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ORIGEN2 - A REVISED AND UPDATED VERSION OF THE 
OAK RIDGE ISOTOPE GENERATION AND DEPLETION CODE 

A. G. Croff  

ABSTRACT 

ORIGEN2 is  a versa t i le  p o i n t  d e p l e t i o n  and decay computer 
code f o r  u s e  i n  s i m u l a t i n g  n u c l e a r  f u e l  c y c l e s  and c a l c u l a t i n g  
t h e  n u c l i d e  composi t ions  o f  materials c o n t a i n e d  t h e r e i n .  T h i s  
code r e p r e s e n t s  a r e v i s i o n  and update  of t h e  o r i g i n a l  ORIGEN 
computer code which h a s  been d i s t r i b u t e d  world-wide beginning  
i n  t h e  e a r l y  1970s .  Inc luded  i n  i t  are p r o v i s i o n s  f o r  i n c o r -  
p o r a t i n g  d a t a  g e n e r a t e d  by more s o p h i s t i c a t e d  r e a c t o r  p h y s i c s  
codes,  f ree- format  i n p u t ,  t h e  a b i l i t y  t o  s i m u l a t e  a wide v a r i e t y  
of f u e l  c y c l e  f l o w s h e e t s ,  and more f l e x i b l e  and c o n t r o l l a b l e  
o u t p u t  f e a t u r e s .  Inc luded  i n  t h i s  r e p o r t  are: (1) a summary 
d e s c r i p t i o n  of t h e  t o t a l  e f f o r t  t o  update  ORICEN and i t s  d a t a  
b a s e s ,  (2)  a summary d e s c r i p t i o n  of ORIGEN2,  i t s  c a p a b i l i t i e s ,  
and i t s  r e l a t i o n s h i p  t o  ORIGEN, ( 3 )  a d e s c r i p t i o n  of t h e  mathe- 
matical. methods used i n  ORIGEN:! t o  s o l v e  t h e  e q u a t i o n s  
d e s c r i b i n g  t h e  g e n e r a t i o n  and d e p l e t i o n  of n u c l i d e s ,  ( 4 )  a 
d e s c r i p t i o n  of t h e  mathematical  methods used i n  ORIGEN2 t o  
c a l c u l a t e  t h e  n e u t r o n  f l u x  and s p e c i f i c  power, and (5) a d e s c r i p -  
t i o n  of t h e  s o u r c e s  o f  s p e c i f i c  d a t a  a s s o c i a t e d  w i t h  t h e  computer 
code ORIGEN2. Also inc luded  are  d i r e c t i o n s  f o r  o b t a i n i n g  ORIGEN2, 
i t s  d a t a  b a s e s ,  and a s e p a r a t e  u s e r ' s  manual. 

1. INTRODUCTION 

The purpose of t h i s  r e p o r t  i s  t o  g i v e  a summary d e s c r i p t i o n  of a 
1 

r e v i s e d  and updated v e r s i o n  of t h e  o r i g i n a l  ORIGEN computer code,  which 

h a s  been d e s i g n a t e d  ORIGEN2. The remainder  of t h i s  s e c t i o n  i s  concerned 

w i t h  d e s c r i b i n g  t h e  background, scope,  o r g a n i z a t i o n ,  and a v a i l a b i l i t y  of 

ORIGEN2 and i t s  d a t a  b a s e s .  S e c t i o n  2 g i v e s  a more d e t a i l e d  d e s c r i p t i o n  

of t h e  computer code ORIGEN2. S e c t i o n  3 d e s c r i b e s  t h e  methods used by 

ORIGEN2 t o  so lve  t h e  n u c l e a r  d e p l e t i o n  and decay e q u a t i o n s .  F i n a l l y ,  

S e c t i o n  4 documents i n p u t  i n f o r m a t i o n  n e c e s s a r y  t o  u s e  ORIGEN2 t h a t  h a s  n o t  

been documented i n  s u p p o r t i n g  r e p o r t s .  
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1 

The ORIGEIV computer code 

1 Background 

w a s  w r i t t e n  i n  t h e  l a t e  1960s and ear1.y 

1970s by t h e  ORNL Cheinical Technology D i v i s i o n  as a v e r s a t i l e  t o o l  f o r  

c a l c u l a t i n g  the buil.dup and decay of  n u c l i d e s  i n  n u c l e a r  mater ia ls .  A t  

rhat t i m e ,  t h e  r e q u i r e d  n u c l e a r  da ta  l i b r a r i e s  (decay,  CKOSS s e c t i o n /  

f i s s i o n  product  yi .e ld ,  and photon)  and reaci:tsr models (PWR-U, PGIR-Pu, 

LMFBR, HTGR, and MS.BR) were a l s o  developed based on the in fo rma t ion  avail-  

a b l e  a t  t h a t  t:i.me. The computer code w a s  p r i n c i p a l l y  in t ended  f o r  u s e  i n  

g e n e r a t i n g  s p e n t  f u e l  and waste cha rac t : e i . i s t i c s  (composi t ion ,  thermal  

power, etc.) t h a t  would form t h e  b a s i s  f o r  t h e  s t u d y  and des ign  o f  f u e l  

r e p r o c e s s i n g  p l a n t s ,  s p e n t  f u e l  s h i p p i n g  c a s k s ,  waste t r ea tmen t  and di.s- 

p o s a l  f a c i l i t i . e s ,  and w a s t e  sh ipp ing  casks .  Si.nce f u e l  c y c l e  o p e r a t i o n s  

w e r e  bcirig examined g e n e r i c a l l y ,  and t h u s  were expec ted  t o  accommodate a 

w i d e  -range of f u e l  c h a r a c t e r i s t i c s ,  i t  w a s  on ly  necessa ry  t h a t  t h e  0K:CGEIV 

results be  r e p r e s e n t a t i v e  of  t h i s  range .  A s a t i - s f a c t o r y  r e s u l t  w a s  
2 

ob ta ined  by u s i n g  decay and photon d a t a  from t h e  Table  of Lsotopes-, tabu-  

lateti thermal  c r o s s  s e c t i o n s  arid resonance  i n t e g r a l s ,  and c h a i n  f i s s i o n  

product  y i e l d s ,  The resonance  i n t e g r a l s  of t h e  p r i n c i p a l  f i s s i l e  and 

f e r t i l e  s p e c i e s  were z d j u s t e d  t o  o b t a i n  agreement w i t h  experiment  and more 

s o p h i s t i c a t e d  c a l c u l a t i o n s .  

~. . . . . . . . . ... . . . . 
3 , 4  

5 

Soon a f t e r  t h e  ORLGEN computer code was documented, i.t w a s  made a v a i l -  

ab1.e t o  u s e r s  o u t s i d e  OWL through t h e  Rad ia t ion  S h i e l d i n g  Inforrnat i on  

Center  ( a t  O R N L ) .  The re1.at.i.ve s i m p l i c i t y  of  ORIGEN,  coilpled w i t h  i t s  

convenient  and de ta i - l ed  o u t p u t ,  r e s u l t e d  i n  i t s  bei.ng acqu i red  by many 

o r g a n i z a t i o n s .  Some of  t h e s e  o r g a n i z a t i o n s  began us ing  O R I G E N  f o r  a p p l i -  

c a t i o n s  t h a t  r e q u i r e d  g r e a t e r  p r e c i s i o n  i n  t h e  c a l c u l a t e d  r e s u l t s  than  

t h o s e  f o r  which i t  had o r i g i n a l l y  been in t ended .  These appl . i .cat ions were 

g e n e r a l l y  much more s p e c i f i c  than  t h e  e a r l y  ORNL g e n e r i c  f u e l  c y c l e  

s t u d i e s ,  such as envirsnmenti-Il i m p a c t  s t u d i e s  t h a t  r e q u i r e d  r e l a t i v e l y  

prec ise  c a l c u l a t i o n s  of  minor i s o t o p e s  such as 3 ~ ,  
l h C  232 U, and 

242 ,244  
Cm. The i n i t i a l  r e sponses  t o  these requi rements  w e r e  a t t e m p t s  Co 

update  s p e c i f i c  a s p e c t s  of  ORIGEN and i t s  d a t a  b a s e s .  9 xowever , incon- 

s i s t m c i . e s  and a l a r g e  iItd>er of d i f f e r e n t  d a t a  b a s e s  soon r e s u l t e d  from 

t h e s e  e f f o r t s .  



3 

1 . 2  Scope of Revis ions  and Updates 

I n  a n  e f f o r t .  t o  remedy t h e  problems d e s c r i b e d  above, a concer ted  

program was i n i t i a t e d  i n  1975  t o  update  t h e  ORIGEN computer code and i t s  

a s s o c i a t e d  d a t a  b a s e s  and r e a c t o r  models. More s p e c i f i c a l l y ,  t h e  fol low- 

i n g  f i v e  aspect .s  of ORIGEN were examined and updated:  

1. t h e  computer code i t s e l f ,  

2 .  c r o s s  s e c t i o n s  and f i s s i o n  product  y i e l d s ,  

3 .  decay and photon d a t a ,  

4 .  r e a c t o r  models, 

5. misce l laneous  i n p u t  in format ion .  

1.2.1 Revis ion  of -tk%-O&IGEN computer code 

One of t h e  f i r s t  a s p e c t s  o f  t h e  ORIGEN s y s t e m  t o  undergo modif icat i .on 

w a s  t he  computer code i t s e l f ,  y i e l d i n g  t h e  code ORIGENZ. These modif ica-  
8 

t i o n s  are  t h e  s u b j e c t  of  most of t h i s  r e p a r t  and of  a companion r e p o r t  

and w i l l  n o t  b e  d e s c r i b e d  i n  d e t a i l  h e r e .  To summarize, t h e  method f o r  

s o l v i n g  t h e  n u c l i d e  g e n e r a t i o n  and d e p l e t i o n  e q u a t i o n s  i s  e s s e n t i a l l y  

unchanged. However, t h e  i n p u t  o u t p u t  and c o n t r o l  a s p e c t  of ORIGEN have 

undergone s u b s t a n t i a l  changes t o  improve i t s  f l e x i b i l i t y  and c a p a b i l i t y .  

The computer code ORIGEN2 arid i t s  c a p a b i l i t i e s  w i l l  be. d e s c r i b e d  i n  more 

d e t a i l  i n  Sect. 2. A g e n e r a l  d e s c r i p t i o n  of t h e  methods used t o  s o l v e  t h e  

d i f f e r e n t i a l  e q u a t i o n s  r e p r e s e n t i n g  t h e  n u c l e a r  b u i l d u p  and d e p l e t i o n  

p r o c e s s e s  i s  g i v e n  i n  Sect .  3. 

1.2 .2  Update I_._____ of t h e  c r o s s  s e c t i o n  II_- and f i s s i o n  product  y i e l d  l i b r a r y  

The major a c t i v i t y  of t h e  e f f o r t  t o  update  ORIGEN and i t s  d a t a  bases 

was involved  i n  updat ing  t h e  c r o s s  s e c t i o n s  and f i s s i o n  product  y i e l d s .  

R e l a t i v e l y  s o p h i s t i c a t e d  r e a c t o r  p h y s i c s  c a l c u l a t i o n s  were under taken  f o r  

many d i f f e r e n t  r e a c t o r l f u e l  combinat ions l e a d i n g  t o  a c a l c u l a t e d  n e u t r o n  

energy spectrum. T h i s  mul t igroup spectrum w a s  t h e n  used t o  weigh mul t i -  

group n e u t r o n  c r o s s  s e c t i o n s  and f i s s i o n  product  y i e l d s  and t o  c a l c u l a t e  

new v a l u e s  f o r  t h e  ORIGEN f l u x  parameters  THERM, RES, arid FAST. Spectrum- 

weighed c r o s s  s e c t i o n s  w e r e  c a l c u l a t e d  f o r  about  230 d i f f e r e n t  n u c l i d e s  
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fo r  each r e a c t o r / f u e l  combinat ion.  Independent f i s s i o n  producr.. y i e l d s  

were o b t a i n e d  f o r  o v e r  1100 n u c l i d e s .  T h i s  was t h e n  reduced t o  a l i s t  of 

aboui  850 n u c l i d e s  by adding  the y i e l d s  of t h e  v e r y  s h o r t - l i v e d  n u c l i d e s  

t o  t h e i r  l o n g e r - l i v e d  progeny. For t h o s e  n u c l i d e s  where mul t igroup c r o s s -  

s e c t i o n  d a t a  w e r e  n o t  a v a i l a b l e ,  t h e  2200 m / s  c r o s s  s e c t i o n s  and resonance  

i n t e g r a l s  w e r e  updated u s i n g  the mast r e c e n t  i n f o r m a t i o n .  The r e s u l t s  of 

t h i s  e f f o r t  and t h e  r e p o r t s  where t h e  r e s u l t s  a re  o r  w i l l  b e  documclnted 

are  summarixed i n  Table  1.1. Other  r e a c t o r  models w i l l  be  added i n  t h e  

f u t u r e  as t h e  need ar ises .  

Table  1.1. Summary of r e a c t o r / f u e l  combinat ions f o r  which 

updated c ros s  sections and r e a c t o r  models were developed 

R e a c t o r / f u e I  t y p e  Reference 
.._.......-..._.... _. ....... _..II 

Uranium-pl.utonium c y c l e  PWRs and BWRs 9 

A l t e r n a t i v e  f u e l  cyc1.e PWKs 1 0  

Uranium-plutonium and a l t e r n a t i v e - c y c l e  LMFBRs 11 

Uranium-cycle CANDUs 1 2  

..- __. .. . __, . . 

1 . 2 . 3  Update -- of  t h e  decay and photon d a s  

The decay and photon l i b r a r i e s  were updated f o r  about  450 of  t h e  

p r i n c i p a l .  r a d i o a c t i v e  n u c l i d e s  u s i n g  e v a l u a t e d  d a t a  i n  t h e  Evaluated 

Nuclear  S t r u c t u r e  Data F i l e  (ENSDF) I3’l4 a t  OKNL. The i n f o r m a t i o n  :In ENSDF 

i.s normally publ i shed  i n  t h e  Nuclear  Da ta  Shee ts .  Informat ion  concern ing  

decay h a l f - l i v e s ,  b ranching  r a t i o s ,  e n e r g i e s ,  i n t e n s i t i e s ,  photons (gamma 

and x-ray) ,  and b e t a  p a r t i c l e s  was a b s t r a c t e d  froin t h e  f i l e .  The b e t a -  

p a r t i c l e  data w a s  used as i n p u t  t o  a computer code t h a t  c a l c u l a t e d  t h e  

amount of  bremss t rah lung  r e s u l t i n g  from d e c e l e r a t i o n  of t h e  b e t a  par t ic les .  

A d d i t i o n a l  i n f o r m a t i o n  was al.so developed concern ing  photons from spon- 

taneous fi.ssi.on and ( a ,n )  r e a c t i o n s  and f i s s i o n  products  t h a t  decay v ia  

neut ron  emission ( i . e . ,  de layed  n e u t r o n  p r e c u r s o r s ) ,  A l l  of  t h i s  

i n f o r m a t i o n  w a s  combined t o  y i e l d  updated decay and photon l i b r a r i e s  €or 

ORIGEN. 16 
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The updat ing  of t h e  r e a c t o r  models i n c l u d e s  such itern.-; as fue l  en- 

r ichments ,  f u e l  s p e c i f i c  power dur  i-ng i r r a d i a t i o n ,  f u e l  bu rnup ,  a m o r r n t  

and composi t ion of f u e l  assembly s t r u c t u r a l  naterials (e. g . ,  cladd:i.ng) 

p e r  u n i t  of f u e l ,  and t h e  i m p u r i t y  c o n c e n t r a t i o n s  i n  the f u e l  i.tself. 

T h i s  i n f o r m a t i o n  w a s  updated to i n c l u d e  more r e c e n t  rt>actor d e s i g n s  and 

f u e l  c y c l e  concepts .  T h e  r e s u l t s  o f  t h i s  update  are o r  w: i . l l  be c.ontained 

i n  t h e  r e f e r e n c e s  l i s t e d  i n  Table 1.1. 

1.2 .5  k d a t e  ____ o f  m i s c e l l a n e o u s  ~ --̂ . - i n p u t  informat:ion 

The c a t e g o r y  "misce l laneous  i n p u t  inCarmation" includes many t y p e s  

of d a t a  whose only  r e l a t i o n s h i p  is  t h a t  t h e y  are  n o t  a s s o c i a t e d  w i t h  any 

t y p e  of t h e  major ORIGEN d a t a  l i b r a r i e s .  T h ~ s e  d a t a  i n c l u d e  

1.. neut rons  p e r  spontaneous f i s s i o n ,  

2 n e u t r o n s  per neutron-induced f i s s i o n ,  

3. n e u t r o n s  p e r  (a ,n)  r e a c t i o n ,  

4 .  chemical  t o x i c i t i e s  of the elemenks, 

5. r e c o v e r a b l e  energy p e r  f i s s i o n ,  

6 .  t h e  ORLGEN f l u x  parameters THERM, RES, AXD FAST. 

This i n f o r m a t i o n  i s  d i s c u s s e d  i n  S e c t .  4 of t h i s  r e p o r t .  

1.3 Organization of 0RLGEN2 a d  Lts Data L i b r a r i e s  

The ORIGEN2 computer code r e q u i r e s  t h r e e  d i f f  prcsnt: computer-readable  

l i b r a r i e s  f o r  complete  o p e r a t i o n :  decay,  c r o s s - s e c t i s n / f  i s s i o n  product 

y i e l d ,  and photon. 

l i b r a r i e s .  The primary c h a r a c t e r i s t i c s  of t h e  master I.ibtrarics are t h a t  

(1) t h e  d a t a  f o r  each n u c l i d e  are  l i s t e d  o n l y  once,  and ( 2 )  t h e  data for 

a l l  r e a c t o r / f u e l  combinat ions axe l i s t e d  in the l i b r a r i e s  T h i s  mechanism 

e n s u r e s  t h a t  o n l y  t h e  most r e c e n t  data are being used i n  a l l  cases since 

superseded  d a t a  are d e l e t e d  when t h e  master L i b r a r i e s  are updated-  How- 

e v e r ,  t h e  large amount of d a t a  i n  t h e s e  l i b r a r i e s  ( t h e  cr~ss-sectionl~ission 

product  y i e l d  library h a s  o v e r  25,000 c a r d s )  and t h e  f a c t  t h a t  t h e y  are no& 

These l i b r a r i e s  are  main ta ined  a t  ORNL as master 
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organized  i n t o  t h e  requis i tca  0KiT;EN gi-mipings (i.c. a c t i v a t i o n  p roduc t s ,  

act inides and daugh te r s ,  and f i s s i o n  p roduc t s )  makes t h e s e  l i b ra r i e s  un-- 

s u i t a b l e  for use  d i r e c t l y  by ORIGEN2. 

T h e  s o l u t i o n  t o  tiiis vas t o  w r ' t e  a se r ies  af smal.l computer programs 

which access t a c h  of t h e  t h r e e  m a s t e r  lil>i:aries, sel.ect t h e  da t a  f o r  tilt? 

d e s i r e d  reactor f f u e l  combination ( c r o s s - s e c t i a n / f  i s s i ~ o n  pr0duc.t y i e l d  

l i b t - a r y  o i l ly ) ,  o r g a n i z e  i t  i n t o  Lhe t r a d i t i o o a l  OKIGEN three-group s t r u c -  

t u r e ,  assign ench g r o u p  a unique  number, and t h e n  o u t p u t  t h e  r e s u l t i n g  

1.i .braries.  These l i b r a r i e s  arc used  by OKPGEN:! and d i s t r i b u t e d  t o  oi.11:~ i.de 

users. 

It should  be  nored  that.  i.t .is possib1-e t o  have 11ii)i-e than  one photon 

l i b r a r y  because t h c r  i n t e n s i t y  o f  breinss t r a h l u n g  depends h e a v i l y  on the 

mcdium i n  which tire b e t a  pa r l l i c l e  deceleri3.tes.  T h i s  n e c e s s i t a t e s  m u l t i p l e  

b r imss t r ah lung  1 ih l - a r i e s  which are t h e n  combined w i t h  the s i n g l e  gama- 

r ay /x - ray  master t o  y i e l d  t h e  ORIGEN2-readable l i -b ra ry .  The bremss t rah lung  

l i b r a - r y  normally used  w i t h  ORLGEN2 assurrir-.::; a 1J02 mat-tri-x. 

c o n s e r v a t i v e  (i.e.> r e s u l t  i n  the rnaxi.muiii number of  photons)  f o r  most ap- 

p l j  c a r i o n s .  

This  w i l l  be  

1.4 A v a i l a b i l i t y  of  ORIGEN2 

A computer code package h a s  been drpnc,i t t :d w i t h  r h e  Kad ia t ioa  

S h i e l d i n g  Informatjon Centci a t  ORPJL. J r iqu i r ies  o r  requests f o r  t h e  code 

slmuld be  l~ la i led  t o  : 

Codes Coordina tor  
Rad ia t ion  S h i e l d i n g  Informat ion  Center  
Bldg .  6025 
Oak Ridge N a t i o n a l  Labora tory  
Oak Ridge ,  Tennessee 37830 

o r  ~ e l e p h o n e d  * L O :  

(615)-574-6176 o r  

FTS 624-6176. 
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2 e 1 D e s c r i p t i o n  o f  the  C a p a b i l i t i e s  of CaRIGEM2 

T h e  buil.dup arid dcpletrion of n u c l i d e s  d u r i n g  I r r a d i a t i o n  i s  cnl.csr- 

l a t e d  by OR:I:GEN2 usi.ng zero-dime~isi.c,n;iJ. (i. e .  , p o i n t )  g r rone~ry  and q u a s i -  

oric?.-group neutran c r o s s  s e c t i o n s  ( s e e  S e c t .  2.1 - 3 )  . TI-~i.s means that: 

OR.XGEN2 cannot. account for s p a t i a l .  O K  r e sonance  s e l f - s h i e l d i n g  ef 'f txts o r  

changes i n  the n e u t r o n  spectrum o the r  than  those encoded i n i t i a l l y "  Thus  

ORTGEN2 (or. ORIGEN) is n o t  sui ta1~l.e f o r  perfcrrning d e p l e t i o n  c a l c u l a t i o n s  

on materials u n t i l  t h e  a p p r o p r i a t e  cross sections have been obtaiti.ir!d .Er0m 

more sop11isti .cnted reactor physics codes e 

The ORLGEN2 C:ompuCer c d e ' s  i n t e r n a l  o p e r a t i o n s  use g-atoms as t h e  

measure of t h e  amount of a s p e c i f i c  nue l i . d (?  t h a t  i s  present :i.n SQIW mixture. 



‘The v a r i e t y  of cormion e n g i n e e r i n g  mii ts a v a i l a b l e  i-n t h e  QRICEN2 o u t p u t  i s  

o b t a i n e d  by  i r d t i p l y i n g  i h e  g-atoms of each n u c l i d e  by c o n s t a n t s  and by 

nuc l ide-dependent  v a l u e s  from t h e  decay l i b r a r y  t o  conver t  t o  more u s e f u l  

k n i t s ,  such  as grams, c i i r ie? ,  photons,  o r  w a t t s .  The n u c l i d e  v a l u e s  are 

tiren summed t o  form element v a l u e s  a n d  t e s t e d  t o  g e n e r d t e  suminary t a b l e s .  

2 , 1 . 2  OKIGEN2 input. . f e a t u r e s  . . . . . . . . . ...,.I-_ ..._ ~.. 

ORIGENZ has t h r e e  p r i n c i p a l  i h p u t  f e a t u r e a  otl-ic~r than  t h e  s t a n d a r d  

r e a d i n g  o f  l i b r a r i e s ,  :i.t-rsi:ructions: and m a t e r i a l  cornpositi.oxis: f ree-format  

i n p u t ,  l i s t i n g  of i n p u t  d a t a ,  and s u b s t i t u t e  d a t a  l i b r a r y  c a r d s .  The €Tee-- 

format  i n p u t  f e a t u r e  means t h a t  al l .  o f  t h e  input. t o  QKTGEN2,  i n c l u d i n g  t h e  

d a t a  l i b r a r i e s ,  can appear  any pl.ace an a c a r d  (or  c a r d  image) as Ihng as 

t b e  d a t a  are i n  t h e  c o r r e c t  o r d e r ,  o f  t h e  c o r r e c t  t y p e  ( i . e . ?  r ea l  o r  

i n t e g e r ) ,  and s e p a r a t e d  by a comna and/or a t  least  one space. R e a l  numbers 

can b e  i n  eiLhes f1.oati.ng p o i n t  or e x p o n e n t i a l  n o t a t i o n .  This  f e a t u r e  

makes i n p u t  p r e p a r a t i o n  much s i m p l e r  and reduces i r h e  number of bad computer 

-.- ~ u n s  due t o  a v a l u e  3ein.g i n  t h e  wrong p o s i t i o n  on the c a r d .  It a l s o  

p e r m i t s  cowiiients t o  be pl.aced OA v i r t u a l l y  every  c a r d  s i n c e  ORTGEN2 ceases 

to scan the card  once  he l a s t  da.tiiirn expected on t h e  c a r d  i s  encountered .  

A l i s t i n g  of the i n p u t  d a m  to ORIGEN% i s  d e s i x a b l e  so t h a t  t h e  u s e r  

can det:c:-i-mine what i n p u t  was used to g e n e r a t e  t h e  o u t p u t  on hand a t  a l a t e r  

d a t e -  ‘The d a t a  l i b r a r i e s  (decay,  c r o s s - s e c t i o n / f i s s i o n  product  y i e l d ,  and 

photon) have always been l i s t e d  and are  n o t  inc luded  i n  t h i s  d i s c u s s i o n .  

The input. 7 . is t ing now a l s o  c o n t a i n s  a l l  of t h e  card i n p u t  to ORI:GEN2, 

which g e n e r a l l y  i n c l u d e s  t h e  c o n t r o l l i n g  i n s t r u c t i o n s  and t h e  material  

composi t ions.  These d a t a  are  r e a d ,  p r i n t e d  on paper ,  and w r i t t e n  t o  a 

s e r a t c h  f i l e .  “ne s c r a t c h  f i l e  i s  then  rewound arid ORZGEN:! r e a d s  t h e  d a t a  

from t h e  s c r a t c h  f i l e .  

The s u b s t i t u t e  d a t a  1 . ibrary c a r d s  feature will r e a d  a l i m i t e d  number 

o f  s u b s t i t u t e  d a t a  c a r d s  from t h e  card i n p u t  u n i t .  The d a t a  on t h e s e  

c a r d s  w i l l  t h e n  o v e r r i d e  t h e  data i n  t he  primary l i b r a r y ,  which is  most 

l i k e l y  01-1 a d i r e c t - a c c e s s  d e v i c e  o r  a tape .  This  f e a t u r e  e l i m i n a t e d  t h e  

need t o  read  i n  an e n t i r e  l i b r a r y  on cards simpl-y t:o change a few d a t a  

v a l u e s .  
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2.1- 3 ORIGEN2 c a l c u l a t i o n a l  f e a t u r e s  
_I_ __I_I_..-_-c-._.._..I_----ll--..~.-------. 

T h e  changes i n  t h e  c a l c u l a t i o n a l  f e a t u r e s  of ORICEM t h a t  have 'rjieen 

i n c o r p o r a t e d  i n  O R I G E N 2  c o n s t i t u t e  a milch .I.arger and more s i g n i f i c a n t  set 

t h a n  e i t h e r  t h e  m o d i f i c a t i o n s  t o  t h e  lnpi i t  o r  output.  aspects. A l i s t  o f  

t h e  more s i g n i f i c a n t  f e a t u r e s  i s  as follows: 

1. 

2 .  

3 .  

4.  

5. 

6 .  

7. 

The user can  now d e f i n e  t h e  fl.owr;heet t o  be si .mulated i n  much 

more d e t a i l .  

The c r o s s  s e c t i o n s  of the  p r i . n c i p a l  f issi1.e arul f e r t i l e  a c t i n i d e s  

v a r y  w i t h  burnup i n  ORIGEN2.  

The r e c o v e r a b l e  energy per f i s s i o n  (e .g .  200 MeV p e r  f i s s i o n )  

i s  now nucl ide-dependent .  

The c a l c u l a t e d  composi t ion of materials irk Q R I G E N 2  can b e  o u t p u t  

and r e a d  back i n  a t  a la ter  d a t e .  

A mechanism is  i n c l u d e d  t o  account  f o r  t h e  f i s s i o n  produc:t yi-eld 

o-f a c t i n i d e s  that do n o t  have. e x p l i c i t  f i s s i o n  product  y i e l d s  

Provisions have been made f o r  i n c l u d i n g  "nons tatidard" n w t  rim- 

induced r e a c t i o n s  [ e . g .  (n,7He)]. 

The f r a c t i o n a l  r e c o v e r i e s  ( ! . e . ,  s e p a r a t i o n  f a c t o r s )  f o r  the 

O R I G E N 2  r e p r o c e s s i n g  o p e r a t i o n  can be s p e c i f i e d  by individllal. 

e lement  o r  by element  g roup .  

The most v i s i b l e  change i n  going from ORIGEN t o  OLI.IGEN2 i s  i n  the 

method of d e f i n i n g  the case t o  b e  calculated. The OKIGEN2 case i s  

s p e c i f i e d  by a series of  i n d i v i d u a l  "commands each of %,7h:ic.h def2nes a 

s i n g l e  o p e r a t i o n  (such as r e a d i n g  t h e  da. ta  l i b r a r i e s ) ,  a s i n g l e  i r r a d i -  

a t i o n  s t e p ,  o r  a s i n g l e  ou tpu t .  The comiimnds are  r e h t i v e h y  s i m p l e ,  

g e n e r a l l y  cons is t . ing  of a three- o r  f o u r - c h a r a c t e r  keyword and a f e w  

numbers d e f i n i n g  t h e  c o n d i t i o n s  of  the command. By u s i n g  t h e  commands, 

t h e  u s e r ,  i n  e f f e c t ,  w r i t e s  a s m a l l  computer program that  defines t:he case. 

The program is r e a d  by  ORLGEN2, "cornpiled" (i. e . ,  t r a n s l a t e d  and stored), 

and t h e n  executed .  Within the bounds of l o g i c ,  t he  user can simu1at.e a 

d i v e r s e  a s s o r t m e n t  of s i t u a t i o n s  u s i n g  the ORIGEN2 and t h e  present1.y e x i s t -  

i.ng 30 commands. For example, the u s e r  has d e t a i l e d  c o n t r o l  QWLX the  

movement, summation, and placement of mat :er ia l  compositisns i n  t h e  col.ums 
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v i s i b l -  i n  t h e  O R I G h N 2  ou tpu t  arid i n  s t o r a g r  areas,  which are  siinilar i n  

appr'araace. Conrrnands arp a v a i l a b l e  which make the simulat-i  011 of  r e c y c l e  

sitcrations sti aightIoewacd.  A d i f f e r e n t  corntriad vi11 blend  two matrr ia l  

eomposi t i o i l s  so tha t  t h e  p r o d u c t ' s  i n f i n i t e  m u l t i p l i c a t i o n  f ac i  01- (TIMF) 

i s  equal t o  a s p e c i f i e d  v a l u e  o r  t o  t h e  TMF of  a i i i i r d  m a t r r i a i  . Other  

coiniiraads which c o n t r o l  the O R I G E N 7  o u t p a t ,  w i l l  be  d i scusspd  i n  

S r c t .  2.1.b.  

Two f a r  less v i s i b l e ,  bu t  ex t remely  impor t an t ,  f e a t u r e s  of  OR.i.GEN2 

are  t h e  v a r i a b l e  a c t i n i d e  c r o s s  s e c t i o n s  and t h e  nucl ide-dependent  re- 

cove rab le  energy p e r  f i s s i o n  (REPP) .  Ea r ly  i n  t h e  program to  update  OKIGEN 

arid i t s  datza b a s e s ,  i t  was d i scove red  t h a t  t h e  u s e  of a c o n s t a n t ,  average  

c r o s s  s e c t i o n  from a s o p h i s t i c a t e d  r e a c t o r  phys i c s  code f o r  t h e  p r i n c i p a l  

act:-Ini.de n u c l i d e s  sucli as 

d e p l e t i o n  r e s u l t s .  T h e  cause  of t h i s  w a s  determined t o  be  (I.) t h e  c r o s s  

s e c t i o n s  O F  some of these i s o t o p e s  d i d  no t  va ry  l i n e a r l y  v i t h  burnup, and 

( 2 )  t h e  cross s e c t i o n  n e a r  t h e  end of i r r a d i a t i o n  i s  more impor tan t  i n  

de te rmining  t.he d i s c h a r g e  f u e l  composi t ion t h a n  t h e  c r o s s  s e c t i o n  n e a r  t h e  

beginning  of i r r a d i a t i o n .  The s o l u t i o n  t o  t h i s  problein was t o  o b t a i n  

c r o s s  s e c t i o n s  as a functio11 of  fuel^ burnup f o r  the p r i n c i p a l  a c t i n i d e s  and 

use  t h e s e  i n  O R I G E N 2 .  'These c r o s s  s e c t i o n s  are i n  DATA s t a t e m e n t s  i n  

OKIGEN2 i-n t h e  form oE d i - s c r e t e  i n t e r p o l a t i o n  p o i n t s .  A t  t h e  beginning  of 

each i r r a d i a t i o n  s t c p  t h e  burnup i s  estimateid, t h e  vasi-able c r o s s  s e c t i o n s  

are  c d c u l a t e d  by in te rpo1a . t  i o n ,  and t h e  v a l u e s  s u b s t i t u t e d  i.n t h e  m a t r i x  

of d i .E fe ren t i a1  equa t ions  be ing  solved by O K I G E N 2 .  I f  a f i s s i o n  c r o s s  

s e c t i o n  oE a n u c l i d e  having dire5r.t f i s s i o n  product  y i e l d s  i s  al-tered 

( e . g -  , 235U), then  t h e  a r r a y  c o n t a i n i n g  Lhe product: of t h e  f i s s i . o n  product  

y i e l d s  and t . 1 ~ ~  f i s s i o n  c r o s s  sec t i t sn  i s  a l s o  ad.,justed t o  r e f l e c t  t h i s  

change. 

f e r e n t  s e t  of v a r i a b l e  c r o s s  s e c t i o n s ,  a d i f f e r e n t  se t  of a c t i n i d e s  w i t h  

v a r i a b l e  c r o s s  s e c t i o n s ,  o r  both .  'The v a r i a b l e  c r o s s  s e c t i o n s  f o r  each of 

t h e  r e n c t o r / f u e l  cniiibinations are  l i s t e d  i n  t h e  rcpijrts d i s c u s s e d  i n  

Sec. t .  1 . 2 . 2 .  h second a s p e c t  of t h e  o r i g i n a l  ORTGEN had t o  be  changed 

b e f o r e  (:he c r o s s  s e c t i o n s  frorrr t he  s o p h i s t i c a t e d  reactor phys ic s  codes 

c o u l d  b e  used t o  p r e d i c t  t h e  c o r r r c t  r e s u l t s  - t h e  p r e v i o u s l y  c o n s t a n t  

219-242 
Pu w o d d  not  g i v e  c o r r e c t  235,23BU aIld 

Each d i f f e r e l i t  reacl:.c;r-/fiiel combinat ion can have e i t h e r  a d i f - -  



REPF va lue  of 200 MeV p e r  f i s s i o n  had t o  be  r e p l a c e d  by a R.EPE’ a p p r o p r i a t e  

f o r  each nuc l i .de*  I f  t h i s  w a s  n o t  done, 2:he f l u x  r e q u i r e d  to  s u s t a i n  a 

g iven  attiount of p o w e r  was n o t  a c c u r a t e  and, t h u s ,  t i e .  :mounts of neutron 

c a p t u r e  p r o d u c t s  :i [I the di.schargetl material  was i n  e r r o r  r j  For p 1 . u t o n i i ~ -  

emriched systems,  t h e  e r r o r  i n .  the Elux c:..ouJ.d b e  on t h e  o r d e r  of 5%. A 

iiiox-e d e t a i l e d  d i s c u s s i o n  of t h e  nuc l ide-dependent  REX’F is g i v e n  i n  

Sect. 4 . 5 .  

The a b i l i t y  o f  ORIGEN2 t o  o u t p u t  t h c  c a l c u l a t e d  composi t ions o i  

v a r i o u s  materials and to r e a d  them at. a later t i ~ e  haw crlready proven t a  

b e  a v e r y  u s e f u l  o p t i o n ,  The composi t ion i s  i n  g-atoms and i a  w r i t t e n  i n  

t h e  same format  as t h a t  for manually punched composi t ions .  The m h s s  of 

each n u c l i d e  i s  t e s t e d  b e f o r e  being w r i t t c 3 . n  and,  i f  i t  i s  less chan. some 

c u t o f f  v a l u e  b e i n g  t y p i c a l ) ,  t h e  r tucl ide Ls not. o u t p u t .  This  

f e a t u r e ’ s  p r i m  ipa l  use t h u s  f a r  has been i n  a l l o w i n g  i r r a d i a t i o n  ca lcu-  

l a t i o n s  t o  b e  s e p a r a t e d  frcrn decay c a l c u l a t i o n s .  An i r r a d i a t i o n  

c a l c u l a t i o n  i s  performed w i t h  OIITGEN2 a i d  the charge  and d i s c h a r g e  

composi t ions  are w r i t t e n  t o  some data s t o r a g e  d e v i c e .  

run t h e n  reads  t h i s  i n f o r m a t i o n  and performs L’ne decay and r e p r o c e s s i n g  

c a l c u l a t i o n s ,  w h i c h  are g e n e r a l l y  t h e  d e s i r e d  product  a ‘Chis p roccdure  

e l i m i n a t e s  t h e  n e c e s s i t y  for r e p e a t i n g  the i r r a d i a t i o n  c a l c u l a t i o n ,  which 

i s  very t i m e  consuming, e v e r y  t i m e  a c l i f i t a r e n t  decay t i m e  or o u t p u t  t a b l e  

is d e s i r e d .  A d d i t i o n a l l y ,  t h e  set of e q u a t i o n s  t o  be solved i n  t h e  decay 

c a l c u l a t i o n s  i s  s i g n i f i c a n t 1  y smaller t h a n  t h a t  f o r  t h e  i r r a d i a t i o n  calcu- 

1ation.s s i n c e  flux-dependent r e a c t i o n s  are n o t  inc luded .  

A s e p a r a t e  ORII:FN2 

A mechanism h a s  been i n c l u d e d  in OK:LGEN2 t o  account  f o r  ~ ~ . S S ~ O K I  

prudrict y i e l d s  f ro in  those a c t i n i d e s  t h a t  have nonzexo f i s s i o n  cross s e c t i o n s  

brit w h k h  are  nmt e x p l i c i t l y  :i.ncLuded i.m the d a t a  b a s e  as are t h e  y:i.elds 
233,23S,238u 239,24lPl l  232 

f o r  t h e  p r i n c i p a l  a c t i n i d e s  ( 3 , T h )  A t  the be- 

g i n n i n g  of each i.rradialr:i.on s t e p  ORLGEN2 sums  t h e  f i s s i o n  r a t e s  of all. of 

t h e  a c t i n i d e s  t h a t  do not liave e x p l i c i t  f i s s i o n  product  y:i.el.ds (iae.%, 

unconnected a c t i n i d e s )  and a l s o  d e t e r m i n t 2 ~  the  l a r g e s t  c o n t r i b u t o r  i n  t-h:is 

c a t e g o r y .  T h e  i de r i t i t y  of t h e  la rges t :  unconnected ac.t.inide c o n t r i b u t o r  i s  

used t o  f i n d  the n e a r e s t  neigt-tboririg ac.t . inide t h a t  dues have e x p l i c i t  

f i s s i - o n  product: y i e l d s  ( i .e .  t h e  n e a r e s t  connected a c t i n i d e )  - T h e  f i s s i o n  
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product  y i e l d s  of t h e  n e a r e s t  connected a c t i n i d e  are a d j u s t e d  upTn7nP-d 1x1 

compensate f o r  t h e  y i e l d  of a l l  of  t h e  unconnected a c t i n i d e s .  I n  thermal  

reac Lors, t h i s  c o r r e c t  ion i s  u s u a l l y  s m a l l  (<O. 5%).  However, i n  a f a s t  

r e a c t o r  t h e  c o r r e c t i o n  f a c t o r  i s  on t h e  o r d e r  of 7"/, p r i n c i p a l l y  due t o  
24.0 

Pu . 
P r o v i s i o n s  liave been inatle j.n ORIGEN2 f o r  t h e  i n c l u s i o n  o f  nonstandard 

fl.iix.--dependent r e a c t i o n s  i n  t h e  c a l c u l a t i o n .  A nonstandard r e a c t i o n  i .s 

d e f i n e d  as a r e a c t i o n  f o r  which there i.s no p r o v i s i o n  i.n t h e  c r o s s - s e c t i o n /  

f iss i -on product  y i e l d  l i b r a r y .  Although a n  extremely l a r g e  number of 

r e a c t i o n s  could f a l l  i n t o  t:his class,  o n l y  a very few a r e  of any s i g n i E i -  

cance.  E x a m p l e s  of t h i s  t y p e  of r e a c t i o n  are  239Pu(.n,4n) 236Pu and 

(n ,  3 ~ e )  %. 
F i n a l l y ,  t h e  f r a c t i o n a l .  r e c o v e r i e s  t h a t  are  used by ORIGEN2 t o  ca lcu-  

].ate t h e  products  of a r e p r o c e s s i n g  (chemikal s e p a r a t i o n )  o p e r a t i o n  can b e  

s p e c i f i e d  by element group as well. as by i n d i v i d u a l  element.  I n  t h e  

e!.ement group method, each element  is a s s i g n e d  t o  a group based on i t s  

chemical  behavior  duri.ng s e p a r a t i o n ,  For example, a l l  of t h e  noble  gases 

would be a s s i g n e d  t o  t h e  same group,  Then each group h a s  a s s o c i a t e d  with 

i.t a f r a c t i o n a l  recovery  which i s  a p p r o p r i a t e  f o r  al.1. of t h e  e lements  i n  

t h e  group. This  approach g r e a t l y  reduces t h e  number of f r a c t i o n a l  

r e c o v e r i e s  t h a t  have t o  b e  spec.i.fi.ed o r  changed s i n c e  1 0  t o  15 groups a're 

u s u a l l y  adequate  and t h e  element membership of  a group i.s r e l a t i v e l y  

c o n s t a n t .  

2 - 1 . 4  ORIGEN2 o u t p u t  fea tures  - - ---- ____ I .  

' I l k  b a s i c  appearance of t h e  ORIGEN2 o u t p u t  i s  t h e  mine as t h a t  i n  the 

origi .nal .  v e r s i o n  of CRIGEN. However, severol. f e a t u r e s  have been added t o  

make t h e  o u t p u t  more versaLi1.e and easy  t o  use: 

1. A d d i t i o n a l  o u t p u t  t a b l e  t y p e s  have been i n c o r p o r a t e d .  

2 .  "Road map" f e a t u r e s  have been added t o  e n a b l e  the u s e r  t o  more 

easi l -y  f i n d  t h e  d e s i r e d  informat ion .  

3 .  Dual output u n i t s  have been i n c o r p o r a t e d  t o  mini.mize the amount 

o f  o u t p u t  on p a p e r .  



4 .  

5. 

The u s e r  can c o n t r o l  t h e  l a b e l i n g  of t h e  QRIGEN2 o u t p u t  columns. 

A more f l e x i b l e  t e s t i n g  procedure  € o r  summary t a b l e s  h a s  been 

i n c o r p o r a t e d .  

6 .  A u x i l i a r y  in fo rma t ion  i s  p r i n t e d  on separate ou tpu t  u n i t s .  

ORIGEN2 h a s  p r o v i s i o n s  f o r  w r i t i n g  22 d i f f e r e n t  t ypes  o f  ouLput 

Tab le s .  These t a b l e  t y p e s  are l i s t e d  i n  Table  2.1.  The 2 2  a v a i l a b l e  

t a b l e  types  are much l a r g e r  than  t h e  7 a v a i l a b l e  i n  t h e  o r i g i n a l  v e r s i o n ,  

p r i n c i p a l l y  because  of t h e  a d d i t i o n  of t h e  " f r a c t i o n a l "  t a b l e s  which 

c a l c u l a t e  t h e  f r a c t i o n  o f  a t a b l e  t o t a l  c o n s t i t u t e d  by each n u c l i d e  and 

element .  Aside from t h e s e  t a b l e s ,  t h e  new types  of t a b l e s  are as 

fo l lows  : 

1. I s o t o p i c  composi t ion of  each element .  Gives t h e  i s o t o p i c  

composi t ion of each element i n  a t a b l e  i n  atom f r a c t i o n  o r  

weight  f r a c t i o n  ( i . e . ,  each element t o t a l s  t o  1 . 0 ,  and t h e  

t a b l e  t o t a l  i s  e q u a l  t o  t h e  number o f  e l emen t s ) .  

2 .  Chemical i n g e s t i o n  t o x i c i t y .  Gives t h e  amount of water 

r e q u i r e d  t o  d i l u t e  a material t o  chemica l ly  a c c e p t a b l e  

l e v e l s .  Obtained by d i v i d i n g  t h e  grams of each element  

by t h e  maximum p e r m i s s i b l e  c o n c e n t r a t i o n  i n  g / m  wa te r ;  

see Sect-. 4 . 4  f o r  f u r t h e r  d e t a i l s .  

3 

3 .  Neutron a b s o r p t i o n  rate.  Gives t h e  a b s o r p t i o n  ra te  of 

neu t rons  i n  each n u c l i d e  and element  i n  n e u t r o n s / s .  

4 .  Neutron-induced f i s s i o n  rate.  Gives t h e  f i s s i o n  ra te  

of t h e  a c t i n i d e  n u c l i d e s  and e lements  i n  f i s s i o n s / s .  

5. R a d i o a c t i v i t y  ( a l p h a ) .  Gives t h e  a l p h a  decay r a t e  €or  

each a c t i n i d e  n u c l i d e  and element i n  c u r i e s .  

These t a b l e  t y p e s  w e r e  i n c o r p o r a t e d  t o  a l l e v i a t e  t h e  need t o  perform 

e x t e n s i v e  manual c a l c u l a t i o n s  t o  o b t a i n  c e r t a i n  types  of i n fo rma t ion .  

P r o v i s i o n s  € o r  c o n t r o l l i n g  t h e  ou tpu t  t a b l e s  are a l s o  inc luded  i n  ORIGEN2 

so on ly  t h o s e  t a b l e s  t h a t  are d e s i r e d  need t o  be  o u t p u t .  

"Road map" f e a t u r e s  have been added t o  ORIGENZ t o  a i d  t h e  u s e r  i n  

f i n d i n g  t h e  in fo rma t ion  of i n t e r e s t .  These f e a t u r e s  a r e  t h e  fo l lowing:  

1. Each o u t p u t  page i s  l a b e l e d  "Ac t iva t ion  P roduc t s , "  "Act in ides  + 
d a u g h t e r s , "  o r  " F i s s i o n  P roduc t s , "  accord ing  t o  t h e  c o n t e n t s  of 
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Tab J.e 2 - 1. ORIGEN2 o u t p u t  table d e s c r i p t i o n  

Table  d e s c r i p t i o n  U n i t s  

Lsotopic  compositi  on of each C ~ C I I I C ~ ~ ~  

I s o t o p i c  composi t ion of each r1 c*llit?i~% 

Composition 

Compvsi ti  on 

Coiiip os i t  i o n  

Comp os i i i o n  

R a d i o a c t i v i t y  ( t o t a l )  

R a d i o a c t i v i t y  ( t o t a l )  

Thernial power 

Therm1  power 

Kadioac t ive  i n i i a l a t  i on  t o x i c i t y  

Rad ioac t ive  i n h a l a t i o n  t o x i c i t y  

Rad ioac t ive  i n g e s l j o n  t o x i c i t y  

Rad ioac t ive  i n g e s t i o n  tcmic i  t y  

Cheriiical i n g e s t i o n  t o x j  c i t y  

Chcmical i n g e s t i o n  t o x i c i t y  

Neutron absorpt  ion r a t e  

Neutron a b s o r p t i o n  Laic? 

Neutron-induced f i  s s i o n  ra te  

Neutron-induced f i s s i o n  r a t e  

R a d i o a c t i v i t y  ( a )  

R a d i o a c t i v i t y  ( a )  

( a , n )  neut ron  p roduc t ion  

Spontaneous f i s s i o n  neu t ron  p roduc t ion  

Photon emiss ion  ra te  

atom f r a c t i o n  

w p i  gh t  f r a c t i o n  

g atoms 

atom f Laction 

g, 

w t  f r a c t i o n  

C i  

f r a c t i o n a l  

watts 

f r a c t i o n a l  

m3 a i r  

f r a c t i o n a l  

m water 

f r a c t i o n a l  

m w a t e r  

f r a c t i o n a l  

n e u t r o n s / s  

f r a c t  j orial 

f i s s i o n s  /s 

f r a c t i o n a l  

C i  

F r a c t i o n a l  

neutrot ls  1 5 

n r  u t  r on s 1 s 

p h o t o n s l s ,  
M r V / s  , 
M e V / w a % t - s  

3 

3 
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the page. 

2 .  Each o u t p u t  page i s  tiumbered sequent l ia l ly ,  

3 .  A table  of  c<)at(>tlt:~i is pri.nt:e.d d u r i n g  execut:ion that  J~i . s t s  e;at:.t~, 

t a b l e  p r i n t e d  and the page QLI which i t  b e g i n s .  
, ,1 P n c ?  iirst of these greatly a i d s  i n  d i s t i n g u i s h i n g  the act israt ion piradrict 

tabl.es from t h e  f i .ss ion p"adUct tabl.es si uce h t h  havc5 tnar-ky o E i:"tf? 

n u c l i d e s .  ISopc~:futly, the co.mbi.naI:ion o f  the Sat: t e r  two F e a t u r  

e n a b l e  tlie u s e r  t o  scan t h e  t a b l e  of c o n t e n t s ,  i d e n t i f y  the ,t:a'r~$e i>:f 

i n t e r e s t  and i t s  page number, and then proceed d i r e c t l y  t o  the  C O C L E C ~  

page e 

Dual o u t p u t  u n i t s  have a l s o  been i n c o r p o r a t e d  i n t o  ORIGEN2, T h e  

pr:i.ncipal o b j  ect:i.ve of h a v i n g  d u a l  o u t p u t  u n i t s  is t o  a l l o w  a r~tidi.~i:c?d 

aiuount of o u t p u t  t o  be  p r i n t e d  on tlie f i r s t  u n i t  w h i 1 r .  w r i t i r r g  R D I U C ~ I  

l a r g e r  amount of o u t p u t  t o  a s t o r a g e  device o r  on m i c r o f i c h e  us ing  .the 

second u n i t .  T h i s  proce.dure i s  c u r r e n t l y  i n  u s e  a t  ORNL and resul ts  i n  

cons iderable .  in.Eormat:i.on b e i n g  a v a i l a b l e  w i t h  o n l y  the most cornonly uscxl 

h f o r m a t i o n  (i. e .  , mass, r a d i o a c t i v i t y ,  thermal power, neutron iw.t.ivJ-ty2 

and photon emiss ion  r a t e )  appearling on paper .  

The use r  can  a l s o  c o n t r o l  the heading  of t h e  ORIGEN2 o u t p u t  columns 

by us ing  a command that. allows a column heading of up to IC) claaracters t o  

be s p e c i f i e d .  'l%i.s heading  wi1.1. r e m a i n  a s s o c i a t e d  wi t11  the columxa during 

most o f  t h e  o p e r a t i o n s  carjri-ed o u t  in OK1GEN2 Commo~n.Xy used alpl-iarir~rneris 

headings  are CHARGE, IIISCHhRGE, HZW, e t c .  

A more f l e x i b l e  t e s t i n g  p rocedure  f o r  t h e  output  summary t a b : E c i s  has 

been inc luded .  The summary t a b l e s  c o n t a i n  o n l y  t h o s e  nuclides 01: e lements  

tha t  con t r ibu te  more than a c e r t a i n .  fracti .oti  o f  the Cable t o t a l .  I n  the 

p a s t ,  the c o n t r i b u t i o n  of each n u c l i d e  i n  a s i n g l e  ORLGEN colurriiri WilE I  corn- 

p a r e d  t o  a s p e c i f i e d  c u t o f f  value. I f  ii- was g r e a t e r ,  t h e  n u c l i d e  w a s  

i n c l u d e d  i n  t h e  summary t a b l e ;  i r '  i t  w a s  less than  t h e  cii toff  value, j.t: 

was excluc1e.d 1x1 ORIGEN2,  the  c u t o f f  va lue  i s  n o t  a. spec i . f ic  n i imbe? i ,  h u t  

r a t h e r  a f r a c t i o n  o.E the coJ.urnn t o t a l  a Thus the c m n t r i b u t i i s n  o f  a nuc l id~ :~  

o r  element is  t e s t e d  against: t h e  c ~ t o f f  v a l u e  ( f r a c t i o n )  t h l 2 B  the ec? l . r?~urr i  

t o t a l .  Comro0d.y used  c11t:off va lues  are 0.1% and 1%. h second ckrauige in 

t he  summary t a b l e s  i s  t l i a  I: the user can s p e c i f y  whether  .one col.umn i s  t n  



b e  t e s t e d ,  a l l  columns except  one are t o  b e  t e s t e d ,  o r  a l l  columns are t o  

b e  t e s t e d .  I f  m u l t i p l e  columns are t e s t e d ,  a nucl-ide i s  p r i n t e d  in t h e  

summary t a b l e  i f  i t  i.s l -arger  t h a n  t h e  c u t o f f  v a l u e  times t h e  column t o t a l  

f o r  any of t h e  columns t e s t e d ,  

The f i n a l  major o u t p u t  change i s  t h e  p r i u t j - n g  of v a r i o u s  a u x i l i a r y  

i n f o r m a t i o n  used i n t e r n a l l y  i n  ORIGEN2 a O n e  type  of a u x i l i a r y  informat ion  

p r i n t e d  concerns t h e  v a r i a b l e  c r o s s  s e c t i o n s  t h a t  are  b e i n g  used i n  each 

ORIGEN2 i r r a d i a t i o n  s t e p  and t h e  ad jus tment  of t h e  f i s s i o n  pradi-ict y i e l d s  

t o  account  f o r  a c t i n i d e s  wi thout  e x p l i c i t  f i s s i o n  product  y i e l d s  ( s e e  

Sec t .  2 .1 .3 ) .  Another t y p e  of auxi.l.iary i n f o r m a t i o n  o u t p u t  is  a o n e - l i n e  

message p r i n t e d  a t  t h e  beginning  of e x e c u t i o n  of each ORIGEN2 command. 

This  serves t o  inform t h e  u s e r  of e x a c t l y  where i n  t h e  s t r e a m  of commands 

a n  e r r o r  occur red .  Also inc luded  i n  t h i s  o u t p u t  stream i s  i n t e r n a l  i n f o r -  

mat ion concern ing  t h e  c a l c u l a t i o n  of the n e u t r o n  f l u x ,  s p e c i f i c .  power, 

and o t h e r  parameters  n o t  d i r e c t l y  s p e c i f i e d  by t h e  u s e r .  A f i n a l  t y p e  of 

a u x i l i a r y  i n f o r m a t i o n ,  which i s  p r i n t e d  a t  t h e  beginning  e x e c u t i o n  of each 

o u t p u t  command, i s  t h e  amount of space  r e q u i r e d  t h u s  f a r  i n  t h e  c a l c u l a -  

t i o n .  This  t y p e  of i n f o r m a t i o n  i s  r e q u i r e d  t o  make proper  u s e  of t h e  

v a r i a b l e  dimensioning f e a t u r e  of  ORIGEN2 ( s e e  Sec t .  2.2.1). 

2.2 Computer-Oriented D e s c r i p t i o n  of ORIGEN2 

The ORIGEN2 computer code i s  c u r r e n t l y  comprised of about  7300 s o u r c e  

s t a t e m e n t s .  It  i s  w r i t t e n  e n t i r e l y  i n  t h e  FORTRAN computer language.  

C e r t a i n  LBM-specific f e a t u r e s  ( e . g . ,  p a r t i a l - l e n g t h  words) have been used 

i n  t h e  v e r s i o n  a t  ORNL t o  conserve  s p a c e  d u r i n g  e x e c u t i o n .  However, t h e s e  

f e a t u r e s  are  s p e c i f i e d  i n  such a way t h a t  t h e i r  e l i m i n a t i o n  i s  n o t  p a r t i c -  

u l a r l y  d i f f i c u l t .  A CDC-compatible v e r s i o n  of OKLGEN2 is  also a v a i l a b l e  

from t h e  ORNL R a d i a t i o n  S h i e l d i n g  Informat ion  Center  ( s e e  Sect .  1 . 4 ) .  

There are c u r r e n t l y  about  60 s u b r o u t i n e s  i n  t h e  ORIGEN2 s o u r c e  deck. 

The number of s u b r o u t i n e s  w i l l  c o n t i n u e  t o  i n c r e a s e  s lowly  s i n c e  t h e  

a d d i t i o n  of new r e a c t o r  models n e c e s s i t a t e s  the a d d i t i o n  of c r o s s  s e c t i o n s  

conta ined  i n  a new s u b r o u t i n e .  S i n c e  t h e r e  are so  many s u b r o u t i n e s  and 

t h e  OXIGEN2 i n t e r n a l  l o g i c  can be somewhat compl ica ted ,  a l i s t  of t h e  
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s u b r o u t i n e s  and t h e i r  g e n e r a l  f u n c t i o n ( s )  i s  g iven  i n  Table  2 . 2 .  The 

s u b r o u t i n e  scopes  have been d e f i n e d  so as t o  f a c i l i t a t e  t h e  u s e  of t h e  

OVERLAY f u n c t i o n  which p l a c e s  o n l y  t h e  n e c e s s a r y  s u b r o u t i n e s  i n  c o r e  a t  

a g iven  t i m e  and t h u s  minimizes t h e  amount o f  s p a c e  r e q u i r e d  d u r i n g  

execut ion .  

The s u b r o u t i n e s  are also set up t o  f a c i l i t a t e  t h e  u s e  of v a r i a b l e  

dimensions.  The dimensions of a l l  major a r r a y s  can b e  v a r i e d  i n  t h e  

pr imary c a l l i n g  r o u t i n e  (MAIN) ,  which i s  comprised o f  about  80 c a r d s .  

The o t h e r  pr imary f u n c t i o n  of MAIN is  t o  c a l l  t h e  s u b r o u t i n e s  M A I N l ,  

M A I N 2 ,  M A I N 3 ,  and L I S T I T .  The dimensions o f  t h e  a r r a y s  i n  M A I N  f o r  a 

wide v a r i e t y  of cases are g i v e n  i n  t h e  O R I G E N 2  u s e r ' s  manual8 a l o n g  w i t h  

an  estimate of t h e  amount of s p a c e  r e q u i r e d  for a p a r t i c u l a r  case. 

F i n a l l y ,  i t  might b e  u s e f u l  f o r  t h e  u s e r  t o  have some f e e l i n g  f o r  

t h e  o r d e r  i n  which t h e  O R I G E N 2  s u b r o u t i n e s  are c a l l e d  t o  f a c i l i t a t e  i n p u t  

s p e c i f i c a t i o n  and debugging. M A I N  i s  t h e  pr imary r o u t i n e  which ca l l s  

LISTIT, M A I N l ,  MALN2, and M A I N 3  s e q u e n t i a l l y .  MAIN2 ca l l s  t h e  a p p r o p r i a t e  

XSECnn s y b r o u t i n e .  MAIN3 c a l l s  a l a r g e  number of s u b r o u t i n e s  w i t h  t h e  

o r d e r  depending s i g n i f i c a n t l y  on t h e  u s e r - s p e c i f i e d  commands. However, 

i n  g e n e r a l ,  t h e  f i r s t  s u b r o u t i n e s  c a l l e d  from M A I N 3  are  NUDAT1 ( p l u s  

DECRED), NUDAT2 ( p l u s  SIGRED), NUDAT3, and NUDOC, which read  t h e  d a t a  

l i b r a r i e s ,  and ANSF, which sets up t h e  spontaneous f i s s i o n  and ( a , n )  

n e u t r o n  d a t a  f o r  l a t e r  use .  PHOLPB would t h e n  b e  c a l l e d  t o  r e a d  t h e  

photon l i b r a r y .  Next, i n i t i a l  material composi t ions would b e  r e a d  by 

MAIN3. Then t h e  i r r a d i a t i o n / d e c a y  s u b r o u t i n e s  FUDGE, FLUXO, DECAY, TERM 

( p l u s  MATREX), and EQUIL are c a l l e d ,  i n  the o r d e r  l i s t e d ,  t o  c a l c u l a t e  

t h e  n u c l i d e  g e n e r a t i o n  and d e p l e t i o n .  The f i n a l  o p e r a t i o n  is  t o  o u t p u t  

t h e  r e s u l t s .  T h i s  i n v o l v e s  ca l l s  t o  OUTPUT, OUT1, OUT2, NUTRON, and 

GAMMA. The o t h e r  s u b r o u t i n e s  i n  Table  2 . 2  are c a l l e d  i n  a wide v a r i e t y  

of p l a c e s  a t  v a r i o u s  t i m e s .  
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TabS.c 2 . 2 .  Funct iona l  d e s c r i p t i o n  of 3 K i G E N 2  s u b r o u t i n e s  
- . . ... _ _ - ~  ............._....._. ..... - . .. --. . .. . . . . . 

Subrout ine  o r  
f u n ( - t i  on subprog-ram Dcscr i p  t i.on 

OU'L PUT 

OU'T I 

OLV 2 

N U D A T l  

NUDOC 

DBCRED 

STGRED 

ANSF 

L n i t i a l i z e s  and/oL r eads  d a t a  such a$ 
n e u t r o n s  p e r  5pontaneous and neukron- 
induced f i s s j o n ,  cheliiical t o x i c i t i e s ,  
an3 f r a c t i o n a l  r ep rocess ing  r e c o v e r i e s  

Reads a ~ i J  s t o r e s  t h e  i n f o m a t  ion on t h ~  
O K I G E N 2  command>; o b t a i n s  thp  c o r r e c t  
se t  of  variable c r o s s  s e c t i o n s  from a 
XSECnn subroi l t i  tie ( s e e  below) i f  r e q u i r e d  

Executes  t h e  ORIGEN2 commands read  b y  
M A L N 2 ;  t h i s  i s  a c t u a l l y  <a c o n t r o l  suh- 
r o u i i n e  s i r ice  most of  t h e  c a l c u l a t i o n s  
are done i n  t h e  TuLrout ines  c a S l e J  1)y 
MAIN3 

Coritrols outpii t  of most t a b l e s  

Sums columns t o  g e n e r a t e  t o t a l s  for- use 
i n  p r i n t i l z g  f r a c t i o n a l  tal)les and SUP 

inary t a b l e s  

Writc:; iiiost t a b l e s  

Reads and t empora r i ly  siol-eq t h e  decay 
1 i b r a r y  

Reads and t empora r i ly  s t o r e s  the c r o s s -  
s c r i i o r i / f i s s i o n  producr  y i e l d  l i b r a r y  

Accesses  t h e  teiiiporari l y  s t o r e d  i nf o r -  
mat ian  irom NUDAT1 arid NUlIAT2 and 
r e a r r a n g e s  i t  t o  form t h e  matrix of  
eqimt ions so lved  by O K I G E N 2  ( s e e  
Sect - 3.5) 

P r i n t s  of  ORIGEN2 s t a t e m e n t s  p o i n t i n g  
t o  tlie documentat ion 

Reads t h e  decay d a t a  f o r  a n u c l i d e ;  
c a l l e d  by PJUIIL4rI 

Rends t h e  c r o s s  -section/f i s s i o n  p r o d u c t  
y i e l d  d a t a  f o r  a n u c l i d e ;  c a l l e d  by NUDAT2 

Accesses ,  combines, and s t o r e s  i n t e r n a l  
i n fo rma t ion  r e l a t g d  t o  t h e  p roduc t ion  of 
spontaneous i i s s i o n  and (a,n) n e u t r o n s  
f o r  f u t u r e  llSe 
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T a b l e  2 .  2 (Cont:i.nued) 

Subrout ine  o r  
f u n c t i o n  subprogram Des c r  i p t  i o n  

PIiOLIU 

WUTRON 

TOC 

FLUX0 

FUDGE 

DECAY 'TERM, 
W T R F X ,  EQUIT, 

NOAH 

IP ACE 

LTS'IILT 

R e a d s ,  o r g a n i z e s ,  and s t o r e s  tihe photon 
l i b r a r y  

Outpiits t h e  spontaneous f iss  i o n  and 
(rv,,n) neutron p r o d u c t i o n  rate t a b l e s  
based on infox-mation s t o r e d  by ANSF 

Ourput :i the pho ton  t a b l e s  based on i n f o r -  
mat ion s t o r e d  h y  PHOL,TR 

W r i t e s  t h e  m i x t u r e  of ORlGEN2-gc:nc?r,-r t e d  
a n d  user s p e c i f i e d  rolumn headings ;  
c a l l e d  m o s t l y  by OUTPUT, OU'J'Z, GAMMA, 
and NTJT RON 

P r i n t s  t h e  tnb1.e of c o n t e n t s  

C a l c u l a t e s  t h e  nerit con fl i ix from s p e c i f i c  
power o r  v i  ce-vclx sa; nucl ide-dependent  
r e c o v e r a b l e  energy p e r  f i s s i o n  and the 
f i s s i o n  product  y i e l d  ad jus tments  are also 
accomplished h e r e  

Cnl c u l a t e s  and i n c o r p o r a t c s  t h e  c o r r e c t  
v a r i a b l e  a c t i n i d e  c r o s s  s e c t  i LAIS 

Solve b u i l d u p  and d e p l e t i o n  e q u a t i o n s  

Converts  six-d i g i  t i n t e g e r  n u c l i d e  i d e n t i -  
f i e r s  ( s e e  Sect .  4 . 7 )  i n t o  ail alpha- 
numeric e lement  symbol ,  t h r e e - d i g i t  
a tomic mass, and one eharac te r  ground/ 
excited s t a t e  i d e n t i f i e r  

Returns  t h e  a tomic  mass of n n u c l i d e  t o  
t h e  c a l l i n g  subrout in(.! 

Re turns  a f a c t o r  for c o n v e r t i n g  t h e  
s p e c i f i e d  t i m e  u n i t s  t o  seconds t o  t h e  
c a l l i n g  s u b r o u t i n e  

Returns  t h e  c u r r e n t  page number t o  t h e  
cnl.l.ing s u b r o u t i n e  

P r i n t s  t h e  card  i n p u t  d a t a  on paper and 
w r i t e s  i t  to a temporary d a t a  s e t ;  
ca l l ed  from M A I N  
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Table  2 . 2  (Continued) 

Subrout ine  o r  
f u n c t i o n  subprogram D e s c r i p t i o n  

ADDMOV 

BLOCK DATA 

AREAD, DREAD, QQPACK, 
QQKEAD, READ, IREAD 

X S E C O l  TO XSECnn 

Adds and moves ORIGEN:! columns; used 
exteiis i v e l y  i n t - e r n a l l y  

I n i t i a l i z e s  a l a r g e  number of v a r i a b l e s  
and l a b e l s  

Read f ree-format  i n p u t ;  QQPACK i s  
m a  c h i n  e - de  p end en. t: 

Contain t h e  v a r i a b l e  c r o s s  s e c t i o n s  
w i t h  one r e a c t o r l f u e l .  t y p e  p e r  sub- 
r o u t i n e  

3 .  D E S C K C P T I O N  OF THE MATHEMATLCAL 14ETHOD UShX LN ORIGEN2 

T h i s  s e c t i o n  p r e s e n t s  a summary d e s c r i p t i o n  of t h e  mathematical  

methods used t o  s o l v e  (1) t h e  d i f f e r e n t i a l  e q u a t i n n s  d e s c r i b i n g  t h e  b u i l d -  

up and d e p l e t i o n  of nucl. ides,  and (2)  t h e  e q u a t i o n s  used t o  c a l c u l a t e  t he  

n e u t r o n  f l u x  l e v e l  and t h e  s p e c i f i c  power d u r i n g  i r r a d i a t i o n .  

d e t a i l e d  d e s c r i p t i o n  of t h e  methods used t o  g e n e r a t e  and s t o r e  t h e  m a t r i x  

t o  be  so lved  i s  a l s o  g i v e n .  

o r i g i n a l  wr i te -up  g i v e n  i n  r e f .  1 because t h e  mathematical  methods used i n  

ORIGEN2 are  fundamental ly  t h e  same as t h o s e  used i n  ORIGEN. 

A r e l a t i v e l y  

These d e s c r i p t i o n s  a're based h e a v i l y  on the 

A g e n e r a l  e x p r e s s i o n  f o r  the format ion  and di-sappearance of a n u c l i d e  

by n u c l e a r  t r a n s m u t a t i o n  and r a d i o a c t i v e  decay may be w r i t t e n  as f o l l o w s :  

N N 
dXi 
- -  - R . . A . X .  + $ f 0 x - (xi -i- Tai)xi ( i  = 1, ... N) 
a t  1J  J J 

(1) ik k k 
j =l k = l  

where X i s  t h e  atom d e n s i t y  of n u c l i d e  i, A. i s  t h e  r a d i o a c t i v e  d i s -  
1 - i 

i - n t e g r a t i o n  c o n s t a n t  f o r  n u c l i d e  i-, o i s  t h e  spectrum-averaged neutron 
i 
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a b s o r p t i o n  c r o s s  s e c t i o n  of  n u c l i d e  i.-, and Q 

of r a d i o a c t i v e  d i s i n t e g r a t i o n  and n e u t r o n  absorption by o t h e r  nucl-ides 

which l e a d  t o  t h e  format ion  of s p e c i e s  I. 
p o s i t i o n -  and energy-averaged n e u t r o n  f l u x .  Rigorous ly ,  the system of 

e q u a t i o n s  d e s c r i b e d  by Eq. (1) is  n o n l i n e a r  s i n c e  t h e  neu t ron  Llux and 

cross s e c t i o n s  w i l l  va ry  with elianges i n  t h e  composi t ion of t I i i i l  f u e l .  

However, t h e  v a r i a t i o n  w i t h  t i m e  is slow and,  i f  t hey  alee corisidesed t u  be 

c o n s t a n t  ove r  s h o r t  time i n t e r v a l s ,  the system of Eq.  (1)  i s  a h o m ~ g c n e ~ ~ s  

se t  o f  s imul taneous  f i r s t - o r d e r  o r d i n a r y  d i f f e r e n t i a l  equa t ions  w i t h  

c o n s t a n t  c o e f f i c i e n t s ,  which may be w r i t t e n  i n  m a t r i x  notation as 

and E i s  ik 

Also i n  E q .  (l), 7 is the 

are  t h e  f r a c t i o n s  

X = A X .  
Y -" n -., 

3 . 1  Matr ix  Exponent ia l  S o l u t i o n  

3.1.1 Genera l  s o l u t i o n  

Equat ion ( 2 )  has  t h e  known s o l u t i o n  

X( t )  = exp ( A t )  X ( O ) ,  -. - e 
I 

( 3 )  

where z(0) i s  a v e c t o r  of i n i t i a l  atom d e n s i t i e s  and A i s  a t r a n s i t i o n  

m a t r i x  c o n t a i n i n g  t h e  rate c o e f f i c i e n t s  f o r  r a d i o a c t i v e  decay and neu t run  

c a p t u r e .  T h e  f u n c t i o n  exp (At) i n  E q .  ( 3 )  is  t h e  matrix exponen t i a l  

f u n c t i o n ,  a m a t r i x  of dimension N , which i s  d e f i n e d  as 

- - 

= 2  

(At) - -. - exp (At) = I + A t  + 4" ... - 
.-" - 2 -  .., 21 ( 4 )  

m=O 

I f  one can g e n e r a t e  t h i s  f u n c t i o n  a c c u r a t e l y  from t h e  t r a n s i t i o n  matrix, 

t hen  t h e  s o l u t i o n  of t h e  n u c l i d e  cha in  equations is  r e a d i l y  ob ta ined .  

3.1.2 computa t ion  of t h e  m a t r i x  e x E n e n t i a l  seri-es 

Two p r i n c i p a l  d i f f i c u l t i e s  are  encountered i n  employing ths m a t r i x  

e x p o n e n t i a l  t echn ique  t o  s o l v e  l a r g e  systems o f  equa t ions :  (I) a largr: 

amount of memory is r e q u l r e d  t o  s t o r e  the t r a n s i t i - o n  m a t r i x  
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and t h ~  matr ix  exponen t i a l  f u n c t i o n ,  and ( 2 )  computa t iona l  problems a re  

encountered  i n  app ly ing  t h e  ~ a t r i x  exponen t i a l  method o systems of 

equat ior is  ~ 7 j  t h  widel y s e p a r a t e d  eip,envalueo. The g e n e r a t i o n  and s t o r a g e  

of t h e  t r e n s i t i o i i  matr ix  are  expla ined  i n  Seer. 3.5.  The computat ion and 

s t o r a g e  of  t h e  m a t r i x  exponcn~ial f u n r t i o n  have been f a c i l i t a t e d  by 

developing  a r e c u r s i o n  r e l a t i o n  f o r  t h i s  funcl i o n  wh.ich does not: requirc. 

s t o r a g c  of  t h e  e n t i r e  m a t r i x .  Thus j t  is p o s s i b l e  t o  d e r i v e  a n  expres s ion  

f o r  o n r  n u c l i d c  i n  Eq. ( 3 )  which j 4  given  by 

w 

n 
i 

where C i s  gene ra t ed  by ilse of a r ecu r s ion  r e l a t i o n  

N 

a cn i .~ n f l  - - 
'i n t-1 ij j 

Here,  a i s  an element i n  t h z  iransii iorr  m a t r i x  tha t  i s  ti12 f i r s t - o r d e r  

i-aie c o n s t a n t  f o r  the formai iun  of s p e c i e s  - i f r m  s p e c i e s  j. T h i s  alga- 

i - i t h m  r e q u i r e s  s t o r a g e  of o i l l y  one v c c t o r  C i n  a d d i t i o n  t o  t h e  c u r r e n t  

v a l u r  of t h e  s o l u t  ion.  

ij 

n - 

I n  performing t h e  summation i n d i c a t e d  by E q .  (5), i t  i s  necessa ry  

i o  ensure Lliat p r e c i s i o n  i n  Lhe answer w i l l  n o t  h e  l o s t  due t o  t h e  ad  

d i t i o n  and subLrac t ion  of n e a r l y  e q u a l  1arg:n numbers. Ln t h e  p a s t ,  t h i s  

o b j e c t j v e  has  been accomplished by s c a l i n g  t h e  t i m e  s t e p  by r e p e a t e d l y  

d i v i d i n g  by tim u n t i l  t h e  norm of t h e  m a ~ r i x  i s  less t h a n  some acceptable 

s m a l l  v a l u e ,  computing tilk. matrix euponen t i a l  f u n c t i o n  f o r  t h e  reduced 

time s t e p ,  and r e p e n i r d l y  s q u a r h g  t h e  r e s u l t i n g  m a t r i x  *Lu o b t a i n  the 

d e s i r e d  t imc -,rep.  Such a procedurc  would b e  i m p r a c t i c a b l e  f o r  A 

computai iaii involvi i lg  l a r g e  ilumbers o f  n u c l i d r s  (many of which have s h o r t  

1 /-I 9 
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h a l f - l i v e s )  corresponding t o  l a r g e  n o m s  o f  the A t  mat r ix ,  J I ~ w e v e r ,  i t  I.s 

j u s t  fo r  these s h o r t - l i v e d  i s o t o p e s  that: the c o n d i t i o n s  of secul.ar and 

t r a n s i e n t  e q u i l i b r i u m  are  I t n o ~ j  b:o a p p l y *  Thus i n  t h e  c.ompu.ta.tions per- 

foriiied by OIII.GEN2, o n l y  t h e  compos i.t:ions of  i;.host: n!irl.ides whose diagonal  

m a t ~ i ~  elements are less  than a predetermined. v;i.l.ue arc comput:ed by  the 

matr:l.x e x p o n e n t i a l  m.etliod, The  eonceIitraii.ons of the i.sot:opes ~ i t h  la rge  

d i a g o n a l  matr ix  e lements  are. c.claruputed usi.ng an anal.ytica1. expt-ession f o r  

the c.ontS. itiions o f  s e c u l a r  o r  1:nracisi.e.rrt equi.li.br:i.um, as descxibed. i n  

Sect. 3 . 2 ,  

- <" 

Lapidus and T A u u ~ i X 9  have sl-rowo thi3L clle a c ~ u r a c y  of t h e  c o m p ~ t e d  

matrix exponentinl. fu.iiciiion c a n  h e  main ta ined  at any d e s i  r e d  val.ue by c o n -  

t r o l l i n g  the time s%E:p such that  t h e  norm o f  tke. iiiatrix k ! t  is letjs than 3 

prc:ilef:er-rrr:ined va lue  tzh:i.ch is f i x e d  by  t h e  word length  o f  t h e  d i g i . t a l  

computer usecl i n  t h e  c a l c u l a t i o n s .  They d e f i n e  a riorm o f  t h e  m a t r i x  A, 

deno ted  by [ A ] ,  as the smaller o f  the malrirnwri-row absol .ute  sum a d  t t i ~  

maxlmui~~-col~rrnn a b s o l u t e  sun: 

Y - "  

.v 

d e n o t e s  the absolinte v a l u e  of t h e  el-ement a . Tiriey show that i .1  
t h e  maximum t e r m  i n  the summation f o r  any eIemmt i n  t h e  matrix e x p o n e n t i a l  

func t ion  cannot: exceed --i- where n :i.s the. I.argest i n t e g e r  riot l a r g e r  than  

[ A l t . .  C o n s i d e r a t i o n  of the word l.engtii o f  t h e  comput:er used t o  perfortii 

t:he c a l c u l a t i o n s  w i l l .  i n d i c a t e  the maximum va.l.ue af n that  can be  used 

w h i l e  ob ta in ing  R d e s i r e d  degree of signifi.eance i n  the resull:s. Using 

doub1.e p r e c i s i o n  arithmeLic, t h e  IK'M 360 o p e r a t i n g  systci:ru c:an perform 

o p e r a t i o n s  r e t a i n i n g  1 6  s i g n i f i c a n t  decimal  f i g u r e s  = I n  t h e  QR.IBXN2 code, 

t h e  norm of the t r a n s j t i o n  matr:i.x -is r e s t r i c t e d  t o  be  less t h a n  

[A ]  -2 1.11 0.001 = 13.8155, s o  t h a t  t h e  maximum t e r m  t ha t  w i l l  be  calcu+- 

l a t e d  w i l l  be  a p p r o x i m a t e l y  49,OC;O. Thus R va1.w as s m a l l  as 

exp (-13.8155) = IO--' 

f i g u r e s .  A s u f f i c i e n t  n.umher of terms must b e  added t o  t h e  i n f i n i - t e  

summation given  by E y .  (5) to emxire that t h e  se r ies  has converged, The 

n 
n 
11 * 

can be c.ixnputed, wtillile xe . ta in ing  f i v e  significant 



[A]m - mth t e r m  i n  t h e  series f o r  cLA1 i s  e q u a l  t o  7, which, f o r  l a r g e  vdliies 

o f  m ,  can b e  approximated by ( ~ ~ ~ i ~ ~ m n ~ - ~ ~ ' ;  u s i n g  S t i r l i n g ' s  approxi -  

mation. Thc v a l u e  of t h e  norm, [ A ] ,  is  c a l c u l a t e d  by t h e  code; and i s  
7 

sc t  e q u a l  t o  t h e  l a r g e s t  inLegei i n  [A] -k 5,  which h a s  been determined 
2 

at; a ' l rulp oE Lliumb" f o r  t h e  numbei of t ~ m s  necessary  t o  l i m i t  t h e  e r r o r  

y o  <0.1% Thus f o r  [A ]  equal  13.8155, 51 terms wi l l  b e  r e q u i r e d  i n  t h e  

summation. The ahsolul.1. v a l u e  of t h e  l a s t  term added t o  t h e  summation i n  

t h i s  case w i l l -  be < 6 . L  x lon1', which i s  s u f f i c i e n t l y  small corrrpared w i t h  

ill 

It hss been o h s e r v e d  t h a t  t h e  norm i s  u s u a l l y  Less than i t s  m a x i m u m  

v a l u e ,  and,  i n  most cases, 30 O K  fewer terms are r e q u i r e d  t o  eva l t ia te  Lhe 

Ser iP8 .  

It ha:: been. iiientioned t h a t ,  i n  prev:i ous a p p j - i c a t i o n s  of t h e  m a t r i x  

e x p o n e n t i a l  method: the r e s t r i c t i o n  of t h e  s i z e  of t h e  norm of the  tran- 

s i t i o n  m a t r k  n e c e s s a r y  t o  t r ea t  n u c l i d e s  w i t h  l a r g e  ei.genvalues was 

accomplished by repeated1.y d i v i d i n g  t h e  m a t r i x  by 2 ,  and the Einal. v a l u e  

of t h e  ina t r ix  e x p o n e n t i a l  f u n c t i o n  was obta ined  by r e p e a t e d l y  s q u a r i n g  t h e  

r e s u l  t i n g  i.ntermed.Fate m a t r i x  exponent:Lal. f u n c t i o n .  I n  Lhe p r e s e n t  a p p l i -  

c a t i o n ,  t h e  s u g g e s t i o n  of Ral.1. and Adarns t h a t  t h e  t r a n s  i r i o n s  i n v o l v i n g  

i - s n t o p e s  w i t h  l a r g e  decay co i l s tan ts  b e  cons idered  " i n s t a n t a n e o u s r '  was 

adopted;  t h a t  i.s, i f  A + G + C and i f  t h e  decay constant:  f o r  B i s  l a r g e  

( i . e . ,  B i s  s h o r t - l i v e d ) ,  t h e  m a t r i x  i s  re formula ted  as if C were formed 

from A cl i - rect ly ,  and t h e  c o n c e n t r a t i o n  (>.E R i s  o b t a i n e d  by an a l t e r n a t i - v e  

technique .  S i m i l a r l y ,  i f  t h e  t i m e  constant  f o r  A i s  v e r y  large,  t h e  

t r a n s i t i o n  niatrFx i s  r e w r i - t t e n  as i f  t h e  amount o f  i s o t ~ o p e  B i n i t i a l l y  

p r e s e n t  were equal. t o  A -t 3, and o n l y  t h e  t r a n s i t i o n  E -+ C i s  obtai.ned by 

Iibe m a t r i x  e x p o n e n t i a l  technique. T h i s  r e d u c t i o n  of t he  t r a n s i t i o n  m a t r i x  

and the g e n e r a t i o n  of t h e  s o l u t i o n  by t h e  m a t r i x  e x p o n e n t i a l  method are  

performed by rhe subrout::i I-te TERM. 

20 

3.2 U s e  of Asymptotic S o l u t i o n s  of t h e  Nucl ide  Chain 
Equat ions f o r  Short-TA:i.ve$ I s o t o p e s  

The numer ica l  t echniques  d e s c r i b e d  i n  Sec t ,  3 . 1  are  a p p l i e d  o n l y  t o  

o b t a i n  t h e  s o l i i r i o n s  f o r  i s a t o p e s  t h a t  are s u f f i c i e n t l y  long-l ived t-o 

satisCy the  c r i t e r i o n  t h a t  t h e  norm of t h e  t r a n s i t i o n  matrix b e  <2 I n  1000. 
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Shor t - l ived  i s o t o p e s  are t r e a t e d  by u s i n g  l i n e a r  combinat ions of the 

homogeneous and p a r t i c u l a r  s o l u t i o n s  of t h e  n u c l i d e  ciial n e q u a t i o n s  t h a t  

are computed u s i n g  a l t e r n a t i v e  procedures .  

The q u a n t i t y  of a s h o r t - l i v e d  n t ic l ide  ( o r i g i n a l l y  p r e s e n t  a t  t h e  be- 

g i n n i n g  of a n  i n t e r v a l )  t h a t  remains a t  t h e  end of t h e  i n t e r v a l .  i s  

computed i n  s u b r o u t i n e  DECAY u s i n g  a g e n e r a l i z e d  form of t h e  Batemin 

e q u a t i o n s  which treats an a r b i t r a r y  forward-branching c h a i n .  

a l i z e d  t r e a t m e n t  is achieved  by s e a r c h i n g  through the t r a n s i t i o n  m a t r i x  

and forming a queue of a l l  s h o r t - l i v e d  p r e c u r s o r s  of an i s o t o p e .  

Bateillan e q u a t i o n  s o l u t i o n  i s  t h e n  appl i-ed t o  t h i s  queue 

t e r m i n a t e d  when a n  i s o t o p e  Iiaving no s h o r t - l i v e d  p r e c u r s o r s  i s  pn- 

countered .  The a l g o r i t h m  a l s o  h a s  p r o v i s i o n s  f o r  t r e a t i n g  two i s o t o p e s  

w i t h  e q u a l  e i g e n v a l u e s  and €or  t r e a t i n g  c y c l l c  c h a i n s  

The grner -  

The 

The q w u c  is 

Bateman's s o l u t i o n  f o r  t h e  S t h  mtmber in  a c h a i n  a t  time t may b e  
21 

w r i t t e n  i n  t h e  form 

i-1 1 

where N , ( O )  is t h e  amount of i s o t o p e  j i n i t i a l l y  p r e s e n t  and the  members 

of t h e  c h a i n  are numbesed c o n s e c u t i v e l y  f o r  s i m p l i c i t y .  T h i s  method of 
i-1 

s o l u t i o n  used t h e  convent ion  t:Iiat i s  e q u a l  t o  the p roduc t  

a a a and t h a t  t h e  e.mpty p r o d u c t  (k .... > i) i s  equal  t o  

u n i t y .  The n o t a t i o n  a f o r  t h e  f i r s t - o r d e r  r a t e  c o n s t a n t  i s  t h e  

same as t h a t  d e s c r i b e d  i n  Sect. 2.1., and (1.  I_= -a Ln. t h e  p r e s e n t  

a p p l i c a t i o n ,  E q .  (8) i s  recast i n  t h e  form 

J 

k+l¶  k, k+2 k+l '  ' i, 1.-3. ' 

i .I 
.l. i,i ' 
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- d i t  
r i i ( t )  = N.(o)~ 

7. 

i-l 

n=k 
by m u l t i p l i c a t i o n  and d i v i s i o n  by II d e The f i r s t  pr-otluctr in the ou te r  

summation of  Eq. ( 9 )  has  s i g n i f i c a i i c e  because  111 is the f r a c t i o n  of atoilis 

of  i s o t o p e  k that  foll.ow a particul.ar sequence of decays and c a p t u r e s .  

I f  t h i s  prodr ic t  becomes <10 , c o n t r i b u t i o n s  from n u c l i d e  k and i t s  p r e -  

c u r s o r s  t o  t h e  c o n c e n t r a t i o n  of  nuc:licle. ...- i. a r e  n e g l e c t e d .  

t i o n  i n  E q .  ( 9 )  i s  perfirmred i.i7 double prec i -s ion  a r i t h m e t i c  t o  preserve 

accuracy .  'This procedure i s  unnecessary  f o r  e v a l u a t i n g  t h e  o u t e r  s ~ m ~ ~ i a t i o n  

because  all t h e  terriis i n  this suiii a re  known t o  be pos i . tkve .  The d i f f i -  

c u l t i e s  d e s c r i b e d  by Vondy2' i n  applyi-ng t h e  Bateinan equa t ions  f o r  s m a l l  

v a l u e s  of c 1 . t  do  no t  occur  i n  t h e  p r c s e n t  app l i ca t i . on  s i n c e ,  when t h i s  

c o n d i t i o n  o c c u r s ,  t,he matrix exponen t i a l  so1.utioi-i i s employed. The matr ix  

exponen t i a l  method and t h e  K a t r m a t i  equat i.ons coiiipIenent each o t h e r ;  t h a t  

i s ,  t h e  former method i s  qui-te a c c u r a t e  when t h e  magnitude of t h e  

charact.ri:isi:i.c values o f  t h e  equa t ions  t o  b e  so lved  i s  s m a l l ,  whereas the 

Katei i iar i  s o l u t i o n  encounters  numer ica l  problems i n  t h i s  range ,  For  t h e  

case where t w o  i s o t o p e s  have eqi.ia1 removal c o n s t a n t s  ( d i  = d j ) ,  t h e  second 

summation i n  Eq. ( 9 )  becomes 

n 

-6 

The i n n e r  summa- 

1 

>-: . " d . t  i -1 
d . t  e J r i  

n ;k 
n# j  

J 
d I L  --_. . . . . ... 

drl .- d j * 

An analogous expres s ion  i s  d r r i v r d  f o r  t i l ,> c n s ~  whm d = d . .  These forms 

of  thr Rni t w m  ~ q i i a t  i o n s  are  a p p l i e d  when t w o  i s o t o p e s  i n  a cha in  have t i i r  

same d iagona l  element o r  when a c y c l i c  chair! i s  encountered ,  i n  which case 

a nur l idc_  i s  cons ide red  t o  be  i t s  ow- p r c c u r s o r .  

n J  



In t h e  s i t u a t i o n  whr:re a s h o r t - l i v e d  n u c l i d e  has a I.ong-lived 

p r e c u r s o r ,  a second al. ternative aolut:irjri is em-ployed I n  t h i s  i n s t a n c e  

the s h o r t - l i v e d  tfaaght:er i.s assurned t.o be: 1.-n secular equi l ibr ium.  w i t h  

:its parent. a t  t h e  end o f  any t i m e  i.nterval. The concetitraCion o f  t h e  

p a r e n t  i s  obta:i.ned from s;nbrouti.ne TEIQ4, m d  t h e  c o n c e n t r a t i o n  of t he  

daughter  i .s  c a l c u l a t e d  i n  a s u b r o u t i n e  named EQUIL by s e t t i n g  E q .  ( 3 )  

e q u a l  t o  zero :  

Equat ion (].I-), which i s  a set of l i n e a r  a l g e b r a i c  equa t ions  f o r  t h e  

c o n c e n t r a t i o n s  of t h e  s b o r ~ - l i v e d  i s o t o p e s  i s  r e a d i l y  s o l v e d  by  t h e  

Gauss-Sz ide l  iterative tecl-mique. 22 T h e  coef ficienlzs i n  Eq., (1.1.) have 

the  p rope r ty  t h a t  all t h e  di.agonal elements of t h e  iiiat:rix a re  negat ive 

arid a l l  off-diagonal e lements  are poslit ive. T h e  algor:ithm involves 

iI lVertiRg E q .  (1.1) and u s i n g  assumed o r  previoi1sI.y c a l c u l a t e d  values 

for the unknown c o n c e n t r a t i o n s  t o  t?sL:j.iiiate an  I.ulproved value,  that i s ,  

N 
k-kl. __ 1. k 
i a ij j 

a x .  I - X 
ii 

j =I. 
j fi 

T h e  i t e r a t i v e  procedure has been found Tu (sonverge very rapid1.y si.nce, 

fo r  t h e s e  s h o r t - l i v e d  i s o t o p e s ,  c y c l i c  c11ai.n~ are n o t  u s u a l l y  enco-un- 

t e r e d  and t.he procedure  reduces  t o  a d i r e c t  s o l u t i o n .  
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3.3 A p p l i c a t i o n  of t h e  Mntri-x Exponential. Method 
f o r  Nonhomogeneous Systems 

C e r t a i n  problems t h a t  i n v o l v e  t h e  accumulat ion o f  r a d i 0 a c t i . w  

materials a t  a c o n s t a n t  rate and are  of e n g i n e e r i n g  i n t e r e s t  r e q u i r e  

[.he s o l u t i o n  o f  a nonhomogeneous system of  f i r s t - o r d e r  l inea t - ,  o r d i n a r y  

d i f f e r e n t i a l  e q u a t i o n s .  I n  m a t r i x  n o t a t i o n ,  one w r i t e s  

Thi.s s e t  of e q u a t i o n s  has t h e  p a r t i c u l a r  s o l t i t i o n  

X ( t )  = [exp (At) - - - - 
provided L’riaL A l l  e x i s t s  I 

Lion f o r  t h c  m a t r i x  exponeirtjal f u n c t i o n ,  one o b t a i n s  

S u b s t i t u t i n g  Lhe i n f i n i  I e series r e p r e s e n t a -  
zx 

(15a) 

-1 
It should  be noted  t h x L  i n  many of t h e  cases solved by OKLGEFS2, A i n  

E q .  ( 1 4 )  does n o t  exisL. However, t1ic.t series s o l u t i o n  [ E q s .  (15a) and 

(15b)l  dog5 always e x i s t ;  when s u b s t i t u t e d  i n t o  E q .  (13) ,  t h e  c o r r e c t  

s o l u t i o n  results. Furthermore,  s i n c e  each t e r m  of E q ,  (15) i s  smaller 

than t h e  cor responding  t e r m  i n  E q .  f h ) ,  E?. (15) converges f o r  each A t  

f o r  which E q .  ( 4 )  converges.  

4 

- 

The parLiculaL s o l u t i o n  may a l s o  b e  expressed  as t h e  sun of an i n f i n i t e  

series 
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whose terms a r e  gene ra t ed  by use  of a r e c u r s i o n  r e l a t i o n  

1 
Di = b i t  , 

N 

Once a g a i n ,  t h e  a l g o r i t h m  i s  a p p l i e d  on ly  t o  long- l ived  n u c l i d e s ,  and t h e  

c o n c e n t r a t i o n s  of t h e  s h o r t - l i v e d  n u c l i d e s  are ob ta ined  by an  a l t e r n a t i v e  

t echn ique .  I n  t h i s  s i t u a t i o n ,  E q .  (11) is modif ied  t o  t h e  form 

N 

x i = O = x a . . x  1 . J  j f b i  

j =I 

and is  so lved  by the .Gauss-Se ide l  method. A f t e r  t h e  homogeneous and 

p a r t i c u l a r  s o l u t i o n s  have been o b t a i n e d ,  they  are added t o  o b t a i n  the 

complete  s o l u t i o n  of t h e  system of equa t ions .  

3 . 4  Computation of Neutron Flux and Spec. i f ic  Power 

To a c c u r a t e l y  compute changes i n  f u e l  composi t ion du r ing  i r r a d i a t i o n  

a t  c o n s t a n t  power, i t  i s  necessa ry  t o  t a k e  i n t o  account  changes i n  t h e  

neu t ron  f l u x  w i t h  t i m e  as t h e  f u e l  i s  d e p l e t e d .  The neu t ron  f l u x  i s  a 

€unc t ion  of t h e  amount of f i s s i l e  n u c l i d e s  p e r  u n i t  of f u e l ,  t h e  f i s s i o n  

c r o s s  s e c t i o n  f o r  each f i s s i l e  n u c l i d e ,  and t h e  r e c o v e r a b l e  energy p e r  

f i s s i o n  f o r  each n u c l i d e .  

3 .4 .1  C a l c u l a t i o n  o f  neu t ron  f l u x  g iven  s p e c i f i c  power 

A t  the start  of t h e  computat ion,  t h e  known parameters are  t h e  i n i t i a l  

f u e l  composi t ion,  t h e  c o n s t a n t  s p e c i f i c  power  t h a t  t h e  f u e l  must produce 

d u r i n g  a t ime i n t e r v a l ,  and t h e  l e n g t h  of t h e  t i m e  i n t e r v a l .  

The i n s t a n t a n e o u s  neu t ron  flux i s  r e l a t e d  t o  t h e  c o n s t a n t  s p e c i f i c  

power a t  a f i x e d  t i m e  by t h e  equa t ion  
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( 1 9 )  
-19 f 

i i  i 
P = 1 .602  x 1 0  oj I: x 3 Ki , 

whcrc P IS t h e  s p p c i f i c  power ,  in HJ per- (illit of  fuc l  J x i s  t h r :  amount of 

f i s s i l e  n u c l i d r  j p r e s e n t  i n  tile f u r l  iir g-a:oms pcr  m i i t  of f u e l ;  ci' i s  

t h e  micLosrnpic f i s s i o n  cross s x t i n n  f o r  n u c l i d e  ~ i ;  oj i s  t l i e  i n s t a n i d -  
-7 ' 

neoiix lieiitron i l u x ,  i n  neu t rons  cm s ; aat: K i s  t h e  r ecove rab le  energy 

p e r  f i s s i o n  F o r  n i rc l idr  i, i n  McV/fiss ion.  The co[i.;tant i n  E q .  (19) con- 

v e r  L s  M e V / s e c  i n t o  megawatts. 

i 

i 

i 

A n  approximate expres s ion  f o r  tli? value of  t h e  nea t ro i t  f l u x  as a 

f u n c t i o n  of t i m e  dur i l ig  t h e  i n t e r v d l  i s  obldint-d by s o l v i n g  E q .  (19) fo r  

t h e  i n s t a n t a n e o u s  neu t ron  f l u x  @ and expansion of t h e  lre5ti l t ing ex- 

p r e s s i o n  i n  a Laylor series about  t h e  s t a r t  of t h e  i n t e r v a l :  

s (0) 1.. - 
2 

t 2 B ( O ) ?  - S ( 0 )  5(0) I ... A -  - 

s ( 0 )  
' 2  

f -  
I n  t h i s  e x p r e s s i o n ,  t h e  paramt;er S ( O )  = x u K a t  

t i m e  i n l e k v a l .  i ( 0 )  and S(0) arp t h e  f i r s t  and. s e c o l d  

eva lua ted  a t  t h e  s t a r t  o f  t h e  i n t e r v a l .  'The v a l u e s  of 

of  S ( 0 )  can be evaluatrjtl s i n c c  k(0) = AX(0) f E ( 0 )  - a d  

i i i i  

-- - - 

(2Oa)  

- I 
the s t a r t  of  t h e  

d e r i v a t i v e s  o f  S- 

t h e  d e r i v a t i v e s  

X(0) = P i ( 0 ) .  
25- - 

The ave rage  neut ron  f l u x  du r i l i g  t h e  inLPrvaP i s  ob ta ined  by i n t e g z d t i n g  

over  t h e  i n t e r v a l  anti d i v i d i n g  by t h e  length o f  t h e  i n t e r v a l  t :  

Equat ion (21) i s  used  i n  subro i r t ine  FLUX0 of O R I G P N 2  t o  estiriiate t h e  

ave rage  neu t ron  f l u x  d a r i n g  a t i m e  i n t e rva l .  based on t h e  c o n d i t i o n s  a t  

t h e  s t a r t  of t h e  intecvdl . .  The t e r m  i nvo lv ing  t h e  second d e r i v a t i v e  

i s  on ly  e ~ p l o y c d  f o r  ~ h r  f i x s t  i j 1 w  i n t e r v a l  where,  €Lir S G ~ E  r iucl ideo,  
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The a-verage power pt:cdiicred d u r i n g  a time i n t e r v a l  fop a f i i d  :i.n n 

f i x e d  neintron f l u x  is  e s t i m a t e d  from the ini.tial. cornpus i - t i o n  iusing a. 

similarly derived e q u a t i o n :  

( 2 % )  

In  o rde r  f o r  tile above procedures  t o  estimate the average neut ron  

flux o r  average spec i f ic  power correctly, the changes in neut::ron f l u x  

during t h e  iriterval must be  r e l a t i v e l y  small, 1:F tb~:  average value of 

e i the r  o f  these quantities d i f f e r s  from the i n i t i a l  value by N C X ~  than 

20%, a nessage  w i l l -  be pr in t ed  out a d v i s i n g  the use r  t o  employ smaller 

time increments, 

It- was noted at the beginning of tk3.i.s disc.uss-lon that. ,t:he rieiitron 

f l u x  is  a Euixct:Lon of ,the amount of f i . s s i l e  niicB.idel; present, the niiel.:ide 

f i . s s i o n  C.IOSS sec.t ions,  and the recoverable energy per f :Lss i~n .  T h e  

vari-ation i n  the amount of each f i s s i l e  nuclide i s  accounted f a r  b y  (:he 

derivat.Lves : i n  the. ti.me sczries d e s c r i b e d  above and will n e t  be considered 

f u r t h e r  he~e . .  T h e  n u c l i d e  f i s s i o n  c r o s s  sectj.ons also vary du:rii~.g h h r ,  

vaL bu t  do not: necessar i.ly corrdatr :  w:i.th the va.e-iati.an in 

nrlclide L ~ S S  ., This vaz: i a t i o n  i s  act:rs!amodated by c a l c u l a t i  rag the param- 

eter S ( 0 )  and its derivatives us ing  fission C K O B S  sectionr; a p p r o p r i a t e  

f o r  the estimated f u e l  burnup a t  t he  middle of the time i n t e r v a l .  ( see  

Sect e 2 1.13). Finally, the variar:i.on in the  recoverable  ene:rg:y ~9er 

f i s s i o n  i s  accounted f o r  by aisi.ng a c o n s t a n t  val.ue a p p r o p r i a t e  :€or each 

n u c l i d e  ins tead  of a s t n g l s  constant ~ a l u e  €os  a11 nuclides. 
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3.5 C o n s t r u c t i o n  of t h e  T r a n s i t i a n  Matrix 

An e x t e n s i v e  l i b r a r y  of n u c l e a r  p r o p e r t i e s  of r a d i o a c t i v e  i s o t o p e s  

The d a t a  are i n  h a s  been compiled f o r  u s e  w i t h  t h e  ORIGEN2 code. 

t h e  form of h a l f - l i v e s ,  f r a c t i o n s  of t r a n s i t i o n s  t h a t  produce a g i v e n  

n u c l e a r  pa r t i c l e ,  c r o s s  s e c t i o n s ,  and f r a c t i o n s  o f  a b s o r p t i o n s  t h a t  

y i e l d  c e r t a i n  p a r t i c l e s .  These d a t a  are r e a d  from t a p e ,  d i r e c t  access 

d e v i c e ,  o r  c a r d s  and processed  i n t o  a form f o r  use by t h e  mathematics 

r o u t i n e s  i n  s u b r o u t i n e s  NUDAT1, NUDAT2, and NUTXT3 ( h e r e a f t e r  c a l l e d  sub- 

r o u t i n e s  NUDATn). 

9-12 

It i s  p o s s i b l e  t o  compute t h e  c o n c e n t r a t i o n s  o f  as many as 1700 

n u c l i d e s  u s i n g  t h e  p r e s e n t  code. However, s t r a i g h t f o r w a r d  c o n s t r u c t i o n  

of a g e n e r a l i z e d  t r a n s i t i o n  matrix would r e q u i r e  t h e  s t o r a g e  of a 1700 

by 1700 a r r a y ,  which would t a x  t h e  s t o r a g e  c a p a c i t y  of t h e  l a r g e s t  

computers a v a i l a b l e  today.  On t h e  o t h e r  hand, the t r a n s i t i o n  m a t r i x  i s  

t y p i c a l l y  v e r y  sparse, and stolrage requi rements  can b e  reduced subs tan-  

t i a l l y  by s t o r i n g  o n l y  t h e  nonzero elements  of t h e  m a t r i x  and two 

r e l a t i v e l y  s m a l l  v e c t o r s  t h a t  are used t o  l o c a t e  t h e  e lements .  Sub- 

r o u t i n e s  NUDATn are  a l s o  used t o  g e n e r a t e  t h e  compacted t r a n s i t i o n  

m a t r i x  and t h e  two s t o r a g e  v e c t o r s .  

Subrout ines  NUDATn p r o c e s s  t h e  l i b r a r i e s  by r e a d i n g  a s i x - d i g i t  

i d e n t i f y i n g  number, NUCL(I), f o r  each n u c l i d e ,  fol lowed by t h e  h a l f - l i f e  

and t h e  f r a c t i o n  of each decay t h a t  OCCUKS by several competing p r o c e s s e s  

from t h e  decay l i b r a r y .  Neutron a b s o r p t i o n  cross s e c t i o n s  f o r  (n ,y) ,  

( n , a ) ,  ( n , p ) ,  ( n , 2 n ) ,  (n ,3n) ,  ( n , f i s s i o n )  r e a c t i o n s ,  and fission product  

y i e l d s  are t h e n  r e a d  from the c r o s s - s e c t i o n  l i b r a r y .  

i d e n t i f y i n g  number is e q u a l  t o  Z * 10,000 -t W * 1 0  -k I S ,  where Z i s  t h e  

atomic number, W i s  t h e  atomic weight  ( i n  i n t e g r a l  a tomic mass u n i t s ) ,  

and I S  i s  e i t h e r  0 o r  1 t o  i n d i c a t e  a ground sLate or a m e t a s t a b l e  s ta te ,  

r e s p e c t i v e l y .  T h i s  iniorrnat ion i s  processed i n t o  a compacted t r a n s i t i o n  

matr ix ,  as d e s c r i b e d  below. 

The s i x - d i g i t  

F i r s t ,  t h e  h a l f - l i f e  i s  used t o  c a l c u l a t e  t h e  r a d i o a c t i v e  d i s i n t e -  

g r a t i o n  c o n s t a n t ,  A. F i r s t - o r d e r  rate c o n s t a n t s  f o r  v a r i o u s  competing 

decay p r o c e s s e s  are  c a l c u l a t e d  by m u l t i p l y i n g  A by  t h e  f r a c t i a n  of 



transitions to that final state. The product nuclide resulting from 

each nuclear transition is next identified by the addition of a suitable 

constant to the six-digit identification number for the parent nuclide. 

(For example, for a @- decay, 10,000 is added to the parent identifier; 

for neutron capture, 10 is added; or f o r  isomeric transition the 

quantity -1 is added.) Two arrays are constructed: the first, NPROD(J,M), 

contains all the products which can be directly formed from any nuclide 

J by the transitions considered in the library; and the second, COEFF(J,M), 

contains the first-order rate constants for the corresponding transitions. 

When these arrays have been constructed, a search of the NPKOD array is 

conducted to identify all the parents of a given nuclide I. [Nuclide J is 

a parent of I if NPROD(J,M) equals NUCL(1) for any reaction of type M.] 

When a parent of nuclide I has been located, the value of the correspond- 

ing coefficient a in the transition matrix is equal to COEFF(J,M). 

However, direct storage of a in a square array would require an exces- 

sive amount o f  storage. Hence this procedure is avoided by incrementing 

an index, N, each time a coef€icient is identified. The coefficients are 

stored sequentially in a one-dimensional array, A(N); the value of J is 

stored in another one-dimensional array, LOC(N); and the total number of 

coefficients for production of nuclide I are stored in a third array, 

N@NO(I). When all of the coefficients for every nuclide have been stored, 

the N@NO(I) array is converted to indicate the cumulative number of matrix 

coefficients for all the isotopes up to and including I [i.e., N@NO(I -+ 1) 
= N@NO(I) + N@NO(I f 1) for all values of I greater than 11. 

procedure has been executed, the N@NO array is a monotonically increasing 

list of integers whose final value is the number of nonzero, off-diagonal 

matrix elements in the transition matrix. This final value is preserved 

separately as the variable NON. For computational convenience, the values 

of the diagonal matrix elements are stored in a separate vector, D ( I ) .  To 

perform the multiplication of the transition matrix by a vector (e.g., 

ij 

ij 

After this 

N 
k = C a..x,), as is required to execute the algorithm described 
i 1J J j =1 

Sect. 3.1, the operations described in the flowchart given in Fig. 

employed. 

in 

3 . 1  are 



3 4 

Fie,. 3.1. Flowchar t  illustrating computational algorithm 

execiitrd Lo per fo rm the matrix calculation X 1 A X - - -  
I 
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The second e x c e p t i o n  t.0 t h e  standard procedure f o r  c o n s t r u c t i n g  the 

t r a n s i t i o n .  r n a t 7 -  i x  involve::  he e u e f  ficients corrcsyonding  t o  the  f:i.s:;:ion 

producr yields The nucI.ear d a t a  I i b ~ x r y  contains direcr. fiss:i.on y i e l d s  

for t h e  forrnat:imi of f i s s i . on  product: i so topes  from s e v e r a l  f i s s i o n a b l e  

nuclides WE1.eo these y i e l d s  a re  mul.t:i.plied by t h e  f i s s i o n  cross s e c t i o n  

f o r  t h e  Eiss:i.l.e nucI. ide and the n e u t r o n  f l u x ,  t he  r e s u l t  is  a f i r s t - o r d e r  

rate c0ns tan . t  f o r  product:ion o f  f i s s i o n  product  i s o t o p e  I by f i s s l o n  of 

nucl.ide J. Hence f o r  these d a t a ,  the c o n s t r u c t i . o n  of the a r r a y s  NPROD 

and CQEFF and the subsequent s e a r c h  procedure  are  n o t  rcqI.iired. T h e  

c o e 5 f i c i e n t . s  are e n t e r e d  d i r e c t l y  into the A v e c t o r ,  and the correspond-  

i n g  value o.f J that  i d e n t i f i e s  the fissioning nucl.eus i s  rec0rde.d i n  ,the 

LOC a r r a y .  

The preccic1iu.g d e s c r i p t i o n  summa.r:i zes the basics canstructi .on of t h e  

t r a n s i t i o n  mai1r:l.x i n  ORIGENZ. a This  c o n s t r u c t i o n  process i s  very n e a r l y  

i d e n t i c a l .  to t h a t  used in OKTGEN. However there arc t h r e e  a d d i t i o n a l .  

f e a t u r e s  i n  ORLGEN2 that r e s u l t  i n  m o d i f i c a t i o n  of the transit:i.on matr ix  

a s  compared to that  i n  0KI:GEN. The f i r s t  :I.% t h a t  provis ions  have been 

made in ORIGEM2 t o  incorporate “nonstandard,  ” f lux-dependent  r e a c t i o n s  

These are n e u t r o n  c a p t u r e  p r o c e s s e s  t ha t  may b e  impor tan t  b u t  wh:i.ch are 

1 
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s i g n i f i c a n t  f o r  on ly  one s p e c i f i c  n u c l i d e  and t h e r e f o r e  are  n o t  inc luded  

i n  the c r o s s - s e c t i o n  l i b r a r y  format  [ e . g .  , 160(n,3~ie)  

s o l u t i o n  methods used i n  OKTGEW o n l y  reqliire t h a t  t h e  c r o s s  s e c t i o n  and 

t h e  p a r e n t  and daughl-er n u c l i d e s  b e  s p e c i f i e d ,  t h e s e  are  s p e c i f i e d  sepa- 

r a t e l y  and i n c o r p o r a t e d  i n t o  the t r a n s i t i o n  m a t r i x .  Thereafter, t h e s e  

r e a c t i o n s  a re  treated t h e  s a m e  as any o t h e r  flux-dependent r e a c t i o n .  

14 
C ] .  Since  t h e  

A second f e a t u r e  of ORIGEN2 t h a t  s u b s t a n t i a l l y  a f f e c t s  t h e  t r a n s i t i o n  

m a t r i x  i s  t h e  provis i -on f o r  v a r i a b l e  c r o s s  s e c t i o n s  f o r  c e r t a i n  p r i n c i p a l  

a c t i n i d e  n u c l i d e s  ( s e e  S e c t .  2.1.. 3 ) .  S i n c e  t h e s e  v a l u e s  v a r y  d u r i n g  

ORIGENZ i r r a d i a t t o n  c a l c u l a t i o n s  and a f t e r  t h e  t r a n s i t i o n  matri .x h a s  been 

construc. ted,  i t  i s  n e c e s s a r y  t o  modify t h e  a p p r o p r i a t e  e lements  o h  t h e  

t r a n s i t i o n  m a t r i x  each t i m e  t h e  c r o s s  s e c t i o n s  are  a l t e r e d .  This  i s  

accomplished by s imply s t o r i n g  t h e  l o c a t i o n s  of the v a r i a b l e  c r o s s  

s e c t i o n s  i n  t h e  t r a n s i t i o n  matrix and a l t e r i n g  t h o s e  e lements  as r e q u i r e d .  

A similar ,  b u t  more e x t e n s i v e ,  problem o c c u r s  with t h e  f i s s i o n  products  

s i n c e  t h e  v a r i - a t i o n  of  t h e  a c t i n i d e  f i s s i o n  cross s e c t i o n s  a l s o  a f f e c t s  

t h e  f i s s i o n  product  y i e l d .  This  e f f e c t  i.s account:ed f o r  i n  t h e  s a m e  

manner as t h e  v a r i a t i o n  i n  a c t i n i d e  c r o s s  s e c t i o n s :  by s t o r i n g  t h e  

l o c a t i o n s  of t h e  f i s s i o n  product  y i e l d s  and a d j u s t i n g  them t o  compensate 

f o r  t h e  v a r i a t i o n  i n  a c t i n i d e  f i s s i o n  c r o s s  s e c t i o n s .  

The f i n a l  f e a t u r e  r e q u i r i n g  m o d i f i c a t i o n  of  t h e  t r a n s i t i o n  m a t r i x  a l s o  

o c c u r s  after t h e  matr ix  has been genera ted .  

account  f o r  the product ion  of f i s s i o n  products  from t h o s e  a c t i n i d e s  which 

ORIGEN2 has p r o v i s i o n s  t o  

do no t  have e x p l i c i t  y i e l d s  i n  t h e  t r a n s i t i o n  m a t r i x  ( e . g . ,  237Np and 

24QPu).  

of t h e  a c t i n i d e s  witl ioul e x p l i c i t  yiel -ds  and a d j u s t i n g  t h e  y i e l d s  f o r  a n  

a c t i n i d e  t h a t  h a s  e x p l i c i t  y i e l d s  (e.g., 235U) t o  account  f o r  t h e s e  ad- 

d i t i o n a l  f i s s i o n s .  T h i s  procedure r e q u i r e s  t h a t  t h e  expl ic i t - .  f i s s i o n  

product  y i e l d s  b e  a d j u s t e d  a t  t h e  beginning  of every  t i m e  i n t e r v a l .  T h i s  

ad jus tment  i s  accomplished i n  a manner very  similar t o  t h a t  used f o r  

accommodating t h e  e f f e c t  o f  t h e  v a r i a b l e  c r o s s  s e c t i o n s  on t h e  E i s s i o n  

product  y i e l d s ;  v i z . ,  t h e  l o c a t i o n s  o f  the y i e l d s  i n  t h e  t r a n s i t i o n  m a t r i x  

are s t o r e d  and modif ied t o  i n c o r p o r a t e  t h e  unaccounted-for y i e l d s  a t  t h e  

beginning  of each t i m e  i n t e r v a l .  

This  i s  accomplished by c a l c u l a t i n g  t h e  t o t a l  f i s s i o n  r a t e  i n  a l l  
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4 .  DESCRIPTION AND SOURCE OF MISCELLANEOUS O K I G E N 2  DATA 

'Chis s e c t i o n  d e s c r i b e s  t h e  n a t u r e  and s o ~ s c e s  of  a wide v a r i e t y  of 

misce l l aneous  d a t a  a s s o c i a t e d  w5th ORLGEN2. 

a r e  as fo l lows :  

The t y p e s  of d a t a  desc r ibed  

1. neu t ron  y i e l d  p e r  spontaneous fission; 

2.  

3. (a,n> neu t ron  yiel .ds;  

4 .  chemical  t o x i c i t i e s ;  

5. t h e  r e c o v e r a b l e  energy per f i s s l o n ;  

6 .  the. methods f o r  c a l c u l a t i n g  v a l u e s  f o r  t h e  ORLGEN2 f l u x  

neu t ron  y i e l d  p e r  neutron-induced f i s s i o n ;  

parameters THERM, RES, and FAST; 

7 .  t h e  s i x - d i g i t  O R I G E N 2  n u c l i d e  and element  i d e n t i f i e r .  

The common b a s i s  f o r  d e s c r i b i n g  t h e s e  d a t a  in t h i s  rc!port i s  that- (1) they  

are n o t  a s s o c i a t e d  w i t h  a p a r t i c u l a r  r e a c t o r  cr f u e l  c y c l e ,  and ( 2 )  thcby 

are con ta ined  w i t h i n  t h e  OKLGEN2 computer code i t s c l f  and n o t  i n  one of 

t h e  d a t a  l i b r a r i e s  r ead  by ORIGEN2. 

4 . 1  Neutron Yie ld  p e r  Spontaneous F i s s i o n  

The c a l c u l a t i o n  of t he  spontaneous f i s s i o n  neu t ron  cmission rate 

r e q u i r e d  t h a t  t h e  spontaneous f i s s i o n  decay branching  r a t i o s  and t h e  

neu t ron  y i e l d s  p e r  spontaneous f i s s i o n  be  s p e c i f i e d .  The values o f  the 

branching  r a t i o s  are  con ta ined  i n  t h e  updated O R I G E N 2  decay 

will no t  be  desc r ibed  h e r e .  

con ta ined  i n  BLOCK DATA i n  ORIGEN2. 

Table  4 .1  and are a combinat ion of measured and c a l c u l a t e d  v a l u e s .  

and 

The spontaneous E i s s i o n  neut ron  y i e l d s  are 

2 3 , 2 4  
The d a t a  being used are g iven  i n  

4.2 Neutron Yie ld  p e r  Neutron-Induc-ed F i s s i o n  

Neutron y i e l d s  p e r  neutron-induced f i s s i o n  have beexi i nco rpora t ed  iii 

t h e  BLOCK DATA s u b r o u t i n e  of O K I G E N 2  f o r  iise i n  c a l c u l a t i n g  t h e  i n f i n i t e  

m u l t i p l i c a t i o n  f a c t o r  of t h e  materials o u t p u t  by O R I G E N 2 .  These values  



?5,2C~ 
W:\IP geneid t ed by ~,7ri gii ing cliei-gy-dep n e c l ~ r v i i  y i e l d s  

~ 1 ; t h  mu1 i igroup XlPiitron f l i i ~ e s  cc  iilatn-! as a p a i i  o f  ilie O K ~ G E N  update 

e f f o i i .  Two g .~: ;pr ic  s r t s  of iik*:jtron y i : . lds  havc been inroi-poratpd i n t o  

OR IGHNZ: (1  1 O i i f  f o r  thermal  i e a c t o r s ,  base? 011 a PWR-!J s p e c t r i ~ ~ i ; ~  and 

(2) OLIC for f a s t  r c a r t o r s ,  based  on a n  aclvanccd ox idc :  plu;oniiiili r e c y c J e  

4 . 3  N m t r o n  Y i r l d s  from (u,n) Rcnctions 

l I l e  neu t rons  r e s u l  t i l ig  froiii (cx,n) r e a c t i o n s  o r  l i g h t  n i i r l i d e s  rom- 

p r i s c  a ?econd i i i i p G L  Laill S O I I ~ C P  o f  decay-induced ili.utrons. Thesc l leutrons 

can r , i s u l t  from t h e  i i i t e i  a c t i o n  of e n c r p p t i c  a l p h a  LJa r t i r l  e? v i t h  a wide  

v a r i e t y  of l i g h t  n t s  such aq bc?rqll ium and f l u o r i n e .  I n  t;ir c o m e r  

r i d  n u c l c n r  f u e l  c y c l e ,  t h c i e  t a r g e :  h ia te r id1  5 are  se!dom encoiiirtered j i i  

concpn t ra t ed  form. and Liiz p r i n c i p a l  sou rce  of  ( a , n )  neu t rons  i s  u s u a l l y  

l8O. Si inc?  i t  i s  imposc i5 le  T o r  a s i n g l p  set  of (tx,n) nriitrron y i p l d s  t o  

be v a l i d  tor a l l  c a q e i  of  a lnedia-deprndent r e r i r t i o n ,  v a l u e s  alj!’copriate 

t o  a hcavy meta l  o x i d e  ~ i d t r i x  have ?]pen devrloped and inc luded  i n  ORI(:F:N. 

These ( a , n )  n e u t r o ~ i  y i e l d s  11 e been inco rpora ;  ed i n  t w v  ways. F i r s t ,  

t l i P  y i e l d s  of seven p r i n c i p a l  (a,n> r o n t r i b u t o r s  a re  g i v e n  e x p l i c i t l y  i n  

ilie BLOCK DATA s i ihrout inc  o f  ORIGhN2. These v a l u e s  were obtained from 

r r f .  2 7  and a i c  g iven  i n  Tablc  h . 3 ,  For Lliose n u c l i d e s  w h i c h  g e n e r a l l y  

c0ntr ibut .e  ~ C I  a 1 r s s P r  ex{ eL i t ,  t h e  (a,n) nP!ltiGn y i e l d  i s  determined us i l i g  

a s r m i e x p i r i r a l  equa t ion  t h a t  u s e s  t h e  a lp l l a  p a r t  i c l e  enprgy as  t h e  

iiidcpeiident v a r i a b l e .  The constail1 s i n  t h i s  equaLion (Tab1 P 4 . 3 )  W P I  e 

bii5rd on t h c  i-neasurPd ( a , n )  n w i r o n  y i e l d s  f o r  Pu and Cm as given  

i n  r e f .  2 7 .  I t  should b c  noted fiiat t h i s  pquat ion  bas beeii s i g n i f i c a n t l y  

a lLc red  a s  coliipared i o t h e  equili i o n  i n  OKLGEN i n  o r d e r  t o  imprave Lhe 

e~rncn t  o f  t h e  rq i i a t ion  wi.f-11 rnczsur4 values. The r e s u l t s  p r e d i c t e d  

2 39 2 4 2  

l 
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1 - 6 9 ?  

1.  6.50 

1.871. 

2 r orro 
2 - 048 

1.7813 

1 . 7 9 0  

1 e i f13 

1 . 9 6 3  

2.050 

2.220 

1.886 

2 ,  280 

2 . 2 4 0  

2 .  1-60 

2 . 2 5 0  

2.150 

2.430 

2.300 

2.2913 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 
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2 

2 
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2 
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2 
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2 
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3 

3 
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3 

3 
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Table 4 . 2 .  Spectrum-averaged neut ron  yields 
p e r  neutron-induced f issiori (v) 

- 

2.418 

2.663 

2.499 

2 .631  

2.421 

2.734 

2.807 

3 .005  

2.870 

2 .833  

2.875 

3.135 

2.934 

3.280 

3.277 

3.360 

LMF3R 

2.396 

2 .631  

2 .5?0  

2.555 

2. /I68 

2.614 

2.776 

2.935 

2.9lr6 

'3.009 

2.9/16 

3.024 

2.978 

3 .075  

3 . 4 0 2  

3.361 

.._........ 

Nuclide PNR-U LMFHK 

242m Am 
243h 

* I:m 
243Cm 

244cm 

245cm 

24  7Crn 
24gcm 

24gBk 

249cf 

250cf 

246cm 

251  

2.52 
C f  

Cf 

253c1 

3 .162 3.311. 

3 .732  3.653 

3.746 3 .868  

3 . 4 3 4 3 .496  

3.725 3 .743  

3.832 3.898 

3.858 3 .870  

3.592 3 .680  

3.796 3.866 

3 .760  3.671 

4 0 6 2  4 I 130  

3.970 3.813 

4 .140  4.227 

4.126 4 .364  

4 e 150  4.151 
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Table  4 . 3 .  Neutron y i e l d s  from (a ,n)  r e a c t i o n s  
_I - 

Neutron yie1.d 
Nucl ide (neu t rons  sec-1 g-'> 

4 238P, 2.00 x 10  

45 

170 

2 .7  

4.00 x 10 
3 

7 

5 

2 4 2 ~ m  2 . 6 7  x 10 

244cln 5.72 x 10 

All o t h e r s  
14.02 2.152 x (E) 9 

where E = a l p h a  p a r t i c l e  
energy ,  M e V  

by t h e  equa t ion  i n  Table  4 . 3  a g r e e  w e l l  with expe r imen ta l  va lues  f o r  

a l p h a  particles i n  the 5.0 t o  6.2 MeV range ,  which is  of i n t e r e s t  i n  

most commonly encountered  s i t u a t i o n s .  For l i g h t  n u c l i d e  t a r g e t s  o t h e r  

t h a n  180 O K  f o r  a l p h a  p a r t i c l e  e n e r g i e s  s i g n i f i c a n t l y  o u t s i d e  t h e  5 t o  

6 MeV range ,  a d i f f e r e n t  set  of equa t ion  c o n s t a n t s  must be  d e r i v e d  and 

i n s e r t e d  i n  t h e  QRIGEN2 BLOCK DATA s u b r o u t i n e .  

4 . 4  Elemental  Chemical T o x i c i t i e s  

Elemental  chemical  t o x l c i t y  v a l u e s  have been i n c o r p o r a t e d  into t h e  

ORIGEN2 BLOCK DATA s u b r o u t i n e .  The v a l u e s ,  which w e r e  ob ta ined  from 

r e f .  28 and are l i s t e d  i n  Table  4 . 4 ,  are g iven  i n  u n i t s  of maximum 
3 

d e s i r e d  ambient c o n c e n t r a t i o n  i n  w a t e r  (i.e., g / m  >. These val.ues are 

used t o  c a l c u l a t e  a measure of t h e  chemical  t o x i c i t y  of an element 
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T a b l e  4 . 4 .  Ei~rilrcital. chemical t . o x i c i t i e x  
ilicorpoiaLed i n  O R i G i d 2  

Toxicity 
(g/iil3> 

I! 

H e  

L i  

B e  

6 

C 

h’ 

0 

f 

N!- 

Na 

Mg 

A 1  

s1 
P 

S 

C1 

A r  

K 

Ca 

S C  

li 

U 

C r  

Mn 

b e  

co 

N i  

c u  

Zl l  

G a  

cc 

A s  

3500 

0 . 2  

5.0 

1 . o  
1 . 0  

400 

0.01 

9(15,500 

1 . 0 

1 . 0  

I ono 
1 0 

0.01 

5 .0  

0.01 

50.0 

0.15 

10 

1000 

30 

0.5 

0 .1  

0 .1  

0.07 

0.01 

0.05 

0.05 

0.05 

0.01 

0.05 

0.2 

0.5 

0.01 

S \- 

H r  

KL 

RS 

S r  

Y 

L r  

N t l  

N o  

T C  

RU 

R h 

Til  

Ag 

Cd 

Tn 

Sn 

b b  

le  

1 

X e  

cs  

B a  

L a  

Ce 

P r  

Nd 

E;x 

Srn 

bU 

Gd 

it, 

l j  y 

0.01. 

3.0 

40 

50 

10 

0.001 

1 . 0  

0.02 

0.5 

100 

1.0 

0.05 

0.05 

0.001 

0.01 

0.02 

0.05 

0.05 

0 . 2  

10 

150 

5.0 

0.5 

1.0 

2 - 0  

1 .0  

0 . 2  

1.0 

0.7 

0 . 2  

0.2 

0 . 5  

1.0 

Ho 

L L  

1 i i i  

Tl’b 

Lu 

H f  

Ta  

w 
Re 

OS 

Ir 

P t  

A U  

IIg 

TI 

Pb 

Bi 

Po 

A t  

Kn 

F r  

Ra 

A c  

Th 

ra 

U 

N P  

Pu 

Alii 

Cm 

Bk 

C f  

F S  

.. . 

Loxi c i  t y  
( g / IT13 j 

1 . o  

0 .1  

0.2 

0 .1 

0 .1  

0.05 

1.0 

100 

10 

1 . o  
0.8 

0.3 

0 .02  

0.007 

0.005 

0.01 

0 . 1  

O . ?  

10 

500 

5.0 

0.001 

0.02 

0.0005 

0.005 

0.5 

0.003 

0.0008 

0.04 

0.5 

0.005 

0.01 

0.01 
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The c o n s t a n t s  i n  t h e  g e n e r a l  e q u a t i o n  were determined by usi-ng t h e  

RBPF v a l u e s  f o r  235U and 239Pu as g lven  i n  r e f .  29.  The r e s u l t i n g  

e.quati.on, which h a s  been i n c o r p o r a t e d  i n  ORIGEN2 s u b r o u t i n e  PLUXO, is  

REPF(MeV/fission) = 1.29927 x (Z2A0“5) + 33.12. 

T h i s  equation predic i s  REPP v a l u e s  w i t h  a maximum error of 1% f o r  n u c l i d e s  

between 232Th and 242Pu as compared t o  the e v a l u a t e d  d a t a  g i v e n  i n  r e f .  29. 

4 . 6  ORIGEN2 Fl.ux Parameters ‘1’1-1EKP.1[, RES, a n d  VAST 

The f l u x  parameters THERM, RES, and FAST are needed t o  a l l o w  thermal  

c r o s s  s e c t i o n s ,  resonance  i n t e g r a l s ,  and f iss ion-spectrum-averaged r.hresh- 

o l d  c r o s s  s e c t i o n s  t o  b e  i n c o r p o r a t e d  i n t o  ORIGEN2. ‘ T h i s  f e a t u r e  i.s 

h i g h l y  d e s i r a b l e  si .nce rnulti .group cross sect i .ons are o n l y  a v a i l a b l e  f o r  

aboui- 200 of the 3.300 d i s t i n c t  n u c l i d e s  consi-dered i n  ORIGEN2 and t h e  only  

o t h e r  s o u r c e  of c r o s s - s e c t i o n  i n f o r m a t i o n  i s  compi la t ions  of s t a n d a r d  

c r o s s  s e c t i o n s  such as BNL-325, Values €or t h e s e  f l u x  parameters were 

o r i g i n a l l y  developed f o r  ORIGEN’ based on t h e  Westcot t33 formalisms and 

g e n e r i c  f l u x  shapes  f o r  thermal. r e a c t o r s  However modern r e a c t o r  phys ics  

codes supply  s u f f i c i e n t  i n f o r m a t i o n  t o  a l l o w  t h e s e  parameters  t o  b e  

d e r i v e d  from the c a l c u l a t e d  n e u t r o n  spec- t rum instead o.E a g e n e r i c  spectrum. 

It: i s  t h e  purpose of t h i s  s e c t i o n  t o  der ive t h e  r e c i p e s  f o r  c a l c u l a t i n g  

t h e s e  parameters  from inEormation a v a i l a b l e  i n  t h e  o u t p u t  of  a code that 

c a l c u l a t e s  a s t a t i c  n e u t r o n  energy speccri-tin and s p e c  tr im-averaged n e u t r o n  

C I ~ O S S  sr-ctisns” 

3 2  

Before launching  i n t o  t h e  d e t a i l s  of t h e  d e r i v a t i o n ,  i t  i s  n e c e s s a r y  

for  r h e  r e a d e r  t o  unders tand  t h e  neut ron  e r a ~ s g y  groups o f  i n t e r e s t .  ‘these 

groiips are  d e p i c t e d  schematicalky i n  F ig .  4 . 1  a l o n g  w i t h  t h e  v a r i a b l e s  

a s s o c i a t e d  w i t h  each group. The v a r i a b l e s  w i l l  be dpf incd  i n  d e t a i l  when 

t h e y  are used i n  t h e  d e r i v a t i o n s .  The diagram i n  F ig .  4.11 shows four  

energy groups which are C0Tq)KiSed of two pairs .  I n  addition, t h e r e  i s  a 

s i n g l e ,  a l l -encompassing group c h a r a c t e r i z e d  by t h e  t o t a l  f l u x  and t h e  

t o t a l  spectrum-averaged STOSS s e c t i o n .  
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The ORTGEN2 flux parameters are constants applicable to a specific 

. reactor-fuel combination. The "standard" cross sections (e.g. infinite 

dilut-ion resonance integral), when multiplied by the appropriate flux 

parameter, yield an average cross section which can be appropriately 

multiplied by the total flux to yield the correct nuclide reaction rate. 

T h i s  procedure is necessary because the f lux-parameter-ave+aged cross 

sections are stored in the QRIGEN2 transition matrix in the s a m e  manner as 

the multigroup-spectrum-averaged cross sections and thus must be corn-- 

patible with them. 

4 . 6 . 1  Derivation of ORIGEN2 flux parameters THERM and RES 

The basic approach used in deriving expressions for calculating THERM 

and RES is to write two reaction rate balances f o r  an unspecified nuclide: 

one in terms of a t.br?rmal cross section and resonance integral and the 

o the r  in terms of averaged cross sect-ions. For this derivation, the  top 

pair of energy groups and the single-group (bottom) in F i g .  4.1 ~ 7 i l . l  be 

used * 

The neutron-induced reaction rate of an unspecified nuclide can be 

written i.n two ways: 

or 

where 

-1 $ = Total flux from a reactor physics calculation, neutrons barn 
-1 

T 
s .  

$ol = Thermal f l u x  (0 t o  0.5 eV) from a reactor physics calculation, 

$13 = Resonance/fnst flux (0.5 eV t o  maximum) from reactor physics 

-1 -1 neutrons barn 5 . 

-1 -1 calculation, neutrons barn s . 
'2200 --7 Thermal (22 m / s )  cross section from source such RS re f .  3 2 ,  

barns. 
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R I  = I n f i n i t e  d i l u t i o n  resonance  i n t e g r a l  (0.5 eV t o  i n f i n i t y )  from 

source  such as r e f .  32, ba rns .  

oO1 = E f f e c t i v e  c r o s s  s e c t i o n  between E and E 
0 1 

(i.e., between 0 and 

0.5 e V ) ,  from a r e a c t o r  phys i c s  c a l c u l a t i o n ,  ba rns .  

cr13 = E f f e c t i v e  cross s e c t i o n  between E and E 
1 3 

(i.e., between 0.5 e V  

and maximum) from r e a c t o r  phys i c s  c a l c u l a t i o n ,  barns. 

- 
CT = E f f e c t i v e  c r o s s  s e c t i o n  between E and E (i.e., between 0 and 

0 3 
the maximum) from r e a c t o r  phys i c s  c a l c u l a t i o n ,  b a r n s .  

C C = Cons tan t s  accoun t ing  f o r  e f f e c t s  w i t h i n  energy groups .  
1' 2 

Divid ing  E q s .  ( l a )  and ( l b )  by t h e  t o t a l  f l u x  $T y i e l d s  

C2*aS3+RI - C1*~01*02200 + a =  

and 

The ORIGEN2 f l u x  pa rame te r s  THERM and RES are now defined as 

and 

'2*@13 
RES f 

@T 

Using these d e f i n i t i o n s  Eqs. (2a) and (2b) can be r e w r i t t e n  as 

and 
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The f i n a l  s t e p  i n  the d e r i v a t i o n  i s  t o  equate t h e  f i r s t  terms of E q s .  

(4a)  and (4b) wi th  each o t h e r  and t h e  second t e r m s  w i th  each o t h e r  and 

s o l v e  f o r  t h e  f l u x  parameters .  I n  e f f e c t ,  t h i s  procedure  equa te s  t h e  

two expres s ions  g i v i n g  t h e  e f f e c t i v e  c r o s s  s e c t i o n  i n  t h e  thermal. range 

( E  t o  E ) w i t h  each o t h e r  and s i m i l a r l y  f o r  t h e  r e s o n a m e l f a s t  neu t ron  

group. The r e s u l t  of t h i s  procedure i s  
0 1 

All of  t h e  parameters on the r ight -hand s i d e s  of  E q s .  (5a)  and (5b) a r e  

o b t a i n a b l e  from e i t h e r  a r e a c t o r  phys i c s  ( i . e e ,  s t a t i c  neut ron  spectrum) 

c a l c u l a t i o n  w i t h  t h e  o u t p u t  i n  two groups w i t h  a 0 .5  e V  c u t o f f  o r  from 

s t a n d a r d  l i t e r a t u r e  r e f e r e n c e s  such as r e f .  32 .  

The on ly  d i f f i c u l t y  t h a t  arises is  i n  choosing which n u c l i d e  t o  u s e  

i n  Lhc c a l c u l a t i o n  since t h e  va ry ing  shapes and resonance  s t r u c t u r e s  of 

d i f f e r e n t  n u c l i d e s  w i l l  a l t e r  t h e  c a l c u l a t e d  v a l u e s  f o r  t h e  f l u x  param- 

eters. The s o l u t i o n  to t h i s  problem was t o  u s e  a n  a r t i f i c i a l  c r o s s  

s e c t i o n  t h a t  v a r i e s  i n v e r s e l y  w i i h  n e u t r o n  v e l o c i t y  (i. e. ,  i n v e r s e l y  w i t h  

t h e  squa re  r o o t  o f  neu t ron  ene rgy) ,  which i s  t h e  t h e o r e t i c a l  v a r i a t i o n  

f o r  a l l  n u c l i d e s .  This  nuclide's thermal  c r o s s  s e c t i o n  is  d e f i n e d  as 1.0 

ba rn  and t h e  resonance  i n t e g r a l  is  0.45 barn .  By spectrum-averaging t h e  

mul t igroup r e p r e s e n t a t i o n  of t h i s  c r o s s  s e c t i o n  SO t h a t  Lhe resul t i -ng 

cmss s e c t i o n s  and f l u x e s  are i n  two groups ,  v a l u e s  of THERM and RES can 

r e a d i l y  be c a l c u l a t e d .  T h i s  i s  the procedure  t h a t  has been fol lowed i n  

p rev ious ly  i s s u e d  r e p o r t s  " d e s c r i b i n g  updated ORIGEN2 r e a c t o r  models. 

4.6 .2  D e r i v a t i o n  o f  t h e  O K I G E N 2  f l u x  parameter _-. FAST 

The d e r i v a t i o n  o f  an e x p r e s s i o n  f o r  c a l c u l a t i n g  the ORIGEN2 f l u x  

parameter FAST i s  s imilar  t o  t h a t  f o r  THERM and RES. The energy groups 

used i n  this d e r i v a t i o n  are  t h e  middle  p a i r  and t h e  s i n g l e  group (bottom) 
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in Fig. 4.1. However, it is possible to simplify the derivation by noting 

that the parameter FAST is only applicable to nuclear reactions with a 

threshold [i.e., the reaction cross section is effectively zero  below a 

few MeV, such as (n,2n) and (n,3n)]. Thus the term for the low-energy 

reaction rate is always zero because the cross section is zero. 

The neutron-induced reaction rate of an unspecified nuclide can be 

written in either of two ways: 

qlT5 = c 3 @ 23 ‘FS 

or  

where 

= fast neutron flux (from about 100 keV to maximum) from a reactor 
-1 -1 ‘23 

physics calculation, neutrons barn s ; 

oFS = threshold cross section averaged over a fission neutron spectrum, 
-1 neutrons s ; 

C 3  = constant accounting for effects within the fast energy group; 

= fission spectrum neutron flux (from about LOO keV to maximum) 

based on a reactor physics calculation, neutrons barn s . -1 -1 @FS 

and the other variables are as previously defined. An expression for 

calculating the flux parameter FAST is derived by (1) dividing such 
- - 

equation by @ (2) defining FAST - C3*+23/@T, and ( 3 )  equating the right- 
T’ 

hand sides of these two equations. The result is: 

FAST = $ ~ ~ ~ / q l ~  9 

which is a relatively simple expression and is free of the  nuclide- 

dependence characterizing the expressions for THERM and BES. There is, 

however, one difficulty with this equation: 

obtainable from a reactor physics calculation over the desired range 

(i.e., about 100 keV to 10 MeV) because the portion of the fission neutron 

flux below the peak value (about 2 MeV) is distorted due to high-energy 

the flux @FS is not directly 
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s c a t t e r i n g  processes .  The s o l u t i o n  used t o  avoid  t h i s  problem i s  t o  

o b t a i n  a p a r t i a l  f i s s i o n  neut ron  f l u x  Eroni t h e  r e g i o n  ahove t h e  f i s s i o n  

n e u t r o n  f l u x  peak ( i . e . ,  t h e  u n d i s t o r t e d  r e g i o n )  and d i v i d e  i t .  by a 

c o n s t a n t  f a c t o r  t o  conver t  i t  i n t o  t h e  f u l l  f i s s i o n  n e u t r o n  f l u x .  I f  
1 

i s  d e f i n e d  as the u n d i s t o r t c d  f i s s i o n  n e u t r o n  f l u x  and - f is d e f i n e d  
+FS 1 

as t h e  c o n s t a n t  ( j b - , / @  ( o b t a i n a b l e  from s o u r r e s  such  as  re f .  3 4 ,  the 

r e s u l t i n g  e x p r e s s i o n  f o r  c a l c u l a t i n g  FAST i s  t h e n :  
bS FS 

For examp 1. e ,  i f  $ks i s  d e f i n e d  as t h e  f i s s i o n  neut ron  f l u x  above 2.5 M e V ,  

t h i s  v a l u e  woinld correspond t o  0 .2927 of t h e  t o t a l  number of f i s s i o n  

neut rons .  Thus, t h e  a p p r o p r i a t e  v a l u e  of .. f i.s 0 . 2 9 2 7 .  It should  be noted 

t h a t  t h e  e x a c t  energy used i n  t h i s  c a l c u l a t i o n  i s  n o t  impor tan t  as l o n g  

as (:he f i s s i o n  n e u t r o n  spectrum i s  undis tor t -ed  and the cor responding  v a l u e  

of - f i s  used.  

4.5.3 Conversion of ORIGEN2 f l u x  parameters t:o O R I G E N  f l u x  23ranieter5- .___ ........... - ~ -  ^1__ .........._.- ~ . . ~  ._....._...... 

A s  i s  evi-dent from t h e  d e r i v a t i o n s  i n  Sec ts .  4 . 5 . 1  and 4 . 6 . 2 ,  t h e  

ORLGEN2 f l u x  parameters are  on a t o t a l  f l u x  ( i . e . ,  summet l  f rom 0 to maxi.- 

mum energy)  b a s i s .  

been on a thermal  f l u x  b a s i s  f o r  thermal  reactors ( e . g . ,  PWRs). Thus, i t  

may be d e s i r a b l e  t o  c o n v e r t  t h e  t o t a l - f l u x - b a s e s  parameters so older 

v e r s i o n s  of ORIGEN can t a k e  advantage of more r e c e n t  d a t a .  

However, p rev ious  v e r s i o n s  of ORIGEN' have g e n e r a l l y  

The most s t r a i g h t f o r w a r d  method € o r  making t h i s  change is t o  m u l t i p l y  

t h e  to ta l - f lux-based  parameters by t h e  r a t i o  of t h e  t o t a l  f l u x  t o  t h e  

thermal  f l u x ;  i . e . ,  by  $T/401 [ s e e  under E q s .  ( l a )  and ( l b )  f o r  more 

prec ise  d e f i n i t i o i i s ] .  However, i n  many i n s t a n c e s  t h e  r e q u i s i t e  r e a c t o r  

p h y s i c s  i n f o r m a t i o n  f o r  g e n e r a t i n g  t h i s  convers ion  f a c t o r  are n o t  r e a d i l y  

o b t a i n a b l e .  I n  t h i s  case, t h e  thermal-f lux-based v a l u e  of THERM can b e  

c a l c u l a t e d  u s i n g  t e x p r e s s i o n  d e r i v e d  from t h e  W e ~ t c o t t ~ ~  formalism: 
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where T i s  t h e  e f f e c t i v e  moderator  t empera tu re  i n  K. The convers ion  

f a c t o r  f o r  t h e  o t h e r  f l u x  parameters i s  t h e n  s imply t h e  r a t i o  of T H E W  

on a thermal - f lux-bas is  t o  T H E W  c a l c u l a t e d  on a t o t a l - f l u x  basis. Values 

f o r  t h e  ORIGEN flux parameters on a thermal - f lux  b a s i s  will b e  g i v e  i n  a l l  

o f  t h e  r e p o r t s  d e s c r i b i n g  updated models ORIGEN2 r e a c t o r  models. 

4.7 ORIGEN2 Nucl ide  and Element I d e n t i f i e r s  

Most of t h e  i n p u t  and i n t e r n a l  o p e r a t i o n s  done i n  ORIGEN2 are based 

on t h e  use of a s i x - d i g i t  i n t e g e r  n u c l i d e  o r  element i d e n t i f i e r .  The 

n u c l i d e  i d e n t i f i e r  is d e f i n e d  as 

NUCLID = 10,000*2 f 10*A -I- M , 

where 

NUCLID = s i x - d i g i t  n u c l i d e  i d e n t i f i e r ,  

Z = atomic number of n u c l i d e  (1 t o  99), 

A = a tomic  mass of n u c l i d e  ( i n t e g e r ) ,  

M = state  i n d i c a t o r ;  0 = ground s t a t e ;  1 = e x c i t e d  s ta te .  

It should be  noted  t h a t  on ly  one e x c i t e d  s ta te  i s  al lowed i n  ORIGEN2, as 

wi th  t h e  p rev ious  v e r s i o n s  of ORLGEN. The p r i n c i p a l  f u n c t i o n s  of t h e  

NUCLID are  t o  i d e n t i f y  t h e  d a t a  a s s o c i a t e d  w i t h  it i n  t h e  i n p u t  l i b r a r i e s  

and i n t e r n a l l y  i n  ORIGEN2 and to permi t  c o n s t r u c t i o n  of t he  t r a n s i t i o n  

m a t r i x  u s i n g  i n t e g e r  o p e r a t i o n s  (see S e c t .  3 .5) .  It is  also used t o  

supply  t h e  atomic weight  f o r  conve r t ing  &-atoms t o  grams. OBIGEN2 con- 

t a i n s  a s i n g l e ' p s u e d o n u c l i d e ,  250Sf, which i s  used t o  c o l l e c t  t h e  f i s s i o n  

product  mass r e s u l t i n g  from spontaneous f i s s i o n .  

The s i x - d i g i t  i d e n t i f i e r  f o r  a n  element f o l l o w s  t h e  p a t t e r n  set by 

t h e  n u c l i d e  i d e n t i f i e r  

NELLD = lO,OOO*Z , 
where NELID i s  t h e  element  i d e n t i f i e r  and 2 is as d e s c r i b e d  p rev ious ly .  
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