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COMPARISON OF PHOTON-PRODUCTION PROCESSING CODES 

LAPHNGAS, M A C K - I V ,  AND NJOY 

R .  J. B a r r e t t ,  W. E. Fo rd  111, Y. Gohar, 
T. S. Bohn, R .  E. MacFarlane, and R .  M. B o i c o u r t  

ABSTRACT 

Severa l  l a b o r a t o r i e s  have independent ly  
developed computer codes t h a t  use eva lua ted  
da ta  f r o m  t h e  ENDF/B f i l e  t o  produce group- 
averaged c ross  s e c t i  ons and t r a n s f e r  m a t r i c e s  
f o r  neutron- induced photon p roduc t i on .  There 
have been severa l  ins tances  i n  which these 
codes have produced d i sc repan t  da ta  s e t s  , 
thereby  c a s t i n g  doubt on t h e  v a l i d i t y  o f  a l l  
t h e  codes. For  a s e r i e s  o f  s p e c i f i e d  t e s t  
cases, t h e  r e s u l t s  f rom t h r e e  o f  these codes 
(NJOY , LAPHNGAS, and M A C K - I V )  were systema- 
t i c a l l y  compared w i t h  each o t h e r  and w i t h  
hand c a l  c u l  a t i  ons. Severa l  s hor tcomi  ngs i n  
t h e  codes have been d iscovered and r e p a i r e d .  
One major  d i f f e r e n c e  o f  ph i l osophy  has been 
reso lved .  Consequently, t h e  codes have a r -  
r i v e d  a t  s u b s t a n t i a l  agreement on a l l  o f  t h e  
n e a r l y  1200 nonzero group cons tan ts  c a l c u l  a- 
t e d  i n  t h e  study. Resu l t s  a re  t a b u l a t e d  f o r  
f u t u r e  comparisons w i t h  o the r  codes. 

I .  I NTRODUCT I ON 
For severa l  years,  t h e  LAPH s e r i e s  o f  codes were t h e  most w i d e l y  used 

photon-produc t ion  processors o f  ENDF/B data.* 
t h e  Los Alamos S c i e n t i f i c  Labora to ry  (LASL) [LAPH, LAPHANO] and General Atomic 
(GA) [LAPHANO]. D iscrepanc ies  i n  t h e  LASL v e r s i o n  o f  LAPHANO were r e p o r t e d  by  
Seamon3 a t  t h e  September 1975 meet ing  o f  t h e  S h i e l d i n g  Subcommittee (SSC)  o f  
t h e  Cross Sec t ion  E v a l u a t i o n  Working Group (CSEWG). Seamon's r e p o r t  i n c l u d e d  

1 

Vers ions o f  LAPH are  i n  use a t  
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sample da ta  f rom LAPHANO and comparisons w i t h  hand c a l c u l a t i o n s .  Several  spe- 
c i f i c  code m o d i f i c a t i o n s  were a l s o  suqgested t o  r e c t i f y  t h e  d isc repanc ies .  

Extens ive m o d i f i c a t i o n s  were made t o  t h e  LAPHANO code a t  t h e  Oak Ridge 
N a t i o n a l  L a b o r a t o r y  (ORNL) t o  g i v e  t h e  LAPHNGAS code.4 LAPHNGAS was i n c o r -  
p o r a t e d  i n t o  t h e  AMPX system--a modular system f o r  p roduc ing  coupled m u l t i -  
group neut ron-gama cross  s e c t i o n  s e t s  f rom ENDF/B data.  

I n  r e c e n t  years, a number o f  o t h e r  codes (NJOY, 5,** MACK-IV~) have 
gained t h e  c a p a b i l  i t y  o f  p rocess ing  photon-product i  on data i n t o  t r a n s f e r  ma- 
t r i c e s  i n  severa l  Legendre orders.  Because these codes were n o t  r e l a t e d  t o  
LAPH, t h e  o p p o r t u n i t y  was now a v a i l a b l e  f o r  in te rcompar ison of  independent 
codes and methods, as w e l l  as comparison o f  each code w i t h  s e l e c t e d  hand c a l -  
c u l  a t i  ons. 

Under t h e  auspices o f  t h e  S h i e l d i n g  Subcommittee, t h e  authors have com- 
pared c a l c u l a t e d  photon- p r o d u c t i o n  da ta  from NJOY, MACK- IV ,  t h e  LASL v e r s i o n  
o f  LAPHANO, t h e  ORNL LAPHNGAS, and a l a t e  1977 v e r s i o n  o f  LAPHNGAS f rom t h e  
EG&G-Idaho v e r s i o n  o f  t h e  AMPX system. (The a b b r e v i a t i o n s  used h e r e i n a f t e r  
f o r  r e f e r r i n g  t o  each o f  t h e  codes are  l i s t e d  i n  Table I ) .  For t h e  purpose o f  
t h i s  r e p o r t ,  only NJOY, MACK-IV, and t h e  ORNL LAPHNGAS w i l l  be discussed. The 
c o r r e c t i o n s  made t o  LAPHNGAS as a r e s u l t  o f  t h i s  s tudy are  a p p l i c a b l e  i n  
general  t o  a l l  LAPH-series codes. 

* 

TABLE I 

PHOTON-PROCESSING CODES INVOLVED I N  T H I S  STUDY , AND 
THE ABBREVIATION USED I N  REFERRING TO EACH 

-~ Code 

NJOY Los Alamos LASL NJOY 
M A C K - I V  Argon ne ANL MACK 
LAPHNGAS Oak Ridge ORNL LAPH 
LAPHNGAS EG&G-Idaho EG&G LAPH 
LAP HANO Los Alamos LASL LAPH 

------- L ab o r  a t  o r y  ..----_-- Abbrevi  a t i  on 

*The AMPX system i s  d i s t r i b u t e d  by t h e  R a d i a t i o n  S h i e l d i n g  I n f o r m a t i o n  Center 
(RSIC) i n  t h e  package i d e n t i f i e d  as PSR-63/AMPX-II. 

**NJOY i s  a comprehensive computer code package f o r  producing p o i n t w i s e  and 
mu1 t i g r o u p  neut ron  and photon c ross  s e c t i o n s  f r o m  ENDF/B eva l  irated nuc lear  
data. 
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Sect'ion I I  of this report  describes the scope and ground ru les  of t h i s  
study. Section I11 discusses the sources of discrepancies encountered i n  the  
course of the s t u d y  and presents our r e s u l t s  and conclusions. 

Appendix A contains a discussion o f  the processing o f  photon energy 
spectra i n  the E N D F / B  p robabi l i ty  d is t r ibu t ion  format. Appendix B contains a 
tabulation o f  a l l  nonzero matrix elements calculated by the  " f ina l  versions" 
o f  the var i ous codes. 

In the  following discussions,  i t  i s  assumed tha t  the reader i s  famil iar  
w i t h  the  ENDF terminology described i n  Ref. 2. 

I I .  METHODOLOGY 
The scope of the study, summarized i n  Table 11, was s imilar  t o  the work 

of Seamon' except for  the f a c t  t ha t  higher order matrices were calculated 
fo r  I2C, 14N, and I60. Isotopes and react ions were chosen t o  represent 
a var ie ty  of E N D F  interpol ation schemes, Photon-production data f o r  b o t h  dis- 
c re te  and continuum photons were calculated using both m u l t i p l i c i t i e s  (MF12) 
and photon-producti on cross sect1 ons (MF13). In addition, a reasonably 

TABLE I1 

ISOTOPES A N D  REACTIONS C O N S I D E R E D  IN THIS STUDY 

Photon Production Data MF = 1 5  

ENDF/B-IV b b b Legendre 
Isotope MA T - MT MF=12/13 __ LFa - EI!lT 7- E~~~ E y , ~ ~ ~  Order 

c-12 1 2 7 4  51 
N-14 1275 102 
0-1 6 1 2 7 6  4 

2 2  
F 1 2 7 7  3 

4 
102  
107  

NA-23 1156 55 
60 

1 3  
1 2  
13 
1 3  
1 3  
1 3  
1 3  
1 3  
1 2  
1 2  

DISC 
DISC 
DISC 
DISC 
CONT 
DISC 
CONT 
DISC 
T PA 
I PA 

2 
2 
2 
2 
1 

2 , 4  
5 

2 ,4  

I 

c 

P4  
P2 
P6 
PO 
PO 
PO 
PO 
PO 
PO 
PO 

a P h o t o n  d i s t r ibu t ions  a r e  d i sc re t e  (DISC)  or continuous ( C O N T )  o r  the neutron 
energy dependence i s  represented by means o f  t r ans i t i on  probabi l i ty  arrays ( T P A ) .  

bInterpolat ion scheme used i n  the evaluated d a t a ;  t ha t  i s ,  INT = 1 ,  2, 4 ,  and 5 
spec i f i e s  constant ,  l i nea r - l i nea r ,  log- l inear ,  a n d  log-log in te rpola t ion  schemes, 
respect ively.  
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complex cascade o f  t r a n s i t i o n  p r o b a b i l i t y  a r r a y s  was processed f o r  23Na. 
i l l u s t r a t e  t h e  c o m p l e x i t y  o f  t h e  23Na t r a n s i t i o n  p r o b a b i l i t y  data,  t h e  MT60 
cascade i s  d e p i c t e d  i n  F i g .  1.) The neu t ron  and photon energy group s t r u c t u r e s  
used i n  t h i s  s tudy  a r e  l i s t e d  i n  Tab le  111. A l l  c a l c u l a t i o n s  were repea ted  
w i t h  b o t h  a c o n s t a n t  and a 1/E n e u t r o n  f l u x  w e i g h t i n g  . fo r  a l l  Legendre o r d e r s .  
These s i m p l e  w e i g h t  f u n c t i o n s  were chosen t o  f a c i l i t a t e  hand c a l c u l a t i o n s .  A 
t o t a l  o f  1168 nonzero m a t r i x  elements were compared. 

(To  

TARLE I 1 1  
GROUP BOUNDARIES I N  ELECTRON VOLTS 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
3.7 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Maximum Energy 

1,7OOOOE+07 
1.50000E+07 
1.35000E+07 
1.20000E+07 
1.00000E+07 
7.79000E+06 
6.07000E+06 
3.68000 E+06 
2.86500E+06 
2.23200E+06 
1.73800E+06 
1.35300E+06 
8.23000E+05 
5.00000E+05 

1.84000E+05 
6.76000E+04 
2.48000E+04 
9.1200OE+03 
3.35000E+03 
1.23500E+03 
4.54000E+02 
I. 6 7000 Et02 
6.14000E+01 
2.260OOE+Ol 
8.320OOE+OO 
3.06000E+00 
1.13000E+00 

3.03000 E+05 

4.14000E-01 
1.52000E-01 

.- G r -  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1.2 

EMIN 

Maximum ---_---- Energy - 
2. r)OOOOE+07 
9.OOOOOE+OG 
8.00000E+06 
7.00000E+06 
6.00000E+06 
5.00000i+OG 
4.00000Et06 
3.00000E+OG 
2.OOOOOE+OS 
l..00000E+06 
5.00000E+05 
1.. 00000 Et05 

EM IN 1.39000E-04 
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E = 4.770 Mew nl-- 

E. 

E =  

E =  

2.705 

2.078 

0.439 

Mev 

Mev 

Mev 

1 1 E = O  

F i g .  1. Photon t r a n s i t i o n  p r o b a b i l i t i e s  f o r  23Na, MT = 60. 

The c a l  c u l  a t i  ons were p e r f  ormed on ENDF/B- IV  eva lua ted  data, which had 
Seen l i n e a r i z e d ,  resonance- recons t ruc ted  and Doppler-broadened t o  300 K u s i n g  
t h e  NJOY code a t  LASL. The purpose o f  t h i s  p reprocess ing  was t o  m in im ize  t h e  
p o s s i b i l i t y  o f  d isc repanc ies  a r i s i n g  f rom code d i f f e r e n c e s  n o t  d i r e c t l y  r e -  
l a t e d  t o  photon-produc t ion  process ing .  Ca lcu la ted  m a t r i c e s  f rom a l l  t h e  l ab -  
o r a t o r i e s  were a u t o m a t i c a l l y  s o r t e d  and compared a t  LASL. S ide-by-s ide 
l i s t i n g s  (Tab le  I V )  o f  a l l  t h e  c a l c u l a t e d  da ta  were p r o v i d e d  t o  a l l  p a r t i c i -  
pants .  I n  a d d i t i o n ,  t h e  percentage d i f f e r e n c e  by  which each code dev ia ted  
from t h e  NJOY r e s u l t  was c a l c u l a t e d  and d i sp layed  as i n  Tab le  V. 
D isc repanc ies  of l ess  than 0.1% were s e t  equal t o  zero. Cases i n  which t h e  
magnitude o f  t h e  d i f f e r e n c e  between two c a l c u l a t e d  c ross  s e c t i o n s  was l e s s  
than 1.0 x 10-6b were s i m i l a r l y  d isregarded.  The cho ice  o f  NJOY as t h e  
s tandard of comparison was comple te ly  a r b i t r a r y .  

I I I .  RESULTS AND CONCLUSIONS 
The f i r s t  round o f  comparisons showed agreement ( t o  w i t h i n  1%) among t h e  

t h r e e  codes f o r  o n l y  77% o f  t h e  1168 numbers ca l cu la ted ,  a f a c t  which 
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TABLE I V  

A SAMPLE OF THE SIDE-BY-SIDE LISTING PROVIDED TO EACH P A R T I C I P A N T  

4 LASL NJOY LAP HN GAS ANL MACK PG NG 
I___ - --__ ._ I_____... - - 

1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 

1 
4 
5 
6 
7 
8 
9 

I. 0 
11 
1 
4 
5 
6 
7 
8 
9 

10 
11 

6.46240E-06 
5.Z2706E-07 
7.33193E-07 
5.34541E-07 
1.66304E-06 
1.35770E-06 
5.25578E-06 
3.93394E-06 
5.84871E-07 
9.68647E-06 
5.87822E-07 
8.22957E-07 
5.99983E-07 
1.86664E-06 
1.52392E-06 
5.89923E-06 
4.41556E-06 
6.56476E-07 

6.45890E-06 
5.23640E-07 
7.33110E-07 
5.34480E-07 
1.66280E-06 
1.35750E-06 
5.25510E-06 
3.93350E-06 
5.84800E-07 
9.68240E-06 
5.877 SOE-07 
8.22810E-07 
5.9987OE-07 
1.86630E-06 
1.52360E-05 
5.89810E-06 
4.41480E-06 
6.5636OE-07 

6.42560E-06 
5.23620E-O7 
7.33070E-07 
5.34450E-07 
1.66280E-06 
1.3Fj750E-06 
5.25490E-06 
3.93330E-06 
5.84770E-07 
8.9123QE-06 
5.87700E-07 
8.22790E-07 
5.99860E-07 
1.8663OE-06 
1.52360E-06 
5. S9800E-06 
4.41460E-06 
G.5634OE-07 

TABLE V 

A SAMPLE OF THE PERCENTAGE DIFFERENCE LISTING PROVIDED TO EACH PARTICIPANT 

(VALUE) 
LASL NJOY ANL MACK --__-.-I LAPHNGAS ---- ---- PG - NG - 

1 
1 
I. 
1 
1 
3. 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 

1 
4 
5 
6 
7 
8 
9 

10 
11 
1 
4 
5 
6 
7 
8 
9 

10 
11 
1 
4 

6.46240E-06 
5.23706 E-07 
7.33193E-07 
5.34541E-07 
1.66304E-06 
1.35770E-06 
5.25578E-06 
3.93394E-06 
5.8487lE-07 
9.68647E-06 
5.87822E-07 
8.22957E-07 
5.99983E-07 
1.86664E-06 
1.52392E-06 
5.89923E-06 
4.41556E-06 
6.56476E-07 
1.13296E-05 
6,57116E-07 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
9.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9.0 

-10.5 
0.0 
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reinforced our motivation fo r  doing the stud.y. Hand calculat ions performed on 
a representat ive sample of discrepant matrix elements suggested several im- 
provements, and  progress i n  the  form of code modifications came quickly. The 
remaining discrepancies (involving 4% of the calculated numbers) are due i n  
p a r t  t o  differences i n  in te rpre ta t ions  o f  the ENDF/B-IV format or to  minor 
differences i n  the  calculat ional  techniques used by the codes. Three of 
these differences bear menti oning. 

The most serious ambiguity e x i s t s  in the processing o f  continuous energy 
spectra t h a t  are expressed in ENDF/B as normalized probabi l i ty  d i s t r ibu t ions  
g(Ey+ E i )  a t  selected neutron energies E i .  The codes under study employ 
d i f f  erent methods f o r  interpolat ing to  determi ne the photon spectra  a t  i n t e r -  
mediate neutron energies. The problem i s  i l l u s t r a t e d  i n  F igs .  2 ( a )  and  ( b ) .  
A t  the lower neutron energy E i ,  the photon endpoint energy i s  E ; a t  the 
higher neutron energy E i + l ,  the p h o t o n  endpoint energy becomes E l t 1 .  A t  
the intermediate neutron energy E i ,  the NJOY and LAPHNGAS codes interpo- 
l a t e  in such a way [ F i g .  2 ( a ) ]  as t o  give photon yields  (dashed l i n e )  for pho- 
ton  energies up  t o  E$+1, whereas the interpolat ion method used by MACK-IV 
[F ig .  2 ( b ) ]  gives pho ton  yields only up t o  an energy of E:. Because the 
resu l t ing  i nterrnediate d is t r ibu t ions  are rmalized, the NJOY/LAPHNGAS method 
gives more photons i n  higher energy CjidupS and the MACK-IV method gives fewer 
photons in the  same energy groups.  

Neither the NJOY/LAPHNGAS nor the MACK-IV method gives a physically 
correct r e su l t .  The endpoi n t  energy f o r  the i ntermedi a te  photon spectrum 
should be somewhere between 4 and E;+’. However, the current formats 
and procedures fo r  ENDF/B- IV do not allow for an interpolat ion scheme t h a t  
would produce the physically reasonable r e s u l t .  The f luor ine  r e s u l t s  for  MT = 
102 show the impact o f  the d i f f e ren t  interpolat ion methods. Appendix A of 
this report  presents a more detai led discussion of t h i s  problem and a 
recomnendati o n  f o r  a1 te r ing  the ENDF representation of these data. 

A second difference involves the way in which  the energies of cer ta in  

* 

i 
Y* 

I 

discre te  photons are calculated.  T h e  E N D F / B  format 
ergy I+ t o  be calculated from the ta rge t  atomic mass 
energy En according t o  the formula 

c a l l s  for  the photon en- 
r a t i o  AWR and the neutron 

____---- -- 
I n  addition, there are differences due t o  evaluation * er rors .  
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Fi g .  2 (  a )  NJOY/LAPHNGAS approach f o r  i nterpol a t  i on of normal i zed prohabi 1 i t y  
distr  i bu t i  ons . 

Fig. 2 ( b ) .  MACK- IV approach f o r  interpolat ion of normalized probabi l i ty  
d i s t r ibu t ions .  

I 

x E, 9 E = E  + -  
y y AWR+1 

AW R 

I 
where E Y  i s  the  d i sc re t e  photon energy quoted in the ENDF f i l e .  The 
MACK-IV and NJOY codes calculate  E, a t  each neutron energy within a g r o u p ,  
whereas LAPHNGAS ca lcu la tes  one value of E, u s i n g  t.he group-average neutron 
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- 
energy En. The l a t t e r  procedure can d i s t o r t  t h e  average photon secondary en- 
ergy by p l a c i n g  d i s c r e t e  photons i n  t h e  wrong eneryy group. 
known t o  have caused a d iscrepancy i n  two o f  t h e  1168 nonzero group cons tan ts  
produced i n  t h i s  s tudy--photon p r o d u c t i o n  f rom neut ron  group 5 t o  photon 
group 1 f o r  r a d i a t i v e  cap tu re  (MT = 102) i n  n i t r o g e n  f o r  bo th  cons tan t  and 1 / E  
we igh t ing  . 

F i n a l l y ,  t h e r e  i s  a d i f f e r e n c e  i n  t h e  method o f  i n t e r p o l a t i n g  a f u n c t i o n  
t h a t  i s  a p roduc t  o f  two o r  more v a r i a b l e s  f o r  which i n t e r p o l a t i o n  schemes are  
s p e c i f i e d  i n  ENDF. The M A C K - I V  code uses t h e  h i g h e s t  i n t e r p o l a t i o n  scheme, 
w h i l e  NJOY and LAPHNGAS use a l i n e a r  i n t e r p o l a t i o n  scheme and d i s r e g a r d  t h e  
i n t e r p o l a t i o n  schemes assoc ia ted  w i t h  t h e  components o f  t h e  produc t .  When 1 / E  
we igh t i ng  i s  used, t h i s  d i f f e r e n c e  i n  a l g o r i t h m  causes a maximum d iscrepancy  
o f  0.5% f o r  photon p r o d u c t i o n  f rom r a d i a t i v e  cap tu re  (MT = 102) i n  n i t r o g e n .  

Wi th t h e  except ions  no ted  above, t h e  t h r e e  codes compared i n  t h i s  s tudy  
are  now i n  s u b s t a n t i a l  agreement on t h e  p rocess ing  o f  ENDF/B-IV eva lua ted  pho- 
t o n  p roduc t i on  data, Because no fo rma t  changes i n  t h i s  area are  contemplated 
f o r  ENDF/B-V, t h e  same statement  shou ld  be t r u e  f o r  t h a t  da ta  f i l e .  
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APPENDIX A 

PROCESSING OF PHOTON ENERGY SPECTRA I N  THE PROBABILITY DISTRIBUTION FORMAT* 

Continuous energy d i s t r i b u t i o n s  of secondary photons, expressed as no r -  
ma l i zed  p r o b a b i l i t y  d i s t r i b u t i o n s ,  a re  g iven i n  F i l e  15 o f  ENDF. The d i s t r i -  

bution functions, g(Eyt.. E i ) ,  a re  descr ibed i n  TAB2 fo rmat ,  where d i f f e r e n t  
TAB1 reco rds  are  used t o  rep resen t  g(Ey-+Ei) a t  d i f f e r e n t  neut ron  energ ies  Ei 

------1__ 

*A’complete d e s c r i p t i o n  o f  t h e  fo rmats  r e f e r r e d  t o  i n  t h i s  appendix can be 
found i n  t h e  ENDF f o r m a t  manual (see Ref. 2 ) .  
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The T A B l  reco rds  w i t h i n  a subsec t ion  are g iven i n  i n c r e a s i n g  order  o f  neutron 
energy, and t h e  photon y i e l d s  w i t h i n  any T A B l  r e c o r d  are g i ven  i n  i n c r e a s i n g  
order o f  photon energy E, . The endpo in t  energy o f  t he  photon spectrum 
increases  w i t h  neut ron  energy, which means t h e  T A B l  records  span d i f f e r e n t  
photon energy ranges. This  da ta  r e p r e s e n t a t i o n  generates an ambiguous 
s i t u a t i o n  f o r  t h e  i n t e r p o l a t i o n  between TABl reco rds  t o  get  t h e  spectrum a t  
neut ron  energy Ei, between Ei and Ei+l. The LAPHNGAS and NJOY codes 
extend t h e  T A B l  r e c o r d  t o  perform t h e  i n t e r p o l a t i o n  assuming a value o f  zero  
for g(E, + Ei) a t  photon energies beyond E; [ F i g .  ? ( a ) ]  . This  approach 
overes t imates  t h e  t o t a l  photon energy y i e l d  and can lead  t o  a nega t i ve  energy 
f o r  t h e  r e c o i l  nucleus. An a l t e r n a t i v e  approach, used b y  M A C K - I V Y  i s  t o  s t o p  
t h e  i n t e r p o l a t i o n  process a t  E: [ F i g .  2 ( b ) l ,  t he reby  underes t ima t ing  t h e  
photon energy y i e l d .  T h i s  approach leads t o  an overes t imate  f o r  t h e  energy o f  
t h e  r e c o i l  nucleus. 

A qu ick  remedy f o r  t h i s  ambigu i ty  i s  t o  i n t roduce  a T A B l  r e c o r d  t h a t  
g ives the photon endpoint  energy as a f u n c t i o n  o f  neut ron  energy. As  shown i n  
F i g .  A-1, t h e  new data, which a r e  compat ib le  w i t h  c u r r e n t  ENDF formats and 
which employ standard ENDF i n t e r p o l a t i o n  schemes, would a l l o w  a more 
reasonabl  e method o f  i n t e r p o l  a t  i on. 

I 

** 

F i g .  A-1. I l l u s t r a t i o n  of t h e  proposed apprqach t o  i n t e r p o l a t i o n  o f  normal ized  
p r o b a b i l i t y  d i s t r i b u t i o n s  where E, i s  de f i ned  from g iven T A B l  
data. 

**A s i m i l a r  s i t u a t i o n  e x i s t s  f o r  secondary neu t ron  spec t ra  i n  F i l e  5 o f  ENDF. 

10 



A fur ther  source of d i f f i c u l t y  w i t h  the normalized probabi l i ty  d is t r ibu-  
t ions  i s  the  use of this format t o  represent d i scre te  photons. Figure A - 2  de- 
p i c t s  the spectrum fo r  MT = 102 i n  f luor ine .  Differences in the approach t o  
i nterpol a t i  on, described above, led t o  a discrepancy (MACK-IV r e s u l t s  versus 
NJQY/LAPHNGAS r e s u l t s )  of 13% i n  photon production from neutron group 9 t o  
photon group 2 and 100% from neutron group 9 t o  photon group 1. Similar d i f -  
f i c u l t i e s  were encountered in several neutron groups for this reaction. The 
e f f e c t s  o f  these discrepancies on .the photon energy per neutron group were 
calculated a t  ANL,  and the r e s u l t s  are tabulated i n  Table A-I. The maximum 
difference of 14% i n  group 4 represents an important  discrepancy for  many ap- 
p l ica t ions .  These data demonstrate the d i f f i c u l t i e s  t h a t  can r e s u l t  from the 
use of F i l e  15 t o  represent d i scre te  photons. 

6.t 

4.1 
T 
c 

.- 
W 

c 
Fb 

Y 
P 
- 

2 .I 

ET YIV - 
Neutron 
group 9 

i 
I 

I I I I 

E y  MeV 

I Mutron 
I i  8.2 8.4 8.6 8.L 3.2 3.4 T U P  10 

photon group NO 2 photon group NO I 

F i g .  A-2 .  Representative normalized probabi l i ty  d i s t r ibu t ion  functions 
g(Ey+Ei) f o r  f luor ine  (MAT1277, M T l O Z ) ,  
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TABLE A-I 

PERCENT DIFFERENCE IN GAMMA ENERGY PER NEUTRON GROUP 
FOR 19F MAT = 1277, MT = 102 

Neutron Group % D i f f e r e n c e  i n  Gamma --- Energya 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14  
15 
16 

7 
9 

14 
4 
4 
5 
4 
8 
4 
5 
4 
4 
4 
I 
1 

Overest imate method - Underest imate method l o o ~ o o  
Un der e s t  i m  a t e T - -  Percent d i f f e r e n c e  = a 

APPENUIX B 

A LISTING OF THE NONZERO MATRIX ELEMENTS 

The l i s t i n g  below i s  a r e p r o d u c t i o n  of the  s ide-by-s ide  l i s t i n g  o f  a l l  
nonzero m a t r i x  elements, as t h e y  were c a l c u l a t e d  by t h e  va r ious  codes a f t e r  
a l l  c o r r e c t i o n s  were made t o  t h e  p rocess ing  codes. Small d i f f e r e n c e s  s t i l l  
e x i s t  which were n o t  cons idered se r ious  enough t o  pursue. Large d i f f e r e n c e s  
i n  h ighe r  o rder  m a t r i c e s  are due t o  t h e  f a c t  t h a t  LAPHNGAS m a t r i x  elements 
i n c l u d e  a f a c t o r  o f  (2% + 1) w h i l e  NJOY r e s u l t s  do not .  

I n  the l i s t i n g s  below, t h e  a b b r e v i a t i o n  "NG" r e f e r s  t o  t h e  neut ron  
groups and "PG" r e f e r s  t o  t h e  photon groups. Group s t r u c t u r e s  are g iven i n  
Tab le  111. 
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NG PG LASL NJOV LAPHNGAS ANI. H A C K  
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