where T denotes t h e  input  temperature. 



The f i r s t  s t e p  i n  subroutine REATS i s  t o  move SB-tSA, ASWASA, 
and B ~ B L .  The next s t e p  is t o  read a record conta in ing  t h e  new 
B = BH, p a i r s  of  [%,S(%,B,T)], and a t a b l e  f o r  i n t e r p o l a t i n g  
between t h e  %. The an i s  t h e  a mesh contained on t h e  l i b r a r y  
t ape  of  t h i s  8 .  These d a t a  a r e  s to red  i n  

The temperature used t o  de f ine  a and f3 on t h e  l i b r a r y  t ape  
may have been t h e  ac tua l  temperature (LAT = 0) o r  a constant  
equal t o  0.0253 ev. (LAT = 1) .  I f  t h e  l a t t e r ,  t h e  f3 and a, a r e  
sca l ed  by t h e  f a c t o r  0.0253/kT t o  achieve t h e  proper  f3 and an a t  
temperature T. 

The S (a,, B,T) a r e  now in t e rpo la t ed  on the  l l f ine ' l  cr mesh and 
s to red  i n  a r r a y  TSD(I,4) and T4 i s  set equal t o  T. Because t h e  
a, mesh i n  TSA(N) f o r  a temperature T may not span t h e  same range 
a s  t h e  llfine" a mesh, t h e  opt ion  i s  a v a i l a b l e  t o  use  t h e  shor t  
c o l l i s i o n  approximation t o  supply t h e  add i t iona l  non-zero 
S (ai,  6.T) va lues  on the  llfinel '  a mesh. I f  t h e  s h o r t  c o l l i s i o n  
approximation i s  not used, then l t f ine l l  a mesh i n t e r p o l a t i o n  i s  
performed by subroutine TERP2. If t h e  shor t  c o l  l i s i o n  approximation 
i s  used,  t he  e f f e c t i v e  temperature f o r  t h e  s h o r t  c o l l i s i o n  approxi- 
mation equat ion 

i s  supplied,  and t h e  i n t e r p o l a t i o n  i s  performed by subroutine 
TERP3. The values i n  TSD(I,4) a r e  t e s t e d  and s e t  t o  va lues  
> L O  x 

Temperature T4 i s  now compared t o  t h e  requested temperature. 
I f  equal ,  t h e  values of S(ai,f3,T) s t o r e d  i n  TSD(I,4) a r e  s to red  
i n  SB(1) and t h e  na tu ra l  log i n  ASB(1). I f  t h e  requested 
temperature i s  g rea t e r  than T4, t h e  values i n  t h e  TSD(1,K) a r r a y  
a r e  a l l  moved back one pos i t i on ,  and t h e  temperature i s  s to red  
backwards a s  

TSD ( I ,  1 )  = TSD(I,2) T1 = T2 

TSD ( I ,  2 )  = TSD(I,3) T2 = T3 

TSD ( I ,3)  = TSD ( I ,4 )  T3 = T4 



A new set of S(%,B,T) are now read into TSB(N] at a new 
temperature T. T4 is set to T and the a, mesh is corrected for 
the new temperature as a, = anT3/T4. The S(an,B,T) are again 
interpolated on the "fine" a mesh as described above. The process 
is continued until four sets of S(ai,B,T) are stored in array 
TSD ( 1 , K )  corresponding to four temperatures T1 through T4. If 
possible, the requested temperature is made to be in the range 
T2 < T < T3. If T equals any of the four temperatures, it is 
accepted as interpolated and stored in SB(1) as described above. 

A four-point Lagrangian interpolation is now performed to 
obtain the S (ai, 6, T) required according to 

where 

If only three temperatures are available in the data, a three- 
point Lagrangian interpolation is used according to 

SB(1) = Ap TSD (I ,2) + Ag TSD (I ,3) + A4 TSD(I,4) 

where 

If only two temperatures are available in the data, the 
standard two-point interpolation codes are used with subroutine 
TERP1. 

The final step is to store the natural log of SB(1) in array 
ASB (I). 

The method of interpolation described here is designed to 
provide as exact a method of temperature interpolation as is 
possible over the entire range of values of S(a,B,T). Generally 
as 6 becomes large (>lo) the S (a,B,T) changes with temperature 
by factors as large as 100/"K while simultaneously becoming 



smaller in magnitude. At some value of f3 the entire inter- 
polation scheme will break down due to the large-scale factors 
on temperature. This effect is computer dependent and typically 
occurs between f3 values of 30 to 40. Once such a limit is reached 
it is no longer possible to generate accurate S(a,f3) tables at 
intermediate temperatures between the tabulated temperatures. 
This restriction does not, however, apply to the temperatures at 
which the S(a,f3) are tabulated since no interpolation is done 
beyond transforming to the I1finel1 a mesh. A method of circum- 
venting the restrictions produced by these interpolation errors 
is described in Section 8. 

7.2.2 Cross Sect ion Storage 

Manipulation of cross sections is done by subroutine 
PLEAT2. Cross sections processed by Link 1 are stored on tape 
NSTA. These are read into the storage block SBB, completed, 
printed, punched, and the appropriate cross section for the 
normalization of the kernels is computed and stored. The 
completing, printing, and punching are identical to that 
described previously for Link 1. 

This process occurs following the computation of the kernels 
and inelastic cross sections in PROF7, and prior to reorganization 
of the kernels in REKON. The exact inelastic cross section is 
obtained from Files 3 and 4 of the library tape or computed from 
S (a,$). It is stored in XSI (N, L) . An approximate cross section 
is computed during the computation of the kernels. 

NEG 
F 

where W j  is the integration weight for the jth group. This 
approximate cross section is stored in XINA(N,L). The test 
LTSL is used to indicate how the kernels are to be normalized. 
The array XINE(N,L) is to be set up with the cross section 
wanted to normalize the kernels. 

LTSL = 3 No renormalization desired 
X I N E  (N, L) = XINA (N, L) 

LTSL = 4 Normalize to the inelastic cross section 
XINE (N, L) = XSI (N, L) 

LTSL = 5 Normalize to the total (Elastic + inelastic) 
cross section XINE (N,L) = XSS(N,L) 



When t h e  ordered kerne l  i s  s e t  up by REKgN, t h e  diagonal element 
w i l l  be changed by adding. 

7.2.3 Storage o f  the Scattering Kernel 

Allowance is made f o r  a  l a rge  input  energy mesh (<ZOO p o i n t s ) .  
A s i n g l e  kerne l  might r e q u i r e  20,100 e n t r i e s ,  and s i x  Legendre 
components might r equ i re  120,600 e n t r i e s .  A f a s t  and e f f i c i e n t  
method is  needed t o  t r a n s f e r  da t a  between f a s t  core s to rage  and 
bulk s to rage .  Two one-dimensional a r r ays  (SBA and SBB) a r e  used 
f o r  t h i s  purpose, and subroutine STgRK handles a l l  t r a n s f e r s  
between core  s torage  and tape.  

I f  NEG i s  t h e  number of energy groups, a f u l l  kerne l  r e q u i r e s  
NEG*NEG s to rage  loca t ions .  Because of t h e  d e t a i l e d  balance 
condit ion,  only t h e  upper ha l f  matr ix (downscattering p l u s  
diagonal  terms) i s  requi red ,  o r  NEG*(NEG+1)/2 s to rage  loca t ions .  

Since t h e  kerne ls  a r e  ca l cu la t ed  i n  t h e  order  of i nc reas ing  
f3 and s i n c e  a l l  of t h e  d a t a  may not  be contained i n  f a s t  co re  
s to rage ,  t h e  da ta  a r e  co l l ec t ed  and s tored  i n  a r r a y  SBA a s  t h e  
d a t a  a r e  ca lcula ted .  I f  LX i s  t h e  maximum Legendre o rde r ,  and 
LXPg = L X + l ,  t hen  LXPg loca t ions  are needed f o r  each term of t he  
kerne l .  Let I denote t h e  i n i t i a l  energy group, J denote t h e  f i n a l  
energy group, and S(L) denote t h e  kerne l .  Combine t h e  I and J 
i n t o  C = 1000J+I. The s t r i n g  of numbers 

i s  s to red  sequen t i a l ly  i n  SBA(K) .  Since t h e r e  are LXP@+l numbers 
i n  t h e  s t r i n g ,  K is incremented by LXP@+l a f t e r  s to rage  of t h e  
s t r i n g .  SBA i s  p resen t ly  dimensioned f o r  4623 loca t ions .  The 
following t a b l e  g ives  t h e  l a r g e s t  va lue  of NEG which can be held 
i n  'SBA. 

Max Number of Max 
LX LXPO+l (1 ,J)  E n t r i e s  NEG - - 



I f  t h e  a c t u a l  NEG does not exceed t h e  va lues  given i n  t h e  above 
t a b l e ,  a l l  kerne ls  can be contained i n  f a s t  core s to rage  and tapes  
a r e  not used. 

If NEG exceeds t h e  values given i n  t h e  t a b l e ,  t h e  a r r a y  SBA 
w i l l  au tomat ica l ly  be dumped onto tape  NSTB whenever t h e  a r r a y  is  
f u l l .  Thus, i f  LX = 5, and NEG = 200 ( the  maximum problem), 
120,600 e n t r i e s  a r e  required which would use 26 f u l l  a r r a y s  and 
1 p a r t i a l  a r r ay .  27 blocks would be dumped on tape  NSTB, and end- 
o f - f i l e  w r i t t e n ,  and t h e  tape rewound. 

Frequently,  many off-diagonal  terms a r e  very small and can be 
ignored. A c r i t e r i o n  EPSK (= l o m 8 )  i s  used t o  r e j e c t  t h e s e  terms. 
This  r e j e c t i o n  i s  done i n  STORK and all Legendre components must 
be l e s s  than  EPSK f o r  t h e  terms t o  be r e j e c t e d .  

Next t h e  ke rne l s  a r e  brought back i n t o  core s to rage ,  properly 
ordered,  normalized, p r in t ed ,  and punched. These ope ra t ions  a r e  
done i n  subroutine REKgN which uses  STgRK t o  f e t ch  numbers from 
t a p e  o r  co re  s torage .  The proper ly  ordered kernel  i s  contained 
i n  a r r a y  SBB which i s  dimensioned a t  5151. Only one Legendre 
moment kerne l  i s  s to red  i n  SBB a t  one time. The kerne l  is  a two- 
dimensional a r ray ,  and, SBB is a one-dimensional a r r ay .  Consider 
the fol lowing diagram ( i l l u s t r a t e d  f o r  NEG = 7) .  

I ( I n i t i a l  Group) 

Each poin t  shown above r ep resen t s  an element of t h e  ke rne l  which 
i s  s tored .  Let K denote t h e  l o c a t i o n  i n  a r r a y  SBB. The number 
by each poin t  i s  t h i s  va lue  of K. The number of  e n t r i e s  up t o  



and inc luding  column I  is  1 / 2 [ I ( I + l ) ] ,  and t h e  number of  e n t r i e s  
between and including columns I A  and IB i s  

If NEG ,< 101, 1/2[NEG(NEG+l)] .( 5151, and t h e  e n t i r e  kerne l  w i l l  
f i t  i n t o  SBB. I f  NEG > 101, severa l  passes a r e  made. For example, 
suppose NEG = 200. Four passes are required:  

Pass I A  IB KX (Storage Used) 

The loca t ion  K f o r  a  p a r t i c u l a r  combination 1,J i s  given by 

Thus, I = 127, J = 53 would r e q u i r e  Pass 2 ,  I A  = 102, and 
K = 2903. 

The ca l cu la t ion  proceeds i n  t h e  following manner. The e n t i r e  
t ape  NSTB i s  read ,  block by block, i n t o  SBA. The Po components 
a r e  ex t r ac t ed  and s tored  in SBB. I f  NEG 6 101, t h e  e n t i r e  kerne l  
w i l l  f i t  i n t o  SBB. I f  NEG > 101, only t h e  terms f o r  1 4  101 a r e  
s to red .  The contents  of SBB a r e  normalized, p r i n t e d ,  and punched, 
and t a p e  NSTB i s  rewound. I f  NEG > 101, t h e  tape  i s  again  r ead ,  
and t h e  P components f o r  102 4 I 4 143 a r e  s.tored i n  SBB. These 
a r e  normahzed, p r in t ed ,  punched, and NSTB i s  rewound. This  i s  
repea ted  u n t i l  t h e  e n t i r e  Po kernel  has been processed. The 
e n t i r e  opera t ion  i s  repeated f o r  t h e  P I  component, and so  f o r t h .  
The fol lowing t a b l e  gives t h e  number of times t ape  NSTB w i l l  be 
read.  

Range of Maximum Legendre Component Requested 
NEG - p o p 1 ~ & ~ ~  



7.2.4 Common Storage 

Labeled common storage i s  used and designated by B L g C K l ,  
BLOCK2, . . . , BLgCKS. BLgCK1, BLgCK3, and BLgCK4 a re  the  same a s  
i n  Link 1. 

TSA (1 000) Temporary storage 

TSB (1000) Temporary storage 

TSD (300,4) Temporary storage 

BLOCK 5 

BETL 

BETH 

EPSK 

LAT 

AMASS 

SIGB 

IALX 

BL, the  lower 6 value of the  two cur ren t ly  i n  
storage (see PRgF7, REATS) 

BH, the  higher fi value of the  two cur ren t ly  i n  
storage (see PRaF7, REATS) 

Test (=lo- ' )  used t o  r e j e c t  terms i n  t h e  kernels  
(see Section 7.2.3) 

Test indica t ing whether t h e  ac tua l  temperature 
(LAT = 0) or  the  value 0.0253 ev (LAT = 1) was 
used on the  l i b r a r y  tape t o  def ine  a and 6 

A, the  mass r a t i o  used t o  compute a f o r  a  
tabulated sca t t e r ing  law 

$, the  bound atom cross  sec t ion (barns) used 
with the tabulated s c a t t e r i n g  law. I f  ab = 0,  
no t abu la t ion  is  given, only ana ly t i c  terms are 
given. 

= 300, the  number of a used f o r  the  f i n e  a mesh. 
This should correspond t o  the  dimensions of ALP, 
SA, ASA, SB, ASB. 

RH@ p,, the  expansion r a t i o  (= 1.03) f o r  t h e  f i n e  a 
mesh (see 7 . 2 . 3 )  

ARH@ In  p o ,  (see 7 . 2 . 3 )  

ALPH(b a,, f i r s t  a value i n  t h e  f i n e  a mesh (see 7 . 2 . 3 )  

XINE(200,6) XINE(N,L) t h e  exact i n e l a s t i c  s c a t t e r i n g  cross  
sec t ion J " ( E ~ ) ,  L = %+I, computed from S (a, B) 
(see PRgFBI) 

7-10 



XINA(200,6) XINA(N,L), an approximate i n e l a s t i c  s c a t t e r i n g  
c ross  sec t ion  a*(E ), L = R + 1 ,  computed from t h e  !I N 
ca lcula ted  kernel  (see 7.2.2 and PRgF7) 

KMXA , = 4623, t h e  length of a r r ay  SBA 

KMXB = 5151, t h e  length of a r r a y  SBB 

SBA (4623) Storage block (see 7.2.3) 

SBB(5151) Storage block (see 7 . 2 . 3 )  

ALP (300) ALP (I)  conta ins  ai (see 7.2.1) 

SA (300) SA (I)  contains S ( a i  , $L) (see 7.2.1) 

ASA (300) ASA (I) contains i n  S ( a i ,  BL) (see 7.2.1) 

SB (300) SB(1) contains S(ai,BH) (see 7.2.1) 

ASB (300) ASB(1) contains In S ( a i ,  BH) (see 7.2.1) 

SBC (200,6) SBC(N,L), t h e  i n e l a s t i c  s c a t t e r i n g  ke rne l  
o g ( E ~  + EN+BL); L = &+I, used i n  t h e  c a l c u l a t i o n  
of the  i n e l a s t i c  c ross  sec t ion  (see FEINT) 

SBD (200,6) SBD (N,  L) , t h e  i n e l a s t i c  s c a t t e r i n g  ke rne l  
 EN + EN-BL), L = &+I,  used i n  t h e  c a l c u l a t i o n  
of t h e  i n e l a s t i c  c ross  sec t ion  (see FEINT) 

XSE(200,6) 

XSI (200,6) 

XSS (200,6) 

XA (200) 

XF (200) 

Cross sec t ions  computed and defined i n  Link 1 
which a r e  t ransmi t ted  from Link 1 t o  Link 2 v i a  

* tape NSTA. See Sect ion 6 f o r  t h e i r  d e f i n i t i o n  
and PLEAT2 f o r  t h e  way they  a r e  used i n  Link 2. 

XT (200) 

XTR (200) J 



Many of  these arrays are equivalent t o  SBB. The following 
t a b l e  summarizes t h i s  equivalence. 

S B B ( 1 )  = ALP = XA 

S B B ( 3 0 1 )  = SA = XF 

S B B ( 6 0 1 )  = ASA = XT 

SBB(9Ol) = SB = XTR 

S B B ( 1 2 0 1 )  = ASB 

S B B ( 1 5 0 1 )  = SBC = XSE 

S B B ( 2 7 0 1 )  = SBD = XSI 

S B B ( 3 9 0 1 )  = = XSS 

7.3 CALCULATION OF THE SCATTERING KERNELS 

7.3.1 General Method 

The scattering kernels  a re  ca l cu la t ed  from 

This equation is r e w r i t t e n  so  t h a t  the  i n t e g r a t i o n  i s  over 
a ins tead  of p. 

PQ(p) i s  expanded i n  powers of a. 



The f i n a l  expression fo r  the kernel is then 

7.3.2 C o e f f i c i e n t s  WRn 

The c o e f f i c i e n t s  WRn can be obtained s t ra ight forward  by 
expanding PQ(p) i n  a power s e r i e s .  

R The a s a t i s f y  t h e  recurs ion  formulas k 



R The ak f o r  II < 5 are given in the following table:  

Next use the binomial expansion to' obtain 

k k k m-k m-k 
(Y~-Y,~) = 1 (,)yo (-Y,) (3 

Change index and insert 



R The b . .  for R 4 5 a r e  given i n  t h e  following t a b l e :  
Jn 

7 . 3 . 3  Tabulated S(a,B) 

The method of ca l cu la t ing  the  a moments i s  d iscussed  i n  
d e t a i l .  The r ep resen ta t ion  of S(a,B) i s  given i n  t h i s  s e c t i o n  
f o r  a  t abu la t ed  funct ion  and i n  Sec t ion  7 . 3 . 4  f o r  an a n a l y t i c  
funct ion .  

Assume t h a t  S(a,B) f o r  twa consecutive va lues  of f3 a r e  i n  
s torage .  Denote the  lower value of  6 by BL, and t h e  upper by 

BH. Also given a r e  i n i t i a l  and f i n a l  energ ies ,  E f  and E ,  such 
t h a t  $  = I E '  - El/kT l i e s  between BL and f 3 ~ .  For both t h e  upper 
and lower va lues  of f3, t h e  s c a t t e r i n g  law S(a,f3) and y = ln[S(a,B)]  
a r e  evaluated on an a mesh defined by 



i-1 
ai = CLOP, Y 1 ,< i ,< IALX 

where po ,  and IALX a re  p rese t  constants .  If Emax i s  t h e  largest 
energy i n  t h e  input  and A i s  t h e  mass used t o  def ine  a, then a, 
i s  computed from 

a = 4 E  
IALX- 1 

max /AkT < aIALX = a o p o  rnax 

If Em, = 1 ev,  kT = 0.025 ev, IALX = 300, p, = 1.03 and A = 1, 
t h e n  haX = 160 and a. = 0.024. 

The upper and lower in t eg ra t ion  limits a r e  computed from 

A low index, I L ,  i s  computed from 

so  t h a t  a 1 ~  4 c u ~  < A value  I L  = 0 impl ies  t h a t  a~ < a,. 

Simi lar ly ,  a high index i s  computed from 

I H  = Smaller of  [IALX-1, 1 + l n ( a H / a o ) / l n ( p o ) ]  

so t h a t  4 UH < U I H + ~ ,  but does not  f a l l  ou t s ide  t h e  t a b l e .  

F ina l ly  t h e  va lues  of  S(a,B) fo r  ~ I L  ,< a 4 a1~+1 and f o r  t h e  
s p e c i f i c  B a r e  obtained by i n t e r p o l a t i o n  between the va lues  given 
a t  BL and BH. Let ICgDE denote t h e  i n t e r p o l a t i o n  code. 



I f  I C ~ D E  = 3 o r  5, and BL = 0, ICBDE i s  au tomat ica l ly  changed t o  2. 

The equat ions  and log ic  given above a r e  contained i n  subrout ine  
KERC, s ta tements  10-220. 

7.3.4 Analy t ic  S(a,@) 

Analyt ic  formulas f o r  t h e  f r e e  gas o r  d i f f u s i v e  motion laws 
may be used t o  c a l c u l a t e  S (a, 6). The procedure i s  t o  eva lua te  
t h e  formulas on an a mesh so t h a t  the same numerical i n t e g r a t i o n  
procedures can be used a s  a r e  used f o r  t abu la t ed  funct ions .  

Let A t  be t h e  mass assoc ia ted  with t h e  a n a l y t i c  formula. Then 

Define a new lower a mesh l i m i t  

a,' = @/At  

and l e t  

a; = Larger of  @:,aL) 

Define a new a mesh from 

i-1 
af = sip, , 1 4  i ,< IALX 

The a n a l y t i c  formulas a r e  then evaluated on t h i s  mesh. 

1 
S(a, 6 )  = - (Free Gas) 
6 

(Diffusion)  

The equat ions and log ic  given above a r e  contained i n  sub- 
rou t ine  KERA, s ta tements  10-290. 



7.3.5 Short Coll i s i o n  Time Approximat ion t o  S(a,f3) 

I t  i s  sometimes of i n t e r e s t  t o  t r e a t  s c a t t e r i n g  systems 
accounting f o r  s c a t t e r i n g  t o  energ ies  of  3 t o  5 ev. The a n a l y t i c  
formulas of Section 7 . 3 . 4  may be used d i r e c t l y  f o r  t h e s e  cases; 
however, the t abu la r  S(a,B) s c a t t e r e r  r a r e l y  exceeds @ values  
corresponding 1 t o  2 ev energy t r a n s f e r s ;  hence it i s  no t  poss ib l e  
t o  gene ra t e  s c a t t e r i n g  components t o  the  higher  energ ies ,  
Provision i s  made t o  allow t h e  t abu la r  S(a,B) f o r  a  s c a t t e r e r  t o  
be extended t o  l a r g e r  energy t r a n s f e r s  using t h e  shor t  c o l l i s i o n  
time approximat ion. 

The u t i l i z a t i o n  of t h e  s h o r t  c o l l i s i o n  time approximation 
r equ i re s  spec i f i ca t ion  of an e f f e c t i v e  moderator temperature f o r  
t h e  s c a t t e r e r .  This temperature i s  defined by t h e  equat ion 

where f(w) i s  t h e  general ized frequency spectrum, and IRJJ = Eo - E 
i s  t h e  energy gained by t h e  s c a t t e r i n g  system. 

When t h e  e f f e c t i v e  temperature f o r  t h e  s c a t t e r  is  spec i f i ed ,  
t h e  shor t  c o l l i s i o n  time approximation t o  S(a,f3) i s  given by 

A mesh i s  chosen f o r  t h a t  spans t h e  reg ion  between t h e  maximum 
t a b u l a r  6 and t h a t  B value  r equ i red  t o  account f o r  a l l  energy 
t r a n s f e r s  f o r  t h e  input  energy mesh. I f  an e f f e c t i v e  temperature 
f o r  t h e  s c a t t e r e r  i s  not spec i f i ed ,  t h e  S(a,B) is  assumed zero f o r  
a l l  f3 above t h e  maximum tabu la t ed  8 .  

The shor t  c o l l i s i o n  time approximation i s  quite u s e f u l  i n  
extending t h e  range of a  s c a t t e r i n g  kernel  t o  higher  energ ies .  
There a re ,  however, l i m i t a t i o n s  i n  t h e  range of  energ ies  over 
which it may be used. These a r e  computer dependent l i m i t a t i o n s  
r e l a t e d  t o  t h e  number of s i g n i f i c a n t  d i g i t s  a  p a r t i c u l a r  machine 
can ca r ry ,  and t o  t h e  type of i n t e r p o l a t i o n  t h a t  i s  used. 

Examination of t h e  shor t  c o l l i s i o n  time approximation t o  
S (a,@) above shows t h a t  f o r  l a r g e  6  ( Z  200) t h e  amplitude of 
S(a,B) f o r  f ixed  a, T, and Teff is  small .  Fur ther ,  a s  B becomes 



l a r g e r  t h e  S(cc,f3) can change by orders of magnitude f o r  a  
f r a c t i o n a l  change i n  f3. This leads t o  e r ro r s  i n  in terpola t ing 
between t abu la r  s e t s  of S(a,B) a t  BL and ( 3 ~ .  Not only is t h e  
in te rpo la t ion  used important, but f o r  a  given in terpola t ion 
method t h e  machine word signif icance l i m i t s  t h e  accuracy. 
Ultimately these fac tors  l i m i t  t he  energy range over which the  
shor t  c o l l i s i o n  time approximation can be used, the  exact 
l imi ta t ions  being computer dependent. 

The bes t  method for in terpola t ion of the  S(a,f3) t a b l e  
generated a t  high f3 values would be a  three-  o r  four-point 
Lagrangian in terpola t ion s imi lar  t o  tha t  described i n  Section 
7.2.1. However, the  short  c o l l i s i o n  time approximation i s  only 
used t o  extend the  tabular  (a,B) t a b l e  and does not j u s t i f y  the  
more d i f f i c u l t  in terpola t ion t h a t  would'be required t o  use the  
Lagrangian method. Instead an in terpola t ion code of ICgDE = 4 
i s  used a s  described i n  Section 7.3.3 as the  b e t t e r  of the  severa l  
two-point in terpola t ion schemes. This allows the  in tegra t ion  
over a t o  be performed i n  the  same manner a s  f o r  the  tabular  
S (a, 8) ; however, the  accuracy of the  in terpola t ion method places 
an upper l i m i t  on t h e  energy t o  which it may be applied. 

7.3.6 Bas ic  a I n t e g r a t i o n  

The i n t e g r a l  extends from a~ t o  a ~ ,  and s ince  S(a,f3) i s  
tabulated,  t h i s  a range extends over many tabulated po in t s  o r  
panels. In  t h i s  sec t ion in tegra t ion over one panel i s  described,  
and i n  l a t e r  sec t ions  how the r e s u l t s  a r e  t o  be summed over a l l  
panels i s  indicated.  

A schematic of a  typica l  panel i s  given below. 



Let  y = In (S) , and hence y i s  l i n e a r  i n  a in the panel  whose 
end points a r e  ( a 3 , y 3 ) ,  (a4 ,ys) .  The des i red  range of i n t e g r a t i o n  
i s  (al,a2). If this panel  were the starting panel, al = a=, a, = 
a 4 ;  i f  i t  were a f u l l  panel ,  a1 = a3, a2 = as; and if it were t h e  
l a s t  pane l ,  a1 = as, a2 = a ~ .  Let 

and t h e  requi red  i n t e g r a l  becomes 

Let 

Expand 

Neglect t h e  l a s t  term (and higher  terms).  The e r r o r  involved i s  
summarized i n  t h e  fol lowing t a b l e .  

Relative Error 6( l o 5 )  

Since t h e  l i m i t a t i o n s  p < 1 . 0 3  and n < 5 are used i n  the  
code, t h e  accuracy i s  3 . 4  x 1 o W 5 .  

-, Define y = bZx 



Then 

where the approximate expression is accurate to 3.3 x if 
c ,< 0.20. 

Two subroutines are used to calculate G,(c,p). GNCR calculates 
Gn(c,p) from the above formulas and is used to calculate end panels. 
For intermediate panels p = a4 /a3  = p p ,  which is a constant for all 
intermediate panels. Thus, G,(c,p,) is actually a function only if 
c and p, can be tabulated for rapid evaluation. Subroutine GNC sets 
up tables of Gn(c,po) at c '  = +-0.04Ck-I), k = 1, 100. Three-point 
quadratic interpolation is used to obtain intermediate values. The 
combination of three-point quadratic interpolation and Ac = 0.04 
leads to an error less than 3 x (the error is approximately 
1/2 (Ac)". 



7.3.7 Summation o f  the a Moments 

The quantities needed in Section 7.3.1 to calculate the 
kernels are the moments 

where S(a,B) and y = ln[S(a,B)] at fixed f3 are tabulated at the 
points aiw The region between tabulated points is called a "panel.ft 

Formulas for the integrals over one panel were developed in 
Section 7.3.6. These formulas are applied to the panels shown in 
the illustration above. Thus, the summation for all panels is 

The following cases are to be considered. 

Starting Panel (I = IL) 



If I L  = 0, a~ l i e s  below t h e  limits of t h e  t a b l e .  In  t h i s  r eg ion  
k s(a,B) i s  assumed t o  vary  l i k e  a , where k and t h e  cons t an t  o f  

p r o p o r t i o n a l i t y  a r e  determined from t h e  f i r s t  two t a b u l a t e d  p o i n t s .  

where ax i s  t h e  smaller  o f  a, and a ~ .  

In te rmedia te  Panel 

1 
C = T ( Y ~ + ~  - yl)  

End Panel 

The equat ions and l o g i c  descr ibed  above a r e  contained i n  sub rou t ines  
KERC and KERA, s ta tements  300-450. 



7.4 CROSS SECTION CALCULATION 

7.4.1 General Method 

The c ross  sec t ions  a r e  defined by 

The f i n a l  energy i n t e g r a t i o n  mesh i s  determined by t h e  fi mesh 
used t o  t a b u l a t e  S(a,B) and i s  independent of  t h e  input  energy 
mesh. Again, t h e  E space i s  represented  by a d i s c r e t e  s e t  of  
p o i n t s  and t h e  region between p o i n t s  is c a l l e d  a "panel." Three 
d i f f e r e n t  types of panels  a r e  considered. 

7.4.2 Method for Small 6 

The region  near  f3 = 0 con t r ibu te s  most heavi ly  t o  t h e  c ross  
s e c t i o n  and may contain a s i n g u l a r i t y .  Consider t h e  panel bounded 
by BL = 0 and BH for t h e  case where t h e  neutron ga ins  energy 
(upsca t t e r ing ) .  

In t h i s  reg ion  of small 6 t h e  s c a t t e r i n g  law v a r i e s  l i k e  ak ,  
where k : 1 f o r  bound motion, k -1 /2  f o r  gas motion, and 
k - -1 f o r  d i f f u s i v e  motion. The PI1[p) can be expanded i n  powers 
of  a so t h a t  t h e  s c a t t e r i n g  ke rne l  w i l l  con ta in  terms l i k e  



Define a dimensionless v e l o c i t y  x = m. Then 

and t h e  i n t e g r a l  above w i l l  be propor t iona l  t o  

Considering the  p o s s i b l e  values of  k and R, t h e  p o s s i b l e  v a l u e s  o f  
m a r e m = O ,  1, 2 ,  3, .... 

Refer r ing  t o  t h e  above diagram, 1e.t 



L e t  H ( E )  represent  ok(E8-+E) f o r  a f ixed E '  and II, and H1, H2, H3, 
H4 r ep resen t  H(E) a t  t h e  po in t s  X I ,  x 2 ,  x3, XL,. The approximation 
t o  t h e  t r u e  funct ion  i s  

which corresponds t o  t ak ing  m =  0, 1, 2, 3 in t h e  d iscuss ions  
above. The c o e f f i c i e n t s  are se l ec t ed  by f i t t i n g  H(y) t o  t h e  
p o i n t s  H1, H2, H 3 ,  HI+. The r e s u l t s  a r e :  

Next c a l c u l a t e  t h e  i n t e g r a l  over t h e  panel.  

In  t h e  case where t h e  neutron l o s e s  energy (downscattering) r ede f ine  
A = xo - x4 SO t h a t  A and y i s  p o s i t i v e .  The i n t e g r a t i o n  formula 
can again be used by changing t h e  s i g n  of t h e  second term. If 
E'-TkBH < 0, XI+ and H4 a r e  s e t  t o  0. 



7.4.3 Method for Intermediate B 

A second type of in t eg ra t ion  scheme i s  used f o r  in te rmedia te  
values of 6.  Again, consider upsca t te r ing .  

Using t h e  same no ta t ion  as before,  

Assume t h a t  

where t h e  c o e f f i c i e n t s  a r e  obtained by f i t t i n g  H(y) t o  the  p o i n t s  
H1, H2,  and H3. Thus, 



Calculate the integral over the panel.  

In the downscattering case, redefine A = XI-x3 so that A 
and y are positive. The integration formula given above can again 
be used by changing the sign of the second term. If El-kTBL < 0, 
the integral is ignored. If E 1 - k T f 3 ~  < 0, x3 and H3 are set t o  zero. 

7.4.4 Method for Large B 

A t h i r d  type of integration scheme is used for large values  
of 6 .  Again consider upscattering. 



Assume t h a t  

The i n t e g r a l  over t h e  panel i s  given by 

I f  E = (H2 - Hl)/H1 and 1 ~ 1  ,< 0.05, use 

which i s  accura te  t o  3 . 3  x 10e5. 

In t h e  downscattering case ,  reverse  El and E2. If Ez < 0, 
s e t  E2 = 0, assume H(E)  i s  l i n e a r ,  and 

D i f f i c u l t i e s  may a r i s e  with t h i s  t h i r d  type of i n t e g r a t i o n  
scheme s i n c e  Legendre moments may be negat ive.  If both H1 and H2 
are negat ive,  exponential  i n t e g r a t i o n  i s  used wi th  I H~ I and IH2 1 , 
and t h e  answer s e t  negat ive .  If HI and H2 a r e  of  oppos i te  s ign ,  
a l i n e a r  form i s  used. 

The equat ions and l o g i c  descr ibed  i n  t h i s  s e c t i o n  a r e  con- 
t a ined  i n  subroutines FEINT and FEINA. 



7.4.5 Tabulated S(a,p) 

A l l  th ree  of t h e  preceding in t eg ra t ion  formulas a r e  used f o r  
t a b u l a t e d  S ( a , B )  i n  subroutine FEINT. The f3 limits a r e  those 
s p e c i f i e d  i n  t h e  tabula t ion .  The f i r s t  formula ( log + quadra t ic )  
is  used i n  t h e  f i r s t  panel (f3 near  zero) .  The second formula 
(quadra t i c )  i s  used i n  t h e  next t h ree  panels ,  and t h e  l a s t  formula 
(experimental) i s  used i n  t h e  remaining panels ,  I t  would be b e t t e r  
t o  provide  an automatic switch between the  quadra t ic  and 
exponential  formulas, but a s u i t a b l e  switching c r i t e r i o n  has 
ye t  t o  be found. If switching on t h e  value of  @ r a t h e r  than t h e  
panel number i s  des i r ed ,  statement 200 i n  FEINT should be changed. 

Since t h e  tabula ted  s c a t t e r i n g  law may lead t o  s t r u c t u r e  
i n  t h e  kerne l ,  it i s  not s a f e  t o  apply a convergence c r i t e r i o n  
t o  s t o p  t h e  in t eg ra t ion .  Therefore, a l l  panels  s p e c i f i e d  f o r  t h e  
t a b u l a t i o n  a r e  used. 

7.4.6 Analytic S(a.6) 

Only t h e  f i r s t  (log + quadra t ic )  and t h i r d  (exponential)  
i n t e g r a t i o n  formulas a r e  used f o r  a n a l y t i c  s c a t t e r i n g  law i n  sub- 
r o u t i n e  F E I N A  s ince  t h e  behavior i s  nea r ly  exponential  except near  
f3 = 0. The panel limits a r e  se l ec t ed  i n  t h e  fol lowing way, If 
x = m, i t  has been found i n  p r a c t i c e  t h a t  a  Ax = 0.1 i s  a  
reasonable  mesh spacing f o r  i n t e g r a t i n g  a hydrogen gas kerne l .  A 
c h a r a c t e r i s t i c  m u l t i p l i e r  of x i n  the  f r e e  gas kerne l  i s  2fi/(A+1), 
and s t a r t i n g  Ax i s  

where A i s  the  mass assoc ia ted  with t h e  a n a l f l i c  law. This va lue  
i s  used f o r  both f r e e  gas laws and d i f f u s i v e  motion laws, but its 
adequacy f o r  t h e  l a t t e r  case has ye t  t o  be e s t ab l i shed .  

If x r  = m, t h e  l i m i t s  of t h e  f i r s t  panel a r e  then 

x '  4 x 4 xl+Ax (Upscat ter ing)  

x' >, x >, x'-Ax (Downscatter ing)  

and t h e  f i r s t  ( log + quadra t ic )  i n t e g r a t i o n  formula i s  used.  



For t h e  remaining panels ,  the width is  uniformly expanded by 
5%. I f  k i s  t h e  panel number, Axk i s  the  width and xk is t h e  
lower bound, 

The t h i r d  (exponential) i n t e g r a t i o n  formula i s  used f o r  t h e s e  panels .  

Since t h e  a n a l y t i c  funct ions  a r e  monotonically decreasing 
on e i t h e r  s i d e  of t h e  peak a t  $ = 0, a convergence c r i t e r i o n  can 
be s p e c i f i e d  and the  in t eg ra t ion  terminated. Consider f i r s t  t h e  
upsca t t e r ing  p a r t  of t h e  i s o t r o p i c  kernel  which w i l l  be decaying 
exponent ia l ly  f o r  l a rge  6. 

Assume t h a t  t h e  panel shown above i s  t h e  l a s t  ca l cu la t ed  and t h a t  
t h e  cur rent  value of t h e  i n t e g r a l  i s  I ,  I f  

then  t h e  i n t e g r a l  from E2 t o  i n f i n i t y  i s  est imated t o  be 

If I H  /bII  6 and i f  b < 0,  t h e  i n t e g r a l  i s  assumed t o  have 
converged, t h e  quan t i ty  H2/b i s  added t o  t h e  i n t e g r a l ,  and t h e  
i n t e g r a t i o n  terminated. This t e s t  is  not  made u n t i l  t h e  f i f t h  
panel has been done, The i n t e g r a t i o n  i s  a l s o  terminated i f  more 
than  200 panels  a r e  requi red  t o  i n t e g r a t e  t h e  upsca t t e r ing  p a r t .  

The same method i s  appl ied  t o  t h e  downscattering p a r t ,  but 
here  b > 0. 





8. AUXILIARY CODE KERINT 

8.1 INTRODUCTION 

I n  Sec t ion  7.2.1 l imi t a t ions  on the  temperature i n t e r p o l a t i o n  
of S(a,B,T) were described.  These r e s t r i c t i o n s  were based on 
inaccurac ie s  t h a t  a r i s e  i n  temperature in t e rpo la t ion  due t o  
r a p i d l y  changing values of  S(a,@,T) and computer word length .  
General ly these  r e s t r i c t i o n s  allow accura te  i n t e r p o l a t i o n s  a t  any 
temperature only f o r  energy meshes whose maximum energy t r a n s f e r  
i s  <0.85 ev a t  room temperature. An example of such a dependence 
i s  shown i n  t h e  following t a b l e  f o r  moderator H20 (ENDF/B MAT = 
1002). 

Po Total Scat ter ing C ~ o s s  Sec t im  (barns) f o r  
Moderator H 9 0  (MAT = 10021 

Temperature, Energy, ev 
O K  1.0 0.625 0.1 0.025 ---- 

a. A temperature a t  which S(a,@) i s  tabulated. 

Some ma te r i a l s  however have t a b u l a r  S(a,@) d a t a  t h a t  cor -  
respond t o  l a r g e r  energy t r a n s f e r  (r 2 ev) a t  room temperature. 
For these  ma te r i a l s  t h e  temperature i n t e r p o l a t i o n  methods used i n  
FLANGE I1 w i l l  lead t o  s i g n i f i c a n t  e r r o r s  i n  ke rne l s  and c ross  
s e c t i o n s  f o r  energy group with energ ies  >0.85 ev and temperatures 
between t h e  tabula ted  temperature on t h e  ENDF/B tape .  

An a l t e r n a t i v e  method of  obta in ing  kerne ls  a t  intermedi-  
a t e  temperature i s  provided by t h e  code KERINT. The r e s t r i c t i o n s  
on temperature i n t e r p o l a t i o n  do not apply t o  temperatures a t  
which the  S(a,B) a re  tabula ted  on the  ENDF/B tape and it i s  pos- 
s i b l e  t o  generate  kerne ls  with energy t r a n s f e r s  l imi t ed  only  by 
t h e  accuracy t h a t  can be maintained i n  t h e  shor t  c o l l i s i o n  time 
approximation (genera l ly  s 4.0  ev a t  room temperature) . Severa l  
s c a t t e r i n g  ke rne l s  may be generated,  t h e r e f o r e ,  a t  t h e  temperature 
a t  which the S(a,B) i s  t abu la t ed ,  t hen  code KERINT w i l l  i n t e r p o l a t e  



the kernel directly at intermediate temperatures. Two-point and 
three-point temperature interpolations are provided with a choice 
of interpolation methods. 

8.2 TEMPERATURE DEPENDENCE OF CROSS SECTIONS AND 
KERNEL ELEMENTS 

Unlike the S(a,B), the scattering cross sections and kernel 
elements are smooth functions of temperature. A diagram of the 
temperature dependence of the Po scattering cross section for 
molecular H20 (MAT = 1002) as a function of temperature for several 
energies is given below. 
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S i m i l a r l y  a diagram of  the  d i f f e r e n t i a l  s c a t t e r i n g  c ros s  
s e c t i o n  f o r  sca t t e r ing  from 0.625 t o  0.025 ev is shown below as a 
funct ion  o f  Legendre s c a t t e r i n g  order. 

Temperature ( O K )  



From these diagrams it is clear that two-point temperature 
interpolation of the kernels should be sufficient for molecular 
H20. Three-point temperature interp~lat~on is probably better, 
however, for cases where Bragg scattering peaks may shift as a 
function of temperatupe (as is the case for ZrH, Be, BeO, and 
graphite) . 

8 . 3  INTERPOLATION CODES 

Several possible interpolation codes are built into KERINT 
for both two- and three-point temperature interpolations. The 
two-point interpolation codes are described in Section 3.1 and 
summarized below and identified by flag ICODE. 

8.3.1 Two-Point Interpolation Codes 

IC@DE=I GIT) linear in T 

IC@DE=2 Rn[a(T) ] linear in T 

TCflDEz3 a (T) linear in ln(T) 

IC@DE=~ ln[a(T)] linear in ln(T) 

Two three-point interpolation codes are available described 
below and identified by flag ICODE. 



8.3.2 Three-Poi n t  Interpol a t i  on Codes 

14t@DEpS Three-point least squares fit to form a(T)  = Ae BT 

Three-point Lagran ian to polynomial form 
a(T) = A + BT + CT B 

A comparison of the six interpolation codes is made in the 
next table for molecular H20 (MAT = 1002) at E = 0.625 ev and 
T = 320'~. The values may be compared to the exact value of 
47.784 barns shown in the table of Section 8.1. Temperatures at 
which kernels were generated were 296+, 350, and 4 0 0 ~ ~ .  

ICODE 

1 
2 
3 
4 
5 
6 

Correct-Interpolated 
as at 0.625 ev and 320'~ Correct 

47.7647 0.040 
47.7668 0.036 
47.7647 0.040 
47.7668 0.036 
47.7636 0.042 
47.7671 0.035 



8.4 DESCRIPTION OF KERINT 

KERINT contains a main program and four subroutines. The 
main program i s  divided general ly i n t o  three  functions: reading 
and checking input ,  reading and s to r ing  kernels  using one sc ra tch  
tape NSTA i f  required, and in terpola t ing and punching the  i n t e r -  
polated kerne 1. 

8.4.1 Data Set Assignments 

The following data  s e t s  a r e  used and t h e i r  values a r e  stored 
i n  c@M~@N/TAPEs/. Numbers a r e  assigned i n  the  main program. 

N I N  - System input = 5 

NgUT - System output =' 6 

NPUN - System punch = 7 

NTSA - Scratch data  s e t  (disk,  drum, o r  tape) = 3 

8.4.2 Error Stops  

Errors a r e  handled by subroutine ERRflR which p r i n t s  a f u l l  
message. These a r e  t h e  following: 

1. "THE NUMBER O F  INPUT TEMPERATURES IS LE 011 - Check the  input  
cards and speci fy  what temperature kernels  w i l l  be read i n t o  
the  code. 

2. "THE NUMBER OF OUTPUT TEMPERATURES IS  LE 0" - No temperatures 
have been speci f ied  f o r  kernels  t o  be generated. Check input  
cards.  

3 .  "NUMBER OF OUTPUT TEMPERATURES GT 2 0 "  - Kernels may be 
generated a t  only 20 temperatures on output .  

4 .  l f INTERPOLATION CODE LE 0 OR GT 6" - An incorrect  in te rpo la t ion  
code i s  speci f ied  i n  the  input .  

5. "END OF F I L E  OCCURRED ON THE READER BEFORE END OF INPUT" - 
More input  kernels  were expected than were i n  t h e  input  deck. 

6 .  ltKERNELS HAVE INCONSISTENT NUMBERS OF GROUPS" - A kernel was 
read specifying a d i f f e r e n t  number of groups than t h e  previous 
kernels .  

7 .  I1A KERNEL HAS A TEMPERATURE DIFFERENT FROM THE S P E C I F I E D  
TABULATED TEMPERATURES" - A kernel  was read with a temperature 
tha t  did not agree with those speci f ied .  



8.  "TWO TEMPERATURES ARE IDENTICAL" - Two kernels spec i f i ed  .as 
tabula ted  temperatures a re  iden t i ca l .  

8.4.3 Kernel Storage 

Storage of a  kernel f o r  in terpola t ion purposes presents  a  
data  handling problem. FLANGE I1 generates s c a t t e r i n g  kernels  
f o r  emergency meshes up t o  200 points;  however, because it  
generates only the  downscattering p a r t  of the  kernel t h i s  cor- 
responds t o  20,100 t r ans fe r  elements f o r  each Legendre order and 
temperature. For in terpola t ion purposes it i s  des i rab le  t o  s t o r e  
kernels  f o r  a l l  Legendre orders and temperatures simultaneously 
t o  obta in  a l l  desired output temperatures from a s ing le  pass 
through t h e  code. The storage necessary t o  do t h i s  f o r  a 200- 
group energy mesh, P5 Legendre kernels ,  and three-point  tempera- 
t u r e  in te rpo la t ion  i s  361,800 s ing le  precis ion words. This 
amount of f a s t  core storage i s  not avai lable ;  hence a system 
u t i l i z i n g  a s i n g l e  scra tch  da ta  s e t  (NSTA) i s  used. 

A l l  d a t a  a r e  stored i n  a  s ingly  indexed a r ray .  This 
ar ray  gives values of the  i n i t i a l  and f i n a l  energy groups f o r  
which t r a n s f e r  elements are  given. The ar ray  values a r e  define,d 
as 

where I N C I )  i s  the  array value, N I  i s  the  i n i t i a l  group index, 
NF i s  the  f i n a l  group index, and NUMB i s  the  number of a r ray  
values f o r  a given s e t  of t r a n s f e r  matrices.  The maximum value 
of NUMB i s  20,100. 

The t r a n s f e r  elements f o r  a  s e t  of matrices by Legendre 
order and temperature are  s tored i n  pages of da ta ,  each page con- 
t a in ing  a f ixed number of e n t r i e s .  If the  Legendre order spec i f i ed  
i s  LgRD and t h e r e  a r e  NKT temperatures ( = 2 ,  o r  3) a t y p i c a l  en t ry  
i s  diagrammed below. 

I,gRD+l Elemen;s+F~@RD+l Elements *,+LQRD+I Elements 
f o r  TI f o r  T2 f o r  T 3  
Total No, of Elements = NOENT = (LgRD+l) *NKT 



For each ent ry  i n  the IN(I) ar ray  there  w i l l  be a segment o f  
a d a t a  page as  diagrammed above f o r  the  indicated i n i t i a l  t o  
f i n a l  group t r ans fe r s .  These a r e  stored sequent ia l ly  i n  t h e  d a t a  
pages s t a r t i n g  with t h e  f i r s t  en t ry  IN(I) t o  the  l a s t  en t ry ,  
IN(NUMB) each having length NOENT = (L@RD+l) *NKT. Each page o f  
d a t a  can s t o r e  JMAX(= 9600) words of data;  hence, each page can 
s t o r e  NgPP = JMAXINgENT e n t r i e s .  

The procedure t o  s t o r e  the  kernels  then i s  the  following: 
The IN(1) a r ray  and NUMB a re  s e t  t o  zero. NSTA is rewound, data  
page NPAGE i s  s e t  t o  1, and the  page values X(J) a r e  s e t  t o  zero. 
The f i r s t  kernel is read i n  t h e  format t h a t  FLANGE I1 punches. 
A s  each element i s  read,  ar ray  IN(1) i s  checked t o  see i f  t h i s  
t r a n s f e r  element has been read. If i t  has not been read,  a new 
en t ry  i n  I N ( 1 )  i s  crea ted ,  the  appropriate a rea  i s  reserved i n  
X(J), and d a t a  f o r  the  p a r t i c u l a r  t r a n s f e r  element a r e  s to red  by 
temperature and Legendre order.  A s  each d a t a  page i s  f i l l e d  up 
it i s  wr i t t en  t o  NSTA with the  page number attached. The f i rs t  
kernel  must reserve a l l  d a t a  space, and care  must be taken t o  
assure t h a t  new t r a n s f e r  elements do not occur i n  subsequent 
kernels .  

Af ter  the  f i rs t  kernel i s  read NSTA i s  rewound. Each subse- 
quent kernel  element i s  then read, the  appropriate locat ion i n  
t h e  d a t a  pages i s  determined, and da ta  a re  s tored by temperature 
and Legendre order.  The method of location is as follows: 

a Array IN(1) i s  searched u n t i l  the  proper i n i t i a l  and 
f i n a l  energy groups a r e  found. Designate t h i s  value I X .  

The page number on which the  data entry  res ides  i s  de te r -  
mined from IPAGE = IX/N$PP+l where NqPP i s  the  number of 
da ta  entr ies/page . 
The proper page is brought i n t o  core from NSTA. 

The pos i t ion  of t h e  ent ry  on the  page is determined from 
IPT = IX-(IPAGE-1)"NgPP. 

a The f i r s t  word of the  en t ry  on t h e  page i s  determined 
from IWD = (IPT-l)*NqENT+l where NgENT = (L@RD+l)NKT. 

Each kernel  element i s  s tored i n  the  above manner as i t  i s  
read from a card. 



8.5 INPUT/OUTPUT DESCRIPTION 

8.5.1 Inpu t  

The inpu t  t o  KERINT contains 1 t o  4 input  cards p lus  s c a t t e r -  
i n g  ke rne l s  f o r  each Legendre order  and temperature spec i f i ed .  
The r equ i red  da ta  a r e  a s  fol lows.  

Number Columns Format Mnemonic Descript ion 

1 1-10 I10 NKT Number of temperatures a t  which 
kernels  a r e  input  (= 2 o r  3) 

11-20 I10 NT Number of  temperatures a t  which 
kerne ls  w i l l  be i n t e r p o l a t e d  
(420) 

21-30 I10 LQRD Highest Legendre order  con- 
ta ined  i n  input  ke rne l s  (45) 

31-40 I10 ICgDE In t e rpo la t ion  code 
(Section 8.3) 

41-50 E10.0 T1 Temperature (OK) of  first s e t  
r" of ke rne l s  

51-60 E10.0 T2 Temperature (OK) of  second s e t  
of kerne ls  

61-70 E1O.O T3 Temperature (OK) of t h i r d  s e t  
of ke rne l s  

8E10.0 T(1) NT temperatures a t  which 
kerne ls  w i l l  be i n t e r p o l a t e d  
(OK) 

The above cards  a re  followed by (LQRD+l)*NKT s c a t t e r i n g  
kerne ls  each corresponding t o  one Legendre order  a t  one temperature 
(TI,  TZ, o r  T3) . Each kernel  i s  followed by a blank card with an 
8-punch i n  Column 1 t o  s igna l  t h e  end of  a kerne l .  

The l a s t  card of a problem i s  a blank card wi th  a 9-punch i n  
Column 1. 

An example of  an input  deck f o r  KERINT i s  shown i n  Appendix B. 



8.5.2 O u t p u t  

For each temperature T(1)  speci f ied  on input  a kernel  f o r  
each Legendre order Po+PLgRD w i l l  be punched i n  the  format 
descr ibed  i n  Section 5.3 f o r  sca t t e r ing  kernels .  A pr in tou t  
s i m i l a r  t o  t h a t  for  FLANGE I1 w i l l  be produced f o r  each kernel  
a t  each temperature. An example of  t h i s  pr in tout  i s  shown i n  
Appendix B. 
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APPENDIX A - FLANGE II SAMPLE PROBLEMS 

Two sample problems are shown for use in checking the code 
and as illustrations of its use. 

TEST PROBLEM 1 

Problem 1 is an example of obtaining group-averaged cross 
sections with no scat ter ing matrices being generated. The energy 
mesh for this problem is the standard 30-group THERMgS code mesh. 
The material is uranium-235 taken from ENDF/B-I1 (MAT = 1102 from 
tape 201). Input cards and printed output are shown below. 

TEST PROBLEM 1 INPUT CARDS 
T S T l  10 
T S T l  20  
T S T l  30 
T S T l  40 
T S T l  50 
T S T l  6r3 
T S T l  70 
T S T L  ao 

U-235 A T  O DEG K - P A T  1102 - GkCUP A V E & A G E G  C R C S S  S E C f l U N S  

T S T l  90' 
T S T l  100 
T S T l  110 
T S T l  120 
T S T l  130 

LO 1 
1 
1 
1 
1 
0 

3 0  

0.1 
Om1 
0.1 
0.19 
0.5C5 

1 1 0 2  
0 
C 

- 2  
-2  
0 
2 

0.1 
0 .1  
0.11 
0.22 
Om 57 

0.0 

0 
1 
0 
0 
L 

0 01 
0.1 
C.12 
0.255 

3 

-1  
- 2  

ThERMUS V 

0.1 
0.1 
0 . 1 4 5  
0.39 

- 

MESH 

0 . 1  
0 . 1  
0 . 1 6 5  
O m 4 4 5  

0.0 

- 2  
0 

I 

0 01 
a m 1  
C.13 
6 . 2 5 5  

1 
2 

O o C . 5  

0 .1  
0.1 
0 . 1 4  
C.34 



TEST PROBLEM 1 OUTPUT 

u-235 A T  0 DEG K - HAT 1102 - b k C U P  A V t K k G t C  CRCSS S E C T I O N S  

T A P E  LAbELED 201 E N C F / B  NU. 1 1 0 2  CUTPbT FLD 0 .  

TEMPEHATbRE 0.3 ( K E L V I h )  E f F E C T f V E  TEKPEaATURE FOR SHORT C C L L I S I O N  0.0 (KELVIN) 

H A X  LEbEhDRE ORDER = 1 

C A T A  PEGLESTED -------------- 
LPDd. = 0 
LPFP = 0 

LAbS = f LPAdS=-2 
LFISS- 1 L P F I S = - 2  
LTUT = 1 LPTOT=-1 

LPTK =-2 
L t L A > =  1 LPEL -2 L t i S i T =  3 
L lhEL=  0 L P I N  = G 
L S L I T -  2 L P S C  =-2 
LTSL = O LPTSL- 0 LBhC = 0 

ENtNGY Ah0 V E L O C I T Y  HESH - T H E R M C j  V PESH 

GROUP ENERGY V E L  GC I T Y  



L I t K A R Y  T A P E  L A B E L E D  L O 1  
ENDF/B T A P E  2 0 1  1 5 / 1 3 / 7 0 )  

M A T E R I A L  O E S C R i P T  ICh  
11-235 C S E h G  E V I L - S E F 6 9  LECNAPCI A C T E R s L U B I T Z  % R E - € V A L <  
A I - A t C - 1 4 E M c l - 1 2 9 1 6  C I S T - J A h 7 0  R k V - A P R 7 0  * rb 9 4: * * 
URANI UM-235 

V A k I U L S  IhDLVIDLACS C C h T P I t t L T E D  TO T E  E V A L U A T I C h  OF 
THE CRCSS S E C T i i h S  FOR T i - 1 5  C A T E R I A L  

b*R,.LECNAAD t B h d < -  C H U S S  S E C T I O N S  d E L O k  1.0 E V  
H - A L T E R  AND C.L.DUhFORD- C P C S S  S E T I O N S  A B O V E  1 5  K E V  
C a L U d I T Z -  T h E  O R I G I N A L  C A T A  S E T  % M A f # 1 0 4 4 <  
E,PEhhLhGTON- U h R E S O L V E O  RESGNANCE P A a A H E T E R S  
AND TkE F I S S I L E  AhO F E R T I L E  T A S K  FORCE %JUNE-AUG., l469< * * * * t * 

 MAT^^ iO2 IS A P A R T I A L  H E - E V A L b A T I C N  3F C A T A  I N  M A T ~ 1 0 4 4  
THE I b T A L  ANC P L L  P A h T l A L  C R C S S  S E C T I C h S  FOR NEUTRON E N E R G I E S  
8ELOw 1.0 EV h E R E  PKOVECIEC r Y  B.K.LEChkRD.JR.YuNPU6LIShEO MEMU 
T O  L S E d G g d U G .  1 9 6 S < .  
THE P A R T I A L  X - S E C  k E R E  C b T A i h E O  BY S T P F T I N G  W I T H  CATA G I V E N  I h  
P I A T # 1 0 4 4  Ah0 H ~ C I F Y I ~ U G  IrE S t A P E  AhC N A b N I T U D E  OF T H E S E  DATA TO 
CChFORtq TO T H t  Z Z C O  M / S t C  P A K A M E T t R S  % i h C L U D I N G  G F A C T G R S <  THAT 
akKE O d T A I h E D  3 U f i I h b  THE 1S6F IAEA E V A L U A T I O N  GRUUP %SEE- HANNA 
E T  A L P  A T C M I C  E N t R G Y  R E b l k w ,  VOL V I I I  hC.4, 1 9 6 Y < *  * * r6 e * * 



T H E  2203 M / S E C  PAHAME T E R S  ARE 
TOTAL # 6 9 4 . 2 7 6  
E L A S T I C Y  15.776 
F I S S I C N &  560*2OC 
h v G A K Y A I  5 8 . 3 0 0  
NU # 2.423 T C T A L  % D E L A Y E D  P L U S  PROYPT< 
ALPHA # 0 . 1 6 9 4 2  
E T A  # 2 .  C7 1S6 * * * * * * 

d E L O #  1.0 E V  L A T A  G I V E N  I N  F I L E  3 9 S M O C l H  X-SEC<. 
B E T W E E N  1.0 AAD 44.5 DATA G I b E N  AS S L B h  R E S O L V E 0  RESONANCE 
PARAMETER P L U S  BPCKGROUhO X-SEC I N  F I L E  3. 
B E T W E E N  64.5  EV AND 2 4 . 8  KEV A L L  CATA G I V E N  I N  F I L E  2 % L R F # Z r  
ENEHGY UEPENDENT RkUUCEC hECTRDN k l D T H S  Ah0 F I S S I C N  MICTHS<e 
A 8 O V E  24.8 KEV A L L  D A T A  G I b k N  I N  F I L E  3 .  * * * * * 4 

UELOW 0.4 E V  F I S S I O N  X-SEC B P S E D  ch C A T A  OF B.R.LEONARD%FRON 
S C I S R S  TAPE< AND T H A T  OF CoDwBOWMAh ET b L % U C R L - 1 4 6 0 < .  hvGbMMA 
B A S E U  UN A L P H A * F I S S I U N p k k f R E  ALPHA TAKE& FROM GRAPH I N  8NL-325 
PAGE 9 2 - 2 3 5 - 3 3  %FOR E N E R G I E S  B E T h E E N  0 .07  TO 0.4 EV<* * * * * * * 
B E T d E E N  0.4 E V  A h 0  3.0 KEV THE C A P T U R E  &NO F I S S I O N  X-SEC BASEO ON 
D A T A  OF GoOESAUSSURE ET A t % C H h L - R P I f l C 6 b < e  FROM 3.0 K E V  TC 1 5  K E V  
C A P T U R E  AND F I S S I C N  d A S E C  C h  EVAL.  B Y  S C H H I D T L K F K - 1 2 0 ,  P A R T - I  I p 

1962<. ABOVE 1 5  KEV A L L  P A R T I A L  CROSS SECTLONS BASEO C &  € V A L -  B Y  
A L T E R  AND CU~FORCIAI<rJPI-AEC-MEMO-l2516~3AN.1970< 
*** & U T E *  F l S S I C N  CROSS F R C M  E V A L e  & Y  0 4 V E Y  $N-S.E.  2 6 , 1 4 S 8 1 9 6 6 <  

AND N * S * E .  3 2 , 3 5 % 1 4 6 8 < < . * * *  * * * It * * 
RESULVkD R E S L h A N C E  PAHAMETERS CBTALhEC BY S I M U L T A N E O U S  F I T  TO 
C A P T U R E  AND F I S S I G h  CROSS S E C T I O N  % C R h L - R P I , 1 9 6 6  DATA< 
A P O T E N T I A L  S C A T T E R I N G  X-SEC UF 10 8 A K h S  WAS U S E D  I N  F I T -  * * * It * * 
b N R E S d L V E 0  RESONANCE PARACETEPS * E R E  O E T A I N E O  B Y  E, P E h k I k G T O N  
%ANL<. F I h E  GROLP AVEKAGEG CROSS S E C T I C N S  HERE O B T h I h E C  FROM 
RECOMMEND K APL CATA YNOT MAT # I 0 4 4  C A f A < *  ENERGY U E P E N D E N T  AVERAGE 
KESONANCE PARAMETERS dERE O O T A I N E G  AKC P K E  I N C L U D E C  I N  F I L E  2 AS 
LKU# 2r L A F  # 2. * * * JI * * 
ENERGY DEPENOENCE U F  Nb T P K E h  FROC KFK-120 P A R T - 1  
S I M P L E  F I S S l C N  SPECTRUM L S E C  T #  1.30 C E V  A T  T H E R M d L  
T%E< f K O M  FORMULA BY T E K K E L L  3 / 2 * T % E < # 0 . 7 5  & 0 . 6 5 1 N U % E < G l ~ O < * * . 5  * 4 * * * * 
F I S S I O N  PWCUUCT Y I  ELG DATA F K O M  AECCMMENDED VALUES OF t * E . M E E K  
AND ~ . F . R I U E R I  A F E C - 5 3 9 8 - A ,  R E V I S E L  SGCT.1968< 
Y I E L U S  N O R M A L I L E C  FOR A SUM k 2 0 C C O U  * * * * * * 
ANGULAR D I S T K  I 3 L T  ICNS FOR E L A S T I C  S C A T T E R I N G  FROM E V A L .  BY % A t <  
N T # 2 5 1 , 2 5 2 r 2 5 3  CALC. FHCM ANG. O I S f R  C I T A  
ANG. D I S T H .  D F  h E t T R U N S  FRCC I N E L A S T I C  SCAT ASSUMMEO T C  B E  
ISGTRUPIC I& c . r .  S Y S T E C  * * * * I * 
CATA MOUIFikD TQ CONFORC TO E h D F / d - I 1  FORMATS LAPRILr 1 9 7 O <  
4  4 * It * * 
I N F I h I T  E D I L U T I C N  RESONANCE I N T E t R A L S  4AeOVE 0.5 E V <  

F I S S I C h  # 298.40 EARNS 
NtGAMMA # 1 4 2 . 4 0  k A R N S  
E L A S T I C  # 1 6 5 . 0 0  B A R h S  * * * * * * 

I N E L A S T I C  L E V E L  CROSS S E C T I C h  FROM E V I L .  BY P A R K E R  ZAWRE C-82/63< 
3r * * It * * 

NOTE h CT E hGT f h O T f  
Ct3OSS 5 ECT I b N  SkOULD kiE C C N F L T E D  F R O M  R E S O L V E D  RESONANCE 
PARAMETERS IN F I V E  E V  I h T E P V P L S t  9 T C  5 ,  5 T O  10, ETC. I &  E A C H  
I N T E R V A L  t S E  ONLY RESCNAhCES I N  T H E  E h C L C S l h G  F I F T k N  VOLT 
I IVTERVAL,  1eE.c  - 5  T G  1 C p  0 TO 15 ,  5 TO 209 ETC. U S I N G  ANY OTHER 
KEC l P E  P P U C J L E S  SMALL f htChS 1 S T E h C Y  h I  TH D A T A  ON k H I C H  RESONANCE 
P A H k d f T E R S  L K E  EASkD.  $ t X C E F T I O N - - -  U S E  N E G A T i V f  ENERGY RESONANCE 
UP TO 10 E v a <  - - - - ---- ---- ---- ---- 



3 .  U - 2 3 5  AT 0 DEG K - P A T  1102 - G R O U P  AVERAGED C R O S S  SECTIONS 

SIGMA ABS 
G. 72417E 0 4  
O.30154E 04 
0.23945E 04 
0.17930E d.4 
0. L426ZE 04  
0. 11803E 0 4  
0.1G025E 04  
0.86826E 03 
0.76308E 03 
0.67835E C3 
OobC859E 03 
0.55C12E 03 
O.>C041E 03 
0.457566 03 
0.42025E 03 
O.3&606€ 03 
(3.35370E 03 
0.32352E 0 3  
0.25682E C3 
0.L7283E 03 
0.25C91E 03 
0.22251E 03 
O . i l 943E  0 3  
O.Ll772E 0 3  
0.2.3265E 03 
0.L2448E 03 
0.15344k G3 
0.10425E 03  
0 . 7 e e 6 4 ~  0 2  
0065119E 0 2  

ALPHA 
0.17574 
0.17567 
0.17545 
0.17526 
0.17498 
0. 17435 
0.17306 
0.171Cl 
0.17042 
9.16945 
0.16879 
0.16855 
0 16870 
0- 16916 
0,14979 
0.17073 
0.17204 
0.17389 
0.17644 
0.18217 
O.led31 
0.19871 
0.21270 
0.23449 
0.24755 
0.23651 
0.17962 
0.128CS 
0.10774 
0.csa24 

ETA 
2.06094 
L o06095 
2.06134 
2 06167 
2.06234 
2.136327 
2 006554 
2 C6810 
2 ,07020 
2.07191 
2.07308 
2.07351 
2 a07325 
2.07243 
2 - 0 7  1 3 1  
2.06965 
2.06733 
2 06407 
2.05959 
2.04962 
2.03902 
2.02134 
1.59802 
1.96275 
1.94214 
1.95954 
2.05368 
2 14795 
2,18723 
2 -20625 

3 .  U - 2 3 5  AT 0 OkG K - C A T  1102  - GRCUP AVERAGED CROSS S E C T I O N S  

ABSURPT I O N  I N E L A S T  l C  E L A S T I C  
0.72417E 04  0.0 0,1591CE 02 
0.36154f 04 0.0 0.15905E 02 
0.23F95E 04 0.0 0.158SdE 02 
0.175'30E 0 4  0.0 0.15d88E 92 
0. k4262E 04  0.0 0.15876E 02 
0.11803E 04 G.0 C.15861E 02 
0. lC025E 04  0.0 0. t 5844E  02 
O e E 6 8 2 6 E  33 0.0 Oo158L4E 02 
0. 763C8k 03 C.0 0.15801E O Z  
0.678?5€ 0 3  C.0 0.15776E 02 
0.60859E 3 3  0.3 0-15749E 0 2  
0.55ClLE 03 0.0 0.15719E O i  
0.50041f 03  0.0 0.156dbE 02 
0.45756E 3 3  0.0 0.15652E 0 2  
0.4ZC25E 03 0.0 0.15614E 02 
0 . 3 E t G 6 E  G3 C . C  0.15573E 02 
0.35370E 0 3  0.0 0.15525E 02 
0.32392E 03 0.0 0o1540SE 32 
0.25682k 0 3  0.0 00154C6E 02 
OoL728jE 0 3  C m Q  0.15336E 0 2  
0.2SC9lE C 3  0.0 0.15253E 02 
0 .23251f  03 0.0 0.151546 02 
0.21943E 03 C.0 0o15032E C2 
0.21772E 03 0.0 0o14889E 0 2  
0.23265E C3 0.0 0o14751E C2 
OoLZ448E 0 3  0.0 Dc14753E 02 
0.15344E 03 C.0 0.14559E 02 
0.10425E 03 0.0 0.14300E 02 
0.7E664E 0 2  0.0 0.13967E C Z  
0.65119E 0 2  0.0 0.13606E CJL 

SCAT TE H ING 
0.1591DE 02 
0.159CSE 02 
0.15898E 02 
O.15888E C2 
0.15876E 02 
0.15861E 32 
0.15844E 02 
0015d24E 02  
O.15dOlE 02 
0.15776E 02 
0.15749E 02 
0.15719E 02 
O. lS686f 02 
D.15652E 02 
'3015614E 02 
0.15573E 02 
0.15525E 02 
0.15469E 0 2  
0.154C6E 02 
0.15336E 02 
0.15253E 02 
0 0 1 5 1 5 4 E  02 
0.15032E 02 
0 0 1 4 8 8 9 E  02 
0.14771E 0 2  
0014753E 02 
0o1459'3E 02 
Oo14300E 02 
0.13967E 02 
0,23506E 02 

TOTAL 
0,72573E 0 4  
0.36336E 9 4  
0.24153E 0 4  
Co/BC)B&E 04 
0. l4420E 04 
0.11962E 04 
O.lOld3E 0 4  
Ce88411E 0 3  
Co77900E 03 
Ce69428E 03 
0o62439E 0 3  
0-56586f 0 3  
0.516C9E 03 
0e47324E 0 3  
0.43587E 03 
0.40165E 0 3  
C.36911E 03 
0.3393bE 03 
0.31219E 0 3  
0.28815E 0 3  
0.26606E 03 
0.24756E 03  
0.23352E 03  
0023203E 0 3  
0.24750E 03 
0.2446SE 03 
Oolb695E 0 3  
C.11760E 03  
0.92230E 0 2  
O.78391E 0 2  



0 • U - 2 3 5  A T  0 D t G  K - PAT 1102 - GPCUP AVERAGED CRUSS SECTlONS 

ELASTIC LEGEhDRE C R C S S  S E C T l C N S  A T  T =  0.0 K 

S l t P A  1 [ MU-BAR)  
0045517E-Cl (0.0b2861 
00455C3E-01 (QoC0286) 
Co454E3E-Cl (0.G0286) 
Cm45450E-Cl 40.G02801 
0 .454 i lE -01  4 G.CC286 I 
C-45378E-CZ 10,002861 
0045328E-01 4 OoCOZ861 
0.4527lE-Cl 4 OoCCZe6) 
Oo452C7E-01 (0.002861 
0.45135E-C1 I O . C 0 2 @ 6 l  
0m45056E-Cl L 0.00286 
C .44$70E-C 1 ( O . C C 2 e C l  
Co44877E-Gl 10.C02861 
0 044778E-C1 I 0.OC28C) 
O.4467LE-C1 (OoCC2861 
C.44553E-C1 IO.CO2Btl 
0.444AIE-OL IOoCC285) 
C.44~57E-C1 fC.CC286J 
C.44076E-Gl IO.OC28C) 
Co43674E-C 1 (OoCO286) 
0.43638E-Cl (OoC02d6) 
C.43353E-Cl t O.CC280) 
O.430GSE-CI (OoG028t) 
Co42556E-Cl (0,002663 
0-42258E-C1 ( O.CC286 1 
C.422C6E-01 10.00286) 
0.4176eE-C1 (O.CC28t) 
Cm40911E-Cl iO.CG286) 
C.39954E-Cl ( O . C C 2 E t )  
C.38926E-C1 40.b0286) 

0. U-235 A T  O O t G  K - P A T  1102 - GHCLP 

. l \rLHE S C A T T E K l h G  C R O S S  SECTIGNS PT T =  C.G K 

t L E V )  
C o C C G 2 5 3  
C. LC lC lZ  
C.CO2277 
C. LC4048 
C oCC632 5 
Co009LCB 
C.012597 
0.316192 
C 3 2 0 4 9 3  
9. CL5300 
C.03Ck13 
G .C36432 
C 0 6 4 2 7 5 7  
C .C4S588 
0.C56925 
O.Ck5173 
0.C74847 
O.Cb6121 
OoCSF186 
Q.l .13Ffb 
C *  131230 
C m152483 
0 . 179012 
C.212405 
Coif4637 
C.308155 
C.375582  
G .4t18110 
C ,570228 
C. 7 0 C k 5 7  

S I G M A  2 
0.0 
0.0 
0.0 
0.0 
0 00 
0.9 
0 00 
0.0 
0 00 
0 .0 
0.0 
0.0 
3 -0 
0.0 
0 00 
0.0 
0 .c 
0 00 
0.0 
0.0 
0 00 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

A V E R A G E D  CR( 

S I G M A  i 
0.0 
Q.!! 
0 00 
0 00 
0 00 
0 00 
0.0 
0.0 
0 00 
5.0 
0 0 0  
0.0 
0.0 
0.3 
0 03 
G.0 
0 .o 
0.0 
0.0 
0 00 
0 .o 
0 .3  
0 . C 
0.0 
0.0 
0 00 
0.0 
0 e o  

0.0 
0 00 

SIGMA 3 S I G M A  4 S I G M A 5  
0 m o  0.0 0.0 
0 .0 0.0 0.0 
0 .a 0.0 3 00 
0 . 0 0 0 0 00 
0.3 0 00 0.0 
0.0 0 00 0,o 
3 00 0.0 0 00 
0.0 0.0 0 00 
0 00 0.0 0.0 
0 00 0 00 0 00 
0.0 0.0 0 .o 
(3 00 0.0 '0 00 
0 00 0.0 0 . a 3  
0 .o 0 00 0 .0 
0.3 0.0 0.0 
0 00 0 00 0 .o 
0 .0 0.0 0.0 
0 00 0 00 0 .o 
0 00 0.0 0.0 
0 00 0 00 0 00 
0.0 0.0 0 .o 
0 00 0.0 0 00 
o .D 0.0 o .a 
0 .o 0.0 0 00 
0.3 0.0 0 00 
0 00 0 00 0.0 
3 00 0.0 0 00 
0 .D 0.0 0 . 0 
0 .o 0.0 0 .O 
0 00 0.0 0.0 

155 S E C T I O N S  

Sl6MA 3 S I G M A  4 S I G M P  5 
3 .a 0.0 0 00 
0 .3 13.0 0.0 
o -0 o .o n .o 
0.8 0.0 0.0 
G 00 0.0 0 .3 
0.0 0 00 0 -0 
0.3 0 00 0 .3  
0.0 0.0 0 00 
0 .o 0 .0 0.0 
0.0 o. n o -0 
0 0 ' 3  0.0 0 -0  
0 .C) (3.0 0 .o 
0.3 0.0 0.0 
C.0 0.0 0 00 
0 .i) 0.0 0 00 
0 00 0 00 C) .CI 
0.0 n. o 5. o 
0.0 0 00 0 .a 
0.3 0.0 0.0 
0 00 0 00 Q 03 
C .O 0 . 0 0.0 
0 00 0.0 0 .0 
0 a 0  0.0 9.0 
0 .o 0.0 0 .o 
0 .0 0.0 0 so 
0.0 0 00 0.0 
0.0 0.0 0 .0 
0 .o 0.0 0.0 
0.9 0.0 cl .o 
0 .o 0.0 0.0 



TEST PROBLEM 2 

Problem 2 is an example of generating a scattering kernel for 
H bound in H20 using the short collision approximation to extend 
the tabular S(a,B) mesh to 3.5 ev. The energy mesh for this 
problem contains 15 groups and was chosen to provide a short 
illustrative problem rather than for physical reasons. Input cards 
and printed output are shown below. 

TEST PROBLEM 2 INPUT CARDS 

4 H20 - 296 DEG K - ENERGY ME: 
1002 

1 
0 
0 
0 - 2 
1 

25 

123456 .  
0 
0 
0 
3 
2 
1 

j m 5  

29t .C 
C 
C 
C 

-1  

1 



TEST PROBLEM 2 OUTPUT 

F L A N L E  I I  L VE&SI t iN  7 1 - 1  ) - -  - 

O*rSt**+****ft**?*%*c***** 
k bdUkG Z b i  H2d - 2So C E G  K - E N E R G Y  M E S h  TO 3.5 EV 

T A P E  L A ~ E L E O  6637  ENCF/k? NL. 1CC2 CUTPLT F I D  123456 .  
TEMPEHkTUHE 296*0O(KELV IN)  EFFECTIVE TEYPERPTURE FOk SHCRT CCLLISIUN 14&5.03( K E L V I Y )  
L I h K S  L a f C  LO=NOI l =YES)  
L L N K ~  LINK2 L I N K 3  L IhK4  L I N K S  L l h K 6  L I N K 7  

1 1 0 0 0 0 C 
M A X  L E G E N C R E  OkDER = 5 
C P T A  F E C U E S T E O  -------------- 

LPDD = 0 
LPFP = 0 

L A U S  = 0 LPA6S= 0 
L F L S S =  C L P F I S =  0 
LTCT = 2 LPTOT=-1  

L P T R  = - 1  
L E L A S =  0 L P E L  = u LRSCT= 0 
L I ~ E L =  3 L P I N  =-I 
L S C P T =  2 LPSC = 0 
L T S L  = 4 LPTSL=-2  LehC = 2 

ENERGY PNC vEL~JC ITY  MESH - Y E S H  TC 3.5 EV 
NEG= 1 5  NEVT=l  M E T h = l  EVL= CoCC3G5C0 

GRUUP ENERGY VELOCITY k E l E t T  E BCUhCARY V dOUNDARY 



LIBRARY TAPE LABELED 6C07 
SCATTERING L A W  AND CRCSS SfCTli;hS FOR H2OL 1C021 AND D2C(1504) 

MATEPIPL DESCRIPTICN 
THERMAL S C P T T E R I ~ G  L P ~  C P T A  C C M P U T E G  AT  aNL USING GA LOGE G A S K E T  
USING INCGkEgENT PFPRUX h ITH LXPERIPENTAL R O T A T I O N A L  FREQUENCY 
B A N 0  ALCORDING TC kAYdCGD FLLS T W O  CISCRETE V I d k A f  IONAL MGDES. 

DATA TABULATED FGR 8 TECPEHATlJAES 22969350 r 4 3 3 ~ 4 5 0 9 5 0 0 r 6 C C  t 8 W  
l0CO DEG K <  

123456. H dGUNG I N  H2G - 296 LEG K - E R E R G Y  MESH TO 3.5 E V  

CROSS SECTIONS AT T= 296.CG K 

1 NELPSTIC ELASTIC 
0.324t3E 3 2  0.0 
OeL4720E C2 0.0 
0.22214E 02  0.3 
Co i14L5E C2 3.0 
0.2OSS5E 02 0.0 
OoL0815E 02 3.6 
Co20542E 02 0.0 
2.205SlE C Z  3.0 
C.20352E C Z  3 . ;  
C.29347E C2 0.3 
0020323E C2 0.0 
0.20325E 02 0.0 
CmL0325E 02 0.0 
0.i3325E 02 0.0 
C.20323E 02 3.0 

SCATTERING TOTAL TRANSPljg 
0.32463E 02 0.32463t b?Z 3.21341E 
9.24720E 22 C.2472SE c 2  3.131374 
0.22.214E 02 0.22214' 22  3.10752E 
3.21425E 02 f.21425E 52 3.96710E 
0.20595E 0 2  0.2CS95E G2 0.9F7a5E 
0.20815E 02 0.20e15E ~2 3.862bQE 
0.23542E 02 Co235425 5 2  3o9224SE 
O.255ClE 0 2  Co235SlE 32 3.31999E 
0.23352E 02 0.2C35LE C2 0.7b353E 
G.20347E C2. Oo20347E C2 9.76733E 
0.20323E 0 2  0020323E OL 0.7575dE 
0020325E 02 C.20325E 32 3.75442' 
0.20325E C2 0.2C325E C12 9 .75163E  
0.2Q325E 0 2  C.20325E C 2  ' 3 . 7~859E  
0.20353E 0 2  0.20323E '22 3074553E 

123456. H BOUND I N  h 2 0  - 256  L E G  K - E h E R G Y  MESH T C  3.5 E V  

X ~ E L A S T I C  LEGENOkE CROSS SECTICNS AT T =  296.00 K 

GRP E I E V )  
1 0.116715 
2 0.350045 
3 0.583375 
4 G.El67C5 
5 1oC50035 '  
6 1.293364 
7 1.516694 
8 1.756024 
9 1.563354 

10 2.216683 
11 2.456013 
12 2.683343 
13  2.516673 
i 4  3.1500C2 
15 3.2U3333 

SIGMA C SIGFA 1 
3.32463t 3 2  001112ZE C2 
0.L4720E 0 2  C. l lb13E C2 
O . ~ i i l + E  0 2  3.114t2E C2 
0.21425E C 2  C.11753E C2 
0.2C995E 0 2  0.1201tE 0 2  
O.iC815E 02 0.L2189E 02 
O.20542E 0 2  0.12318E C2 
0.2CSSlE 02 C a i 2 3 F l E  02 
0.1035LE 0 2  G.12517E 02 
0.20347E 0 2  0.12674E C2 
0.2G323E C2 0.12743E 02 
0. 2C32 5E 02 C. 12783E 0 2  
0.10223E 0 2  C. 128C9E C4 
0.20325E 02 C .  12d39E 02 
0.2C323E C2 C.lZe67E G 2  

MU-BAR) 
(0.34260) 
100 46977)  
(0 .515971 
( 0.54858 1 
(0 .57235)  

0.58560) 
10.59964) 
(0.60178) 
(0.61501) 
( 0.62288) 
(0 .62724)  
(0 .62882)  
L 0.63022) 
(0.63:68 1 
40.63315) 

S I G M A  2 SIGMA 3 S I G M A  4 S I G M 4  5 
C.28340E 01 0.63323E 35 C.15849E 30  0 .6422dE-n l  
0.39132E 3 1  0.95235E 30 ? . i5374E 33  5.47613E-91 
0.42402E 0 1  0.11940E C 1  3.21dZSf 3 3  -3.13&54C-"1 
0.45927E 0 1  0.1323iE 01 3.26467E 3 0  -0.97763f-02 
0.47720E 0 1  Oo13Q44E C 1  ?.2141iE 3 3  - 9 - 2 7 2 5 4 5 - 3 1  
0.49465E 0 1  0013274E 0 1  0.13924E O C  -0.14361E 97 
0.50379E 0 1  0.12853E O l  3007272E-31  -0.124325 07 
0.50937E G 1  3.12697E 3 1  -0.92339E-Q3 -3.19073E 3 3  
0.51268E O l  0.12256E 01 -0.63116E-31 -0 022221' 0 2  
0.52354E C 1  O o l l B 1 9 E  31 -0.13948E 3 3  -0.22411E 03 
0.53353E 0 1  0.11364E 01 -3m23651E 0 3  -0.33276E 33 
C.53839E 0 1  C.11239E 21  -~3.33@67€ 99 -3.369935 93 
0.53837E 0 1  0011122E OL - 0 -3839CE 0 3  -3 . 4 ' + 1 8 3 5 3 3  
C.53744E 0 1  0.10921E C 1  -3.42362E 3 3  -0.49551E 33 
0.53718E 0 1  0.10651E 0 1  -0.b4801E 35 -3.515755 03 

123456. H BOUND 1h HZ0  - 2 5 6  CEC K - ENERGY MESH TO 3.5 E V  

LEGENCRE SCATTERINC CROSS S E C T I Q N S  P T  T =  296.00 K 

GRP E ( E V  I 
1 0.116725 
2 0.350345 
3 C.5E3375  
4 OoE16705 
5 1.G50C35 
6 I o 2 f 3 3 6 4  
7 1.516694 
8 1.750024 
9 1.5k3354 
10 2.216683 
11 i .450013  
12 2.6E3343 
13 2.516673 
14  3.150002 
15 2.383333 

SIGMA 1 ( MU-BAR) 
O . l l l L 2 E  02 0.342601 
Co11613E C2 (0.465771 
0.114t2E C i  (0 .51597)  
C . l l f f 3 E  02  (0 .5485 fJ  
C.12016E 0 2  (0.57235) 
0 .12 l fSE  C2 t 0.58560) 
0.12318E C2 (0 .59964 )  
Co123SlE 02 (0.6C178) 
Oof2517E C 2  ( 0 . 6 1 5 C l l  
0.12674E 0 2  ( 0 062288) 
C.127 48E 02 ( O o t 2 7 2 4 J  
Co12780E 02 (0.62862) 
0. 128C9E 0 2  ( 0  063022) 
C. 12839E 02 (0 .63168)  
C. 12E67E 0 2  ( 0  0633151 

SIGMA 2 S I GMA 
0.28390E 0 1  0.63923E 
0.39132E 0 1  C.95205E 
0.4240LE O l  0.11940E 
0.45927E 0 1  0.13231E 
0.47720E 6 1  C.13444E 
0.49465E 0 1  0.13274E 
0.50079E 0 1  0.12853E 
0.50937E 0 1  0.12697 E 
0.51268E 0 1  0.12256E 
0.52354E 0 1  0.11819E 
0.53383f 0 1  0.11364E 
0.53839E 0 1  0o11239E 
0.53837E 0 1  O.11122E 
0.53744E 0 1  0.10921E 
0.53716E 0 1  0.10651E 

3 SIGMA 4 SIGMA 5 
C3 O.i58+9E 3 3  3.64228E-31 
00 0.15Q79E 39 3.47613E-31 
C 1  0.21828E 03 -0.1085"E-31 
51 0.26167E 00 -0.37763E-32 
C1 0.21412E 03  -0.27254E-Ol 
0 1  0.13924E 33  -0.14363E 09 
0 1  n.67272E-01 -9.12482E 9n 
0 1  -0.92339E-33 -3 -19973E 0 3  
C1 -0.6311cE-31 -0 -22221E 0 2  
01 -3.13948E 00 -9.22411E 03 
0 1  -3.25651E 00 -0.3?2?bE 0 3  
9 1  -0.33367E 30  -3.36993E O? 
01 -0.38896E 00  -0.44483E 03 
01 -0.42362E 03 -0.49051E 03 
0 1  -0.44801E 30 -0.51575E 0 3  



123456 .  14 i3OUNG I h  b2C - 2 S 6  CEG K - EhEREV M E S H  T O  3.5 EV 

L= 0 E C P T T E R l N G  K E R N E L  hORCPCZLED 70 S I G M A  l h E L A S T l C  

1 I N I T I A L  E= C.1167149 L= C 
C.1391l.E 0 3  

GROUP 3 I N I T I A L  E =  0.5533745 L =  C 
C.28683E 0 2  2 C.363S2E 02 3 

GROUP 
1 

4 I N I T I A L  E =  C -8167048  L =  C 
0.20947E 0 2  2 Co237C7E C2 3 

GROUP 
1 

GROUP 
i 

t I N I T I A L  E= 1.2833643 L =  0 
0o13312E  02  2 OaA5431E C2 3 

GROUP 
1 
7 

6 ROUP 
1 
7  

GROUP 
1 
7 

9 I N I T I A L  E =  1.4633536 L= O 
G.83133E 01 2 0.58956E $ 1  3 
C. 10021E 02 8 Co10730E C2 9 

GROUP 
1 
7 

10 I N I T I A L  E= 2.2166834 L= C 
C.70169E 6 1  i 0. tb389E C 1  3 
CoSG883E 0 1  8 CoE973dE C I  9 

GROUP 
1 
7 

GROUP 
1 
7 

i2 I N I T I A L  E =  2.683342S L =  C 
Oo62890E 0 1  2 0.74476E C1 3 
C.7502OE 0 1  8 0.74843E 01 Y 

14 I N I T I A L  E =  3.1500025 L= C 
G.53555E 31 L C . 6 3 4 1 6 E 2 1  3 
G.632t l lE 51 8 G a t 3 6 5 S E  C 1  9 
C.6755dE 0 1  1 4  Ce4S3C2E C 1  

15  I N I T I A L  E= 3 . 5 8 3 3 3 3 2  L= C 
C.498f5E 0 1  2 C . 5 9 0 3 3 1 0 1  3 
C . 5 7 5 0 b E  0 1  8 c . 5 8 9 2 3 ~ ~ 1  9 
C.58SC7E 0 1  14 Co62898E 0 1  1 5  



123456 H B O U N D  I N  ti20 - 2S6  C E G  K - E N E R G t  M E S H  TO 3 . 5  E V  

L =  1 S C P T T E R I N G  KERNEL N O R C A L I Z E D  T C  SIGMA I N E L A S T I C  

GROUP 1 I N I T I A L  f =  C . l l t 7 1 4 9  L =  1 
1 0 . 4 7 6 6 3 E  0 2  

GROUP 2 I N I T I A L  E =  0.35C0448 L =  1 
b 1 G.77751E 0 1  2 C.415SlE C 2  

GROUP 3 I N I  T l A L  E= 0.5633745 L= 1 
1 0.16757E 0 1  2 Co18846EC2 3 0 . 2 8 3 9 8 E 0 2  

4 I N I T I A L  E= C.6167048 L= 1 
C.18054E 0 1  2 C.48103E C 1  3 

GROUP 
1 

f I N I T I A L  E =  1.7500238 L =  1 
0.60130E 00 2 C . 3 2 6 2 4 E 0 1  3 
C.10447E 0 2  8 C.13261E C2 

GROUP 
1 
7 

GROUP 
1 
7 

1C I N I T I A L  E =  2.216t834 L= 1 
0084566E O G  2 0.22S71E C 1  3 
C . C S L 6 9 E  0 1  8 C.74152E C 1  9 

11 I N I T I A L  E= 2.4fCC132 L =  1 
C.72739E 3L' 2 0.21157E C 1  3 
0.59315E 0 1  8 0.64775E C 1  S 

GROUP 
1 
7 

12 I N I T I A L  E =  2.5160727 L =  1 
0.55949E 30 2 0 . 1 6 2 7 7 E C l  3 
0 .45658t  0 1  6 C .49772EC l  9 
C.62166E 01 

G R O U P  
1 
7 

13 
I 

GROUP 
1 
7 

13 

GROUP 
1 
7 

13 

1 5  I N I T I A L  E =  3.2 t33332 L =  1 
Ce44762E 00 L C013322E C 1  3 
C.3567cjE 01 8 C . 3 9 4 0 a E C l  9 
0.52438E 0 1  14  C.58437E C 1  15 



L= 2 SCATTERIIVG kERkEL NORCALILED TO SIGMA I h E L A S T I C  

GRCIi.JP i I N I T I A L  E =  6.1167149 L =  i 
i b.lZ17GE 0 2  

GROUP 2 I N I T I A L  E= 0.55@044@ L =  i 
1 - ~ . 6 8 5 1 1 ~  0 i  2 C.23622E C i  

GRDUP 3 I N I T I A L  E= 0.5f33745 L= 2 
1 -C.36062€ G i  2 Ge15364E C1 3 3,26271E 02 

GROUP 4 I N I T I A L  E= 0.8167048 L =  i 
1 -0.ZG836E 0 1  S -C.16166E C l  3 OaC4396E 3 1  4 G.16943E 92 

GROUP 5 I N I T I A L  E= loC5G0345 L =  2 
1 -CO1707ZE 01 2 -0.17853E C 1  3 0.18335E 0 1  4 0079253E C 1  5 C014184E 52 

GROUP 6 I N I T I A L  E= 1.2833643 L =  i 
1 -0.14625E 0 1  2 -C*20437E 0 1  3 0.4550CE C 3  4 0.36415E 0 1  5 C.81439E C 1  6 

GPOUP 7 I N I T I A L  E =  l . E l C t S 4 1  L= 2 
1 -C.12334€ 0 1  2 -002C i94E  C 1  3 -0.46395E C3 4 C.19777E C l  5 ?..44696E C 1  5 
7 0.10823E C Z  

GROUP 9 I N I T I A L  E= 1.5@33536 L= 2 
I -COs2929E 36 2 -C.l775eE C 1  3 - 0 . l C 6 3 2 ~  0 1  4 C.18443E 0 0  5 O.le7S4E 31  b 
7 Co488C9E 0 1  8 C.70931E C 1  9 C.eSF31E 0 1  

GROUP 10 I N I T I A L  E =  2.2166834 A =  2 
1 -Go70540E 00 2 -C.16C8SE C 1  3 -0.11S04E 0 1  4 -0.21440E C O  5 C.95758E 00 6 
7 0o35811E 0 1  & 0o48314E C 1  9 0.6t743E 0 1  13  C.78927f 0 1  

GROUP 12 I N I T I A L  E= 2.6633425 L =  2 
1 -006C477E 00 2 -C.1289&€ 0 1  3 -0o11150E 91 4 -9.58291E 00 5 3.11949E 90 6 
7 G.18496E 01 6 G.27510E C 1  4 0.37090E 01 19 0o45685E 01  1 1  3.53137E 0 1  1 2  

GROUP 13 I N I T I A L  E =  2 . S l t t 7 2 7  L =  2 
1 -0.56440E OU 2 -C.12367E 0 1  3 -0.11349E 0 1  4 -0.67659E 00 5 -C.75545E-Cil 6 
7 0.12213E 0 1  8 Co2C899E 0 1  9 0.2k615E 0 1  13 0 .3 t802E '31 11 0o44375E 0 1  12 

13  Oa6Z341E 0 1  

GROUP 1 4  I N I T I A L  E= 3.1500025 L =  2 
1 -0.52846E 00 2 -0.1184tE C 1  3 -0.11372E 01  4 -0.76467E C O  5 -3.24718E 00 4 
7 C092096E 00 B 0.15767E C 1  9 3.2246SE 01110 Co29136E 0 1 1 1  0.36238E 0 1  12 

13 Co528S4E 0 1  1 4  G.57547E C l  

GROUP 15 I K I T I A L  E= 3.2e33332 L =  2 
1 -Ca49701E 00 2 -C. 1134342 0 1  3 -0o1128CE 01 4 -0.82335E C3 5 -5.38473E 0 0  6 
7 C.64265E 00 8 C.11776E C 1  9 0.17571E 01 10 0.23455E Of 11 5,29265E 0 1  1 2  

13 Co4C817E 0 1  1 4  0050164E C 1  15 0053743E 0 1  



123456. H 6 O l ~ h D  I h  k2C - 2 S t  C E E  K - EhERGY MESH TO 3.5 E V  

L =  3 ZCATTERIhG KERNEL NOPFALIZEO TC S I G M A  IhELAST I C  

Gt3Oi.JP 1 I N I T I A L  E= C.1167149 L= 2 
1 Go27410E 0 1  

' GROUP 2 I N I T I A L  E= 0.35C0448 L =  Z 
1 -0.34601E O i  2 C.75416E C 1  

GROUP 3 I N I T I A L  E= 0.5823745 L =  5 
1 -C.65714E 00 2 -0.55816E C 1  3 3011356E 02 

GROUP 4 I N I T I A L  E =  0.8167046 L= 3 
1 -C.41955E 00 2 -G.37318E 0 1  3 -Q*15628E 0 1  4 C.11385E 02 

GhOlJP 5 I N I T I A L  E =  1.C5C0343 L= S 
1 -0o43312E 00 2 eC.27815E C 1  3 -0.2E791E 0 1  4 Co13347E C 1  5 C.10551E 92  

GROUP 6 I N I T I A L  E= 102E33643 &=- 2 
1 -0.34192E CO 2 -0.23953E C 1  3 -3.26S46E Of 4 -C.12474€ 01 5 3.29367E P 1  6 q.96639E "1 

GROUP 7 I N I T I A L  E= 1.5166941 L= 3 
1 -C.25539€ 00 2 -0.19624E 0 1  3 -0.2E522E 0 1  4 -0.19891E 01 5 3.76413E-01 b 0.3749FE 01. 
7 C . @ 7 4 C 8 € 0 1  

GROUP 8 I N I T I A L  E= 1.75CC238 L= 3 
1 -G. 2C64iE 00 2 -C. 16170E 0 1  3 -S.258C8E 0 1  4 -0023592E 01 5 -0.10176E 0 1  6 0.13C15C;E Q1 
7 0.41675E 0 1  8 CoE0418E C 1  

GROUP 9 l N I T I A L E =  1.5E33536 1s 3 
1 -0.18156E 00 2 -0.13751E C Z  3 -00229S9E 3 1  4 -0.23711E 01  5 -0.16442E 3 1  6 -c.19991E C r l  
7 Co16312E C 1  8 0.43459E C l  S 3.73465E 0 1  

GROUP 10 I N I T I A L  E =  2.2166834 L =  5 
1 -0.26151E 00 2 -0.11982E 21 3 -0.2C575E 0 1  4 -Ga22735E 0 1  5 -0.18785E 2 1  6 -3 .56577E ? 3  
7 C.42189E 00 8 G.20443E C 1  5 C . 4 3 E 7 S E  01 10 C.68493E 0 1  

GROUP 11 I N I T I A L  E= f 045CC132 L =  9 
1 -Co22578E 00 2 -0.11465E 0 1  3 -3.18307E 0 1  4 -0.21409E 0 1  5 -0.19483E 0 1  6 -0 -134 'CE 0 1  
7 -Cm40134E 00 8 0.88520E 00 5 0.23115E 0 1  10 0.43518E 31 11 0.63517E t l  

GROUP 12 I N I T I A L  E= 2.6633424 &=  I 
1 -C.l99GbE 00 2 -0.1G248E 0 1  3 -0.16741E 3 1  4 -0.19416E 0 1  5 -C.l9353E 0 1  5 -3.1549GE '1 
7 -C0E6239E SO 8 0.55774E-C1 9 0.12261E 9 1  10 0.24798E 0 1  11 0.42711E 3 1  1 2  0o59839E O i  

GROUP 13  I N I T I A L  E =  2.4166727 L= 3 
1 -0.178C8E 3 3  2 -C.52428€ C C  3 -0.1E362E 0 1  4 -0.18316E 0 1  5 -0.18334E 0 1  5 -0.16251f 91 
7 -C.l1379E 01 8 -0.44744E CO 9 0.41703E 00 13 0.14750E 01 11 0*258r? lE  0 1  1 2  0041658E '21 

13 C.56423E G1 

GROUP 14 I N I T I A L  E =  3.1500025 L= 2 
1 -C015803E 0 0  2 -0.E3815E CC 3 -0.14146E 0 1  4 - 0 o l 7 2 3 1 f  C 1  5 -0.17719E 0 1  6 - '?o15QR5f  3 1  
7 -Co12956E 31  8 -0.77455E C C  9 -0. lC193E 00 10 C.7CC38E 0011 0.16550E 3 1 1 2  3.26332E ?1 

13 C.4C479E 0 1  14 C. 53LOZE C 1  

GROUP 15 I N I T I A L  E =  3.3E33332 L= 3 
1 -0.14359E 00 2 -0.76368E O C  3 -0.13060E 0 1  4 -0.16192E 0 1  5 -0.17985E 0 1  6 -0.16051E 2 1  
7 -0.13320E C1 8 -C.S8303E C O  4 -C.45176E 00 10 0018192E 0 0 1 1  '?.92'3ElE C012 So17637E 01 

13 0 .2C535E31  1 4  C o 3 9 2 4 6 E 2 1  15 0 .5C204E01  



12 3456 H BOUND I N  HZ0 - 256 LEG K - ENERGY MESH TO 3.5 EV 

L =  4 SCATTERING KERhEL hOPMPLILED T C  SIGMA I k E L P S T I C  

GROUP 1 I N I T I A L  E= 0.1167149 L =  4 
1 0.67952E 00 

GROUP 2 I N I T I A L  E =  C.3500448 L =  4 
1 -0,22943E O G  2 G.87675E C C  

GROUP 3 I N I T I A L  E= 0.5833745 L= 4 
1 0,51937E 00 2 -C*484C3E C 1  3 Oo52573E 01 

GROUP 4 I N I T I A L  E = C 0 8 1 t 7 0 4 8  L = 4  
1 0.13253E 00 2 -C.l3017E C 1  3 -Cm45G23E 0 1  4 0.68063E 01 

GROUP 5 I N I T I A L  E =  1.C5CO345 L =  4 
1 0.34614E-01 2 -0.78632E 00 3 -0.2E542E 0 1  4 -C.26079E 0 1  5 0.71317E 5 1  

GROUP 6 I N I T I A L  E =  l . fES3643 L= 4 
1 0.59067E-01 Z -GoS7052E CC 3 -0.21773E 0 1  4 -0.28171E 0 1  5 -3.91757E 00 6 (3.73231E 01 

GROUP 7 I N I T I A L  E =  1.5166541 L= 4 
1 G.70161E-01 2 -Co29068E C C  3 -0.17i48E 0 1  4 -0.24242E 01  5 -3.21642E 3 1  6 0.31578E Gc! 
7 Co67082E 0 1  

GROUP 8 I N I T I A L  E= 1075CC238 L =  4 
1 C.64205E-01 2 -0.132C8E C C  3 -0o12518E 0 1  4 -0.23373E 0 1  5 -P.24451E 3 1  5 -9.141L.CE 0 1  
7 C.llt65E 0 1  8 C o  t3455E C 1  

GROUP 10 I N I T I A L  E= 2.5366834 L= 4 
1 - 0 ~ 1 2 8 2 8 E - 0 1  2 -0051132E-CZ 3 -0.67949E 0 3  4 -C.l5671E G I  5 -0.21712E 02 6 -9.22269E 0 1  
7 -Ge153 i6E  0 1  8 -Co16E67E C C  9 0.21256E 0 1  13 0.57934E 0 1  

GROUP 11 I N I T I A L  E= 2.4500132 L 5  4 
1 0. S5343E-02 2 -C.20008E OC 3 -0,52431E 03  4 -0.12777E 01 5 -0.18987E 0 1  6 -9.21a88E 01 
7 - C  l 19134E 01 8 -0. i 0723E C 1  9 0.25162E 05 13  0,2378C)E 01 11 0.53872E Q l  

GROUP 1 2  I N I T I A L  E= 2.6E3342S l =  4 
1 3 l 81808E-02 2 -0.13258E 00 3 -0.6C538E 00 4 -0o lC599E O L  5 -0o16435E 91 6 -0.1966ZE C 1  
7 - G o  19793E 0 1  8 -C.15b59E C 1  9 -0.66693E 03 15  0.59632E 03 11 rJ.25394E 0 1  12 0.5.3756E '21 

GROUP 13 I N I T I A L  E= 2.5166727 L =  4 
1 O.lC554E-01 2 -0.89321E-Cl 3 -0.47731E 03 4 -0o lC060E C'1 5 - G o  14136E 0 1  6 -0.17953E El 
7 -G 019231E 01 b -0.174336 C 1 5 -0.12285E 0 1  10 -0.32097E 00 11 0o864'30E G O  12 0.26374E O l  

13 C*48179E 0 1  1 

GROUP 14 I N I T I A L  E= 3.15GC025 L= 4 
1 0.21356E-01 2 -0055344E-C1 3 -0.37835E 33  4 -0.84459E 00 5 -3.12998E 3 1  6 -9.15'348E "1 
7 -C.l8072E 0 1  8 -0.17777E C 1 9 -0014g63E 0 1  10 -C .91930E 0.3 11 -n.33812E-01 12 0013737E 01 

13 G.269C8E 0 1  1 4  Cm45924E 0 1  

GROUP 15 I N I T I A L  E l  3.5833332 L+ 4 
1 0 13175E-01 2 -0.23712E-91 3 -0.25085E 03 4 -0.71056E 03 5 -0.11342E C1  6 -0.147L9E 01  
7 -0,16456E 0 1  b -C.l7321E C 1  9 -0.15931E 0 1  10 -C.12326€ DL 11 -0.64630E 3 3 1 2  0.21C27E 09 

1 3  Co122S6E O L  1 4  C.27129E 0 1  15 0.44058E C1 



L =  5 SCPTTERING KERhEL hORPALIZE0  TO SIGMA I h E L A S T I C  

GROUP 1 I N l T I A L  E= 0.1167149 L =  5 
1 0.27528E 00 

GROUP 2 I h i T I A L  E =  0.3500448 L =  5 
c 1 Co22507E 0 0  2 - C  .205G&E-01 

I GROUP 3 I N I T I A L  E= 0,5833745 L =  5 

I 
1 0.236S7E 0 0  2 -0.19652E C 1  3 0.17025E 0 1  

GROUP 6 I N I T I A L  E= 0.8167048 L =  5 
1 -0042617E-02 2 Co53S8CE CC 3 -0.38746E 0 1  4 0.32978E 0 1  

GROUP 5 I N I T I A L  E= l.CSC0345 L= 5 
1 C.17644E-01 2 0.26773E C O  3 -0.943766 03 4 -0.36975E 01  5 0042375E 01 

GROUP 6 I N I T l A L  E =  1.2833643 L= 5 
1 0.13150E-01 2 C.23412E C C  3 -0.48378E 03 4 -0.19856E 01  5 -3.27926E 0 1  6 0.13936E 

GROUP 7 I N I T I A L  E= 1.5166941 L =  5 
1 0.15668E-01 2 Cm321FC)E C C  3 -0.16702E 03 4 -0.13S54E 01  5 -0.22863E 0 1  6 -9.18159E 
7 C.47911E 0 1  

GROUP b I N I T I A L  E= 1.75C0238 L= 5 
1 0 0423616-0 1 2 C.29638E C C  3 0.12751E 03 4-1).9CS34E 03 5 -0o lS258E 0 1  5 -0.21537E 
7 -C.S6716E 0 0  8 C.46624E G 1  

GPOUP 9 I N I T I A L  E= 1.5833536 L= 5 
l 0.58354E-G1 2 0028606E C O  3 0.24981E 30 4 -C.44800E 00 5 -0.14856E 3 1  6 -0.23937E 
7 -0.18260E 0 1  8 -G.28494€ C C  S 0,45518E 01 

GROUP 10 I N I T I A L  E l  2.2166834 L =  5 
1 -C.35715E-01 2 0 -2653CE CC 3 0.32415E 03  4 -0.16944E 00 5 -0.13105E 0 1  6 -C).19098E 
7 -C.20315€ 0 1  8 -0.14454E C 1  9 0.24738E 0 3  10 C.47950E C 1  

GROUP 11 I N I T I A L  E= 2.4500132 L =  5 
1 0.65480E-0 1 2 0.157C9E CC 3 0.3445OE 90 4 0.24568E-01 5 -0 .65991f  00 6 -0.14059E 
7 -C.19227E 0 1  8 eCo18471E C 1  9 -0.1071tE 0 1  1 0  C.65719E 00 11 0.43606E 0 1  

GROUP 12 I h I T I  AL E= 2.6e3342S L =  5 
1 0027658E-01 2 C.176361 00 3 0.17991E 03 4 0.12753E 00 5 4 . 3 8 9 3 2 E  PO 6 -0.1359QE 
7 -C.16282€ 0 1  8 -C. l895lE C 1  9 -0.16085E 0 1 1 0  -C.73080E P 0 1 1  O.97969E 0 0 1 2  C.42443E 

GROUP 1 3  I N I T I A L  E= 2 o 9 1 t t 7 2 7  L =  5 
1 0 34557E-01 2 C.lb374E 00 3 0.22637E 09 4 002C386E-01 5 -3021581E 03  6 - 3 .76654E  
7 -0.13309E 0 1  8 -C*17153E C 1  9 -0.1783tE OL 13 -0.13547E 0 1  ll -6.43143E 03  1 2  0.12094E 

13  C.40403E 3 1  

GROUP 1 4  I N I T I A L  E =  3.1500025 L =  5 
1 0.57747E-0 1 2 C*16118E C O  3 0.24731E C);3 4 0011578E OC! 5 -(?.23933E C!O 6 -3.55396E 
7 -0.10537E 0 1  8 -0.1465SE C l  9 -0,17C87E 0 1 1 0  -0.16271E e l 1 1  - 0 . l i 0 6 6 E  3 1 1 2  -0.1736L.E 

13  Co139G3E Oi 1 4  C.38396E C 1  

GROUP 15 I N I T I A L  E= 3.3E33332 L =  5 
1 0.15474E-02 2 Ca15289E C C  3 0.2t2CCE 35 4 0.18381E 00 5 -0.92698E-'31 5 -9.L9364E 
7 -C.B3022E 0 0  8-C.12467E C 1  9 -0.15513E 0 1 1 0  -Q.16418€ 0 1 1 1  -0.14506E 0 1 1 2  -0.67466E 

13 C.45866E-01 1 4  0o1526CE C 1  15 0.37S83E Q l  





APPENDIX B - KERINT SAMPLE PROBLEM 

A sample problem f o r  t h e  KERINT code i s  shown below. The 
problem i s  based on four-group s c a t t e r i n g  kernels  up t o  PJ 
Legendre o rde r .  Kernels a r e  input  a t  temperatures of  296, 350, 
and 400 degrees Kelvin. One output kernel  is  generated a t  a 
temperature of 320 degrees Kelvin using Lagrangian i n t e r p o l a t i o n  
between t h e  input  temperature poin ts .  Input cards ,  p r i n t e d  out- 
pu t ,  and punched output  a r e  shown below. 

KERINT TEST PROBLEM INPUT CARDS 



100. 1 
100. 2 
100. 3 
101). 4 
LOO. 5 

100. 1 
100. 2 
LOO* 3 
100. 4 
100. 5 

100. 1 
LOO. 2 
LOO. 3 
103. 4 
100. 5 



PRINTED OUTPUT FROM KERINT 

L = O SCPTTERING KERNEL FCR LA = 100. AT 7 = 320.00 DEG K 

GROUP 1 L = 0 
1 C. 14790E 04 

GROUP 4 L = 0 
1 0.392325 0 2  2 Co32981E C2 3 0.37493E 02 4 0.48588E 02 

L  = 1 SCATTERING KERNEL F G R  Z A  = t O G .  A T  7 = 320.00 DEG K 

GROUP 1 L = l  
1 C.29968E 0 3  

GROUP 2 L =  1 
1 -C.l1717E 02 2 0.763356 C Z  

GROUP 3 L = l  
1 -0.13462E 01 2 C,244FIE C1 3 0m44866E 0 2  

C = 2 SCPTTERING KERNEL FOR Z A  = 10C. A T  T = 320.00 D f G  K 

GROUP 1 L = 2  
1 C.49080E02  

GROUP L L = 2 
1 -0.12557E 02 2 C . 2 C 4 7 2 E  C f  

GROUP 3 L  = 2 
1 -G.66796E 00 2 -0 .51475E C l  3 0.22672E 02  

L  = 3 S C P T T E R I N G  K E R N E L  FCR L A  = 10C. A T  1 = 320.00 DEG K 

GROUP I L  = 3 
1 C.88117E  01 

GROUP 3 L = 3 
1 0.10872E 00 2 - C e 5 1 0 1 6 E  C C  3 0 .57599E 01 



PUNCHED OUTPUT FROM KERINT 

LOO. 
I O O .  
100 . 
100. 
100. 
100, 
100, 
LOO. 
100. 
LOO. 
LOO. 
100 . 
LOO. 
100. 
100. 
100. 
100. 
LOO 
100, 
100. 






