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ORIGZX i s  a versa , t i l e  po in t  deplet imi  eode which solves  the 
equations o f  rad ioac t ive  growth a d  decay f m  large numbers of 
isotopes wi-th a r b i t r a r y  coupl.ing. The code i.ises the  rnati-ix 
exponent ia l  method t o  so lve  a Large system of coupl-ed, lim:~3.r, 
f i r s t - o r d e r  ordinary d i f f e r e n t i a l  equations with c o n s t m t  eo&- 
f i c i e n t s  . ' h e  general. nature  of t h e  matrix exponential rfletliod 
permits the  treatment of' complex decay and- triluismuta'cion schemes. 
An extensive 1.lbi-ary of nuclear data has been compiled, including 
half-Lives  and decay :;cherries, neutron absoyption cross sec t ions ,  
f i s s i o n  y i e l d s ,  d i s i n t e g r a t i o n  energ ies ,  and multigroiq photon 
r e l ease  da ta .  ORIGEN has been used t o  eorqute t h e  compositions 
and r a d i o a c t i v i t y  of  fission products ,  cladding h a t e r i a l s ,  and. 
fuel mate r i a l s  i n  TJTJRs, LME'UH:;, MSBII:;, and HTGRs. The appl ica-  
t i o n s  are i l l w t r a t e d  with ca lcu la t ed  inventor ies  and r a d i a t i o n  
1evel.s for spent fuel irradi.ated t o  a burnup of 33,000 >TNd/rnetric 
ton  i n  a PWR spectrum. 

I. INTRODUCTION 

One of t he  probl.ems commonly encomntered i n  the  f i e l d  of nuclear  

energy i s  the so lu t ion  of equa.t inns involving nuclear transnimtation and 

decay. To a good approximation, tkiese nu.cl.ide cha.i.t:t equations can 5e  

represented as a simultaneous system of l i n e a r ,  homogeneous, f i r s t - o r d e r  

ordinary d.i-Eferentia1. equations with c o n s t m t  c o e f f i c i e n t s ,  I n  many  
ins tances ,  the matr ix  o-f nucleaLr t,ransmu-tatioii coefYicients  i s  t r i a n g u l a r  

and - b k e  system of  equations e.m be solved using the method of' Baternan, 

which has been erctployed i n  a r i~mbeu  of computer codes. However, each 

or̂  t hese  codes has general-ly suffered C m m  an inabil.ity t o  t r e a t  more than 

FL few specific ty-pes of transmutations ant1 from d i f f i c u l t i e s  encountered 

i n  t r e a t i n g  "feedback, 

1 

2-5 

, , ++ 
desp i t e  some progress i i i  these areaas. 

Feedback" i s  a -term used t o  describe a, r eac t ion  i.n which an i so tope  
decays t o  produce one of i t s  precursors ,  as i s  encountered i n  alpha 
decay of t h e  actinides. Ma.themaL5.cal.l.?J, the appearance of such. terms 
resulks irJ a .t;ra.nsii;ion matrix that, i s  not  tr iangul:zr.  

*I, 
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hi a l t e r n a t i v e  approach t o  solving t h e  same system of  equations 

ut i l - izes  the  matrix exponent ia l  method, which has been emnloyed by ?ease 6 

and o the r s .  7-10 Although completely genera l ,  t h i s  method has been l imi t ed  

i n  t h e  p a s t  by the  s torage  tha t  ris required t o  generate  t h e  matri-x expo- 

n e n t i a l  s e r i e s  and. by computational inaccurac ies .  Computational d i f f i c u l -  

t i e s  a r i s e  because t'ne nuc l ide  chain equations c o n s t i t u t e  a c l a s s i c  example 

of  a s e t  of "s- t i f f"  ord inary  d i f f e r e n t i a l  equat ions,  t h a t  i s ,  one i n  whj.ch 

the  eigenvalues of t he  c h a r a c t e r i s t i c  equaLion f o r  t h e  system a re  widely 

s e:, ar a t  e d . 
ORTGEN code i n  order t o  e x p l o i t  its extreme gene ra l i t y .  The l i m i t a t i o n  

on the  number of  nucl ides  t h a t  can be t r e a t e d ,  which r e s u - t s  from t h e  

necess i ty  t o  s t o r e  l a rge  a r r ays ,  has been overcome by t w o  devices:  

( I )  ORIGFN s t o r e s  only t'ne nonzero elements o f  t h e  norma1.l.y sparse  t r a n -  

s t t i o n  matr ix  and tb7o vec tors  t h a t  a r e  used t o  loca t e  them; and. ( 2 )  the 

expansion of t h e  matr ix  exponen-tial f i n e t i o n  i s  performed using a recursion 

r e l a t l o n  which requi res  s to rage  of only one vec tor  i n  add i t ion  t o  t h e  

so lu t ion .  Computational d i f f i - c u l t i e s  a r i s i n g  from eigenfunct ions wit'n 

very l a rge  eigenvalues (corresponding t o  nucl ides  with very sho r t  h a l f  - 
l ives)  are avoided by using asymptotic solu.ti.ons of t'ne nucl ide chain 

equa.tions f o r  t h e  condi t ions of secular  and t r a n s i e n t  equi l tbr ium. 

The matr ix  exponent ia l  method has been employed i n  the 

The ORIGEN code has been designed t o  be extremely v e r s a t i l e  i n  i t s  
app1.ications. It i s  capab1.e of computing i so top ic  composri.tions of f u e l ,  

f i . ss ion products ,  a.rd cladding i.n both f ixed  &nd f l u i d  f u e l  r eac to r s .  

The l i b r a r y  of nuclear  da ta  t h a t  has been compiled f o r  use  with t h e  code 

i s  s u f f i c i e n t l y  extensive t o  t r e a t  2351J and 239Fu f u e l s  i n  both f a s t  and 

thei.mil spectya,  and f i s s i o n  of 233U i n  thermal spectya.  

contains  rnultigroup photon r e l e a s e  r a t e s  for t h e  fissri-on products and the 

heavy metals ,  which permits t he  c a l c u l a t i o n  of gamma-ray spec t ra  i n  spent  

and r e fab r i ca t ed  fuels .  One other  important, f e a t u r e  of t h e  code i s  t h a t  

t h e  matr ix  exponential  technrique has  been developed t o  solve a nonhomo- 

geneous system of equat ions.  Ynis fea-Lure makes i t  possfb le  f o r  ORIGEN 

t o  be employed iil c a l cu la t ing  the  accumulation of ac t iv i . ty  in processing 

pl-ants , i n  waste d isposa l  opera t ions ,  and i n  the  environment. 

The l i b r a r y  a l s o  



Tlne remainder of thTs r epor t  cons i s t s  of th ree  rnajor s ec t ions .  Secti.on 

2 develops t h e  mathematical tecliniques used i n  the OEiGEN computations. 

Sect ion 3 summarizes. the information %at i s  contained in the l i b r a r y  of 

nuclear  data. Sect ion l+ examines the flsncti.on of each subroutine i n  the 

program, discusses  programming cons idera t ions ,  descr ibes  the  input  f o r  

the cod.e, and g ives  input  f o r  a sample problem. Output f o r  a, sanple 

c a l c u l a t i o n  i s  included i n  t h e  Appendix. Tne ind iv idua l  sec t ions  are 

intended t o  be independent, so  t h i x t  Sect ion 4 can be enpl.oyet3 as a u s e r ' s  

manual witlaout re ference  t o  p r e c e d h z  sections. 

A complete code package has been deposi ted with t he  Radiation Shielding 

information Centel-. Tnquiries o r  requests 1103- the code nlay be mailed to: 

Codes Coordinator 
Radiation Shielding Information Center 
Oak Ridge National Za,'boratory 

Cd8lJ-f Oak Ridge, Tennessee 3783) +l bc@* 
9 

or telephoned t o :  

Area eode 615, 483-8611., ex t .  3-6944, or 

FTS XJ - 615-483-6944. 
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A genera l  expression f o r  the formation arid disappearance of a nuclide 

by nuclear  t r ammuta t ion  and r ad ioac t ive  decay ma.y be wr i t ten  as fol.l.ows : 

j =1. k=l. 

where X i s  t h e  atom dens i ty  of nuc l ide  4, h, i.s t h e  radicmctive d is in te -  

g r a t i o n  constant f o r  nuc l ide  i, 0. i s  the  spectrum-averaged neutron 

absorption cross  sec t ion  of nuc1id.e i., and m d  f axe the f r a c t i o n s  

of r ad ioac t ive  d i s i n t x g r a t i o n  and neu-tron absorption by o ther  nuc l ides  

which l e a d  t o  t h e  formation of spec ies  i. 

pos i t i on -  and energy-averaged I ic?Utmn fl.ux, which i s  a l s o  assurried to be 

cons tan t  over s h o r t  i n t e r v a l s  of time. Rigorously, t h e  system of equations 

described by Eq.  (1) is  nonlinear s ince  the neutron f l u  w i l l  vary with 

changes i n  t h e  composition of t h e  fuel. However, t h e  v a r i a t i o n  with time 

i s  slow and, i f  tlie neutron f l u x  i s  considered t o  be eonstm-t ovey s h o r t  

time i n t e r v a l s ,  tile system of Eq. (1) i s  a Iiomogeneous set of simultaneous 

f i r s t - o r d e r  ord inary  d i f f e r e n t i a l  equations wi-th constant c o e f f i c i e n t s ,  

which may be w r i t t e n  i n  matrix n o t a t i o n :  

i 

I - 
i k  - 

Also i.n Eq. ( I ) ,  3 i s  t h e  - 

X = A X .  
N a'" 

Equati-on ( 2 )  has t h e  known so lu t ion  

x = exp (At) $ 0 )  
23 N 

( 3 )  

where s ( 0 )  i s  a vec to 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  

rnatyix containing the  rate c o e f f i c i e n t s  for r ad ioac t ive  decay a n d  neutron 

capture.  m e  f'unction exp ( A t )  i n  ~ y .  (3 )  i s  t h e  matr ix  exponential  

func t ion ,  a matrix of' dimension N"', which i s  &fined as 

25 

9 25 

m=O 



i f  one can genera te  t h i s  func t ion  accu ra t e ly  from the  i r a n s i t i o n  matr ix ,  

then  t h e  so lu i ion  of t h e  nucl ide chain equations i s  r e a d i l y  obtained. 

2 . 1  Cornputation of  t h e  Matrix Exponential Ser ies  

Two p r i n c i p a l  diff ic ixl . t ies  are encountered i n  employing t h e  matr ix  

(1) a l a r g e  exponentrial technique t o  so lve  l a r g e  systems of equat ions:  

amount of rriernory i s  reqizri.red t o  s t o r e  t h e  t r a m i t i o n  itiatvix and t h e  

matrix exponent ia l  funct ion,  and ( 2  ) computational problems a r e  encoun- 

t e r e d  i n  applying the  matr ix  exponent ia l  method t o  systems of equations 

with widely separated eigenvalues.  The generat ion a n t i  s to rage  of t h e  

t r a n s i t i o n  matr ix  a re  explained i n  Sec t ,  2 . 5 .  The computation and. s to rage  

of t h e  matr ix  exponent ia l  funct ion have been faci l r i - ta ted by developing a 

recurs ion  r e l a t i o n  f o r  t'nis fumetion which does not  r equ i r e  s torage  of 

-the e n t i r e  matrix. Thus it i s  poss ib l e  t o  der ive  an expression f o r  one 

nucl ide i n  E q .  ( 3 )  which j.s given by 

n-0 

where C" i s  generated by use of a recurs ion  r e l a t i o n  i 

c .  0 = X i ( 0 )  , 
7. 

N 
Cn+- l  - t - -  7 a c ~ .  i n + l  L i j  j (6b) 

j =1 

IIerc, a i s  an element i n  t h e  t r a n s i t i o n  matyix t h a t  i s  t h e  f i i -s t -order  

r a t e  constant  f o r  t h e  formnation of specries i from species  j .  Yhis algorithm 
n r equ i r e s  s to rage  of only one vec tor  E 

of  t h e  so lu t ion .  

i j  

- - 
i n  addi t ion  t o  t h e  cur ren t  value 

I n  performing t h e  surnrriation indi-cated by Eq. ( 5 )  i t  i s  necessary t o  

ensure t h a t  p rec i s ion  i n  t h e  answer wiJ.1- not be l o s t  due t o  t h e  addi t ion  

and sub t r ac t ion  of n e a r l y  equal l a r g e  numbers. In  t h e  p a s t ,  t h i s  ob jec t ive  



has been accornplished by scaling t h e  time step by repeatecl.ly i l ividing 

by 2 u n t i l  t h e  norm of the  mat r ix  i s  l e s s  than sone acceptable  small  

value,  computing t h e  mat r ix  exponential- fune t icn  fo r  t h e  recluced time 

s t e p ,  arid repeateclly syuari.ng t h e  resul-t inq r a a t r i x  t o  obtain t h e  des i red  

time! step. I ju .~h  a procedux-e w ( x i 1 d  be -impr::ictical for a ccx1putati.on 

involving l a r g e  riunbers of nucl ides  (many- of which hav-e shor t  h a l f - l i v e s  ) 
correspondirig t o  l a r g e  norms of t h e  A t  ms"iri.x. However, if; I s  j u s t  for 
these shor t - l i ved  i so topes  tha t  the condi t ions of s e e u l m  and t r a n s i e n t  

equ.ili.brium are known l,o apply. II'hus, in the coniputations performed by 

ORZGETJ, only t h e  compositions of t,hose nuc l ides  whose diagonal.. ma-trix 
el.ements are less than 8 predetermined value i3r.e computed b y  the matrix 

eqmneritial method. Tne coizceritrstions of t he  i so topes  with h r g e  diagonal  

matr-ix el.ements are coinpted using an a n a l y t i c a l  expression for. .the condi- 

t i o n s  of secula-r o r  t ransi-ent  equilibrium, as descr ibed in Sect.  2 . 2 .  

1-3 

M 

]Lapidus and rJuus3 have s~iown that t h e  accuracy of tlie computed matrix 

exponent ia l  functi.on can be maintained a t  any desired v a l . 1 ~  by coritrol.l.ing 

t h e  time s tep such that t h e  norm of  t h e  matrix At i s  less than  a ;oredeter- 

mined value whtch i s  fixed by Z;be word length  of t h e  d i g i t a l  computer 

used i.11 t h e  ca1culation.s. They def ine  a norm i3f the matrix A, denoted 

by [A], which is given by the smaller  of t he  maxinum-row absolute  sim 
and the raaxiinum-column absolu te  sum: 

-A 

N 

where laij  I denotes t h e  absolute  'value of the element P 

t he  m.aaxirnurn t e r m  in .  t h e  sumnation f o r  m y  element i n  the matrix exponent ia l  

func t ion  cannot exceed - , where n i s  t h e  l a r g e s t  i n t ege r  n o t  larger  than 

[ A - ] t .  

t h e  ca l cu la t ions  will i nd ica t e  the  m a x i m u m  value of ri that can be used 

,while ob ta in ing  a desired. degree of s ign i f i cance  in t h e  -r.esuLts. IJsing 

double p rec i s ion  a r i t hme t i c ,  t h e  IEM 360 operatirig system can perform 

operat ions retairiirig 16 s i g n i f i c a n t  decimal i'igiires ~ 

the  norm of the  t r a n s i t i o n  matrix is  r e s t r i c t e d  t o  be less  l;hm 

[A] 2 -2 In 0.001 = 13.82.55, so t ha t  t h e  maximum term tha t  w i I i  be 

Tmy show khat 
"i j '  

nn 
n! 

Consideration of the word length of t h e  computer used t o  perform 

i n  t h e  ORLGEN code, 



calculated.  will be approximately 49,000. 
exp (-13.8155) = 10 can be computed, while r z t a i n i n g  f i v e  s i g n i f i c a n t  

f t gu res .  -4 s u f f i c i e n t  number of terms must be added t o  the i n f i n i t e  

summation given by Eq. ( 5 )  t o  ensure t h a t  the  serri-es has converged. 
mth term i n  the  s e r i e s  f o r  e'*' i s  equal. t o  - which, f o r  I.arge Val-ues 

oi" m, can be approximated by (----- LA' ")"( Zmn) using S i ; i r l i ng ' s  approxi- 

mation. ?"ne value of  the  norm, [A], i s  tal-culated by t h e  code; and m i s  
7 s e t  equal t o  the l a r g e s t  i n t ege r  i n  - [A] + 5, which has been determined 
2 

as a " ru l e  of  thumb" for t he  number of 'cerms necessary to l i m i t ;  -the e r r o r  

-Lo <O.l$. Thus, f o r  [A] equal 13.8155, 53 terms wi.11 be required i n  t h e  

summation, The absolute  value of t he  l a s t  term added t o  the summation 

i n  t h i s  case w F l 1  be less than  6.4 x 10  , which i s  s u f f i c i e n t l y  small. 

compared with 10 . it has been observed t h a t  t h e  norm i s  u sua l ly  l e s s  

than i t s  m a x i m u m  value and, i n  most cases ,  30 or fewer terms a re  required 

bo evaluate  the s e r i e s .  

?"nus, a value a s  sma1.l as 
-6 

The 

m ! 

m 

-10 

-6 

It has been mentioned t h a t ,  i n  previous appl icat ions of t h e  rnatri.x 

exponent ia l  me-thod, t h e  r e s t r i c t i o n  of the  s i z e  of t he  norm of .t;'ne 

t r a n s i t i o n  matrix necessary t o  t r e a t  niiclides with l a rge  eigenvalues 

was accomplished by repea ted ly  dividi-ng t h e  ma'ir3.x by 2 ,  and t h e  f i n a l  

value of t h e  matrix exponential  fbnct ion was obtained by repeatedly 

squaring the  r e s u l t i n g  intermediate  matr ix  exponential  funct ion.  

t he  present  appl ica t ion ,  t he  suggestion of B a l l  and Adams t h a t  -the 

t r a n s i t i o n s  involving isotopes with l a r g e  decay constan'cs be cons?-dered 

"instantaneov.s" was adopted; t h a t  i s ,  i.f A 3 B -3 C and i f  t h e  decay 

constant f o r  B i s  large, t he  matrix i s  reformulated as i f  C were formed 

from A d i r e c t l y ,  and the  concentrat ion of B i s  obtained by an a l t e r n a t i v e  

'iechnique. S imi la r ly ,  i f  the  time constant  f o r  A i s  very l a r g e ,  t h e  

t r a n s i t i o n  matrix i s  rewr i t ten  as  i f  the  amount of  isotope B i n i t i a l l y  

present  were equal t o  A -b R, and only t h e  bransi t ion B --f C i s  obtained 

by the  matrix exponential  technique. This i-eduction of t he  trans;-t ion 

matrix and t h e  generat ion of t h e  sol.ution by t h e  matrix exponential  

method adre performed by the  subroutine TERM ( see  Sect.  4 . 1 ) .  

In 
4 
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2.2 Use of Asympt,otic Solut ions of the Xuclide C h i n  
Equations f o r  Short-Lived Isotopes 

The numerical techniques described. i n  Sect.  2.1. a r e  appl ied oilly 

t o  ob ta in  the  so lu t ions  f o r  isot;opes t h a t  n r e  sufficient1.y loi-g-lived 

to s a t i s f y  t h e  c r i t e r i o n  that t h e  norrri of the  t r a n s i t i o n  matrix be l e s s  

than 2 I n  1000. Short- l ived isotopes ax-e t:mated. by us ing  l i n e a r  combi- 

nat ions o f  t h e  homogeneous and p a r t i c d - a r  solu.i;ic?ns of t he  nu-clide chain 

equations t h a t  are computed. using a l t e r n a t i v e  procedures. The q-uantity 

o f  a shor t - l i ved  nucl ide ( o r i g i n a l l y  present  a t  t he  begiruiing of  an 

i n t e r v a l )  t h a t  remains a t  t h e  end. of the i n t e r v a l  i s  computed i n  su'urou- 
tine DECAY using a general ized form of the  Bateman equations which t r e a t s  

an ayb i t r a ry  forward-branching chain. The general ized tyeatmen-t i s  

achieved by s emchLng through the t r a n s i t i o n  matrix a n d  forming a queue 
of a l l  shor t - l ived  precursors  of' an i s o t c q ~ .  The R a t e m z r r  eyustion so lu t ion  

i s  then appl ied -Lo this queue. 'l'he queue i s  terminated when a i  isotope 

having no short-lived precursors  i s  encouitered. 'Tke algorithm ril_so has 

provis ions f o r  t r e a t i n g  two isotopes with equal eigenva,lues a ~ d  f o r  

t r e a t i n g  cyc l ic  chains.  

Baternan's so lu t ion  for the ith member i n  a chain a t  time t may be 
5 wiaitten i n  the  form: 

-d5t 
N . ( t ) ::= M . ( 0 j e 
1 1 

i-1.. li - 1 

' L  

k=l  I j=k 

--I 

i s  equal. -to the p-r-odi.ict 'n+l,n solution used the convention t'nat 
n =k 

a and t h a t  t h e  empty product ( k  2 F) i s  equal 
' k b l , k ,  %+2,li+l'  ' '  i,i-l' 
t o  uni ty .  The no ta t ion  a .  Crsr the first-order r a k  constant i s  the 

l-,j 
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same as t h a t  described i n  Sect.  2 .1 ,  and di = -a i,i' 

app?_icaiion, Eq. (8)  i s  r e c a s t  i n  the form 

In  -the p re sen t  

- d i t  
N i ( t )  = Ni(0)e 

- 
i-1 

dn exp (-djt) - exp ( -d i t )  i-l 
n 

nf j 
1 d j  ( d i  dj! n=k dn d j  
j ::.k 
- 

i-1 
by rm.LLtiplication and d iv l s ion  by II dn. The first; product i n  Eq. (9)  

n=k 
has  s lgn i f icance  because ?.t i s  t h e  f rac t i -on  of atoms of iso'Lope k -I;lnat 

follow a p a r t i c u l a r  sequence of  decays and captures .  If 'chi.s product 

beco:rnes less  t,'nan 10 , cont r ibu t ions  from niiclide k and i t s  precursors  

t o  t h e  concentrat ion of nucl ide i a re  neglected.  The i.n:ner summation i n  

Eq .  
This procedure i s  unnecessary for evaluat ing t h e  outer  sixmation because 

a l l  t h e  terms i n  t h i s  swn a r e  known t o  b e  p o s i t i v e .  T!e d i f f i c u l t i e s  

described by Vondy j.n applying t'ne Baternan equat ions f o r  small values  of 

d . t  do not  0ccu.r i n  t he  present  appl ica t ion  s ince ,  when t h i s  condi t ion 

occu:~s, t h e  matr ix  exponent ia l  so lu t ion  i s  employed. T'e matr ix  exponen- 

tial. me-Lhod and Yne Bateman equations complement each o ther ;  t h a t  is, t h e  

former method i s  qui.-Le accurate  when t h e  magni.tude of the  c h a r a c t e r i s t i c  

values  of  t h e  equations t o  be solved i s  sl-nal.1, whereas the Rateman 

soJ.ution encounters numerical problems ri.n t h i s  range. For t h e  case 

where two i so topes  have equal  removal constants  (di = d . ) ,  t he  second 

summation i n  Fq. ( 9 )  becomes: 

-6 

( 9 )  i s  performed i n  double p rec i s ion  ari-t'nmetic t o  preserve accuracy. 

I 

J 

An analogous expression i s  der ived for t h e  case when dn ::: dj.  

of t h e  Bateman equations a r e  appl-ied when two isotopes j.n a chain have 

t h e  same diagonal element o r  when a c y c l i c  chain i s  encountered, i n  which 

case a nucl ide i s  considered t o  be i t s  own precursor .  

These forms 
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Tn the  s i t u a t i o n  where a shor t - l i ved  nucl ide has a long-lived 

precuu.s'.x, a s e c m d  a l t e r n a t i v e  sol-ution i s  employed. In t h i s  ins tance ,  

the shor t - l ived  daughter i s  assumed t o  be i n  secular  equilibriug with 

i t s  parent  a t  t h e  end of any time i n t e r v a l .  "he concentrat ion of' t h e  

parent  i s  obtained from subrout ine TFRTVI, a i d  the  concentrat ion of the  

daughtey i s  ca l cu la t ed  i n  a subroutine named EQUTL ( see  Sect. 4 .1)  by 
s e t t i n g  ~ q .  ( 3 )  equal t o  zero: 

N 

(11. ) 

Hqiiation ( L l ) ,  which i s  a. s e t  of Linear a lgebra ic  equations f u r  tlie 

concentrat ions of t h e  sho r t - l i ved  i so topes ,  i s  r e a d i l y  solved by t he  

Gauss-SeideL j - t e r a t ive  technique. T!he coefficieryts i n  Eq,  (11) 'nave 

the  property t h a t  a l l  t he  diagonal elements of' t he  matrix a re  negat ive 

and nL1 off-diagonal elements aye positive. 'The algorithm involves 

inve r t ing  Tq. (I]-) and using assumed or  previously ca lcu la ted  values 

6 

f o r  the unknown concentrat ions t o  es t imate  an improved value,  t h a t  i s ,  

N 

(12) 

The i t e r a t i v e  procedure has been found t o  converge very r ap id ly  s ince ,  

fox. t hese  shor t - l ived  i so topes ,  cyc l i c  chains are not u sua l ly  encountered 

and t h e  procedure reduces t o  a d i r e c t  so lu t ion .  
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2 I 3 Application of t h e  Matrix Exponential Method 
f o r  Nonhomogeneous Systems 

Certain problems t h a t  involve the  accumulation of rad ioac t ive  

mater ia l s  a t  a constant r a t e  and a re  of engineering i n t e r e s t  requi re  

the so lu t ion  of a nonhomogeneous system of f i r s t - o r d e r  3 i n e a r ,  ordinary 

d i f r e y e n t i a l  equati-ons. In  matrix nota t ion ,  one wr i tes  

X = A X + g .  .-L. F y -  

Il‘hi.s s e t  of equations has the  par t icu- lar  so lu t ion  

provided t h a t  Aml M e x i s t s .  Subs t i tu t ing  the  i n f i n i t e  series representa t ion  

f o r  t h e  matrix exponent ia l  func t ion ,  one obtains  

m=O 

‘%e par t icu l .a r  so lu t ion  may also be expressed as the  si1111 of an i n f i n i t e  

s e r i e s  : 

m 

x . ( t )  = )- 9 
1 u 

n=l 

whose terms a r e  generated by use of a recurs ion  r e l a t i o n  

1 
1 1 
D. = b . t  , 

N 

j =1 



Once again,  t he  algorithm i s  appl ied only t o  l.ong-I.?.ved. ni ic l ides ,  and t h e  

concentrat ions of t he  short-1.ived nucl ides  a r e  obtatned by  an a l t e r n a t i v e  

technique. In  Lhis s i t u a t i o n ,  Ey. (11) i s  modified. t o  t h e  form. 

and i s  solved by t h e  Gauss-Seidel method. After the homogeneous :and 

p a r t i c d m  so lu t ions  have been obtained, they m e  added t o  obtain t h e  

complete so lu t ion  of the system of equations.  

~ . l +  Computation of PTeutron FLUX m~3. Speci f ic  Power 

In order t o  compute changes i n  fuel composition during i r rad i  a t ion  

a t  constant  power, it i s  necessary to t ake  i n t o  account changes i n  t h e  

neutron f lux with time as the  i’uel i s  depleted.  A t  t h e  s t a r t  of  t he  

computation, t he  known pa l -meters  are t he  i n i t i a l  f i e 1  composition and 

the  constant  s p e c i f i c  power t h a t  the fuel must produce during a time 

i n t e r v a l .  The instantaneous neu1,ron f l u x  may be related t o  tile fue l  

composition a t  a f ixed  t i m e  by the equation 

where P i s  the s p e c i f i c  power, i n  MW per unit of fue l ;  C i s  t h e  macroscopic 

f i s s i o n  cross  sec t ion ,  i n  ern per unit of‘ f’v-el; and @ i s  t h e  instantaneous 

neutron flllx, in neutrons per cm - see .  %ne constant i n  %q. (19) is derived 

by assuming a value of 200 MeV per  f i s s i o n .  An approxirriate eicpression f o r  

t h e  value of t h e  neutron flux as a funct ion of t i m e  i s  obtained by expansion 

i n  a Taylor s e r i e s  about t he  s t a r t  of the i n t e r v a l :  

2 

2 

o r  
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The average neutron flux dui-ing t h e  i n t e ~ v a l .  i s  obtained by in t eg ra t ing  

over the in t e rva l  and dividi-ng by 'i: 

Here, the  no ta t ion  C ( 0 )  i s  used fo r  t he  macroscopic f iss j .on c ross  sec-Lion 

a t  -the 

s ec ond 

val-ues .. - x(0) = 

.. 
s t a r t  of t h e  time i n t e r v a l ,  and C(0) and C(0) a re  t h e  f i r s t  and 

time de r iva t ives  evaluated a t  t he  s t a r t  of t h e  i n t e r v a l .  The 

of &(O) and C ( 0 )  can be evaluated s ince  i ( 0 )  - A, z(0) and 

A x ( 0 )  - A' z(0). 

.. 
N 

Equation (10) i s  used i n  t h e  computer program 
w -  N 

i n  subroutine FLIJXO t o  estima.te t he  average f lux during an i n t e r v a l ,  

based. on condi t ions a t  t h e  s t a r t  of tile i n t e r v a l .  The term involving 

the  second der iva t ive  i s  only employed f o r  the  first time interval.  where, 

f o r  some i so topes ,  X(0) i s  zero b u t  X ( 0 )  i s  nonzero. 

produced during a time interval.  f o r  a f u e l  i n  a f ixed  neutron flux i.s 

est imated from the  i n i t i a l  composition using a simil.ar1y derived equa-Lion: 

"" 

The average power 

In order  f o r  tlne above procedures t o  es t imate  t h e  average neutron f l u x  

o r  average s p e c i f i c  power correc- t ly ,  t he  changes i n  neutron f l u x  during 

t'ne i n t e r v a l  must be r e l a t i v e l y  small .  If the  average value of e i t h e r  

of these  quan t i t i e s  d i f f e r s  from the i n i t i a l  value by more than 2@, a 

message w i l l  be p r i n t e d  out adv5sing the  user 'io employ smaller tiiue 

increments. 

2.5 Construction of t h e  Trans i t ion  Matrix 

An extensive l i b r a r y  of nuclear  p rope r t i e s  of  rad ioac t ive  isotopes 

has been compiled f o r  use with t h e  ORIGFN code. 

The da ta  a re  3n t h e  form of h a l f - l i v e s ,  f r ac t ions  of t r a n s i t i o n s  t h a t  

produce a given nuclear p a r t i c l e ,  cross  sec t ions ,  and f r ac t ions  of 

absorptions iliat y i e l d  c e r t a i n  p a r t i c l e s .  l'hese da ta  &IT read from 

(See Sect. 3 f o r  d e t a i l s . )  



t h e  I-ibrary tape  m d  processed :into a form for use by the m:ithmatic:; 
rou t ines  i.n subrout ine NUDATA ( see  Sect. I+. 1 for desc r ip t ion  of M.DATA). 

- 
1 . t  i s  possible t o  compute the cmcent ra t ic r i s  of as mctny as 800 

nucl ides  using -tihe nresent code. However, straightTorward cons t ruc t ion  

of a genera l ized  t r a n s i t i o n  matrix would requi re  the storage of a a  

800 x 800 array, which would t a x  the s torage  capacity of tlie 1zr;rgest 

computers avai.1.abibl.e today. On t'rie o t h e r  hand. ,  Yne t r a n s i t i o n  matrix i s  

cor-ma1.l.y very sparse ,  and storage YequLrements can be red.ucecr1 s u b s t a n t i a l l y  

by storing on ly  the nonzero elements of t h e  metri~; and two relatively 

small vectors t ha t  are used. t o  loca t e  .tihe el.emei-tts. SubroU.tlii?e NTJnATA 

i s  also used to generate  -the compacted. t t l 'znsit ion matr ix  and the t w o  

stoi-age vectors .  

bkbroutine $WllAI'A processes the  l ibrary-  -tape by readi.ng 8, six-digit 

ident i fyir ig  number, N!JCL( I), for each nuclide, followed by the hal.f-l.i.f'e 

and t h e  f r a c t i o n  of each decay that occurs by several. competirG processes.  

A second card,  which coutains  neubo.n absorption cross sections fo:r ( 1 1 , ~  ), 

( n , a ) ,  n ,p ) ,  (n , zn ) ,  (n ,3n) ,  arid (r1,f'issiori) reacti.ons f o r  one OF' fou r  
r eac to r  spectra,, i s  then  read.. The six-digi-ti i den t i fy ing  nmhw i s  equal 

t o  Z * 10,000 4- W 10 + I S ,  where X i s  the atomic number, W i s  the atorrilic 

weight ( i n  lintegral atomic mass u n i t s  ) , :and IS is either 0 or 1 t o  i nd i -  

c a t e  a ground state or  a metastabl-e s t a t e ,  respec t ive ly .  T0.i.s i.nformatiosi 

i s  processed i n t o  a compacted t m n s i t i o n  nmt-r.ri.x, as described below. 

E'irst , the h a l f - l i f e  i.s i.zsed t o  c a l c u l a t e  the  r ad ioac t ive  dFsin'tegra- 

%ion cons tan t ,  A .  F i r s t -o rde r  rate constants for various competing decay 

processes a re  calculaked by mult iplying A by the  f r a c t i o n  of transitions 
t o  that f i n a l  s t a t e .  The prilS?,ict nuc l ide  resul.ting from each nixlea?- 

t r a n s i t i o n  i s  next; ideri-Lif'ied by sdd.ition OC it sut t t ible  cons tan t  t o  t h e  

s i x - d i g i t  i d e n t i f i c a t i o n  number fi;r .the parent nucl.i.de. (For exarcple, 

f o r  a B- decay, 10,000 i s  added to t h e  parent  i d e n t i f i e r ;  f o r  neutron 

ca,pture,  10 i s  added; or f o r  i.some-ric t r a n s i t i o n ,  the quantity- -I i s  
added. ) TWO ar rays  a r e  constructed:  the f i r s t ,  W.ROD(J-,M) contains 

al:L t h e  prodiicts which can be d i r e c t l y  formed from any n u c l i d e  3 b;y the 

t rans i t ions  considered i n  the l i b r a r y ;  and. the second., COEW( J- , M) - , con- 
ta ins  the f i r s t - o r d e r  r a t e  constants  f ? ( ; ~  -the corresponding t-ian.s:i.tLons. 



'when these  arrays have been constructed,  a search of t h e  NPROU a r r ay  i s  

conducted t o  i d e n t i f y  a l l  t h e  parents  of a given nucl-?-de I. [Nuclide J 

i s  a parent  of I i f  NPROD(J,M) equals NUCL(1) f o r  any r eac t ion  of type M.] 

When a pai-ent of nucl ide TI has been loca ted ,  the  val.ue o f  t h e  correspond- 

ing coeff ic i -ent  a 

However, d i r e c t  s torage of a . .  i n  a square a r ray  wou1.d. requi re  an exces- 

s ive  amount of  s torage.  Iierice, t h i s  procedure i s  avoided by incrementing 

an index, N,  each time a c o e f f i c i e n t  i s  i d e n t i f i e d .  The c o e f f i c i e n t s  

a r e  s tored  sequent ia l ly  i n  a one-dimensional a r r ay ,  A(N); t he  value of 

J i s  s to red  i n  another one-dimensional a r ray ,  LOC(N); and the  t o t a l  number 

of coe f f i c i en t s  f o r  produc-Lion of nucl ide I a r e  s to red  i n  a t h i r d  a r ray ,  

N $ h $ 3 ( 1 ) .  When a l l  of t'ne c o e f f i c i e n t s  f o r  every nucl ide have been s-tored, 

.the N@O( I )  a r r ay  i s  coiiverted -to i nd ica t e  t h e  cwnulhtive number of matrix 

coe f f i c i en t s  for a l l  t he  isotopes up t o  and includi-ng 1 [?. .e. ,  N@NO(T + 1) 

= N$NO(i) + N f i N G ( 1  + 1) f o r  a l l  I g rea t e r  tha~ 11. 

has been executed, t he  N@NO a r ray  i s  a monotonically increas ing  l i s t  of 

i n t ege r s  whose f i n a l  value i s  t h e  number of nonzero, off-diagonal  matrj-x 

elements i n  the  t r a n s i t i o n  ma-trix. This f i n a l  value i s  preserved separ-  

a t e l y  as  t he  va r i ab le  NOM. For computational convenience, t h e  values of 

the  diagona1.matri.x elements a re  s to red  i n  a separa te  vec to r ,  D(1). 

perfoi-m -the mul.tiplicati.on of Yne t r a n s i t i o n  matr ix  'oy a vector  ( e . g . ,  
N 

&. = C a .  . x . ) ,  as i s  required t o  execute t h e  a l g o r i t "  described i n  
j =I. 

Sect .  2 . 1 ,  t he  operat tons described i n  t h e  flow char t  given i n  Fig. 2 - 1  

ai-e employed 

i n  t h e  Lraas i t ion  matrix i s  equal  t o  COEFE'(J.,M). i j  

2-J 

After t h i s  procedure 

To 

7. 1 J  J 

Two types of  da ta  3.n the nuclear  l i b r a r y  r equ i r e  a departure  from 

t h e  procedure j u s t  described. In  t h e  case o f  neutron-induced r eac t ions ,  

i'c i s  necessa.ry t o  spec i fy  t'ne neu-Lron f lux before  f t r s t - o r d e r  i-.aie 

c o e f f i c i e n t s  can be calcu.l.ated a s  products of f l u x  and CYOSS seeti-ons.  

A t  t he  time t h e  matr ix  i s  generated,  t he  neutron fl.iur i s  imknown. Also, 

Lo perform a f u e l  deple t ion  calculat ior i ,  t he  flux miist be permit ted t o  

vary with time. %nus, when the  nonzero, o f f  -diagonal matrix elements 

f o r  isotope I a re  storwl. ,  all -those f o r  formation by radioacti-ve decay 

a r e  grouped f i r s t  and are  followed by those for formation of I by neutron 
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capture .  

analogous t o  N f i N C ( 1 ) .  

of iso-Lope I ,  and t h e  d i f f e rence  N@NO(i) - U ( I )  represents  the  number of 

c o e f f i c i e n t s  f o r  formation of I by neutron capture .  'The v a r i a b l e s  A,  

L@C, N@NO, and KD a re  a l l  generated j.n subrout ine NUDATA and a re  s to red  

i n  l abe led  common /MA'TKrX/. 

subrout ines  FLUXO, DECAY, TFWI, and EQUiL ( s e e  Sect .  h.1 f o r  desc r ip t ion  

of subrout ines  ) . 

Another v e c t o r ,  D( I ) ,  i s  also generated and. used i n  a manner 

it in i .L ia l ly  i s  t h e  number oT r ad ioac t ive  pa ren t s  

They a re  used t o  perform ca lcu la t ions  i n  

The second exception t o  the s tandard procedure for cons t ruc t ing  the 

t m n s i t i o n  matr ix  5-nvolves the c o e f f i c i e n t s  corresponding t o  t h e  f i s s i o n  

product y i e lds .  ?"ne nuclear  da t a  1-ibrary contains  d i r e c t  f i s s i o n  y i e lds  

f o r  t he  formation of f i s s i o n  product jsotopes from several .  f i s s i o n a b l e  

nucl-ides. When these  y i e l d s  are mul t ip l i ed  by the fission cross  sec t ion  

f o r  'ihe f i s s i l e  n i x l i d e  and t h e  neutron f lux,  t h e  resul t  i s  a, f i r s t - o r d e r  

r a t e  constant  f o r  product ion of f i s s i o n  product i-sotope I by f i s s i o n  of 

nucl ide J. Hence, f o r  these  d.aLa, t h e  cons t ruc t ion  of t h e  a r rays  NPROD 

and COEFF and t h e  subsequent search procedure a r e  noi requi red .  

coe f f i c i en t s  are en tered  direct1.y i n t o  t h e  A vec to r ,  and t h e  correspond- 

ing value of J t h a t  i -dent i f ies  t h e  f i s s i o n i n g  nucleus i s  recorded i n  the  

@C ar ray .  

The 

1. 

2. 

3. 

4. 
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An extensive l i b r a r y  of nuclear  da t a  has been compiled and recorded 

on magnetic tape  f o r  use with t h e  OHIGEN code. The t ape  cons i s t s  of s i x  
da ta  f i l e s ;  three of these  contain information on t h e  decay schemes and 

neutron absorpt ion c ross  sec t ions  f o r  t h e  813 i so topes  now included i n  

the  l i b r a r y ,  arid t h e  o ther  t h ree  conta in  multigroup photon production 

r a t e s  t h a t  r e s u l t  from rad ioac t ive  decay of t hese  nuc l ides .  The f i r s t  

data r i l e  ea-talogs the  p rope r t i e s  assoc ia ted  with t h e  cladding and 

s t ruc tu ra l .  ma'cerials; t h e  second i s  comprised of nuc lear  da ta  f o r  t he  

heavy metals i n  the  f u e l ;  and t h e  t h i r d  f i l e  descr ibes  t h e  nuclear  

p rope r t i e s  of t'ne f i s s i o n  products.  

photon y i e l d s  p e r  d i s in tegra t i .on  f o r  t he  cladding,  f u e l ,  and f i s s i o n  

product nuc l ides ,  r e spec t ive ly .  The following sec t ions  descr ibe i n  

de - t a i l  the  type of  da t a  recorded on the  .tzpe and the  format used, and 

document the  sources of  t,he da t a .  

Data f i l e s  4, 5 ,  and 6 conta in  

3 .1  Euclear Proper t ies  of Cladding .arid S t r u c t u r a l  Mater ia ls  

'The nuciear  proper t igs  for t h e  indivj.dual i so topes  i n  each of t'ne 

f i r s t  t h r e e  da ta  f i l e s  a re  recorded on fi .ve card-image records.  The 

f i r s t  card iriiage contains  in.fo:rination -that i s  independent o l  the  r eac to r  

spectrum ( e . g . ,  t i a l f - l i f e ,  d i s i n t e g r a t i o n  energy, e t c .  ). The subsequent 

four  card images contain neutron capture  data  f o r  four re ference  r e a c t o r  

spec t ra .  

The f i r s t  card image i s  read i n  t h e  form: 

9034 F$RN4T(T7, F9.3, 1 1 ,  5F5.3, lPU>.%, O r z ~ 5 . 3 ,  F7.3, 2~:G.o) 

-. ........ *, ................... -. ....... ................ - 
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I n  t ,his Tnstruct ion,  NUCL(1) i s  a s i x - d i g i t  i d e n i i f i c a t i o n  number f o r  

i so tope  I. The va r i ab le  WJCL(I )  i s  equal to: 

z -x- 3.0,000 --I- w * 1-0 -t IS, 

where ,Z i.s t h e  atomric number, W i.s t h e  atomic weight, and IS i s  equal t o  

0 or  1 for a ground s t a t e  o r  metastable s t a t e ,  respec t ive ly .  The vari .able 

DLAM i s  the  phys ica l  h a l f - l i f e  of -the radioac-Live nucl ide i n  u n i t s  desig- 

nated by the  key, IIJ, a,ccording t o  Table 3.1.. The d e f l n i t i o n s  of t h e  

next six var iab les  a r e  given i n  Table 3 . 2 .  ‘The f r a c t i o n  of d i s in t eg ra -  

ti.ons which are  negatron emissj-ons i s  obtained by diffei-ence : 

FR = 1,0 - FP - FA - FT - FSF. 

The t a b l e s  oP Lederer _I- e t  a31 c o n s t i t u t e  khe p r i n c i p a l  source of information 

on h a l f - l i v e s  and decay schemes o f  t h e  iso’iopes. 

The va r i ab le  Q(1) i s  t h e  to ta l .  amount of ener.gy re leased  by radio-  

ac t ive  decay as  recoverable hea-b, i n  MeV per  dis integ-rat ion.  It does not 

incl-ude the  energy of the  neutr inos re leased  i n  b e t a  decay t r a n s i t i o n s .  

The var i ab le  FG(T) ri.s the f r a c t i o n  of  the t o t a l  energy t h a t  i s  assoc ia ted  

with gamma rad ia t ion .  Only photons of energy e r e s t e r  than  200 keV w e  

considered. t o  cont r ibu te  t o  t h e  f r a c t i o n  o€ gamma energy; lower-energy 

photons a r e  incLuded in the t o t a l  energy, however, The energy pe r  d i s -  

in tegrabion  assoc ia ted  with alpha decay and photon emission i s  obtained 

dii-ectly- frora t he  decay schemes given i n  r e f .  1. 

re leased  j.n a b e t a  decay even-t i s  ca lcu la ted  from the  abimdance and 

maximum beta  energies given i n  r e f .  1 by using t h e  r e s u l t s  of t h e  SPECTRA 

code of Arnold. This code computes t h e  average be ta  energy based on the  

maximum negatron or  pos i t ron  energy and t h e  degree of forbiddenness of 

the  t r a n s i t i o n ,  using the Fermi theory of b e t a  decay. Al so  included i n  
t he  f r a c t i o n  of gamma-ray energy i s  t h e  con t r .bu t ion  from bremsstrahlung 

radiakion.  

f o r  b e t a  decay taking p lace  i n  a u.ran5.m dioxide matrix.  

The amount of energy- 

2 

This quant t ty  i s  ca lcu la ted ,  again using the SPECTIW code, 

The var i ab le  ~ U N D (  I), the percent  abundance cf n a t u r a l l y  occurring 

isobopes, i s  obtained f r o m  r e f .  I.., The var i ab le s  b l M P C ( I )  and M C ( 1 )  are 

the  r a d i o a c t i v i t y  concentrat ion guides (HCGs ) f o r  continuous i-ngestion i:n 
un res t r i c t ed  a reas  as gl-ven i n  Table 11, co.lu17u1s I and 11, of Pa r t  20 of 
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Table 3.1.  Key t o  Use of Variable I U  t o  i nd ica t e  
Units of Half-Life i n  Nucle?~ Data Library 

sec 

m i r i  

hi- 

days 

year s 

s t a b l e  

'Table 3.2. Defin i t ions  of Va.riab1.e Names Used i n  Nuclear Data I.,ibrary 

Name of 
Variable U e f i n i  t i on 

FBl Frac t ion  of b e t a  decay trrnsitio1l.s that r e s u l t  in a 
product nucl ide i n  an exci ted nuclear s t a t e  

FP Frac t ion  of  t:emsiti.ons t h a t  take place  by pos i t ron  
emission 

F P l  Frac t ion  or" pos i t ron  emissions that r e s u l t  i n  a 

FA Frac t ion  of  t r a n s i t i o n s  t h a t  take p lace  by alpha 

product nucl ide i n  an exc i t ed  nuclear s t a t e  

p a r t i  c l e  emission 

FT Frac t ion  of' d i s in t eg ra t ions  T r o m  an exc i ted  nuclear  
s t a t e  t ( 2  the ground s t a t e  

F SF Fract ion of di s in t eg ra t ions  t l w t  take plctcc b; 
spont aneou s f i  s s ion  
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T i t l e  10  of t h e  Code of Federal  Begu.?..ations3 (LO CFR 2 0 ) .  ?"ne values 

included i n  the  l i b r a r y  a ~ ' e  t he  lower of t he  values given for so luble  

and inso luble  compounds of t h e  nucl ides .  Several  heavy- metal  isotopes 

not l i s t e d  i n  the  t ab le s  a r e  of suf f ic ien i ;  importance i n  rad ioac t ive  

waste d isposa l  t h a t  values f o r  t h e i r  IiCGs have been estimated by using 

t h e  methods given i n  ICHP Publ ica t ion  2 ( r e f .  5 )  f o r  occupat ional  workers 

and dividing the r e s u l t s  by 10. The HCGs f o r  a l l  other  isotopes not  

l i s t e d  i n  t h e  t ab le s  a r e  s e t  equal t o  un i ty ,  which i s  equivalent  t o  

excluding these  i so topes  from t h e  ca l cu la t ions  e 

4 

-4 second card  image, which contains  da t a  For neutron-induced r eac t ions  

f o r  one of four r eac to r  spec t ra ,  i s  now read. The form of t h e  READ s t a t e -  

ment i s  : 

REuD(7, 9035) SIGTH,  F N G I ,  FNA, F'NP, HI'TfI, FINR, FINP, S I G m V ,  E'NZNL, 

FFNA, FE'NP, I T .  

The nota t ion  used i n  t h i s  i n s t r u c t i o n  i s  d-escribed i n  Table 3.3 f o r  t he  

case of a thermal r eac to r .  

cross sec t ions  are taken from t h e  compilation of Stehn e t  a l . ,  the i n f i -  

n i t e  di lut j -on resonance in-begrals from Stehn e t  a l .  

fission-spectrum-averaged cross  sec t ions  f o r  (n,a) and (n,p) reac'cions 

from Alter  and Weber Fission-spectrum-averaged cross  sec t ions  for 

(n ,2n)  r eac t ions  a re  obtained from P e a r l - ~ t e i n , ~  o r  by i n t e g r a t i n g  the  

energy-dependent cross sec t ions  given i n  r e f .  6 over a Cramberg f i s s i o n  

spectrum. For t'nermal r eac to r s ,  e f f e c t i v e  thermal neutron cross  sec t ions  

a r e  obtained by weighting these  th ree  energy-group c m s s  sec t ions  with 

s p e c t r a l  ind ices ,  For example, t h e  total .  neutron absorp-tion cross  sec t ion  

i s  ca l cu la t ed  as: 

I n  the  thermal r eac to r  l i b r a r i e s  t h e  ZZOO-m/sec 
6 

and Drake,' and the 6 -  

8 

TflCAP = SIGTH * 'THERM + RI'I'fI * RES + SIGMEV -x- PAST. 

Here, THERM, RES, and FAST a re  defined as fol lows:  

I T€lE&V = r a t i o  of t he  neu-Lron yeact ton r a t e  f o r  a - absorber with v 
a population of neutrons t h a t  has a Maxwell-Boltzmann 



I1 - l a d e  3. 3. NcRaes of Variables Used i n  Reading Spi~ctrum-n~~)endent 
Data fo r  Cladding and S t r u c t u r a l  Materials In Tkernal  react^)^^ 

JTame of  
Variable Des c r i p t  i on  

Tot n l  2ZGO-m/s ec neutron absorption cross 
s e c t i o n ,  bwns  

F'NG1 Frac t ion  or" tliermal neutron cn;pt~l_res t h a t  
produce a product nuc l ide  i n  an exc i . t rd  
nucl e a r  s t a t  e 

FNA E ' r ac t i  on of thermal neutron absorpt ions lAa. t 
a r e  (nya) r eac t ions  

FNP Fraction of %herma1 neutron absoyptiolis that  
are (n ,p )  react? o m  

Resonance i n t e g r a l  (above 0.5 eV) f o r  al.1 
ep i  thermal neutron absorp t i o n ,  

m 
n -  

J I E U , ~ ( E )  dE, barns 

0.5 

F 1 NA Frac t ion  o-f resonance absorptions t h a t  a r e  (n,a) 
r eac t ions  

Fraction of resoriaice abscxytions that ,are (n ,p)  
reactions 

s I G r n V  Fission-spectrism-averaged C T O C ; ~  see-kion for a:LI 
r eac t ions  with a threshold above 1 MeV, barns 

FNZNZ Fract,i.on of (n,zn) reac t ions  t h a t  r e s u l t  i n  a11 

exci ted  isomeric s t a t e  of t h e  product nucl-irle 

FFNA Frac Lion of' hi.gh -energy r eac t ions  $hat a re  of 
( n , d  txPe 

F-rac t im of high-energy react,ions t h a t  a r e  of 
(n,P: *ne 

IT h i  index ind ica t ing  the r eac to r  spectrum fiver 
which cross sec t i cns  have been averaged 



24 

d i s t r i b u t i o n  of energies  a t  absolute  temperature, T ,  t o  

t he  r eac t ion  r a t e  wi-tli 

rT- 

RES = r a t i o  of t he  resonance 

thermal neutrPon f l u x  I 

ZZoO-m/sec neutrons 

, T, = 293.1.6"~) . 

flux per  u n i t  l e tha rgy  t o  the  

FAST = 1.;45 times the  Tat io  o f  f l u x  above 1 MeV to  t h e  thezmal 

neutron ?lux. 

These de f in i t i ons  a r i s e  from t'nree assumptions: 

energ ies ,  t h e  absorpt ion cross sec t ion  f o r  an isotope varries w i t l i  t he  

r ec ip roca l  o f  t h e  neutron speed; (2) il'or t he  resonance region,  t h e  

neutron f l u x  v a r i e s  as t he  r ec ip roca l  of t h e  neutron energy; and (3) i n  

the  region above 1 MeV, t h e  neutron spectrum has the  same energy depend- 

ence as t he  f i - ss ion  spectrum. I-t i s  pointed out t h a t  .the high-energy 

group includes on1.y reac t ions  with thresholds  above 1 MeV. Reactions 

with components a t  lower energi-es a r e  Tticluded i n  t h e  thermal and 

resonance group. When the  averwge cross sec t ion  i s  defined i n  t h e  

manner described above, the  appropriate  f l u x  to be used f o r  calcu1al;ing 

neutron r eac t ion  ra'ces i s  the  t o t a l  thermal f lux .  The t o t a l  thermal fl.ux 

i s  t h e  value calcu.l_ated and. p r i n t e d  oui by the  program when i n i t i a l .  com- 

p o s i t i o n s ?  s p e c i f i c  power, and  s p e c t r a l  ind ices  a r e  spec i f i ed  and the 

f1.m i s  computed by the  code. The va r i ab le  I T  d i s t inguishes  between 

r eac to r  spectya and has a val-ue of zero,  or  I through 11. 

1 through 4 i n d i c a t e  t h a t  t h e  da t a  a re  Tor a par t icul-ar  spectrum, as  

designated i n  Table 3.4. 
i s  not included i n  t h e  l i b r a r y  f o r  a given i-eactor type.  

(1) f o r  thermal neutron 

'The numbers 

A value of zero f o r  IT i nd ica t e s  t h a t  t h e  nuc l ide  

For the  LMFRR l i b r a r y ,  IT i s  equal t o  3 and t he  var iab1.e~ i n  Table 

3.3 have a somewhat d i f f e r e n t  meaning. In  'ihi.s ins tance ,  SIGTH i s  t he  

spectrum-averaged ( n , r )  cross  sec t ion ;  t h e  va r i ab le  RIT1-I i s  not  used; 

and the  va r i ab le  SIGKEV i s  t h e  sum of the  (n,2n), (il,a), and ( n , p )  cross 

sec t ions ,  averaged over a f a s t  r eac to r  spectrum. The s p e c t r a l  ind ices  

have no meanhg i n  thi.s case and a re  equal t o  1.0 (the reference f l u x  

i s  then the  total neutron f lux) .  The spectrum-aveyaged neutron capture  
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Tab1.e 3.4. Value of t h e  Variable I T  Corresponding 
t o  Each Reactor Ty-pe 

_ _ _ ~ ~  

iT Reactor Ty-pe 

WTGR 

LWR 

LMI'BR 

MSBK 

moss  sec t ions  t h a t  are  given i n  t h e  l i b r a r y  f o r  isotopes with atomic 

numbers l e s s  than 22 were corriputed by in t eg ra t ing  numerically the  da ta  
10 

o f  ref. 6 over t h e  f a s t  r eac to r  spectrum of Kusters and Metzenroth. 

Spectrum-averaged neutron capture  cross  sec t ions  f o r  isotopes with atomic 

numbers g r e a t e r  than 2 1  were estimated by Arnold," who used co r re l a t ions  
developed by Macklin and Gibbons l2 j1-3 t o  ex t rapola te  c ross -sec t ion  da ta  

over t h e  energy range of  i n t e r e s t  and then  in t eg ra t ed  t h e  da ta  over an 

approximation t o  t h e  spectrum of Kusters and Metzenroth, which was con- 

s t r u c t e d  from t h e  sum of e igh t  Maxwellian f'unctions of d i f f e r e n t  average 

energies .  Tne spectrum-averaged cross  sec t ions  f o r  (nY2n)  , ( n , a ) ,  and 

( n , p )  r eac t ions  were obtained e i t h e r  by integra-bing numerically the  

energy-dependent cross  sec t ions  ( i f  given i n  r e f .  6 )  or by assuming t h a t  

t he  high-energy por t ion  of t he  neutron spectrum had the  same energy 

dependence as t h e  f i s s i o n  spec-Lrum and weighting the fission-spectrum- 

averaged cross sec t ions  of Pear ls te in '  and Al te r  and Weber. 8 

Two s t eps  a r e  used i n  reading t h e  nuclear da ta ;  f i rs t ,  a card image 

containing; the permanent information i s  read and, then, a second-card 

image t h a t  contains  spectrum-dependent information i s  read, depending 

on t h e  value of an input va r i ab le ,  NL1BE. If t h e  value of t he  var iab le  

I'I' on t h e  second-card image i s  equal. t o  NLlBE, t h e  da t a  on both cards 

a re  processed i n  t h e  manner described i n  Sect.  2 .5 .  I f  I T  i s  equal t o  



L e i - 0 ,  ill? nucl ide i s  ignored and da ta  a r e  read f o r  t he  next nuclide on 

the  tape. This procedure i s  repeated u n t i l  an end-of - f i le  (EOP) mark 

i s  encouniered, a i  which tiiae conirol  i s  t r ans fe r r ed  t o  another p a r t  of 

the progmm. 

3 . 2  Nuclear Proper t ies  of Lhe isotopes of the 
Actinide Elements and. Their Daughters 

Tne nuclear p rope r t i e s  of t h e  i so topes  or" t h e  acti.n?.de clkments a re  

read i n  a manner s i . m i l a r  t o  t h a t  described above f o r  t h e  I.ight elements. 

FtrsL,  permanent da ta  a re  read f r o m  a card image i n  the previous.l.y 

described format (Sect .  3.1) , using the  same var i ab le  names. However, 

f o r  the  heavy me'LsI.s, t h e  f i e l d  containing t h e  isotop2.c abuniiajiees i.s 

i.gnored, Neutron absorpt ion c ross  sect?-ons a r e  read from one of four  

cam.1 images, depend-ing on t h e  resc-toy type.  The i n s t r u c t i o n  used t o  

read these  da ta  i.s: 

Fd3AD(7,903'{)STGNG, RING, FNG1, SIGE', RTF, SIGFF, S I G W N ,  P'NZN1, SIGN3N, JT 

The names of the var iab les  used i n  t h i s  i n s t r u c t i o n  a r e  defined i n  
Tal:& 3.5 for t h c  case o f  a thermal r eac to r .  'The vayiable  I T  has a 

value of zero or of 1 through 4, depending on Lhe type of i-eactor,  and 

i s  used as describer? above. 

Poi- the  thermal r eac to r  l i b r a r i e s ,  f i s s i o n  and capture cross  sec t ions  
6 f o r  2200-m/sec neutrons were obtained from t h e  coinpi 1 a t i o n  of Stehn -', e t  a1  

and i n f i n i t e  d i l u t i o n  resonance in teera l s  were taken from. t h e  l a t t e r  and 

from Drake.7 'The 2200-m/sec cross  sec t ions  f o r  the i so iopes  235,, 239% 
2 42 through 

using the  t abu la t ion  of Wescott," and the  i r i f i n i  t e  a i l  u t ion  resonance 

Pu, 237Np, 7"1Am, and 243h were cor rec ted  fa, non-l/v behavior 

21+oL_lr w, i n t e g r a l s  f o r  the i so topes  mu, 23BU, ?vPll, are cor rec ted  

for se l f - sh i e ld ing  using the data  of Hansen a.nd Roach. '5 I n  the HTGH 

l i b r a r y ,  these parameters f o r  t h e  isotopes 232U1 through 236LJ have a l s o  

been modified Lo obtain agreement with r eac to r  mass balances f o r  an- 

For the  PlG, t he  cross  sec t ions  and Yesonance .in-te- 
17 

16 ILL~O-IVTW( e ) mm. 
gral-s have been adjusted to obta in  agreemen-t wi.th f u e l  mass bal-ances; 



Table 3. 5 .  Names of Variables IJsed t o  Rex3 ~lpect;z.i.~~i-Depc-ndent Data 
for Isotopes of Aetitiide Elements in 'I'keriml Reactor LiFrari-es 

RTNG Resoriavlce integral f'or ( n , ~ )  r e a c t i o n s ,  barns 

F'NG1 

STGF Thermal. neutron (xi, fission) cross section, barns 

RIF Resonance -integral  for ( n , f i s s i o n j  reactions, 
barns 

s 1 Gb-'li'  is s Icn-spectrwn-aver aged ( 11, fis s i o n  ) CY os s s ec - 
t i o n  for i so tope  havLng a high-energy threshold 
for fission r eac t ion ,  barns 

Frac t ion  of (n,Zn) reaction:; that  result :i.n t h e  
formstlon of a product nucl.i.de i.n an excited 
nucl.eas s t.ate 

S I G N ? N  Fission-spectruni-ave~a~~~ (n, 3n) cross sec t ion ,  
b a;1'm 



and t h e  da t a  i n  t h e  MSBR 1-ibrary have been ad jus ted  t o  agrez with r eac t ion  

r a t e s  ca l cu la t ed  by Baumann f o r  t h e  re ference  lOOO-r/IW( e )  MSBR. l8 Fiss ion-  

spectrum-averaged cross  sec t ions  f o r  nucl-ides having a high-energy thresh  - 
old (5 > 1 MeV) Cor t h e  f i s s i o n  r eac t ion  were obtained by i n t e g r a t i n g  

numerica1.l.y t h e  d i f f e r e n t l a l  c ross  sec t ions  given i.n r e f .  6. Cross 

sec t ions  f o r  (n,Zn) and (n,3n)  reacbions were obtained fi-om Pea r l s t e in .  

Reactor-spectrum-averaged ci-oss sec t ions  were obtained by assumj-ng . that  

t he  r eac to r  spectrum foy neutron energies  g r e a t e r  than 1 MeV had t h e  same 

energy dependence as t h e  f i s s i o n  spectrum, and by mult iplying t h e  f i s s i o n -  

spectrum-averaged cross  sec t ions  by the  ratio of t h e  fyac t ion  of t h e  

neutron flux zbove 1 MeV for t h e  two spec t r a .  

i n  t h e  parameter FAST t h a t  was defimed i n  Sect .  3.1..) 
(This r a t i o  i s  conta.ined 

The va r i ab le s  R I N G ,  RIP, and SIGFLI’ a re  not  employed f o r  t h e  LMFBR 

l i b r a r y .  ~~eactor-spect~~um-averaged capture ,  f i s s i o n ,  and ( n ,  an)  cross  

sec t ions  were generated by averaging t h e  18-energy-group Al/ENDF c ross  

sect ions19 over t h e  spec t run  of r e f .  10. 

r eac t ions  we-re es t imated by r a t i o i n g  t h e  va lues  gjveii i n  re?.  9. The 

procedure f o r  reading this information from t h e  tape €or t h e  a c t i n i d e s  

i s  i d e n t i c a l  t o  t h a t  descr ibed for.  t h e  cladding and s t r u c t u r a l  ma te r i a l s  

i n  Sect.  3.1.  

Cross sec t ions  f o r  (n ,3n)  

3.3 Nuclear r+=oper t ies  of  t h e  F i s s ion  Products 

T’ne nuclear  p rope r t i e s  of esch f i s s i o n  product i so tope  a r e  coniained 

i n  f i v e  card-image records.  lke f i r s t  card  contains  da ta  of  a permanent 

na ture  i n  t h e  format descr ibed previ ously,  again with t h e  exception t h a t  

t he  f i e l d  containing the i s o t o p i c  abundances i s  ignored. The reruaining 

four  cards  cons i s t  of neutron a’osorptjon and f i s s i o n  product y ie ld  data 

for t h e  four  r eac to r  ty-pzs descr ibed abnve. The form of t h e  ins i rwet ion  

used t o  read  these  da t a  i s :  

READ(7,9038)SIGNG, RTNG, FNG1, Y,  I T  

9038 FOFXt4T(’/I(, W9.2, F5.3, 5F9.2, ~ 8 0 ,  il ) 

A l l  of t h e  va r i ab le s  i n  t h i s  i n s t r u c t i o n  except Y have t h e  d e f j n i t i o n s  

given i n  Sec t .  3.2. Radiat ive capture  i s  t h e  only neutron absorpt ion 



event t h a t  is t rea ted  f o r  t he  T i s s i o n  p:r:ociucts. 
s ec t ions  and i n f i n i t e  dil.ut;ion :~esoritzlice integrals for t h e  tb.e-t-m.al. 

1-eactors were o3tained f y m  Stelin et aL. 

the LWBII were estimated by Arnold, 

i n  the f a s t  r eac to r  libi.ai?y, axid t he  variable STGM(; j.3 3, spectrum-averaged 

vaLue i n  t h i s  insixnee. The varri.sb1.e Y is am. array- of dimensiou "5" and 

contains  energy-deperidezt direct fission product y ie lds  f o r  a 11.u1nber of 

f i s s i o n a b l e  i so topes .  'Yctble 3.4 describe:; the i.n.forrnation contained i n  
thr; Y a r r a y  f o r  each of %he z'eixtor. spectra. Tkierrnal f i s s i o n  yi .e l .ds  a n d  

flission y i e lds  for %ast-neu'trol?_-irir~c~~ f:i.s sion of Th were ~;e!ier.a.ted 

frm the compilhtion of 'K.a,tci;fP 

the d i r e c t  yield wa,:; to the fi.rst inexfiber (:if a. chain when e:cper*imenl;al 

data were not ava.il;Lbl.e. Di rec t  fission y i e l d s  T o r  I"ast-nFi i i ron-induc~~- 
71 f i s s ion  of' 23:5U, ':%, and "3i'31~~ were obtained from Meek and R i 6 . e ~ . ~ . . .  

The data of Meek and Ricler for. ther.rr~al-ne.utl-cri fission yTe1.d.s of -"LI 

and 

paring t'ne ca l cu la t ed  p o s t i r r a d i a t i o n  p:roperti.es of the  f i s s i o n  products 

coniputed usi.rq;S t h e  ~ I T O  se- ts  of yields w i b h  the a f t e r h e a t  values of' S'tiure, 

For postirradia'Lion times less than 300 sec, use of the y ie lds  4 u  the 

ORIGEN 1- ib ra~y  results in be bLer agremen t  with S1.iu.r.e ' 8 aft>erfieat curves 

' I Y I . ~  Z;?OO-rn/sec cross 

6 
m d  from ~ r a k . e ; 7  tinosti: for 

'The iiarLable R11G is no-l; empI.oyed 1 7  

2 3 2 

a y  coris(?r.vxLively assuming t h a t  all of 2 0  

2 ?r- 

2 :) 
.'%u were t e s t e d  a g a h s t  t h e  val.ues Tin the ORIGEN Library by eom- 

22 

Table 3.b. Fissionable I s o t ~ p e r :  f o r  Tki.ch Direc t  F'is:;licm Y i e l d  Data 
Axe Included in the ORI~GKKT Library f o r  Vst~ious R e a c t o r  Spectra 

3 
1; i nd ica t e s  that the yield i s  for thern~;zl-neutron-induced f i s s i o n .  

f' indi.eates tl-.at the yie ld  i s  for  fission-sp~~ctrwl-energy neutrons.  b 
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than. does use of Meek and Rider ’s  y-ield data. Hence, t he  present  s e t  of 

f i s s i o n  product y i e l d s  has been r e t a ined  s ince ,  f o r  t h e  f i s s i o n  product 

i so topes  and p rope r t i e s  i n  t h e  ORIGEN l i b r a r y ,  they r e su l - t  i n  ca,l.culated 

p o s t i r r a d i a t i o n  proper- t ies  t h a t  agree more c l o s e l y  with accepted va lues .  

The disagreement i s  on t h e  low s jde ;  and t h e r e  i s  specula t ion  t h a t  t he  

da t a  of Shure may imderpredict  ac”iual a f t e r h e a t s ,  which would aggrava-Le 

the  disagreement. 4 la ter  and more ex tens ive  corapilati.on of  f i s s i o n  

product y i e lds  by Meek and Rider  

wr i t i ng ,  but  may r e s u l t  i n  be t t ey  agreement of the a f t e r h e a t  values .  

2 3  could not  be considered a t  t h e  present  

I n  a I-ight water r e a c t o r  fue led  with low-enrichment uranium, a few 

percent  of t h e  f i s s i o n s  w i l l  occur i n  the iso’cope ’”h; i n  an LMFBR, 

f i s s i o n  will t ake  p lace  i n  both 2 4 0 ~ ~  and 241h.+ Hence, esti.mates of 

d i r e c t  f i s s i o n  y i e lds  f o r  f i s s i o n  o f  t hese  i so topes  a r e  required t o  

t r e a t  such f u e l s .  Ektensive measurements of  d i r e c t  f i s s i o n  y i e lds  for 
24 t hese  i so topes  have not been made, and ca l cu la t ions  t h a t  have been made 

involve a r b i t r a r y  co r rec t ion  fac. tors  which have not  been v e r i f i e d  experi-  

mental ly  and have been t h e  sub jec t  of c r i t i c i s m  by Wahl. 25 
i n  t h e  present  ORIGEN code, t h e  d i r e c t  f i s s i o n  y i e lds  Poi- t hese  i so topes  

a re  taken t o  be equal  t o  those  f o r  23gh. 

bel ieved t o  be s u f f i c i e n t l y  accura te  f o r  compiiting propert i -es  of mixed 

f i s s i o n  products ,  it may introduce su3stantial  e r r o r s  i n  es t imates  of 

concentrat ions of i nd iv idua l  i so topes ,  p a r t i c u l a r l y  f o r  chains whose 

y i e lds  f a l l  on t h e  edges o f  t h e  low mass peak. 

m e r e f o r e ,  

Although t h i s  approximation i s  

3.4 Photon Yield Library 

Data f i l e s  4, 5, and 6 contain multigroup photon production da ta  

for t he  cladding and s t r u c t u r a l  materials, heavy me-tal iso-Lopes, and 

f i s s i o n  product i so topes ,  respec t ive ly .  

The lower energy bound energy groups, i n  t h e  PHOEBE group s t r u c t u r e ,  

and aver;zge energy i n  each of t hese  groups a r e  glven i n  Table 3.7. For 

t h e  isotopes of the  a c t i n i d e  elements, t he  lowest energy group has been 

divided. i n t o  seven smaller groups with enere;j.es down t o  20 keV, r e s u l t i n g  

i n  a n  18-energy-group s t ruc tu re .  

Both f i l e s  4 and 6 contain 1 2  
26 

This modif icat ion was made i n  order t o  



Table 3.7. Lower Fmrgy Bounds and Average Group Energies for 
1’2 Photon Energy Groups in the ORICEN Li’orary 

Group 
Lower y%ergy 

(MeV) 
Me .an Energy 

(MeV) 

5 
6 
7 
8 
9 
10 

11 

12 

0.2 

0.4 
0.9 
1.35 
1.8 
2.2 

2.6 
3.0 

3.5 
4.0 
1-L . 5 

5.0 

0. 3 
0.63 
2.10 

1.55 

1-59 
2.38 
2.75 
3.2 

3.7 
4.22 

4.70 
5.25 
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enable t h e  user  t o  compute the  x-ray source s t r eng th  i n  r e f a b r i c a t e d  

f u e l s .  The bounds and average energies  f o r  t hese  low-energy groups are 

given i n  Table 3.8. 
8 through 18 h2ve the same energy bounds and average energies  as groups 

2 through 1 2  f o r  t h e  f i s s i o n  products.  

For the  i so topes  of t h e  a c t i n i d e  elements,  groups 

The photon abundances and energies  accompanying a d i s i n t e g r a t i o n  

event are based e n t i r e l y  on the t a b l e s  of Lederer e t  a l e 1  Arnold has 

used t h e  SPECTRA code' t o  ca l cu la t e  t h e  cont r ibu t ion  t o  t h e  gamma-yay 

source from brebmsstrahlung r a d i a t i o n  produced by b e t a  decay i n  a uranium 

dioxide matrix.  H i s  results f o r  s eve ra l  of t h e  more imporiant f i s s i o n  

products a e  given i n  Table 3.9. 
photon y i e l d s  i n  t h e  nuclear  da t a  l i b r a r y ,  which a re  recorded i n  t h e  

form of an equiva len t  number of  photons per  d i s i n t e g r a t i o n  having the  

avei-age energy of a given group. 

T'nese values have been zilded t o  t h e  

Table 3.8. Lower Energy Bounds and Average Groiq  Energies 
fox- X-Ray Groups i n  Act inide Pho-Lon TJibrary 

Average Energy 
(MeV) 

0.02 

0.035 
0.050 

0.125 

0.25 

0.075 

0.175 

0.03 

0.04 
0.06 
0.1. 

0.15 

0.2 

0.3 
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Table 3.9. Estimates of Bremsstrahlurg i'hotons Resul.ti.ng from Be.t;a 
Decay of Several Fission Products in a Uranium Dic1xid.e Matrix 

Photon Energy rho-tons per Beta 
Isotope Croup Dis in tegra t ion  

30, 

1% 
1-06 

Pr 144 

146, 

147Pm 

1 
2 

1 
2 

1 
2 
3 
4 
5 

1 
2 
3 
1-1 

5 
6 
7 
8 

1 
2 
3 
4 

7 

1 
2 

I 

1.01 x l oLz  
4.2b x lo-5 

3 
6 4.69 x 1.0- 

4.39 x 10- 

1+.94 x 10-2 
1.62 x 1.0-2 
2.48 x loq3 4 2.148 x 10- 
1.36 x 10-5 

1. $29 x 10 -1 
6.452 x 10-2 
1.61.7 x 
3.886 x 1.0-2 

7.528 x 
2.55 x 10-2- 

2.770 x 

4.00 x 10-7 
3.962 x 10-5 

7.533 x 10-3 
9.722 ic: 10-5 

6.733 x 10- 4 



In  computing t h e  x-ray source s t r eng th  i.n r e fab r i ca t ed  pl-utonium 

fiiel.s, one source of photon r a d i a t i o n  t h a t  l i s  t o  be considered i s  (a ,y )  

r a d i a t i o n  o r ig ina t ing  from t h e  r eac t ion  ''O(CX,il) N i n  oxide f u e l s .  

Slnce "',I i s  the  pl-utonium iso tope  of highes-i; specific: alTha a c t i v i ~ t y  

t h a t  i s  present  i n  y u a i t i t y  i n  recyc le  plutonium f u e l s ,  t he  photon pro- 

duction from thris source has been included i n  the  pho-ton production da ta  

for  238Pu. 

o f  238Pu i n  an oxide matrix wa,s obtained from t h e  compilatrion of Stoddard 

and Albeiiesius. 

21 

'me spectrum of photon i-adiati-on r e s u l t i n g  from alpha decay 

27 

3.5 Miscell-meous Nuckar  Proper t ies  

The GRIGEN code t r e a t s  several o the r  sources of rad.i.at?on t h a t  a r e  

not  .included i n  t h e  nuclear  da ta  I.ihrrary b u t ,  tns tead ,  a r e  programmed 

i n t o  t h e  code, Specifi.caSl.y, these  a r e  photon and neutmn production 

from spontaneous f i s s i o n  of t he  transplutonium iso topes ,  and neutron 

produc-Lion by (CX,n) r eac t ions  of alpha p a r t i c l e s  with 1 7 G  and '-'O i n  

oxride f u e l s .  The spontaneous f i s s i o n  photon spectrum was taken t o  be 

t h e  sum of t h e  prompt g m a - r a y  photon spectrum of 235U given by P e e k  

and MaierlscheinZ8 and the  equi l ibr ium f i s s i o n  product photon spectrum 

used by Stoddard. '' These da ta  were converted to t he  18-energy-group 

s t r u c t u r e  sho-m i n  Table 3. LO, usling f l a t  weigh-Ling wi th in  energy groups 

This intonnat ion,  whi~ch i s  s to red  i n  t h e  a r r a y  SFGL4MA (defined. i n  sub- 

rou t ine  GAMMA), i s  empl-oyed t o  compute t h e  photon spectrum r e s u l t i n g  

from radioac t ive  decay of t he  isotopes of t h e  ac t in ide  elements. 

Spontaneous fission of i so topes  of t he  ac t in ide  elements i s  accom- 

panied by the  r e l e a s e  of neutrons,  which present  a i  add i t iona l  souT=ce of 

pene t ra t ing  radiat ior i .  Tne average number of neutrons re leased ,  v ,  i n  

-the spontaneous f i s s i o n  of a number o f  isotopes has been swnmarized by 

Arnold." The val-ues of v f o r  isotopes of mass 238 through 244 increase  

appi-oximately 1inearl.y with increasing atomic weight, A, and, wi th in  the  

s c a t t e r  of t h e  da t a ,  a re  wel l  represented by the  equation 

(1) v -= 2.84 + 0.1225 (A .. 244) . 



3 5 

Prompi; plus equi.l.ibri.mn f i s s i o n  product; x- arid y-r-ays 

5 
6 

7 
8 

9 
10 

11 

1.2 

13 
14 
15 
1.6 
1.7 
18 

Sum 

0.03 

0.04 
0.06 

0. I 

0.15 

0.2 

0 . 3  

0.63 
1.. 1-0 

1.55 

1-99 
2.38 

2 - 7 5  
3.2 

3.7 
4.22 

4. 70 
5.25 

0. m r  
0.084 
0.14 
o.lc5 
0.64 
0.99 
2.01 

9-15 
1.87 
l-. 27  

0.67 
0.24 
0.16 

0.097 
0.062 

0.039 

0.019 

0.01.2 

18.03 

0.00252 

0.00336 

0.  C3GY-k 

0.046 
G. 096 
0.1.98 
0.603 

5.76 
2 .cG 
1.. 97 
I. 34 
0. no 
0.1~3 

0.31 

0.23 
0 * 1.6 
0.087 
0.061 

14.17 



This funct ion i s  used i n  subrout ine GAMMA t o  compute t h e  spec;-fie neutron 

gpneration r a t e s  i n  spent f u e l s .  The OHlGEN code ca l cu la t e s  only the 

t o t a l  neutron production r a t e s ;  however, t he  energy dependence of t h e  

sponianeous fj ss ion  neutron spectrum for seve ra l  i s o i v p e s  has been found 

t o  be s imi la r  t o  t h a t  of 235,. a? 

Tn some appl ica t ions ,  neutrons produced by ( a , n )  reac t ions  of high- 

energy al-pha p a r t i c l e s  with l i g h t  elements c o n s t i t u t e  an important source 

of pene t ra t ing  radiat i -on.  

of t he  quant i ty  and spec t r a  of neutrons produced by reac t ions  of alpha 

p a r t i c l e s  from 238 fi, 24’2Cm, and 244Crn with oxygen atoms i.n oxide f u e l s  

and, i n  t he  case of  

by a f ac to r  of 2 .  In - h e  ORIGEN code, t‘ne number of  neutrons produced 

per  alpha d i s in t eg ra t ion  i n  UOz f u e l  i s  ca l cu la t ed  f r o m  the  r e l a t ionsh ip :  

27,29,30 Theoret ical  es  timatcs have been made 

2 38 
FuO?, have been found t o  exceed eiupertmenta.1. values 

neutrons 1.0 3.65 
:I 1.0 x 10- Ea , alpha d i s in t eg ra t ion  

where E, i s  t h e  alpha p a r t i c l e  energy i n  MeV. 

i n  source s t rengths  t h a t  a r e  approximately 50% of theore t ica l  , in dgree- 

ment with the experimental r e s u l t s  f o r  238&. 

i o  compute neuiron production by a l l  alpha emi t t e r s ,  including those f o r  

which da ta  have not greviously been ava i l ab le .  

!This expression r e s u l t s  

hquation ( 2 )  i s  employed 
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11. USER'S MANUAL !'OR THE ORiG3N CODE 

The ORIGEN computer code i s  a col.l.ection of programs t h a t :  (1) proc- 

e s s e s  a l i b r a r y  of nuclear  p rope r t i e s  t o  cons t ruc t  a s e t  of f i r s t - o r d e r ,  

l i n e a r ,  ordinary d i f f e r e n t l a l  equations describi-ng t h e  r a t e s  of  formation 

and des t ruc t ion  of tile nucl ides  contained i n  t h e  l i b r a r y ;  ( 2 )  solves t h e  

r e s u l t i n g  set of equat ions,  foi- a gi.ven s e t  of i n i t i a l  condi t ions and 

i r r a d i a t i o n  history, Lo obta in  t h e  i so top ic  cornposi tion; of t h e  discharged 

f u e l  components as a func t ion  of p o s t i r r a d i a t i o n  t ime; and ( 3 )  uses  -the 

i so top ic  compositions and. nuclear  p rope r t i e s  of indivj-dual nucl ides  t o  

cons t ruc t  tables descr ibing t h e  radtoac-Livi t ies  , thermal power, p o t e n t i a l  

i nha la t ion  and inges t ion  hazards ,  and pho'ion and neutron production r a t e s  

i n  t h e  discharged fuel. A t  p re sen t ,  t he  nuc l ides  i n  t h e  l i b r a r y  a re  

di-vided i n t o  t h r e e  el-asses : (1) cladding and. s t r u c t u r a l  materia1.s; 

( 2 )  i so topes  of' a c t in ide  eLements and theTr r ad ioac t ive  decay produ-cts; 

and ( 3 )  f i s s i o n  products.  i n  t h e  output tabl.es, the  t h r e e  c l a s ses  of 
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mater ia l s  axe presented s e p w a t e l y ;  as a r e s u l t ,  c e r t a i n  isotopes are 

repented. Thus tritTmi and he.Liuri that a n  formed from s p a l l a t i o n  

reac t ions  of the l j g h t  elernerks a re  distingpisher3. from f i s s i o n  product 

tritium or from helium produced in :alpha decay. Also, Tsotopes of 

severa,l elements, notably zirconium, a re  considered both wTth the 

cladding and s t ru .c tur i t l  materi .als and. as f i s s i o n  products.  This dds- 

t i n c t i o n  between the sources of t h e  i so topes  enables t h e  user -Lo t r e a t  

p rob lem such as the  eff"ects of e.xposure on cladding embrtttlement and 

on changes i n  -ttie i s o t o p i c  composition of sLrv.c~tural mater ia l s .  

The f irst  output t h a t  t he  program prothices cons i s t s  of a summary of 

the  nuclear  da ta  library. A di.ctionary. that; explains  t h e  abbyeviations 

used in l2ie coJ_lmm headings i n  the Library i s  included at. the beginning 

of 'the l i b r a r y .  

composition oi' t he  fuel as a functj-on of exposure time. Tle compositions 

w i l . 1  be given i n  wii.ts of g-atorris pe r  u n i t  of f u e l  charged t o  the r eac to r .  

?"ne mj-t of f u e l  considered i s  ani input  va r i ab le  and may be my cons i s t en t  

The code then p r i n t s  a t a b l e  containing the i s o t o p i c  

quant i ty  (e .g . ,  a metr ic  ton of uranium, an e n t i r e  fuel assernbpj, or 

lo@ atoIUS O f  i J ) .  
2 35- 

The c0d.e next prin-ts t a b l e s  showing -tihe p~oper t l i e s  o f  t he  dkscharged 

f u e l .  ITie followi.ng p rope r t i e s  a x e  computed f o r  the unit of' fuel t h a t  

was spec i f i ed  t o  be charged t o  t h e  r eac to r :  

(1) g-atoms, 

( 2 )  g r m s ,  

(3) cur i e s ,  

( 4 )  total pi-7 watts, 
( 5 )  ;v wat ts ,  

(6) cubic meters of a i r  reqiiired. t o  d i l u t e  the r a d i o a c t i v i t y  t o  

RCG,, and 

(7) cubic meters of water required t o  d i l u t e  %he r a d i o a c t i v i t y  t o  

HCGC;,\,. 

A11 seven types of in fomat ion  a re  f i r s t  computed f o r  the cl.adding and 

s t r u c t u r a l  ma te r i a l s ,  then fcir the  heavy metal i so topes ,  and f i n a l l y  f o r  

t he  f i s s i o n  products.  Four tabl.es are pr in ted  f o r  each property;  the  
f i r s t  gtves the properties OF every indivi6iial i so tope  corisidered i.n the 



l i b r a r y ,  t h e  second g ives  t h e  p rope r t i e s  as a Yiinction of each chemical 

element, the t h i r d  summarizes t h e  p rope r t i e s  f o r  only t h e  m o s t  important 

individual.  i so topes  and i s  designed t o  fi.t on an 8-1/2 x I1 i n .  page, 

and the fou r th  summarizes t h e  p rope r t l e s  of t h e  chemical elements. Thus, 
84 t a b l e s  can be p r i n t e d  -- four  t a b l e s  f o r  seven p rope r t i e s  of t h ree  

classes of  i so topes .  By proper s e l e c t i o n  of inpu’i variables,  it i s  

p o s s i b l e  t o  e l imina te  cer ta i -n  of these  t a b l e s  as descr ibed i n  Sect.  4 .2 .  

Foll.owing t h e  t a b l e s  of the  p rope r t l e s  o f  t h e  isotopes and elemexits, 

t a b l e s  of t h e  pene t r a t ing  r a d i a t i o n s  emanating from t h e  spent  f u e l  a r e  

p r i n t e d  out. The f i r s t  -table g ives ,  as a func t ion  of p o s t i r r a d i a t i o n  

t ime, a 12-energy-group spectrum of gamma radiat i -on emit ted from t h e  

f u e l  as t h e  r e s u l t  o f  t h e  a c t i v i t y  induced i n  t h e  cladding and s t ructu.ra1 

ma-terials.  The da ta  a re  presented as t h e  number of  photons of a given 

average energy which a r e  produced pe r  second pe r  u n i t  of  f u e l  as charged 

t o  t h e  r eac to r .  A second t a b l e  i s  a l s o  p r i n t e d  that. g ives ,  as a func t ion  

of p o s t i r r a d i a t i o n  t ime, t h e  number o f  rnegavol’is per sccond per  w a t t  of 

average power produced i n  a uni t  o f  f u e l  which are r e l eased  as photons 

i n t o  t h e  1 2  energy groups. Subsequently, two t a b l e s  t h a t  provide the  

same information f o r  t h e  f i s s i o n  products a r e  p r i n t e d  out .  F ’ O l l O w i . n g  

t h e  t a b l e s  of photon r e l e a s e  r a t e s  f o r  t h e  f i s s i o n  products i s  a t a b l e  

sumrnarizing t h e  most important con t r ibu to r s  t o  the photon production 

r a t e  i n  each of  t h e  1 2  energy groups. 

The final t a b l e s  conta in  information generated concerning t h e  pene- 

t r a t i n g  r ad ia t ions  produced i n  t h e  isotopes of t h e  ac t in ide  elements and 

t h e i r  r ad ioac t ive  decay daughters.  First, a t a b l e  i s  p i n - t e d  t h a t  g ives ,  

f o r  each alpha r ad ioac t ive  i so tope  as a func t ion  of posTirradiat3.m time, 

estimates of  t h e  number of neutrons r e l eased  pe r  second from a u n i t  of 

rue1  as t h e  r e s u l t  of (a,n) r eac t ions .  This i s  followed by a t a b l e  which 

g ives  es t imates  of t h e  numn’oer of neutrons r e l eased  p e r  second from a u n i t  

of f u e l  by isotopes t h a t  imdergo spontaneous f i s s i o n .  In  each of t hese  

t a b l e s ,  only t h e  t o t a l  number of neutrons of all energies  re leased  a t  a 

given t i m e  i.s ca lcu la ted .  However, t he  energy s p e c t n m  oP neutrons 

emit ted i n  spontaneous f i s s i o n  of severcal nucI.ides has been found t o  be  



similar t o  that f o r  235U,1 and es t imates  of Lhe s p e c t r m  of neutron 

energ ies  a r i s i n g  P'rom (a,n) r eac t ions  have betin made f o r  s eve ra l  of the  

The f i n a l  t a b l e  t h a t  i s  p r in t ed  conl;a.ins estirnates,  using a.n 18-energy- 

group s t r u c t u r e ,  of the spectrum of photoas produced by decay of isotopes 

of the  a c t i n i d e  elerrtents and t h e i r  radioact ive daughters, as a. func t ion  

of p o s t i r r a d i a t i o n  time. The da t a  i n  tb i . s  table also i.nclude t b e  c o n t r i -  

but ions from t h e  prompt g m a  rays  accompanyj.ng sp0ntaneou.s f i s s i o n  and 

from the gamma rays r e l eased  by t h e  eqyilibriurn Tiss ion products t h a t  a r e  

formed i n  spontaneous f i s s i o n .  Every tab1.e in t he  output  is eoncI.u.ded by 

a row of t o t a l s  represent ing  the sum of t h e  p rope r t i e s  f o r  the i.sotopes 

i n  that t ab l e .  

fiirig, -tUel, and f i s s i o n  products ) ,  it i s  :necessary t o  add tlne cont r ibu t ions  
from the sepa ra t e  t a b l e s .  

To ob ta in  the  t o t a l  cont r ibu t ion  from a l l  isotopes (clad- 

4 .1  Descr ipt ion of ORTGEN Code Programs 

The names of the various subrout ines ,  thetr na.jor funct ions,  and t he  

k p o r t a n t  variable names i n  each rout ine  a r e  descr ibed below i n  the  order 

i n  which they are e.ozployed jri t h c  code, 

IAIN.  - This i s  the  program i'nat supervises  the  execution of t a s k s  by - 
t-h: o ther  routines. With t'ne excepti or1 o f  t he  nuclear  data,  311 input  i s  
r ead  by .t$e M M N  program from the card redder (Unit  50). The code solves 

the  sei, of f i r s t - o r d e r ,  l i n e a - ,  o rd inary  d i f f e r e n t i a l  equat ions 

X .-., = m -  A X -+ 2, given X ( 0 )  -., , 

where z(0)  i.s a set of i n i t i a l  concentrati.cms, X ( t )  is t h e  time-dependent 

so l -u t ion  t h a t  i s  desired,  A Lis a matr ix  of f i r s t - o r d e r  r a t e  coe f f i c i en t s ,  

and. B i s  a forc ing  vec tor .  T'e so lu t ion  X(t) i s  obtained at i n t e r v a l s  

tl, t2.. .tk, and. it i s  req-uired .that A and B be constark between intervals. 
The cons t ruc t ion  of the rnatrixa 2.s performed by o the r  subroutines t h a t  

a r e  descr ibed below. 
gram MAIN ei ther .  by reading data from cards  or  by rnariipulati.on of dat,a 

generated. i n  a previous calculation t h a t  i.s s tored  i n  an a r ray .  lil the  

i-., 

$x 

-1 .-., 

M - 
N 

The vectors + and B are assigned values I n  t'he pro- 
.-d 
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code, tlie va r i ab le s  5 and N B have tlie names A and B, t he  va r i ab le  X ( 0 )  - has 

the  name XZERg, a n d  t he  so lu t ion  has the name Y3EW. 

s to red  i n  l abe led  common blocks /MATRLX/ and /Ea/ .  

These va r i ab le s  a r e  

IKTDATA. - Subrou-tine NLTTATA processes  the  nuclear  d a t a  from t h e  

l i b r a r y  tape  and cons t ruc ts  par-t of  t he  t r a n s i t i o n  matr ix  & *  
two cards from t'ne card  render .  The €5-rs-t one contains  a t i t l e  f o r  t h e  

l i b r a r y  t h a t  will be p r i n t e d  with the  ou'iput, as well as an in t ege r ,  

NLIBE (k column 75), t'nat designates  the  r e a c t o r  spectrum over which. 

the  c ross  sec t ions  a r e  t o  be averaged. The second one conta ins  weighting 

fac- tors  f o r  t h e  reaci;or spectrum, a f i e l d  for t 'ne  da te ,  and swi.tches t o  

suppress p a r t  o f  t h e  output.  The subrouti.ne reads the da ta  from t h e  

1.ibral-y tape  and p r i n t s  ou-t t'ne l i b r a r y  of da t a  t o  be used i n  t'ne calcu-  

lations. 

t h e  va r i ab le  A. 

constructed t o  be used t o  l o c a t e  the  matr ix  elements. These var iab1.e~ 

a re  stored. i n  l abe led  common block /MATRIX/. Table )h+l l i s t s  o the r  data 

(from the  nucl-ear l i b r a r y )  -that a r e  s t o r e d  by subroutine NDDATA and w i l l  

be requi red  i n  subsequent ca l cu la t ions .  

It reads 

The nonzero, off-diagonal  terms of the matr ix  ,A a r e  stored. i n  

Three in t ege r  vectors ,  T@C, N@O, a n d  KD, a re  a l s o  

HALF. - This subroutine computes the rad ioac t ive  decay constant  i n  

u n i t s  of see-', Twhen the  h a l f - l i f e  of t'ne rad ionucl ide  i s  given i n  u n i i s  

designated by the  v a r i a b l e  iU ( see  Sect.  3.1).  

NflAH. - This subroutine cons t ruc ts  a three-word alphameric symbol f o r  

an iso-tope from i t s  s i x - d i g i t  i den t i fy ing  number. The t h r e e  words c o n s i s t  

of tlie symbol f o r  the  chemical element, t h e  atomic weigh'c, and e i t h e r  a 

blank or an "M" t o  designate  a ground o r  metastable  s t a t e ,  respec-Lively. 

These symb0l.s a r e  used only when p r i n t i n g  output  t a b l e s .  

BL@K DATA. - A BLgCK DATA su'oroutine i s  used t o  i n i t i a l i z e  t h e  

va r i ab le s  i n  I-abeled common block /LABEL/. 

an a r r a y  of chemical symbols, ELE, and a va r i ab le  t o  designate  the isomeric 

s t a t e  of a nucl ide,  STA. These a r rays  a r e  used i n  conjun-ction with sub- 

rout ine  N$AI-I. % 

These va r i ab le s  cons i s t  of 
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Table 4.1. Defin i t ions  and Storage Locations o€ Important, 
Variables Assigned Values i n  Subroutine NUDR'TA 

Variable Common Block D e  f i ni. t ion  

ABUT\SD 

ALPHAN 

I so top ic  abmdances of the  cladding 
and. s t r u c t u r a l  mater ia l s ,  a t .  $ 

Xumber of neutrons produced per 
alpha d i s i n t e g r a t i o n  by heaq-  metal 
isotope 6 

/$UT/ 

/$W 

Radioac t iv i ty  eoncentrat i  on guide f o r  
continuous inha la t ion  i.n u n r e s t r i c t e d  
a reas ,  p~ i j c rn3  

AMPC /WC/ 

-1 DIS /FLVXH/ Radioactive decay c o n s t m t ,  see 

PG 

FI ss 

NUCL 

Fractiori  of rad ioac t ive  decay energy 
t h a t  results Prom photons of energies 
above 200 keV 

/FLuxpJ/ Spectrua-averaged f i v - .  o o ~ o n  cross 
sect, ion,  barns  

S ix -d ig i t  i n t ege r  constant  used t o  
ident iPy  i so topes  

Radioactive decay energy re leased  as 
recoverable  l.iea,t, MeV/disintegration 

/$UT / 

/$UT / 

Spontaneous f . ission r a t e  f o r  heavy 
metal  isotopes,  f i s s i o n s  /sec -atom 

SPprNF /$UT / 

!@CAP To ta l  spe ctrum-averaged neutron 
absorpt ion cross sect ion,  barns  

Radioac t iv i ty  concentrat ion g u i d e  Cor 
continuous inyes t ion  i n  u n r e s t r i c t e d  

/ F L W  / 

mc/ 
areas ,  pCi/cm 5 



PIT$LTR. - PHj6TJIB reads t h e  multigroup photon production da ta  from 

t h e  iiuclear l i b r a r y  tape  and s t o r e s  t h e  information i n  klie a r rays  GAMGRP 

and ALCTGIIC" The a r r ay  GAMGIP conta ins  1..2 -energy-group photon production 

da ta  f o r  t he  i so topes  of t h e  cladding and struci;ur.al. materia1.s and of t he  

f i s s i o n  products ,  while t h e  a r r a y  ACTGHP contains  1.8-energy-group da ta  

f o r  i so topes  of t h e  a c t i n i d e  elements and t h e i r  r ad ioac t lve  dec?y daughters.  

This subrout ine a l s o  p r i n t s  a t a b l e  containing the  da t a  i n  t h e  l i b r a r y .  

FLUX$. - This subrout ine uses  a Taylor s e r i e s  expansion about t he  

s t a r t  of a computational j -nterval  t o  esbimate: 

during t h e  h t e r v a l ,  when the r eac to r  power i s  gi.ven; o r  ( 2 )  t he  average 

power genera-Led by t h e  fuel. during the i n t e r v a l ,  when t h e  neutron f l u x  i s  

given. Once t h e  f l u x  has been obtained,  it i s  mul t ip l i ed  by t h e  cross  

sec t ions  t o  generate  f i r s t - o r d e r  ra te  cons tan ts  f o r  production \and des t ruc-  

t i o n  of nuc1.id.e~ by neutron-induced reacti-ons.  The subrout ine a l s o  con- 

s t r u c t s  the  diagonal  matr ix  element f o r  each i so tope  from t h e  nega t ive  of 

t he  sum of t he  d is in tegyat ion  cons tan t ,  -the produc-t o f  t h e  spectrum- 

averaged t o t a l  absorpt ion cross sectiori  ti.:mes t h e  fl.ux, and t h e  ra-Le 

c o e f f i c i e n t  for other  removal processes  t h a t  a r e  3 ropor t ioaa l  t o  t h e  

instantaneous concentrat ion (e .g .  , leakage o r  f i r s t - o r d e r  chemical. 

r e a c t i o n ) .  

l abe led  common block /EQ/. 

(1) t he  average flux 

The diagonal  matr ix  elements are s t o r e d  i n  t h e  a r r a y  D i n  

DECAY. - Tliis subroutri-ne solves t h e  Bateman equatri-ons for nucl ides  

t'nat occur a t  t h e  beginning of decay chaLns and have h a l f - l i v e s  t h a t  a r e  

s h o r t  with r e spec t  t o  the  time interval .  f o r  t h e  caSculat ion (Lime i n t e r v a l  

greaber than  10 h a l f - l i v e s  ). The concentrat ions of t h e  shor t - l ived  

nucl ides  a t  t h e  end o f  t h e  i n t e r v a l  are contained j.n t h e  a r r a y  XNEW, 

and t h e  concentrat ions of  any long-lived o r  s t a b l e  daughters a t  t h e  s t a r t  

of  t h e  inLerva1 a r e  augmented by t h e  m-oimt t h a t  the sho r t - l i ved  precursor  

has d-ecayed. 'fie v a r i a b l e  X T W  i s  used 'Lo contain t h e  adjusted i n i t i a l  

concentrat ions of  t h e  1ong-l.rived and s t a b l e  mater ia l s .  The variabl..es a r e  

s to red  i n  labe led  cornmon block /3Q/. 
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TERM. - The subrout ine TERM has -I;-wo pr i .ncipal  i'unctiixis. it eon- 

s t ruet : ;  a reduced coe f f i c i en t  matr ix  t h a t  involves t r a n s i t i o n s  between 

only long-l ived fir stalol.e nucli.des. By way of w2lana t ion ,  i f  a cliarin 

A 3 I3 -+ C exis t s ,  <and i f  i so tope  E i s  sho r t - l i ved  while i so topes  A and C 

are long-l ived,  a matrix clement i s  c rea t ed  f o r  t h e  event A -+ C directly 

and i s  en-tered i n t o  the array AP. Trine array AP i s  a l o c a l  va r i ab le  t h a t  

i s  used i n  subrout ine TERM. I"ne second filnctj-on of subrout ine TERM. is t o  

sol.ve the  reduced system of  equations Ynat r e s u l t s  when the  sho r t - l i ved  

nucl ides  are excluded. ?"ne equati.ons a re  solwci by t h e  matrix exponential  

method, using ai algorithm which involves use of a recurs ion  rel .a t ion t o  

generate  the  ma. t r ix  exponent ia l  functicm, as descr ibed i n  Sect.  2.1. The 

so lu t ion  -that i s  obtained f o r  t h e  concentrat ions of the 1.ong-l.ivetl and 

s t a b l e  nuclides a t  t h e  end of t h e  time in te rva l .  i s  containecl i n  the array 
XNEW. 

EQJJZL. - Sulwoutine EQT.JIL i s  used t o  p lace  short- l ived.  daughters i n  

secular  equilibrium with long-l.ived parents .  'The sLicoroutine uses the 

Gauss-Seidel successive s u b s t i t u t i o n  algorithm t o  solve a s e t  of l i n e a r  

a lgebra ic  equations ~ 'The r e s u l t i n g  concentrat ions are contained i n  the 

a r r a y  XfiTW. 

$UTI?UT. - As i t s  name i n d i c a t e s ,  t h i s  subroutine produces t a b l e s  of 

output containing the prope r t i e s  of I r rad. ia ted matel-ia1.s. 

avai.1abl.e t o  it t h e  array DJEW, which cont,ain.s t he  conceatra-tions of the 

fiuel as a funct ion of time, md o the r  axrays containing the rad. ioact ive 

decay cons tan t ,  the hea t  per  d i s i n t e g r a t i o n ,  e tc .  From these, it computes 

inventor ies  , r a d i o a c t i v i t i e s ,  t;he.rma.l powers, and o ther  p rope r t i e s  of 
i n t e r e s t .  It prints tabI.es of p rope r t i e s  of individual.  i so topes  m r 3  of 

cliernieal! element:;, and prepares  summa:ry ta;bles of t h e  most important 

contrLbutors . 

$UTnJT' has 

GAMMfl. - 'lhis subrout ine prepares  t a b l e s  of  pene t ra t ing  r a d i a t i o n  

S O U . T C ~ S  i n  spent  fue l s .  IJsriiig tke isotopic compositions i n  t h e  B!Wd ar ray ,  

the  photon r e l ease  d a t a  i n  l.abel.er3 cornmon block /PH@T$PJ/ , and. the neutron 

product ion da%a i n  1.abeled cormon block /@IJT/, G M U  compiles t ab le s  of 

mu.1ti.p;roi.q photon r e l e a s e  rates and neutron production ra-Les as a func t ion  

of t h e .  
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4.2 Descript ion of Card Input t o  the  ORIGEN Program 

The first two input  cards a re  read by the  subrout ine T\JUi)ATA. 'These 

cards  fu rn i sh  a t i t l e  for the  l i b r a p y  of iiuclear da t a ,  i d e n t i f y  the  nuclear  

da t a  l i b r a r y  t h a t  i s  t o  be read f r o m  t h e  t ape ,  provide spec t ra l  ind ices  

f o r  t he  r e a c t o r ,  and s e l c c t  c e r t a i n  options.  

A. REELD (50, 9011, END = 920) ( T l T L E ( I ) ,  I :- 1, l8), NLiRE 

9011. F@FDWJ ( 1 8 ~ 4 ,  13)  

TITLE i s  a 72-character alphameric t i t l e  which w i l l  be p r in t ed  as  

t he  heading on t'ne p r i n t o u t  of t h e  nuclear  1-ibrary. 

NLlBE i s  an in t ege r  t h a t  i d e n t i f i e s  t h e  l i bya ry  t o  be read from 

ihe  tape .  

= 1 fo r  HTGR 

2 for LME? 

= 3 f o r  LMFBH 

4 for MSBK 

B. READ (50, 9001) THERM, XES, FAST, ERR, BM~, NDAY, m, WCTAIB, TNPT, IK 

9001. F@&TAT (4~10.5, 612) 
1 

a population of neutrons having a Maxwell-Boltzinann 

d i s t r i b u t j o n  of energies  a t  absolute  temperature,  T', t o  

the  r eac t ion  r a t e  with 2200-m/sec neutrons 

TlERM" = r a t i o  of t he  neutron r eac t ion  rate for a - absorber w i t h  v 

RES = r a t i o  of the resonance f l u x  p e r  u n i t  l e thargy  t o  the  

thermal neu i ron flux. 

)c 
THERM, RES, and FAST have meaning only for thermal reac tors .  For the  
LMFBR, tile cross sec t ions  on the  tape a re  a l ready spectrum averaged, 
and TIWRM, RES, and FAS'I' a r e  equal t o  1 .0 .  
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FAST = r a t i o  of f1.m above 1. MeV to t h e  f r a c t i o n  of the fission 

spectrum above I IvTe'iJ, cilivided by the  thermal. neutron f l u .  

ERR =: a truncation e r r o r  1.imi-t wlii.ch w:ilL be considered t o  be 
-25 zero by t h e  code (10 recommended). 

Nh@, NDAY, L mnnth, day, anti p a r  when case 3.s run, t o  help i n  
NYB i dent i fy ing  output,, 

?PCTAB = an. output option.. If 1WCTA.B = 0, the output t a b l e s  w i l l  

incl.ude the quantities of air and w&er -that could be 

contaminated t o  the  rad.ioaetiv'itji concent ra t ton  guide 

(KG) values Tor inklalation. and inges t ion  by each of  the 

rad.ionucLFdes . Otherwise, t h e  t a b l e s  a x e  onitted. .  

ITJPT = an input  option. If I W T  = 0, the e n t l r e  nu.cl.ear data  

libra-ry w i l l  be r e a d  from tape on data s e t  r e fe rence  No. 7. 
I:? :[WT { 0, the photon l i b r a r y  is read f r u m  cards on da ta  

s e t  re fe rence  No. 50. Note that  the  three ,poups of i so -  

topes i n  the photon library must be separated by blank cards. 

(See the E'ORTR4ii I . i s t i n g  of subroutine PIIOL113 for d e t a i l s .  ) 

:TIC = an output option. If IR f 0, the code w i l . 1 .  w:rite out all.  

t h e  elernerris of the t r a n s i t i o n  matrix t h a t  it cons t ruc t s  

from t h e  nuclear da t a  1.ibrar.y. 'This i s  a debugging t o o l ,  

and TR is usual ly  equal t o  zero.  

l"WN = number of time i n t e r v a l s  during i r r a d i a t i o n  per iod  S O .  

M$UT = t o t a l  number of time inteu.vals €or i r r a d t n t i o n  an? pos t -  

i y r a d i a t i o n  periods SLO. 

NgBLPSD = number of  rnaterials t o  be blended (1.0. Enter 0 or 1 i f  

no blending i s  t o  be done. 
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INDEX = an input  i nd ica to r .  I f  INDEX = 0, P@WER(M) w i l l  be read on 

a subsequent card.  I f  INDEX I, FI,IJX(M) w i l l  be read. If 

J!lMN = 0, INDEX i s  not used by the  code ri.n t h i s  s t ep .  

TUTARLE - an output i nd ica to r .  If NTARLE = 0, a l l  i so topes  and a l l  t imes 

w i l l  be given i n  the  output .  If NTfU3LE = 1, only surmaaries of 

most important isotopes w i l l  be  given. 

MSTAK = another output i nd ica to r .  When summarizing 'ihc most important 

i so topes ,  the  code e l imina tes  the  isotoFes whose values a re  

below some threshold ( see  card type I) i n  time per jod  M = MSTAR. 

NGfl = a i  i i id icaki -  which t e l l s  the code whether the  ca l cu la t ion  w i l l  

be eontinired i n  a subsequent s e t  of  t imes,  o r  whether a new 

ca lcu la t ion  w i l l  be done. 

w i t h  new i n i t i a l  conditi-ons using t h e  same nuclear da ta .  A 

card of type C w i l l  be expected followi.ng card K o r  N.  

i nd ica t e s  a iiew ca lcu la t ion  w i t h  a new s e t  of nucI.ear da ta .  

A card  of type A w i l l  be expected following card  K or N. 

NG$ > 0 i-ndicates t he  present  calcul..a,tion w i l l  be continued. 

A card of type @, following card K o r  N ,  w i l l  be expected. 

NG@ < 0 h d i c a t e s  a new ca lcu la t ion  

NC-0 = 0 

MPRfiS = an ind ica to r  f o r  continuous chemical processing option. 

b"R@S = number of groups of chemical elernenis processed. 

WR#S = 0 f o r  no chemical processing. 

PFERD - continuous feed  opt ion f o r  f l u i d  f u e l  r eac to r .  MFEEE = 0 f o r  

no continuous feed; >O f o r  continuous feed. 

D. READ ( 50, 9004) TITLE 

9004 F@MAT (20A4) 

TITLE = a t i t l e  f o r  t he  ca l cu la t ion  containing up to 80 alphameric 

charac te rs .  
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C a d s  of  type E; or  F are i.ncluded only if MMN is greatel. Ynan zero. 

E:. LF (iNDEX.:p;&.O) RFAD (so,  9005) (P$WER(M), M = I, mm) 

P@WER(M) - s p e c i f i c  thermal power OP f u e l  i n  i r r a d i a t i o n  per iod  M 

rLlxvc may be p r i o d s  of z e ~ o  power; (M'ChJlun5.t of f 'uel) .  
however , t h e r e  rriay not be  two ConsecutAvc zero-pcower 

i n t e r v a l s ,  and t he  f i n a l  i r r a d i a t i o n  per iod may not have 

zero power. 

F. lI' ( 1 N D F L . E Q . l )  XEAE (50, 9005) (FLKC(Ifl), M = I., MMI'T) 

FTJUX(M) - thermal-neutron flux i n  i r r a d i 2 t i o n  period 1\/1 
i' (neutrons/cm-.sec),  or the tothtl neutron flux f o r  a 

fast reactvr. 
zero during t h e  i r r a d i a t i o n  per iod;  however, there may 

not  be two consecutive periods OF zero flux, and t h e  

f i n a l  i r r a d i a t i o n  per iod  may not have zero  flux. 

There may be periods when the f l u  is 

T(M) -. elapsed time s ince  t h e  beginning of' t h e  tal-culation 

(measured fn t ( ~ n i s  of TTiNTT). 

BASIS = a 40-character alphameric t i t l e  t h a t  i s  the u n i t  of fue l  

on which t h e  calcul-ation i s  based and t h a t  w i l l  be p r i n t e d  

out; as t h e  basis for the  calculation ( e . g . ,  "Metric Ton 

of Fuel Charged t o  Reactor").  

TCONST = a. f a c t o r  t , t?  convert  t he  input  values of T(M) i n t o  seconds 

(e .q . ,  TCONST = 3.155E7 i f  values of T(M) are input  i n  

terms of y e a r s ) .  

TUWT = an alphameric designat ion f o r  the input  u n j t s  of T(M) 

( e .  E .  , "D" ~ O L "  days ) . 

. . . . . . . . . . . . . . . . . . . . . . . 



I. READ (50, 9006) CUT@FF 

9006 P@W4T (8E10.3) 

CUT$hFF(MS) = a threshold value f o r  output  summary t a b l e s .  Any i so tope  

whose value i n  the  t i m e  pe r iod  MSTAR i s  l e s s  than  

CUT$F'F(MS) w i l l .  be omitted from the summary t a b l e  of 

p roper ty  MS. 

MS = 1 - g-atom table 

2 - gram ' table 

3 - c u r i e  t a b l e  

4 - Pi-y power t a b l e  

5 - y power t a b l e  

6 - r e l a t i v e  inha la t ion  hazard 

7 - re la t ive  inges t ion  hazard 

A value of 0.001 i s  recommended f o r  Tables 1 t o  5, and 

a value of 1.0 i s  recommended f o r  Tables 6 and '7 .  

J. IF (N@HLIJD.GT.~) READ (50, 9006) (FACT(N), N = 1, N@BLND) 

9006 P$RMAT (8~10.3) 

FACT(N) = atom f r a c t i o n  of each matcr.j.aJ. i n  a calci.il.ation f o r  

a blended f u e l .  

900'7 F@.MA'T (5(~6, E9.2), 15) 

I W C L  = nucl ide  i d e n t i f i e r  f o r  an i so tope  i n  f r e s h  f u e l .  

::: ATOMIC NO. * 10000 + ATOMIC WT * 10 + TS, where I S  = 0 

for. ground s t a t e ,  = 1 f o r  excj-ted s t a t e .  

X C @ W  = concentrat ion of nucl ide INUCL i n  f r e s h  f u e l  (expressed 

as g-atoms pe r  unit of BASIS). 

NEXT 7 an ind ica to r  giving t h e  type of t he  f i v e  i so topes  on 

the card. Thus a l l  f i v e  niusi; be of one type.  

= 1 for isotopes of cladding a n d  sLruetura1 mater ia l s  

= 2 f o r  heavy r n e k c t l  i so topes  

= 3 f o r  f i s s i o n  product isotopes 

= 4 f o r  elements of' c ladding end s-tructural .  mater ia l s  
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A l l  c a rds  of this type should be followed by a s l n g l e  

blank card. T,ien the program encounters t h e  blank card ,  

i t  continues to t h e  next pa r t  of t h e  input .  If i t  
encounters A blank JNIJCL f i e l d ,  i t  skips t h e  rest of 

t,he information on t h a t  card and r e tu rns  to statement 

1 LO. 

The fo1Lowini-T cards (1, and M) are rear1 only i f  WR$S > 0. 

L. REMI (50 ,  9011) (PRATR(M;,  N$PR@S(M), M I., MPR@S) 

9011 FfiRhZT ( 8  (E8.2, 12) ) 

PRATE(M) i s  a first-order removal curls t an t  f o r  chemical processing 
-1 by processing stream M,  sec  . 

NfiPRfiS(M\ i s  the  number of elements removed by stream M. 

M. REAE (50, 9012) ( ( N Z P K @ S ( M , N ) ,  N ::= 1, ?J@2?fiS (M) ) , M = I., PPR$S)  

9012 ~ f i ~ o m ~ ~ ~  (2014) 

NZPRfiG(bl,”.) = atomic number of element, N i n  processing ?tream 14. 

t he  continuous feed rate ol’ i so tope  TNUCJ, (in 

‘ k r s  unit of p e r  second p e r  u n i t  of f u e l ) .  
giver1 by the var iab le  BASIS. 

8EXT fol low t h e  srme conventions as descr ibe 

cards o€ type X. 

g -atoms 

fuel. is 

fox- 

ENE OF .INITIAL INPUT 



The program w i l l  now calculat ,e t h e  isotol i ic  compositions f o r  a l l  

MdLJT t i m e  per iods and w r i t e  output .  

w i l l  c i t l i e r  be ready t o  s t a r t  a new problem ( i f  NGfi < 0 )  or  continue t h e  

nresent  one (NG6 > 0). 
of the ca lcu la t ion  has t h e  form: 

After wr i t ing  output ,  t h e  program 

In t h e  l a t t e r  ca se ,  tiit.. input  f o r  t he  cont inua t ion  

0. HEW (50, 9008) m ~ ,  M ~ U T ,  N ~ ~ B L N D ,  INUEX, MSUB, MGTAK, NG@, 

MPRJdS, W E E D  

MSUB = the t i m e  per iod  i n  the  l a s t  ca l cu la t ion  considered as t h e  

s t a r t  of  t h e  new cal.culaiion; a l s o  used t o  i n d i c a t e  t h a t  

ba tch  chemical processing occurs i f  t h e  value i.s negat ive.  

WEE17 = an input  i nd ica to r  f o r  continuous feed. 

= 0, no feed  

= >0, continuous feed  a t  t h e  same r a t e  as fo r  t he  previous 

tal-culat ion. 

A l l  oxher variabl-es have t h e i r  former meanings. 

This card i s  followed by cards  of type TI, E ,  F’, G, and H o r  if’  

(see below) t o  complete the  input  f o r  ‘die continued ca l cu la t ion .  

This procedure may be repeated as desired.  “he ca lcu la t ion  w i l l  

s t o p  wherl a blank card i s  read  i n  p lace  of  a card of type C. 

When continuing a ca l cu la t ion  t h a t  was s t a r i e d  i n  a previous set  

of time periods,  a card of type H may be modified t o  include ene 

i n f  ormai i o n .  add i t iona l  p iece  of 

8’. R E N J  ( j0, 9013 

The f i r s t  th ree  Q s r i a b l e s  have t h e i r  previous meaning, while 

the  va r i ab le  lLL@ i s  the time i o  which t h e  times read on card  iy-pe 

G arc referenced.  ‘l’hus it  i s  poss ib le  t o  ca l cu la t e  t h e  p o s t i r r a -  

d i a t i o n  p rope r t i e s  of a f c e l ,  say ,  f o r  t e n  years a f t e r  discharge 

i n  t e n  t i m e  per iods ,  and then t o  c a l c u l a i e  t he  p rope r t i e s  f o r  t e n  

subsequeiik time per iods by s e t t i n g  MSUR equal t o  10 and k‘b@ equal  



t o  ten years .  'Die array TLP& w i l l  have t h e  values  1.1 through 20, 

and t h e  code w i l l  c a l c u l a t e  the proper t ies  for t h e  elapsed time 

s ince  the  t en th  year.  P o s t i r r a d i a t i o n  p rope r t i e s  a re  cal.culated 

with respec t  t o  t h e  time of discharge if' Ti$ i s  not given a v d u e .  

A negat ive value f o r  the  va r i ab le  MSlJB ind ica t e s  t h a t  batch 

chemical processing i s  assumed t o  occur a t  time T(-MSTJB), and t h a t  

dkta  g iv ing  processing information a r e  requi red  t o  be read. When 

MSUB has a negat ive value,  cards  o f  t he  t n e  Y a re  expected t o  

follow card H'. 

9003 E'$RMPLT (16, 4x, E10.3' 

The va r i ab le  LEMENT i s  the  atomic number of a c e r t a i n  chemical 

element t o  be removed, mid. FREPR@(L.F&IE;NT' i s  the  f r a c t i o n  of t h e  

m a t e r i d  that; remains a f t e r  processing. 

t i a l l y  s e t  equal 'io 1.0; thus ,  i f  no data a re  read f o r  an element, 

processing does not  a f f e c t  i t s  concentrat ion.  Cards of type P a r e  

expected t o  be read u n t i l  a blank card  i s  encountered. 

%ne a r ray  E'REPR$b i s  i n i -  

This i s  all. of the  card input  that i s  required to perform a v a r i e t y  

of ca l cu la t ions  with t'ne ORIGEN code. hi example of t h e  card  input  f o r  

a sample ease Ynat i l l u s t r a t e s  m m y  of the  f ea tu res  of t h e  eode i s  given 

bel ow. 

4.3 Input fo r  Sample Problem 

The use of the  O R X E W  program i s  i l l u s t r a t e d  w i t h  t he  exampl-e of a 

pressur ized  water r e a c t o r ,  i.n which f'uel with an i n i t i a l .  235U enrichment 

of 3.3 w t  w a s  assumed t o  be exposed for a per iod of 1100 days a t  a 

constant  average s p e c i f i c  power of  30 MW per  metr ic  t on  of uranium 

cha.rged t o  the  core st the  s t a r t  of equi l ibr ium cycle .  The i s o t o p i c  

compositions of t h e  Zircaloy cladding and Inconel spacer g r ids  were 

computed, :il.ong with the  composition of the  heavy metal isotopes and 

the f i s s i o n  proriuucts. The p o s t i r r a d i a t i o n  p rope r t i e s  of  t h e  spent fuel. 



were calcul.ated f o r  decay times up t o  10 years .  'These r e su l - t s  were 

followed by a calcula-Lion of the Frope r t i e s  of t he  waste t h a t  was gen- 

e ra ted  when t h e  f u e l  was reprocessed a t  a p o s t i r r a d i a t i o n  -time o f  150 

days and 100% of t h e  Xe and K r  and 99,=;% of -the u r a n i u m  and plu'conium 

were removed. The input  required to perform these  ca l cu la t ions  i s  gi.ven 

i n  Table 4 . 2 .  

correspond t o  those  gi.ven i n  t h e  desc r ip t ion  o f  input  i n  the  previous 

sec t ion  and do not  a c t u a l l y  appear on t h e  cards .  

'The 1et ; ters  typed i n  t h e  leftmos-t  column of Table 4 . 2  

C a r d  A contains  a - t i t l e  for. t h e  l i b r a r y ,  and the numeral. "2" i n  
column 75 ind ica t e s  that, t h e  LTWR l i b r a r y  i s  t o  be used f o r  t he  c a l c u l a -  

t i o n .  C a r d  B does t h e  follbwing thi-ngs: 

0.333. and 2 . 0  for. THERM, XES, and FAST, respec t ive ly ;  ( 2 )  i nd ica t e s  

t h a t  concentiLations less than lomz5 g-atom yer  unit  of f u e l  w i . 1 1  be 

neglected;  (3) suppl-ies t he  date;  and ( 4 )  i nd ica t e s  t h a t  hazard t a b l e s  

w i l l  be  calcul.ated,  t h a t  the  photon l i b r a r y  w i l l  be read  from t ape ,  and 

t h a t  -the matrix t h a t  i s  constructed w i l l  not  be  w r i t t e n  ou t .  Card C 

i nd ica t e s  t h a i :  (1' ten i r r a d i a t i o n  per iods w i l l  be ca l cu la t ed ,  ( 2 )  t he re  

w i l l  be no blending of f u e l s ,  ( 3 )  t h e  s p e c i f i c  power w i l l  be read  on card  

E ,  ('c) f u l l  outnut tabl-es w i l l  be w r i t t e n ,  ( 5 )  t h e  sequence of calcul.a-tions 

w i l l  be continued (NGC 5 1), and ( 6 )  the re  w.11. be no feed or processing 

of fuel. Card D i s  2 t j - t l e  card f o r  this p a r t  of t he  ca l cu la t ion ,  Card E 

i nd ica t e s  t h a t  tile s p e c i f i c  power i s  constant  a t  30 MW pe r  u n i t  o f  f u e l  

throughout t h e  t e n  i r r a d i a t i o n  s tops .  Card G gives  t e n  i r r a d i a t i o n  times 

i n  equal  increments of 1.10 days. Card 11 designates  t h e  u n i t  o f  f u e l  as 

a metric ton  of heavy metal  c h a r g ~ d  t o  t h e  r eac to r  and indica- tes  t h a t  t he  

u n i t  of time f o r  t h i s  p a r t  of the ca l cu la t ion  is days. Card J gives lower 

lirni-ts f o r  t h e  summary t a b l e s  t h a t  wiil be  p r i n t e d  during t h e  p o s t i r r a d i a -  

t i o n  ca l cu la t ions .  Cards of  type K g ive  the  5.so'copic concentrat ions of 

t he  cladding and f u e l  a t  t h e  s t a r t  oi" t h e  i r r a d i a t i o n  per iod.  

(1'1 gives  t h e  values  0.632, 

These a r e  a l l  i h e  c a d s  requi red  i o  peyform ihe  f i r s t  s t e p  i n  t he  

CRI cu la t ions .  The code w i l l  compuie the i so iop ic  concentrat ions a t  t'ne 

t e n  tjmes given on card  G and w i l l  p r i n t  idb1-e~  coniaining this informa- 

t i o n .  

i nd icx te s  t h a t :  (1) the properties are des i red  a t  ten pos t i r r ad ia t ion  

When t h i s  task  i s  completed. t h e  code w i l l  read card @, which 
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D REFERENCE PWR EQUILIBRIUM FUEL CYCLE - 3.3 0/0 ENRICHED U 
E 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 
G 110. 220. 330. 440. 550. 660. 770. 880. 990. 1100. 
15 MT OF HEAVY METAL CHARGED T O  REACTOR 86400, D 
I 1 .E-3 1 .E-3 1 .E-3 1 .E-3 1 .E-3 l . E  6 l . E  4 
I( 60120 1.5 130270 4.0 140280 .607 140290 .034 
9 220470 .277 220480 2.771 220490 .204 220500 .200 

240520 57.423 240530 6,415 240540 1.574 250550 -32.7 
I( 260560 61.018 260570 1.439 260580 .310 270590 .915 
K 280600 41 .783 280610 1.869 280620 5.645 280640 1.609 
K 400910 306.725 400920 462.239 400940 460.074 400960 72.50 
K 42i).l2U .957 420940 .532 420950 .926 420960 .953 
K 420gUl: 1.357 4211100 .540 501120 .321 501140 .219 
x 501160 4.681 501170 2.470 50118 7.729 501190 2.739 
T 501220 1.467 50124 1.823 
il 922350  1 . 4 0 4 ~  2922380 4 .062~ 3922340 1.13 

6 0 1 0  o 0 1 0  6 1 0  o 0 

K (Blank Card' 

220460 .304 
240500 5.040 
260540 4.037 
280580 1 11.862 
400900 1421 a 122 
410930 lii.258 
423970 ,546 
501150 .113 
501200 10.392 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

n 
G 

R 

6 
i) 

c 
I< 

P 

P 

P 

P 

P 

REFERENCE PWR EQUlLlERlUM FUEL CYCLE - FUEL DECAY TIMES 
10.0 30.0 60.0 90.0 120.0 160.0 270.0 365.0 1096.0 3652.5 

0 1 0  0 0 - 6  4 - 1  0 0 0 

MT OF HEAVY METAL CHARGED TO REACTOR 86400. D 

REFERENCE PNR EQUlLlBRlUM FUEL CYCLE - WASTE DECAY T I M E S  
1 .o 3.0 10.0 30.0 100.0 300.0 1000.0 3000.0 1.0E 4 1.OE 5 

MT OF HEAVY METAL CHARGED TO REACTOR 3.156E7 Y 
36 
54 
92 0.005 

94 0.005 



t imes ,  ( 2 )  the  j - n i t i a l  compositions f o r  t h e  decay ca l cu la t ion  a r e  t h e  

discharge compositions from t h e  pi-evious ca l cu la t ion  (MSUE = l O l i ,  ( 3 )  t h e  

nucl ides  whose prope r t i e s  a re  below t h e  cu tof f  values i n  i h e  sixti? decay 

per iod  w i ~ l l  be omi.tLed from the surmoa:ry t a b l e s  ( M S ' L I  = 6), and (14) a 

third.  sequence o f  ca l cu la t ions  i s  requi red  when khe present  s e t  i s  com- 

n l e i ed  (NGO = 1-1. 

C a r d  G contains  t h e  ten i i o s t i r r ad i s t ion  t imes at which t h e  p rope r t i e s  

a r e  des i red .  Card H gives t h e  mi-t of  Fuel,  which must be t h e  same as 

designated previously,  and t h e  u n i t  of time, which i s  nerrni-tted t o  change. 

A t  t h i s  poi i i t ,  t h e  p o s t i r r a d i a t i o n  p rope r t i e s  a re  computed and ano-'iher 

set of  output t a b l e s  i s  p r in t ed .  

Card D i s  a t i t l e  f o r  t h e  post:-rradiation t ab le s .  

Ano'Aer card of type @ i s  read ,  i nd ica t ing  t h a t  t e n  decay per iods 

w i . 1 1  be -Lrea'Led and t h a t  t he  i n i t i a l  composition f o r  t h e  ca l cu la t ion  w i l l  

be fuel. aged 150 days ( a r t e r  d i scharge)  t o  which sorue batch chemical 

nrocessing has been done (MSUB = 6). 
t h e  summary 'cables wri1.l cxc1ud.e isotopes whose p rope r t i e s  a r e  below t h e  

CU'I'Ob'Ps a t  time per iod  4, and t h a t ,  a t  t h e  end of t h e  present  ca l cu la t ion ,  

a new ca lcu la t ion  w i l l  be i n i t i a t e d  using a d i f f e r e n t  s e t  of i n i t i a l  

compositions amd exposure history-.  Card U i s  a t i . t l e  f o r  the s t ep  i n  

t h e  sequence of  c a l c u l a t i o n s ,  and ca-rd G gives  postprocessing - t i m e s  a t  

which t h e  p rope r t i e s  o f  t,he remainring iso-topes a r e  desired.  Card H gives  

the  urii'i of  fu-el. and t h e  u n i t  of t i m e .  Cards of type P i n d i c a t e  t'nat all 

of t h e  xenon and krypton and 99.5% of t he  uranium and plutonium have been 

removed from t h e  fuel. a t  t h e  time of  processing,  P a r t  of t h e  output t h a t  

r e s u l t s  fi-om t h i s  s e t  of input  da ta  i s  given i.n t h e  Appendix. 

'the val.iie MSTfU = 4 indica- tes  t h a t  

4. lt Addit ional  Programming Considerations 

The ORlGEN code was designed f o r  use on the IBM 360 Operating System. 

It i s  wr i t t en  i n  IBM FORTRAN 13 and. is usual.ly compiled usiiig full optimri.- 

za t ion  on t h e  H-level compiler. F'or convenience, ri t ernploys s@vera l  IBM 

fea tu res  -:hat a r e  not  standard.  

'The normal word 1-ength on t h e  IBM 360 Operatirig System i s  four  hexa- 

decimal. bytes.  In order  i o  decrease s tuyage requirements,  a number of 

i n t ege r  va r i ab le s  w e  defined a s  INTEGERXZ and scve ra l  l o g i c a l  var i2bles  
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a r e  defined as LfiGICAIIK-1. 

calculakions , seve ra l  va r i ab le s  i.n subrout ines  DECAY and 'TERM a r e  

def ined as R.EIUJX-8. 

-Yne Leng-ths of t hese  v a r i a b l e s  may be changed without affec-Ling the  

opera,tiori of t h e  code or  s ign i f ican- t ly  a f f ec t ing  the accimacy of -the 

r e s u l t s ,  However, an increase  in t h e  amoun-t o:f storage t h a t  i s  requi red  

w i l l  r e s u l t .  

I n  add i t ion ,  t o  preserve accuracy i n  t h e  

:Cn ot'ner computing systems with longer word lengths ,  

The nixnerical techniques t h a t  are employed i n  t h e  code m e  designed 

s o  tha t  t he  maximum r e l a t i v e  error. i n  t he  concentrat ion of any s i n g l e  

nuc l ide  t h a t  r e s u l t s  i n  one time i n t e r v a l  w i l l  be l e s s  than O . l $ "  T t  i s  

uoss ib l e  t h a t  the  r e l a t i v e  e r r o r  i n  t h e  concentrat ion of a given nucl ide 

coulcl reach a few percent a t  tlie end o f  a lonir, sequence of ca1.culations 

involving dozens of time intervals. Flowever, i n  most app l i ca t ions ,  e r r o r s  

oF t h i s  tnq3nitud~ w e  acceptable and are with in  t h e  l i m i t a t i o n s  of the  

unce r t a in t i e s  i n  nuclear da t a  and i n  t h e  neutron spectrum. In  most cases ,  

t he  accuracy of t h e  aggregate p rope r t i e s  of  a spent  f u e l ,  such as the  

t o t a l  thei-mal power or a c t i v i t y  l e v e l ,  i s  l imi t ed  only by t h e  accuracy 

of t h e  nuclear  da ta  i t s e l f .  As more complete experimental information 

on the f i s s ion  y ie lds  a n d  decay schemes of t h e  shor t - l ived  f i s s i o n  products 

becomes ava i l ab le ,  t h e  code should be able  to represent  qu i t e  accura te ly  

the  p o s t i r r a d i a t i o n  p rope r t i e s  of a v a r i e t y  of" f u e l  types.  

The magnetic -tape supplied to users  usual-ly contains  two complete 

copies of t h e  FORTRAN l i s t i n g  of -tAe ORIGEN code and of the nuclear  da ta  

l z b r a r i e s .  

o f  f i l e s  1-7. The t ape  i s  wri.tten i n  card-irnage form, i n  EBCDIC, DCB = 

(RECFM = FR,LRECL = 80, RLKSTZE := 3200). 

FORTFWN l i s t i n g  of t h e  code, a n d  files 2-7 and 9-14 contain nuclear  da ta  

i n  t h e  proper format for use by t h e  code. 

l'he data  a r e  contained i n  14 f i l e s ;  f i l e s  8-14 a r e  dupl ica tes  

F i l e s  1 and 8 contain the  

The code i s  programed t o  read  card  inpu-t; on da ta  s e t  re fe rence  Eo. 

50, m d  tape input  on No. 7. Output w r i t t e n  on t h e  p r i n t e r  . r e f e r s  t o  

da ta  set re ference  No. 51.; punched output r e f e r s  to N o .  52. Ins t ruc t ions  

b u i l t  i n t o  the code c a l l  for i.t t o  punch a number of cards  on da ta  s e t  

re fe rence  No. 52, and a da ta  set d e f i n i t i o n  card f o r  t'nis data s e t  Iflust 

be included. i n  tlie job c o n t r o l  Language. It should normally be dummied out .  



58 

'Ihe code requi res  zbout 320 k bytcc on the IBN/360 system without 

OVERLAY. By use 0-P Lhe overlay a t t r i b u t e  of t h e  XBM ].inkage e d i t o r ,  it 
i s  poss ib l e  t o  reduce t h e  FXGICtN used t o  l e s s  than  2'70 k. 

structa-!.e i.s qu i t e  simple,  using only one segment i n t o  which t h e  sub- 

rou t ines  NJDATA and I J f i P '  are placed fi.i:st; next ,  PHOLIB, TEKM, DECAY, 

and EQUiL; and fi..nal!.y, OUTPUT and GM@IA. Normal runnj-ng tfme on t h e  

360/91 i s  aboui 1 rniii for t i le  camp1.e problem coiitained i n  Lhe Appendix. 

The over1.ay 

For a nimber of appJica,tions, the  program does not  have t o  be 

executed with iii? Ontire l i b r a r y  of l i g h t  elemenis, acti i i ides,  and 

f i s s i o n  products.  I f ,  f o r  example, 'die i s o t o p i c  composition of t h e  

f u e l  ma ie r i a l  a f t e r  a given i r r a d i a t i o n  history i s  des i red ,  i h e  l i g h t  

e l m m t s  a n d  f i s s i o n  products need not  be included i n  t h e  calcul-ation. 

Mien t h e  THM/360 operai ing system i s  used, t hese  may be omitted by 

i-eferencing DIJMMY d a i a  s e t s  7-m the  C j r s t  and t M r d  f i l e s  read by 

subrout ine PRJDA~U. In t h i s  example, t h e  four i l i  da ta  s e t  t o  be read 

would then be the  a c t i n i d e  phoion Libral-y. 

4.5 References €or Scci ion 4 

1. D. 1-1. Stoddapd, Radiation Proper t ies  of 244Cm Produced fo r  lsotopic 
--__. Power Cenerators ;3Tr93a471-..-.. .-I 

2. D. H. Stoddard a.ntl E. L. Albenesiiis, qadi-ation Proper t ies  of 7 3Gru. 
~ .-...-... -. 

---- Produced for I so iop ic  _-_II Power Generators,  DP-$Ji (1-965). 

5. SLOSSARY OF WAKTJTNG AND %RijR MESSAGES 

Several  po ie i i t i a l  problems have been a n t i c ?  pated,  a n d  t h e  pi-ogram 

contains  b u i l t - i n  t e s t s  f o c  common e r r o r s ,  Some of  the messages issiicil 

by the code under condi i ions where an e r r o r  may have occurred a r e  d i s -  

cussed bel ow. F ~ P  amtici-pated wror i.s descr ibed and, where poss ib l e ,  

remedies for i h e  problem are suzgrsted.  

The program PLAIN contains  the  i v o  warnins messages: "M4N or M@UT 

kXCEk2IS I2IbJENS LONS," and "1DTIl SHOkTD i K T  e,XCT'ED bI@UT. I' 

MMN and M@UT have a maxinun value oi' 10, aucj b@UY must be greater than  

o r  equal t o  bDU'f. 

The var i ab le s  



The slubroutine NUDklCA w i l l  i s sue  one of s eve ra l  e rmr  messages 

t h a t  aye self-explanatory.  For example, assume t h a t  t o e  number of 

isotopes of l i g h t  elements, ac t in ide  elements, f i s s i o n  products,  or 

t o t a l  nmber  of isotopes exct.eds 8 dimension. In  the  case of t h e  l i g h t  

elements, t h e  dirnmssion of t h e  va r i ab le  ABUII) has been exceeded. For 

t h e  actinides, the dimensions of t h e  va.riables FISS, SP@W, and ALSIWT 

, have been exceeded. In  the  case of the f i s s i o n  products,  only t h e  

dimension of t he  va r i ab le  YIELD has been exceeded. If the  . to ta l  riutnber 

of riuclides exceeds 800, t h e  dimensions of a l a rge  number of axrays 
throughout t h e  progrm would be exceeded a d  extensive modifications 

t o  the  program would be required.  

be t o  run t h e  problem i n  two parts, obtaining .the concentrat ions of t he  

actin5.des and f iss i .on products i n  t h e  f i rs t  ca l cu la t ion ,  and computing 

the p rope r t i e s  of t h e  l i g h t  elements i n  a second ca l cu la t ion  by making 

use of t h e  fluxes obtai.ned from t h e  f i r s t  ca l cu la t ion .  lt should be 

noted t h a t ,  t o  obtain concentrat ions of f i s s i o n  products being produced 

from f i s s i o n s ,  it i s  necessary t o  include both ac t in ides  and f i s s i o n  

products i n  t h e  ca l cu la t ion .  

One p o s s i b i l i t y  i n  thi.s case would 

'1.0 add i t iona l  messages a r e  produced. by subrout ine ISITDATA. These 
a re :  "TdAKNIBG, M OlJT CF €WKX IN NIDATA," and "N@N HAS EXCEEDED 2500, 

EQ,'UAL TO." Ti ther  of  these messages ind ica t e s  t h a t ,  i n  making rnodifi- 

ca t ions  t o  the l i b r a r y ,  t h e  user  has increased the  number of reac t ions  

t o  cause a dimension t o  be exceeded. In  the  f i r s t  message, t h e  subscr ip t  

M counts t h e  number of transmutation products t h a t  can be produced through 

a l l  the competing channels for removal of a nucl ide.  

pected t o  exceed 7, and d i d  not  do so  i n  the  o r i g i n a l  l i b r a r y .  

condi t ion occur:;, t h e  dimen.si.ons of t h e  va r i ab le s  C@EFE' and NFrt@P w j l l  

be exceeded. Tf t hese  dimensions a re  t o  be increased,  t h e  EQUIVALENCE 

sta,tement a'i Yne s tar t  of NTTITD24TPL must be a l t e r e d .  The a l t e r n a t i v e  would 

be t o  neglect  some minor pathway. 

These were not ex- 

If this 

rrlie second message i nd ica t e s  t h a t  t h e  dimensions of t h e  va r i ab le s  A 

arid LOC i n  CCLMI@N /hNTRIX/ have been exceeded. 

02' ti2e problem may be p a r t i t i o n e d  as  descr ibed above. 

These may be increased,  
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War1iii-g messages arre a l s o  i ssued  by subroutii ie PH$dTJIB i f  an e r r o r  i s  

encountered i n  the  ordcr  of t h e  pho-Lon r e l e a s e  data.  ' ihese messages a r e  

most 1ikeJ.y t o  be encountered when a n  add i t ion  or de le t ion  i s  made t o  t h e  

isotope l i b r a r y  ( f i l e s  1 through 3 )  without a corresponding change in the  

photon l i b r a r y  ( f i l e s  I-!- through 6 ) .  

Subroutine kLK@ will issup 2 warning message i f  iiie es t imated 

deple t ion  of t h e  fuel  ma tc r i a l  during a Lime i n t e r v a l  i n  an i r r a d i a t i o n  

ca l cu la t ion  exceeds 20%. 

This message i s  f r equen t ly  generated as t h e  r e s u l t  o f  an input  error i n  

t he  f u e l  compositions or  i n  t h e  t i m e  i r i t e rva ls .  

Correct ive actioii  i s  suggested i n  the  message. 

Subroutines DECAY and TERM both employ t h e  Batemam equations t o  

solve t h e  chain equat i.ons f o r  short-l . ived nucl ides  ~ The algori thm t h a t  

i s  adopted a n t i c i p a t e s  both c y c l i c  chains and t h e  occurrence of two chai.n 

members wri.th n e a r l y  equal ha l f - l i ves .  If more t'nan two chain members 

have nea r ly  equal  ha l f  - l i v e s ,  it i.s poss ib le  t h a t  t h e  algori thm mi.ght 

resul ' i  i n  an e:rroncous negat ive concentrat ion.  A t e s t  i s  b u i l t  i n t o  the  

progyam t o  i d e n t i f y  t h i s  condi t ion a.nd t o  provide information h e l p f u l  

for correc t ing  t h e  problem, Subroutine 'I'ERV writes -Yne message : "BATE 

IS PTEGATIVE IN THBM- THERE ARE MORE THAN TWO SIIORT-T,IVED NUCLIDES IN A 

CHAIN WITH NEYKLY EQUAL DIAGONAL ELEMENTS. I,, IM, BATE, RATM =", where 

L i s  t h e  sequence number of t h e  nuc l ide  i n  e r r o r ,  IM i.s t h e  number of 

precursors  i.n t h e  chain iii which t h e  error occu.rred, BATE i.s t he  e n o n -  

eous negat ive coiitrrihution tha'i was cal.culated i n  t h e  summation f o r  

nuc l ide  L, and. BATH i s  t h e  cur ren t  value of t h e  sura. The negat ive value 

i s  iiot added t o  t h e  surriia-Lion, however. 

If ' h e  pi-oblem occurs i n  subrout ine DSCAY, t h e  message "L, I, BATE, 

XTEM, XTIFJMP(Jl), AICUJ-Q =" i.s wr i t t en  along with -the val.ues of Giece 

va r i ab le s .  In  t h i s  ri-nstance, L i s  t h e  sequence numhe:r of Llie nuel-ide 

whose concentrat ion i s  i n  e r r o r ,  T i s  t h e  number of nucl.rides i n  t h e  

chain i n  which tiit. erroi- occurred, t h e  produci; XTEPP( SI)*AKDJQ*B,clTE i s  

t h e  erroneous iiegskive cont r ibu t ion  t h a t  w a s  ca lcu la ted  i n  t h e  summation 

f o r  nucl.i.r?e L, and XTEM i s  t h e  cur ren t  value of -Lhe sum giv ing  t h e  con- 

cen t r a t ion  of nucl ide L. Again, t h e  negat ive cont r ibu t ion  t o  the  chain 

i s  not  added t o  Lhe sumnation s ince  it ri.s known t o  be i n  error. 
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If t h i s  condi t ion occurs, i t  i s  thus  poss ib l e  t o  idan tMy the nucli.de 

i n  e r r o r  and t h e  chai-n i n  which t h e  erx*or occurred. A comparison of t h e  

rnagn-itude o-f t h e  term i n  e r r o r  t o  the  cal.culated coincentrati.on bid-icates 

the re la t i .ve  magnitude of the  e r r o ~  involved. i n  neglecting the  contribu- 

t i o n  from a p a r t i c u l a r  c1iai.n. 

be possi-'ole t o  e l imina te  the error by cha.ngi.ng t h e  s i z e  of the time s t ep  

f o r  t h e  cal.culation or by alte~ing the removal coi:tst;ay~1;s. T h i s  t y p e  of 

error is most I-ikely- to occur i n  a ca l cu la t ion  wliei-e rap id  removal of 

nany mater ia l s  a t  t h e  ::me r a t e  occurs a.6, f o r  exampl-e, i n  t h e  ca lcu la-  

tion of the inve~- tory  reinxinlng in. a. t:m-k t h a t  j.s being decon-tmnina-ted 

by treatment i n  3.n externa l  pu r i€ i ca t ion  system. 1.f the time i n t e r v a l  

for t h e  cadleulat ion i s  l a r g e  compared with t h e  time requi red  t o  process 

one tLmk volume through the  p i x 5 f i c s t i o n  system, t h e  problem  my be 

encountered. For certa3.n problems of t h i s  type, t h e  program may not 

be suitab1.e. Nevertheless,  difficul. t i .es shou1.d not occur in norrrlal 

calcula-t-ions tEie p-i-uperties of discharged s o l i d  fuels. 

If .the error appears appreciabl.e, i-t. may 

The subroiwtine EQTJIL employs the Gauss -Seide1 successive i t e r a t i o n  

technique t o  calculate th.e concentrat ions of shor t - l ived  nucl.ides with 

long-lived precursors or  wi%h external sources.  J..u. ca lcu la t ions  involving 

i so tope  buildup a i d  decay i n  fj-xed. fue ls ,  this algorithxa has been found 

t o  converge TJesy rap id ly .  However, in sys-terns involving fluid. fuels  with 

recyc le ,  t he  method converges s l ~ w l y ,  i f  a t  d.l. There i s  a variable 

i n  subrout ine EQTJIL -that counts the ninniber of  iterations arid, Ghen 100 

i t e r a t i o n s  a r e  reached w i t h o u t  emvergerice, causes the cal-culation t o  
be terminated and the €allowing message t o  be printed: "GAUSS-SEIDEL 

ITERAlt'lCON Dj:D NO'T CGNJEIGE IIQ EQUTL. " 

- 





6 .  APTENDI-X 

'The following 'cables show some of t h e  information printed as output 

by the  ORICEN code. 
omitted, and only t h e  summary tables have been included. 

For brev i ty ,  many of the longer tables have been 





' .  . ' 1  t .  

TABLE A-1, NUCLEAR ~ A T A  LIBRARY FOR REFERENCE FVR CALCWATION 

NUCIFAR T3AWSHUTATTQN DATX PEVISZD 3 / 2 0 / 7 3  

NUCZ = NUCLIDE = 10000 * ATQMTC NC + 10 * HPSS N O  + TSOfl-PTC STATE (0 OF 1) DLAM = DECAY CONSTEN? ( l / S E C ) .  
?E8, ?P, FP, F" = TIPACTTONAL T'ECAY BY B F ' P ,  ?OSTTSON [OS FLPCTPDY C>.DTU?E), ALPRP, TNTFPNIL T P A V S 1 " I O Y .  ?E zz t - PP - ' F A  - PT 
FBI, P P I ,  FNGI, FR2Nl = FPACTION OP BPT?. POSITPON, N - G P N M A ,  N-2N TYANSITIONS TO FXCTTED STAT? P? PRODUCT N U C I I D E I  
SIGTH, SIGPG, SIGF, SIGIA, SIGNE = THERPIAL CPOSS SECTTONS (B9PXS) ?OF B.BSOPP?TON, N-GANE4, FTSSTCY, 8-ALPXP, Y-PPOTON. 

RTTH, RTNG,  QTF, P'TNP., FTNP = TFSONPNCE 7NTEGFP.L FOP PBSOPPFION, 3 - G A H M A ,  FfSSfQN, N-AZPHA, R-DFOTON, 

SIGIIEV, STGFF, SIGR2N, S I G B A P ,  SIGNFF PAST CPClSS STCTTQNS (BABNS) FO* ?.BSO?PmTOh',FTSSION, N-2?7, I-PIPHP, X-PRO'?O?l. 

Y23, Y25, Y02, Y25, YU9 = PISSION YIFLD (PEFCENT) *?OR 233-U, 235-0, 232-TH, 238-U, 239- PU. 

S'IGNG = SfGTH * ( 1  - F I R  -FNP) I STGNA = SfGTP * PNP. SIGN? = SIGTH * PRP. FNB., 4NP FRACTT??' THPRHPT_ N-AlFHP-, R-PF3TON. 

FING PTTR * (1  .. FfYF - FTSP).  P I N A  5 RTmH * FTIA .  RTNP = PITH * FTNP. FTNP., FTBP = FFPCTfON FFS(31JANCE I-AfCHA, N-P?@T@R. 

STGN2N = SfGNEV * (1  - FPKP - FFNP). S7GNP.F SIGMEV * FFNA. S'IGNaF SIGKFV * PFN?. FFNP, FFNP = PPAC'IION ?ASrn W - P I X P ,  ??-0. 

Q = REI.% PEE DISTNTEGPATTON. fG = FRACTION OF HFAT TN GRnMAS FF ENEPGY GFE.9TP THPN 0 . 2  REV. 

PFFfCmTVf CPOSS SECTfONC FOB A VOLUME PPBPAGED THSUMAL (LT 0.976 TV) FlUX hPP AS ?OLLCPS. 
N - G A M N A  - SlGNG * THFRM + R I N G  * FES. 
FTSSIOR - STGF * THEXM + PTF * R F S  4 SlGPF * FP.ST. THERE = 1/V COPFPCTION FOP TREFMAL SDECT?UM A N I !  TSNPPFP.TUFE. 
N-2N - STGAlN * FAST. RBS = RPTTO OF FFSI)NA?CE FITJX FE? L?THP.PGY UW'T 'PO T'EFSMA', FLUX. 
I-ALPHP - SIGAA * THERM 4 EINA * PPS + STGYPF * FPST. F I S T  = 1.05 * PP.?I@ OF FAST (GT 1.0 MEV) TO TIIE??l l I  FlgX 
N-PPO"OI - SfGNP * TBSRM + BfNP * FFS + SIGNPF * PAST. 

PEFERENCV S 
HEL? IIVES,  DECRY SCREMES, A K D  THPEEAL PCWPP 

C E LEDEPEF, J M HOLLbPIDE3, A N D  T PERLNPR 'TABLF @? TSCTbPES - STXTH E P I T T O N ~  JOHS W'ILEY P.ND SONS, TFC (1967)  
E S DZHELEPOV END L K PBKSR 'DECPY SCFfFMES @V PADIOACTTVF NDCLXT' PF?GAIIMCR PPFSS (1961)  
D T GOLDMAX A N D  JAMES ? POSSEP 'CRAPT OF THE NUCIIDES' NTh'TR ECITION GENE?AL ELECTPIC Cb (JULY 1966) 
E D F.RNOLD 'PP@G?AN SPECTPA' APFENDTX A O F  ORNL-3576 ( P P P T I  1064) 

B F PPTBCE 'NFUTROX PEACTTON PATES TN TBF FSRE SPECTPUN' OFRL-4119, OP 79-83 ( J U L Y  1967)  

M D GOLDBPG ET' AL 'NEUTRON CROSS SECTIONS' BNL-325, SFCCWD PD, SUP? NO 2 (EPY 196U - A D G  1966)  PLSC FAPSIF" EDITIONS 

II K DRAKE ' A  COMFfLATfON OF RESONANCE INTEGPALS' NUCIECRICS, VOL 24, NO 8, DP 108-111 (XUG 1966) 
BNWL STAFF 'TNVESTIGATTON OF R-2N CFOSS SFCTICIS'  BYWC-98, PO UU-98  (JUNP 1965)  
B ALTEF bND C WPBFR 'PRODUCTION OF A P N D  HE TN HPTALS DUPING PSACTO? ZSFADIATIONI J fUCL H,P?LS, VOL 1 6 ,  PP 68-73 (1965) 
L L BENNETT 'PECCNEERDED FISSION PRODUCT CBE.I#S FOX 1132 I N  FTIPCTOB EVP.LUPTION STUDTES' OPWI-TH-1658 (SFPT 1066)  

M E MEFR E N D  E P RIDEF, 'SUNMPRY OF FISSION PRODUCT YIPLDS FOP 0-2358 0-238, PD-239, END PU-Zal P,'p THERMAL, BTSSfOR SDYCTFU!! P.PD 

S KATCOFF ' F T S S I O l  PPODUCTYIELDS FFOM APUTPOW TRDUCED FTSSION' BUCLPONICS, VOL 18, XO 11, (NOV 1960)  
N 0 DUDXY ' PEVIEW O F  LOQ-flP.SS A T 0 8  PFODUCTSOA I N  FIST REACTORS' IRL-7&3U,(APRft  1968) 

P O S S  SECTIONS AND FLUX SPECTPA 

B E FRINCF 'NEUTBON E N E R G Y  SPECTPA IN MSPE P V D  ~ S E P *  O P N L - U I ~ I ,  PP 50-58  ( ~ P C  1067) 

H T KFPR,  UNPUBLISBEO EFC COKVLRTION (PEB 1968)  

FTSSIOR P?@DDCT YTFLDS 

14 UE? NEUTRON EBERGIES' APEC-5398-A(FEV.), (ClCT. 196%) 

THiEf!'I= 0 .63200 PES= 0.33300 FAST= 2.00000 

NLUTPOH SounCE= 9 2 2 3 3 0  922350 942410 9 2 2 3 8 0  942390  PILIB??= 2 
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TABLE A-1 (CCNTINW~ 

LPGHT ELEHEBTS, EIATEFIALS OF COWSTFUCTION, AND ACTIVP.TION PFODUCTS 

NUCL DLth! FBl  P? 
ZW 71  U.SlE-03 0.0 0.0 
G R  6 9  0.0 0.0 0.0 
G b  7 0  5.47F-08 0.0 0.0 
GA 7 1  0.0 0.0 0.0 
GF 70 0.0 0.0 0.0 
SF 88  0.0 0.0 0.0 
S? 8 9  1.59a-07 0.0 0.0 
Sv 90 7 .821-10  0.0 0 .0  
SQ 9 1  1.99P-05 0.590 0.0 

Y 90F 6.219-05  0.0 0.0 
P 90 3 , 0 t F - 0 6  0.0 0,O 
Y 91E 7,?0p-Ou 0.0 0.0 
Y 91 1.36P-07 0.0 0.0 
ZP 90 0,O 0.0 0.0 
zp 93 0.0 0.0 0.0 
ZR 92  0.0 0.0 0.0 
ZF 9 3  1 .461-14  1.000 0.0 
ZF 94 0.0 0.0 0.0 
ZF 95 1.23a-07  0 .020  0.0 
23 96  0.0 0.0 0.0 
NB 92  '.87'r-07 0.0 0 . 0  
NB 9% 1.622-09 0.0 0.0 
NB 9 3  0.0 0.0 0.0 
NB 9U 1.1OF-15 0.0 0.0 
NF 9 5  2.29B-07 0.0 0.0 
HB 9 6  8.37E-06 0.0 0.0 
XB 97  1.60F-04 0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.6 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

o. e 

PP1 QT FA 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
0.0 0.0 
1.000 0.0 
0.0 0.0 
0.0 0.0 
o * o  0.0 

0.0 0.B 

0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
0.0 0.0 
0.0 0.9 

0.0 0.0 

0.e 0.0 

0.0  0 .0  

0.0 0 . 0  
B@ 92  0.0 0.0 0.0 0.0 0.0 
KO 9 3  2.QuE-72 0.0 1.000 0;850 0.0 0 . 0  
NO 93pI 2.79F-05 0.0 0.0 0.0 1.000 0.0 
EO 94 0.0 0.0 0.0 0.0 0.0 
Ed 95 Q.0 0.0 0.0 0.0 0.0 

0.0 c.e 

EG 96  0.0 0.0 0.0 
BO 97  0.0 0.0 0.0 
no 98 0.0 0.0 0.0 
NO 99 2.8TY-06 0.870 0.0 
EIC.700 0.0 0.0 0.0 
210101 7.91F-04 0.0 0.0 
TC 99n 3.212-05 0.0 0.0 
TC 99  1.05F-13 0.0 0.0 
TCtOl 8.25p-04 0.0 0.0 
au101 0.0 0.0 0.0 
CDl13M 1.57E-09 0.0 0 .0  
CD113 0.Q 0.0 0.0 
CD115H 1.8??-0? 0.0 0.0 
CDl l5  3.60E-06 1.000 0.0 
CDI19M Q.28F-03  1.000 0.0 
CD119 1.16E-03 1.000 0.0 
CD121 3.3Oa-03 1.000 0.0 
1 x 1 1 3  0.0 0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.000 0.0 
0.0 0 .0  
0,o 0,o 
0.0 0.0 
0.001 0.0 
3.0 0.0 
0.0 0,o 
0.0 0.0 
0.0 0.0 
0.0 0 . 0  
0.0 0 .0  
0.0 0.0 

SIGNG FNGl STGN2N FN2Nl SIGRB STGAP 
0.0 0.0 0.0 0.0 e.0 

5.30E 00 0.0 0.0 
0.0 0 .0  0.0 
1.OUF 0 1  0 . 0  0.0 
2.02E 00 0 .0  0 .0  
3.792-03 0 . 0  C.0 
3.83F-01 0.0 0 .0  

0.0 0 - 0  0.0 
0.0 0.0 0.0  
2.68?! 0 0  0.500 0.0 
0.0 0.0 0.0 
8 .16P-01  0.0 0 .0  
7 .652-02  0.500 0.0 
3 .93F 0 0  0.0 0 .0  
3.41F-01 0 - 0  0.0 
1.00F 0 1  0.0 0.0 
1.14F-01 0.0 0.0 
0.0 0.0 0.0 
5.68F-62 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
6.95E-01 0.0 0.0 
9.48E 00 0.0  0.0 
3.16E 00 0.0 0.0 
0.0 0.0 0.0 

1.90E-01 0.020 0 . 0  
0.0 0.0 
0.0 0.0 
0.0 0.0 

1 . 2 3 ~  e o  0.0 0.0 

0.0 0.0 0.0 

4,2RE 0'1 0.0 
6'32E-01 0.0 
1.26E 00 0.0  
2.33E 00 0.0 
0.0 0.0 
1 . 7 O r '  00 0 . 0  
0.0 0 .0  
0 .0  0.0 
11.u53 0 1  0.0 
0.0 0.0 
2.82? 01 0 . 0  
0.0 0.0 
1.29E 011 0 . 0  
0.0 0.0 
0.0 0.0 

c.0 0.0 
0.0 0 . 0  

0.c 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
6.0 

0.0 

0.0 

3.5"E 0 2  0.730 0.0 

0.0 
0.0 
0.0 
0.0 
0. c 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
P. 0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
c. 0 
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
(3.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

n.o 

0. e 

e.  o 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
9.0 0.0 
0.0 0.0 
0.0 0.0 
-'.233-06 1.80%-03 
3.0OF-03 5.59P-0U 
1.Q8E-OQ 3.20E-0Q 
t.Oo~-Ou 0.0 
2.80F-G5 2.00F-05 
0.0 0 - 0  
6.OYF-07 1. q9E-07 
0.0 0.0 
0.0 0.0 
8. IOE-05  3.60F-03 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0. 0 0.0 
6 .233-05  1 ,24F-02  
0.0 0 .0  
0.0 0.0 
t .32F-03  1.66E-03 
7.40E-03 2.6OE-OB 
6.00T-OU 3.80E-0U 
2.60E-03 2.60F-OQ 
1.32E-CU t.6OF-05 
0.0 0.Q 
7.6FP-06 2.00E-06 
0.0 0.0  
0.0 0 .0  
0.0 3.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 O.@ 
0.0 0.0 

0.0 0.0 

Q ?G F B U I D A N C E  
1.110 0.100 0.0 
0.0 0.0 60 .200  
0.690 0.908 0.0 
0.0 0 .0  39.800 
0.0 0.C 20.550 
0.0 C.0 82.q60 
0.607 0 . 0  0.0 

1.366 0.516 C.0 
n,66U 1.000 0,O 
0 .993  0.029 0.0 
0.551 1.000 0.0 
0.6U2 0.005 0.0  
0.0 0.0 51.U60 
0 .0  0.0 11 ,230  
@,0 5.0 17.110 
0 . 0 2 0  0.0 0.0 
0 . 0  0.0 l ? . Y O O  
0 . 8 8 3  0 .521  0.0 
0.0 0.g 2.800 
2 .031  0 . 4 ? 1  0.0 
0.059 0 .492  C.0 

1.9'2 0 . 7 9 9  0.0 
0.812 0.9U5 0.0 
2.568 0 .898  0.0 
1 .159  0.580 0.0 
0.0 0 . 0  1'.8U0 
0.420 0 - g  0 . b  
2.31' 1 .000 C.0 
0.0 0.0 9.0u0 
0.0 0.0 15. '20 
0.9 0.0 16.530 
0.9 0.0 9.460 

0.662 0.187 0.0 
0.C' 0.0 0.630 
2 .089  0 .695  0.0 

0 .290  0.0 0.0 
0. 'Q7 0.405 3.0 
0.0 0.0 17.070 
0.223 0.001 0.0 
0.0 0.0 12.260 
0.622 0.0'8 0.0 
0.568 0.311' 0.0 
1.500 0.0 0.0 
1,500 0.0 0.0 
O.fi95 0 .0  0 . 0  
0 .0  0 .0  8 ,230  

0.221 0.006 0 . 0  

0.0 0.0 i ~ c . 0 0 3  

0.0 0.0 23.780 

0.283 0.495 0.0 



0.0 aLs*o L~S'C 0'0 0'0 
uLn'SZ 6'0 0'0 0'0 6'0 

3'0 O'C 05L'C 0'0 0 '0 
3'0 O'C C6Z'O 0'0 0'0 

Ol19'0E 0'0 0'0 C'O 0'0 
00n'nl 0'0 0'0 0'0 0 '0 

0'0 0'0 09z-0 U'O 0'0 
CLll'5Z 0'0 U'0 0'0 3'0 

C'O 0'0 OLL.0 0'0 3'C 
071-0 0'0 0'0 0-3 0'0 

O'C 168'0 iOZ't 0'0 0'0 
0'0 OOC'!. LEO'O 0'0 0'0 

686'66 0'0 0'0 8'0 G '0 
ZLL'O 0'0 0'0 0'0 G '0 
OLL-~L 0-0 0.0 6.0 0'0 
066'9 0'0 0'0 0'0 O'G 

0'0 0'0 Sob'O 0'0 0'0 
Oh9'ri 13'0 0'0 0'0 0 '0 

0'0 9t19'il SGL'Z C'O 0'0 
C'C ~Q6.0 Lrrl'b 0'0 0'0 
0'6 8Z9'0 a89.0 0'0 0'0 
0'0 Eid'0 OOZ'Z 0'0 0'0 
0.0 161'0 ~7n.0 0'0 0'0 

CsL'zn 0'0 0'0 0'0 0'0 
0iZ'LS O'C 0'0 0'0 6.0 

0'; 690'0 L6b'o u'0 0'0 
0'0 962.0 ESB'b 0'0 0 '0 
0'0 0'0 0'0 0'0 LO-LOO'Z 

086.h 0'0 LLS'O 0'0 0'0 
0'0 0'0 Z8Y.0 0'0 0'0 

01L.7 0'0 0'0 0'0 10-aoo"G 
0-G O'C Zli'O 0'0 0'0 
0'0 C'c LAL'O 0'0 0'0 

0~6'zE C'C 0'0 0'0 40-it.CC'n 
oas-8 0.0 L-C SC-TOO'Q SO-Z~L'L 

OX 0.0 680-0 0'0 0 '0 
o~o-t?z 0.0 0'0 SO-~OO'Z ~o-aao*n 

0'5 0'0 LlE'il 0'0 0'0 
UnZ'nL 0'0 0'0 RO-EOO'L 90-Fi~L'ti 
3n~'~ 0.0 G'O nO-cG6'S tlo-ata's 
059'0 0'0 0'0 fiO-tCO'9 S@-i€9'E 

O'G ESti'O ELO'Z 0'0 0'5 
0'0 0'0 OES'L 0'0 0'0 
0'0 595'0 ~Bn'b 0'0 Q '0 

0~S.6 0.0 0'0 ao-ao8'b P0-380'L 

0'0 
0'0 
0'0 
0'3 
O'C 
0'0 
0'0 
0'0 
O'C 
0'0 
0'0 
0'0 
0'0 
0 '0 
0'0 
0 -0 
0'0 

0'C 
0'0 
0 *G 
0'0 
C'O 
c '0 
C'O 
0 'C 
0 '0 
0'0 
0 '0 

0'0 
0'0 
0 '0 
0'0 
0 'e 
0'0 
0 '0 
0'0 
0 '0 
0 '0 
O'C 
0 'C 
0 '0 
0'0 
0 '0 

0.0 

o *a 

0'0 ZSO'O 891'1 0'0 0'0 0'0 
aJhiaNnBi[ 3i D aN3iS YN3IS LNZNd 

C'C 0'0 0'0 
12.3 0'0 20 3hE'L 
0'0 0'0 0'0 
0'0 O'C 0'0 
0'0 SC.0'0 00 aE6.F 
0'0 0'0 00 JS8.9 
11'0 0'0 0'0 
0'0 nZ0'0 LO ILE'L 
0'0 0'0 0'0 
0'0 5'0 00 dZE'9 
C'O 0'0 0'0 
C'O 3.0 0'0 
0'C 0'0 ZG 690'Z 
10'0 O'G 0'0 
0'0 OEl '0 00 ZC9.E 
L'ii 0'0 i)O 686'8 
(J*O 0.0 0'0 
0'0 SbL'0 00 dZtl'h 
0'0 0'0 0'0 
0.0 0'0 0'0 
U'O COS'3 00 d6h't 
0'0 0'0 EL Z66.L 
0'0 0'0 0'0 
0'0 €10'0 CQ J9Z.P 
0'0 001'0 LO XLL'S 
0'0 0'0 0'0 
0.0 0.0 4 '0 

0'0 0'0 0'0 
0'0 0'0 0'0 
0'0 566'0 LO-LGL'L 
0'0 0'0 0'0 
o.0 0'0 O'C 
L'C LO0'O 10-d61'E 
0'0 0'0 CC 38L.E 
0'0 0'0 0'0 
0'0 000'L EO-aZE'9 
C'O 0'0 00 d60.1. 
0'0 0'3 0'0 

0'0 0'0 0'0 
0'0 O'C ZO-dZE.9 

0'0 0'3 0'0 
O'C 009'0 tO-aZE'9 
0'0 004'0 LO-ZZE.9 

0.0 ogti*o za-iie-a 

0.0 000'~ 00 ~9-n 

0'0 0'0 0.0 

hZNBiS 13Nd 383~s 

0'0 G'C 
0'0 0'0 
0'0 0'0 
0'0 COC'L 
0'0 C'O 
0'0 0'0 
0'0 000-t. 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 OCO'b 
0.0 0.n 
0'0 0'0 
0'0 C'O 
0'0 0'0 
0'0 000'1 
R'Q 0'0 
0'0 0'9 
0'0 066'0 
0'3 0.0 
3'5 O'C 
0'0 008'0 
0'0 0'0 
0'0 0'0 
0'0 C'O 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 C'O 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 000'1. 
0'0 0'0 
0'0 0'0 
0'0 000'5 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 0'0 O'C 

0'0 0'0 
0'0 040'0 
Yd Ld 

0'0 0'C 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0'0 0'0 
0-0 000'1 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'8 
0'0 
0'0 
0'0 
0'0 
0'0 

0'0 
0 '0 
0'0 
6.0 
0'0 
0'0 
0'0 
0'0 
c-0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
C'O 
0'0 
0'0 
0'0 
0'0 

0.0 

b d%. 

0'0 
0 '0 
C'C 
0'0 
0'0 
Q'O 

0'0 
0'0 
0 '0 
C'O 

0.0 

0'C 
O'C 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'8 
C'0 
O'C 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
c '0 
0'0 
0'0 
0'0 

0'0 LC-JnF'b ilZtCS 
0'0 FC-JS~'L UQZlfiS 
0'0 0'0 EZlES 
0'0 0'0 LZLES 

0'0 EO-~61'1 MSZL'JS 

5'0 BO-dZtr'9 EZLNS 

0'0 0'0 ZZLXS 
0'0 9o-XEL-L LZbSS 
0'0 C~-~b8'z YbZLSS 
0'0 0'0 02LNS 
0'0 0'0 6biNS 
0'0 BO-JCL'E Q611NS 
0.0 0'0 8LLPS 
0'0 0'0 LLLXS 
0'0 L0-JEL.S YLLLNS 
0'0 0'0 911NS 
0'0 0'0 SIGNS 
0'0 0'0 nilNS 
0'5 ZO-alE'Z LZLNi 

0-0 Lo-dE5-a SZLNS 

0'0 0-0 nzLfis 

0.0 no-a6a-z uczttis 
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FISSTON PFODUCTS 

N U C l  DLAH FB FP 

KF 9 0  4.95E-01 0.0 0.0 
R B  9 U  2 . 3 9 7 - 0 1  0.0 0.0 
SF 9u 8.89F-03 0.0 0.0 

Y 9U 5.69E-Ou 0.C 0.0 
2s  9fJ 0.0 0.0 0.0 
9 E  95 2.77E-01 0.0 0.0 
SP 95 1.U4E-02 0.0 0.0 

Y 9 5  1.06F-03 0.0 0.0 
ZP 95 1.237-07 0.020 0.0 
N B  9% 2. 1UV-06 0.0 0.0 
NB 9 5  2.29E-07 0.0 0.0 
RO 9 5  0 . 0  0.0 0 .0  
Y 96 5.027-03 0.0 0.0 

NE 96 8.37p-06 0.0 0.0  

Y 97 1.16T-Cl 0.0 0.C 
Z P  9 7  1.13E-C5 0.960 0.0 
WB 9 7 V  1 .16r -02  0.0 0.0 
NB 97 1.60?-04 0.0 0.0 
BO 97 0.0  0.0 0.0 
Z? 9 9  1.16E-02 1.000 0.0 
NB 98K 5 ,782-03  0.0 0.0 
NE 98 2.27E-04 0.0 0 . 0  
RO 98 0 . 0  0.0 0.0 
NB 9 9  U.81F-03 0.0 0.0 
YQ 9 9  2.8%'-06 0.870 0.0 
TC 99K 3.21Z-OC 0.0 0.0 
TC 9'3 1 .041-13  0.0 0.0 
X U  9 9  0 . 0  0.0 0.0 

M @ l O O  0.0 0.0 0.0 
TClOO 4.08F-02 0.0 0.0 
PUlOO 0.0 0.0 0.0 
N B l C l  1 .16J -02  0.0 0.0 
M@101 7.91r-Gu 0.0 0.0 
TClOl 8.25E-04 0.0 0.0 
FUlOI 0.0 0.0 0.0 
R0102 1.OE;F-03 0.500 0.0 
TC1028 2.57F-03 0.0 0.0 
TC102 1.39E-01 0.0 0.0 
90102 0.0 0.0 0.0 
R0103 1.12P-02 0.0 0.0 
~ c i e 3  i . 3 9 ~ - c 2  0.0 0.0 
SU103 2.031-07 1.000 0 .0  
PR103M 2.C3F-04 0.0 0.0 
PF103 0.0 0.0 0.0 
Mol04 8.89F-03 0.0 0.0 
TClOU 6.423-04 0.0 0.0 

BB 9 3  0.0 b . 0  0.0 

Z* 96 O . G  0.0 0 .0  

Ye 9F 0.0 0.0 0.0 

m i n o  3 . 8 5 ~ 0 3  0.0 0.0 

FP 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
8.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

FT SIGNG FNG1 Y23 Y2 5 YO2 Y28 Y 4 9  Q FG 
0.0 6.95E-01 1.000 0.0 0.0 0.0 0.0 9.0 0.0 0.0 

0.0 0.0 0.0 2.51E 0 0  2.UOE PO 2.62E 0 0  2.32F 00 1.68E 0 0  U.170 0 .0  
0.0 0.0 0.0 3.037 0 0  2.993 00 3.17E 00 1.01B 00 2.03F 0 0  2 . 2 5 3  0.630 

0.0 0 .0  0.0 ~ . O O E - O ~  1.00-01 i . i 0 ~ - 0 1  1 . 9 2 ~  00 ? . O O F - C ~  2 .910  0.0 

0.0 0.0 0.0 0.0 0.0 0. n e. o 0. 2 .434 0 .262  

0.0 c.0 0.0 1.50E 0 0  1.55F 00 1 - 7 1 ?  00 1.343 00 1.2uF 0 0  3 .020  0.0 
0.0 0.0 0 . 0  2.957 0 0  3 .OCF 00 3.30F 00 1 .UlF  Ob 2.UlF 00 2.500 0.0 
0.0 0 . 0  0.0 1.60F 0 0  1 . 6 5 F  00 1.81F 00 1.01?-01 1,32F 00 2 .782  0.U26 
0.0 0 .0  0.0 0.0 0.0 0.0 0.0  0.0 0.883 0 . 8 2 1  

" 2 3 5  1 .000  1.000 0.0 0.0 0.0 0,0 0.0 e .  0 0.0 
0.0 3.16P 00 0.F 0.0 0.0 0.0 (1.0 3.0 0 . 8 1 2  0.9u5 
0.0 4 .282  01  0.0 6.00E-02 7.OOF-02 7.702-02 C.0 5.60"-02 0.0 0.0 
0.0 0.0 0.500 5,?8F On 6 .332  00 6.50F 0 0  5.86p 00 5.1'7 0 0  3 .207  0 . 5 3 0  
0.0 5 .689-02  0.0 0 - 0  0.0 0.0 c .0  3 . 3  0.0 0.0 
0 - 0  0.0 0.0 E. 5CiE-03 6.10F-04 7.00E-03 0.0 3.607-03 2.569 0. PO8 
0.0 9 . u 2 r  00 0 . 0  0 .0  0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0 .0  0.0 5.23F 0 0  5.90F 00 5.10E 00 4 . R f i l  00 5.50F 00 2.250 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 i . o i ~ - o i  0.0 1 .575  0.501 
1.300 0 . 0  (1.0 0.0 0.0 0 . 0  0.0 C,C 0 .750  1.000 
0.0 0 .0  0.0 0 - 0  0.0 0.0 0.0 0. i? 1. 159 0.580 

0.0 0.0 0.0 &,95F 00 5.72P 00 3.50F 00 E.06F 00 5.69" 0 0  C.550 0.0 
0.0 c . 0  0.0 0.0 0.0 3 .  c 0.0 0. c 3 .213  0 .365  
0.0 0.0 0.500 2.0CF-01 6.40?-02 1.002-01 0 . 0  2. COT-01 3 .634  0, E34 
0.0 2.33E 00 0.0 0.0 0.0 0.0 0.0 0. C 0.0 0.0 
0.0 0.0 0.0 4.80F 0 0  6.06E 00 2.70p 00 6 . 6 2 p  Ob 6.107 C O  1 .411  0.184 
0.0 0 . 0  0.0 0.0 0.0 0.0 0.0 0 - 0  0.68' 0.217 

0.0 U.45F 01 0.0 0.0 0.0 0.0 0.0 9.0 0 .11u  P.0 
0.0 5.95E 00 0 . 0  0.0 0.0 e. o 0.0 D.C c . 0  0.0 

0.c 1 . 7 0 1  00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.460 0.0 
0.0 9 . I O B  00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 2.91F 0 0  5.002: 00 5.5OF-01 6.06F 00 5.91F O C  1.150 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 3.03F-01 0 . 0  2 .080  O.fl01 
0.0 0.0 0. 500 0.0 0.0 0.0 0 .0  0 . 0  0 . 8 2 4  0.U25 
0.0 2.82F 01  0 . 0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0 . 0  0 ~ 0  2.22Z 0 0  4.1OE 00 2.2QE-01 6 . 4 6 7  00 5 .99F  G O  1 .793  0.725 
0.0 0.0 0 .0  0.0 0.0 0.0 0 .0  0.0 1 .305  0.360 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.920 0.0 
0.0 4 .573  00 0.0 0.0 0. n 0.0 e. o 0.0 0.0 0.0 
0.0 0.0 0.0 1.867 0 0  3.00E 00 1.6OE-01 5.86X 03 5 .E7p  0 0  1.2CO 0.0 
0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0 .0  1.128 0.061 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .556  0.881 
1.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .050 0.5PO 
0.0 4.U8E 0 2  0.073 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 9.uOF-01 1.80F 00 9.OOF-02 5 . 6 6 2  00 5 .93a  00 0 . 1 4 3  0.890 
0.0 0.0 0 . 0  0.0 0.0 0.0 3.03F-01 3.0 4.139 0 . 7 h 9  

0.0 1. lUE-01 0.0 1.OUZ 0 0  1.OOV 00 1.C9F 00 C.0 7.002-01 0.0 0 .0  

0.0 6.72E 00 0.0 1.40E-01 1.9OE-Fl 1.OCE-01 0 , C  I . ~ O F - O ~  0.0 0.n 

1.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 . 1 4 3  e.0 

0 . b  0.0 0.0 4.U1E 00 6.3CE 00 1.002 0 0  E.3FT 00 7 . 1 0 F  0 0  3 . 6 a 5  0.325 
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TABLE A - I  (CONTINUED) 

FISSTON PRODUCTS 

N X I  
SBf22 
T8122 
TW123R 
TN123 

DLAN FB7 PP PPI  
2.872-06 0.0 0.031 0.0 
0.0 0.0 0.0 0.0 

6.932-02 7.000 C.0 C.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 

1 . 9 3 ~ 0 2  0.0 0.0 0.0 

SV123N 2.B9E-04 0.0 0.0 
SN123 6 .427-08  0.0 0.0 
SB123 0.0 0.0 0 .0  
TF123M 6.86r-08 0.0 0.0 
TF123 0 .0  0.0 0 .0  
Ili72u 1 . 7 3 F - 9 9  0.0 0.0 
SH12Q 0.0 0.0 0.0 
SB72UP: 7.45F-03 0.0 0.0 
SB12u 7.3kP-07 0.0 0.0 
T E 1 2 4  0.0 0.0 0 .0  
SN125N 1.19E-03 0.0 0.0 
S N 1 2 5  8.53E-0' 0.0 0 .0  
SB125 8 . 1 4 F - 0 9  0.390 0.0 
TF125FI 
TF125 
SN126 
S6?2511 
SB126 
TE126 
SB127F 
98127 
SBI 2? 
'7E12-N 

T I 2 7  
SN128 
SB128f l  
SBi 28 
TF'128 

V I  27 

1. 
0. 
2. 
6. 
6. 
0. 
2. 
9 .  
2. 
7. 
2 .  
0 .  
1. 
1. 
2. 
0. 

387-07 
0 
20'-13 
OB?-04 
42T-07 
0 
89F-33 
1 7 E - 0 5  
07F-06 
36E-08 
05P-05 
0 
95E-01 
05r -03  
Y2V-05 
0 

0.0 
0.0 
1.000 
0.0 
0.0 
0.0 
0.0 
0.0 
0.220 
0.0 
0.0 
0.0 
0 .970 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
3.0 
0.0 
0 .0  
0.0 
0 .0  
0 . 0  
0 .0  
3 .0  
0 . 0  
0 .0  
0 . 0  

T128 11.62F-04 
XEl28 0 .0  
Sh'129R 1.93E-OU 
SW129 1.289-03 
SB129 9.48E-05 
TE129N 2.362-07 
T?129 1.67P-Oil 

:I 29 1.29F- IS 
r e 1 2 9 8  t .03F-06 
F 1 2 9  3.0 
SI7130 h.u4??-03 
SB130fl 1 . 6 5 f - 0 3  
SB130 3.50F-OL 
TE130 0.0 
T130n 9.26E-03 
I 1 3 0  1.55E-05 

XP130 0.0 

PT S I G X O  FRGl Y23 Y25 
0.0 0 . 0  0.0 0.0 0.0 
0.0 1.9072 00  0 . 3 3 3  0.0 0.0 
0.0 0.0 0.0 1;. 50E-02 1.607-02 
0.0 0 .0  0 . 0  5.00?-03  1.3OP-03 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0 . 0  0.0 
0.0 6 .26E 0 1  0.013 0 . 0  0.0 
1.000 0.0 c.0 0.0  0 .0  
0 .0  2.53F 0 2  0.0 0 . 0  0.0 
0 .0  0 . 0  0 .0  9.00F-02 2.202-32 
0.3 9 .852-02  0 .960  0 . 0  0.0 
0.800 9.0 0.0 0.0 0.0 
0.0 7 .993  03 0.0 0.0 0.0 

YO2 Y28 7 4 9  Q FG 
0.0 0 . 0  0 . 3  1 . 0 2 3  0. 433 
0.0 0 .0  0 .0  0.0 0.0 
6.03E-02 9.9'P-02 5.004-C2 2. 029 0 . 5 0 2  
6.03F-03 1.977-02 5.00F-03 2.024 0.5C2 
0 . 0  0.0 0.0 0.882 0. 190 
0.0 0 . 0  0 .0  0 .5g7  0.036 

0.0 0.0 0.0 0.0 0.0 
0.0 0.0 rJ.0 0 .496  0.50P 
0.0 0.0 0.0 0.0 0 .0  
6.7073-02 0.0  7 . 0 0 ~ - 0 2  4 .449  0.~77 
0.0 4.211e-02 0.0 0.0 0.0 
0.0 0.0 0.0 0 .k75  0.906 
0.0 0.0 0.0 2 .318  0.823 

0.0 0.0 4.82n 00 0 . 7 7 5  0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 3.205-32 6.OOF-03 2.ROT-02 0.0 Y. 4OP-02 1 .182  0 .296  
0 .0  0.0 0 .0  0 . 0  5.202-02 1.30F-02 n.503-02 7.37P-02 7 .  10F-02 1. 072 0.13U 
0.0 0 .0  'l.???? 00 0 .500  0.0 0. D 0.0 1.07r-03 3.0 0.6811 0 .628  
0 . 0  1 .000 0.0 0 . 0  0.0 0.0 0.0 0.0 0.0 0 .290 0.500 
0.0 0 .0  8.9E.n 00  0 .0  0.Ct 0.0 0.0 0.0 0.0 

0.0 0.990 0.0 0.9 0.3 I). 0 e.  3 9. 0 3 .  n 1.100 0.9U7 
9.047-03 0.0 2 .195 0.6U6 0.0 3.0 0.3 0 . 3  0 .3  0.0 0.0 

0.0 0.0 3 .60F  0C 0.?30 0 . 0  0.0 0.0 3.0 0.0 0 .0  0.0 
0.0 0.0 0.0 5 . 0  0.0 e. o 5 .  0 6.55F-02 0 . 0  1.616 0.303 
0.0 0.0 0.0 0 . 0  6.00P-04 d.33F-OT 1 . 2 0 s - 0 1  6.55v-02 3.90F-31 1 .745  0 .512  
0.0 0.0 0.0 0 . 5 0 0  0.0 0.0 0.0 1.01=-02 0 . 0  1 .069  0.5'0 

0 .0  0.0 
0.3 0.0 2 . 2 ~ 2 - 0 1  0 .500  2.007-01 u.u0?-02 E . O O P - O ~  5 . 6 6 ~ - 3 2  2 . 0 0 ~ - 0 1  0.182 0.506 

0.0 0.985 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0. 0 9 3  0.0 

0.0 0.0 6 .29p 01  0 . 0  0 .0  0.0 0.0 0.0 0. r) 0.0 0.0 
0.0 0.0 0.0 0.500 7.90p 0 0  3.7OE-01 ?.EO?-0'1 3.13'3-01 1 . 1 0 7  00 0.*44 0.602 
0.3 0.0 0.0 0 . 0  0 . 0  0.0 0.0 0 . 0  0 . 0  2.76U 0 .597  
0.0 0.0 0.0 0.0 9 .  13E-09 3.9OP-32 1.8OF-02 5.05F-02 1. t O ~ - 0 7  2 .313  0.782 

0.0 0.0 0.0 0.0 0.0 0.0 n. o 0.0  0 . 0  0 .272  0 .006  

0.0 0.0 3.3aE 00 0.1'10 0.0 0.0 0.3 0. r3 0.0 3.0 0.0 
0.0 0 . 0 6 3  C.0 0.0 0.0 0.0 
c.0 0.0 0.0 0.0 ?.?fop 00 0 . 5 0 0  
0.0 0.0 O.C 0.0 0.0 0 .0  
0.0 0.0 0.0 0.0 0.0 0.0 
0 . 3 6 0  0.0 0.0 0.0 0.0 0 .500  
0.0 0.0 0.0 0.6UO 0.0 0.0 
0.0 0.Q 0.0 0.0 0.0 0.0 
0.0 G.0 0.0 0.0 3 . 4 5 2  0 1  0.680 
0.0 3.0 0.0 9.000 0.0 0.0 
0.0 3 . 0  0.0 0.0 1.33E: 01 0.0 
0.900 0 . 0  0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0 . 0  0.0 2 .31F-01 0 .150  
0.0 0.0 0 .0  1.000 0 .0  0.0 
0.0 0.0 0.0 0.3 l . l U F  04 0.0 
0.0 0.0 0.0 0.0 1 . 9 0 3  00  0 .960  

9.0OE-05 3.007-05 1.50F-05 0.0 4 .007-05  0. 867 E. 085  
0. ? c. 0 0.0 0 .0  0.0 0.0 0.0 
2 .007  00 ?.!?OF 00 9.0OF-01 3.58T-01 ?.-'OF 0 0  7.960 0 .581  
0 . 0  0.0 0 .0  3 . 5 8 E - 0 1  0.0 2.570 0.67- 
0 . 0  0.0 0.0 1 . 7 2 ~ - 0 1  0 . 0  1 .782  0 .572  
0.0 0.0 0.0 0.0 0.0  0 .335 0. 722 
0 .0  0.0 0.0 c. 0 0.0 0 . 6 1 3  0. 152  
0 . 0  0.0 0.0 0 .0  0 . 0  0. 311 0.342 
0.0 0.0 0.0 0 .0  0 . 0  ci.b'2 3 .530 
?.OOP-04 1.OOE-Oh 1.OOF-01: 0.0  6 .007-0a  0 . 0  3.0 
2.60E 0 0  2.00P 00 8 .00r -01  7.31p 00 2 .637  0 0  3.500 0.6?0 
0.0 0.0 0.0 0.0 0 . 0  5.3C7 0.633 
0 .0  0.0 0. r? 5.05-01 0.0 
0.0 0.0 c. 0 0 . 0  0.0 0.0 0.0 
0.0 0.0 0.0 0.0  0 . 0  0 .200  0.500 

0.0 0.0 0.0 0.0 0.0 

3 . 3 4 7  0.633 

6.OOF-04 5.00'F-09 2.00P-Ou 0 .0  6.OOF-OO 2 .410  0.EBB 
0 . 0  0.0 



TABLE A-1 (CONTINUED) 

FISSTON PFODUCTS 

FUCL OLPY FBI 
S N l 3 1  3.1107-03 0.0 
SB131 5.02F-0u 0.150 

TP131 11.62"-04 0.0 

X"131111 6.8OF-07 0.0 
XF131 0.0 0.0 
SN132 5.257-03 0.0 
SE132M 1.54"-02 0.0 
SB132 5.503-03 0.0 
?E132 2.47"-06 0.0 

2 1 3 2  8.372-05 0.0 
XF132 0.0 0.0 
SEI33  2.75"-03 0.720 
TE133M 2,317-04 0.0 
9 '133 9.24E-00 0.0 

XE133fi 3.552-06 0.0 
XF133 1.52p-06 0.0 
cs133 0.c 0.0 
SB134 4.62F-01 0.0 
"E130 2.75*-011 0.0 

-134 2.19E-OU 0.0 
XF13U 0 . 0  0.0 
CS134pl 6.6uP-05 0.0 
CZ13u 1.07F-08 0.0 
E P 1 3 U  0.0 0.0 
T 1 3 5  2.39"-02 0.0 

XT135M 7 . u l p - 0 4  0.0 
XF135 2.09"-05 0.0 
C S 1 3 5 N  2.18P-04 0.0 
fS135 7.32F-15 0.0 
B A 1 3 5 E  6.717-06 0.0 
BPI35 0.0 0.0 
f136 e.35F-P3 0.0 

XrJ136 0.0 0.0 
CS136 6.19F-07 0.0 
EP136 0.0 0.0 

T 1 3 7  3,01?-02 0.0 
XE137 2.96F-03 0.0 
CS137 7.323-10 0 .935  
E?137fl u.53E-03 0.0 
EP137 0 .0  0.0 

XE138 6.80E-04 0.0 

BP138 0.0 0.0 
T139 3.47E-01 0.0 

XE139 1.61E-02 0.0 

m i 3 1 9  6.42-06 0.0 

T131 9.97"-07 0.008 

T I 3 3  9.17"-06 0.02U 

'135 2.87E-05 0.300 

-138 i . 1 7 ~ - 0 1  0.0 

c s i 3 e  3 . 5 9 ~ - 0 4  0.0 

FP 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. c 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0. e 

FP 1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
6 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

FT S I G N G  FNGl Y23 Y25 YO2 
0.0 0.0 0 . 0  2.90F 0 0  2.933 00 1.203 0 0  
0.0 0.0 0.500 0.0 0.0 
0.180 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 3.11E 00 0.0 0.0 0.0 
1.000 0.0 0.0 0.0 0.0 
0.0 3.UOE 0 2  0.0 4.90F-01 0.0 
0.0 0.0 0.0 4.POE 0 0  U.24P 00 
0.c 0.0 0.0 0.0 0.0 
0.0 C.0 0.0 9.0 0.0 
0.0 0.0 0.500 0.0 0.0 
0.0 0.0 0.0 1.40F-01 1.4OE-01 
0.0 9.06F-01 0.080 0.0 0.0 
0.0 0.0 0.0 3 - 3 8 ?  0 0  3.87F 00 
0.130 0.0 0.0 1.96" 0 0  2.2UE 00 
0.0 0.0 0.0 Ci.0 0.0 
0.0 0.0 0.0 U.40E-01 5.OOE-01 
1.000 0.0 0 . 0  0.0 0.0 
0.0 1 . 5 l F  02 0 . 0  0 . 0  0.3 
0.0 1.73E 0 2  0 .085  0 . 0  0.0 
0.0 c .0 0.0 5.097 0 0  6.90F 00 
0.0 6.32F-02 0.0 0 . 0  0.0 
0.0 0.0 0 . 0  6.00F-01 9.OOF-07 
0.0 7.27E-01 0 .960  1.9f'E-01 2.60F-01 
0.990 1 . 6 4 1  00  0.500 0.0 0.0 
0.0 1 . 0 7 ~  0 2  0.500 0.0 0.0 
0.0 6.323-01 0.160 0.0 0.0 
0.0 0.0 6.0 5.05F 0 0  6.09P 00 
0.0 0 .0  0 . 0  0 .0  0 .0 
1.000 0.0 0.0 0.0 0.0 

1.006 0.0 0.0 0.0  0.0 
0.0 3.23? 0 1  0.0 0 .0  0.0 
1.000 0.0 0.0 0.0 0.0 
0.0 3.16E 00 0 .0  0 .0  6.0 

0.0 (i.8OF 0 0  3 . 1 0 7  00 0.0 0 . 0  
0.0 1.78F-01 0 .0  4.83E 0 0  3.362 00 
0.0 0.0 0 . 0  1.20E-01 6.8OE-03 
0.0 U.589 00 0,050 0.0 0.0 
0.0 0.0 C . O  6.42E 0 0  6.007 00 
0.0 0.0 0.0 0.0 0,o 
0.0 1.69P-01 0.0 1.6033-01 1.5OF-01 
1.000 0.0 0.0 0.0 0.0 
0.0 3.89" 00 0.0 0 . 0  0.0 
0.0 0.0 0.0 6.31F 0 0  5,TUTr 00 
0.0 0 . 0  0 .0  0 .0  0.0 
0.0 0.0 0 .0  0.0 0.0 
0.0 5.543-01 0 .0  0.0 0.0 
0.0 0.0 0 .0  5 . 3 2 7  0 0  5.4OE 0C 
0.0 0.0 0.0 0.0 0.0 

0.0 2 . 2 8 3  06 0 . 0  1.11F 0 0  3.20F-01 

Y28 
, 9 2 ?  00 

P 119 
7er 00 

0.0 1 . 1 1 ~  no n.0 
0.0 0 . 0  0 . 0  
0.0 2.022-01 0 . 0  
0.0 0 . 0  0.0 
0. P 0.0  n.0 
4.20E-01 0.0 0.0 
2 .773 00 2 .b2E  00 5.10F 0 0  
0.0 0.0  0.0 
0.0 1.62E 00 Q.0 
0.0 u,oua-01 9 . 0  
1.00E-01 3 .03r -01  1.6OT-01 
0.0 0.0 0 .0  
2.46E 00 u .5uF  00 4 . O U f  0 0  

2.34F 00  1.42F 0 0  0.0 
0.0 1. O l r :  00 3.0 
3.20F-01 0.0 
0. c 0 .0  5.0 
0.0 0.0 0.0 
0.0 0.0 0 ,0  
4.60" 00 3.74F 00 5-39? OP 
0.0 2.42P 00 0.0 
6 ,  OOF- 0 1 5.057- 0 1 8.30E-0 1 
1.7CE-01 0 . 0  2. &OB-0 1 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
4.50F 00 3.102 00 5.7CF C O  
0.0 1 . 4 l E  00 0 . 0  
0.0 0 . 0  0.0 
l.0OE 00 1 . 0 1 ~ - 0 1  1.47P 0 0  
0.0 0,o c ,o  
0.0 0.0 0.0 
0.0 0.0 0.0 
0, e 0 .0  0 .0  

2.10F 0 0  2.71E 00  0 .0  
2,94E 0 0  5.96F 00 4. 53F 0 0  
1,OOF-Ol 3.337-02 1. IFF-01 
0.0 0 . 0  0 . 0  
6, l U E  0 0  0.0 6 .47F  00 
0.0 6.26F 90 0 . 0  
1.5eE-01 i . 0 1 ~ - 0 i  I . ~ O F - O ?  
o * o  c. 0 0. r) 
0.0 0.0 0.0 
E.60E 0 0  0.0 6.31F c o  
0.0 5.56? 00 0.9 
0.0 5.05F-0? 0.0 
0.0 0.0 0 . 0  
5 ,69F  0 0  0.0 
0.0 4 . 8 5 ~  00 0.0 

1 . 5 3 ~ 0  1 

4 . 8 a F  00 

Q FG 
2.00c 0.0 
1 .599  0 .433  
2 . 3 9 4  0.867 
1 .277  0 . 3 2 5  
0 .589  0 . f j 7 8  
0 .328  0.5QO 
0 .0  0.0 
2.OCF 0.0 
3. 3 6 0  0.C 
3 .360  0.0 
0 . 3 8 3  0.627 
2 .907  0.817 
0 . 0  0 .0  
2.760 0.0 
3.03E 0.698 
2.736 O'"7.5 
1.1'7 0.580 
0 . 4 6 6  0.500 
0.263 0.310 
0,o 0.0 
3 . 8 7 8  0 .052  
2. 80O 0.0 
3.1111 0. e09  
0 . 0  0.0 
0 . 2 ? 1  0.526 
1 .781  0 . 8 9 1  
0 . 0  0.0 
2.630 0.C 
2 .112  0.827 
0.527 1.006 
0 .567  0.460 
1 , 6 2 1  1.000 
0.OR2 0.0 
0 .054  1.000 
0.0 0.0 
11.527 0.5U9 
0.0 0.0 
2.31' 0 .932  
0.0 0.0 
0 .176  0.0 
2.057 0. l a 8  
0 .276  0.071 
0 . 6 6 3  1.000 
0.0 0.0 
u . 9 1 9  0.365 
1 . 4 1 6  0.297 
3 . 2 2 7  0.652 
0 .0  0.0 
2 , 0 0 0  0,o 
2.730 0. 267 
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TAELE A-2, PHOTON LIBMZY WR REFERENCE WR CALCUIAZW 

lUCL T I  F 
0.30 

8 1 0.0 
3 2 0.0 
A 3 0.0 
H 4 0.0 

BB 3 0.0 
HTI L1 0.0 
HT: 6 0.0 
IT 6 0.0 
LT 7 0*0 

B? A 0.0 
El! 9 0.0 
9P 10 0.0 
E? 7 1  0.5  
B 10 0.0 
B 71 0.0 
I! 1 2  0.0 

c 43 0.0 

K 43 0.0 
s 11: 0.0 
Ti 1 5  0.0 
Ti 1 6  e.0 
c 1 6  0.c. 
0 17 0.0 
0 1 8  0.0 

L'P a 0.0 

c '12 0.0 

c 1~ 0.r 

0.63 1.10 
0.0 0.0 
C.0 O.C 
0. 0 0.0 
0.0 0.0 
0.0 0.0 
0.C 0.0 
0. 0 0. e 
0.0 0.0 
0.0 0.0 
0.0 !9*0 
0.0 0 * 0  
0.0 0.0 
0,O 0.0 
0.0 0. 0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 a. 8 
0.0 0.0 
!,62p 00 0.0 
0.0 C.6 
c.0 8.0 
0.6 0.0 
0.0 0.0 
0.0 C.0 
0.0 0.0 

8 ? 9  6.57F-Oq 0.0 0.0 
P 1 9  0.0 0.0 Q.0 
F 20 

N?? 20 
Nf 2 1  
RF 2 2  
NE 23 
Nf 2 2  
4P 2 3  
NP 2 0  
YP 25 
PIG 2u 
MG 2'. 
YG 2 6  
EG 27 
UL 2' 
AI.  2 8  
F L  29 
E' 28 
S I  29 
SI 30 
SI 3 1  
P 3 1  

1 . 5 5  
0.0 
0.0 
0.0 
0, e 
0. F 
0.0 
0. c 
0.0 
0.0 
0.9 
0.0 
0.0 
0.0 
O a  0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0. 0 
3. 0 
C .  0 
0. 0 
0.0 
0.0 
0-0 
5 .  47E- 

ENFA'J (EIEV) 
1.99 
0.0 
0.0 
c.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.  0 
0.0 
3 .91?-61  
0.0 
C.0 
C.O 
0.0 
0, 0 
0.0 
e . O  
0,C 
0.0 
C.O 
0.0 
0.0 

* 0.0 
3 1  0.0 

2.38 
0.0 
0.0 
0.G 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 3 
0.0 
0.0 

0.0 
0.0 
O.? 
0.0 

0.3 

2.75 3. 2 5  
3 .0 0.0 
0.0 0.0 
c.0 0.0 
0 .o 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 .o 0.0 
0.0 0.0 
0.9 3. 0 
0.9 0. 0 
0.0 c. 0 
0.0 0.0 
0.0 0.0 
0.0 0. c 
0.0 0. 0 
0.0 3.0 
0.0 Q. 0 
0.0 0.0 
0.0 0.0 
0 - 3  0.0 
0.0 3.0 
0.0 0.0 
1.OOY-02 c.0 
0.0 0.0 
0.3 0,o 
0 .0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
8.0 0.0 
0.0 0.0 
0.0 e. 0 

I). 0 e.e 0.0 
1,GST c 0  0.0 0.0 
0. 0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
9.502-03 1.10'-03 ii.0OE-Ou 0.0 0.0 

0.0 040 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

0.0 1.46F 00 1.162" 0 0  0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0. e 0.0 8.B3F-01 0.0 
?.ea?-01 1.29F-01 1.34E-01 6.233-02 0.0 
0.0 0.0 0.0 0.0 P.0 

0.0 0.0 0.0 c * o  0.0 
4.20E-03 9.33F-01 2.752-01 0,O 0.5 
0.0 e. e 0.0 0.0 0.0 
0.0 0.0 0.0 1.35P 0 0  0.0 
0.0 0.0 1.09f 0 0  0.0 0.0 

0.0 0.0 0.r: 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 8.00F-OU 0.0 0 .0  
0 . 0  0. o 0 . 0  0.0 0.0 

0.0 2.23;2-01 0.0 

0.0 0.0 0.0 0.0 0.0 

O s @  0.0 0.0 0.0 0.0 

0.0 0.9 0 , 0  
O.C 0.0 0.0 
0.9 1.0Oa G O  0.0 
0 . 0  0.0 0. 0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0. c C .O c.0 
0. 0 0.0 0. 0 
0.3 0.0 0.0 
6.13P-C2 0.0 0.0 

0.c 0.0 0. 0 

0 .0  0.0 0.0 
0 .0  0.0 0.0 

0.0 0.0 a. o 
0.0 0.0 e. o 

3.70 
0.0 
C.0 
0.0 
0.0 
0.0 
0.c 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
C.O 
c. 0 
3.0 
0.0 
0.0 
0.0 
n.O 
0.0 
0.0 
0.0 
3.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4.22 b . 7 0  5.25 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 c.0 c. c 
0.0 0.0 0.0 
0. --I e .  e 0.0 
0.0 0.0 9. 0 
0.0 CI.? 0. 4 
3.9 0.9 0, 0 
0. 0.0 e .  0 
0. 0 0.0 0. 0 
0.0 0.0 0. r, 
e. 3 0. 0 3. 0 
0. c 3.c 0. 3 
0.0 
0,o  3. C 
e,0 0.0 
1. 361"-02 0.0 

2 .07F-92  1.102-07 

0.0 
0,3 
0.q 
0, '3 
3.0 
c.3 
0. 0 
0.0 
0.0 
0.0 
5. 0 
0. 0 
0. 0 
6. 0 
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
e. a 
4.0 
3.0 
0.0 
0.0 
e., 0 
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.r) 
C.C 
0.9 
O.D 
0.0 
0 . I? 
0.0 
0.0 
0.0 
0.3 
0.0  
0.0 
0.0 
0.0 
0.0 
c. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. c 
3.0 
0 .0  
0.0 
0.0 

n. 0 
0.0 
0.0 
0 * 0  
c *  3 
0,0 
0, 0 
0.0 
0.0 
8. '37-0 1 
0. G 
n, 0 

0. n 
0.0 
5.0 
e ,  0 
C. 3 
c.. 0 
0. 3 
0. 0 
0.0 
0. 0 
c. 0 
0.0 
0.9 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
F. 0 

e. 0 

0.10 



WUCZSDE 
0. 30 

P 32 0.0 
1) 33 0.0 
P 34 0.0 
S 32 0.0 
s 33 0.0 
s 34 0.0 
s 35 0.0 
S 36 0.0 
s 37 0.0 

CI 35 0.0 
CL 36 0.0 
CL 39 0.0 
CL 38 0.0 
A R  36 0.0 
AF 37 0.0 
A? 36  0.0 
AP 39 0.0 
AF Q O  0.0 
AF U T  0.0 

K 39 0.0 
R UO 0.0 
K 4 1  0.0 

P~DTONS/DTSInlEGePTION FOR TAX LIGRT 

0.63 1.10 1.55 1.99 2.38 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 2.68F-01 0.0 
3.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 ,5. 0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 6.0 0.0 0.c 
8.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 3.921-01 5.32F-03 0.0 
0.0 0.0 0.0 0.0 0.c 
0.0 0.0 0.0 0.0 0.0 
0.0 0.3 0.0 0.0 0.0 
6.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 7,775 0 0  S.0OF-oli 0.0 0. c 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 1.042-07 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

ENPAN ( F W )  

K 4 2  
K 43 
K U f i  

CP 40  
c;I 4 1  

4 2  
CB u3 
CP 
CB a 5  
CP G 6  
CA b 7  
CP 0 8  
ca 4 9  
SC a 5  
SC u 6  
sc 0.1 
sc a 3  
sc u9 
St 5 0  
TI 116 
TI b 4  
TI U 8  
TT 49 
TT 50 
T-r 5 7  

‘d 9 9  
v 30 
v 5 1  

2.705-03 1.OOX-04 

0.0 0.3 
0. 0 0.0 
0.0 0.0 
9.0 0.0 
0.3 0.0 
0.0 0.0 
0.0 0. 0 
0.0 0.0 
0.0 3 .  057-01 
0.0 0.0 
0.0 e. 0 
0. 0 0.0 
0.C 1 . 4 t F  00 
3.Ci77-01 0.0 
3.561-02 0.0 
0.0 0.0 
0.0 @.25!?-1)1 
0.n 0.0 
‘9.0 0.0 

0.0 0.0 
0.0 0.0 
1.01p 0 0  1.34Y-02 
0.0 0.0 
0.0 0.0 
0.0 0.0 

1 . 3 9 ~  00 9.?e~-o? 

0.0 0. 0 

ELERTNTS 

2.75 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

3.00V-OU 1.76F-01 5.0OF-OU 
9.8QP-02 0.0 0.0 
6.41E-01 8.98E-02 3.9O’E-01 
0.0 0.0 0.0 
0.0 3.0 0.0 
0.0 0.0 0.0 
3.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
A.33P-01 0.0 0.0 
0.0 0.0 0.0 
3.0 0.9 0.3 
0.0 0.0 0.0 
1.82E 00 0.0 0.0 
0.0 0.0 0.0 
3.05F 00 0.0 0.0 
0.0 3.003-9li 0.0 
1.02E 00 1.00F 00 0.0 
0.0 0.0 0.0 
0 . 0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.3 
0.0 0.0 0.0 
3.897-92 0.0 9.0 
0.0 3.0 0.0 
0. 0 0.3 0.0 
0. F e. 0 0.0 

3 ;  OOF-OU 
0.0 
0.0 
0.0 
0.0 
0.0 
0.F 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
D.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.0 
0.0 
0.0 
0.0 
0.0 

3. 2 5  3.70 4.22 u . 7 0  5.25 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.9 
0.0 0.0 1.qOE-03 0.0 0.0 
0.0 0.0 0.0 c.0 0. C’ 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 r! .O 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
5 .565-01  0.0 0. 0 3.0 0.0 
0.0 0.0 0.0 0. 0 0. c 
0.0 0.0 0. 3 0.0 0. 0 
0.0 0.0 0.0 0.0 0.9 
0.0 2.0OP-04 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
9.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 3.0 
0.0 0.0 0.0 0.3 3.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 P . 0  0.0 

0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
6.62F-02 0.0 4.00E-02 0.0 0.P 
0.0 0.0 0.0 0.0 3.C 
0.3 0.0 0.0 0.0 3.0 
0.0 0.0 3.0 0.3 0.0 
0.0 0.0 3.0 0.3 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 e. $3 0.0 
0.0 0.0 0.0 3.0 0.0 

0.0 0.0 n.O 0.0 0.0 
0.0 8.U9F-09 0.0 9.5’3-92 P.OOF- 
0.0 3.0 0.3 0.3 0.0 
3.n 0.0 0. 3 0.0 ci.0 
0.0 0.3 G .O 0.0 0.0 
0.0 0.3 3.0 0.0 0.0 
0.0 0.0 0.0 fi. 0 0.0 
0.0 0.c 0.0 0.0 0.0 

0. 0 0.0 0.0 0.0 0.3 
0.0 0.0 0.0 0. 0 @.3 
0.0 0.0 0.0 0.0 0.0 
0 .o 0.0 0.0 0.3 0.0 
0. 0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 “.O 
0.0 0.0 3.0 0.9 0.0 
0.0 3. 0 0.0 0.0 0.0 

0 .o 0.0 0.0 0.0 0.5 

0.0 0.0 0.0 0.0 h.0 

a; 0 
0.0 
0.0 
0.0 
5.0 
0.0 
0.c 
0.0 
0.0 
0.0 
0.0 
0. c 

.03 0.0 
0.0 
0.9 
0.5 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 
0.17 
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TABLE A-3 (CONTINEED) 

RPFTSENCF PRB FQU?LTBBIO!5 FUEL CYCIE -- 3 . 3  O/F F I F I C W D  'J 

POBERS 30.00MW, BURNUP= 33000. NWD, FLUX= 2.921 13NKM**2-SBC 

P 30 
S 3 2  
s 33 
s 34  
s 3 5  
S 36 
s 37 

CL 3 5  
Cl 36  
CL 37 
CL 3 8  
AR 36 
A? 3 7  
AR 3F! 
?E 35 
?.? 40  
A? (11 

K 3 9  
K UO 
K 41  
K 42  
K U 3  
K U U  

CB 40 
C b  Ul 
CB u2 
c.4 43 
CP 40 
Cb 4 5  
cb. 46 
CA a 7  
CA 48  
CA 119 
sc P 5  
SC u6 
sc c7 
SC 48  
sc u9 
re 5t. 
T I  U E  
TT (17 
T-I U8 
TI 45 
TT 50 
TI 51  

V 49 
Y 50  
Y 51 
V 5 2  
v 5 3  
v 5u 

CR 50 

CHIPGE 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
3,  OUT- 0 1 
2. ?72-? 1 
2.77? 00 
2.00E-01 
2.  COF-01 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

C.OUP eo 

110. D 
?. 32E-30 
9 .  U2E- 17 
0.0 
9 .732-25  
0 .0  
0.F 
9 . 1  UE-22 
0 .0  
0.0 
6 . 6  1E- 18 
1. 5173-25 
0 . 0  
c,c 
1,11"22 
5 .56E-23  
2.03E- 1 3  

0.0 
0.0  
6 . 4  1E- 1 5  
3.17 E- 1 9 
2.01E- 15 
5 ,873-18  
0 . 0  
0 . 0  
1 - 9  1F- 1 7  
9.86.E- 0 8  
7. U7E-0-7 
1 .20E-08 
8.16E-08 
2 .583-  1 2  
0 .0  
0. 0 
2.99E-09 
1.263-06 
1 * 34E-07 
6.8YE-09 
1.23E- 70 
7.69E- 14 
3.0LIE-01 
2.  f7E-0 1 
2.97P 0 0  

2.OOE-01 
2.31E- 10  
0.c 
6 * 22E-os 
8.7 SE-03 
8.96E-10 
5.683-12 
2. t 1E- 1 4 
5.63P 0 0  

1 . 2 8 ~ -  17 

2.073-01 

220 .  D 
5.87E-29 
9.51E-16 
0.0 
1. 562-23 
0.0 
0.0 
3.66 3-21 
0 .0  
0.0 
5.30F-17 
I .  2 1E-2h 
0.0 
0.0 
1. 'E?-21 
7.982-22 
8.13E- 13 
2.57F-1' 
0 .0  
0 .0  
2.57E- 14 
1 322-  'lE 
li. 03F- 15 
1.18P-17 
0.0 
0.0 
1.38P- 16 
1 * 97E-07 
1.492-06 
1,963-08 
1.652-07 
2 .8  1E- 12 
0.0 
0.0 
1.04E-08 
1 772-06 
1.3SF-0-I 
5.8YF-09 
1.25F-10 
7 -  69E-lY 
3. W P - 0  1 
2.77F-01 
2.76E 00 
2. 1 lE-01  
1.0OE-01 
2.322-10 
0.0 
1.2UE-04 
2.17E-02 
1 .202-09  
5.67P- 12 
2.6UF-10 
5.01E 00 

NUCLIDE CONCENT*P TT ONS, 
BASTS = I T  OF HEAVY 8.  

330 .  D 
2.06E- 28 
3 .563-15  
6.0 
8 - 7  1E-23 
0.0 
0.0 
8 .53E-21 
0. 9 
0. r) 
1.82E-16 
2.252-24 
0.0 
0.0 
9.252-21 
3.70E-21 
1.86F- 12 
3-9 5T-17 
1. U 92-24 
0.0 
5.E6F-lU 
2. F'E- 18 
6.213- 1 5  
1.8 12- 17 
0.0 
0.0 
u. 30F- 16 
2.982-07 
2.26F-06 
2.46E-08 
2.5 1F- 0' 
3.11E-12 
0.0 
0.0 
2.06E-08 
2.002-06 
1.37P-07 
6.9?E-09 
1.29E- 10 
7.8 SE- 14 
3 .0  4E- 0 1 
L?7E-0 t 
2.763 00 
2.14E-01 
2.00E-01 
2.36F-10 
0.0 
1.85E-04 
3.5 1E-02 
1.5UX-09 
5.78R- 12 
2.72E- 14 
5.OOE 00 

4 4 0 .  D 
5.21q-28 
9. 105-15 
0. 0 
2.682-22 
0.0 
0.0 
1.60E-20 
0.0 
0. " 
U. b7E- 16 
7 0-2- 23 
0.0 
0.0 
3.0 65- 20 
1.09E-20 
3.37E- 12 
5. Sop- 17 
6 .7  53- 211 
0.0 
1.07F-13 
ti. 38P- 1R 
8.622-15  
2 . 5  2P- 17 
e. 0 
0.0 
9.5 3F- 16 
h.  023-07 
3.049-06 
2.81E-08 
3.UlZ-07 
3. U7E- 12 
0.0 .. . 
0.0 
3.272-08 
2.13E-06 
1.41E-07 
7 .177-09  
1,3Y?-10 
8 .09 f -14  
3. C 4E-01 
2. y7F-01 
2,'ET 00 

2.002-01 
2.4 UE- 10 
c. 0 
2. 48F-04 
4.87T-02 
1 I 923-09 
5 .943-12  
2.6U.T- 14 
U.39F 00 

2. teE-01 

550. D 
1. 10E-27 
1.90"- 1u 
0.0 
6.92"-22 
0,o 
0.0  
2.66p-20 
0 . 0  
0 ' 0  
9.117-16 
2.26E-23 

0.0 
7 ,892-20  
2 . 5 1 ~ - 2 0  
5 .421-12  
7.23Q-17 
2.012-23 
0.0 
1. 'IT- 13  
6. QUE- 19 
1 13F-14 
3.30"- l7 
0.0 
0 . 0  
1 .165-15  
S,O9F-07 
3.86E-06 
3.07R-08 
0.36~2-0' 
3. 88p- 12 
0.0 
c. 0 
U.61p-08 
2.23B-06 
1 .  U7E-07 
7.U3p-09 
1. U3E-10 
8 .  39p-14 
3.OUE-01 
2.772-01  
2 .759  00 
2.21E-01 
2 . 0 0 ~ - 0 1  
2.53B- 10 
0,o 
3.112-04  
6.292-02 
2.355-09 
5.1SE-12 
2.98?-14 
4.974: 00 

0 .0  

G R A M  ATOMS 
TAL C H A R G E D  TO P n c T r  

660. D 
2. @BE-2' 
3.511-1U 
0.0 
1. 53p-21 
0.0 
0.0 
4 . l l F - 2 0  
0.0 
0.0 
1.65E- 15  
l i. 27F-23 
0 .0  
0. c 
1,75E- 19 
U. 95E-20 
8.O6E-32 
9.18E-17 
h .  R3E-23 
c. 0 
2.55E-13 
8. W E -  1 e 
1.44E- lu  
4.19--17 
0.0 
0 . 0  
2 . 9 0 ~  15 
6.21F-07 
4.70F-06 
3.29F-08 
5.362-07 
U. 352-12  
0.0 
0.0 
6.063-08 
2.32B-06 
1.52F-07 
7.712-09 
1. KlE!-10 
8. 74E- 1 4 
3.OUE-01 

2 .753  00 
2,25E-0 1 
2. @OF-0 1 
2.63E-10 
0.0 
3. ?'E-04 
7 . f5E-02  
2.83F-09 
6.38E-12 
3.13E-14 
4 .96F 00 

2 . 7 7 ~ 4  1 

770. D 
3.62F- 27 
5.95F- 14 
0 .0  
3.055- 21 
0.0 
0.0 
6 . 0 5 E -  20 
0.0 
0 . 0  
2.77F- 15 
7. 46F- 23  
0.0 
0.0 
3 . 4 7 E -  19 
8.78F-20 
1.14P- Y 1 
1. lUP- 16 
1 .01F-22  
0. 0 
3. 60F- 13 
I .  161- 1' 
1.78P- 14 
5. 19E- 17 
0.0 
0.0 
4.  U3F- 7 5  
7. 3FF-09 
5. 59E- 06 
3 .48F-08  
6.43f-07 
U .  88E- 1 E 
0.0  
0.0 
7.59E- 08 
2 .422-06  
1. 59E-07 
8.03E-09 
1. FOF-10 
9. I l E - 1 4  
3 .  OLE- 09 
2. 77E-  0 1 
2.75P 00  
2 ,292-01  
2,OIF-Ol 
2.74F- 10  
0 .0  
4. 43E-OY 
9 .262-02  
3.37F-09 
6.6UY- 12  
3.31E-14 
4.9UE 00 

tR 

980. D 
5. 97F- 27  
9.u8F- 14 
0.0 
5.61F- 2 1  
?. 57F-25  
0.0 
8 .552-20  
0.0 
0.0 
L. 3-p- 1 5  
1.23F-22 
0.0 
0.0 
6.392- 19 
1. 443- 1 9  
1.547-11 
1.3AE- 16 
1 .89E-23  
0.0 
U. 88E- 1 3  
1. U'F- 1' 
2. ?5E-1b  
6.30p- 17 
0.0 
0.0 
6 , & 1 E - 1 5  
8.C9E-07 
6 .5 tE-OS 
3.663-08 -. 552- 0' 
5 .  ORB- 1 2  
0. c 
0.0 
9.23?-138 
2.53E-06 
1 .65E-07  
8.36F-09 

9.SPS-lU 
3 .382-01  
2. T7F- 0 'I 
2,7uF! oc 
2.333-01 
2 .019-01  
2.8EE-10 
0.0 
5 .12F-OU 
1.08E-01 
3.967-69 
5.91F-12 
4.49F- 1 4  
4.93E 0 0  

1.7'32-10 

990. D 
9.39E-2' 
1. UQF- 13  
0.0 
9.71E-21 
3.22E-25 
0.0 
1 .179-  19 
1.362-25 
0.0 
6.601-15 
7.933-22 
0 .0  
0. c 
1 .1 lE-18  
2.23F- 19 
2.03E- 11 
1. 65F- 16 
3. 3nP-22 
e.  0 
6.42E-13 
1.82E-1' 
2. 597- l a  
7.53E- 1: 
0.0 
0 .0  
8.86E-15 
9.86E-0- -. 4 SE- 06 
3.83E-08 
E. 75E-OV 
6. 13E-12 
0.0 
0.0 
7.093-07 
2.63"-06 

8.69E-09 
1. 802-10 
9.900-14 
3.04Q-CI 
2. 77E-01 

2.383-01 
2.OlE-01 
2.988- 10 
0.0 
5.813-04 
1.25F-01 
0.623-09 
7. 18F- 12 
3.683'-lU 
4.91T 00 

1 e 7 2 ~ -  07 

2 , 7 u ~  OD 

1100. D 
1.  U2-26 
2. 11"-13 
0.0 
1.60E-2C 
5. Et?'-25 
0.0  
1.5"F-19 
1 .27E-25 
0.0 
9.62F- 15 
2.932-22 
0.0 
0.0 
1.832- 18 
3.29E-19 
2 .6  IF- 11 
1.95F- 16  
5 .22a-22  
1.5OF-25 
8.2SE-13 
2.2 1P-17 
3 . 0 4 ~  t i i  
8. 88B-1' 
0.0 
0.0 
1 .1Qn-14 
1 . 1 2 ~ 0 6  
S.46F-06 
u.0or-08 
1.00?-C6 
5,85?-12 
0.0 
0.0 

2.782-06 

9 .03p-09  
1 .QlF-  10 
1 .032-13  
3.041-09 
2.76?-0! 
2.73= 09 
2.fi2n-01 
2. o w - 0 1  
3. 1 1 ~ - 1 0  
0.0 
6.52E-04 
1 .  4ZF-0 1 
5.33F-09 
7.fJ5F-12 
J.88P- 14  
U.89E 00 

1 . 2 0 ~ - 0 7  

I. 792-07  
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* 1 .  .' ' 

POW 

SR 8 9  
sa 90  
SR 9 1  
Y 9Oy: 
Y 9 0  
Y 91M 
Y 9 1  
ZP 9 0  
ZB 9 1  
ZF 9 2  
Zn 9 3  
ZP 94 
ZR 9 5  
ZF 9 6  
FJB 9 2  
N?3 93M 
NE 9 3  
89 9fi 
NB 95  
N B  96 
NIY 9 7  
NG 92  
a0 0 3  
MG 93M 
a0 94 
an 9 5  
BO 9 6  
TI0 9 7  
MO 9 8  
MO 9 9  
NO100 
A0101 
TC 90M 
:i. 9 9  
TClOl 
r u 1 0 1  
CD113E 
CD113 
CD115M 
CDl 1 5  
CDl l9P 
CD119 
CD12Y 
IN113 
TN119M 
IN119 
'IN12114 
IN121 
SNllU 
SN115 
SN116 
SN117M 

m c  

TABLE A-3 (CONTINUED) 

REPE3ENCE PU? F Q U I L I B P T I J X  FUPL CYCLE -- 3 . 3  C / O  EBBTC9ED 

ER= 30.00MW, BURNUP= 33000. MWD, FLUX= 2.922 13N/CM**2-S2C 

NUCLrDE COICENTWPTTTONS, 
B F S I S  = 9T CF H E P V P  I S ?  

C H A R G E  
0.0 
0.0 
0.0 
0.9 
0.0 
0.0 
0.0 
1.U2'J 0 3  
3.07F 02 
4.62E 02 
0.0 
4.60E 02  
0.0 
7.25E 01  
0.0 
0.0 
1.03L' 01  
0.0 
0.0 
0.0 
0.0 
0.  q72-0 1 
0.0 
0.0 
5.32E-01 
9.261-01 
9.5eF-01 
5 .  U6E-0 1 
1.36E 00 
0.e 
5.UOF-01 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.19F-01 
1 .13 f -01  
U.58E 00 
0.0 

110. D 
8. EO?-06 
9.81E- 10  
1.67"-08 
o * o  
2.202-05  
2.55F- 1 0  
2 .53F-05  
l.U2E 0 3  
3 .065  02  
4 .629  0 2  
3 .863-52  
4.603 0 2  
7.57E-0 3 
7.254: 0 1  
3.89E-0- 
3.llP-OF 
l . 03E  0 1  
1 .75s -03  
2.  €72-03  
2 .722-08  

9.5--01 
4.u53-05  
3.3Fv-09 
5 + 32"- 0 1 
9. 19E-01 
9.68E-0 1 
5 .  n6F-01 
1 .362  00 
2. e 3E- 0 5 
e .  UOE-0 1 
2.992-08 
2 .2  IF-0 6 
7.39E-OU 

2.2117-04 
0 . 0  
1 .  USE-09 
0.c 
2.263-31 
0.0 
2.62E- 1 0  
2.852-15 
0 . 0  

5.142-13 
2 . 5 2 ~  15 
0 . 0  
2 .19E-bl  
1.13E-01 
U.68.E 0 0  
9 . 7  8E- 0 4 

2.297- 1 1  

2. 87.r-08 

u. 725- 1 4 

220. D 
1.08E-05 
3.332-09 
1.67E-08 
0.0 
2.202-05 
2.56E-10 
3.222-05 
1.u25; 03 
3 . 0 6 2  02  
4.632 02  
7 . 7 2 3 4 2  
U.60E 0 2  
9.92E-04 
' .25F 09 
3.902-07 
1.2QY-08 
1 . 0 3 r  0 1  
3. U9F-03 
U, 68E-03 
4 e 68 E-08 
2.29E-11 
9.57Z-01 
8 .903-05  
3.36E-09 
5.32E-01 
9.182-01 
9.7'??-01 
5 . 4 6 ~ - 0 ' 1  
1.36? 00 
2 . . 53~-05  
5 ,  rie E-01 
2.99E-08 
2.212-06 
1. SOT-03 
2.87E-08 
ri. 4'2-04 
0.0 
1.51 P-09 
0.0 

0 . 0  
2.62B-14 
2 .852-15  
0.0 
4.722- l u  
5.1UF-13 
2.532-15 
0.0 
2.142-01 
1.13F-01 
Q.67E 00 
9.82P-0U 

2.272-11 

330 .  D 
1.15E-05 
6.802-09 
1.70F-08 
0.0 
2.2UF-05 
2.6 1 E- 10 
3 .4  6E- 0 5  
l .&2F  03  
3.06E 02 
4.632 0 2  
1 ,172-0  1 
a.50E 02  
1.08E-02 
7 .25P 0 1  
3.982- 37 
2. -3 8Q-0 8 
1 ,03F  01  
5.2'E-O3 
5 .  fi SE-03 
5.591-08 
2.333- 11 
9. f?F-0  1 
1 3UF-OU 
3.4 3F-09 
5.32E-01 
4.19F-01 
9.87F-01 
5 . U E F - O l  
1 , 3 6 p  00 

5.3 9F-0 1 
3. GSE-OB 
2.25F-06 
2.2?F-03 
2.92F-08 
6. 72F-0U 
0.0 
1 .5 tP -09  
0.0 
2 .31f -11  
0.0 
2.68F-14 
2.9 l F -  1 5  
0.0 
u. 82P- 14 
5 .242-13  
2.58E- 15 
0.0 
2.19E-01 
1.139-01 
u.665' 00 
1.OOE-03 

2 . 8 9 ~ - 0 5  

UUO. D 
1 .197-05  
1.1 hE-OR 
1.767-08 
0.0 
2.3 13-05 
2.6 9E- 10 
3.6 OE- 05 
l .b2P 03 
3.067 02 
fi.63E 02 
1.59Y-Cl 
f i .60r  02  
1.13F-02 
7.252 01 
ri.loE-0: 
4, 933 -08  
1 . 0 3 r  01 
7.093-03 
5,863-03 
6.15E-OB 
2. 402-  1 1  
S.57"O 4 
1.8 lF-04  
3.53F-09 
5.32P-0 1 
9.21F-01 
0,9'1€-01 
5. u6E-07 
1.35F C0 
2.98F-05 
5 .393-01  
3.143-08 
2.322-06 
3.05F-C3 
3.017-08 
S.OEE-CD 
0.0 
1 . 5 ~ - 0 9  
0.0 
2.38E- 11 
0.0 
2.76E- 14 
3. OOE- I f  
0.0 
U. 96F- lu  
5.39E- 13 
2.66F- 15 
0.0 
2.19E-01 
1.13'E-01 
4.662 00 
1.03E-03 

550.  D 
1.23-05 
1."3E-08 
1.82E-08 
0.0 
2.392-05 
2.79ri-10 
3.7UP-05 
1 . 4 2 3  03  
3 .05?  02 
4.649 02  
1.99F-01 
U.60E 02  
1.1873-02 
7.25': 01 
4 .  25P-07 
7 .  '27-08 
1 .n2p  01 
e. 98P-03 
6 . 1 2 ~ 0 3  
6.659-08 
2. usp-11  
9.5-F-01 
2 307-04 
3 .662-09  
5.32E-01 
9.2UE-01 
1 .C lP  00 
5 I WP-0  1 
1 . 3 5 r  00 
3 .08p-05  
5.39T-01 
3.251-08 
2.40E-06 
3 .  85E-03 
3.12P-08 
1.14p-03 
0 .0  
1. Y E - 0 9  
0 . 0  
2. U7E-11 
0.0  
2.86E- 14 
3 .115-15  
0 .0  
5.15-14 
5.58E- 13 
2 . 7 5 t -  15 
0.0 
2*19P-O 1 
1 .132-01  
4.65E 00  
I. 0 7 ~ - 0 3  

U 

Gap! '  ?TOYS 
'AL CHAPG5:D 

660. D 
1.292-05 
2.4€E-08 
1.39F-08 
0.0 
2. 49E-05 
2.90F-10 
3. 88E-05 
1. Q2W 0 3  
3.05F 0 2  
4.F4E 0 2  
2. u29-0 1 
4,60? 0 2  
1.22F-02 
7 .25F 61 
U 42E-by 
1. ?IF-C' 
l"02F 0 1  
1.09r-02 
6. 372-03 
7.202-08  
2. 59F- 11 
9 * 57f-C 1 
2. POP-ou  
3 .812-09  
5.32P-0 7 
si. 26F-01 
1.02E 00 
5. WF-0 1 
1.35E 0 0  
3. 21E-05 
e;. 39"-01 
3.38E-08 
2. 50E-06 
U.67E-03 
3.242-08 
1 .36E-03  
0. e 
1.51E-09 
0.0 
2. 57n- 1 1  
0.0  
2.97F-10 
3.23F- 1 5  
0.0 
5.35F-14 
5 .80E-13 
2 . 8 6 ~ 1 5  
0.0 
2.19E-01 
1.13P-01 
U.bSF 00 
1. l l F - 0 3  

TO FFACTO 

7 7 0 .  D 
1.34E-05 
3. 35E- 08 
1.971-08 
0.0 
2. 60E-05 
3.02v- 10  
u .  04E- 05 
1.42F 03 
3.05E 02  
4.64F 0 2  
2. 87'- 3 1  
4.602 0 2  
1.27E-02 
9 .25F ?1  
u. EOE- e 1  
i . 5 2 ~ -  37 
1 . 0 2 ~  07 
1.3OP-02 
6 I 6 3f -  0 3 _. 8eF- O B  
2.7CE- 11 
Q *  57r- 0 1 
3.337- 0 4  
3.97E-09 
5 . 3 2 ~  0 1 
9.293- 0 1 
1.033 00 
5. 468-01 
1.35F 00 
3 .34F-0s  
5.3PF-01 
3.522-08 
2.60F- 06 
5 . 5 2 ~ - 0 3  
3.383-08 
1.6UE-03 
0 .0  
1 .512-09  
0 .0  
2. 6BF- 14 
0.C 
3.10E-14 
3.37F- 1 5  
0.0 
5.58E- 1 4  
6. OU2- 1 3  
2.98E- 1 5  
0.0 
2.19E-01 
1 .13F-01  
4 . 6 4 E  00 
1.15E-03 

9 

880. D 
1. U9F-05 
(1. U2E-08 
2.06E-08 
0.0 
2 .7 lF-05  
3 . 1 5 ~  10 
4.20 "-0 5 
1.42Y 0 3  
3.047 02  
U.642 02  
3.3riF-0 1 
4.FOP 02  
1.332-02 
-r.ZSE 0 1  
fl.85E-07 
2, WE-07 
1 ,027  0 1  
1.51n-02  
6.91?-03 
8.UYF-08 
2,8277- 1 1  
9.5"F-01 
3.eSE-0U 
4.13P-09 
5.32F-01 
9.32E-0 1 
1.0ur  00  
5 .  a6F-O'I 
1 .35 r  n o  
5.3877-01 
3.691-08 
2.91-06 
6.38E-03 
3.52P- 08 
1. W P - 0 3  
0.0 
1.502-69 
0.0 
2. eor- t 1 
0.0 
3.23E-14 
3.51 E- 1 5  
0.0 
5. 811- 14  
6.292-13 
3 .115- I f  
0. 9 
2.19F-0 '1 
1.13E-01 
4.633 90 
1.20"-03  

~ . U R P - O ~  

990.  D 
1. U6"-05 
5. 69B-09 
2.1u7-08 
q. 0 
2.82"- 05 

4.377-05 
1 .425  0 3  
3.0Up 02 
4.65E 02 
3.83E-01 
b.507 02 
1. 38F-02 
7 - 2 5 ?  c 1  
5 .  00--0' 
2.55F-07 
1.02E 01 
t .73p-C2 
7.21E-03 
9.20E-08 
2 .93e-  11 
9 ,573-01  

U. 31?--C.9 
5 .323-01  
9.3413-01 
1.05E 00  
5.46"-81 
1.35F 00 
3.623-05  
5.389-01 
3.822-08 
2. 82F- 06 -. 2 V - 0 3  
3.67E-OQ 
2. 1-7-03 
0.0 
1.5CT-09 
0. e 
2.92E- 17 
9.0 
3. 36v- 14 
3.66E- 15 
0.0 
6.062- 14 
6. W E -  13 
3.24F- 15 
0.0 
2 . lQF-01 
1 .13F-01  
a. 63p 00 
1.25L-03 

3.2e':-io 

4. use-ru 

1100.  D 
1. 52n-05  
7. 162-OR 
2 .23r -06  
0.0 
2.93F-05 
3.02F-10 
4.55F-05 
1.02" 03  
3.0LF 0 2  
U.65E 0 2  
%. 3UV-01 
U.6@" 0 2  
1. UQ'-02 
- ' ,25F 31 
5.20F-C? 
3 .16p-07  
1 .02F 01  
1 .9Er-02  -. 50-03 
9.962-08 
3, G q * -  1'1 
9 . 5 6 F -  07 
S . O U " - P U  
4. hPF-09 
4 .327-Cl  
9.3-E-01 

5,hEF-@1 
1.35" oc 
3.772-05 
5.37P-OY 
3.983-08 
2.9 32-0 6 
e .  197-03 
3.8 1F-08 
2.fi57-03 
0.0 
1. 50"- 09 
0.0 
3. Ofin- 11 
0.9 
3.50E-lu 
3. 8 IF- 1 5  
0.0 
6.302-14 
6. 8OF- 1 3  
3.37F- 1 5  
0.0 
2.197-01 
1. 13F-01  
U.62F 00 
1.302-03 

1.077 00 

d 

0 w 
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TmiE A - 5  ISOTOP:~ CONCEMRATIM.IS ( G - A T W ~ E T R I C  MN OF U) OF FISSIM\; PRODLKTS AS A FWCT~ON OF IRW 
TIRE (DAYS) 

FFPERENCP PUP E Q U I I I B P I U P !  ?UFL CYCLE -- 3.3 O / O  *NF'ICHED U 

POWEP= 30.008W, B U F N U P =  33000. R H D ,  FIUX- 2 , 9 2 2  139/CM**2-SEC 

NUCZIDF CONCENTPATTONS, Pup> !! P.TO8S 
E A S T S  = MT OF H F E V Y  METAL CHPDGED TO E k C T O F I  

CHPPGE 
F! 3 0.0 
Zh' 7 2  0.0 
GA 7 2  0.0 
GE 7 2  0.0 
GP 7 3  0.0 
G? 7 3  0.0 
GP. 7 s  0.0 
GE 70  0.0 
GA 7 5  0.0 
GF 75R 0.0 
Gnl 7 5  c.0 
$3 7 5  0.0 
GA 7 6  0.E 
GY 7 6  0.C 
P.S 7 6  0.0 
SF 7 6  0.0 
GF 77H 0.0 
Gf 7 7  0,O 
AS 'I? 0.0 
SE 7-'M 0.0 
SE 7 7  0.0 
GE 7 8  0.0 
8.S 7 8 8  0.0 
A S  78 0.c 
SE 7 8  0.0 
A S  79 0,O 
skl 79R 0,o 
S" 79 0,c 
E? 79 0.0 
AS 80 0.9 
SE 80 0.0 
BF 808 0.0 
BR 80 0.C 
KF 80 0.C 
A S  8 1  0.0 
SE 81M 0.0 
SE 84 0.0 
BP 81 0.0 
KF R4!! 0,O 
KF 8 1  0.0 
Sf 82  C.0 
B3 9 2 8  0.G 
BF 8 2  0.8 
KF 8 2  O.@ 
SP 83K 0.0 
SE 8 3  0.0 
BC 83 0.0 
KF 8 3 8  0.0 
KB 8 3  0.0 
sr 8 U  0.0 
BF 8UF! 0.0 

110. D 
2.05p-0 3 
1. 06E-07 
3.20E-08 
3.19E-06 
4.68E- 0 8  
1.66E-05 
U. 18E-09 
5 * 43B-0 5 
2 . 1 0 r - 0 9  
8.C53-10 
8 .  SOP-b 8 
1 15v-DL 
1.79"-09 
3 I SUP-@ 0 
6.2UF-09 
2. I l l?-07 
8,17E-09 
2.9 ?E-06 
2,60E-05 
9.83E- 1 2  
1.18E-03 
2.41F-06 
0 . 0  
2. B9*-06 
2 ,  Wf-03 
6.u7E-07 
2 I 8 17-0' 
8.02E- 0 3 
" .06P-07 
3.17'E-08 
1.39P-02 
3.27E-09 
8.UOE-08 
C. 633-04  
1.C7F-08 
1 1OF-06 
3 a 46E-06 
2 06E-0 2 
3 .?2E- 11 
1 ,=13-05  
U ,571- 0 2  
6 ,04E-09  
2.272-06 
6 02-05 
3. ? lE-07  
6.0 1E-0 6 
8 . 8 5 F -  0 5  
6. @3E-05 
7.51F-02 
3 8 18-06 
1. 1F-07 

220. D 
u. 252-03 
?.&OF-09 
4.23P-OE 
8.07E-06 
U.9UE-08 
3.97%-05 
U. 56E-09 
1.16E-04 
2.075-89 
7.9EE- 1 0 
8. SCE-08 
2.30E-04 
I.8OS-OC 
7.362-04 
f .25P-08 
5 ,498-07  
E.23E-09 
2,933-06 
2,622-05 
9. @e?- 12 
2 ,413-33  
2.447-06 
0 . 3  
2.522-06 
6,OjF-03 
6 ,232-07  
2. ?OF-@? 
1.5EE-02 
1 .4 lE-06  
3*OU"-08 

3 .  l 5 E - 0 9  
6.382-08 
8.90E-04 
3.052-09 
1.09F-06 
3.372-06 
U.06E-02 
3.15P-11 
7.45F-05 
8.96 E-02 
1.16E-08 
4.3?P-06 
2.29E-04 
3.53E-07 
6.28E-06 
8.01 E-05 
6 . 1 9 ~ 0 5  
1.43F-01 
3.57B-06 
1 322-07 

2. 7 4 ~ - 0 2  

330. D 
E. 56-03 
1. 6-E-07 
5-06E-08 
1.422-05 
5.17E-08 
5.363-05 
L?.37E-09 
1.E2P-QU 
2.063-09 
7.92F- I 0  
8 .  USE-53 
3.U5E-04 
l , @ 2 Z - 0 9  
1.11s-03 
1 e 9 ?E-08 
1 9 3%-06 
8.3 l F - 0 9  
2.965-06 
2.6 1P-05 
9 . 9 8 J -  12 
3. E 43-03 
2.46?-0€. 
0.0 
2.55F-06 
9. t u x - 0 3  
6.OEF-07 
2.6 32-0- 
2 . 3 4 ~ - 0 2  
2.12F,-06 
2-95E-OR 
u,053-02 
3.063-09 
e. 53F-08 
1.29F-03 
1. 052-08 
1.09E-06 
3.32P-06 
E. 03-2-02 
1,CEE-lO 
1.6 5E-04 
1.32F-0 1 
1. 5E- 08 
E. 59F-06 
5.07E-04 
3.2UE-07 
5.8 2E-06 
7 . 3 8 r - 0 5  
5.70E-05 
2.05E-01 
3.fiOE-06 
1 * 2 5F-0-7 

u40. D 
8 . 9 5 5 0 3  
1.90n-07 
5 . 7 7 ~ - 0 8  
2.13n-05 
5.37E-08 
?. 37P-05 
5.15E-09 
2.53E-84 
2.05f-09 
'.89+10 
8.  UZP-OB 
4.593-00 
1.83"-CQ 
1.502-03 
2.6lE-08 
3.47F-06 
8.38E-09 
2.98F-06 
2.66E-05 
1,o 1E- 11 
4 , 8 8 E - @ 3  
2. h9n-06 
0.0 
2,58E-06 
1.232-02 
5 . 9 2 r - 0 7  
2.57E-07 
3,08F-02 
2 .8  3E-06 
2, 87F-08 

33E-02 
2.092-09 

7 &  679-03 
1.05"-C8 
1. C9B-06 
3.2-E-06 
7.97F-02 
1.4 12- 10 
2.921-04 

2.37E-OB 
8.93T-06 
8,9'E-04 
3.00E-07 
5 .  U3Z-06 
6.85F-05 
5.29v-85 
2,611-01 
3.263-06 
1 2 0 s - 0 7  

t i .  7 7 ~ - e 8  

i . 7 3 a - e i  

550 .  r) 
1. 14"-02 
2.  q2E-O- 
E,  u2'7-C8 
2.24'7-05 
c .  55Z-08 
9 UUT-05 
c3.39'7-09 
3.282-04 
2.05'-09 
7 .  86?-13 
8. UOE-08 

1 1  85E-09 
1 N E - 0 3  
3,38?-08 
5,50S-06 
8 e 95P-OG 
3 , 0 1 ? - 0 6  
2.69g-05 
1 * 020- 11 
E .  13P-03 
2.522-06 
O.b 
2,60F-r)6 
1 * 56F-02 
C.80a-D' 
2,51P-77 
3 ,  BOP-02 
3.5UF-06 
2.803-08 
6.5eF-r)Z 
2.92E-09 
9 a O'F-09 
2.02F-03 
4. 06B-OB 
1.10E-06 
3 , 2 3 2 - 0 6  
9.8PP-92 
1.7'"- 10 
4.561-OU 
2 ,  ?3?-01 
3. 0UP-08 
1.lUF-05 
1.403-03 
2.78 '7-07 
5.09E-06 
6.3BE-05 
4.93-05 
3.12F-01 
3.13F-06 
1. 15P-O-' 

E. 7 2 ~ - 0 u  

660. D 
1.39F-02 
2.311-07 

3, 825-35 
5.722-08 
1 .  16F-01 
5. i 2 F - 0 9  
4.07E-ou 
2.04 E-0 9 
7. ELF-10 
R. 3EP-08 
6.95P-04 
1.86P-09 
2.27F-03 
4 .2?? -08  
8.06F-06 
B.52E-36 
3, C3E-06 

I ,  0 3 f - 1 1  
7 .  36*-03 
2.547)-P6 
0.0 
2.63E-0 6 
1.892-02 
5. 69F-0" 

0.52F-02 
4.262-06 

7.81F-02 
2. 8'P-09 
9. UlF-OB 
2.36E-03 
1 ,592-0  8 
7 .  l l E - 0 6  
3.2OF-06 
1. 18F-0 1 
2 .1sp -10  
6. 59T-CU 
2 .53 f -01  
3.75F-Oe 
1 . 4 l E - 0 5  
2.03f-03 
2. 57E-07 
4, '8F-06 
5 .  V x - 0 5  
u. SOE-05 
3.57E-01 
3.02E-06 
1. llE-07 

f.OiF-0a 

2 . 7 1 ~ - 0 5  

2, n - ~ - 0 7  

2.749-08 

770. D 
1 652-02 
2.5OF-09 '. SEE-OP 
U . 7 8 Z - 0 5  
5. 88F-08 
1.38E- O U  
5.8UX-09 
4.89E-OL 
2 .  0u*- 09 

8.3FE-08 
'.97F-OU 
1.68P-09 
2 .672-03  
5.1Bf-08 
1 . 1 2 2 - 0 5  
8,59P-C9 
3 a  O5V-06 
2.73p-05 
1 OOE- 11 
8.6CE-03 
2.57P-05 

2. E6E-Cb 
2.22B-02 
5.59E- 07 
2. 02E-07 
5 - 2 2 F - 0 2  
U. 9'F-06 
2 .632-03  
9.01F-02 
2.82F-09 
9.7BF-08 
2.6BF-03 
1.09E-r)R 

3. 1-3-06 
1. 362-01 
2.55E- 10 
9.02P-0B 

4.512-08 
1. 702-05 
2 , 7 9 2 - 0 3  
2. 39E- 07 
4. U9Z-06 
5.561-05 
U. 29Z-05 
3.98E-01 
2.91E-06 
1.07F-0' 

7 . 8 3 ~ - 1 0  

0 . 0  

I .  ~ 3 9 - 0 6  

2 , 9 i ~ - n i  

880. D 
1.91p-02 
2.68F-07 
8. 1 3 ' 7 - O S  
5.82F-05 
6.03.F-08 
1.60E-OU 
6.O+E-09 
5. 'ur-00 
2 .0hP-09  

8.3575-08 
0.OEF-Ou 
1. 89E-39 
3, 06"-03 
6 . O F V - O 8  
4 ,  U C ~ - @ 5  
3,6EP-OY 
3 . 0 7 r - 0 6  
2.75?-05 
1 ,05I - - l ?  
9, R3P-03 
2.59E-06 
0.0 
2 , 6 4 3 - 0 6  
2.563-02 
5*5OF-oy 
2.383-G7 
5.90E-C2 
5. 58E-05 
2.63E-03 
1 O2E-0 1 

1.02F-0- 
2.98F-03 
Y *  110-08  
1.15E-06 
3. 15E-06 
1. SUE-01 
2.9cE- 10 
1,19p-03 

5.33?-08 
2,01??-05 
3.58F-03 
2.21E-07 
0.23p-05 
5.18E-05 
4. 03E-05 
4.33E-01 
2. R1E-06 
1.03E-07 

7 . 8 2 ~ -  10 

2.77~- 0 9 

3.28-0 1 

DIATION 

990.  D 

2. 8UV-07 
8. 62"-88 
6.923-05 
6. 1 P E - 0 8  
1.83C-OQ 
6.25E-OY 
6. E2p-04  
2*03?-09  
7.8lE-10 
8 .  303-05 
1. @2P-03 
1.90"-c9 
3. k6P-03 
7.0813-08 
l e  923-05 
8. ' 3 " - 0 9  
3 .10f -06  
2.7-9-  05 
3 f 07e- 11 
1 , 1  IT-02 
2. 62s -05  
O"0 
2.71-06 
2.91E-02 

2.?5E-D7 
6.58Y-02 
6, 39E-36 

1.13p-01 

1.06F-07 
3.2CE-03 
1. 12E-08 
1 * 1'Y-06 
3.12E-06 

3 .  36E-tO 
1.E.4F-03 
3.65F-0 '  
6,191-08 
2 .33 r -05  
u .703-03  
2. OUF- 07 
3. 975- 06 
4.832-05 
3 . 7 3 F - 0 5  
4.6uF-C1 
2.72F-06 
9,515-08 

2 .17r -02  

5 , a 1 ~ - 0 7  

2, +er-m 
2 . 7 3 ~ 0 9  

1 . 7 2 ~ - 0 1  

1100. D 
2. UUP-D2 
3,0@?-0" 
9.11F-OF 
8.08P-85 
6. ~ 2 r - 0 8  
2 .  O ~ P - O ~  
6,U11"-09 
7.53F-0'4 
2 . 0 3 ~ - 0 9  
7. BOP-IC 
P. 3 OF- O E  
1 .1  P - C 3  
f 0 92n-oc  
3.875'-03 
9.1bF-OB 
2.02P-05 
8.75a-99 
3 *  12p-06 
2 ,790-05  
1.0RF-11 
1.23p-02 
2 .  647-06  
0.0  
2 .73F-06 
3.263-02 
5 ~ 3an-07  
2 .3  1C-27 

59?-06 
2. f a r -08  
1 . 2 5 f - 0 1  
2.69"-09 
1.r0r-F' 
3.52"-03 
1.1119-08 
1.18?-"6 
3. 1Op-06 
1,89F-O 1 
3, 'BE-70 
1 I 38F- 0 3  
4 , O l E - 0  1 
7.09"-0P 
2.67Z-OC 
5.862-03 
3.881-07 
3.748-06 
ri. son-05 
3. 47F-OC 
9.91E-01 
2.63p-06 
9. 5Pn-08 

7 . 2 4 ~ - 0  2 

- _ _  
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I .  I 

?ABLE F\-5 (CONTINUED) 

YEFEPENCE PUP EQU3IEPIUY FUEL CYCLE -- 3 . 3  o f 0  TNFICSFD D 

P@WEP= 30.00KW, BUPBUP= 33000. N W D ,  TLUX= 2 .922  13N/CE**2-SSC 

C H % a G E  
Y 9 U  0.0 
ZP 9U 0.0 
ZR 9 5  0.0 
SF 9 5  0.0 

Y 9 5  0.0 
2s 9 5  6.0 
NB 95Y 0.0 
RE 9 5  0.0 
fln 95 0.0 

Y 9 6  0.0 
ZP 9 6  9.0 
NB 96 0.0 
30  9 6  0.0 

Y 9 7  0 - 0  
Z? 9' 0.0 
'Ns 97H @.@ 
t79 9 7  0.0 
H@ 97  0.0 
24 0 8  0.P 
MB 9 8 8  0.0 
VR 9P 0.0 
10 9 8  0.0 
YB 09 0.0 
3.0 9 9  0.0 
?C 999  0.0 
TC 9 9  0.0 
PU 9 9  0.0 
~ E t O O  0.2 
MCIOC 0.0 
TClOO 0.P 
RU100 0.0 
NB101 0.0 
M@lbl 0.0 
TClO1 0.0 
RU10l 0.0 
MOT02 0.9 
TC102N 0.0 
TC102 0.0 
XU102 0.0 
WC103 0.0 
TC103 0.0 
FW103 0.0 
FH103E 0.0 
FH103 0.0 
N 0 1 0 U  0.0 
TC104 0.0 
R W 1 O U  0.0 
RHlOuF 0.0 
R H l O u  0.0 
PDlOsl 0.0 
110105 0.0 
TC105 0.0 

110. D 
1 .029-04 
9.20E-0 1 
9.1OF-08 
4.83E- 06 
8.85E-05 
5.2 9F-0 1 
6 1 12-0 U 
1.9 ?E-0 1 
1.89E-01 
1 .912-05  
9.208-0 1 
3 .6  IE-06  
7 .  75E-04 
7.81"-0' 
7 . 9 7 r - 0 3  
9 .501-06  
5 .  63F-OU 
8 . 7 8 2 - 3 1  
7.70E-36 
1 . 5 4 9 -  05 
5.32X-06 
E. 56E-0 1 
1.96E-05 
3.29P-02 
2 S6F-G3 
8,6OE-O 1 
U.  23P-C9 
2 .582-05  
9.37E-0 1 
2.42Ln-08 
C.69F-03 
6 .923-06  
1.01P-Ol: 
9 . 7  2E- 0 5 
7.51F-01 
6.5U7-05 
1 .342-05  
2. U8E-07 
6 .382-01  
4.77E-06 
3.85E-06 
2 .182-01  
2.18E-04 
2.56E-0 1 
4.2Bp-06 
5.95B-05 
3.29F-01 
8 . 2 3 ~ - 0 8  
1 .83E-07  
1.06E-02 
1.35E-06 
2.73B-07 

220. D 
1.362-04 
l s 8 1 2  00 
8.86F-08 
U .  69F-06 
8.59F-05 
E. 8 1 P-0 1 
7.972-04 
3.3CE-01 
7 .853-01  
l.86E-05 
1.82E 00 
5.44E-06 
6.003-03 
9.687-07 
7.8UP-@3 
7 *  372-06 
5.53F-04 
l . " g P  00 
?. 62E-C6 
1 522-05 
6.09E-06 
? . " I F  00 
1.94E-05 
3.252-C2 
2.54E-03 
1.75E 00 
1 a 72-2-06 
2.582-05 
1.882 00 
I I .  9272-OB 
1.91E-02 
6.968-06 
1. OZE-04 
9.77E-05 
1.517 00 
6 * 7 1 e-05 
1 * 372-05 
2.5UE-C7 
1 .31E  00 
5.05E-06 
4. O'F-06 
2.672-01 
2.6931-011 
6.82E-01 
bl. E??-06 
6.78E-05 

2.20E-0' 
4.89F-0' 
6 . 1  UE-02 
1.69B-06 
3 .  UOF-07 

7 . 2 1 ~ - 0 1  

NUCI 
BP SI 

330.  P 
1.332-04 
2.68F 00 
E. 7OE-08 
4.60p-06 
8.42F'-05 
7.19E-0 1 
8. U 5E- 0U 
3.777-0 1 
1.5EE 00 
1.8 2E-05 
2.71E 00 
6.39E-06 
1.90F-02 
7.60E-07 
7 .762-03  
7,302-06 
5 U W - 0 4  
2.632 00 
7 . 5 7 2 - 0 6  
1 * 5 ? P - @ K  
6.72E-06 
2.58F OD 
1.933-05 
3.252-02 
2.5 3E-03 
2.62F G O  
3. 8 91-06 
2" 595-05 
2.64F 00 
9 . 5  52-09 
4.36P-02 
09F-06 

1 C3F-OII 
9.8 9 - 0 5  
2.28F 00 
6.9 82- 0 5  
1. fi tE-C.5 
2.6 ?E-07 
2 . 0 1 1  00 
5.299- 06 
LI. 2'72-06 
2.885-01 
2.8 ar- 04 
1.12E 00 
5.3?P-06 
7.47E-e5 
1.162 00 
3. 58P-07 
E. 19-2-07 
1.F2E-01 
I .  9 6E-06 
3.952-07 

I C E  C@NCFN?QaATTONS, G P E A  I T P Y c  
S = KT OF HEPVY M V A Z  CHAQGFD TO PFACTCR 

b o @ .  D 
1.29E-011 
3 . 5 u r  00 
8. 592-08 
4, 53:-06 
8. 28B-05 
7.24F-01 
8.51"-0U 
3.892-01 
2 .397  O C  

3.592 00 
6 , 9  UF-06 
4.12E-02 
?, 547-  0' 
7, 70E-03  
7 .24F- rb  
5.43E-C4 
3 .503  00 
Y r n  55E-06 
I .S1?-0S 
'.26?-06 
3 , U U I  co 
1.93E-C5 
3.24T-02 
2 ,528-03  
3.44e  00 
6.91F-06 
2,OOF-05 
3 . 8 l P  00 
1.0UE-07 
7 .892-02  
7.079-06 
1.04E-04 
9.94F-05 
3.05F OP 
7.04F-05 
1. UUE-05 

1 , 7 5 ~ - 0 5  

2.663-07 
2.73E FO 
5. 5 OF- 06 
4. UUF-06 
3.03E-01 
3.03E-04 
1,5UF 00 
5.80E-DE 
0.06E-05 
1.65F 00 
5.21E-07 
1.1673-06 
3.lUE-01 
2.203-06 
0.423-07 

550. 3 
1.27"-OU 
U,38V 00 
8.502-09 
U .  472-06 
8 . 1 - r - e ~  
7 .15 -01  
8.46F-OU 
3.89E-01 
3 . 2 2 p  00 
7 ,  '"p-05 
u.us-  00 
7 s  39P-06 -. 38F-02 
7.49E-07 
4 65E-03 
7.20"--35 
5 * uo5-03 
U,36R 00 
4 53s-06 
1 , 5 1 ~ - 0 5  
7. '9'5F-06 
U.31" 00 
1 * 935-05 
3.2UF-r)2 
2.527-03 
C.35E 00 
1.W"-05 
2.61?-05 
4.78" 00 
l .  34E-07 
1 e 269-0 Y 
9.12P-06 
1. 04h-04 
1. cox-04 

7,18'-05 
1 .  U7'-05 
2.722-09 
3 . U 8 E  00 
5 ,  70 E- 06 
4.603-06 
3. 16E-01 
3.14"-OQ 
1 .934  00 
E 204-06 
8.61B-05 
2 .172  00 
6.782-0' 
7.51"-06 
s. 20E-01 
2. (129-06 
U.85E-07 

3 . e ~ ~  00 

660. 3 
1.2U2-04 
5 .212  00 
8. U3F-09 
U. UlE-06 
8.06P-05 -'. 12E-01 
8.3'F-OU 
3.8F;F-01 
3.03F 00  
1. '57-05 
5 , 3 1 F  00 
7.8OE-06 
7.l'F-0 1 
9, UP-07 
7 .61v-03  
7 -  1EF-06 
5.37F-04 
5 , 2 1 3  00 
9 , 5 2 ? - 0 6  
1,%E-05 
8.21E-06 

1.93'0-05 
3 ,242-32  
2,5dF-03 
+ , 2 0 p  00 
1 .552-35  
2.63v-05 
5.76E 00 
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e. 0 
0.0 
0.0 
0.0 

o.r 

110.  D 
6 .06E-01 
2. 21F-Ci5 
3.357-9u 
3 .  OOF-OS 
I. 113-02 

6 .679-02  
8 ,723-0  1 
2.262-07 
3.84E-04 
5. U59-04 
I .18E 0 0  
4.993-06 
f .'8v-02 
6.30E-04 
3.85F-06 
3.23F-03 
3.76E-05 
1.2SE-03 
1.13E-07 
2.453-0 1 
2.453-10 

5.31T-06 
1.64? 0 0  
7.343-04 
2.35E-03 
3.00F-06 
3.18-J-OF 

1.373-09 
3.10n-03 
7.373-0 7 
1.33n-04 
2.52F-04 
8. S3E-0 1 
2.297-07 
5.122-06 
8 .13F-05  
7 .  19E-04 
9.5SE-01 
1.34E-06 
e,? 39- 0 6 
1 .55E- 0 1 
2.03E-02 
7.861-0 1 
6.08F-08 
2. & I F - 0 6  

1 .953-03  
3.5uY-0 1 
5.69E-0 1 

6 . a w m  

3 . 3 2 z - m  

g.ogE-01 

1. u m - o u  

220.  D 
1 .37E 00 
2.2o-z-05 
3.33E-04 
2.Q8E-05 
1.90*-02 

6.6OE-02 
1.78F 00 

3.78F-04 
5.36E-04 
2 . 4 Y P  05  
1.02?-95 
7.07F-02 
2.95E-03 
3.18F-06 
3. '18E-03 
3 .  '?OP-05 
1.25F-C3 
I, 4fF-07  
4.94F-01 
1.932-09 
u.21E-07 
5.092-06 
3.30F 00  
1 31E-03 
t3.42F-03 
2.98E-06 
3.17F-05 
1.82E 00 
2.75E-07 
1.273-02 
7.36E-07 
I .  322-04 
2.51E-04 
1 .72F  00 
2.24E-07 
5.01E-06 
9.992-05 
7.04P-5C 
1.9oOE 00 
1.3lE-06 
9.53%-06 
1.52E-01 
2.5OE-02 
1.74F 00 
5.953-08 
2.33F-06 
1.UUF-04 
1.90P-O3 
3.79E-01 
1.L5E 00 

6. a IE-OQ 

2,222-07 

NUCY 
B P S I  

330. 0 
2.14E 00 
2. f 9E-05 
3.32E-C4 
2.97E-05 
1. os??-02 
6.7"T-OU 
6 .56r -02  
2.652 00 
2.19E-07 
3 .7  43- 04 
5.30F-e4 
3 .502  O C  
1.552-05 
1.55F-01 
1 ,637-02  
3. 'UP-06 
3 . 1 5 ~ - 0 3  
3 . 6 7 3 0 5  
1,2IIX-03 
4. q6F-07 
7 . 0  12-03 
E .  u?E-09 

fl. Q2E-05 
U.07F 00  
1.8 6F-03 
1.78E-02 
2 .9  8r1-P6 
3.17?-05 
2 ,73E  0 0  
4, 1 3F-07 
2. e 5 r - 0 2  
7.36E-0; 
1.33E-04 
2.52E-04 
2.583 00  
2.21B-07 
4.95Y-06 
7,872-05 
6.553-04 
2.8373 O D  
1.2 9E- 06 
8.4 IF-06 
1.50E-0 1 
1.982-02 
2.688 00 
5.88E-08 
2.279-06 
1. h 1s-04 
1.868-03 
3 .7  YE- 0 1 
2.33E 00 

2 . e 3 ~ - ~ 5  

TrE: CONCFNTFATTONS,  G P P N  &TONS 
5 = MT OF H E A V Y  MT'!'?-L CHP.?GED TO '3EACTOI 

0 4 0 ,  D 
2.95'7 00 
2.1 OF-05 
3.373-04 
2.9'F-05 
1 . 0 4 r - 0 2  
6.75F-OU 
6.'3F-02 
3.48F 00 
2.17P-07 
3.71E-04 
5.2 61- 0c 
U . 6 0  00 
2.107-05 
2.67F-01 
3.774-02 
3. 71F-06 
3. 127-03 
3.652-05 
1.22E-03 
1 77P- 06 
9. e 52-01 
1. 5a1-09  
6.33E-06 
4.78E-06 
& . E S P  CO 
2 .  401-03 
3.043-02 
2.98E-06 
3.  I8F-05 
3.6UF 00 
5.  +OF-07 

7. 38E-07 
1.33r-OU 
2.53E-C4 
3.46F 08 
2.19F-07 
0.904-06 
7.792-05 
6.88"-04 
3.762 00 
1.232-06 
e .  3 1E-06 
l . a 9 f - 0 1  
1. ?6F-02 
3.62* 00 
5.82E-09 
2.23E-06 
I. 38E-04 
?. 8 3B- 03 
3.69E-01 
3.21E 00 

5 . 0 7 ~ - 0 2  

550. r] 

3.80r: 00 
2.19'-05 
3.317-34 
2 . 9 3 ~ - 0 5  
I .  o m - 0 2  
6 .  74E-04 
6.519-02 
u .27v  00 
2. 16=-07 
3.68'7-04 
5.2273-nu 
5 . 8 1 5  00 
2.6-'?-05 
4.0114'-01 
7 s 1sx-02 
3.692-06 
3-10E-93  
3 . 6 3 E - 0  5 
1.197-03 
2 .  -97- 06 
1 .23F  00 
3.05L-04 
1.55?-05 
U.66E-06 
e .  35E 00 
2.95'1-07 
I 62F-02 
2,99F-06 
3. 1877-95 
h . 5 S f  00 
6.87F-07 
7.92E-02 
7 39E-07 
1.33P-OU 
2.54r-ou 
0 . 3 4 2  00 
2. 16E-07 

7 '2Q-05 
6.83F-04 
Q.6-'3 00 
1. 29E-06 

1 .  Q?R-01 
1.95a-02 
4.55E 00 
5.78Q-08 
2.19E-06 
1.36E-04 
1.802-03 
3.64E-0 7 
4.072 00  

u. 862-06 

a, 2 3 ~ - 0 6  

660 .  D 
4.70F 00 
2.20E-05 
3.32:-00 
2.985-05 
1 * 08E-02 
6.73F-04 
6.5OF-02 
T.02E 00 
2. 14f-07 
3.66F-04 
5.1?4'-04 
6.95E 00  
3. 26P-05 
5.6673-01 
1.212-01 
3. 6'E--06 
3.09E-03 
3.613-05 
7. 165-03 
4. 067-06 
1-  a62 03 
5.36E-CE 
3.23B-05 
4. 552-06 
1.01F 01 
3.51T-03 
6. 5UE-02 
2.99B-06 
3. 19E-05 
5 . 4 5 E  00 
8.2UE-0' 
1 .  14E-01 
7 . k ' l B - 0 7  
1.34E-04 
2.553-04 
5.23? 00 
2.153-07 
U. 82F-06 ?. 6-2-65 
E. 78E-OU 
5 , 5 8 3  0 0  
1.26P-06 
8. i'E-06 
1 .462-01 
1.9UE-02 
5.U8F 00 
5.75E-08 
2. 16E-06 
1.3IP-OU 
1.773-03 
3.60E-0 1 
4.91F 00  

770. D 
5.644 0 0  
2.202-0'; 
3.32F-04 
2.O9F-05 
1. C8E-02 
6.7377- 04 
6 .497-02  
5.31F 00 
2.132-07 
3.65F-'34 
? *  T-7- - 0 4  
8,09P 00  
3,  86F-05 
7 .  'OF-61 
1 * e9r- 0 1 
3. 653-OE 
3. 07P-03 
3.  602-05 
1. 13p-53 
5.602-06 
7.7CE 00 
8. 6°F-OB 
6. GUF-05 
4 . 4 5 E - 0 6  
1, ' iBY 07 
4. 112-03 
3.802-02 
2.99F-06 
3. 20E-05 
6.35" 00 
9.60F-07 
1. 5 3 - 0 1  
7. 1133- 07 
1.3UP-04 
2. ' 63 -  04  
6.12E 00 
2.13E-0' 
4.792-05 
7 .622-35  
6.74F-04 
6.48F 1. 25E-06 00 

e. TIP-OE 
1. 45P-01 
1. Q3F- 0 2  
6 .UlF  00  
5.722-08 
2. 13F-06 
1.33E-04 
1 75F- 0 3  
3. 56F-01 
5.74F 00 

1 

880. D 
6.63F 0 0  
2. 2GF-O+ 
34 32F-04 

1.08'7-02 
6.732-04 
6.49F-02 
6.36F 2.123-07 0 0  

3.63E- 0 U 
5.15F-Ou 
9.23P O C  
U. k9Y- 0 5  
9.54E-01 
2.96E-0 1 
3.543-06 
3 .36p-03  
3, 59E-05 
1. 16E-03 
7 ,  &27-0€  
1.93F 00 

1. Oh?-OU 
4.362-06 
1 .353  C 1  
4.732-03 
1. I 4 F - 0 1  
3.03F-06 
3 . 2 1 ~ 0 5  
7 . 2 5 r  0 0  
1. 301-06 
2.02F-01 
7.44E-07 
1.353-04 
2. +'F-Oil 
7.01E 00 
2 . l l F - 0 7  
L1.v P-06 
7.58F-05 
6.71E-OU 
7.38" 0 0  
1.2uq-06 
8.067-06 
1. 44F-01 
1.932-02 
7.33F 00 
5.70F- 08 
2. IO?-06 
1.31E-04 
1. ?3F-03 
3.52E- C 1 
6.56r 00 

3.001-05 

1.32'1-r - 

Q90. D 
7 . 6 5 "  00  
2.21p-05 
3. 33q-04 
3.01F-05 
l .OeP-02  
6."3E-04 
6. 487-02 
6.973 00 

3.  627-011 
5.  7 39- 04  
1.04F 01 
5. 12E-05 
9.18F 00  
3.8117-01 
3.622-06 
3.057-03 
3.5Rp-65 
1, 0'7-03 
9.53E-06 

1 * 92E-0" 
? .70?-0U 
ti. 2''"-06 
1 . 5 3 P  0 1  
5 .  3BF-03 
1 .  4hP-01 
3.0"-05 
3. 23p-fl5 
8.15L cc 
1.2?S-06 
2. S E T - 0 1  
7. U6E-07 
1.355-0k 
2.5B'7-54 
7.91F V I  
2, 102-07 
?.749-06 '. 5577-05 
6 . 6 8 3 - 0 h  
8 . 2 6 3  00 
4.239-06 
8.01'3-06 
1. U3E-01 
1. 93F-02 
R.2SE 00 
5.6R"-OB 
2.OeE-06 
1.307-04 
1. ?2?-03 
3. u8F-01 
7.375 00 

2 . 1 1 ~ 0 7  

2.16~ oe 

1105.  D 
8.72F 00 
2.2 IF-05 
3.33?-011 
3.023-05 
1.08='-02 
6.74"-04 
6.48P-02 
9.52? 00 

3.6 1E-04 
5.12F-04 
1.157 01  
5.75F-05 
1.41F 00 
5.16P-01 
3.61F-06 
3.04E-03 
3.  5BF-05 

1 .193-05  
2.U9F 00 
2.68?-5? 
2. 62'-0 u 
4 . lEF-06 

6.0577-03 
1.48T-01 
3.01E-06 
3. 2UF-05 
9.Ok-J 00 
1.372-06 
3. 1 6 5 - 0 1  
7.PFln-O- 
1.36F-OU 
2 . 5 0 p - o a  
8.81F 00 
2 . 0 8 ~ 1 ~  
b.  72P-06 '. 5 3 7 - 0 5  
6.65F-Oa 
9 . l U p  00  
1.23E-06 
7.9-2-06 
1.U2F-01 
1.92F-02 
9.I7P 00  
5.67W-06 
2.05F-06 
1,29F-OQ 
1.70P-03 
3.457-01 
@ * I 6 3  00 

2 . 1 0 ~ - 0 7  

1.04n-n3 

1 . 7 ~ ~  0 1  
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TABLE A-7, SWMRY Tmu OF ISOTOPIC ACT~VITIES (CI/NETRIC TON OF U) OF ACTINIDES WD THEIR DALGHTERS AS A Fu~c-rirtm 
OF POSTIRRADIATION TINE (DAYS) 

I'.luCLIrXS WHOSE CONTRIBLTIC+I TO ME SPECIFIC A C T I V I V  OF THE FUEL IS LESS THAN 0,001 CI/M€TRIC TON OF u AT A 
POSTIRRADIATION TIME OF 150 DAYS ARE EXCLUCED, 

REYEPENCE PWF FQQILTBBTUM FUEL CYCZF -- TUEL C 3 C P Y  TT'IES 

POWPR= 30.OCMR, BURNUP= 33000. RWD, €'LUX= 2.92E 13N/CM**2-SEC 

N U C L I D E  RACIOACTIVITY, CUPIES 
B4STS = NT OF FEAVY NETAL C F a V G E D  TO P-EaCWR 

CHPFGE DfSCHbQGF 30. D 90. D 160.  D 365. D 3653. D 
PB272 0.0 1.507-03  1.61E-03 1.9OE-03 2.2°F-03 3.4OE-03 1. 602-02 
B I 2 t 2  0.0 1 .502-03  1 .6 lE-03  1 . 9 0 ~ - 0 3  2.293-03 3. UOF-03 1.60F-02 
PO212 0.0 9.59E-04 1.03E-03 1.21E-03 1.46E-03 2.172-03 1.02a-02 
PO216 0.0 1.50E-03 1.61P-03 1.90E-03 2.292-03 3.4073-03 1.60F-02 
Rh'220 0.0 1 .502-03  1.61F-03  1.90F-03 2.29E-03 3.UOF-03 1.60F-02 
RP.224 D.0 1.502-03  1.61E-03 1 .90F-03  2.292-03 3 .40F-03  1.60E-02 
TH228 0 . 0  1.1192-03 1.63E-03 1.9273-03 2.2'E-03 3 .38P-03  1.6OF-02 
TH231 0 . 0  ' -93E-01 1.71E-02 1.71F-02 1 .7 lE-02  1 - 7 l E - 0 2  1.713-02 
TB23u 0 .0  3.14%-01 3.14P-01 3.14F-01  3.3UE-01 3.1UE-01 3 . 1 4 E - 0 1  
P9233  0 .0  3 .242-01  3.31F-01 3.38F-01 3.4OP-01 3. UOE-01 3. U3"-01 
PA23Qfl 0.0 3.21B-01 3. 1UF-01 3.14F-01 3.14E-01 3.1473-01 3. IUE-01 

0232  0 . 0  6.07E-03 6.36F-03 6.88E-03 7.46E-03 9.01E-03 1."UE-02 
0234 1.643 0 0  7.51F-01 9 .52F-01  7.53F-01 7.55E-01 7 .591-01  8.3OP-01 
U235 7.07E-02 1 .7 lE-02  1.71E-@2 1 .77F-02  1 .7 lE-02  1.712-02 1.71E-02 
0 2 3 6  0 .0  2.88E-01 2.88E-01 2 ,888-01  2.88E-01 2.88E-01 2 , 8 8 7 - F l  
U237 0 . 0  8 .65F 05 3 ,9?E  04 8.63F 0 1  2.54E 00 2.111F 00 1.57F 00 
0238 3.222-01 3.14E-01 3.19E-01 3.14E-01 3 .147-01  3.14E-01 3.14E-01 

NP237 0 . 0  3 .333-01  3. UOF-01 3.4OE-01 3.4OE-01 3.40E-01 3.U3P-01 
NP239 8.0 1.85F 07  2.702 03 1.82E 0 1  l r @ 2 3  01  1.82E 01 1.82'E 01 
PQ236 0.0 3.5OE-01 3 . 4 1 1 ~ 0 1  3 .312-01  3.16E-01 2.75E-01 3 .087-02  
PU23P 0.0 2.72P 0 3  2.f7E 03 2.80E 0 3  2.82E 03 2.86E 03 2.-'OF 03  

PU2UO 0.0 4.79E 0 2  4.77E 02  U.77E 02 4 . Y 1 E  42 4.77E 02 U.79F 0 2  
PU241 0.0 1.05E 0 5  1.OfF 05 1.04E 0 5  1.03E 05 1.00E 05 6 .532  OU 
PU242 0.0 1.38F 00  1.38E 00 1.3BE 0 0  1.38E 00 1.38f 00 1.38E 00 
XM241 0.0 8.59E 0 1  9 .972  0 1  1 .271  02 1.59E 02 2.50F 0 2  1 , U l ' J  0 3  
PM242M 0.0 9.16E 0 0  Q.162 00 9.152 00 9.14E 00 9 . t 2 E  00 6.75E 00 
AN242 0.0 6.3UE 0 4  9.16E 00 9.1573 00 9.14v 00 9.12E 00 8.75F 00 
bFi243 0.0 1 . R l r  0 1  1.82E 01 1 .829  01  1.82E 01  1 .822  01  1.82E 0 1  
CA2&2 0.0 3.3L1E 0 4  2.962 011 2.29'J 0 4  1.70E OU 9.12F 0 3  7. le? 00 
CN2u3 0.0 3.71E 00 3.702 00 3.69E 00 3.68E 00 3 .632  00 2 .993  00 
CM24U 0.0 2.U4E 03 2.44E 03 2 . 4 2 1  03 2.UOE 03 2 . 3 5 2  03 1.67F 0 3  
CN2U5 0.0 3 .4 lE-01  3 .U lE-01  3.UlE-01 3 .QlE-01  3.41E-01 3.Ul 'J-Ol 
CN206 0.0 6.842-02 6.8UE-02 6.84F-02 6 .842-02  6 .843-02  6.83--02 
BK249 0.0 3.581-03 3.362-03 2.94F-03 2.52P-03 1.60F-03 1.13E-06 
SUBTOT 2.03E 00 1.96E 07 1.83E 05 1.33F 05 1.26E 05 1.1tiE 05  7.20E 04 

TOTALS 2.03P 00 3.912 07 1.83E 0 5  1 .332  O f  1.26F 05 I.14E 05 7.20'' 04  

PO239 0.0 3.183 a 2  3 . 2 3 ~  0 2  3 . 2 3 ~  0 2  3 . 2 3 ~  02  3.23 0 2  3 . 2 3 ~  02  
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TABU A-9, SWWAfW TABLE OF ISOTOPIC ACTIVITIES (Ci/METRIC TON OF u) OF FISSION PFODKTS AS A h K f I W  OF 
P o ~ ~ i ~ ~ i f i ~ I ~  TIME (XYS) 

kCLICES WHOSE CONTRIBUTION TO THE SPECIFIC ACTIVITY OF THE FUEL IS LESS THPN 0,001 Ci/METRIC TON OF t! AT 
A POSTIRRADIATION TIME OF 150 DAYS ARE EXCLIIDED, 

PFFEPENC” PW4 E Q U I I T B W U M  FUE’L CYCLE -- FUPL TECPIY TTMSS 

POUEP- 30.00NW, €!URNUP= 33000.  MUD, FLUX= 2.922 13N/Cfl**2-SEC 

EIWCL’IDE F F D I @ A C I I V f T Y ,  CUFIES 
BbSTS = MT OF HZAVY MFTPL CBFQGFD m O  FFACmOP 

CHARGE DISCHAFGF 30. D 90. D 160.  D 365 .  D 3653.  0 
I! 3 0.0 

SF ’9 0.0 
KR 85 0.0 
F B  86 0.0 
SR 89 0.0 
SR 90 0.0 

Y 90 0.0 
Y 9 1  0.0 

ZR s 3  0.0 
N B  93M 0.0 
ZF 35 0.0 
BE 95M 0.0 
NE 95  0.0 
TC 99 0.0 
RU103 0.0 
FH103M 0.0 
XU106 0.0 
RHlO6 0.0 
PD107 0.0 
?.GllOfl 0.0 
A G l l O  0.0 
AG111 0.0 
CD113PI 0.0 
IN114M 0.0 
LEI114 0.0 
CD115F 0.0 
SN117M 0.0 
SWll9M 0.0 
SWt23 0.0 
TF123M 0.0 
SB124 0.0 
SA125 0.0 
SB125 0.0 
TE125M 0.0 
SN126 0.0 
SB126N 0.0 
SB126 0.0 
TE127E 0.0 
TE127 0.0 
TF129M 0.0 
TP129 0.0 

1 1 2 9  0.0 
I 1 3 3  0.0 

XE131M 0.0 
Xp133 0.0 

1 .09P  0 2  7 .05F 02 6.99F 0 2  6.91E 02 
3.98E-01 3.98E-01 3.98F-01 3.982-01 
1.13F O U  1. 13F 0 4  1. 1 l F  04 1.lOE 0 U  
4.93E 0 2  1 .62E 02 1 .767  0 1  1.31E 00 
7.18F 0 5  4 . @ l E  05  2.16F 0 5  8 .513  04  
7 .763  0 4  7 .759  O U  7.72B 04 7 .683  04 
8.07E 04  7.75E 04 7.72E 011 7 .683  OU 
9.38E 05 6 .633  05 3.272 05 1 .432  05 

l .45F-01  l.52r3-01 1 .661-01  1.83P-01 
1.37E 06  9 .97F 05 5 .26F 0 5  2.49F C5 
2.80E 0 4  2.11E 04 1.12E 04 5.292 03 
1.38T: 0 6  1.28E 06 8.72V 0 5  4.73E 05  
1.43” 0 1  1.Y3E 01 1.43F 0 1  1.43E 01 
1.22E 06 7.2172 05 2.52F 05 7 .41”  O U  
1.22F 0 6  7.22E 05 2.S2E 05 7.41E 04 
S.45E 0 5  5.15E 0 5  4 .591  05 4.03E 05 
7.40P 0 5  5 . 1 %  OS 4.59E 05 11.031 05 
l . lOE-01 1.104-01 1.lOF-01 1.lOP-01 
3 .683  0 3  3.39E 0 3  2 .887  0 3  2 .373  03 
1.59F 05  4.91E 02  3 .747  02 3.09E C2 
3.961: 0 4  2.48E 0 3  9.707 00 1.507-02 
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2. 17P 0 1  0.0 
3.7UE-02 3.7nE-02 
1 .991-01  0.0 
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I 1 .  

TAELE b-u, ~~Y OF THE f%ST IblPORTANT bNTRIBLlTCKIS TO EACH %!TON ENERGY GFiOUP OF M E  FiSSiOFt  PRoDUCT 
GprpnA b Y  SPECTRW 

NUCLIES THAT CONTRIBUTE iWE THAN 5x OF THE S P E C I F I C  ENERGY RELEASE PATE I N  A GROUP AT A POSTIRRADIATIOY 
TIME OF PAYS ARE I N C L U E D ,  

PQTNCIPPZ PHCTON SCUQCFS I N  GPOWP 1 ,  YEV/W4V-SFC 
M%>V ENEPSY = 0.300MFV 

TTME llFTER DITCSPPGE NUCLTDF 
INTTTBL 10. D 30. D 60. D 00, D 220. D 160. D 270. D 365. D 1096. P 

F R 1 0 6  f i . 1 8 1  07 3.02E 07 2.91E 07 2 .753  07 2.60F 07 2.46" 07 2.287 07 1.85E 07 1.55E 07 3.897 06 
C E l U 4  U.11F 07 4.015 07 3 . 8 2 1  07 3.552 07 3 . 3 0 3  07 3.C7p 0' 2.7RP 07 2.13E O7 1.697 0 7  2 .833  06  
P 1 4 4  3.12E 07 3.022 07  2.88u 07 2 .673  0' 2.U9F 07 2.31F 07 2.09? 07 1.603 O7 l .27E 0' 2.13F1 06 

DP'INC'TPAL VHCTCN S O U P C B Z  TN GROUP 2 ,  A?V/WR'F-"EC 
MEPN ENFVGY = 0.630MFV 

NUC'LIDE '''IFF AFTPP DTSCAPSGT 
INTT'42 10. D 30.  D 69.  D 90. D 120. D 160. D 27C. D 365. D 1096.  D 

Z? 9 5  1.23E 0 9  1 .103  0 9  8.913 08 6.u7F 08 U.70v O R  3 . U l m  08 2.23p 08 6.892 07 2.50F 09 1 .03r  04 

B H l O 6  1.97E 08  1 .427  0 8  1 .37F  08 1.30F 0P 1.22E 08 1.16F 08 1.072 08  8.71E 07 7.29F 0' 1.83E 07 
CC13U O.59F 08 4.552 OB 4.47P 08  U.3UE 08 U.222 08 U . 1 1 7  OR 3 .962  0 8  3 . 5 W  08 3.28F 08 1 . 6 6 5  O B  

h'B 95 1 . 3 1 E  0 9  1.29a 0 9  1.21E 99 1.03E 0 9  B.250 08 6.U3E 08 C . 4 8 3  08 1.51F 08 5.63F 0 7  2 .36E 03 

BR137M 8.2aF 07 8.23F 07 8.22Q 07 8.21P 0' 8.19E 07 8.17F 07 8 . l f F  07 8. 10F 07 8.05F O7 7 . 6 8 7  C- 

PPINC'IPAL PFtCTCW S O U F C F q  'IN GDOUF 3 ,  MEP/PllTT-SX 
N P P N  P N E P G Y  = 1. lOCIWFV 

NUC5TDE TTME A F F P  DTPCAPPGF 
fNTT'IAL 10. D 30. D 60. D 90.  D 120. D 160. D 270. D 365.  n 1096. P 
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TWE k-E, ISOTOPIC ACTXITIES ( C i ) ,  AS A Fmcrio~ OF TIME AFTER PRXESSINS, CIF RE ACTINIXS AND 'THEIR I~AXHTERS :bi 

CALCUUTIONS ARE BASED C+I REMOVING %I,% OF U MID Pu AT 1K1 DAYS AFTER DISEARGE, 

ME ~ ~ A S T E  RESXTING FROM A METRIC Taw OF UFWIUVI CivwG~n TO A WR 

REFEQENCE PWR EQUTLIBFIUM FUZZ CYCLE -- WIISTE DFCAY TTRFS 

?97EP= j0 .03R1 ,  BURRUP= 33000.EW'D, F L U X =  2.921" 13'l!/C!!**2-SEC 

YnCZT3E FPDT0PCTTVT'"Y. CIT?IFS 
BPSZS = KT OP APAYY KFITJ.1 CRBF'GED TO ?TACT09 

C H ? ? G E  DISCHPFGF 1. I! 3. Y 10. f 30.  Y 100. Y 300. Y 1030. Y 3000. V 10000. Y 100003. Y 
HE iJ 
TI207  
TI208  
TZ209 
P8206 
aa2C7 
P8208 
P t 2 0  9 
P62 13 
PB21 B 
PB212 
PB21h 
37209 
BT210 
Bf21 1 
BY212 
87213  
E': 2 1 G 

E 2 7  0 
pn2-I 1 
9'2 12  
SO293 
m 2 1 u  
FP215  
P02: 6 
m 2 : a  
AT217 
F"259 
RV223 
PN222 
'FP22 1 
rw223 
P I 2 2 3  
T6.22'' 
II A 2 2 5 
P i 2 2 6  
PS.228 
Ai225  

wr22 B 
TH22' 
TH223 
TS229 
"K230 
T F 2 3  3 
' 9 2 3 2  
TfI233 
TI3230 
FA23 1 
FA232 
Ph233 
P?23aM 

~ 2 2 7  

5 . 0  

0.0 
0.0 
0 . 0 
0.5 
0. 0 
0.0 
0.0 
0. 0 
0.0 

0.0 
0 . C' 
0.0 
0. 0 
0.0 
0.0 
c.0 
0 . 0 
0.3 
0.0 
0.0 
0.3 
3.0 

0.0 
0.0 
0.0 

c . B 
0.0 
D . n 
n . :I 
0.0 

0.0 
0.0 
0. 0 
0.D 
0.7 
0.3 
fi.@ 
<I . 0 
0.3  
O.C 
0.0 
0 .0  
0 .0  
0.0  
0 .0  
0 . 0  

0.0 

0.n 

ri . 0 

n.0 

0. n 

0.0 
3.275-0 6 
8. 23F-0U 
7.6-E- 15  
0.c 
0.0 
0.0 

8.SL.e- 10 
9.21E-06 
2.295-03 
2.00F-08 
0 . 0  
8.bUE-13 
1 .217-06  
2.29F-03 
3 .  b 9p- 0 8  
2.0OE-0.5 
5.77 .e-  1c 
3.6UE-0 9 
l . u 6 F - 0 3  
3. u 77-06 
2 .00T-08  
1 .2 I -- 0 6 
2 .2qn-03  
2. @ O F - O E  
3.497-06 
I .  21E-06 
2.297-03 
2 .057-3  8 
3 .  nr95- O B  
1.82r-5R 
1.21F-06 
2.2SY-03 
3 .  h 9-9-06 
l . 9 9 E - 0 8  
7.8RE-12 
3 . 0  9E- 38 
I .  3GF-05 
3.88!!-12 
1.23C- 0 6  
2 . 2 7 - 0 3  
3.50Y-OP 
2.06P-05 
1.-7??-02 
3.1 'E - 3 1 
c.0 
3. f a ? - 3 1  
2.473-05 
1. 9t jW-  37 
3 .  GO'- 0 'I 
3. l r rE-09  

3.u99-oe 

0 .0  
2.032-06 
5.7YF-OU 
7.73F-10 
0. 0 
C . O  
3 .  C 
3.59 E - 0 8  
%. 622-09 
?.@BE-06 
1 . 6 0 ~ 0 3  
7.89E-08 
0.0 
1.62F-09 
2.OUf-36 <. 601-03 
3.517-08 
2.39E-08 
3 . 1 " E - 0 9  
6.12F-09 
1. q3r-03 
3.3QE-08 
2.89:-'18 
2.0LtZ-06 :. 603-53 
? , 8 9 T - U k  
3.51F-02 
2.OUF-06 ~~ 

7.5OL-03 
2. S9E-08 
3.51F-05 
2. S5F-08 
2.047-06 
3.6QT-03 
3.517-06 
2. E9F-3F 
6.53E-72 
3.51F-09 
2 . 5 2 F - 0 6  
6.63E-12 
2.0 t E - O h  
1 .692-03 
7.51 E-08 
2.062-05 
8 . 5 5  E-05 
3 .  IRE-11 
0 . 3  
1.5E4'-03 
2.372-05 
0.0 
3.40E-01 
1.58s-03 

0.c 
3.11UE-06 
2.9 1P-04 
7.9'E-IO 
0.0 
3.0 
0.0 
3.5EF-08 
3.93z-09 
3.$5F-F6 
B. O R A - O I I  
U. 6 87-08 
0.0 
3.93E-09 
3.4 5F-05 
8. OBF-CJa 
3.58F-01a 
U. 6 E- O B  
3.2"I-09 
'I . '3 3T- 0 9 
5.17"-0k 
3.5c7E-08 
U. 6 BE-0s 
3 .  pi 5F- 06 
6. O E P - O r l  
li. 6 f T - 0 8  
3.5 8P- or; 
3.35Y-C6 
9.08?-CC 
4.68E-08 
3.58P-08 
1;. R2F-08 
3 . 4  5 t - 0 6  
8.05E-0U 
3.59:-OR 
11.687-39 
3, 'I 33- 1 : 
3.58T-OR 
3. DtE-06 
9 .  'I 3F- 7 1 
3. k0E-06 
8. nUE-$4 
3.5RE-OB 
2.07F-05 
8.55-2-65 
3.2@E- 11 
9. 3 
4.57r- 0 3  
2 . t7y -05  
0.0 
3 .  UOE-01 
7.576-03 

0.0 
7.70F-06 
5 . 0 9 9 - 0 5  
9.34F-10 
0. @ 
0.0 
0.0 
Li. Z5T-08 
1.957-38 
7.72E-06 
1 . 4  I 7 - O U  
1. TOP-57 
0. 0 
7.957-08 
7.72??-@6 
7 .  ti IT-?& 
u. 252-58  
1 . 1 0 ~ - 5 ~  
1.9 SF-08 
2.32F-08 
9.0UF-05 
4 .  4 5P-08 
Y .  10F-07 
7 .9  2'P- 06  
' i . C 3 F - 3 U  
1. ? OF-37 
U .  25T-OE 

. 722-36  
1.47F-OU 
I.  "JE-07 
k. 257 -08  
1.087-07 
T. 72B-06 
1.42?-0U, 
3 .25F-08 
1. 232-07 
2.2 : E -  1 1  
3.25P-08 
7 . 7 7 5 - 0 s  
2.21-9-11 
7 . 6  1E-06 
3 ,  alE-Dcl 
4.252-06 
2.307-C5 
8.56B-05 
3.259- 11 
F. 0 
I .  57t-C3 
2.993-c.5 
0.0 
3 . 4  1 P - 0 1  
1.578-C3 

0.0 
1.  57F-05 
2. R3P-05 
2. 1RF-09 

n .O  
0 .0  
9 .699-08 
1. 33E-C' 
1.587-05 
7. 8'7-05 
2.967-07 
CI . 0 
1. 13L-07 
1.59'-05 
7 .  E'"-05 
9.697-58 
2.96-9-07 
7 . 9 3 7 - 3 9  
4.73 a-OH 
5 .  0t ln-35 
9 .67P-08  
2. 967-0' 
!. 582-05 
7 .  B'E-05 
2 .967-07 
9.897-38 
t , 5 8  F-05 

- *  8 7 3 - 3 5  
2.95P-0' 

0. n 

q .897 -08  
2 . 2  IF-57 
1.58F-05 -. 9-7 -05  
9. FQT-'19 
2 . 3 6  f-3' 
3.20!-?1 
9.  89P-0S 
3.587-0' 
3.20p-41 
9.55R-05 
7 . 8 7 - 9 - 0 5  
Q.89r-08 
2.263-05 
9. 56F-05 
3.39 t I -11  
0 . 5  
1 .573-03  
2.470-05 
0 . 0  
3 .42E-01 
1.57P-03 

0.0 
2.3'E-05 
1. u5e-05 
1.61 F-08 
0 . 0  
P. 0 
0.0 
5 .  336-07 
7.50??-C7 
2.392-05 
C , 0 9 ? - C 5  
1 .  '173-06 
P. 0 
7.502-07 
2.38F-05 
u. 0:e-os 
7. 332-07 
?. 71r-06 
7 .  WF-09 
7.1l!E-OF 
2.992-05 
7.197-?7 
1. 11E-06 
2. 3R"-05 
b. 07F-05 
:. 17F-06 

7 .  .33E-07 
2. 38F-05 
I?. n1p-35 
l . l l T - 3 6  
7.33E-07 
3.334'-07 
2.38E-05 
U. 02 E-05 
7.33F-0' :. 73F-06 
3.89F-'1 
7.332-07 

3.892-1 1 
2.35F-05 
4. @'IF-05 
7.  33-9-07 
3.3UP-05 
R. 57?-05 
3.891-  1 :  
0 .0  
1.572-03 
2.4PF-05 
0 . 0  
3. U5F-0 1 
1 . 5 7 F - 0 3  

2 . 3 8 ~ 5 5  

5 .0  
2. L9T-05 
2. l ;n-06 
3.397-07 
0.0 
0 .0  
0 . 0  
6.3OF-06 
5.03F-'6 
2. 50F- 05 
5 .  R5F-n6 
6.00F-06 
0. c 
5. 01P-06 
2.503-65 
5 .  E5F-06 
6 .3OF-06 
'5.102-36 
5.31s-05 
7 .  50F-DR 
3 .  ?57-  06 
6 . 1 6 F - 0 4  
6.007-06 
2.50-9-05 
5. BKr-C16 
6. 00 F- 06 
6.308-36 
2.537- 05 
5 .  8 5 P - 0 3  
6.00?-06 
6 .30T-06  
3.5cIT-09 
2 .507-05  
5.857-06 
5 .  302-35 
5 .  007-05  
5.35,"-  7 :  
6.33"-06  
2. 5i??-OJ 
5.15F- 4 1  
2.U7F-C!5 
q. E5F-CG 
6.30F-CS 
9.ROF-05 
8. 6 fF -05  
5. 35F- 1 7  
0 . 0  
1. 57F-03 
2 .5 tF -P5  

3.5UF-01 
3 .  57F-03 

n. o 

0. 0 
2. 59"- 0 5  
2.5aF-09 
1.53 E- 0 6  
7.0 
3 . 3  
0.0 
6. 96F-OF 
Ij.30F-CT 
2.60 5-05 
7. C15F-@9 
€.30E-P5 
0.0 
5.30E-05 
2.60-3-05 
', 05"-39 
6.965-05 
6. 33E-05 
6. 30F-05 
7.79E- 08 
a. c.1v-c9 
5.80F-05 
5.307-05 
2. F O a - n F  
7.05F-0q 
6. 30F-n5  
6.96P-75 
2.60 1- 0 5  
7 .  g s p -  0s 
5 . 3 0 ~ - 0 5  
6 .962-05  
3.637-07 
2.60F-05 
7 .05F-nQ 
5 . 9 P - 3 5  
6 .  ?OF-05 
1. C8F- 10 
6.96 "-05 
2.50E-05 
1. o a r -  '10 
7. 5E"-05 

6.96F-05  
3. URE-0L 
9. 71in-05 
! . ' ? 8 ~ - 1 0  
Q. 3 
1.57F- 0 3  
2 .  6OV-CK 
0.0 
3.6YF-01 
1.5'E-03 

-. 05-2-00 

0 ' 0  
2. 86P- 05 
1.069-10 
t .33T-.35 
0.0 
0. c 
0.0 
6. 0uE-03 
4.79E-03 
2.86-9-05 
2.95F- T O  
u. 78F-OL 
0. 0 

2. 963-05 
2.95'- '10 
6 .  O U r - O u  
11. 'B ' -C ' i I  
II. 73?-"$ 
Fi. 5'37-C:B 
I.  E9F-10 
5. SBE-OLi 
9. '~F-@LI 
2. R6F-05 
2.95T- 10 
LI.76E-(l!l 
fi. Qi. 4-03 
2.85F-0C 
2. 95P-  !a 
Y.78F-Ol i  
6.0L!F-OLi 

L~. 78  E- 0~ 

U. 31iE-0? 
2 .863-05  
2.953-  13 
5 .03F-OU 
u.78T-02 
?.957-'10 
6 .  oc9-0l; 
2. RFF-05 
2.453-  10 
2.82$-05 
2. '?5E-?C! 
6. o u r - O u  
'I. 10'-03 
q. 2:F-CS 
2.95E- ;3 
0 . 0  
1 .  S7F-  03 
2. 85:-05 
0.0 
3.75E-01 
7 . 5 7 ~ - 0 3  

0.0 
3.99F-os 
u. 3YP-10 
7.22F-Oh 
0.0 
0.c  
3.c 
F .  552-03  
2 .797-03  
3.97F-@5 
'1.27--69 
2.79P-03 

2. q9F-03  
3.91?-05 
1.2OZ-09 
5 .55F-03  
2 .792-03  
2.79.F-03 

7 .  f i7?-10 
5 .  U3F-03 

3.9'1F-05 
7.20:-09 
2.79'E-03 
5 .  5 S Y - O :  
3. 4?? -05  
?. 2P"-39 
2 . 7 9 7 - ~ 3  
5 .  55-9-03 
5. h 7 T - 3 '  
3.93W-05 
7.20F-Cl9 
q. 5 5 = -  03 
2.797-c.3 
'i.20?-G9 
5 . 5 5 7 - 0 3  
3.9 Y F - G 5  
f . 20F-09  
3. E5F-05 
1.20F-139 
5.55-3-33 
3.59'-33 
1.97z-3u 
I .  207-09  
0.n 
8.57F-03 
3 .  s IF-35 
8.0 
3.75F-0? 
4.5'P-03 

c. n 

'I. $ 7 ~ - 0 7  

2.79"-311 

I 

a. 0 
2. 7 0 E - O U  
6.69.F-09 
2. R S v - C i 3  

0." 

0. 0 
1 ,297-  0 1 
2.2 'i-9- 0 2  
2.7OP-CU 
T.f l60-nE 
2.2 4F-02 

2.21F-32 

1 . 9 6 3 - 0 8  
1.29-7-c1 
2.273-02 
2 .217-52  
A.  4 19-07 
9. 89E-3F 
1.297-C! 
2.2 I F - 0 7  
2. '00- O b  

I .  R6F- 0 8  
2 .275-02  

7 . ~ 0 r - o u  
t . 8 6 F - 2 &  
2 .2  IF-02 
4.29E- 02 
3 .  '9E- 0 6  
2, 0p- 0 1) 

1. 8t-9- 0 8  

0. n 

0. n 
2 . 7 n - n ~  

1.2a3-n I 

I .  2 4 p - n ~  
2.2YF-C? 
I.E6"-6R 
t .  29E- 01  
2.  '(lr-nn 
').R6"-0R 
2.fi7r-171 
1.86"- 0 8  
1.297-04 
2.20F- c 2 
3 . 5 3 7 - 0 U  
7.8 6 7 -  O R  
0. n 
7 . K ' E - 0 3  
2. 'OP-OL3 
0 . 0  
3 .65F-Cl  
1. S7"-03 

N 
a, 
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T A B U  A-18, 
THE R E L A T I M  INGESTION HMARD I S  DEFINED AS THE VOLLME OF WATER (M3) REQUIRED TO DILL% THE W I O A C T I V I T Y  I N  WE WASTE 
TO THE EELS GIVEN I N  TABLE 11, COLLMN 2,  OF 10 CFR 3, 
A TIME AFTER PROCESSING O F  ?@ YEARS ARE EXCLUDED, 

SWMY TASU OF THE RELATIVE INGESTIOPI HAZARDs OF ISOTOPES OF THE k T I N I M  ELE4EhTS AND TKEIR DALG-ITERS 

kKLIDES WHOSE HAZARD MEASURE I S  LESS THAN 1 M3 O F  WATER AT 

WP3”ENCS PWQ F Q U T L I B Q I U F  TUVI CYCLE -- WASTF DFCPY ’?fM$S 

POW39= 30.00111, BWRNUP= 33000. AWD, ‘?LUX= 2.92E 13N/CM**2-SW 

NUCLIDE INGWTION R B Z A F D ,  11**3 CF WATER AT C C G  
BFSTS = MT OF HEPVY MQTpL CFRQGET TO RFACTIQ 

CHAFGF 
NP237 0.0 
RPZ39 0.0 

PD239 0 .0  
PU2UO 0.n 
PU2al 0.0 
AW201 0.0 
AM2u211 0.0 
Afi242 0.0 
AM243 0.0 
CM2fi2 0 . 0  
CM2U3 0 . 0  
CM24b 0.0 
CN2fiS 0.0 
CM246 0.0 
SUBTOT 0.0 

~ 0 2 3 ~  0.0 

DZSCH! SGE 3. Y 30. Y 300.  Y 3000.  Y100000. Y 
1.13F 05  1.13E 05 1.14E 0 5  1.1PE 05 1 . 2 9  05 1.22F 0 5  
1 .823  05 1.82F 05 1.81F 05 l.’7E 05 1.38E 05 2.11F 0 1  
2 .823  0 6  1. 94E O7 1.61Q 07 2.fOF C6 C. 1 F  00  F . 0  
3.23F 0 5  3.23E 05 3.26F 05 3.52P C5 5.5’1 05 1 . 1 6 E  ‘25 
u , 7 7 E  05 6. l7F 05  1 .35F 06 1.71” GF 1.30” 06 6. 22R 0 1  
2.57F 06 2 . 2 3 Q  06 6.20F 0 5  1.67E 0 3  1.33F 0 3  3 . O P E - 0 1  
3 .977  07 4 .C lP  0 7  4.10E O 7  2 .73n  07 U.31- 0 5  2.C6F 0 1  
2 .292  06 2.26Z Oh 1.99E 06 5.822 05 2.61E 00  0.0 
9.14F 0 4  9.02E OC 7.98” 04  2.33” Oh 1.05E-01 0.0 
U . 5 4 P  06 4 . 5 U E  06 4.533 06 4.U2Y 06 3.fi6Q 06 5.273 0 2  
8.51F OR 8 .42F  06 3.27P 0 5  9.5Up O h  U.30P-07 0.0 
7 .353  0 5  6.89p 05 3.8UE 05 1 . l t E  03 4.39%’-23 0.0 
3 .U3E 08  3 .06P 08 1.09R O R  3.517 0 3  3.37”-09 1.02E-09 
8.5113 O U  8.533 OU 8.52E O U  @.32F 00 6.60” G O  1.QUF 0 1  
1 .717  04 1.71E 0 4  1.70F 0 4  I .hU? 04 1.1Op 0 4  6 .95F-03  
1 .25F 09  3 .852  08 1.76P 0 8  3.74T 07 6.09F 06 2.383 05  

TCITALS 6.5OE 0 4  1.25E 09 3.85E O B  1 .76 r  08 3.-’4E 07 6.12P 06 1.86Q 06 



CRAFCE 
P 3 0.L' 

SF 7 9  0.0 
sa ac 0.0 
Y 90 0.0 

ZP 93 0.0 
N R  93'3 0.0 
TC c)Q C . O  
DD1": 3.0 
iDt!3R 0.0 
5 8 1 ? 5  0 . 0  
?3?25N 0.0 
S T 1 2 6  0.0  
SB126W 0 .0  
58126  0.0 
'I129 0.0 

c s 1 3 u  0.0 
CS12.5 0.0 
c s 1 3 7  0.0 
1 3 1 3 7 ~  0.0 
PNlL7 2.0 
5R151 0.3 
V I 5 2  0.0 
7 1 ' 1 5 b  0.0 
PUT55 0.0 
S m T D -  0.0 

DISCHaWE 3. Y 30. Y 
6.91? 0 2  5.84E 0 2  1.2-' 0 2  
3.9RE-01 3 .  987-01 3.98P-01 
7.63p 0 U  7.132 0U 3 .66P  O U  
7.682 @ U  7. 132 OU 3.663 00 
7.89E 00 1.R9F 00 t . R c l 7  0 0  
7.833-07 U.25F-01 3 .523  0 0  
7.431 0 1  9 . 4 3 7  0 1  1 . U 3 3  01 
1 . 1 ? T - 0 1  1. ?OF-01 1.103-01 
7.03p 01 8.961" 00 2 3 3 F  00 
7.89E 0 3  3 . 6 5 2  0 3  3.56F 03 
3 .q9E 0 3  7 . 5 I p  03 1.U8T 03 
5. U6T-0 1 5. U6E- 0 4  5 .  L6?-01 
5.Urr-O 1 5 .  U6F-04 5. h b w - 0 1  
5.432-01 5.41f-01 5 . U l F - 0 1  
3.743-02 3.'37-01 3 .7hF-0 l  
2 .92p  0 5  -J.'fIF 011 8.4OF 0 0  
2.667-07 2 .86F-01  I .  36F-01 
1.57E 05  9.952 0 U  5 . 3 b T  O U  
9.3PF 3 4  9.3'13 02 U.99F 0 U  
3.731 04  4.QOP C U  3.47" 04 

1.221 0 1  1 . C 3 E  01 2 .16p  0 0  
6.86p 03 6.02E 03 l . f i73  03 
6.333 0 3  2.01E 03 6.P8F-02 
6.967 0 5  4.77' 05 1.BOT 0 G  

4.252 03 1 .223  03 a . m r  02 

303. Y 3001. y i o o n o o .  P 
3.14F-05 0.0 0. n 
3 .97p-n i  3.367-03 i . 3 ~ " - 0  7 
U.69S 01 5.911"-2R 0.0 
U.69F 01  5.5UP-28 0 . 0  
1.59" 00 1 .88p  00  1 .HOf  0 0  
1.59F 00 1.88F 00 >.nor  0 0  
1 . U 2 "  O S  l.lr2" 0' 1.03F r ) l  
?.IO?-0' 1.1@"-0'1 1 . n q r - O l  
3.61F-06 0.9 0.0 
0.3 0.0 0.0 

5.USE-01 5 .  3 V - 3 9  2.-3?-04 
S.USP-01 5 . 3 5 F - O t  2.737-01  
5. UOF-07 5.30F-01 2.7CF-0 4 
3.747-02  3.'U'F-02 3 .  73P-02 
0.0 n. n 0.0 
2.861-01 2.867-0? 2.807-03  
q . O b P  02  8 . 3 7 F - 2 5  3.@ 
9.75F 01 7.53F-25 0 .3  

0.3 8.0 n.0 

0.n n .  0 n. 0 
9.103 02 F. 23r-08 0. n 
3 . 6 4 ~ 4 7  n . n  0. n 
1.55F-02 0.0 0.0 
e.0 0.0 0.0 
U.30'  02 2 .0u r  0 1  9.53' 0 1  

TCTTLS 0.3 4.1RE 0 6  6 . 7 T  05 ?.$OF 0 5  4.30E C2 2.04E 07 4 . 5 3 7  33 
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PfiFAh’ 
( E T )  

3.00F-01 
6.308-01 
1 . 1 0 8  00 
1 , 5 5 E  00 
1.q9E 00 
2 . 3 8 F  00 

3.25E 00 
3.703 00 
U.22F 00 
4.70E oc 
5.259 00 

2 . 7 5 ~  00 

TABU A - 2 ,  TWELK-ENERGY-GW h T C K  SPECrRLM AS A FWCTI3N OF TIME FOR FISSICN PROWCTS I N  THE WASTE RESULTING 
FFOY A !<E-iRiC TW4 OF URANIU4 CHARGED TO A RR 

IT IS ASSWED M T ,  AT M E  TIME OF PROCESSING, 100% OF THE KR PND XE IN THE WASTE IS RUYK)VED, 

WFEFFNCP PWF F Q U I L I E R T U f l  ?OFT, CYCLF -- WASTX DECAY TT?IFS 
POWER= 30.00 FU, BUQPUP= 33000. RWD, *LWX= 2.92’3 13 N**2-S?C 

TWFZVE GPOUF PHO‘TCN FELFRSF RATFS, PHOTONS/SEC 
E P S T S  = ”7 OF REPVY YPm9L CHAPGED TO PEF.Cm3P 

IATTTAL 1. Y 3. Y 1c. Y 30. Y 100. Y 300.  Y IP”. Y 
$.OFF 1 5  3.UlF 15 8.51r” 14 1 .707  1U 9.7UE 1 3  1.72F 13 1.4&F 11 6 .36F  0 9  
6.00” 16 2.14E 1 6  l . l u v  16  3.87? 15 2.00P 1 5  3 . 9 1 3  1 0  3.905 1 2  -‘.51E 1 0  
1 , 5 U F  I S  8.51E 1 4  3.69E l a  1.322 1 U  5 .264  1 3  2.97” 12  k . 7 1 E  0 9  9.U6P 05  
5 . 1 8 E  1u 2 .863  1 4  ?.TOE 11 9 .193  12 6.3UF: 1 1  1.lOE 1 1  2.U3* 0 9  1.65E 0 0  
2.663 l a  1.12F 1 9  2.037 13  O.61F 10 1.8U” 10  3.28E 0 9  2.36” 07  7 ,U7F-01 
2 .68F 1 3  1.317’ 1 3  3.27F 1 2  2 .573  10 2 .60E 0Cr 2.76E-17 0.0 0 .9  
2.01E 12  1.017 12 2 .53F  1 1  2.@2? 09  2.05E 0 3  2.137-18 0.0 0 .0  
6 .33a  10 3.17E 10 7.99E OS 6 - 3 9  OT 6.50”  0 1  6.91”-20 0.0 0.3 
0.0 0 .0  0.0 0.0  0.0 0.0 9.0 0.0 
0.0 0.0 0. 0 0.0 0.0 0.0  0.0 0.0 
0.0 0.0 0.0 c. 0 0.9 P.0 0.0 n.  F 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

3000.  Y 
6.2+-  3 9  
7.408 10  
2.98” 0 7  
1.631 0 9  
2.79”-22 
0 . 0  
0 . 0  
0.0 
0.0 
0.0 
0.0 
q * o  

10000. Y 
5 .9hF C9 
’.05F 1F 
5.22” 0 3  
1.55r 09  
0.0 
0.0 
0. 0 
0.0 
0.0 
0. 0 
0.0 
0.0 

10noo0.  Y 
3.2’” 0 9  
3.78F 10  
0.0 
8.30F @ 8  
0.b 
0.0 
0.c 
0.0 
0.6 
0.0 
0.0 
0.0 

TOTPL 7.U3E 16  2.61E 1 6  1.78F 16 4.18E 15 2.1% 15 U.117 1 4  U.05’Q 12 9 . 3 1 7  1 6  8.19v 10  7 . 8 0 P  10 U.19F 10 

I E V / S F C  4.58E 16 1.62F 16 8.09E 15 2.6+E 15 1.35” 1‘ 2.55” 1 4  2 . 5 1 E  1 2  5 .18P  1C 5 .10F 10 U.86F 1 0  2.61F 10  

TWELV” GUdUP EU’RCY DELE1 Sa RqTES, YIV/W%VT-SEC 
BAS’S = PI CF Hp4’fY d2”4L CRAPGPD TO n ” 4 C V F  

EREAN 
(MET) 

3.00F-01 
6.3OE-01 
l . l O E  0 @  
1.55E 00  
1 .993  00 
2.38E 00 
2.75F 00 
3.253 0 0  
3.70F 00 
Q.22E 00 
U.70E 00 
5 .253  00 

TOTAL 

INTTTPL 
8.00’3 0 7  
1.3UE (19 
5.64F 0 7  

1 . 7 7 3  09 
2.12E 06 
1 . 8 4 F  0 5  
6.86E 0 3  
0.0 
0.0 
0.0 
0.0 

1 . 5 3 3  09 

2 . 6 8 ~  0 7  

1. Y 
3.UlF 07 
4.SOF 08 
3.12E 0 7  
1 .48F 0 7  
7 .02E 06 
l .OUE 0 6  
9.22E 0 4  
3.UUE 0 3  
0.0 
0.0 
0.0 
0.0 

5.382 0 8  

3.  Y 
8 .5 lE  06  
2.aOE 08 
1.35F 07 
5.70F 06 
1.35F 06 
2.59E 05 
2.3272 34  
8.65P 02 
0.0 
0.0 
0.0 
0.0 

2 . 7 0 ‘ ~  08 

10. Y 30. Y 
1 . 7 0 ~  06 9 . 7 ~ ~  0 5  
8.122 07 0 . 2 0 ~  0 7  
Q . 8 3 F  06  1 .933  0 6  
0 . 7 9  05 3.283 OU 
6.3PE 03 1.22E 0 3  
2.OUE 03 2.063-03 

6.92E 00 7.04”-06 
0.0 0.0 
0.0 0.0 
0.0 0 .o 
0.0 0.0 

8.82F 07 S . 4 9 F  09 

1 . ~ 5 ~  02  1 . e v - o u  

100. Y 
1.’2” 3 5  
8 .21F  0 6  
1 . 0 9 E  OS 
5 .663  0 3  
2. 17F 02  
2. 19E-2u 
2.0OE-25 
7. 49F-27 
0 .0  
0.0 
0.0 
0.0 

8-50?? 06 

300. Y 
1.047 0 3  
8.16F 0 4  
1.73? 0 2  
1.26E 0 2  
1.59E 00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

8.36F 0 4  

1000.  Y 
6.36E 0 1  
1 .58”  0 3  
3. U7”-02 
8 . 5 2 1  0 1  
u . 95-08 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

1.73F 03 

o.n 

3000. Y 
6.2% 0 1  
7 . 5 6 ”  03 
1.090-02  
8 . U O F  0 1  
1.85E-29 
0 . 0  
0 . 0  
0.0 
0.0 
0 .0  
0.0 
0.0 

1.70P 0 3  

10000. Y 
5 -96?  01 
l .48.P 03 
1. 921”-OU 
8. 01F 01 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0.0 

1 .62F 0 3  

100000.  Y 
3 .27P 0 1  
7.90F 0 2  
0.0 
U.29B 0 1  
0.0 
0 .0  
0.c 
0.P 
0.0 
0.0 
0.c 
0.0 

8.59E 0 2  

G A H R A  WATTS 7.342 0 3  2.59F 0 3  1.30* 0 3  9.2UE 02 2.16- 02 h.09E 0 1  4.02P-01 8.30E-03 P.16F-03 7.79E-F1 U.18v-03 
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.I , 1 

TABLE A-23 (CCNTINUED) 

RfFBFFYCE PWR E Q D T L I E P T U B  FUFL CYCLE -- WAS'?? DECAY TTMfS 
SPONTANEODS PiSSTOY N P U T R O N  SnUFC4 fY DTSCBbRGfD FUFL, NEUTQONSISEC 

B E T S  = E? OF H E A V Y  MFTRL CEATGGED TO FFACTOR 

PU238 
PU2U0 
PU242 
P U 2 U U  
CK2U2 
CM24U 
C K 2 4 6  
CX248 
CR2SO 
CP2 5 0 
CP252 
CF2sU 

T@TA L 

INTT-IAL 
1.037 03 
1.02F O U  
3.5UE 03  
2.873- 0 9 
1.01E 0 8  
3.382 0 8  
2.0uP 06 

1.22F-0 3 
3.8'2 03  
1.9-E 05 
2 .651  01  

U.4213 08 

a . i ? E  0 3  

1. P 
. I l F  o u  
.12E 0 4  
.5UP 03  

8.06E- 07 
2 .1up  0' 
3.262 08  
2 . 0 4 3  0 6  
P.12F 0 3  
1.22T-03 
3.67E 0 3  

U. 03E-0 1 
i . '23 0 5  

3.  
1.337 
1.32E 
3.54a 
2.41F- 

Y 
08 
04 
03 

.O 6 
9 . 9 9 3  05 
3.02E OR 
2.OUE OF 
8. 12F 03 
1.227-03 
3,303 03 
R.973 O n  
9 . 3 b F - 0 5  

1.2 
1.8 
3.5 
8. 0 

10. P 3c. Y 100. P 
7F OU l . l O E  04 6.71F 0 3  
9~ 04 2.89F OU 3 . 6 7 ~  04 
5E 03 3.S8E C3 3.66- 03 

U.252 O U  3.88- OS 2.82E OU 
2.31F 08 1.07E ?E 7.35E 66 
2.0W 06 2.04E 06 2.01'2 06 
8.12F 03  8.12F 03 @ . 1 2 F  03 
1 .22 r -03  1 . m - 0 3  1 225-03 
2.28E 03 7.89E C2 1.93r 0 1  
1.U3Y 0 U  7.59F 01 8.29p-07 
l . '?E-l?  0.0 0. c 

UP-06 2. UlF-05 8.OUE-05 

3 0 0 ,  P 
1.71E 03  
3.66E O U  
3.60'2 03 
2. UlE-OU 
l e  1 3 E  0 4  
3.u6F 0 3  
1.96F 0 6  

1.21P-03 
U.91F-hU 
0.0 
0.0 

e. 11- 03 

1000. Y 
3.062 01 
3. UOF 0U 
3.92F 0 3  
E. 03F-0U 
u.65F 0 2  
8.9FF-09 
1.90E 06 
8. 10E 0 3  

9.30E-06 
0.0 
0.0 

i . 1 7 ~ - 0 3  

3100. Y 
2.RUF-03 

u.OlF 0 3  
2. UOP- 03  

2 . 7 7 ~  ou 

5 .  13E-02 
3 . 3 2 3 - 0 9  
1.31E @ E  
8.0-E 0 3  
1.08F-03 
8.503-06 
0.0 
0.9 

3.U9F O B  3.05E 08 2.33E OR 1.09E 08 9.UUF: 06 2.022 06 1.81E 06 1.35E 0 6  

10000. Y 
3.8R-F- 17 
1.35c. 00 
0 ,  14F 03 
7.96F-03 
h.96?-  16 
1.10F-OR 
4.69E 05 
7 .96?  a3 
F1.20E-OU 
6.50E-06 
0.0 
0.0 

11.952 05 

I G D C Q O .  Y 
0.0 
1.33F 00  
3.59" 03  
9 .29P-02  
0.0 

8 .322-01  
6.6-'F 03 
2.27F-05 
1. 8O?-O7 
0.0 
0.0 

1 .03s  9 U  

1. D i n -07  

-----------_---_--_-______________^_____*--------------------------------------------------------------------------------- 
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