
i 

I" 

Revised U~raniium-PEutonli~um Cycle 
PWF? and BWR Modelis for the 

ORIGEN Computer Code 

A. 6. Croff 
M. A.Bjerke 
G. W. Morrison 
L. M. Petrie 

i- 
c k  RIDGE NAKtOWAL LABORATORY'! 1 

CENTRAL RESEARCH LIBRARY 1 CIRCULATION SECTION 
4500N ROOM 1 7 5  I LIBRARY LOAN COPV 

DONOTTRANSFERTO A N O T H E R P E R S O  . _  
If YOU wish someone else to see this 
r e p ? ,  send in name w i t h  report and 
41.- fibra- wiII arranae o loon. 

I OAK RIDGE NATIONAL LABORATORM 



E-  

=-- 

Prinlted iin the U States of Amerilca Availlabb from 
hnilcail Information Service 

d, Splningbielid, Vlirginia 
U.S. Department of Commerce 

Price: Prilnted Colpy $7.25; Microfiche $3 

I 
Thk report was lprapaved as an account of wol& sponsored by am agency of the U n M  
StatesGmment.  hE9ither;thsUnited StatesGwern r any agency thereof, nor 
any of th& emlployees, cantractors, suibcmtmctors, OF their employees, makes my 

press or iimplbd, nor asw~m m y  raga# MbiIli@y or mspwsibiility for any 
uke or the 

ptimess dlkabsedi in miis report, nor mpresenita that hts we by s 
not inirimgp privately owned rights. 

d such use of any information, 

! 



ORNL / TM-6 05 1 

k 

?+ 
J -  
i 
u' 

C o n t r a c t  N o .  W-7405-eng-26 

CHEMICAL TECHNOLOGY D I V I S I O N  

R E V I S E D  URANIUM-PLUTONIUM CYCLE PWR AND BWR MODELS 
FOR THE ORIGEN COMPUTER CODE 

A.  G.  C r o f f  
M. A .  B j e r k e  d( 

G. W. M o r r i s o n  
L. M. P e t r i e "  

* 

* 
C o m p u t e r  Sciences D i v i s i o n ,  UCC-ND. 

D a t e  Publ i shed  - S e p t e m b e r  1978 

OAK R I D G E  NATIONAL LABORATORY 
O a k  Ridge, T e n n e s s e e  37830 

opera ted  by 
UNION CARBIDE CORPORATION 

f o r  t he  
DEPARTMENT OF ENERGY 

OAK RlOGE NATIOhA- LABORATORY - ERARIES 

111111111111111111lllllllIlll1111l11111111111111111lll 



. 
k 

v 



iii 

CONTENTS 

Page 

c 

. 

Figures  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v i  

Tables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v i i  

Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i x  

Abs t rac t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
. .  

1 . In t roduc t ion  and Summary . . . . . . . . . . . . . . . . . . .  1 

1.1 I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  1 

1.1.1 Background . . . . . . . . . . . . . . . . . . . .  1 

1 . 1 . 2  Scope . . . . . . . . . . . . . . . . . . . . . .  3 

1 . 2  Summary . . . . . . . . . . . . . . . . . . . . . . . . .  5 

1 . 3  References f o r  Sec t  . 1 . . . . . . . . . . . . . . . . .  7 

2 . Desc r ip t ion  of t h e  Generation of t h e  Master. Multigroup 
Cross Sec t ion  Data Base . . . . . . . . . . . . . . . . . . .  9 

2 . 1  Scope and Source of Cross Sec t ion  Data . . . . . . . . .  11 .. 
J 

2 . 2  Resonance Nuclide Process ing  i n  NPTXS . . . . . . . . . .  15 

2 . 3  AMPX Master I n t e r f a c e  P repa ra t ion  by NEWXLACS . . . . . .  1 6  

2 . 4  References f o r  Sec t  . 2 . . . . . . . . . . . . . . . . .  1 7  

3 . Multigroup Deple t ion  Ca lcu la t ions  . . . . . . . . . . . . . .  19 

t? 
/ 

3 . 1  General Desc r ip t ion  of Cross Sec t ion  Process ing  Codes . . 21 

3 . 1 . 1  NITAWL . . . . . . . . . . . . . . . . . . . . . .  21 

3 . 1 . 2  XSDRNPM . . . . . .  i . . . . . . . . . . . . . .  23 

3 . 1 . 3  CITATION . . . . . . . . . . . . . . . . . . . . .  24 

3 . 2  Pin-Cell  Ca lcu la t ions  . . . . . . . . . . . . . . . . . .  24 

3 . 2 . 1  General approach . . . . . . . . . . . . . . . . .  24 

3 . 2 . 2  Pin -ce l l  d e s c r i p t i o n  . . . . . . . . . . . . . . .  25 

3 . 2 . 3  Resu l t s  of p in -ce l l  c a l c u l a t i o n s  . . . . . . . . .  28 



iv 

\.I 

CONTENTS (continued) 

I 

Page 

3.3 Assembly-Cell Calculations . . . . . . . . . . . . . . . 30 

3.3.1 General approach . . . . ' .  . . . . . . . . . . . . 30 

3.3.2 Assembly-cell description . . . . . . . . . . . . 30 

3.3.3 Results of assembly-cell calculations . . . . . . 31 

3.4 Fuel-Depletion Calculations . . . . . . . . . . . . . . . 33 

3.4.1 General approach . . . . . . . . . . . . . . . . . 33 

3.4.2 CITATION depletion model description . . . . . . . 34 

3.4.3 Results of CITATION depletion calculations . . . . 41 
3.5 Axial Neutron Energy Spectrum Calculations . . . . . . . 42 

3.5.1 General approach . . . . . . . . . . . . . . . . . 42 

3.5.2 Axial assembly model . . . . . . . . . . . . . . . 42 

3.5.3 Results of the axial spectrum calculations . ; . . 44 
3.6 References for Sect. 3 . . . '. . . . . .. . . . . . . . . 48 

< 

4. Description of Reactor Models . . . . . . . . . . . . . . . . 49 

4.1 Discussion of ORIGEN Modifications . . . . . .. . . . . . 50 

. .  4.2 Input Compositions and Masses . . . . . . . . . . . . . . 53 

4.2.1 Fuel-assembly.structura1 material masses and 
compositions . . . . . . . . . . . . . . . . . . . 53 

4.2.2 Nonactinide element composition of LWR oxide 
fuels . . . . . . . . . . . . . . . ' .  . . . . . . 55 

8 
4.2.3 Initial heavy-metal composition in LWR oxide 

fuels . . . . . . . . . . . . . . . . . . . . . . 59 

4.3 ORIGEN Depletion Calculations . . . . . . . . . . . . . . 59 

4.3.1 Comparison of ORIGEN and CITATION depletion 
calculations . . . . . . :. . . . . . . . . . . . 61 

4 

-) 
1 

-1 



V 

CONTENTS (cont inued)  

4 .3 .2  Comparison of ORIGEN and l i t e r a t u r e  d e p l e t i o n  
c a l c u l a t i o n s  . . . . . . . . . . . . . . . . . . .  6 3  

4.3.3 Summary d e s c r i p t i o n  of t h e  ORIGEN U-Pu c y c l e  
LWRmodels . . . . . . . . . . . . . . . . . . . .  7 1  

4 .4  References f o r  Sect. 4 . . . . . . . . . . . . . . . . .  74  

Appendix A: 84-Energy-Group Neutron S p e c t r a  Graphs and 
L i s t i n g s  . . . . . . . . . . . . . . . . . . . . . .  81 

Appendix B: One-Group, Spectrum-Averaged Cross S e c t i o n s  f o r  U-Pu 
Cycle PWR and BWR Fuels  . . . . . . . . . . . . . . .  91 

Appendix C: P l o t s  and L i s t i n g s  of  Se lec ted  Burnup-Dependent Cross 
S e c t i o n s  f o r  ORIGEN . . . . . . . . . . . . . . . . .  99 

4 

1 



vi 

FIGURES 

Fig. 2.1. Procedure for processing raw cross section data into 
an AMPX master interface . . . . . . . . . . . . . . . .  10 

Fig. 3.1. Procedure for processing AMPX master interface cross 
sections-into ORIGEN cross sections . . . . . . . . . . .  20 

Fig. 3 . 2 .  CITATION fuel management model for the uranium-enriched 
PWR (PWR-U) after the first cycle . . . . . . . . . . . .  36 

Fig. 3.3. CITATION fuel’management model for the uranium-enriched 
BWR (BWR-U) after the first cycle . . . . . . . . . . . . .  37 

Fig. 3 . 4 .  CITATION fuel management model for the plutonium-recycle , 

PWR (PWR-Pu) after the first cycle . . . . . . . . . . . . .  39 
Fig. 3.5. CITATION fuel management model for the plutonium-recycle 

BWR (BWR-Pu) after the first cycle . . . . . . . . . . . .  40 

c 
I 

3 

v 



! 

v i i i  

Tables (cont inued)  

Page 

Table 4.9. Comparison of ORIGEN PWR-U f u e l  d e p l e t i o n  c a l c u l a t i o n s  ' 

w i t h  l i t e r a t u r e  v a l u e s  . . . . . . . . . . . . . . . . .  64 

Table 4.10. Comparison of PWR-U discharged-fue l '  composition 
p r e d i c t e d  by t h e . o l d  and new ORIGENs . . . . . . . . . .  66 

Table 4.11. Comparison of ORIGEN BWR-U fue l -dep le t ion  c a l c u l a t i o n s  
w i t h  l i t e r a t u r e  v a l u e s  . . . . . . . . . . . . . . . . . .  67 

Table 4.12. Comparison of ORIGEN PWR-PuU fuel-deplet , ion c a l c u l a t i o n s  
w i t h  l i t e r a t u r e  v a l u e s  . . . . . . . . . . . . . . . . . .  68 

Table 4.13. Comparison of ORIGEN PWR-PuPu fue l -dep le t ion  c a l c u l a t i o n s  
w i t h  l i t e r a t u r e  v a l u e s  . . . . . . . . . . . . . . . . .  69 

Table 4.14. R e s u l t s  of ORIGEN BWR-PuU f u e l  d e p l e t i o n , .  . . . . . . .  72 

Table 4.15. Comparison of  ORIGEN BWR-PuPu fue l -dep le t ion  c a l c u l a t i o n s  
w i t h  l i t e r a t u r e  v a l u e s  . . . . . . . . . . . . . . . . .  73 

Table 4.16. Summary of ORIGEN LWR model c h a r a c t e r i s t i c s  . . . . . .  75 

c 



v i i  

Tables  

Page 

Table 2 . 1 .  D e s c r i p t i o n  of t h e  p r o c e s s i n g  of ENDF/B-formatted d a t a  
i n t o  a master c r o s s  s e c t i o n  l i b r a r y  . . . . . . . . . . .  1 2  

Table 2 . 2 .  ORIGEN update  n u c l i d e s  included i n  f u e l - d e p l e t i o n  
c a l c u l a t i o n s  . . . . . . . . . . . . . . . . . . . . . .  1 3  

Table 2 . 3 .  ORIGEN update n u c l i d e s  n o t  included i n  f u e l  d e p l e t i o n  
c a l c u l a t i o n s  . . . . . . . . . . . . . . . . . . . . . .  1 4  

Table 3 .1 .  D e s c r i p t i o n  of t h e  process ing  of t h e  master c r o s s  
s e c t i o n  l i b r a r y  i n t o  ORIGEN c r o s s  s e c t i o n s  f o r  LWRs . . .  22 

Table 3 . 2 .  P i n - c e l l  dimensions f o r  the'PWR . . . . . . . . . . . . .  26 

Table 3 . 3 .  P i n - c e l l  dimensions f o r  t h e  BWR . . . . . . . . . . . . .  26 

Table 3 . 4 .  CITATION c r o s s  s e c t i o n  energy-group s t r u c t u r e  . . . . . .  34 

Table 3 .5 .  Dimensions and material makeup of t h e  PWR axial  assembly 
m o d e l . .  . . . . . . . . . . . . . . . . . . . . . . . . .  43 

Table 3 .6 .  Dimensions and material makeup of t h e  BWR a x i a l  assembly 
m o d e l . .  . . . . . . . . . . . . . . . . . . . . . . . .  45 

Table 3 . 7 .  Summary of  t h e  r e s u l t s  of t h e  axial  spectrum 
c a l c u l a t i o n s  . . . . . . . . . . . . . . . . . . . . . .  46 

Table 4 . 1 .  Values of  THERM, RES, and FAST t o  b e  used w i t h  LWR 
t o t a l  f l u x e s  . . . . . . . . . . . . . . . . . . . . . .  52 

Table 4 . 2 .  Values of  THERM, RES, and FAST t o  be  used w i t h  LWR 
thermal  f l u x e s  . . . . . . . . . . . . . . . . . . . . .  5 2  

Table 4 . 3 .  Assumed e lementa l  composi t ions of LWR fuel-assembly 
s t r u c t u r a l  materials . . . . . . . . . . . . . . . . . .  54  

Table 4 . 4 .  Assumed fuel-assembly s t r u c t u r a l  material mass 
d i s t r i b u t i o n  . . . . . . . . . . . . . . . . . . . . . .  56  

Table 4 . 5 .  P h y s i c a l  c h a r a c t e r i s t i c s  of LWR f u e l  assembl ies  . . . . .  57 

Table 4 . 6 .  Assumed n o n a c t i n i d e  composition of LWR oxide f u e l s  . . .  58 

Table 4 . 7 .  Assumed i n i t i a l  composition of one average metric ton  
of heavy m e t a l  i n  LWRs . . . . . . . . . . . . . . . . .  60  

. 

J 

Table 4 . 8 .  Comparison of  CITATION and ORIGEN d e p l e t i o n  c a l c u l a t i o n s  
a t  d i s c h a r g e  f o r  uranium-enriched LWRs . . . . . . . . .  62 



i x  

GLOSSARY 

* 

.- 

t 

. 
m 

BWR 

BWR-PUPU 

BWR-PuU 

BWR-U 

GWd 

LWR 

MWd 

MTIHM 

PWR 

PWR-PUPU 

PWR-PuU 

PWR-u 

Deple t ion  
c a l c u l  a t  i o n  

Fuel  element 

Fue 1 as s emb l y  

P i n  ce l l  

Assembly c e l l  

Boiling-water r e a c t o r  

Self-generated mixed-oxide f u e l  i n  a BWR i n  which 
the plutonium i s  be ing  recyc led  

Uranium-enriched f u e l  i n  a BWR i n  which t h e  
plutonium i s  be ing  recyc led  

Uranium-enriched f u e l  i n  a wholly uranium-enriched BWR 

Gigawatt-days = l o 9  watt-days 

Light  water (moderated) r e a c t o r ;  i . e . ,  BWRs and PWRs 

Megawatt-days = l o 6  watt-days 

Metric tonnes (= l o 6  g) of i n i t i a l  heavy m e t a l  

. P r e s s u r i z e d  water r e a c t o r  

Self-generated mixed-oxide f u e l  i n  a PWR i n  which t h e  
plutonium i s  be ing  recyc led  

Uranium-enriched f u e l  i n  a PWR i n  which t h e  plutonium 
i s  being recyc led  

Uranium-enriched f u e l  i n  a wholly uranium-enriched PWR 

C a l c u l a t i o n a l  i r r a d i a t i o n  of f r e s h  r e a c t o r  f u e l  
r e s u l t i n g  i n  t h e  p r e d i c t i o n  of t h e  d ischarged  f u e l  
composition 

The smallest s t r u c t u r a l l y  d i s c r e t e  p a r t  of a f u e l  
assembly which h a s  n u c l e a r  f u e l  as i t s  p r i n c i p a l  
c o n s t i t u e n t ;  a l s o  c a l l e d  a f u e l  p i n  o r  a f u e l  rod 

A grouping of f u e l  e lements  t h a t  i s  n o t  taken a p a r t  
d u r i n g  t h e  charg ing  and d i s c h a r g i n g  of a r e a c t o r  c o r e  

A c y l i n d r i c a l  model of a f u e l  element used i n  a 
r e a c t o r  phys ics  c a l c u l a t i o n  

A c y l i n d r i c a l  model of a f u e l  assembly used i n  a 
r e a c t o r  phys ics  c a l c u l a t i o n  





1 
c 

8 
*- 

.r 

REVISED URANIUM-PLUTONIUM CYCLE PWR AND BWR 
MODELS FOR THE ORIGEN COMPUTER CODE 

* * * 
A. G. C r o f f ,  M. A. Bjerke,  G.  W. Morrison, and L. M. P e t r i e  

ABSTRACT 

Reactor phys ics  c a l c u l a t i o n s  and l i t e r a t u r e  searches  
have been conducted, l e a d i n g  t o  t h e  c r e a t i o n  of r e v i s e d  
enriched-uranium and enriched-uranium/mixed-oxide-fueled 
PWR and BWR r e a c t o r  models f o r  t h e  ORIGEN computer code. 
These ORIGEN r e a c t o r  models are based on c r o s s  s e c t i o n s  
t h a t  have been taken d i r e c t l y  from t h e  r e a c t o r  phys ics  
codes and e l i m i n a t e  t h e  need t o  make adjustments  i n  uncor- 
r e c t e d  c r o s s  s e c t i o n s  i n  o r d e r  t o  o b t a i n  c o r r e c t  d e p l e t i o n  
r e s u l t s .  Revised v a l u e s  of  t h e  ORIGEN f l u x  parameters  
THERM, RES, and FAST were c a l c u l a t e d  a long  w i t h  new param- 
e ters  r e l a t e d  t o  t h e  a c t i v a t i o n  of  fuel-assembly s t r u c t u r a l  
materials n o t  l o c a t e d  i n  t h e  active f u e l  zone. Recommended 
f u e l  and s t r u c t u r a l  material masses and compositions are 
presented .  A summary of t h e  new ORIGEN r e a c t o r  models i s  
given.  

1. INTRODUCTION AND SUMMARY 

1.1 I n t r o d u c t i o n  

1.1.1 Background 

1 The ORIGEN computer code i s  a versat i le  t o o l  used f o r  c a l c u l a t i n g  

t h e  bui ldup  and d e p l e t i o n  of i s o t o p e s  i n  n u c l e a r  materials.  This computer 

code w a s  w r i t t e n  i n  t h e  l a t e  1960s and e a r l y  1970s by t h e  ORNL Chemical 

Technology Divis ion .  A t  t h a t  t i m e ,  t h e  r e q u i r e d  n u c l e a r ,  d a t a  l i b r a r i e s  

( h a l f - l i v e s ,  c r o s s  s e c t i o n s ,  f i s s i o n  product  y i e l d s ,  e t c . )  and r e a c t o r  

models (PWR-U, PWR-Pu, LMFBR, HTGR, and MSBR) were a l so  developed. The 

code w a s  p r i n c i p a l l y  intended f o r  use i n  g e n e r a t i n g  s p e n t . f u e l  and waste 

* 
Computer Sc iences  Div is ion ,  UCC-ND. 
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c h a r a c t e r i s t i c s  (composi t ion,  thermal  power, e t c . )  t h a t  would form t h e  

b a s i s  f o r  t he  s tudy  and des ign  of f u e l  r ep rocess ing  p l a n t s ,  spen t  f u e l  

sh ipping  casks ,  waste t r ea tmen t  and d i s p o s a l  f a c i l i t i e s ,  and w a s t e  

sh ipping  casks .  

i c a l l y ,  and t h u s  were expected t o  accommodate a wide range of f u e l  

c h a r a c t e r i s t i c s ,  i t  w a s  on ly  necessa ry  t h a t  t h e  ORIGEN r e s u l t s  be  some- 

what r e p r e s e n t a t i v e  of t h i s  range.  

S ince  f u e l  c y c l e  o p e r a t i o n s  were be ing  examined gener- 

A s a t i s f a c t o r y  r e s u l t  w a s  ob ta ined  

by simply a d j u s t i n g  t h e  resonance i n t e g r a l s  of t h e  major f i s s i l e  and 

f e r t i l e  s p e c i e s  t o  o b t a i n  agreement wi th  a spen t  f u e l  composi t ion from 

an exogenous source .  

Soon a f t e r  t h e  ORIGEN computer code w a s  documented, i t  w a s  made 
, 

a v a i l a b l e  t o  u s e r s  o u t s i d e  ORNL through t h e  Radia t ion  Sh ie ld ing  Informa- 

t i o n  Center  (at O m ) .  

i ts  convenient  and d e t a i l e d  ou tpu t  r e s u l t e d  i n  i t s  be ing  acqui red  by 

The re la t ive s i m p l i c i t y  of ORIGEN coupled wi th  

many o r g a n i z a t i o n s .  

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

Many of t h e s e  o r g a n i z a t i o n s  began us ing  ORIGEN f o r  

t han  those  f o r  which i t  had o r i g i n a l l y  been in tended .  

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

These a p p l i c a t i o n s  

s t u d i e s ,  and many of t h e s e  w e r e  environmental  impact s t u d i e s  t h a t  r equ i r ed  

r e l a t i v e l y  p r e c i s e  c a l c u l a t i o n s  of  minor i s o t o p e s  such as 3H, 1 4 C ,  2321J, 

and 2 4 2 y 2 4 4 C m .  

t o  update  s p e c i f i c  a s p e c t s  of ORIGEN and i t s  d a t a  bases .  2 y 3  

The i n i t i a l  responses  t o  t h e s e  requirements  w e r e  a t t empt s  

However, 

i n c o n s i s t e n c i e s  and a l a r g e  number of d i f f e r e n t  d a t a  bases  soon r e s u l t e d  

from these  e f f o r t s .  

I n  an e f f o r t  t o  remedy t h e s e  problems, a concer ted  program w a s  

c 
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d a t a  b a s e s  and r e a c t o r  models. This  r e p o r t  is t h e  f i r s t  of several 

r e p o r t s  d e s c r i b i n g  t h e  v a r i o u s  a s p e c t s  of t h e  ORIGEN update  e f f o r t .  

Other  r e p o r t s  t o  b e  i s s u e d  i n  t h e  f u t u r e  w i l l  document a r e v i s e d  v e r s i o n  

of t h e  ORIGEN computer code, an updated decay d a t a  l i b r a r y ,  a n  updated 

photon l i b r a r y ,  a d d i t i o n a l  updated l i b r a r i e s  conta in ing  c r o s s  s e c t i o n s  

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

1 . 1 . 2  Scope 

This  r e p o r t  i s  concerned w i t h  a d e s c r i p t i o n  of a r e v i s e d  set  of 

r e a c t o r  models f o r  PWRs and BWRs o p e r a t i n g  on uranium o r  uranium-plutonium 

f u e l s  and t h e  methods used t o  genera te  t h e  informat ion  f o r  t h e s e  models. 

The PWR model w a s  based on a Westinghouse d e s i g n Y 4  and t h e  BWR w a s  based 

5 on a General E l e c t r i c  BWR/6 des ign .  

s i d e r e d  i n  t h i s  r e p o r t  are  as fo l lows  ( see  t h e  Glossary f o r  t h e  d e f i n i t i o n  

The s p e c i f i c  r e a c t o r  types  con- 

of  t h e s e  

1. 

2 .  

3 .  

4.  

The 

and o t h e r  terms) : 

PWR-U , 

PWR-Pu (both  PWR-PuU and PWR-PuPu f u e l  t y p e s ) ,  

RWR-U , 

BWR-Pu (both  BWR-PuU and BWR-PuPu f u e l  t y p e s ) .  

fundamental o b j e c t i v e  of t h i s  work w a s  t h a t  ORIGEN would p r e d i c t  

t h e  c o r r e c t  s p e n t  f u e l  composi t ions wi thout  having t o  r e s o r t  t o  t h e  

adjustment  of  c r o s s  s e c t i o n s ,  which had t y p i f i e d  previous  ORIGEN r e a c t o r  

models. This  meant t h a t  ORIGEN had t o  b e  a b l e  t o  u s e  c r o s s  s e c t i o n s  

which r e s u l t e d  from t h e  p r o c e s s i n g  of  e x i s t i n g  compi la t ions  such as 

6 ENDF/B. 

The g e n e r a t i o n  of  t h e  informat ion  r e q u i r e d  f o r  t h e s e  r e a c t o r  models 

began w i t h  t h e  g a t h e r i n g  and i n i t i a l  p r o c e s s i n g  of e x i s t i n g  r a w  c r o s s  



s e c t i o n  d a t a  i n t o  an 84-neutron-energy-group l i b r a r y  t h a t  could be used 

by a modular system of r e a c t o r  phys i c s  codes7 ( s e e  Sec t .  2 ) .  

l i b r a r i e s  w e r e  c r e a t e d :  (1) a smaller l i b r a r y  con ta in ing  those  n u c l i d e s  

whose presence  i n  t h e  r e a c t o r  would have t h e  g r e a t e s t  e f f e c t s  on t h e  

neut ron  spectrum and d e p l e t i o n  c h a r a c t e r i s t i c s  and ( 2 )  a l a r g e r  l i b r a r y  

con ta in ing  many n u c l i d e s  of i n t e r e s t  i n  ORIGEN b u t  having a minor e f f e c t  

on t h e  spectrum and d e p l e t i o n .  Only t h e  f i r s t  of t h e s e  l i b r a r i e s  w a s  

cons idered  i n  t h e  subsequent  mult igroup fue l -dep le t ion  c a l c u l a t i o n s .  

Two s e p a r a t e  

. 

Following these  i n i t i a l  s t e p s ,  burnup-dependent c r o s s  s e c t i o n s  

t h a t  accounted f o r  s p a t i a l  and energy s e l f - s h i e l d i n g  e f f e c t s  w e r e  gen- 

e r a t e d  f o r  each of t h e  s i x  f u e l  types  be ing  cons idered  ( s e e  Sec t .  3 ) .  

The l i b r a r i e s  r e s u l t i n g  from t h i s  procedure conta ined  f i v e  neut ron  

energy groups.  The burnup-dependent, f ive-group l i b r a r i e s  were then 

used i n  a d i f fus ion - theo ry  d e p l e t i o n  code t h a t  p r e d i c t e d  t h e  composition 

of t h e  spen t  f u e l  and supp l i ed  some of t h e  c r o s s  s e c t i o n s  r equ i r ed  by 

ORIGEN. The c r o s s  s e c t i o n s  i n  t h e  l a r g e r  84-group l i b r a r y  mentioned 

p rev ious ly  w e r e  t hen  co l l apsed  t o  one-group c r o s s  s e c t i o n s  us ing  a 

" typ ica l "  neut ron  spectrum which w a s  c a l c u l a t e d  whi le  t h e  burnup-dependent 

c r o s s  s e c t i o n s  w e r e  be ing  genera ted .  F i s s i o n  product  y i e l d s  w e r e  ob ta ined  

by f lux-weight ing energy-dependent y i e l d s  us ing  t h e  same neu t ron  spectrum. 

Add i t iona l  c a l c u l a t i o n s  were then performed which y i e lded  new v a l u e s  of 

t h e  ORIGEN f l u x  parameters  - THERM, RES, and FAST - and parameters  

r e l a t e d  t o  t h e  a c t i v a t i o n  of plenum s p r i n g s  and fuel-assembly end p i e c e s .  

A modified v e r s i o n  of t h e  ORIGEN code w a s  then developed and used 

t o  p r e d i c t  t h e  composition of t h e  spen t  f u e l  (see Sect. 4)  u s ing  t h e  

c r o s s  s e c t i o n s  genera ted  by t h e  more s o p h i s t i c a t e d  r e a c t o r  phys i c s  codes.  
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The ORIGEN r e s u l t s  were compared t o  b o t h  t h e  r e s u l t s  p r e d i c t e d  by t h e  

mult igroup fue l -deple t ion  code and t o  s p e n t  f u e l  compositions obta ined  

from t h e  open l i t e r a t u r e .  F i n a l l y ,  an i n v e s t i g a t i o n  w a s  undertaken t o  

determine a p p r o p r i a t e  i n p u t  parameters  f o r  t h e  r e a c t o r  models. The 

parameters  i n v e s t i g a t e d  included t h e  a c t i n i d e  composition of t h e  f r e s h  

f u e l ,  t h e  impur i ty  composition of t h e  f r e s h  f u e l ,  and t h e  s t r u c t u r a l  

material type  and composition of a f u e l  assembly. 

1 . 2  Summary 

This  p r o j e c t  involved t h e  g a t h e r i n g  and process ing  of  a l a r g e  amount 

of d i v e r s e  d a t a  which l e d  t o  t h e  g e n e r a t i o n  of  r e v i s e d  ORIGEN r e a c t o r  

models f o r  uranium- and uranium-plutonium-fueled PWRs and BWRs. The 

s p e c i f i c  t y p e s  of in format ion  developed f o r  PWR-U, PWR-PuU, PWR-PuPu, 

BWR-U, BWR-PuU, and BWR-PuPu f u e l s  are as fol lows:  

1. 84-energy-group neut ron  s p e c t r a ;  

2 .  one-group, burnup-dependent c r o s s  s e c t i o n s  f o r  t h e  major 

a c t i n i d e s ;  

3 .  one-group, " t y p i c a l "  c r o s s  s e c t i o n s  f o r  233 n u c l i d e s  ( inc luding  

t h e  a c t i n i d e s )  ; 

4 .  new v a l u e s  f o r  t h e  ORIGEN f l u x  parameters  THERM, RES, and FAST; 

5. parameters  r e l a t e d  t o  t h e  a c t i v a t i o n  of fuel-assembly s t r u c t u r a l  

materials o u t s i d e  t h e  active f u e l  r e g i o n ;  

6 .  recommended i n i t i a l  heavy-metal compositions of f r e s h  f u e l ;  

7 .  recommended i n i t i a l  metal composi t ions of fuel-assembly 

s t r u c t u r a l  materials; and 

8. recommended minor c o n s t i t u e n t  c o n c e n t r a t i o n s  f o r  bo th  t h e  f u e l  

material and t h e  s t r u c t u r a l  materials. 
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Using t h i s  in format ion  and a modified v e r s i o n  of t h e  ORIGEN computer 

code, d e p l e t i o n  c a l c u l a t i o n s  w e r e  made f o r  each of t h e  s i x  f u e l  types .  

The r e s u l t s  of t h e s e  d e p l e t i o n  c a l c u l a t i o n s  were compared t o  t h e  r e s u l t s  

of d i f fus ion - theo ry  d e p l e t i o n  c a l c u l a t i o n s  which were performed as a 

p a r t  of t h i s  program and t o  p red ic t ed  d i scha rge  composi t ions obta ined  

from l i t e r a t u r e  s o u r c e s ,  

I n  gene ra l ,  t h e  r e s u l t s  of t h e  ORIGEN d e p l e t i o n  c a l c u l a t i o n s  agreed 

ve ry  w e l l  w i th  t h e  l i t e r a t u r e  v a l u e s  f o r  a l l  t h r e e  of t h e  PWR f u e l s .  

Adequate agreement w a s  ob ta ined  f o r  t he  BWR-U f u e l  and f a i r  agreement 

f o r  t h e  BWR-PuPu f u e l .  C o m p a r a t i v e ' l i t e r a t u r e  va lues  were n o t  a v a i l a b l e  

f o r  t h e  BWR-PuU f u e l .  It should b e ' n o t e d  t h a t  t h e  moderator d e n s i t y  i n  

t h e  BWR c a l c u l a t i o n s  w a s  i nc reased  t o  a va lue  20% g r e a t e r  than  t h e  

volume-averaged moderator d e n s i t y  ( i . e . ,  a va lue  n e a r e r  t h e  power-averaged 

moderator d e n s i t y )  t o  o b t a i n  t h e  agreement i n d i c a t e d .  The r e s u l t s  of 

t h e  PWR-U and BWR-U f u e l  d e p l e t i o n s  from ORIGEN and t h e  d i f fus ion - theo ry  

code were found t o  be  i n  e x c e l l e n t  agreement. This  agreement i s , e x p e c t e d  

s i n c e  ORIGEN uses  c r o s s  s e c t i o n s  t h a t  had been genera ted  by t h e  d i f f u s i o n -  

theo ry  code. Based on t h e  ORIGEN v s  l i t e r a t u r e  comparisons which w e r e  

made as a p a r t  of t h i s  p r o j e c t ,  i t  appears  t h a t  t h e  c r o s s  s e c t i o n  i n f o r -  

mation i s  adequate  f o r  performing d e p l e t i o n  c a l c u l a t i o n s  f o r  f u e l  

enr ichments  w i t h i n  a few t e n t h s  of  a percentage  p o i n t  of t h e  enrichments  

used i n  gene ra t ing  t h e  c r o s s  s e c t i o n s  f o r  t h e  r e a c t o r  models. However, 

t h e  d e p l e t i o n  c a l c u l a t i o n s  w i l l  become p r o g r e s s i v e l y  less a c c u r a t e  as 

t h e  f u e l  composi t ion d e v i a t e s  from t h e  r e f e r e n c e ' c o n d i t i o n s .  
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2 .  DESCRIPTION OF THE GENERATION OF THE 
MASTER, MULTIGROUP CROSS SECTION DATA BASE 

. . .  

This s e c t i o n  d e s c r i b e s  t h e  process ing  of r a w  c r o s s  s e c t i o n  d a t a  

i n t o  a m u l t i p l e  energy group (multigroup) c r o s s  s e c t i o n  l i b r a r y  t h a t  is  

s u i t a b l e  f o r  use i n  r e a c t o r  neut ron  energy spectrum and fue l -deple t ion  

c a l c u l a t i o n s .  This  l i b r a r y  w i l l  b e  a p p l i c a b l e  t o  a wide v a r i e t y  of 

uranium-plutonium (U-Pu) c y c l e  LWRs. 

A schematic in format ion  f low diagram f o r  t h e  process ing  of t h e  r a w  

c r o s s  s e c t i o n  d a t a  i s  given i n  Fig.  2 . 1 . '  I n  t h i s  diagram, t h e  p r i n c i p a l  

computer codes used i n  process ing  t h e  c r o s s  s e c t i o n s  are contained i n  

1 .  

r e c t a n g u l a r  f i g u r e s .  D e s c r i p t i o n s  of t h e  c r o s s  s e c t i o n  parameters  

which comprise t h e  i n p u t  t o  and o u t p u t  from each computer code are 

contained i n  t h e  o v a l  f i g u r e s .  The sources  of t h e  r a w  c r o s s  s e c t i o n  

d a t a  are d iscussed  i n  Sec t .  2.1. The two p r i n c i p a l  computer codes 

r e q u i r e d  t o  process  t h i s  r a w  d a t a  i n t o  t h e  mult igroup c r o s s  s e c t i o n  

l i b r a r y  are NPTXS and NEWXLACS. 
1 1 

There are two p r i n c i p a l  s t e p s  involved i n  process ing  t h e  r a w  c r o s s  

s e c t i o n  d a t a  i n t o  a master l i b r a r y ,  as d e p i c t e d  i n  Fig.  2.1. The f i r s t  

of t h e s e  g e n e r a t e s  p o i n t  c r o s s  s e c t i o n  d a t a  t h a t  are very  c l o s e l y  spaced 

f o r  those  few i s o t o p e s  ( 2 3 5 y 2 3 8 U  and 39-242Pu) whose resonance neutron 

a b s o r p t i o n s  are important  i n  U-Pu c y c l e  r e a c t o r s  us ing  NPTXS. These 

d a t a ,  a long  w i t h  r a w  d a t a  f o r  t h e  remaining i s o t o p e s ,  are neutron-energy- 

spectrum-weighted w i t h i n  each of t h e  neut ron  energy groups t h a t  are t o  be  

included i n  t h e  master l i b r a r y  u s i n g  a n ' i n p u t  weight ing f u n c t i o n  t h a t  i s  

g e n e r a l l y  t y p i c a l  of thermal r e a c t o r s .  

p rocess ing  sequence,  which i s  d e s c r i b e d  i n  d e t a i l  i n  Sects. 2.2 and 2.3,  

The r e s u l t  of t h i s  two-step 
i 
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ORNL DWG 78-5375R 

RESONANCE PARAMETERS 

BACKGROUND CROSS SECTIONS 

I 

ALL 
NUCLIDES 

235, 238", 239-242pu ONLY 

NPTXS 9 '  
INT CROSS SECTIONS FO 
235, 238u, 239-242pu 

NEWXLACS I 
TO FIG. 3.1 

Fig.  2 .1 .  Procedure f o r  p rocess ing  r a w  c r o s s  s e c t i o n  d a t a  i n t o  
an AMPX master i n t e r f a c e .  
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i s  t h e  master c r o s s  s e c t i o n  l i b r a r y .  A summary d e s c r i p t i o n  of t h e  

p rocess ing  sequence is  given i n  Table 2.1.  

2 .1  Scope and Source of Cross Sec t ion  Data 

The c r o s s  s e c t i o n  d a t a  base  used i n  t h e  mult igroup r e a c t o r  phys ics  

c a l c u l a t i o n s  descr ibed  i n  Sect. 3 c o n t a i n s  a l l  c r o s s  s e c t i o n s  t h a t  could 

be c a s t  i n t o  a mult igroup l i b r a r y  ( a s  of s p r i n g  1 9 7 7 )  and t h a t  were 

machine-readable.  These c r o s s  s e c t i o n s  were obta ined  from t h r e e  p r in -  

c i p a l  sources  : 

L i b r a r y ) , 3  and Benjamin.4 The c r o s s  s e c t i o n  d a t a  obta ined  from these  

sources  were d iv ided  i n t o  two groups: (1) t h e  a c t i n i d e s ,  moderators ,  

po isons ,  and p r i n c i p a l  s t r u c t u r a l  materials and (2)  t h e  f i s s i o n  products ,  

minor i m p u r i t i e s ,  and minor s t r u c t u r a l  materials. The f i r s t  group of 

n u c l i d e s  is  n e u t r o n i c a l l y  important  i n  t h e  r e a c t o r ,  and a l l  of t hese  

n u c l i d e s  were rep resen ted  e x p l i c i t l y  i n  t h e  d e p l e t i o n  c a l c u l a t i o n s .  

ENDF/B-IVY2 LENDL (Livermore Evaluated Nuclear Data 

The c r o s s  s e c t i o n s  of n u c l i d e s  i n  t h e  second group were obta ined  by 

c o l l a p s i n g  the  mult igroup c r o s s  s e c t i o n s  us ing  a neut ron  spectrum 

s e l e c t e d  a f t e r '  t h e  d e p l e t i o n  c a l c u l a t i o n  had been performed. A l i s t  

of t he  n u c l i d e s  i n  t h e  f i r s t  and second groups and t h e  sources  of t he  

d a t a  are given i n  T a b l e s ' 2 . 2  and 2.3. 

C e r t a i n  38U c r o s s  s e c t i o n  parameters  w e r e  ad jus t ed  according t o  
I 

a r e c i p e  supp l i ed  by Benjamin' i n  o rde r  t o  o b t a i n  agreement wi th  t h e  

experimental  d a t a .  Changes i n  t h e  neut ron  c a p t u r e  c r o s s  s e c t i o n  were 

made between 0.00025 e V  and 0.7067 e V ,  i n  t h e  neut ron  and r a d i a t i o n  

wid ths  f o r  t h e  low-lying s-wave resonances between 6.65 e V  and 165 e V ,  

and i n  t h e  unresolved resonance parameters .  



Table 2.1. D e s c r i p t i o n  of t h e  p r o c e s s i n g  of ENDF/B-formatted d a t a  
i n t o  a master c r o s s  s e c t i o n  l i b r a r y  

Compuier A p p l i c a b i l i t y  
code I n p u t  Funct ion  o u t p u t  of r e s u l t  

NPTXS Resonance parameters  Generate Doppler-broadened P o i n t  c r o s s  s e c t i o n s ,  A l l  U-Pu LWRs 
and background c r o s s  p o i n t  c r o s s  s e c t i o n s  f o r  background c r o s s  
s e c t i o n s  i n  ENDF/B resonance n u c l i d e s  s e c t i o n s ,  and reson-  

9 ance parameters  f o r  format  (235,238u 239-242pu) 

resonance  n u c l i d e s  

N E W A C S  Resonance parameters  Genera te  mul t igroup 84-group master A l l  u-Pu LWRS 
and background c r o s s  c r o s s  s e c t i o n s  from p o i n t  l i b r a r y ,  i n c l u d i n g  
s e c t i o n s  i n  ENDF/B c r o s s  s e c t i o n s  u s i n g  resonance  pa rame te r s  
format  p l u s  p o i n t  Maxwellian-1/E-fission- 
c r o s s  s e c t i o n s  f o r  spectrum we igh t ing  
r e sonance  n u c l i d e s  f u n c t i o n  
from NPTXS 



Table 2.2. ORIGEN update  n u c l i d e s  inc luded  i n  f u e l - d e p l e t i o n  c a l c u l a t i o n s  

Nucl ide  Ref. Nuclide R e f .  Nucl ide Ref ., Nuclide R e f .  Nucl ide Ref. 

H-1 2 B-10 2 B-11 2 c-12 2 N-14 2 

0-16 2 Na-23 2 Cr-5 2 2 Mn-55 2 Fe-56 2 

Ni-5 8 2 Zr-9 2a 2 Nb-93 2 Mo-98 2 Sn-119 3 

Th-232 2 Pa-233 2 U-233 2 U-234 2 U-235 2 

U-2 36 2 U-237 3 U-238 2 U-239 3 U-240 3 -  

Np-237 2 Np-238 4 Pu-236 4 Pu-238 2 Pu-239 2 

b 

P 
w 

Pu-240 2 Pu-241 2 Pu-242 2 Pu-243 4 Am-241 2 

Am-242M 4 ’  Am-242 4 Am-243 4 Cm-242 4 Cm-24 3 4 

Cm-244 4 Cm-245 4 Cm-246 4 Cm-247 4 Cm-248 4 

Bk-249 4 Cf-249 4 C f  -250 4 Cf-251 4 Cf-252 4 

Cf -25 3 4 Cf-254 4 Es-253 4 
~~ 

a 

b 

Zircaloy-2.  

Some resonance  parameters  a d j u s t e d  from ref. 2 v a l u e s  acco rd ing  t o  r e c i p e  g iven  i n  ref. 5.  
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Table 2 . 3 .  ORIGEN update  n u c l i d e s  no t  included 
i n  f u e l  d e p l e t i o n  c a l c u l a t i o n s a  

. 

GE- 72 

B R -  79  

K R -  85 

SR- 89 

Z R -  94 

NO- 97 

RU-103 

PD-106 

A G - 1 1 1  

SN-115 

SN-122 

SN-125 

TE-128 

I -131 

BA-134 

CS-137 

PR-141 

ND-144 

GE- 73 

SE- 8 0  

RB- 85 

Y - 89 

NB- 94 

NO- 99 

RH-103 

PD-107 

CD-111 

CD-116 

TE-122 

SB-125 

XE-128 

XE-131 

1 - 1 3 5  

B A - 1 3 7  

CE-142 

ND-145 

GE- 7 4  AS- 7 5  GE- 7 6  

KR- 80 BR- 8 1  SE- 8 2  

KR- 86  RB- 86 SR- 86 

SR- 9 0  Y - 9 0  ZR-  9 0  

NO- 94 ZR- 9 5  NB- 9 5  

TC- 9 9  RU- 99  MO-100 

RU-104 PD-104 RU-105 

AG-107 PD-108 CD-108 

CD-112 CD-113 I N - 1 1 3  

SN-116 SN-117 SN-118 

SN-123 SB-123 TE-123 

TE-125 SN-126 SB-126 

TE-129M 1 - 1 2 9  XE-129 

TE-132 XE-132 XE-133 

XE-135 CS-135 BA-135 

B A - 1 3 8  LA-139 BA-140 

PR-142 ND-142 CE-143 

WD-146 N D - 1 4 7  PPI-147 

SE- 76  

KR- 52 

RB- 87 

Y - 91 

MO- 95 

RU-100 

RH-105 

AG-109 

CD-114 

SN-119 

SN-124 

TE-126 

TE-130 

CS-133 

XE-136 

~ n - 1 4 0  

PR-143 

SM-147 

SE- 77 

KR-  83 

SR- 8 7  

Z R -  91 

ZR- 9 6  

RU-101 

PD-105 

PD-110 

CD-115M 

SN-120 

SB-124 

TE-127H 

I -130  

XE-134 

CS-136 

CE-140 

ND-143 

ND-148 

SE- 7 8  

K R -  8 4  

SR- 88 

ZR- 93 

MO- 96 

RU- 1 0 2  

RU-106 

CD-110 

IN- 1 1 5  

SB- 1 2 1  

TE-124 

T - 1 2 7  

XE- 1 3 0  

cs- 1 3 4  

BA-136 

CE-141 

CE- 144 

PPI-148 

PM-148M SM-148 PM-149 Stl-149 ND-150 SM-150 P11-151 SM-151 

EU-151 SM-152 EU-152 SM-153 SPI-154 EU-154 GD-154 EU-155 

GD-155 EU-156 GD-156 EU-157 G D - 1 5 7  G D - 1 5 8  TB-159 GD-160 

TB-I60 DY-160 D Y - 1 6 1  DY-162 DY-163. DY-164 HO-165 ER-166 
.- 

a *  ., ER-167 

a A l l  c r o s s  s e c t i o n s  taken from ref. 2.  



15 

2 . 2  Resonance Nuclide Process ing  i n  NPTXS . 

- -  

e .  

The n u c l i d e s  included i n  t h e  f i r s t  ( n e u t r o n i c a l l y  important)  group 

can be  sepa ra t ed  i n t o  two c l a s s e s :  resonance n u c l i d e s  and nonresonance 

n u c l i d e s .  Nucl ides  i n  t h e  f i r s t  c l a s s  are those  which c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t h e  resonance abso rp t ion  i n  the  system(s)  of i n t e r e s t .  

For t h e  purposes  of t h i s  s tudy  (U-Pu cyc le  thermal  r e a c t o r s ) ,  the  f o l -  

lowing n u c l i d e s  f a l l  i n  t h i s  class:  2 3 5 u  2 3 8 ~ ~  and 239-242pu 
Y 

1 The AMF'X module NPTXS i s  used t o  p rocess  t h e  resonance parameters 

2 contained i n  t h e  ENDF/B d a t a  f o r  t hose  n u c l i d e s  l i s t e d  above. I n  t h e  

reso lved  resonance range ,  each resonance i s  descr ibed  by a few parameters  

(resonance energy,  neut ron  wid ths ,  e t c . )  which are used as v a r i a b l e s  i n  

a mathematical  r e p r e s e n t a t i o n  of t h e  resonance shape. NPTXS uses  these  

mathematical  f u n c t i o n s  t o  r e c o n s t r u c t  each of t h e  resonances,  g iv ing  

t h e  equ iva len t  c r o s s  s e c t i o n  a t  a number of  energy p o i n t s  which span 

t h e  reso lved  range.  I n  t h e  unresolved range,  on ly  average resonance 

q u a n t i t i e s  are given because t h e  resonances are too  c l o s e l y  spaced t o  

be d i s t i n g u i s h e d .  The d i s t r i b u t i o n  of t h e  average q u a n t i t i e s  can be 

i n t e g r a t e d  (flux-averaged) t o  y i e l d  average c r o s s  s e c t i o n s  a t  energy 

p o i n t s  which span t h e  unresolved range. The p o i n t  c r o s s  s e c t i o n s  f o r  

t h e  resonance n u c l i d e s  are used by NEWXLACS ( s e e  Sec t .  2 . 3 )  t o  c a l c u l a t e  

t h e  s c a t t e r i n g  ma t r ix .  

1 

The background c r o s s  s e c t i o n s  from f i l e  3 of ENDF/B are added t o  

those  c a l c u l a t e d  i n  t h e  resonance r eg ions  and ou tpu t  t o  a f i l e  which i s  

similar t o  an ENDF/B f i l e  3 .  Only t he  t o t a l ,  e l a s t i c ,  f i s s i o n ,  and 

c a p t u r e  c r o s s  s e c t i o n s  are put  on t h i s  f i l e ,  and t h e  d a t a  are Doppler- 

broadened t o  a s p e c i f i e d  temperature  (1000'K i n  our  c a s e ) .  The d a t a  i n  
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t h e  unresolved resonance range are eva lua ted  at an i n p u t  va lue  of CI 

t h a t  i s  i n d i c a t i v e  of t h e  system i n  which t h e s e  c r o s s  s e c t i o n s  w i l l  be 

used.  

0 

(Go is  t h e  t o t a l  c r o s s  s e c t i o n  of t h e  surrounding medium.) 

2 .3  AMPX Master I n t e r f a c e  P r e p a r a t i o n  by NEWXLACS 

The purpose of  NEWXLACS' i s  t o  create an AMPX master i n t e r f a c e  

( i . e . ,  a master c r o s s  s e c t i o n  l i b r a r y )  which c o n t a i n s  a l l  of t h e  s-wave 

resonance parameters ,  t h e  flux-averaged group c r o s s  s e c t i o n s ,  and t h e  

s c a t t e r i n g  ma t r ix  r equ i r ed  i n  subsequent  s t e p s .  NEWXLACS r e q u i r e s  as 

i n p u t  t h e  ENDF/B-format t a p e  f o r  t h e  d e s i r e d  n u c l i d e  and, i f  i t  is  a 

resonance n u c l i d e ,  t h e  NPTXS-created f i l e  of p o i n t  c r o s s  s e c t i o n s .  

I f  t h e  n u c l i d e  i s  n o t  a resonance n u c l i d e ,  NEWXLACS group-averages 

t h e  p o i n t  c r o s s  s e c t i o n s  from f i l e  3 of t h e  ENDF/B-formatted d a t a  wi th  

an i n p u t  weight ing  f u n c t i o n .  This  weight ing  f u n c t i o n  w a s  a Maxwellian 

thermal  spectrum coupled t o  a 1 / E  spectrum i n  t h e  resonance range  which 

w a s  coupled t o  a f i s s i o n  spectrum i n  t h e  f a s t  r eg ion .  These d a t a  are 

Doppler-broadened t o  a s p e c i f i e d  temperature .  I f  i t  is  a resonance 

n u c l i d e ,  NEWXLACS p u t s  bo th  t h e  resonance parameters  and t h e  group back- 

ground c r o s s  s e c t i o n s  on t h e  i n t e r f a c e  s o  t h a t  t h e  NITAWL module can be  

used t o  ana lyze  systems w i t h  v a r i o u s  resonance n u c l i d e  concen t r a t ions .  

These group background c r o s s  s e c t i o n s  are eva lua ted  f o r  t h e  t o t a l ,  

e l a s t i c ,  f i s s i o n ,  and cap tu re  r e a c t i o n s  and taken  from t h e  f i l e  3 back- 

ground i n  ENDF/B and averaged over  t h e  weight f u n c t i o n  mentioned above. 

A l l  t h e  o t h e r  r e a c t i o n s  i n  t h e  ENDF/B f i l e  are group-averaged us ing  

t h e  weight f u n c t i o n  and placed on t h e  master i n t e r f a c e .  This  i n c l u d e s  

t h e  va lues  f o r  t o t a l ,  e las t ic ,  f i s s i o n ,  and c a p t u r e  t h a t  are taken from 

L 
-.. 

..e 
i 

. .  
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t h e  NPTXS-created f i l e .  The e l a s t i c  s c a t t e r i n g  p o i n t  d a t a  from t h i s  

l a t te r  f i l e  are a l s o  used i n  conjunct ion  w i t h  t h e  secondary energy/angle  

d i s t r i b u t i o n s  i n  t h e  ENDF/B f i l e  t o  genera te  group-to-group t r a n s f e r  

a r r a y s  ( i . e . ,  the s c a t t e r i n g  matrix) f o r  t h e  master i n t e r f a c e .  

1. 

2. 

3. 

4. 

5. 
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3. MULTIGROUP DEPLETION CALCULATIONS 

- i  

. .  

The 84-energy-group AMPX master c r o s s  s e c t i o n  l i b r a r y  descr ibed  i n  

Sec t .  2 of t h i s  r e p o r t  c o n t a i n s  c r o s s  s e c t i o n  informat ion  of a genera l  

n a t u r e  f o r  s o l v i n g  U-Pu c y c l e  thermal r e a c t o r  problems. 

d e s c r i b e s  t h e  process ing  of  t h i s  g e n e r a l ,  mult igroup l i b r a r y  i n t o  

problem-dependent, burnup-dependent, mult igroup l i b r a r i e s  and then i n t o  

problem-dependent, one-group l i b r a r i e s  used i n  ORIGEN. 

This  s e c t i o n  

A schematic  in format ion  f low diagram f o r  t h e  process ing  of t h e  

master c r o s s  s e c t i o n  l i b r a r y  i n t o  t h e  problem-dependent, one-group 

l i b r a r i e s  is  given i n  F ig .  3.1. I n  t h i s  diagram, t h e  p r i n c i p a l  computer 

codes used i n  p r o c e s s i n g  t h e  c r o s s  s e c t i o n s  are contained i n  r e c t a n g u l a r  

f i g u r e s .  D e s c r i p t i o n s  of  t h e  c r o s s  s e c t i o n  parameters  which comprise 

t h e  i n p u t  t o  and o u t p u t  from each  computer code are 

curved f i g u r e s .  A s  i s  e v i d e n t  from Fig.  3.1, t h e r e  

1 
c r o s s  s e c t i o n  process ing  codes: 

A g e n e r a l  d e s c r i p t i o n  of  t h e s e  t h r e e  computer codes 

NITAWL,' XSDRNPM, 

contained i n  t h e  

are t h r e e  p r i n c i p a l  

and CITATION. 

i s  given i n  Sec t .  3.1. 

2 

There are f o u r  p r i n c i p a l  s t e p s  involved i n  process ing  t h e  master 

c r o s s  s e c t i o n  l i b r a r y  i n t o  ORIGEN l i b r a r i e s ,  as depic ted  i n  Fig.  3.1. 

The f i r s t  of  t h e s e  is  t o  perform "pin-cel l"  neut ron  energy spectrum 

c a l c u l a t i o n s  a t  t h r e e  ( f o r  a PWR) o r  f o u r  ( f o r  a BWR) d i f f e r e n t  burnups 

u s i n g  NITAWL and XSDRNPM which are used t o  account f o r  s e l f - s h i e l d i n g  

e f f e c t s  f o r  t h e  n u c l i d e s  i n  Table 2 .2 .  The second process ing  s t e p  i s  

t o  perform "assembly-cell" spectrum c a l c u l a t i o n s  us ing  t h e s e  same com- 

p u t e r  codes t o  account  f o r  t h e  f a c t  t h a t  t h e  f u e l  e lements  a t  t h e  c e n t e r  

of  a f u e l  assembly see a s i g n i f i c a n t l y  d i f f e r e n t  neut ron  spectrum than  

those  on t h e  p e r i p h e r y  of t h e  assembly because of  t h e  vary ing  c h a r a c t e r i s t i c s  
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ORNL DWG 78-5367R 

FROM FIG. 2.1 

I 
84-GROUP MASTER LIBRARY 

RESONANCE PARAMETERS 

84-GROUP WORKING L lBRARlE 
NITAWL AT 3 OR 4 BURNUPS FOR NUCLIDES 

c IN TABLES 2.2 AND 2 3  

84-GROUP WORKING LIBRARIES 
AT 3 OR 4 BURNUPS FOR 
NUCLIDES I N  TABLE 2 2 

U-ENRICHED LWRs Pu-RECYCLE LWRs 

\ 0 XSDRNPM 

\ , 
LIBRARIES FOR 3 OR 4 BURNUPS 

c f 

CITATION 
"TYPICAL" 84-GROUP 

SPECTRUM 

ONE BURNUP FOR NUCLIDES 
IN TABLES 2 . 2  AND 2 .3  

Fig .  3.1. Procedure f o r  p rocess ing  AMPX master i n t e r f a c e  c r o s s  
s e c t i o n s  i n t o  ORIGEN c r o s s  s e c t i o n s .  



-_  - 

2 1  

of t h e  surrounding assemblies .  This  s t e p  i s  only  performed f o r  LWRs 

c o n t a i n i n g  b o t h  plutonium- and uranium-enriched f u e l .  The t h i r d  s t e p  

is  t o  perform f u e l - d e p l e t i o n  c a l c u l a t i o n s  w i t h  CITATION us ing  few-group, 

s e l f - s h i e l d e d  c r o s s  s e c t i o n s  from XSDRNPM. The p r i n c i p a l  r e s u l t  of  t h e  

CITATION c a l c u l a t i o n  i s  one-group, burnup-dependent c r o s s  s e c t i o n s  f o r  

a few of t h e  most n e u t r o n i c a l l y  important  a c t i n i d e s .  

t o  u s e  a s i n g l e  neut ron  energy spectrum t h a t  i s  " typica l"  of each f u e l  

The f i n a l  s t e p  i s  

t y p e  t o  c o l l a p s e  t h e  mult igroup c r o s s  s e c t i o n s  f o r  t h e  n u c l i d e s  i n  

Tables  2.2 and 2 . 3  t o  one-group c r o s s  s e c t i o n s  f o r  ORIGEN.  

d e s c r i p t i o n  of t h i s  four -s tep  process ing  sequence i s  given i n  Table 3.1. 

A d e t a i l e d  d e s c r i p t i o n  of  each  o f  t h e  f o u r  s t e p s  is  given i n  Sec t s .  

3.2 t o  3.4. 

A summary 

, 

A f i n a l ,  somewhat s e p a r a t e  c a l c u l a t i o n  t h a t  w a s  performed involved 

u s i n g  t h e  XSDRNPM computer code t o  c a l c u l a t e  t h e  a x i a l  neut ron  f l u x  

shape and energy spectrum f o r  uranium-enriched BWR and PWR f u e l  assembl ies .  

These c a l c u l a t i o n s ,  which are descr ibed  i n  Sec t .  3.5, r e s u l t  i n  a predic-  

t i o n  of  t h e  a c t i v a t i o n  of  fuel-assembly end p i e c e s  and fuel-element plenum 

s p r i n g s .  

3.1 General D e s c r i p t i o n  of  Cross Sec t ion  Process ing  Codes 

3.1.1 NITAWL 

1 The NITAWL computer code i s  used t o  account f o r  resonance s e l f -  

s h i e l d i n g  e f f e c t s  i n  n u c l i d e s  w i t h  resonance parameters .  That is ,  given 

informat ion  about  t h e  f u e l  reg ion  of  a p i n  c e l l ,  such as t h e  Doppler 

temperature ,  moderator c o n c e n t r a t i o n ,  p i n - c e l l  dimensions,  and resonance 

n u c l i d e  c o n c e n t r a t i o n s ,  NITAWL accounts  f o r  (1) Doppler broadening of t h e  



T a b l e  3.1. D e s c r i p t i o n  o f  t h e  p r o c e s s i n g  of  t h e  m a s t e r  c r o s s  s e c t i o n  l i b r a r y  i n t o  ORIGEN c r o s s  s e c t i o n s  f o r  LWRs 

Computer A p p l i c a b i l i t y  
c o d e  I n p u t  F u n c t i o n  o u t p u t  o f  s t e p  

NITAWL 84-group master l i b r a r y  
Resonance  p a r a m e t e r s  
D o p p l e r  t e m p e r a t u r e  
E s t i m a t e d  a c t i n i d e  compo- 

s i t i o n  a t  t h r e e  o r  f o u r  
b u r n u p s  

C a l c u l a t e s  r e s o n a n c e  
s e l f - s h i e l d i n g  and Doppler -  
b r o a d e n i n g  e f f e c t s  u s i n g  
Nordheim i n t e g r a l  t r e a t m e n t  
f o r  a p i n  c e l l  

84-group work ing  
l i b r a r i e s  a t  t h r e e  
or f o u r  b u r n u p s  

A l l  U-PU LWRS 

C a l c u l a t e s  s p a t i a l  and e n e r g y  
s e l f - s h i e l d i n g  e f f e c t s  and  
n e u t r o n  e n e r g y  s p e c t r u m  u s i n g  
a 1-D d i s c r e t e  o r d i n a t e s  code  
f o r  a p i n  c e l l  

F ive -g roup ,  p i n -  
c e l l - w e i g h t e d  
l i b r a r i e s  a t  t h r e e  
o r  f o u r  b u r n u p s  

Uranium- 
e n r i c h e d  LWRS 
o n l y  

XSDRNPM 84-group working  l i b r a r i e s  
a t  t h r e e  o r  f o u r  b u r n u p s  

84-group,  p i n - c e l l -  
we igh ted  l i b r a r i e s  
a t  t h r e e  o r  f o u r  
bu rnups  

XSDRNPM 84-group working  l i b r a r i e s  
a t  t h r e e  o r  f o u r  b u r n u p s  

C a l c u l a t e s  s p a t i a l  s e l f -  
s h i e l d i n g  e f f e c t s  and 
n e u t r o n  e n e r g y  s p e c t r u m  
u s i n g  a 1-D d i s c r e t e  
o r d i n a t e s  c o d e  f o r  a' 
p i n  c e l l  

P lu tonium-  
r e c y c l e  LWRs 
o n l y  

N 
N 

XSDRNPM 84-group , p i n - c e l l -  
w e i g h t e d  l i b r a r i e s  a t  
t h r e e  o r  f o u r  bu rnups  

C a l c u l a t e s  s p a t i a l  s e l f -  
s h i e l d i n g  e f f e c t s  and 
n e u t r o n  e n e r g y  s p e c t r u m  
u s i n g  a 1-D d i s c r e t e  
o r d i n a t e s  code  f o r  a n  
a s sembly  

F ive -g roup ,  
assembly-weigh t e d  
l i b r a r i e s  a t  t h r e e  
o r  f o u r  bu rnups  

P l u  t onium- 
r e c y c l e  LWRs 
o n l y  

One-group e f f e c t i v e  
l i b r a r i e s  a t  many 
burnups  

A l l  U-PU LWRS CITATION F ive -g roup ,  p i n - c e l l -  
o r  assembly-weighted  
l i b r a r i e s  a t  t h r e e  o r  
f o u r  b u r n u p s  

F ive-group d i f f u s i o n - t h e o r y  
d e p l e t i o n  and f u e l  
management . 

ORIGEN One-group, e f f e c t i v e  
l i b r a r i e s  a t  many 
b u r n u p s  

Ze ro -d imens iona l ,  one-group 
d e p l e t i o n  c a l c u l a t i o n  f o r  
1300 i s o t o p e s  

A l l  U-PU LWRS 

1. 
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resonances and (2)  t h e  f a c t  t h a t  t h e  e f f e c t  of  l a r g e  resonances i s  

diminished because t h e r e  are r e l a t i v e l y  few neu t rons  a t  t h e  resonance 

energy.  The l a t t e r  e f f e c t  r e s u l t s  from t h e  resonance i t s e l f  d e p l e t i n g  

t h e  supply of neu t rons  having t h e  same energy as t h a t  of t h e  resonance 

( i . e . ,  energy s e l f - s h i e l d i n g ) .  The Nordheim i n t e g r a l  t rea tment  is  used 

t o  account f o r  t h e  resonance s e l f - s h i e l d i n g  e f f e c t s .  The output  of 

NITAWL i s  a mult igroup c r o s s  s e c t i o n ' l i b r a r y  (working l i b r a r y )  i n  which 

t h e  resonance parameters have been incorpora ted  i n t o  the  group-averaged 

c r o s s  sect ions .  

3 . 1 . 2  XSDRNPM 

1 The XSDRNPM computer code i s  e f f e c t i v e l y  used t o  account f o r  s p a t i a l  

and energy s e l f - s h i e l d i n g  e f f e c t s  w i th in  a f u e l  element o r  a f u e l  assembly. 

To do t h i s ,  t h e  code does a one-dimensional, s t a t i c ,  SeP3, d i s c r e t e -  

o r d i n a t e s  f l u x  c a l c u l a t i o n  and then uses  t h i s  f l u x  t o  weight t h e  inpu t  

c r o s s  s e c t i o n  l i b r a r y  ( t h e  working l i b r a r y )  i n  space ,  energy,  o r  bo th .  

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

t h e  neut ron  energy spectrum, and thus  t h e  e f f e c t i v e  n u c l i d e  c r o s s  s e c t i o n s ,  

va ry  s i g n i f i c a n t l y  w i t h i n  t h e  f u e l  material and wi th in  t h e  moderator.  

This l i b r a r y  i s  des igna ted  as a "weighted l i b r a r y . "  The p r i n c i p a l  i npu t  

d a t a  r equ i r ed  are a phys ica l  d e s c r i p t i o n  of t h e  f u e l  element o r  assembly 

( i . e . ,  t h e  dimensions of each zone) ,  t h e  concen t r a t ion  of each nuc l ide  

wi th in  each zone, and a working l i b r a r y  from NITAWL, corresponding t o  

t h e  nuc l ide  concen t r a t ions .  

- -  
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3 .1 .3  CITATION 

2 The CITATION computer code i s  used t o  perform t h e  r e a c t o r  f u e l -  

d e p l e t i o n  and fuel-management c a l c u l a t i o n s  us ing  mult igroup d i f f u s i o n  

theo ry .  The code can b e  used w i t h  a v a r i e t y  of geometr ies  i n  one, two, 

o r  t h r e e  dimensions.  Output from CITATION inc ludes  t h e  d i scha rge  compo- 

s i t i o n  of t h e  f u e l  s p e c i f i c  power and neu t ron  f l u x  i n  a p a r t i c u l a r  u n i t  

of f u e l  as a f u n c t i o n  of burnup. Minor mod i f i ca t ions  t o  CITATION a l s o  

a l low e f f e c t i v e  c r o s s  s e c t i o n s  f o r  each n u c l i d e  as a func t ion  of  burnup 

t o  be ou tpu t  f o r  subsequent  u s e  i n  ORIGEN. 

3.2 Pin-Cell  C a l c u l a t i o n s  

3.2.1 General approach 

The so-cal led p i n - c e l l  c a l c u l a t i o n  invo lves  two d i s t i n c t  subs t eps .  

The f i r s t  subs t ep  is  t o  process  t h e  84-energy-group master c r o s s  s e c t i o n  

l i b r a r y  and i t s  a s s o c i a t e d  resonance parameters  i n t o  an 84-group working 

l i b r a r y  us ing  t h e  NITAWL computer code. 

broadening of t h e  resonances and energy s e l f - s h i e l d i n g .  

This  s t e p  accounts  f o r  Doppler 

The second 

subs t ep  is  t o  process  t h e  working l i b r a r y  i n t o  a weighted l i b r a r y  us ing  

t h e  XSDRNPM computer code. This s t e p  accounts  f o r  t h e  s p a t i a l  s e l f -  

s h i e l d i n g  e f f e c t s  i n  t h e  f u e l  e lement .  The s p a t i a l  weight ing  i s  over  the  

e n t i r e  p i n  c e l l  because t h e  c r o s s  s e c t i o n s  w i l l  subsequent ly  be used wi th  

n u c l i d e  d e n s i t i e s  t h a t  have been averaged over  t h e  e n t i r e  p i n  ce l l .  

r e s u l t s  of t h i s  XSDRNPM p i n - c e l l  c a l c u l a t i o n  are i n  e i t h e r  f i v e  energy 

groups,  i f  they  are t o  be used d i r e c t l y  i n  CITATION c a l c u l a t i o n s  (see 

Sec t .  3 .4 ) ,  o r  84 energy groups,  i f  they  are t o  b e  used i n  subsequent  

XSDRNPM assembly-cel l  c a l c u l a t i o n s  ( s e e  Sec t .  3 . 3 ) .  P i n - c e l l  c a l c u l a t i o n s  

The 

-. 
- -  
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w e r e  made a t  t h r e e  d i f f e r e n t  f u e l  compositions f o r  t h e  PWRs, corresponding 

t o  burnups of  5 ,  1 6 ,  and 27 GWd/MTI& and a t  f o u r  d i f f e r e n t  f u e l  composi- 

t i o n s  f o r  t h e  BWRs, corresponding t o  burnups of 3, 10 ,  1 7 ,  and 25 GWd/MTIHM. 

3.2.2 P i n - c e l l  d e s c r i p t i o n  

The p i n  cel ls  f o r  a l l  f o u r  r e a c t o r  types  c o n s i s t e d  of  f i v e  c o n c e n t r i c  

zones: f u e l ,  gap, c l a d ,  moderator,  and "ext ra . "  The e x t r a  zone c o n s i s t s  

of moderator,  s t r u c t u r a l  materials, and s o l u b l e  neut ron  poisons n o t  s p e c i f -  

i c a l l y  a s s o c i a t e d  w i t h  a p a r t i c u l a r  f u e l  e lement .  Examples of  t h e  types  

of  material included i n  t h e  e x t r a  zone i n c l u d e  g r i d  s p a c e r s ,  t h e  material 

i n  w a t e r  h o l e s ,  f u e l  channels ,  and t h e  moderator between f u e l  assemblies .  

A "white," o r  i s o t o p i c - r e f l e c t i n g ,  boundary c o n d i t i o n  w a s  imposed on t h e  

o u t e r  boundary of t h e  p i n  cel ls  t o  s i m u l a t e  t h e  presence of t h e  c e l l  i n  

an i n f i n i t e  medium of  o t h e r  p i n  ce l l s  of i t s  own type.  

dimensions f o r  t h e  PWR and BWR are given i n  Tables  3.2 and 3.3 r e s p e c t i v e l y .  

The p i n - c e l l  

The n u c l i d e  number d e n s i t i e s  t h a t  are used as i n p u t  t o  t h e  NITAWL 

and XSDRNPM codes w e r e  based on d e p l e t i o n  d a t a 3  given as a f u n c t i o n  of 

burnup f o r  uranium- and plutonium-enriched PWRs and BWRs. The p i n - c e l l  

c a l c u l a t i o n s  were made us ing  compositions which corresponded t o  burnups 

of 5, 1 6 ,  and 27 GWd/MTIHM for t h e  PWR and 3, 10,  17,  and 25 GWd/MTIHM 

f o r  t h e  BWR. These burnups were s e l e c t e d  because they  approximate t h e  

average,  middle-of-cycle burnups f o r  a PWR on a three-cycle  r e f u e l i n g  

scheme w i t h  a d i s c h a r g e  burnup of 33 GWd/MTIHM and a BWR on a four-cycle 

r e f u e l i n g  scheme w i t h  a d i s c h a r g e  burnup of 2 7 . 5  GWd/MTIHM. These burnup- 

dependent c r o s s  s e c t i o n  l i b r a r i e s  were developed t o  account f o r  t h e  varia- , 

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

c r o s s  s e c t i o n s ,  d u r i n g  the  i r r a d i a t i o n  of t h e  f u e l .  

t h e  n u c l i d e  d e n s i t i e s  assumed a f u e l  d e n s i t y  of 95% of t h e  t h e o r e t i c a l  

The c a l c u l a t i o n  of 
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Table 3.2. P in -ce l l  dimensions f o r  t h e  PWRa 

Region Outer r a d i u s  (cm) Volume f r a c t i o n  

Fuel 

Gap 

0.41212 

0.41738 

0.30659 

0.0078762 

Clad 0.47572 0.094055 

Mode rat  o r 

Extra 

0.71187 

0.74429 

0.50626 

0.085219 

a Data obta ined  from Westinghouse Nuclear Energy Systems, 
RESAR-3, Reference Sa fe ty  Analys is  Report ,  DOCKET STN 50-480 
(1972). 

Table 3.3. P i n - c e l l  dimensions f o r  t h e  BWRa 

Region Outer r a d i u s  (cm) Volume f r a c t i o n  

Fue 1: 

~ ~ 

0.53165 0.24015 

Gap 0.53975 0.0073744 

Clad  0.62705 0.085799 

Moderato r 0.91845 0.38272 

Extra . 1 .08481 0.28321 

a Data ob ta ined  from General Electr ic  Standard S a f e t y  Ana lys i s  
Report ,  BWR/6, DOCKET STN 50-447 (1973). 



. 
and a s t o i c h i o m e t r i c  amount of  oxygen. 

t h e  resonances c a l c u l a t e d  by NITAWL, a Doppler temperature  of lOOO'K 

w a s  assumed. 

For t h e  Doppler-broadening of 

The c o n c e n t r a t i o n  of t h e  s o l u b l e  boron poison i n  t h e  moderator and 

e x t r a  zones o f  t h e  PWR p i n - c e l l s  w a s  assumed t o  be  a cons tan t  550 ppm 

f o r  a l l  burnups. In r e a l i t y ,  t h e  boron c o n c e n t r a t i o n  varies from U 1 0 0  

ppm t o  W ppm d u r i n g  each c y c l e .  

t r a t i o n  f o r  a l l  burnups w a s  made because la ter  CITATION and ORIGEN 

The choice of an average boron concen- 

c a l c u l a t i o n s  would n o t  be a b l e  t o  account f o r  t h i s  cont inuous v a r i a t i o n .  

The s a t u r a t e d  steam f r a c t i o n  of t h e  water i n  t h e  moderator zone 

f o r  t h e  BWR c a l c u l a t i o n s  w a s  taken t o  be  0.392 a t  a p r e s s u r e  o f  1050 

p s i a ,  a v a l u e  s i g n i f i c a n t l y  lower than  t h e  volume-averaged steam f r a c t i o n  

i n  t h e  moderator zone of a modern BWR (W.50) .4  S i m i l a r l y ,  t h e  s a t u r a t e d  

steam f r a c t i o n  of t h e  water i n  t h e  e x t r a  zone w a s  assumed t o  be  0.213 

as compared t o  a n  es t imated  volume-averaged v a l u e  of c1.353.~ 

lower steam f r a c t i o n s  ( i . e . ,  h i g h e r  water d e n s i t i e s )  were used t o  account 

f o r  t h e  f a c t  t h a t  t h e  subsequent f u e l - d e p l e t i o n  c a l c u l a t i o n s  were designed 

t o  s i m u l a t e  t h e  "average" d e p l e t i o n  c h a r a c t e r i s t i c s  of t h e  r e a c t o r .  

These 

Since t h e  a x i a l  power shape i n  a BWR i s  skewed toward t h e  bottom of t h e  

r e a c t o r  because of  t h e  h i g h e r  water d e n s i t y  a t  t h e  bottom. Volume- 

averaging w i l l  n o t  y i e l d  t h e  a p p r o p r i a t e  n u c l i d e  d e n s i t i e s .  This  is  

because t h e  n u c l i d e  d e n s i t i e s  i n  low-power r e g i o n s  are weighted e q u a l l y  

w i t h  those i n  high-power reg ions .  Thus, a more a p p r o p r i a t e  weight ing 

method would be  t o  power-average t h e  n u c l i d e  d e n s i t i e s .  Although t h i s  

weight ing method is  made d i f f i c u l t  because of t h e  presence of c o n t r o l  rods  

i n  t h e  c o r e ,  t h e  a c t u a l  power-averaged s a t u r a t e d  steam f r a c t i o n s  of t h e  

water i n  t h e  moderator and e x t r a  zones t o g e t h e r  were es t imated  t o  b e  0.365. 
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This  va lue  i s  comparable t o  t h e  va lue  of 0 . 3 1 6 ,  which w a s  adjudged t o  

g ive  t h e  "best"  d e p l e t i o n  r e s u l t s  i n  t h i s  s tudy ,  and t o  a volume-averaged 

s a t u r a t e d  steam f r a c t i o n  of 0.429.  Power-averaged moderator d e n s i t i e s  

are n o t  necessa ry  i n  a PWR because t h e  a x i a l  power shape i s  n e a r l y  

symmetrical wi th  r e s p e c t  t o  t h e  r e a c t o r  mid-plane, t hus  making power- 

averaging  and ,volume-averaging n e a r l y  e q u i v a l e n t .  PWR n u c l i d e  d e n s i t i e s  

i n  the  moderator and e x t r a  zones were based on t h e  p r o p e r t i e s  of water 

a t  a temperature  of 590°F and a p r e s s u r e  of 2250 p s i a .  

3.2.3 Resu l t s  of p i n - c e l l  c a l c u l a t i o n s  

The r e s u l t s  of  t h e  p i n - c e l l  c a l c u l a t i o n s  are as fo l lows:  

1. 84- o r  5-energy-groupY pin-cel l -averaged c r o s s  s e c t i o n s  f o r  

t h e  a c t i n i d e s ,  moderator ,  p r i n c i p a l  s t r u c t u r a l  materials, 

and poisons  a t  m u l t i p l e  burnups; 

2 .  84-energy-groupY pin-cel l -averaged neut ron  energy s p e c t r a ,  

a t  m u l t i p l e  burnups; 

3 .  one-group, pin-cel l -averaged f i s s i o n  and a c t i v a t i o n  product  

c r o s s  s e c t i o n s ;  and 

4 .  pin-cel l -averaged parameters  t o  enable  THERM, RES, and FAST 

v a l u e s  t o  be  c a l c u l a t e d .  

The 84-energy-group c r o s s  s e c t i o n s  are used i n  subsequent  XSDRNPM 

assembly-cel l  c a l c u l a t i o n s  f o r  t h e  plutonium-recycle LWRS and w i l l  be  

d iscussed  i n  Sec t .  3.3 .  The five-energy-group c r o s s  s e c t i o n s  are f o r  

t h e  uranium-enriched LWRs and are used i n  subsequent  CITATION d e p l e t i o n  

c a l c u l a t i o n s  desc r ibed  i n  Sec t .  3.4 .  The n u c l i d e s  i n  t h e s e  c r o s s  s e c t i o n  

. 

*: 

" -  l i b r a r i e s  are l i s t e d  i n  Table 2 .2 .  
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XSDRNPM a l s o  c a l c u l a t e s  a cel l -averaged,  84-energy-group neut ron  

spectrum f o r  each of  t h e  p i n - c e l l s  a t  each  burnup. "Typical" s p e c t r a  

f o r  t h e  uranium-enriched PWR and BWR p i n  ce l l s  are given i n  Appendix A 

i n  both  t a b u l a r  and g r a p h i c a l  form. 

LWRs r e s u l t  from t h e  assembly-cell  c a l c u l a t i o n s  d iscussed  i n  S e c t .  3 . 3 .  

The s p e c t r a  f o r  t h e  plutonium-recycle 

A f t e r  t h e  uranium-enriched LWR d e p l e t i o n  c a l c u l a t i o n s  have been 

performed wi th  CITATION,  one o f  t h e  p i n  ce l l s  i s  s e l e c t e d  f o r  each 

r e a c t o r  as be ing  r e p r e s e n t a t i v e  of t h a t  r e a c t o r ,  based on t h e  s i m i l a r i t y  

of  i t s  neut ron  spectrum t o  t h a t  c a l c u l a t e d  by CITATION f o r  t h e  e n t i r e  

r e a c t o r .  The neut ron  spectrum from t h i s  p i n  c e l l  i s  used t o  c o l l a p s e  

t h e  mult igroup c r o s s  s e c t i o n s  f o r  a l l  n u c l i d e s  l i s t e d  i n  Tables  2.2 and 

2 .3  t o  one-group, pin-cell-averaged c r o s s  s e c t i o n s  t h a t  are incorpora ted  

d i r e c t l y  i n t o  t h e  ORIGEN c r o s s  s e c t i o n  l i b r a r y .  These c r o s s  s e c t i o n s  

are l i s t e d  i n  Appendix B. The c o l l a p s e  of t h e s e  c r o s s  s e c t i o n s  f o r  t h e  

plutonium-recycle r e a c t o r s  i s  d iscussed  i n  Sec t .  3 . 3 .  

F i n a l l y ,  t h e  p i n  c e l l s  s e l e c t e d  f o r  c o l l a p s i n g  t h e  c r o s s  s e c t i o n s  

t o  one group are a l s o  used t o  g e n e r a t e  two sets of  two neutron-energy- 

group c r o s s  s e c t i o n s  and neut ron  s p e c t r a .  These c r o s s  s e c t i o n s  and 

neut ron  s p e c t r a  are used t o  c a l c u l a t e  v a l u e s  of THERM, RES, and FAST 

f o r  t h e  r e a c t o r  be ing  considered.  The d e t a i l s  of  t h e  methods used t o  

c a l c u l a t e  t h e s e  v a l u e s  w i l l  b e  given i n  a s e p a r a t e  p u b l i c a t i o n .  The 

r e s u l t s  of t h e  c a l c u l a t i o n s  are presented  i n  Sect. 4.1. 
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3 . 3  Assemb,ly-Cell C a l c u l a t i o n s  

3 . 3 . 1  General approach 

The assembly-cel l  c a l c u l a t i o n s  use t h e  XSDRNPM code and t h e  84- 

energy-group, pin-cell-weighted c r o s s  s e c t i o n s  p rev ious ly  produced by 

XSDRNPM ( s e e  Sect. 3 . 2 . 3 )  t o  determine e f f e c t i v e  c r o s s  s e c t i o n s  and 

neu t ron  energy s p e c t r a  f o r  uranium- and plutonium-enriched assembl ies  

i n  plutonium-recycle LwRs. This  procedure was used t o  account  f o r  t h e  

f a c t  t h a t  t h e  neu t ron  energy spectrum on t h e  pe r iphe ry  of a plutonium- 

enr iched  f u e l  assembly t h a t  i s  nex t  t o  a uranium-enriched f u e l  assembly 

i s  d i f f e r e n t  from t h e  neu t ron  energy spectrum i n  t h e  center of e i t h e r  

a plutonium- o r  uranium-enriched assembly. The assembly-cel l  c a l c u l a t i o n s  

were n o t  used f o r  t h e  uranium-enriched LWRs because of t h e  re la t ive 

s i m i l a r i t y  of  a d j a c e n t  f u e l  assembl ies .  The ou tpu t  c r o s s  s e c t i o n s  from 

t h e  assembly c a l c u l a t i o n s  are cast i n t o  a five-energy-group format t h a t  

i s  s u i t a b l e  f o r  i n p u t  t o  CITATION a f t e r  r e fo rma t t ing .  A five-energy- 

group c r o s s  s e c t i o n  set i s  produced f o r  each of t h e  burnups used i n  the  

p i n - c e l l  c a l c u l a t i o n s  ( see  Sec t .  3 . 2 . 1 )  f o r  bo th  t h e  uranium- and 

plutonium-enriched assembl ies .  

3 . 3 . 2  Assembly-cell d e s c r i p t i o n  

The assembly c e l l s  f o r  a l l  o f  t h e  assembly c a l c u l a t i o n s  cons i s t ed  

of two c o n c e n t r i c  zones: an i n n e r ,  homogenized mixture  r e p r e s e n t i n g  t h e  

f u e l  assembly of  i n t e r e s t  and an o u t e r ,  homogenized mixture  r e p r e s e n t i n g  

t h e  composition of a mixture  of uranium- and plutonium-enriched f u e l  

assembl ies .  The i n n e r  zone is  t h e  s i z e  of one c y l i n d r i c i z e d  f u e l  

assembly, whereas t h e  o u t e r  zone i s  simply made l a r g e  enough t o  e s t a b l i s h  
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a neut ron  energy spectrum. The r e s u l t i n g  r a d i i  of t h e s e  two zones were 

1 2 . 0 8  and 22.08  c m ,  r e s p e c t i v e l y ,  f o r  t h e  PWR and 7.564 and 17 .564  c m ,  

r e s p e c t i v e l y ,  f o r  t h e  BWR. A n  i s o t r o p i c - r e f l e c t i n g  boundary c o n d i t i o n  

w a s  used a t  t h e  o u t e r  boundary. The composition of t h e  i n n e r  zone w a s  

e q u i v a l e n t  t o  t h a t  ob ta ined  by homogenizing (volume-weighting) t h e  pin- 

c e l l  compositions d e s c r i b e d  i n  Sect.  3 . 2 . 2 .  The composition of t h e  

o u t e r  zone corresponded t o  t h a t  of a homogenized, middle-of-cycle p i n  

c e l l  which w a s  30% plutonium-enriched and 70% uranium-enriched. 

3 .3 .3  R e s u l t s  o f  assembly-cell  c a l c u l a t i o n s  

The r e s u l t s  of t h e  assembly-cell  c a l c u l a t i o n s  f o r  t h e  plutonium- 

r e c y c l e  LWRs are as fol lows:  

1. five-energy-group, inner-zone-averaged c r o s s  s e c t i o n s  f o r  

t h e  a c t i n i d e s ,  p r i n c i p a l  s t r u c t u r a l  materials, and poisons 

a t  m u l t i p l e  burnups; 

2 .  84-energy-group, inner-zone-averaged neut ron  s p e c t r a  a t  

m u l t i p l e  burnups; 

3 .  one-group, inner-zone-averaged f i s s i o n  product ,  a c t i v a t i o n  

product ,  and a c t i n i d e  c r o s s  s e c t i o n s  a t  one burnup; and 

4. inner-zone-averaged parameters  t o  e n a b l e  THERM, RES, and 

FAST v a l u e s  t o  b e  c a l c u l a t e d .  

The five-energy-group, assembly-cell-averaged c r o s s  s e c t i o n s  ( i . e . ,  

weighted l i b r a r i e s )  are used as i n p u t  t o  t h e  CITATION computer code. 

There are s i x  weighted l i b r a r i e s  f o r  t h e  plutonium-recycle PWR- t h r e e  

f o r  t h e  uranium-enriched assembly, corresponding t o  burnups of 5 ,  16,  

and 27 GWd/MTIHM, and t h r e e  f o r  t h e  plutonium-enriched assembly, 

corresponding t o  t h e  same burnups. There are e i g h t  weighted l i b r a r i e s  
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f o r  t h e  plutonium-recycle BWR- fou r  each f o r  t h e  uranium- and plutonium- 

enr iched  assembl ies ,  corresponding t o  burnups of 3 ,  10, 1 7 ,  and 25 GWd/MTIHM. 
' *. 

The n u c l i d e s  i n  t h e s e  weighted l i b r a r i e s  are l i s t e d  i n  Table 2 . 2 .  * 

Typica l  neutron-energy s p e c t r a  c a l c u l a t e d  by t h e  XSDRNPM code f o r  

uranium- and plutonium-enriched f u e l  assembl ies  i n  both  t h e  PWR and BWR 

are l i s t e d  i n  Appendix A. These s p e c t r a  correspond t o  a s i n g l e  burnup 

f o r  each r e a c t o r  t h a t  w a s  s e l e c t e d  because of t h e  s i m i l a r i t y  of i t s  

neu t ron  spectrum t o  t h a t  c a l c u l a t e d  by CITATION dur ing  t h e  d e p l e t i o n  

c a l c u l a t i o n s  desc r ibed  i n  Sec t .  3 . 4 .  

These same neu t ron  s p e c t r a  are used t o  c o l l a p s e  c r o s s  s e c t i o n s  f o r  

t h e  a c t i n i d e s  l i s t e d  i n  Table 2 . 2  and t h e  n u c l i d e s  l i s t e d  i n  Table 2 . 3  

t o  one-group, assembly-cell-averaged c r o s s  s e c t i o n s  t h a t  are inco rpora t ed  

d i r e c t l y  i n t o  t h e  ORIGEN c r o s s  s e c t i o n  l i b r a r y .  These c r o s s  s e c t i o n s  

are l i s t e d  i n  Appendix B. 

F i n a l l y ,  t h e  same assembly cel ls  s e l e c t e d  f o r  c o l l a p s i n g  t h e  rnulti-  

group c r o s s  s e c t i o n s  t o  one group are r e run  t o  gene ra t e  two sets of two 

neutron-energy-group c r o s s  s e c t i o n s  and neu t ron  s p e c t r a  t h a t  are used 

t o  c a l c u l a t e  v a l u e s  of THERM, RES, and FAST f o r  each f u e l  type  be ing  

cons idered .  The d e t a i l s  of t h e  methods used t o  c a l c u l a t e  t h e s e  v a l u e s  

w i l l  b e  g iven  i n  a s e p a r a t e  p u b l i c a t i o n .  

are p resen ted  i n  Sec t .  4.1. 

The r e s u l t s  of t h e  c a l c u l a t i o n s  

-. 

_ -  

I 
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3 . 4  Fuel-Depletion.Calculations 

3 . 4 . 1  General approach 

The purpose of  performing a‘ mult igroup fue l -deple t ion  c a l c u l a t i o n  

w i t h  t h e  C I T A T I O N  computer code w a s  t o  model t h e  d e p l e t i o n  charac te r -  

i s t ics  of a n  e n t i r e  ba tch  of  r e a c t o r  f u e l  a t  s t e a d y  state.  Hence f o r  

t h e  purposes  of updat ing  t h e  ORIGEN computer code, s p a t i a l  d e t a i l s  of 

t h e  d e p l e t i o n  are n o t  important .  Therefore ,  t h e  b a s i c  approach taken  

w a s  t o  use  t h e  s i m p l e s t  n e u t r o n i c  and f u e l  management model p o s s i b l e  

whi le  s t i l l  o b t a i n i n g  adequate d e p l e t i o n  r e s u l t s .  A s  is  e v i d e n t  from 

t h e  preceding s e c t i o n s ,  five-energy-group c r o s s  s e c t i o n  sets were 

employed. The energy boundaries  of t h i s  f ive-group s t r u c t u r e  are given 

i n  Table 3 . 4 .  This  group s t r u c t u r e  c o n s i s t s  of one thermal group and 

f o u r  f a s t  groups spanning t h e  energy range of  1 .0  x lo-’ t o  10.0 MeV. 

Ear ly  i n  t h e  p lanning  s t a g e s  of  t h e  ORIGEN update  e f f o r t ,  d i s c u s s i o n s  6 

i n d i c a t e d  t h a t  t h e  n e u t r o n i c  i n t e r a c t i o n  of t h e  f u e l  assemblies  with 

d i f f e r i n g  burnups would have an important  e f f e c t  on t h e  r e s u l t s  of t h e  

d e p l e t i o n  c a l c u l a t i o n .  Therefore ,  i t  w a s  decided t h a t  t h e  s p a t i a l  o rder  

of  t h e  CITATION c a l c u l a t i o n s  would b e  k e p t  as low as p o s s i b l e  and t h a t  

t h e  s imultaneous presence of  f u e l  w i t h  d i f f e r e n t  burnups would be 

accounted f o r  i n  t h e  f u e l  management scheme. This l e d  t o  t h e  s e l e c t i o n  

of zero-dimensional,  th ree-  and four-region CITATION models f o r  t he  

uranium-enriched PWR and BWR, r e s p e c t i v e l y ,  and two-dimensional, s i x -  

and e ight - reg ion  models f o r  t h e  plutonium-recycle PWR and BWR, r e s p e c t i v e l y .  
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Table 3.4.  CITATION c r o s s  s e c t i o n  
energy-group s t r u c t u r e  

~~ ~~~~~ 

Group Upper boundary Lower boundary 
number (ev)  (ev)  

. 
- ~ 

1 ~ . O O O O O  10' 5.53084 x l o 3  

2 5.53084 x lo3 2.90232 x lo1 

3 2.90232 x l o 1  1.85539 x 10' 

4 1.85539 x 10' 6.32500 x 10-1 

5 .  6.32500 x 10-1 LOOOOO 

3.4.2 CITATION d e p l e t i o n  model d e s c r i p t i o n  

3.4.2.1 Uranium-enriched LWRs. The r e l a t i v e  n e u t r o n i c  homogeneity 

of t h e  uranium-erniched LWRs allowed t h e  u s e  of s p a t i a l  models t h a t  were 

e f f e c t i v e l y  zero-dimensional.  More s p e c i f i c a l l y ,  t h e  s p a t i a l  model used 

w a s  a one-dimensional,  th ree- reg ion  (PWR) o r  four-region (BWR) s l a b  wi th  

r e f l e c t i n g  boundary cond i t ions .  

w a s  achieved by making t h e  volumes of  each of t h e  r eg ions  very small 

(0.001 cm3), t h u s  f o r c i n g  t h e  neu t ron  f l u x  t o  b e  f l a t  and have t h e  same 

energy d i s t r i b u t i o n  over  a l l  t h r e e  zones. I n  t h e  PWR model, t h e  f i r s t ,  

second, and t h i r d  r e g i o n s  were ass igned  c r o s s  s e c t i o n s  cor responding  t o  

f u e l  burnups of  5 ,  16 ,  and 27 GWd/MTIHM, r e s p e c t i v e l y .  

f o u r  r eg ions  i n  t h e  BWR model are ass igned  cross s e c t i o n  sets corresponding 

t o  3,  19 ,  1 7 ,  and 25 GWd/MTIHM. The r e load  f u e l  i s  charged t o  t h e  r eg ion  

t h a t  has  been a s s igned  t h e  c r o s s  s e c t i o n s  which correspond t o  t h e  lowes t  

burnup and i s  then  i r r a d i a t e d  f o r  293.3 full-power days f o r  t h e  PWR or  

265.4 full-power days f o r  t h e  BWR. 

The zero-dimensional i ty  c h a r a c t e r i s t i c  

S i m i l a r l y ,  t h e  

This  somewhat dep le t ed  f u e l  composition 
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i s  then  moved t o  t h e  reg ion  t h a t  h a s  been ass igned  c r o s s  s e c t i o n s  which 

correspond t o  t h e  n e x t  h i g h e r  burnup and is  i r r a d i a t e d  f o r  another  293.3 

o r  265.4 full-power days whi le  a f r e s h  b a t c h  of f u e l  i s  i r r a d i a t e d  i n  

t h e  vaca ted  reg ion .  This  process  i s  cont inued f o r  t e n  c y c l e s ,  a t  which 

t i m e  t h e  d i s c h a r g e  composition of t h e  f u e l  reaches  a n e a r l y  cons tan t  

va lue .  

f o r  t h e  uranium-enriched PWR and BWR are given i n  Figs .  3.2 and 3 .3 ,  

r e s p e c t i v e l y  . 

Schematic d e p i c t i o n s  of t h e  s t e a d y - s t a t e  f u e l  management models 

The models descr ibed  above r e q u i r e  some type  of  i n i t i a l  loading  

t o  b e g i n  t h e  c a l c u l a t i o n s .  The t h r e e  r e g i o n s  i n  t h e  PWR model are 

i n i t i a l l y  loaded w i t h  f u e l  having enrichments  of  3.1, 2.6,  and 2 .1  w t  % 

. I n  t h e  BWR model, one reg ion  is  i n i t i a l l y  loaded wi th  f u e l  having 235u 

a uranium enrichment of 1.1 w t  % 235U; t h e  remaining r e g i o n s  c o n t a i n  

f u e l  having a uranium enrichment of 2.5 w t  % 235U . A l l  r e l o a d  b a t c h e s  

have uranium enrichments  of  3.2 w t  % f o r  t h e  PWR and 2.75 w t  % f o r  t h e  

BWR. During t h e  f i r s t  c y c l e ,  c r o s s  s e c t i o n s  were a l t e r e d  from t h e  

assignments d e s c r i b e d  p r e v i o u s l y  i n  t h a t  a l l  r e g i o n s  were assigned cross 

s e c t i o n s  which corresponded t o  t h e  lowest  burnup f o r  t h e  r e a c t o r .  

The CITATION d e p l e t i o n  c a l c u l a t i o n s  c o n s i d e r  a l l  n u c l i d e s  l i s t e d  i n  

Table 2.2 e x p l i c i t l y .  A l l  n u c l i d e  d e n s i t i e s  i n p u t  t o  CITATION are pin- 

c e l l  o r  assembly-cell-averaged q u a n t i t i e s .  

The power-level i n p u t  t o  CITATION i s  e q u i v a l e n t  o t  a s p e c i f i c  

power of 37.5 MW/MTIHM f o r  t h e  PWR and 25.9 MW/MTIHM f o r  t h e  BWR. 

s p e c i f i c  power of  each  b a t c h  of  f u e l  i n  t h e  CITATION models varies 

throughout i t s  l i f e ,  depending on i t s  enrichment and t h e  enrichment of 

t h e  o t h e r  f u e l  i n  t h e  model a t  t h a t  t i m e .  

The 
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ORNL-DWG 78-1 3740 

CHARGE 
(2.75 wt % 2 3 5 U )  

Zone 1 0.001 cm 

Zone 2 0.001 cm 

---- -I-- 
---- -I-- Zone 3 0.001 cm 

Zone 4 0.001 cm 

Reflecting I Boundary 

BWR-U Fuel Management Description 
Fuel burnup at 

which cross sections Status of fuel Status of fuel Disposition of 
were determined at beginning at end o f  zone at end 

Zone (GWd/MTHM) of cycle cycl e of cycle 

3 

10 

17 

25 

Fresh Irradiated Move to Zone 2 
one cycle 

Irradiated Irradiated Move to Zone 3 
one cycle two cycles 

Irradiated Irradiated Move to Zone 4 u two cycles ~ three cycles 4 

Irradiated Irradiated Discharge 
three cycles four cycles 

NOTES: 1. Cycle length is 265.4 full-power days. 

DISCHARGE 2. One-dimensional slab geometry used; the small thicknesses of the slabs 
( 27.5 GWd/MTHM) ( =  0.001 cm) effectively make this a zero-dimensional calculation. 

Fig. 3.3. CITATION fuel management model for the uranium-enriched 
BWR (BWR-U) after the first cycle. 



3 . 4 . 2 . 2  Plutonium-recycle LWRs. The s i g n i f i c a n t  n e u t r o n i c  d i f f e r -  

ences  between 235U and t h e  f i s s i l e  plutonium i s o t o p e s  (239Pu and 241Pu) 

i n d i c a t e  t h a t  t h e  c r o s s  s e c t i o n s  used f o r  uranium-enriched f u e l  must be 

d i f f e r e n t  from those  of  plutonium-enriched f u e l  i f  t h e  d e p l e t i o n  c a l c u l a -  

t i o n s  are t o  b e  accu ra t e .  Furthermore,  t h e  f a c t  t h a t  LWR f u e l  assembl ies  

are l a r g e  when compared t o  t h e  neut ron  mean f r e e  p a t h  i n  t h e  r e a c t o r  means 

t h a t  s i g n i f i c a n t  changes i n  t h e  neut ron  spectrum can be expected between 

t h e  pe r iphe ry  and t h e  c e n t e r  of a plutonium-enriched assembly l o c a t e d  

nex t  t o  a uranium-enriched assembly. These c o n s i d e r a t i o n s  r e q u i r e  t h a t  

t h a t  CITATION model used f o r  d e p l e t i n g  f u e l  i n  a plutonium-recycle  LWR 

be g r e a t e r  than  zero-dimensional t o  account  ' f o r  t h e  s p a t i a l  v a r i a t i o n  i n  

neu t ron  spectrum and f l u x .  The model used w a s  a two-dimensional, s i x -  

r eg ion  (PWR) o r  e igh t - r eg ion  (BWR) s l a b  wi th  a p e r i o d i c  boundary cond i t ion  

on t h e  r i g h t  and l e f t  and a r e f l e c t i n g  boundary cond i t ion  on t h e  top  and 

bottom. Half of  t h e  r eg ions  i n  each r e a c t o r  w e r e  assumed t o  be plutonium- 

en r i ched ,  and h a l f  were assumed t o  b e  uranium-enriched. The f u e l  management 

and c r o s s  s e c t i o n  assignment models used are analogous t o  those  desc r ibed  

i n  S e c t .  3 . 4 . 2 . 1  and are dep ic t ed  i n  F igs .  3 . 4  and 3 . 5 .  As noted above 

and desc r ibed  i n  S e c t .  3 . 2  and 3 . 3 ,  a d i f f e r e n t  c r o s s  s e c t i o n  set is  used 

f o r  each r eg ion  of  t h e  model. The f u e l  management scheme is  coun te rcu r ren t  

i n  o r d e r  t o  reduce power-peaking du r ing  t h e  d e p l e t i o n  c a l c u l a t i o n .  The 

volume of each p a i r  of plutonium- p l u s  uranium-enriched r e g i o n s  w a s  

cons idered  t o  b e  i d e n t i c a l  t o  t h a t  of a f u e l  assembly f o r  t h e  r e a c t o r  

be ing  cons idered .  The volume of t h e  uranium-enriched r e g i o n s  w a s  assumed 

t o  be  l a r g e r  t han  t h e  volume of t h e  plutonium-enriched r e g i o n s  by t h e  

r a t i o  of t he  amount of uranium-enriched f u e l  t o  plutonium-enriched f u e l  

. '. 
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ORNL DWG 78-13741 

DISCHARGE CHARGE 

(see NOTE 3)  (3.2 w t  % 235U) 

R e f l e c t i n g  t 
CHARGE 

2.91 w t  % f i s s i l e  Pu 

t 0.65 w t  % 2 3 5 U  
I 

PWR-PU Fuel Management D e s c r i p t i o n  

Fuel  burnup a t  
which c ross  sec t i ons  Sta tus  o f  f u e l  S ta tus  o f  f u e l  D i s p o s i t i o n  o f  

zone a t  end were determined a t  beg inn ing  a t  end o f  
Zone (GWd/MTHM) o f  c y c l e  c y c l e  o f  cyc le  

1u (1P) 5 Fresh I r r a d i a t e d  Move t o  
one c y c l e  Zone 2U (ZP) 

2u (2P) 16 I r r a d i a t e d  I r r a d i a t e d  Move t o  
one c y c l e  two cyc les  Zone 3U (3P) 

w 
W 3u (3P) 27 I r r a d i a t e d  I r r a d i a t e d  Discharge; 

two c y c l e s  th ree  cyc les  Pu recyc led  

DISCHARGE 

. (see NOTE 3) 

Boundary 

NOTES: 1. Cyc le  l eng th  i s  293.3 fu l l - power  days. 

2 .  Two-dimensional X-Y geometry used; "U" zones a re  15.12 x 21.0 cm, and 

"P" zones a re  5.88 x 21.0 cm. 

3. Weighted-average burnup o f  "U" and "P" d ischarged f u e l  i s  33 GWd/MTHM. 

Fig .  3 . 4 .  CITATION f u e l  management model for t h e  plutonium-recycle 
PWR (PWR-Pu) a f t e r  t h e  f i r s t  c y c l e .  
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Refl ec ti ng 

DISCHARGE CHARGE 
(see NOTE 3) (2.75 wt % 235U) 

Boundary 
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V 
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4P 
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2P 
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A 
Refl ec t i ng 

CHARGE 

BWR-PU Fuel Management Description 
Fuel burnup at 

were determined 
which cross sections Status of fuel Status of fuel Disposition of 

zone at end at beginning at end of 
Zone (GWd/MTHM) of cycle cycle of cycle 

Boundary 

1u (1P) 3 Fresh Irradiated 
one cycle 

2u (2P) 10 Irradiated Irradiated 
two cycles one cycle 

3u (3P) 

4u (4P) 

17 

25 

Irradiated Irradiated 
two cycles three cycles 

Irradiated Irradiated 
three cycles four cycles 

Move to 
Zone 2U (2P) 

Move t o  
Zone 3U (3P) 

Move to 
Zone 4U (4P) 

c. 
Pu Discharge recycled ; 0 

NOTES: 1. Cycle length is 265.4 full-power days. 

2. Two-dimensional X - Y  geometry used; "U" zones are 9.12 x 13.41 cm, and 
"P" zones are 4.29 x 13.41 cm. 

3 .  Weighted-average burnup of "U" and "P" discharged fuel is 27.5 GWd/MTHM. 

DISCHARGE 
(see NOTE 3) 

Fig. 3.5. CITATION fuel management model for the plutonium-recycle 
BWR (BWR-Pu) after the first cycle. 
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.- 

.- 

i n  t he  r e a c t o r  a f t e r  t h e  second-plutonium r e c y c l e .  This  r a t i o  is  7 2 / 2 8  

f o r  t h e  PWR and 6 8 / 3 2  f o r  the  BWR. The e n t i r e  r e a c t o r  i s  assumed t o  be  

uranium-enriched i n i t i a l l y  wi th  t h e  same i n i t i a l  composi t ions as those  

used f o r  t h e  uranium-enriched LwRs ( see  Sec t .  3 . 4 . 2 . 1 ) .  The plutonium 

from bo th  t h e  uranium- and plutonium-enriched r eg ions  w a s  assumed t o  be 

recyc led  t o  the  plutonium-enriched r eg ions  a f t e r  a one-cycle,  ou t -of - reac tor  

de lay .  The CITATION d e p l e t i o n  c a l c u l a t i o n  w a s  terminated a f t e r  t he  second 

complete plutonium r e c y c l e ,  which corresponded t o  11 c y c l e s  f o r  t h e  PWR 

and 1 4  c y c l e s  f o r  t h e  BWR. A s  wi th  t h e  uranium-enriched r e a c t o r s ,  t h e  

reac tor -average  s p e c i f i c  powers w e r e  assumed t o  be  37.5 MW/MTIHM f o r  t h e  

PWR and 25.9  MW/MTIHM f o r  t h e  BWR. 

3 . 4 . 3  Resu l t s  of CITATION d e p l e t i o n  c a l c u l a t i o n s  

The r e s u l t s  of t he  CITATION d e p l e t i o n  c a l c u l a t i o n s  f o r  uranium- and 

plutonium-recycle LWRs are as fo l lows:  

1. one-energy-group, e f f e c t i v e  c r o s s  s e c t i o n s  f o r  t h e  n u c l i d e s  

l i s t e d  i n  Table 2 . 2 ,  as a func t ion  of burnup; 

2 .  t h e  d i scha rge  composition of va r ious  LWR r e a c t o r  f u e l s ;  and 

3 .  five-group neut ron  s p e c t r a  as a func t ion  o f ,bu rnup .  

The one-energy-group, e f f e c t i v e  c r o s s  s e c t i o n s  of t h e  p r i n c i p a l  a c t i n i d e s  

are  re format ted  and incorpora ted  i n t o  t h e  ORIGEN computer code as a func- 

t i o n  of burnup as desc r ibed  i n  Sec t .  4 . 1 .  

s e c t i o n s  incorpora ted  i n t o  ORIGEN i n  t h i s  manner are l i s t e d  i n  Appendix C.  

The PWR-U and PWR-PuPu c r o s s  

The d ischarged  composition of t h e  f u e l s  is  used as a b a s i s  of 

comparison t o  ensu re  t h a t  ORIGEN d e p l e t i o n  c a l c u l a t i o n s  are c o r r e c t .  

This cons ide ra t ion  w i l l  b e  d iscussed  f u r t h e r  i n  Sec t .  4 .  
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The five-energy-group neu t ron  s p e c t r a  are used as a b a s i s  f o r  

s e l e c t i n g  one of t h e  c e l l  c a l c u l a t i o n s  desc r ibed  i n  Sects. 3.2 and 3.3 

t o  provide c o l l a p s e d ,  one-energy-group c r o s s  s e c t i o n s  f o r  t h e  f i s s i o n  
I 

produc t s ,  a c t i v a t i o n  p roduc t s ,  and a c t i n i d e s  f o r  i nco rpora t ion  i n t o  t h e  

ORIGEN c r o s s  s e c t i o n  l i b r a r y .  

It should b e  noted t h a t  two sets of t h e  r e s u l t s  l i s t e d  above are 

produced f o r  each  plutonium-recycle LWR (one f o r  t h e  uranium-enriched 

f u e l  and one f o r  t h e  plutonium-enriched f u e l ) .  

3.5 Axial Neutron Energy Spectrum Ca lcu la t ions  

3 .5 .1  General approach 

Axial spectrum c a l c u l a t i o n s  w e r e  performed f o r  uranium-enriched 

. PWR and BWR f u e l  assembl ies  w i th  t h e  XSDRNPM computer code t o  provide  

informat ion  concerning t h e  neut ron  f l u x  level and spectrum o u t s i d e  t h e  

. 

a c t i v e  f u e l  r eg ion  of t h e  co re .  These c a l c u l a t i o n s  are u s e f u l  i n  

de te rmining  t h e  degree  t o  which t h e  f u e l  plenum s p r i n g s  and fuel-assembly 

end pieces become a c t i v a t e d .  

3.5.2 Axial assembly model 

The a x i a l  assembly model f o r  t h e  PWR c o n s i s t e d  of 1 2  one-dimensional 

zones,  each w i t h  a n u c l i d e  composition corresponding t o  one v e r t i c a l  

segment of t h e  f u e l  assembly. The f u e l  composition corresponded t o  t h a t  

a t  middle-of-cycle and was assumed t o  be  uniform throughout  t h e  a c t i v e  

f u e l  reg ion .  

throughout t h e  e n t i r e  assembly and t o  c o n t a i n  550 ppm of boron. The 

dimensions and material makeup of  each of t h e  1 2  PWR axial  assembly 

zones are g iven  i n  Table 3 .5 .  . 

The moderator d e n s i t y  w a s  assumed t o  be  0.7283 g/cm3 
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Table 3.5. Dimensions and material makeup of 

t h e  PWR a x i a l  assembly model 

Zone 
Zone l e n g t h  Material makeup 

number D e s c r i p t i o n  (cm) (vo l  %) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11 

12  

Lower water r e f l e c t o r  

Lower c o r e  p l a t e  

Lower end p i e c e  

Space 

Lower end p lug  

Fue 1 

Gas plenum and s p r i n g  

Upper end plug 

Space 

Upper end p i e c e  

Upper c o r e  p l a t e  

Upper wat.er r e f  l e c t o r  

25.4 

5.08 

6.86 

2.54 

1.65 

365.8 

16.0 

1.65 

2.54 

8.64 

5.08 

25.4 

Watera (100) 

Water (25);  SS-304 b (75) 

Water (77.5);  SS-304 (22.5) 

Water (99.2);  Zr-2' (0.8) 

Water (59.6);  Zr-2 (40.4) 

Water (64.3);  f u e l d  + Zr-2 (35.7) 

Water (64.3) ;  Zr-2 (9.2);  
SS-302e (3.3) ;  .void (23.3) 

Water (59.6);  Zr-2 (40.4) 

Water (99.2);  Zr-2 (0.8) 

Water (78.7) ; SS-304 (21.3) 

Water (25);  SS-304 (75) 

Water (100) 

a 

b S t a i n l e s s  s t ee l  304. 

Densi ty  = 0.7283 g/cm3; c o n t a i n s  550 ppm of boron. 

C Zircaloy-2.  

dReactor-average, middle-of-cycle f u e l  composition from CITATION.  

e S t a i n l e s s  s tee l  302. 
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The a x i a l  assembly model f o r  t h e  BWR c o n s i s t e d  of 16 one-dimensional 

zones.  The f u e l  composition corresponded t o  t h a t  of middle-of-cycle and 

w a s  assumed t o  b e  uniform throughout t h e  active f u e l  reg ion .  The moderator 

d e n s i t y  w a s  assumed t o  vary  i n  t h e  a c t i v e  f u e l  r eg ion ,  corresponding t o  

t h e  a x i a l  change i n  void  f r a c t i o n  as g iven  i n  r e f .  4 .  The dimensions 

and material makeup of each of t h e  16 BWR a x i a l  assembly zones are given 

i n  Table 3 . 6 .  

3 . 5 . 3  Resu l t s  of  t h e  a x i a l  spectrum c a l c u l a t i o n s  

The d e s i r e d  r e s u l t  of t h e  a x i a l  spectrum c a l c u l a t i o n s  i s  t h e  r a t i o  

of t h e  a c t i v a t i o n  of s e l e c t e d  s t r u c t u r a l  materials i n  t h e  end p i e c e s  

and plenum s p r i n g s  t o  t h e  a c t i v a t i o n  of t h e  same materials i n  t h e  a c t i v e  

f u e l  zone ( i . e . ,  an a c t i v a t i o n  r a t i o ) .  When t h i s  r a t i o  i s  m u l t i p l i e d  

by t h e  average neu t ron  f l u x  i n  t h e  active f u e l  zone, t h e  r e s u l t i n g  va lue  

is  t h e  c o r r e c t  f l u x  t o  u s e  when i r r a d i a t i n g  t h e  s t r u c t u r a l  materials 

us ing  t h e  one-group c r o s s  s e c t i o n s  obta ined  from XSDRNPM (Sec t s .  3 .2 .3  

and 3.3.3) .  The a c t i v a t i o n  r a t i o s  r e s u l t i n g  from t h e  uranium-enriched 

PWR and BWR spectrum c a l c u l a t i o n s  are summarized i n  Table 3 . 7 .  

t i o n  r a t i o s  f o r  t h e  f u e l s  i n  plutonium-recycle PWRs and BWRs w e r e  

Activa- 

c a l c u l a t e d  by mul t ip ly ing  t h e  corresponding uranium-enriched r e a c t o r  

a c t i v a t i o n  r a t i o  by t h e  r a t i o  of  FAST f o r  t h e  new f u e l  type t o  FAST 

f o r  t h e  uranium-enriched r e a c t o r  ( see  Sect. 4 . 1  f o r  a d i s c u s s i o n  of ' 

FAST). 

neu t rons  t h a t  have t h e  a b i l i t y  t o  reach  t h e  s t r u c t u r a l  materials o u t s i d e  

This  procedure w a s  used because i t  i s  t h e  f a s t  (high-energy) 
, 

t h e  co re  be fo re  be ing  captured .  The l a r g e  d i f f e r e n c e  i n  t h e  a c t i v a t i o n  

r a t i o s  of  t h e  PWRs and t h e  BWRs is  a r e s u l t  of t h e  s o l u b l e  boron neut ron  

poison assumed t o  be p r e s e n t  i n  t h e  PWR moderator ,  which e f f e c t i v e l y  

reduces  t h e  neut ron  f l u x .  

.. 
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Table  3 . 6 .  Dimensions and m a t e r i a l  makeup of  t h e  BWR a x i a l  assembly model 

Zone Zone l e n g t h  Material makeup 
No. D e s c r i p t i o n  (em) ( v o l  X )  

1 

2 

3 

4 

5 

6-11 

1 2  

1 3  

1 4  

1 5  

16  

Lower water r e f l e c t o r  

Lower c o r e  p l a t e  

O r  i f  i c e  

Lower t i e  p l a t e  

Lower end p l u g  

A c t i v e  f u e l  zones 

Gas plenum and 
s p r i n g  

Upper end p l u g  
and s p a c e  

/ 

Upper t i e  p l a t e  

Handle  

Upper water r e f l e c t o r  

25.4 

5.08 

12 .7  

11 .8  

1 . 6  

Zone 8 = 71.1 
O t h e r s  = 61.0 

30.5 

2 . 1  

8 .5  

8 . 4  

25.4 

Water ,  D = 0.86a (100)  

Water, D = 0.86 ( 2 5 ) ;  SS-304 b (75)  

Water, D = 0.86  (75 ) ;  SS-304 (25)  

Water, D = 0.86  ( 8 1 . 9 ) ;  
SS-304 (18 .1)  

Water ,  D = 0.86 ( 6 3 . 5 ) ;  
Zr-2' (36.5)  

d A l l  zones :  f u e l  + Zr-2 (40.4)  
Zone 6 :  w a t e r ,  D = 0.72.  (59 .6)  
Zone 7 : .  water, D = 0 .57 '  (59 .6)  
Zone 8: w a t e r ,  D = 0.41  (59.6)  
Zone 9 :  water, D = 0.34 (59 .6)  
Zone 10:  water, D = 0 . 3 b  (59 .6)  
Zone 11: w a t e r ,  D = 0.281 (59 .6)  

Water ,  D = 0 . 6 3  (59 .7)  
Zr-2 (7 .8)  
SS-302e (2 .0)  

Water, D = 0.63 (59.7)  
Zr-2 (40 .5)  
IX-750f (15 .4)  

Water, D = 0 . 6 3  (81.0)  
SS-304 (19 . O )  

Water, D = 0 . 6 3  (93 .6)  
SS-304 (6 .4)  

Water, D = 0 . 6 3  (100)  

.- 

." 

a D e n s i t y  of modera tor  i n  g/cm3.  

b S t a i n l e s s  s tee l  a l l o y  304. 

C ~ i r c a l o y - 2 .  

d R e a c t o r - a v e r a g e ,  middle-of -cyc le  f u e l  composi t ion  from C I T A T I O N .  

e S t a i n l e s s  s teel  a l l o y  302. 

I n c o n e l  a l l o y  X-750. 



Table 3.7.  Summary of t h e  r e s u l t s  of t h e  a x i a l  spectrum c a l c u l a t i o n s  

b BWR-PuPu b PWR-U PWR-PuUa PWR-PuPua BWR-U BWR-PuU 

C A c t i v a t i o n  r a t i o s  

0.142 End p i e c e s  

Plenum s p r i n g s  0.042 0.043 0.048 0.500 0.505 0.545 

0.011 0.011 0.013 0.130 0.131 d 

F r a c t i o n  of amount 
a c t u a l l y  p r e s e n t  
t o  be used i n  
ORIGEN 

Fey  N i ,  C r  1 .o 1 .o 1 .o 1.0 1 .0  1 .o 
Mn 

co 

0.80 0.80 0.80 0.80 . 

0.67 0.67 0.67 0.67 

0.80 . 0.80 

0.67 0.67 

Z r  0.40 0.40 0.40 0.32 0.32 0.32 

a A c t i v a t i o n  r a t i o s  based on PWR-U a x i a l  spectrum c a l c u l a t i o n  and r a t i o  of FAST parameter 
( s e e  Sect.  4 .1) ;  t h e  f r a c t i o n  of t h e  elements  t o  be used i n  ORIGEN is assumed t o  be cons tan t  
f o r  a l l  PWRs. 

b A c t i v a t i o n  r a t i o  based on BWR-U a x i a l  spectrum c a l c u l a t i o n  and r a t i o  of FAST parameter 
( s e e  Sect. 4 . 1 ) ;  t h e  f r a c t i o n  of t h e  elements  t o  be used i n  ORIGEN is  assumed t o  be c o n s t a n t  
f o r  a l l  BWRs. 

C R a t i o  of element a c t i v a t i o n  i n  t h e  s p e c i f i e d  material and l o c a t i o n  t o  t h e  element a c t i v a t i o n  
f o r  t h e  same material i n  t h e  a c t i v e  f u e l  zone. 

dAverage of upper and lower end'  p i e c e s .  
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s .- 

. 

A second important  r e s u l t  of t h e  a x i a l  spectrum c a l c u l a t i o n s  i s  

t h a t ,  because of  t he  changes i n  t h e  neut ron  spectrum o u t s i d e  t h e  a c t i v e  

f u e l  zone, t h e  e f f e c t i v e  c r o s s  s e c t i o n s  of t h e  s t r u c t u r a l  materials 

change, t o  vary ing  degrees ,  from t h e i r  va lues  i n  t h e  a c t i v e  f u e l  zone. 

The e f f e c t  of t hese  c r o s s  s e c t i o n  changes can be  accounted f o r  i n  ORIGEN 

by a l t e r i n g  the  amount of t h e  element assumed t o  be i n i t i a l l y  p r e s e n t  

t o  a va lue  o t h e r  than the  amount t h a t  would a c t u a l l y  be p re sen t .  

F o r t u i t o u s l y ,  t h e  e f f e c t i v e  c r s o s  s e c t i o n s  of t h e  t h r e e  major c o n s t i t u e n t s  

of t h e  s t a i n l e s s  s teel  end pieces and plenum s p r i n g s  - i r o n ,  n i c k e l ,  and 

chromium - a l l  change t o  t h e  same e x t e n t .  Thus, t hese  elements  can be 

assumed t o  b e  p r e s e n t  i n i t i a l l y  i n  t h e i r  a c t u a l  q u a n t i t i e s .  This f a c t  

is  r e f l e c t e d  i n  t h e  p o r t i o n  of Table 3 . 7  l a b e l l e d  " f r a c t i o n  of amount 

a c t u a l l y  p re sen t  t o  be used i n  ORIGEN." However, t h e  e f f e c t i v e  c r o s s  

s e c t i o n s  of t h r e e  o t h e r  c o n s t i t u e n t s  of t h e  s t r u c t u r a l  materials 

(manganese, c o b a l t ,  and zirconium) dec rease  t o  a g r e a t e r  e x t e n t  than 

t h e  c r o s s  s e c t i o n s  of i r o n ,  n i c k e l ,  and chromium i n  the  neutron spectrum 

o u t s i d e  t h e  a c t i v e  f u e l  r eg ion ,  thus  r e q u i r i n g  t h a t  t he  amount assumed 

t o  be p re sen t  i n i t i a l l y  i n  ORIGEN be less than  t h a t  a c t u a l l y  p re sen t  i f  

t h e  a c t i v a t i o n  c a l c u l a t i o n  i s  t o  be  c o r r e c t .  

t h r e e  elements  t h a t  should be inpu t  t o  ORIGEN t o  y i e l d  t h e  c o r r e c t  

a c t i v a t i o n  i s  a l s o  i n d i c a t e d  i n  Table 3.7. This f r a c t i o n  appears  t o  be 

s t r o n g l y  c o r r e l a t e d  w i t h  t h e  r a t i o  of t h e  thermal c r o s s  s e c t i o n  t o  t h e  

resonance i n t e g r a l  f o r  t h e  element of i n t e r e s t .  

The f r a c t i o n / o f  these 
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4 .  DESCRIPTION OF REACTOR MODELS ' . 
. 

.- 

.- 

The r e s u l t s  of t h e  r e a c t o r  phys ics  c a l c u l a t i o n s  descr ibed  i n  Sect.  3 

were s p e c i f i c a l l y  developed t o  provide t h e  n e u t r o n i c  and c r o s s  s e c t i o n  

d a t a  r e q u i r e d  by t h e  ORIGEN computer code. However, t h e  f u l l  i n c o r p o r a t i o n  

of  new U-Pu c y c l e  LWR models i n t o  ORIGEN r e q u i r e s  t h e  r e s u l t s  of work n o t  

d i r e c t l y  involved w i t h  t h e  r e a c t o r  phys ics  c a l c u l a t i o n s .  The a d d i t i o n a l  

work can b e  broken down i n t o  f o u r  major c a t e g o r i e s :  (1) modif ica t ion  of 

t h e  ORIGEN code t o  e l i m i n a t e  assumptions t h a t  are incompatible  wi th  t h e  

new c r o s s  s e c t i o n s ,  (2) s p e c i f i c a t i o n  of t h e  i n i t i a l  s t r u c t u r a l  material 

and f u e l  composi t ions,  (3) comparison of  ORIGEN fue l -deple t ion  ca lcu la-  

t i o n s  w i t h  independent c a l c u l a t i o n s  t o  v a l i d a t e  t h e  new r e a c t o r  models, 

and ( 4 )  a summary d e s c r i p t i o n  of t h e  new r e f e r e n c e  r e a c t o r  models. 

The r e q u i r e d  ORIGEN computer code modi f ica t ions  involve  (1) a l lowing 

t h e  recoverable  energy p e r  f i s s i o n  t o  be  dependent on t h e  f i s s i l e  s p e c i e s  

involved,  (2) r e d e f i n i n g  t h e  ORIGEN neut ron  spectrum parameters  THERM, 

RES, and FAST on a t o t a l  f l u x  b a s i s  i n s t e a d  of  a thermal f l u x  b a s i s ,  

and (3) a l lowing  t h e  c r o s s  s e c t i o n s  of  t h e  p r i n c i p a l  a c t i n i d e s  ( i . e . ,  

Y 9 242y244Cm) t o  b e  a f u n c t i o n  of 2 3 4 - 2 3 6 9 2 3 8 u  238-242pU 2 4  1 Y 2 4  3 b ,  and 

f u e l  burnup. These m o d i f i c a t i o n s  are d i s c u s s e d  f u r t h e r  i n  Sect.  4.1.  

The s p e c i f i c a t i o n  of t h e  i n p u t  compositions t o  ORIGEN involves  a 

l i t e r a t u r e  search  t o  determine (1) t h e  m a s s  and e lementa l  composition 

( i n c l u d i n g  minor c o n s t i t u e n t s )  of  t h e  s t r u c t u r a l  metals i n  a f u e l  

assembly, (2) t h e  trace element composition of oxide f u e l  p e l l e t s ,  and 

(3) t h e  heavy-metal i s o t o p i c  composition of t h e  f u e l .  These compositions 

are presented  and d i s c u s s e d  i n  Sect .  4.2. 
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A comparison of t h e  spen t  f u e l  composi t ions p r e d i c t e d  by t h e  r ev i sed  

r e a c t o r  models w i th  independent c a l c u l a t i o n s  is  requ i r ed  s i n c e  t h e  rela- 

t ive  s i m p l i c i t y  of t h e  mult igroup d e p l e t i o n  ( i . e . ,  CITATION) models does 

n o t  n e c e s s a r i l y  i n d i c a t e  an  a c c u r a t e  r e s u l t  even when ORIGEN r e s u l t s  

ag ree  w e l l  w i th  CITATION r e s u l t s .  The r e s u l t s  of  d e p l e t i o n  c a l c u l a t i o n s  

were obta ined  from t h e  l i t e r a t u r e ,  and ORIGEN d e p l e t i o n  c a l c u l a t i o n s  w e r e  

performed on a b a s i s  c o n s i s t e n t  w i t h  each l i t e r a t u r e  r e fe rence .  

two r e s u l t s  are p resen ted  t o g e t h e r  i n  a series of t a b l e s  i n  Sec t s .  4 .3 .1  

and 4.3.2.  I n  g e n e r a l ,  agreement w a s  ve ry  good, a l though s i g n i f i c a n t  

d i s c r e p a n c i e s  were noted i n  t h e  case of BWR-PuPu f u e l .  

These 

A summary d e s c r i p t i o n  of t h e  r e s u l t s  of ORIGEN fue l -dep le t ion  

c a l c u l ' a t i o n s  f o r  t h e  U-Pu c y c l e  LWRs i s  given i n  Sect. 4.3.3.  

4 .1  Discussion of ORIGEN Modif ica t ions  

The i n c o r p o r a t i o n  of c r o s s  s e c t i o n s  de r ived  from s o p h i s t i c a t e d  

r e a c t o r  phys i c s  codes i n t o  ORIGEN n e c e s s i t a t e s  mod i f i ca t ions  t o  ORIGEN 

i f  i t s  d e p l e t i o n  c a l c u l a t i o n s  are  t o  ag ree  wi th  t h e  more s o p h i s t i c a t e d  

c a l c u l a t i o n s .  Although r e c e n t  ORIGEN mod i f i ca t ions  ( t o  be  desc r ibed  i n  

la ter  p u b l i c a t i o n s )  have been r e l a t i v e l y  e x t e n s i v e ,  on ly  t h r e e  b a s i c  

changes are r equ i r ed  i n  t h e  e x i s t i n g  v e r s i o n  of ORIGEN' so  t h a t  t h e  

c r o s s  s e c t i o n s  from more s o p h i s t i c a t e d  r e a c t o r  phys ics  codes may be  used: 

1. The p r e s e n t  assumption t h a t  t h e  r ecove rab le  energy pe r  f i s s i o n  

is  a c o n s t a n t  200 MeV p e r  f i s s i o n  must be r e l axed  t o  account 

f o r  t h e  v a r i a t i o n  i n  t h i s  parameter  f o r  v a r i o u s  a c t i n i d e s .  

2 .  The v a l u e s  of  THERM, RES, and FAST, used t o  c a l c u l a t e  

e f f e c t i v e ,  one-group c r o s s  s e c t i o n s  from 2200-m/sec c r o s s  

I 
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s e c t i o n s ,  resonance i n t e g r a l s ,  and t h r e s h o l d  c r o s s  s e c t i o n s ,  

r e s p e c t i v e l y ,  must b e  redef ined  and r e c a l c u l a t e d .  

3. The assumption t h a t  t h e  c r o s s  s e c t i o n s  of t h e  a c t i n i d e s  p r e s e n t  

i n  r e l a t i v e l y  h igh  c 'oncentrat ions i n  t h e  r e a c t o r  f u e l s  are 

c o n s t a n t  must b e  r e l a x e d  t o  account f o r  t h e  s i g n i f i c a n t  varia- 

t i o n  of  t h e s e  c r o s s  s e c t i o n s  d u r i n g  f u e l  i r r a d i a t i o n .  

The conceptua l  d e t a i l s  of t h e s e  m o d i f i c a t i o n s ,  which have been incorpora ted  

i n t o  a code des igna ted  ORIGEN2, w i l l  b e  descr ibed  i n  a l a t e r  p u b l i c a t i o n .  

A d d i t i o n a l l y ,  s i n c e  t h e  recoverable-energy-per-f iss ion v a l u e s  f o r  t h e  

v a r i o u s  a c t i n i d e s  are near ly .  c o n s t a n t  f o r  a l l  r e a c t o r  t ypes ,  t h e  v a l u e s  

used i n  ORIGEN2 w i l l  b e  d iscussed  g e n e r i c a l l y  i n  t h i s  same p u b l i c a t i o n .  

The v a l u e s  of THERM, RES, and FAST t h a t  have been der ived  from 

2 XSDRNPM neutron-energy-spectrum c a l c u l a t i o n s  are given i n  Table 4 . 1 .  

These v a l u e s  are n o t  compat ible  w i t h  prev ious  v e r s i o n s  of  ORIGEN s i n c e  

they  are based on t o t a l  f l u x  i n s t e a d  of thermal  f l u x .  A r e l a t i v e l y  

s t r a i g h t f o r w a r d  ( b u t  approximate) conversion process  y i e l d s  t h e  THERM, 

RES, and FAST v a l u e s  given i n  Table 4.2, which are compatible w i t h  

prev ious  v e r s i o n s  of  ORIGEN. 

The v a r i a b l e  a c t i n i d e  c r o s s  s e c t i o n s  used i n  ORIGENZ f o r  the r e a c t o r  

models r e s u l t  from t h e  CITATION c a l c u l a t i o n s  d iscussed  i n  S e c t .  3 and 

are g iven  i n  Appendix C f o r  t h e  PWR4 and PWR-PuPu f u e l s .  ORIGEN2 has  

p r o v i s i o n s  f o r  c a l c u l a t i n g  and i n c o r p o r a t i n g  new va lues  f o r  those  c r o s s  

s e c t i o n s  l i s t e d  i n  t h e  t a b l e s  i n  Appendix C b e f o r e  each i r r a d i a t i o n  s t e p .  

The f i s s i o n  product  y i e l d s  are a l s o  a d j u s t e d  f o r  those  a c t i n i d e s  t h a t  

have v a r i a b l e  f i s s i o n  c r o s s  s e c t i o n s  and are des igna ted  as f i s s i o n  

product  producers  ( e .g . ,  235U, 239Pu ,  and 241Pu).  
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Table 4.1.  Values of THERM, F S ,  and FAST 
t o  b e  used w i t h  LWR t o t a l  f luxesa  . 

r 

Tota l  f l u x  
Fuel  type THERM RES FAST (neut rons  sec-l) 

PWR-U 0.0748 0..0251 0.3113 3.25 1014 

PWR-PU 

PWR-PuU 0.0698 0.0255 0.3129 3.18 1014 

PWR-PUPU 0.0322 0.0235 0.3510 3.26 

BWR-U 0.0834 0.0256 0.2345 2.35 1014 

BWR-PU 

BWR-PuU 0.0739 0.0262 0.2370 2.55 1014 
BWR-PuPu 0.0505 0.0246 0.2563 2.08 1014 

a Based on XSDRNPM c a l c u l a t i o n s  d i scussed  i n  Sec ts .  3.1 and 3.2. 

Table 4 . 2 .  Values of THERM, RES, and FAST 
t o  be used w i t h  LWR thermal f l u x e s  

THERM RES FAST 
Fuel type o l d  newa o l d  newa o l d  newa 

PWR-u 0.632 0.701 0.333 0.304 2 .ooo 2.010 

PWR-PU 

PWR-PuU 0.632 0.592 0.333 0.366 2.000 2.390 

PWR-PUPU 0.500 0.509 0.550 0.730 4.000 5.490 

BWR-U 0.632 0.676 0.333 0.307 2 .ooo 1.514 

BWR-PU 

BWR-PuU 0.632 b 0.333 0.355 2.000. 1.694 

BWR-PUPU 0.500 b 0.550 0.487 4.000 2.599 .. . 
a 

. -  Based on XSDRNPM c a l c u l a t i o n s  d i scussed  i n  Sects. 3.1 and 3 .2 ;  
c a l c u l a t i o n  i s  approximate due t o  t h e  n a t u r e  of t h e  o l d  ORIGEN f l u x e s .  

bNot c a l c u l a b l e .  
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4.2 Input  Compositions and Masses . 
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. .  .*- 

There are t h r e e  d i f f e r e n t  composi t ion-related a s p e c t s  t o  be 

cons idered  when s p e c i f y i n g  t h e  LWR fue l - input  composition: 

1. t h e  m a s s  and composition of t h e  fuel-assembly s t r u c t u r a l  

' materials a s s o c i a t e d  w i t h  a given amount of  f u e l ,  

2. t h e  trace element c o n c e n t r a t i o n s  i n  t h e  oxide f u e l  

p e l l e t s ,  and 

3 .  t h e  heavy-metal i s o t o p i c  composition of t h e  f u e l .  

4 .2 .1  Fuel-assembly s t r u c t u r a l  material masses and compositions 

4.2.1.1 ComDosition. The seven s t r u c t u r a l  materials used i n  t h e  

r e v i s e d  ORIGEN LWR models are Zircaloy-2,  Zircaloy-4,  Inconel  718, 

Inconel  X-750, s t a i n l e s s  steel  302, s t a i n l e s s  steel 304, and Nicrobraze 

50. The assumed e lementa l  composition of each  of t h e s e  materials is  

given i n  Table 4.3. 

A parameter of p a r t i c u l a r  i n t e r e s t  i n  Table 4 .3  is  t h e  c o b a l t  

c o n t e n t  of t h e s e  s t r u c t u r a l  materials.  This  i s  because n a t u r a l l y  

o c c u r r i n g  59C0 produces 6oCo which e m i t s  high-energy gamma r a y s  t h a t  

i n h i b i t  t h e  d e t e c t i o n  of  r e s i d u a l  amounts of a c t i n i d e s  i n  t h e  s t r u c t u r a l  

materials a f t e r  f u e l  d i s s o l u t i o n .  The c o b a l t  is  a contaminant i n  metals 

c o n t a i n i n g  n i c k e l  and r e s u l t s  from t h e  u s e  of n i c k e l  t h a t  h a s  been pre- 

v i o u s l y  a l l o y e d  w i t h  c o b a l t .  

which t h e  metals c o n t a i n i n g  n i c k e l  are taken ,  i t  appears  t o  b e  p o s s i b l e  

t o  l i m i t  t h e  c o b a l t  contaminat ion t o  s0.08 w t  % f o r  s t a i n l e s s  steels. 

By j u d i c i o u s l y  s e l e c t i n g  t h e  h e a t s  from 

7 



Table 4.3. Assumed elemental compositions of LWR fuel-assembly s t ruc tura l  materials 

Structural  material composition, grams per tonne of metal 
Atomic Stainless steel Stainless s teel  

Element number Zircaloy-2 Zircaloy-4 Inconel-718 InconelX-750 30 2 304 Nicrobraze 50 

H 
B 
C 

N 

0 

A l  

s i  
P 

S 

T i  

V 
C r  

Mna 
Fe 
coa 
N i  

cu 
zra 
Nb 

Mo 

Cd 

Sn 
Hf 
w 
U 

Density , 
grams/cm3 

References 

1 

5 

6 

7 

8 

1 3  
14 

1 5  
16 
22 

23 
24 
25 
26 

27 
28 

29 
40 

41 
42 
48 

50 
72 

74 
92 

-- 

1 3  
0.33 
120 
80 

950 

24 
0 

0 

35 
20 
20 

1.000 

20 
1,500 

10 

500 

20 
979,630 

0 

0 

0 ..25 

16,000 

78 
20 

0.2 

6.56 

3, 4 

1 3  
0.33 
120 

80 

950 

24 
0 

0 

35 
20 
20 

1,250 
20 

2,250 

10 

20 

20 
979,110 

0 

0 

0.25 

16,000 
78 
20 

0.2 

6.56 

3, 4 

0 

0 

400 

1,300 
0 

5,992 

1.997 
0 

70 
7,990 

0 

189.753 
‘1,997 

179,766 

4,694 
519,625 

999 
0 

55,458 
29,961 

0 

0 

0 

0 

0 

8.19 

4-7 

0 

0 

399 
1,300 

0 

7,982 

2,993 
0 

70 
24,943 

0 

149,660 
6,984 

67,846 

6,485 
721,861 

499 
0 

8,980 
0 

0 

0 
0 

0 
0 

8.30 

4-7 

0 

0 

1,500 

1,300 
0 

0 
10,000 

450 
300 

0 

0 

180,000 
20,000 

697.740 

800 
89,200 

0 

0 

0 

0 

0 
0 
0 

0 
0 

8.02 

4,  6-8 

0 

0 

800 

1,300 
0 

0 

10,000 

450 
300 

0 

0 

190,000 
20 * 000 

688,440 

800 
89,200 

0 

0 

0 

0 

0 
0 

0 

0 

0 

8.02 

4, 6-8 

0 

50 
100 

66 

43 
100 

511 

103,244 

100 

100 
0 

149,709 
100 

471 
381 

744.438 
0 

100 
0 

0 

0 
0 

0 

100 

0 

-- 

9 

aValue used i n  ORIGEN should be less than t h i s  (actual) value i f  the  materials are not i n  the active fue l  zone; see Sect. 3.5 and Table 3.7 
for  d e t a i l s .  
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.- 

4.2 .1 .2  S t r u c t u r a l  material m a s s  d i s t r i b u t i o n .  The PWR and BWR 

fuel-assembly s t r u c t u r a l  material d i s t r i b u t i o n s  recommended f o r  use i n  

r e a c t o r  d e p l e t i o n  c a l c u l a t i o n s  are given i n  Table 4 . 4 .  The v a r i o u s  

materials have been grouped i n t o  t h r e e  c a t e g o r i e s  ( i . e . ,  f u e l  zone, 

fuel-gas  plenum zone, and end f i t t i n g  zone) according t o  t h e i r  proximity 

t o  t h e  act ive f u e l  reg ion .  These c a t e g o r i e s  correspond t o  t h o s e  f o r  

which e f f e c t i v e  neut ron  f l u x e s  w e r e  determined us ing  a x i a l  neutron t r a n s -  

p o r t  c a l c u l a t i o n s  ( s e e  Sect. 3 . 5 ) .  The e lementa l  compositions of  a l l  

materials l i s t e d  i n  Table 4.4  are given i n  Table 4 . 3 .  It should be  noted 

t h a t  t h e  BWR f u e l  channel ,  which e n c l o s e s  t h e ' s q u a r e  a r r a y  of  f u e l  e lements  

t o  prevent  cross-f low between a d j a c e n t  assembl ies ,  i s  assumed t o  b e  used 

once b e f o r e  be ing  d i s c a r d e d ,  even though i t  can b e  used more than once. 10 

4 . 2  .l. 3 Fuel-assembly dimensions. The p h y s i c a l  parameters  of  spent  

PWR and BWR f u e l  assembl ies  are given i n  Table 4 . 5 ,  even though they are 

n o t  d i r e c t l y  r e l a t e d  t o  ORIGEN c a l c u l a t i o n s .  These parameters  are presented  

because of t h e  c u r r e n t  i n t e r e s t  i n ' t h i s  in format ion  as i t  relates t o  t h e  

p o s s i b l e  s t o r a g e  and d i s p o s a l  of  unreprocessed s p e n t  f u e l .  

4.2.2 Nonactinide element composition of LWR oxide f u e l s  

The n o n a c t i n i d e  elements  p r e s e n t  i n  f r e s h  LWR f u e l s  are comprised 

of a l a r g e  number of trace elements  (<lo0 ppm) p l u s  t h e  oxygen p r e s e n t  

i n  t h e  a c t i n i d e  oxide  f u e l  material. A t y p i c a l  se t  of nonac t in ide  

element c o n c e n t r a t i o n s  i n  f r e s h  LWR oxide f u e l  i s  given i n  Table 4 . 6 .  

The v a l u e s  i n  Table 4 . 6  g e n e r a l l y  r e f l e c t  a c t u a l  measured c o n c e n t r a t i o n s ,  
1 

i n s t e a d  of t h e  maximum a l lowable  c o n c e n t r a t i o n s  given i n  p u r i t y  s p e c i f i -  

c a t i o n s .  I f  t h e  c o n c e n t r a t i o n  of a p a r t i c u l a r  element h a s  been determined 

t o  b e  less than  a p a r t i c u l a r  v a l u e ,  then  t h a t , v a l u e  i s  used i n  Table 4 . 6 .  



Table 4.4.  Assumed fuel-assembly s t r u c t u r a l  .material m a s s  d i s t r i b u t i o n  

Material 
Mass 

kg/MTHM kg/assembly I Material 
Mass 

kg/MTHM kg / as semb l y  

Fuel zone 

Cladding 

Fue l  channela 

Grid s p a c e r s  

Grid-spacer s p r i n g s  

Grid-brazing material 

Misce l laneous  

Zircaloy-4 223.0 102.9 
-- 

Zircaloy-2 

Zircaloy-4 

Zircaloy-4 

Inconel  X-750 

279.5 

227.5 

10.6 

1.8 
-- 

51.2 

41.7 

’ -  1.9 

0.3 
1 2 . 8  Inconel  718 

Incone l  718 \ 
5.9 

Nicrobraze 50 2.6 

SS 304’ 9.9 

1 .2  

4.6 -- 

Fuel-gas plenum zone 

Cladding 

Fuel channela 

Plenum s p r i n g  

Zircaloy-4 12.0 
-- -- 

SS 302 4.2 

5.5 
-- 

1 .9  

Zircaloy-2 

Zircaloy-’4 

SS 302 

25.4 

20.7 

6.0 

4.7 

3.8 

1.1 

End f i t t i n e  zone 

Top ’end f i t t i n g  

Bottom end f i t t i n g  

Expansion s p r i n g s  

T o t a l  

SS 304 

SS 304 

14.8 

12,.4 

6.8 

5.7 

SS 304 

SS 304 

Inconel  X-750 

10.9, 

26.1 

2 . 1  

2 .O 

4.8 

0.4 

134.5 610.6 111.9 291.7 

~ 

a 

b D i s t r i b u t e d  throughout  t h e  PWR core  i n  s l e e v e s  and so f o r t h .  

Assumed t o  be  d i s c a r d e d  a f t e r  one c y c l e  ( r e f .  l o ) .  
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Table  4.5. Phys ica l  c h a r a c t e r i s t i c s  of LWR f u e l  assembl ies  

Overall assembly l e n g t h ,  m 4.470 4.059 

Cross s e c t i o n ,  c m  13.9 x 13.9 21.4 x 21.4 

Fuel  element l e n g t h ,  m 4.064 3.851 

Active f u e l  h e i g h t ,  m 

Fuel  element OD, c m  

Fuel  element a r r a y  

3.759 

1.252 

8 x 8  

3.658 

0.950 

1 7  x 17  

Fuel  e lements  p e r  assembly 63 264 

Assembly t o t a l  weight ,  kg 275.7 657.9 

lJranium/assembly, kg 

UOz/assembly, kg 

Zircaloy/assembly,  kg 

183.3 

208.0 I 

99 .5a 

461.4 

523.4 

108. qb 

Hardware/assembly, kg 12.4' 26. Id 

T o t a l  'metal/assembly , kg 111.9 134.5 

Nominal volume/assembly, m 3 0.  0864e 0 .  186e 

a 

bInc ludes  Zi rca loy  control-rod guide thimbles .  

Inc ludes  Zi rca loy  fuel-element spacers and f u e l  channel .  

C Inc ludes  s t a i n l e s s  steel t i e - p l a t e s ,  Inconel  s p r i n g s ,  and plenum 
s p r i n g s .  

d Inc ludes  ' s t a i n l e s s  s teel  n o z z l e s  and Inconel-718 g r i d s .  

Based on o v e r a l l  o u t s i d e  dimension. e 



Table 4.6. Assumed n o n a c t i n i d e  composition of LWR oxide f u e l s  

Atomic Concentrat ion Atomic Concentrat ion 
Element number (ppm) a Reference Element number ( P P d  a Reference 

L i  

B 

C 

N 

0 

F 

N a  

Mg 
A l  

3 

5 

6 

7 

8 

9 

11 

1 2  

13 

1 .o 
1 .o 

89.4 

25 .O 

134,454 

10.7 

1 5  .O 
2 .o 

16.7 

1 7  

18 

18 

4 

b 

18 

18 

18 

18 

Mn 

Fe 

c o  

N i  

cu 

zn 
Mo 

Ag 
Cd 

25 

26 

27 

28 

29 

30 

42 

47 

48 

1 . 7  

18  .O 
1.0 

24 .O 
1.0 

40.3 

10.0 

0 . 1  

25.0 

18 

18 

18 

18 

18 

18 

18 

18 

18 

S i  14 12 .1  18  I n  49 2.0 18 

P 15  35 .O 19 Sn 50 4.0 18 

c1 1 7  5.3 18 Gd 64 2.5' 18 

C a  20 2.0 18 W 74 2.0 18 

T i  22 1 . 0 .  20 Pb 82 1 .0  18 

v 23 3 .O 18 B i  83 0.4 20 

C r  24 4 .O 18 

a 

b S t o i c h i o m e t r i c  q u a n t i t y  f o r  MOP f u e l .  

P a r t s  of element p e r  m i l l i o n  p a r t s  of heavy m e t a l .  

Average of 1573 ppm of gadolinium i n  BWR f u e l  rods  as a burnab le  poison ( r e f .  10 ) .  C 
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The 2.5-ppm gadolinium c o n c e n t r a t i o n  g iven  i n  Table 4.6  is  only 

a p p r o p r i a t e  f o r  PWRs. The use  of  gadolinium as a burnable  poison mixed 

w i t h  t h e  BWR oxide f u e l  r e s u l t s  i n  t h i s  v a l u e  be ing  increased  t o  1 5 7 3  

ppm on t h e  average.  10 

4 .2 .3  I n i t i a l  heavy-metal composition i n  LWR oxide f u e l s  

The average,  i n i t i a l  heavy-metal ( i . e . ,  a c t i n i d e )  composition of 

one metric t o n  of  f u e l  f o r  t h e  f o u r  LWRs i s  given i n  Table 4 . 7 .  The 

average f u e l  composition f o r  each  of t h e  plutonium r e c y c l e  r e a c t o r s  

( e .g . ,  t h e  PWR-Pu) is  comprised of  two p a r t s :  a uranium-enriched p a r t  

( e .g . ,  PWR-PuU) t h a t  accounts  f o r  %70% of t h e  f r e s h  f u e l  and a plutonium- 

enr iched  p a r t  (e .g . ,  PWR-PuPu) t h a t  accounts  f o r  %30% of t h e  f r e s h  f u e l .  

The plutonium composi t ions i n  Table 4.7  are t y p i c a l  of those  expected 

a t  t h e  beginning of  t h e  second plutonium r e c y c l e  and i n c l u d e  t h e  plu- 

tonium produced d u r i n g  t h e  f i r s t  plutonium r e c y c l e  i n  both  t h e  uranium- 

and plutonium-enriched f u e l .  Thus, t h e  model r e p r e s e n t s  se l f -genera ted  

plutonium r e c y c l e  ( see  S e c t .  3 . 3 ) ,  b u t  n o t  s t e a d y - s t a t e  plutonium r e c y c l e ,  

which would r e q u i r e  t h a t  t h e  amount of plutonium discharged a f t e r  r e c y c l e  

N ,  less process ing  l o s s e s ,  be  e q u a l  t o  t h e  amount charged t o  t h e  plutonium- 

enr iched  f u e l  i n  r e c y c l e  N+1.  

4 . 3  ORIGEN Deplet ion C a l c u l a t i o n s  

This  s e c t i o n  d e s c r i b e s  and compares t h e  r e s u l t s  of  ORIGEN d e p l e t i o n  

c a l c u l a t i o n s  f o r  t h e  f o u r  r e a c t o r  (e .g . ,  PWR-U, PWR-Pu, BWR-U, and BWR-Pu) 

fue l -cyc le  combinations considered i n  t h e  p r e v i o u s l y  descr ibed  CITATION 

c a l c u l a t i o n s  (Sect .  3 . 4 ) .  These ORIGEN c a l c u l a t i o n s  r e q u i r e  (1) t h e  

implementation of t h e  m o d i f i c a t i o n s  descr ibed  i n  Sect .  4 . 1 ,  ( 2 )  c r o s s  

2 1  
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6 1  

s e c t i o n s  r e s u l t i n g  from t h e  r e a c t o r  phys ics  c a l c u l a t i o n s  descr ibed  i n  

S e c t .  3 ,  and ( 3 )  t h e  i n p u t  dasses and compositions descr ibed  i n  Sec t .  4 . 2 .  

A b r i e f  comparison of  t h e  PWR-U and BWR-U discharged-fuel  composition 

p r e d i c t e d  by CITATION and ORIGEN i s  given i n  S e c t .  4 . 3 . 1 .  

c o n t a i n s  comparisons of t h e  discharged-fuel  composition p r e d i c t e d  by 

ORIGEN f o r  a l l  f o u r  r e a c t o r / f u e l  c y c l e  combinations w i t h  a v a i l a b l e  

l i t e r a t u r e  v a l u e s .  Sec t ion  4 . 3 . 3  c o n t a i n s  a summary d e s c r i p t i o n  of 

t h e  ORIGEN U-Pu c y c l e  LWR models. 

Sec t ion  4 . 3 . 2  

4 . 3 . 1  Comparison of  ORIGEN and CITATION d e p l e t i o n  c a l c u l a t i o n s  

Act in ide  d e p l e t i o n  c a l c u l a t i o n s  were performed f o r  t h e  PWR-U and 

BWR-U r e a c t o r s  w i t h  b o t h  t h e  ORIGEN and CITATION computer codes t o  v e r i f y  

t h e  accuracy of ORIGEN ( o r  CITATION) as a d e p l e t i o n  module and t o  tes t  

t h e  e f f e c t i v e n e s s  of  t h e  ORIGEN m o d i f i c a t i o n s  descr ibed  i n  Sect .  4 . 1 .  

A summary of t h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  is  given i n  Table 4 . 8 .  

I n  g e n e r a l ,  t h e  d ischarged  compositions of t h e  s p e n t  f u e l s  p r e d i c t e d  

by t h e  two d e p l e t i o n  codes agree  very  w e l l ,  w i t h  most d i f f e r e n c e s  be ing  

<1%. Any d i f f e r e n c e s  >1% can b e  a t t r i b u t e d  t o  t h e  exc lus ion  of c e r t a i n  

decay c h a i n s  from t h e  CITATION c a l c u l a t i o n s  i n  o r d e r  t o  e l i m i n a t e  t h e  

presence of feedback loops  t h a t  cannot be handled by CITATION.  The 

decay loops  t h a t  w e r e  e l i m i n a t e d  are t h e  alpha-decay (100% of a l l  decay 

e v e n t s )  of 2 4 2 C m  t o  2 3 a P ~  and t h e  electron-capture-decay (18% of a l l  

decay e v e n t s )  of 242Am t o  242Pu.  

i n  CITATION,  t h e  e f f e c t  would b e  an i n c r e a s e  i n  t h e  amounts of 238Pu and 

t o t a l  plutonium a t  d ischarge .  

decays would d e c r e a s e  t h e  amount of 2 4  ‘Cm p r e s e n t  a t  d i s c h a r g e  somewhat 

and i n c r e a s e  t h e  amounts of  242Pu,  243Am, and 2 4 4 C m  p r e s e n t  a t  d ischarge .  

I f  t h e  2 4 2 C m  alpha-decays were included 

The i n c l u s i o n  of t h e  242Am e lec t ron-capture-  
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. . .  

> 

Table 4.8. Comparison of CITATION and ORIGEN deplet ion ca l cu la t ions  
a t  discharge f o r  uranium-enriched LWRs 

PWR-Ua BWR-P 
 CITATION^ ORIGEN ' Difference'  CITATION^ ORIGEN Difference' 

Nuclide (g/MTIHM) (g/MTIHM) ( X )  (g/MTIHM) (g/MTIHM) (%) 

2 3 4 u  

23?jU 

2 3 6 u  

2 3 E U  

f 
NP 

23BPu 

'39Pu 

Ir OPU 

'4'Pu 

242Pu 

2 3 7  

Total Pu 

241h 

2 4  3Am 

2 4 2 ~ m  

2 4 4 ~ m  

179 

8,068 

3.948 

944,100 

434 

112f 

4,972 

2,295 

1,205 

444h 

9,O2gf " 

32.4 

81.4 h 

13.2'' 

17.8 h 

180 

7,936 

3,963 

944,100 

75q 79 
441 

127 

5,033 

2,318 

1,223 

461 

9,162 

31.7 

85.9 

11.4 

19.0 

-0. ge 

+0.6e 

M.4  

Oe 

-1.6 

+13.4' 

+1.2 

+1.0 

+1.5 . 

- 3 . d  

+l. gg ' 

-2.2 

+5.5 i 

-13.6' 

+6.7i 

15 7 

7,567 

3,307 

951,700 

3 34 

f 80.6 

4,787 

2,086 

1,086 

370h 

8 ,410f '' 

36.6 

61. gh 

12 .o j  

12.3h 

157 

7,522 

3,314 

951,700 

338 

93.2 

4,831 

2,099 

1,094 

379 

8,496 

36.1 

63.7 

10.2 

12.8 

Oe 

+O.ze 

M.2 

Oe 

+1.2 

+15. gg 

M.9  

W.6  

443.7 

+2.4i 

+l.og*i 

-1.4 

+3.4i 

-15.0' 

+4 .Ii 

a I n i t i a l  composition: 

bRef. 21. 

'% d i f f e rence  = 100 (ORIGEN-CITATION)/ORIGEN. 
d I n i t i a l  composition: 

e% d i f f e rence  based on dep le t ion  from i n i t i a l  amount. 

fWould be increased by accounting f o r  2 4 2 C m  decays neglected i n  CITATION. 

%gnitude of d i f f e rence  would be reduced by considering 2 4 2 C m  decays t o  238Pu i n  CITATION. 

hWould be increased by accounting f o r  2 4  'Am electron-capture decays neglected i n  CITATION. 
i 

'Would be decreased by accounting f o r  2 4  'Am electron-capture decays neglected i n  CITATION.  

290 g 2 3 4 U ;  32,000 g 2 3 5 U ;  967,710 g 2 3 8 U .  

247 g 2 3 4 U ;  27,500 g 2 3 5 U ;  972,253 g '"U. 

Magnitude of d i f f e rence  would be reduced by consider ing 242Am electron-capture decays i n  CITATION 

-. 
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. I n  a l l  cases, t h e s e  changes serve t o  decrease  t h e  magnitude of t h e  

d i f f e r e n c e  between t h e  CITATION and ORIGEN d e p l e t i o n  c a l c u l a t i o n s .  

4 . 3 . 2  Comparison of  ORIGEN and l i t e r a t u r e  d e p l e t i o n  c a l c u l a t i o n s  

Since t h e  r e a c t o r  models used i n  t h e  CITATION c a l c u l a t i o n s  were 

r e l a t i v e l y  s imple,  t h e r e  i s  no assurance  t h a t  t h e  r e s u l t s  of t h e  ORIGEN 

c a l c u l a t i o n s  are c o r r e c t ,  even i f  they  are i n  good agreement w i t h  t h e  

CITATION c a l c u l a t i o n s .  Thus, i t  is  necessary  t o  compare t h e  ORIGEN 

r e s . u l t s  w i t h  similar c a l c u l a t i o n s  from a n  exogenous source .  Unfor tuna te ly ,  

t h e r e  i s  no s i n g l e  "reference" set  of  c a l c u l a t i o n s  which can serve as a 

b a s i s  f o r  comparison, and l a r g e - s c a l e  d i s s o l u t i o n  and a n a l y s i s  of spent  

f u e l s  from modern LWRs have n o t  been performed y e t .  The n e t  r e s u l t  i s  

t h a t  t h e  only  exogenous b a s i s  of comparison i s  t h e  m u l t i t u d e  of spent  

f u e l  composi t ions t h a t  have been publ i shed  i n  t h e  l i t e r a t u r e .  The 

appraoch taken i n  t h e  fol lowing d i s c u s s i o n  is  t o  compare t h e  r e s u l t s  of 

ORIGEN d e p l e t i o n  c a l c u l a t i o n s  w i t h  t h e  publ ished discharged-fuel  compo- 

s i t i o n s .  This  procedure g e n e r a l l y  n e c e s s i t a t e s  m u l t i p l e  ORIGEN runs  f o r  

a given r e a c t o r  s i n c e  t h e  d i f f e r e n t  sources  assumed d i f f e r e n t  burnups 

and/or  i n i t i a l  enr ichments .  It should b e  noted t h a t  t h e  appearance of 

a3spent  f u e l  composition from t h e  l i t e r a t u r e  does n o t  n e c e s s a r i l y  imply 

t h a t  i t  i s  more a c c u r a t e  than  t h e  ORIGEN c a l c u l a t i o n ,  s i n c e  t h e  methods 

.- 

and assumptions used i n  many of t h e  l i t e r a t u r e  c a l c u l a t i o n s  are unknown. 

4 . 3 . 2 . 1  PWR-U f u e l .  The comparison of  t h e  PWR-U spent  f u e l  compo- 

s i t i o n s  c a l c u l a t e d  by ORIGEN w i t h  those  given i n  t h e  l i t e r a t u r e  i s  shown 

i n  Table 4 . 9 .  Each column e n t i t l e d  "ORIGEN" i s  followed by one o r  more 

columns which g i v e  t h e  comparable l i t e r a t u r e  v a l u e s .  A s  i s  ev ident  by 

i n s p e c t i o n ,  t h e  agreement between ORIGEN and t h e  l i t e r a t u r e  va lues  f o r  



Table 4.9. Comparison of ORIGEN PWR-u f u e l  deple t ion  c a l c u l a t i o n s  with l i t e r a t u r e  va lues  

Discharge PYR-U f u e l  Compositim (g/KTMn) 
Nuclide ORIGEN Ref. 22 Ref. 23 Ref. 24a Ref. 25 Ref. 26 Ref. 27= ORIGEN Ref. 28 ORIGEN Ref. 29 

~~ ~~ ~ 

23% I 180 158 159 
(D - l l O ) b  (D = 132) (-) (D = 131) (-) 

215,, 7936 8151 8500 8006 
(D = 24,064)b (D - 23,849) (D - 23.500) (-) (D = 23,994) 

2 3 S u  3963 4002 4005 3983 4500' 

2 3 8 ~  944 100 943.4 30 942,788 933,585d 
(D = ;3,610)b (D = 24,280) (D - 25,212) (-) (D = 34,125)d 

'"Np 441 449 453 

(-) 

7924 
(D - 24.076) 

4033 

943,742 
(D - 23.967) 

116 
(D - 174) 

7460 
(D - 24,440) 

4420 

944,000 
(D = 23,810) 

482 

(-) (-) (-) (-) 

9018 9370 8084 8148 
(D - 25,182) (D = 24,830) (D - 22.016) (D - 21,952) 

3653 3588 

947.300 946,764 
(D = 22,310) (D - 22,846) (-) (-) 

2 3 %  127 131 135 178 167 120 107 
(1.4%)e (1.4%) (-) (1.4%) (1.9%) (-) (1 .E%) (1.3%) (-) (1.2%) (-) 

2 3 %  5033 5313 
(54 .9ne  (56.2%) 

2318 2309 
(25. 3Qe (24.4%) 

240h 

24lPu 1223 1252 
(13.3X)e (13.3%) 

242PU 461 446 
(5.OVe (4.7%) 

5570 
(57.3%) 

2238 
(23.0%) 

1370 
(14.1%) 

542 
(5.6%) 

5490 5250 
(56.9%) (57.0%) 

2322 2180 
(24.1%) (23.7%) 

1245 1150 
(12.9%) (12.5%) 

451 452 
(4.7%) (4.9%) 

5036 5300 
(54.8%) (58.4%) 

2219 2200 
(24.1%) (24.2%) 

1243 1044 
(13.5%). (11.5%) 

540 372 
(5.9%) (4.1%) 

5007 
(55.8%) 

2263 
(25.2%) 

1171 
(13.0%) 

418 
(4.7%) 

5370 
(57.6%) 

2220 
(23.8%) 

1310 
(14.0%) 

4 30 
(4.6%) 

5008 
(56.1%) 

2219 
(24.9%) 

1168 
(13.1%) 

419 
(4.7%) 

5321 
(58.1%) 

2098 
(22.9%) 

1277 
(14.0%) 

456 
(5 .O%)  

F i s s i l e  Pu 6256 6565 6940 6735 6400 6279 6344 6178 6680 6176 6598 
(68.3%) (69.5%) (71.5%) (69.8%) (69.5%) (69.5%) (69.9%) (68.8%) (71.6%) (69.2%) (72.1%) 

Tota l  Pu 9162 9451 9712 9643 9210 9038 9080 8978 9330 8921 9151 

" I h  31.7 44.2 128 40.8 30.6 

2 1  Ih 85.9 88.0 89 102 74.0 

2'2Cm 11.4 17.0 5.0 5.1 10.4 

' " ' ~ m  19 .0  24.3 23.8 20.2 15.5 

I n i t i a l  en- 
r ic hmen t 
V t  % 235; 3.20 3.20 3.20 3.20 3.20 3.19 3.42 3.42 3.01 3.01 7 

Burnup, 
MWd(t)/tonne 
heavy metal 33.000 33,000 32,854 

b 

7 33,000 33,100 33,000 33,000 33,000 30.390 30,390 

aspent f u e l  composition a f t e r  a decay time of 150 days. 

b I n d i c a t e s  d e p l e t i o n  of i so tope  in glMTIHM. 
C I n i t i a l  composition contained 600 g of 2 3 ' U / ~ I H n .  

dProbable typographica l  e r r o r ;  numbers should be 943,585 and D - 24,125. 

e l s o t o p i c  composition of plutonium as a ve ight  percentage.  

lhis w i l l  reduce t h e  amount of  '*'Cm present  by a f a c t o r  of  2 and increase  *.'Am by 1.19 gll.ITMn. 

, 
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t h e  PWR-U i s  g e n e r a l l y  q u i t e  good, even f o r  t h e  americium and curium 

i s o t o p e s .  It should b e  noted  t h a t  two of t h e  cases assume decay t i m e s  

of 150 days,  t h u s  a f f e c t i n g  t h e  amounts of  241Am and 2 4 2 C m  p r e s e n t .  

\ 

These cases have been des igna ted  wi th  a f o o t n o t e .  

A second comparison of t h e  PWR-U discharged-fuel  composition i s  

given i n  Table 4 . 1 0 ,  w i t h  t h e  b a s i s  f o r  comparison being t h e  discharged-  

fuel composition p r e d i c t e d  by t h e  o r i g i n a l  ORIGEN c r o s s  s e c t i o n  l i b r a r i e s .  

The agreement f o r  ’ ‘U and t h e  p r i n c i p a l  plutonium i s o t o p e s  i s  

reasonably  good; however, t h e  new c r o s s  s e c t i o n s  r e s u l t  i n  s i g n i f i c a n t  

changes i n  t h e  amounts of 238 Pu, 243Am, and 2 4 4 C m  p r e s e n t  a t  d i scharge .  

4 . 3 . 2 . 2  BWR-U f u e l .  The comparison of t h e  ORIGEN and l i t e r a t u r e  

s p e n t  f u e l  composi t ions f o r  BWR-U f u e l s  i s  given i n  Table 4 . 1 1 .  I n  

g e n e r a l ,  t h e  agreement is  q u i t e  good, a l though s i g n i f i c a n t  d i f f e r e n c e s  

do e x i s t  between r e f s .  25, 3 0 ,  and 3 1 .  It should b e  noted however t h a t  

t h i s  agreement w a s  ob ta ined  a t  t h e  expense of having t o  a d j u s t  t h e  

moderator d e n s i t y  somewhat a r b i t r a r i l y ,  as descr ibed  i n  Sect .  3 . 2 . 3 .  

4 . 3 . 2 . 3  PWR-PuU f u e l .  The comparison of t h e  ORIGEN and t h e  s i n g l e  

l i t e r a t u r e  ,spent f u e l  composi t ions f o r  t h e  uranium-enriched f u e l  i n  a 

se l f -genera ted  plutonium r e c y c l e  r e a c t o r  is  given i n  Table 4 .12 .  The 

agreement between ORIGEN and t h e  l i t e r a t u r e  v a l u e s  is  q u i t e  good i n  

t h i s  case, al though i t  i s  d i f f i c u l t  t o  g e n e r a l i z e  h e r e  because of t h e  
- .  

l i m i t e d  comparison b a s i s .  

4 . 3 . 2 . 4  PWR-PuPu f u e l .  The ORIGEN and l i t e r a t u r e  s p e n t  f u e l  

composition p r e d i c t i o n s  f o r  t h e  mixed-oxide f u e l  i n  a se l f -genera ted  

plutonium r e c y c l e  r e a c t o r  are g iven  i n  Table 4 . 1 3 .  The d i f f e r e n t  
.- 

assumptions used i n  t h e  l i t e r a t u r e  c a l c u l a t i o n s  make t h e  comparison of 
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Table 4.10. Comparison of PWR-U discharged-fue l  composition 
p r e d i c t e d  by t h e  o l d  and new ORIGENs 

Fue l  composition (g/MTIHM) 
Discharge 

Old New 
Charge ORIGEN~ ORIGEN 

NP 237 

3ePU 

239Pu 

240Pu  

2 4  'Pu 

242Pu 

T o t a l  Pu 

2 4  lAm 

2 4  3Am 

33,000 

0 

967,000 

0 

0 

0 

0 

0 

7 , 990 

4,555 

942 , 480 

4 72 

1 6 1  

5,266 

2 , 165 

1,034 

35 3 

8,979 

25.1 

94.1 

10 .1  

30.3 

8,264 

4,058 

943,700 

437 

120 

5,175 

2,415 

1 , 248 

404 

9 , 362 

30.6 

68 .1  

9.77 

13 .3  

. 

a Data obta ined  from r e f .  1. 
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Table 4.11. Comparison of ORIGEN BWR-U fue l -deple t ion  c a l c u l a t i o n s  wi th  l i t e r a t u r e  va lues  

Nuclide ORIGEN Ref. 22 Ref. 24= 

23SU 

2 3 C u  

2 3 B u  

239Pu 

F i s s i l e  Pu 

h 

I n i t i a l  en- 
ric h w n  t , 
W t  % 23513 

Burnup. 
MWd(t)/tonne 
heavy metal 

157 
(D = 90)b 

7522 
(D = 19,978)b 

3314 

951,700 
(D = 20,553)b 

338 

93.2 
( l . l % ) d  

4831 
(56.97Jd 

2099 
(24.7X)d 

1094 
(12.9%Id 

379 
( 4 . 5 d  

5925 
(69.7%) 

8496 

36.1 

63.7 

10 .2  

12.8 

2.75 

27,500 

140 
(D - 107) 

7657 
(D - 19,843) 

3344 

951.426 
(D = 20,827) 

360 

109 
(1.3%) 

4905 
(58.1%) 

2067 
(24.5%) 

1025 
(12.1%) 

335 
(4.0%) 

5930 
(70.3%) 

8441 

53.8 

62.7 

14 .1  

16.0 

2.75 

27,500 

140 
(-) 

(-) 

3342 

(-) 

362 

109 
(1.3%) 

5070 
(60.2%) 

2064 
(24.0%) 

1020 
(11.9%) 

338 
(3.9%) 

6090 
(70.8%) 

8601 

34.0 

62.8 

4.3 

15.6 

~~ _____ 
Discharge BWR-U f u e l  composition, g/nTIHn 

Ref. 27a Ref. 32 ORIGEN Ref. 25 Ref. 30 Ref. 31 ORIGEN Ref. 33 

127 
(-) (-) 

7480 7301 
(D - 19,820) (D = 20,099) 

3660 

950,000 
(D - 22,453) (-) 

368 

120 
(1.4%) (-) 

5260 
(60.6%) (-) 

(24 . O X )  (-) 

(10.7%) . (-) 

(3.4%) (-) 

2080 

930 

294 

6190 5648 
(71.3%) (-) 

8684 

42.1 

71.5 

4.5 

20.2 

2.73 2.74 

27,500 29,048 

154 
(D - 93) 

6608 
(D = 18,994) 

3134 

952,600 
(D = 21.553) 

97.4 
(1.1%) 

4856 
(56.0%) 

2149 
(24.8%) 

1143 
(13.2%) 

418 
(4.8%) , 

5999 
(69.2%) 

8664 

37.6 

73.9 

11.1 

15.6 

2.56 

27,500 

(-1 

6400 
(D - 19.300) 

3700‘ 

953.000 
(D = 20,700) 

155 
(1.9%) 

4630 
(56.9%) 

2040 
(25.1%) 

935 
(11.5%) 

378 
(4.6%) 

5565 
(68.4%) 

8138 

2.57 

27.500 

(-1 

6209 
(D - 19.391) 

3223 

954,520 
(D - 19.033) 

(-) 

4212 
(57.0%) 

1753 
(23.7%) 

991 - 
(13.4%) 

428 
( 5  .E%) 

5203 
(70.5%) 

7385 

2.60 

27,037‘ 

7002 10,020 
(D - 18.597) (D - 19,980) 

3207 

952,096 
(D = 22.051) 

(-) 

4266 
(56.3%) 

1813 
(23.9%) 

’1023 
(13.5%) 

470 
(6.2%) 

5289 
(69.8%) 

7578 

2.56 3 .O 

27,500 25.172 

(-1 

9478 
(D - 20,522) 

(-1 

(-1 

(-) 

1 (-) 

(-1 

(-1 

5638 
’ (69.32) 

8130 

3.0 

25,000 

aspent f u e l  composition a f t e r  a decay time of 150 days. 

b l n d i c a t e s  d e p l e t i o n  of isotope i n  g/MTIHM. 

‘ I n i t i a l  composition contained 600 g 2361J/MTIHM. 

d l s o t a p i c  composition of plutonium as a weight percentage. 

This w i l l  reduce t h e  amount of 2”Cm present  by 219 g/MTIHE(. 
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T a b l e  4 .12 .  Comparison o f  ORIGEN PWR-PuU f u e l - d e p l e t i o n  
c a l c u l a t i o n s  w i t h  l i t e r a t u r e  v a l u e s  

D i s c h a r g e d  PWR-PuU f u e l  
c o m p o s i t  i o n  (g/MTIHM) 

ORIGEN Ref .  29 
. 

N u c l i d e  

2 34,, 

. 2  3 Su 8991 
( D  = 22 ,009)a  

3669 

8674 
(D = 22,331)  

2 36,, 

2 3 B u  946,200 
( D  = 20,800)  

946,174 
(D = 22,821)  

NP 

238PU 

237 4 1 3  

2 3 9.pu 5524 
(59 .3%)  

5338 
(58 .5%)  

24 OPU 2101 
(22 .5%)  

2046 
(22 .4%)  

241Pu 1277 
(13 .7%)  

1 2 9 0  
(14 .2%)  

2 4 2 P u  4 2 1  
(4 .5%)  

445 
( 4 . 9 % )  

6801 
(72.9%) 

- 
6628 

(72 .7%)  
F i s s i l e  Pu 

T o t a l  Pu 9323 9119 

24 l b  

24 3h 

2 4 2 ~ m  

2 4 4 ~ m  

32.2 

75 .3  

1 0 . 7  

15 .4  

I n i t i a l  e n r i c h m e n t ,  
w t  % 235u 3.10 3.10 

-. 
Burnup,  MWd ( t )  /MTITIHM 30 ,197  30 ,390  

I n d i c a t e s  d e p l e t i o n  o f  i s o t o p e  i n  g/MTMM. a 

b I s o t o p i c  c o m p o s i t i o n  of  p l u t o n i u m  as a w e i g h t  p e r c e n t a g e .  
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Table 4.13. Comparison of ORIGEN PWR-PuPu fuel-depletion ca lcu la t ions  with l i t e r a t u r e  values 

Discharged PWR-PuPu f u e l  composition (g/MTIHM) 
Ref. 24a Nuclide ORIGEN Ref. 22 ORIGEN Ref. 25 ORIGEN Ref. 28 ORIGEN Ref. 29 

2 3 r u  

23SU 3280 3071 3214 2996 3427 3600 3452 3458 - 
(D = 3528) (D = 3738) (D = 3578) (D = 3790) (D = 3343) (D = 3170) (D = 3368) (D = 3362) (-1 

- - - - 699 722 706 735 692 236" 

2 3 E U  - 928.300 930,714 924,900 925,613 931,100 928,520 930,100 929.786 
(D = 22,456) (D = 20,087) (D = 22,829) (D 21,800) (D = 20,900) (D = 23,460) (D = 21,009) (D = 21,323) (-) 

239Pu 

,240PU 

241Pl.l 

242Pu 

F i s s i l e  Pu 

Total  Pu 

168 160 - - 

169' 306' 832 1135 
(O.5%ld (1 .O%) (2.5%) (3.4%) 

12,251 
(38.2%) 

10,'510 
(32.8%) 

5935 
(18.5%) 

3216 
(10 . O X )  

18,186 
(56.6%) 

32,081 

10,565 
(35.9%) 

9271 
(31.5%) 

5826 
(19.8%) 

(11.8%) 

(55.7%) 

3461 

16,391 

29,429 

11,991 
(35.7%) 

10,320 
(30.7%) 

6070 
(18.1%) 

4386 
(13.1%) 

18,061 
(53.8%) 

33,599 

11,807 
(35.6%) 

8684 
(26.2%) 

6420 
(19.3%) 

5135 
(15.5%) 

18,227 
(54.9%) 

33,181 

12,467 
(35.9%) 

10,750 
(30.9%) 

6673 
(19.2%) 

4866 
(14 . O X )  

19,140 
(55.1%) 

34,756 

13,900 
(39.2%) 

8570 r 

(24.2%) 

7780 
(21.9%) 

5210 
(14.7%) 

21,680 
(61.1%) 

35,460 

12,242 
(37.9%) 

10,110 
(31.3%) 

6024 
(18.6%) 

3928 
(12.2%) 

18,266 
(56.5%) 

32,304 

12,199 
(37.9%) 

9989 
(31.0%) 

5955 
(18.5%) 

4034 
(12.5%) 

18,154 
(56.4%) 

32.177 

12,012 
(37 . l%) 

10,092 
(31.1%) 

6364 
(19.6%) 

3606 
(11.1%) 

18.376 
(56.7%) 

32,412 

o\ 
W 



Table 4.13 (continued) 

Nuclide 
Discharged PWR-PuPu f u e l  composition (g/MTIHM) 

ORIGEN Ref. 22 ORIGEN Ref. 25 ORIGEN Ref. 28 ORIGEN Ref. 29 Ref. 24d 

2 4 1 b  

2 4  3 h  

I n i t i a l  enrichment, 
w t  % 235u 0 .681  0.681 0.679 0.679 0.677 0.677 0.682 0.682 ? 

w t  % 239Pu + Z4'PU 2.882 2.882 2.905 2.905 3.201 3.201 2.776 2.776 ? 

Total 3.563 3.563 3.584 3.584 3.870 3.878 3.458 3.450 ? 

W t  % 2 3 5 1 1  + 239Pu + 
241Pu 2.147 1.996 2.128 2.122 2.257 2.528 2.172 2.161 ? 

Burnup, MWd(t)/MTIHM 33,000 33.000 34,039 34,037 33,000 33,000 30,390 30,390 ? 

Final enrichment, 

4 
0 

aSpeqElfuel composition a f t e r  a decay t i m e  of 150 days. 

bIndicates  deplet ion of isotope i n  g/MTIHM. 

'No 238Pu present i n  plutonium charged t o  reactor.  

dIsotopic  composition of plutonium a s  a weight percentage. 

This w i l l  reduce the amount of 2 4 2 C m  present by about a f ac to r  of 2 and increase the amount 
of Am by 1.9 g/MTIHM. 
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t h e s e  numbers w i t h  each  o t h e r  t o  determine t h e i r  i n t e r n a l  cons is tency  

v e r y  d i f f i c u l t .  However, d e s p i t e  t h i s  v a r i a t i o n ,  t h e  ORIGEN r e s u l t s  

a g r e e  w e l l  w i t h  n e a r l y  a l l  of  t h e  l i t e r a t u r e  va lues .  It should b e  noted 

.- 

.- 

t h a t  t h e  ORIGEN s p e n t  f u e l  compositions r e p r e s e n t  t h e  d i s c h a r g e  from t h e  

second plutonium r e c y c l e .  When p o s s i b l e ,  second-recycle v a l u e s  w e r e  a l s o  

s e l e c t e d  from t h e  l i t e r a t u r e .  However, i n  some cases t h e  r e c y c l e  number 

a s s o c i a t e d  wi th  t h e  l i t e r a t u r e  spent  f u e l  compositions w a s  unknown, and 

they  were used on t h i s  b a s i s .  

4.3 .2 .5  BWR-PuU f u e l .  The r e s u l t s  of t h e  ORIGEN d e p l e t i o n  of  t h e  

uranium-enriched p o r t i o n  of  a se l f -genera ted  plutonium-recycle BWR are 

given i n  Table 4 .14 .  

f u e l .  

No l i t e r a t u r e  comparisons w e r e  a v a i l a b l e  f o r  t h i s  

4 .3 .2 .6  BWR-PuPu f u e l .  The comparison of t h e  ORIGEN and l i t e r a t u r e  

s p e n t  f u e l  composi t ions f o r  t h e  mixed-oxide f u e l  i n  a se l f -genera ted  

plutonium-recycle BWR i s  g iven  i n  Table 4 . 1 5 .  I n  an o v e r a l l  s e n s e ,  t h e  

agreement appears  t o  be good and similar t o  t h a t  obtained f o r  t h e  BWR-U 

f u e l  ( s ee  Table 4 . 1 1 ) .  However, c l o s e  i n s p e c t i o n  shows s i g n i f i c a n t  

d i f f e r e n c e s  between ORIGEN and t h e  l i t e r a t u r e  v a l u e s  concerning t h e  

amounts of 239Pu and 240Pu i n  the  s p e n t  f u e l .  

f e r e n c e s  is  unknown, b u t  t h e  u s e  of an a d j u s t e d  moderator d e n s i t y  

i d e n t i c a l  t o  t h e  one used f o r  t h e  BWR-U f u e l  may be  a f a c t o r .  

The source of t h e s e  d i f -  

4 . 3 . 3  Summary d e s c r i p t i o n  of  t h e  ORIGEN U-Pu c y c l e  LWR models 

Fuel-deplet ion c a l c u l a t i o n s  have been performed f o r  t h e  s i x  U-Pu 

c y c l e  LWR f u e l  t y p e s  cons idered  i n  t h i s  r e p o r t  - PWR-U, PWR-PuU, PWR-PuPu, 

BWR-U, BWR-PuU, and BWR-PuPu - us ing  i n p u t  composi t ions given i n  Table 4 . 7 .  

The r e s u l t s  of t h e s e  c a l c u l a t i o n s ,  i n c l u d i n g  i r r a d i a t i o n  c o n d i t i o n s  and 
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T a b l e  4 . 1 4 .  R e s u l t s  of ORIGEN 
BWR-PuU f u e l  d e p l e t i o n  

D i s c h a r g e d  BWR-PuU 
f u e l  c o m p o s i t i o n  

N u c l i d e  (g/MTIHM) 

2 3 9 J  

2 3 5 u  

1 5 4  
(D = 9 3 l a  

7987 
(D = 1 9 , 5 1 3 )  

2 3 6 u  3275 

950,300 
(D = 21 ,953)  

7Np 370'. 3 

239Pu 

240P" 

242Pu 

F i s s i l e  Pu 

1 0 3  
(1.1%) 

5608 
( 5 9 . 4 % )  

2148 
( 2 2 . 7 % )  

1 2 1 1  
(12 .8%)  

374 
(4.0%) 

6819 
( 7 2 . 2 % )  

T o t a l  Pu 9444 

2 4  l b  

24 3 b  

I n i t i a l  e n r i c h m e n t ,  
w t  % 235u  

31.9 

70 .2  

1 0 . 9  

14 .9  

2.75 

Burnup,  MWd (t) /MT.IHM 27,500 

a 

b I s o t o p i c  c o m p o s i t i o n  of p l u t o n i u m  as a w e i g h t  

I n d i c a t e s  d e p l e t i o n  of i s o t o p e  i n  g/MTIHM. 

p e r c e n t a g e .  
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Table 4.15. Comparison of ORIGEN BWR-PuPu fuel-depletion ca lcu la t ions  with l i t e r a t u r e  values 
4 

Discharged BWR-PuPu f u e l  composition (g/MTIHM) 
Ref. 28 ORIGEN Nuclide ORIGEN Ref. 25 Ref. 27a 

2 3 4 u  

235" 

236u 

238u 

"Np 

238Pu 

2 3gPu 

F i s s i l e  Pu 

Total  Pu 

2 4 1 b  

243Am 

2 4 2 ~ m  

2 4 4 ~ m  

I n i t i a l  enrichment, 
W t  % 23521 

w t  % (239Pu + 241Pu) 
Tota l  

F ina l  enrichment, 
w t  % (23% + 239Pu t 
241Pu) 

Burnup,, Mwd (t)/MTIHM, 

39 b (D = 15) 

3295 
(D = 3585) 

6 78 

940,100 
(D = 17,311) 

113 

155cd 
(0.6%) 

9349 
(35.4%) 

9516 
(36.1%) 

4537 
(17.2%) 

2833 
(10.7%) 

13,886 
(52.6%) 

26,390 

304 

814 

75.6 

24 4 

0.686 

2.427 

3.112 

1.717 

27,500 

37 
(D = 17) 

3199 
(D = 3657) 

707 

939.947 
(D = 17,464) 

149 

369' 
(1.4%) 

9770 
(37.6%) 

8290 
(31.9%) 

4724 
(18.2%) 

2831 
(10.9%) 

14,494 
(55.8%) 

25,984 

5 08 

7 69 

109 

329 

0.686 

2.427 

3.112 

1.769 

27,500 

37 
(-1 

(-) 

687 

- 

- 
(-) 

146 

304' 
(1.1%) 

10,658 
(38.6%) 

8706 
(31.5%) 

5027 
(18.2%) 

2920 
(10.6%) 

15,685 
(56.8%) 

27,615 

639 

839 

36.3 

32.5 

? 

? 

? 

? 

? 

- - 
(-) (-) 

3111 2875 
(D = 3718) (D = 954) 

700 749 

935,600 934,805 
(D = 18,314) (D = 19,109) 

821 1196 
(2.9%) (4.2%) 

8995 9848 
(31.8%) (34.4%) 

9683 8200 
(34.3%) (28.7%) 

4788 5002 
(17.0%) (17.5%) 

3956 4356 
(14 .O%) (15.2%) 

13,783 14,850 
(48.8%) (51.9%) 

28,243 28,602 

0.683 0.683 

2.429 2.429 

3.112 3.112 

1.689 1.773 

29,490 29,490 

aspent f u e l  composition a f t e r  a decay time of 150 da s. 

bIndicates depletion of isotope i n  g/MTIHM. 

'No 238Pu present i n  plutonium charged t o  reac tor .  

d Iso topic  composition of plutonium as a weight percentage. 

This w i l l  reduce the  amount of 2 4 2 C m  present 
by about a f a c t o r  of 2 and increase  the amount of 2x1Am by %9 g/MTIHM. 
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measures of t h e  uranium and plutonium c o n t e n t s  of t h e  f r e s h  and spent  

f u e l s ,  are g iven  i n  Table 4.16. Many of t h e  v a l u e s  i n  t h i s  t a b l e  are 

given i n  terms of b o t h  kilograms per  c y c l e  and kilograms p e r  y e a r ,  

assuming an 80% c a p a c i t y  f a c t o r  f o r  t h e  l a t te r .  

s . 
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Table 4.16. Summary o f  ORIGEN LWR model c h a r a c t e r i s t i c s  

PWR-Pu BWR-PU 
Paramete r  PWR-u PWR-PUU PWR-PUPU T o t a l  BWR-U BWR-PuU BWR-PUPU T o t a l  

Electric power,  MW(e) 1250 875 375 1250 1250 875 375 1250 

Thermal power,  W(t)  3800 2660 1140 3800 3800 2660 1140 3800 

Average s p e c i f i c  power,a 
MW( t ) /MTIHM~ 

Average f u e l  bu rnup ,  
MWd/MTIHMb 

37.5 37.5 37.5 37.5 25.9 25.9 25.9 25.9 

33,000 33,000 33,000 - 33,000 27,500 27,500 27,500 27,500 

I r r a d i a t i o n  d u r a t i o n ,  
fu l l -power  days  r 880 880 880 880 1062 1062 1062 1062 

4 
cn R e f u e l i n g  c y c l e  l e n g t h ,  

f u l l - p o w e r  d a y s  293.3 293.3 293.3 293.3 265.5 265.5 265.5 265.5 - 

d a y s  a t  80% c a p a c i t y  f a c t o r  367 367 367 36 7 332 332 332 332 

Charge,  kg  / r e f  u e l  i n g  c y c l e  
( k g / y e a r  a t  80% c a p a c i t y  f a c t o r )  

23 SU 

T o t a l  U 

F i s s i l e  Puc 

d 
T o t a l  Pu 

T o t a l  (U  + Pu) 

1081 757 68.8 
(1077) (754) (68.6)  

33,778 23,644 9674 . 
(33,647)  (23,553)  (9636) 

826 1009 706 75.2 781 
(823) (1110) (777) (82.7)  (860) 

33,318 36,680 25,676 10 ,572  36,248 
(33,189) (40,369) (28,258)  (11,636)  (39,894) 

0 0 294 294 0 0 267 267 
(0  1 ( 0 )  (293) (293) (0 1 ( 0 )  (294) (294) 

0 0 460 460 0 0 4 32 432 
(0) (0) (459) (459) (0 1 (0) (475) . (475) 

33,778 23,644 10,134 33,778 36,680 25,676 11,004 36,680 
(33,647)  (23,553)  (10,095)  (33,648)  (40,369)  (28,258)  (12,111)  (40,369) 
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APPENDIX A: 84-ENERGY-GROUP NEUTRON SPECTRA GRAPHS AND LISTINGS 

This  appendix c o n t a i n s  graphs and l i s t i n g s  of  84-energy-group 

n e u t r o n  s p e c t r a  f o r  t h e  s i x  U-Pu c y c l e  LWR f u e l  t y p e s  cons idered  in 

t h i s  r e p o r t  as c a l c u l a t e d  by t h e  XSDRNPM code. The u n i t s  of t h e  neut ron  

f l u x e s  i n  t h i s  appendix are f l u x  p e r  u n i t  l e t h a r g y .  The PWR-U and BWR-U 

s p e c t r a  are pin-cell-averaged; t h e  PWR-PuU, PWR-PuPu, BWR-PuU, and BWR-PuPu 

s p e c t r a  are averaged over  t h e  zone i n  t h e  assembly-cell  model c o n t a i n i n g  

t h e  f u e l  type  of  i n t e r e s t  ( s e e  S e c t .  3 . 3 . 2 ) .  

-. 



Fig. All. Neutron energy spectrum in a PWR-U. 



t 
5 

Fig. A . 2 .  Neutron energy spectrum i n  a PWR-PuU. 
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F i g .  A . 3 .  Neutron energy spectrum i n  a PWR-PuPu. 
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F i g .  A . 4 .  Neutron energy spectrum i n  a BWR-U. 
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F i g .  A . 5 .  Neutron energy spectrum i n  a BWR-PuU. 
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Fig. A.6. Neutron energy spectrum in a BWR-PuPu. 
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Table A . l .  Flux per unit  l e thargy for U-Pu cycle PUR and BWR'fuels . 

.̂ 

Energy Group enerey boundaries, eV 
group upper Lover PWR-u PWR-PUU PWR-PUP" BWR-U BWR-PuU BWR-PUP" 

1 1.0000OE 07  
2 1.18801E 0 6  
.3 6.06531E 0 6  
4 4.1236lE 06 
5 3.678791 06 
6 2.86505E 06 
1 2.231303 06 

9 1.353353 06 
1 C  1.053993 06 
11 8.20850E 05 
l i  6.392793 05 
12 4 .918 l lE  0 5  
1 4  3.811923 0 5  

e 1 . 7 3 1 1 4 ~  06 

IS  1.11090E 05 
20 8.651698 04 
21 6.137901 04 
22 0.08611E 04 
22 2.41815E 04 
24 1.503441 04 
25  9.11882E 03 
2€ 5.530841 03 
2 1  3.354633 03  
28  2.034681 03 
29 1.234101 03 
30 1.48518E 02  
3 1  4.53999E 02  
Z i  2.753643 02 
3 2  1.670173 02 
34 1.30013E 02 
3 E  1.01301E 02 
36 1.88932E 0 1  
31 6.14421E 01  

19  3.726653 01 
40 2.902323 01  
4 1  2 .260331 01 
42 1.760353 01 
43 1.370963 01 
44 1.06110E 01  
45 8.315293 00 
46 6.475953 00 
41 5.04348E 00 

4 9  3.059023 00 
5 0  2.38231E 00 
E l  1.85539E 00 
52 1.43950E 00 
53 1.125351 00 
54 8.33691E-01 
5 5  1.849303-01 
56 6.325001-01 
5 1  5. 111811-01 

59 3.38908E-01 
t C  2.788663-01 
6 1  2. 3151 11-01 
62 1.941243-01 
61 1.645131-01 
64 1.40911E-01 
6 5  1.21896E-01 
66  1.06323E-01 
6 1  9.229681-02 
6 8  8.016041-02 
69  6.971663-02 
7C 6.078323-02 
11 5.319323-02 
1 2  4.6109lE-02 
l?  3.953128-02 
14 3.345928-02 
7 5  2.789323-02 
It 2. i8332E-02 
11 1.821921-02 
1 8  1.423128-02 
1 9  1.068923-02 
8 C  1.653243-03 
8 1  5.123251-03 
82 3.099253-03 
83 1.58125E-03 
8 4  5.69249E-04 

1e  4 . 7 8 5 1 2 ~  01 

qe 3 . 9 2 1 8 6 ~  00 

5 e  u. i ~ 9 8 3 ~ - o i  

7.788013 06 
6.065311 06 
4.12367E 06 
3.61819E 06 
2.865058 06 
2.231301 06  
1.13714E 06 
1.353353 06 
1.053993 06 
8.208503 05 
6.392791 05 
4.978113 05  
3.811021 0 5  
3.01914E 05 
2.351773 05 
1.831563 05 
1.426423 05 
1.11090E 05 
8.65169E 04 
6.13194E 04 
4.086711 04 
2.478753 04 
1.503441 04 
9.118823 03 
5.530843 03 
3.35463E 03 
2.03468E 0 3  
1.234101 03 
1.985181 02 
4.539991 02 
2.15364E 02 
1.67017E 02 
1.300731 02 
1.01301E 02 
7.889323 01 
6.144211 01 
4.78512E 01 
3.726651 01  
2.902321 01 
2.260331 01 
1.16035E 01 
1.370963 01 
1.06110E 01 
8.315291 00 
6.475951 00 
5.043481 00 
3.927863 00 
3.059023 00 
2.38231E 0 0  
1.855393 00 
1.439501 00 
1.125351 00 
8.336913-01 
1.8493 OE- 0 1 
6.32 5 OOE-  01 
5.11187E-01 
4.14983E-01 
3.38908E-01 
2.788661-01 
2.3151 1E-01 
1.941 24E-01 
1.6451 3E-01 
1.40911E-01 
1.21896E-01 
1.063231-01 
9.229683-02 
8 - 0 1  6 O4E- 02 
6.91 1661-02 
6.01832E-02 
5.319321-02 
4.6109lE-02 
3.953123-02 
3.345923-02 
2.189 323-02 
2.283321-02 
1.82192E-02 
1.423121-02 
1.06892E-02 
7.653241-03 
5 ;  tiSisE-oj 
3.099 25E-03 
1.58 125E- 0 3 
5.692491-04 
1.OOOOOE-05 

3.821961-01 
1.153021 00 
2.343531 00 

5.050311 00 
6.932001 00 
6.222551 00 
6.585501 00 
6.35451E 00 
6.087121 00 
7.286938 00 
6.147621 00 
4.135433 00 
9.835361 00 
4.2793UE 00 
3.676923 00 
3.221500 00 
2.881005 00 
2.609603 00 
2.383161 00 
2.14863E 00 
1.964863 00 
1.823131 00 
1.14240E 00 

3 . u 3 i a a ~  00 

1.683021 00 
1.631575 00 
1.59410E 00 
1.55846E 00 
1.541041 00 
1.510531 0 0  
1.480901 00 

1.42304E CO 
1.269991 00 
1.419353 00 
1.31845E 00 
1.360931 0 0  
1.245111 00 
1.23605E 00 
1.29933E 00 
1.071741 00 
1.22761E 00 
1.225651 00 
1.22118E 00 

9.7 1215E-01 
1.12411E 00 
1.142801 00 
1.121881 00 
1.13141E 00 
1.12893E 00 
1.05086E 00 
1 . 9 5 8  111- 0 1 
9.5 82591-01 
1.207221 0 0  
1.22111E 00 
1.261961 00 
1.289501 00 
1.31944E 00 
1.696041 00 
2.26694E 00 
2.11332E 00 
3.133251 00 
3.330131 00 
3.384123 00 
3.320741 CO 
3.149621 0 0  
2.901141 00 
2.608731 00 
2.30039E 00 
1.986431 00 
1.865031 00 
1.35OOlE 0 0  
1.054861 00 
1.891 57E- 0 1 
5.625421-01 
3.11569B-01 
2.35558E- 01 
1.338833-01 
6.123431-02 

1.466260 0 0  

9 . 3 2 7 n ~ - o i  

2.83312E-02 
9.110391-03 
1.810211-03 
1. 46351 E- 04 

1- 10963E-01 
3.356523-01 
6.83820E-0 1 
1.00238E 00 
1.476523 00 
2.028023 00 
1.822691 00 
1.921281 00 
1.857061 00 
1.175123 00 
2.113991 00 
1.18318E 00 
1.20184E 00 

1.24566E 00 
1.073683 00 
9.43893E-01 
8.163941-01 
7.683 09E- 0 1 
1.0321 8E-01 
6.354903-01 
5.81 4101- 0 1 
5.405 13  E-0 1 
5.11 009 E-0 1 
9.99159E- 0 1 
4.85213E-0 1 
1.14571E-01 
4.6 43 3 OE- 0 1 
4.6046 3E-0 1 
0.50002E-01 
4. 41 200E-0 1 
4.36053 E-0 1 
4.231143-01 
3.81 209E- 0 1 

3.931531-01 
4. 024 85 E- 0 1 
3 - 122 09 E-0 1 
3.619 4 5E- 0 1 
3.830313-01 
3.19085E-01 
3.6 1973E-0 1 
3.58615E-01 
3.553271-01 

2.897493-01 
3.2118 1 E-01 

3.291973-01 
3.2886 1 E-0 1 
3.21094E-01 
3.11413E-01 
2.51 521  E-0 1 
2.85595E-0 1 
3.52129E-0 1 
3.59 31 51-0 1 
3.660433-01 

1 . 4 0 1 8 3 ~  0 0  

4. 21 4 a i E - o  i 

2.76 34 2 ~ -  o i 

3 .30206~-01  

3.685l lE-01 
3.69979E-01 
9.51546E-01 
5.857998-0 1 
6.945461-01 
1 - 68 6 3 9 E-0 1 
8.051931-01 
8.10738E-01 
7.896 901-0 1 

6.8 3 0 5 1  E- 0 1 
6.12009E-0 1 
5.3 830 1 E-0 1 
9.639111-01 
3.88271 E-0 1 
3.1 4 5 4  1 E-0 1 
2.45699E-0 1 
1.84036 E-0 1 
1.312721-01 
8.8333lE-02 
5.532441-02 
3.16248E-0 2 
1.601111-02 
6.82821 1-0 3 
2.233128-03 
9.553391-04 
3.84344E-05 

7.44691 e-o i 

1 .22a95~-01  
3.64866E-01 
1.365111-01 
1.075813 00 
1.51216E 00 
2.118771 00 
1.922071 00 
2.026751 00 
1.94941E 00 
1.86181E 00 
2.205031 00 
1.85519E 00 
1.25886E 00 
1.463981 00 
1.293281 00 
1.11341E 00 
9.780053-01 
8.1629 1 E-0 1 

7.26969E-01 
6.56 36 8E-0 1 
5.99825E-01 
5 - 5 6  988 E-0 1 
5.322 19E-0 1 
5.139331-0 1 
4. 98489E-01 
4.86806E-0 1 
9.75140E-01 
0.1075 8 E- 0 1 
0.59 016 E-0 1 
4.4833 1 E-0 1 
4 .4 1 6 1 8 E- 0 1 
4.26664E-0 1 
3 . 8 3 5 3 1  E-01 
4.201 92E-01 
3.88502E-01 
3.958061-01 
3.639271-01 
3.683753-01 
3.809093-01 
3.14481E-01 
3 - 44 5 1 0  E-0 1 
3.4116lE-0 1 

2.64812E-01 
2.876141-01 
3.131593-01 
3.2116 1 E-01 
2 -680 08E-0 1 
3.05389E- 01  
3 -021 1 3 E-0 1 
2.46 4 80 E-0 1 
1.6 1 142 E- 0 1 
2.175451-0 1 
2.11 838E-0  1 
2.795851-01 
2.694101-01 
2 -2308 1 E-01 
1.800223-01 
2.09969E-01 
2.620091-01 
3.137201-01 
3. 9 1 08 1 E- 0 1 
3.61 916E-0 1 
3.6 1910E-01 
3.50404E-01 
3.285241-01 
2.997203-0 1 
2.6126OE-0 1 
2.34019E-01 
2.009321-01 
1.61550E-01 
1.352191-01 
1.05365E-01 
7.81 5 02E- 0 2 
5.60948E-0 2 
3.772423-02 
2.364 02E- 0 2 
1.35'4081-02 
6.885 1 BE-03 
2.959393-03 
9.820681-04 
2.064361-04 
1.85729E-05 

1.94802 E-o 1 

3. 4120 1 E- o 1 

3 . 1  0459Y- 01 
1.106905 00 
2.284451 0 0  
3.418741 00 
5.160471 00 
7.200831 00 
1.283171 00 
8.103503 00 
8.11531E 00 
8.06481E 00 
9.814181 00 
8.471611 00 
5.805631 00 
6.73930E 00 
6.000641 00 
5.17088E 00 
4.53961E 00 
4.06611E 00 
3.686321 00 
3.340131 0 0  
3.012294 0 0  
2.799391 00 
2.602621 00 
2.460521 00 
2.38161E 0 0  
2.295151 00 
2.243201 00 
2.189030 00 

2.119543 00 
2.025924 00 
2.02105E 00 
1.974811 00 
1.185731 00 
1.965551 00 
1.843091 0 0  
1.888255 00 
1.739521 00 
1.13804E 00 
1.800081 0 0  
1.52212P 00 
1.698621 00 
1.691335 0 0  
1.69039E 00 
1.336351 00 
1.363591 00 
1.540503 00 
1.563123 0 0  
1.54338E 00 
1.551551 00 
1.544021 00 
1.441881 00 
1.123831 00 
1.308131 0 0  
1.65150E 00 
1.66831E 00 
1.735191 0 0  
1.71226E 00 

2 . 1 7 5 ~ 1 ~  00 

. __._ 
1.823231 00 
2.321868 00 
3.066921 0 0  
3.729493 00 
4.203291 00 
4.46468E 00 
4.536331 0 0  
4.455663 00 
4.23039E 00 
3.902251 00 
3.513128 0 0  
3.102561 00 
2.684241 00 
2.25493B 00 
1.83315E 0 0  
1.436701 00 
1.079611 0 0  
1.1 2487E-01 
5.213151-01 
3.275525-01 
1.87843E-01 
9.54525E-02 
4.087751-02 
1.344441-02 
2.160431- 03 
2.393911-04 

6.1 13 2 3E- 0 2 
2.008 5 8 E-0 1 
4.145183-01 
6.301391-01 
9.366513-01 
1.309803 00 
1.32482E 00 

1.48963E 00 
1.110091 0 0  
1.792881 00 
1.54942E 00 
1.061281 00 
1.2331OE 00 
1.09810E 00 

8.3194 1 E-0 1 

6.75996E-0 1 
6.12610E-01 
5.52680E- 0 1 
5.138643-01  
4.71858E-01 

4-31 443 E-0 1 
4.216803-0 1 

4.020 1 3E-0 1 
3.990883-01 

3.1  1659E-01 
3.1  13983-0 1 
3.61 6 19E-0 1 
3.269253-01 
3.597973-01 
3.31695E-01 
3.441913-01 
3.11 9 3 5 E-0 1 
3.1630lE-01 
3.274911-01 
2.765113-01 
3.09 3 3 l E -  0 1 
3.074981-01 
3.0 0 1 69 E-0 1 
2.4 25 8 1 E- 0 1 
2.99926E-01 
2.80656E-01 
2.83 5 3 1 E- 0 1 
2 - 8  1 807E-0 1 
2.820511-0 1 
2.806003-01 
2.668163-0 1 
2.182568-01 
2. 4 321 3E-0 1 
3 - 042 82 E-0 1 
3.04099E-01 
3.145588-01 
3.184673-01 
3.299OOE-01 
U.02996E-0 1 
5.16015E-01 
6.1390lE-01 
6.81 7423-0 1 
1.161921-01 
7.2296 1E-07 
7.06 102E-01 
6.673293-01 
6.13300E-0 1 
5.50491 E-0 1 
4. 80984E-01 
9.18152E-01 
3.51 1631-0 1 
2.850 6 OE- 0 1 
2.231 USE-01 
1.61526 E-0 1 
1.197 90E- 0 1 
8.08241E-02 
5.011061-02 
2.912553-02 
1.98098E-02 
6.351 11E-03 
2.09392E-03 
4.320 1 1 E-0 4 
3 . 1  1 3 9 8 E-05 

i . a 7 5 a i ~  00  

9.472501-0 1 

1.054223-01 

a. 5 1 8 9 6 ~ - 0 1  

a. 1 20 i 6 E- o 1 

3 .88901~-01  

7.11294E-02 
2.10620E-0 1 
4.3 1 6 99 E- 0 1 
6.53983E-01 
9.654883-01 
1.342101 00 

1.50398E 00 
1.51523E 00 

1.814971 00 

1.01302E 00 

1.10811E 00 
9.554 16 E-01 
8.388 3 3 E-0 1 
1.51353E-01 
6 -81 1581-01 
6.172051-0 1 
5.56629E-0 1 
5.171 98E-0 1 
4.8079 1 E-0 1 
4.505091-01 
4.39869 E-0 1 
4.23934 E-0 1 
9.140591-01 
4.039281-0 1 
4.010663-01 
3.90 352 E- 0 1 
3 - 12241  E-0 1 
3-11 118 E-0 1 
3.61 2 1  9E- 0 1 

3.51961 E-0 1 
3.33539E-01 
3.40324 E-0 1 
3-129331-01 
3.162 8 1  E- 0 1 
3.26083E-01 
2.10492 E-0 1 
3.0099 3 E- 0 1 
3 ;O 1 528 E-0 1 
3.024151-01 
2.373651-01 
2.990091-01 
2.723191-01 
2.19253E-01 

2-656358-01 
2.629781-01 
2.11789E-01 
1.56456E-01 
1.91988E-01 
2.56561 1-0 1 
2.583 5 OE- 0 1 
2.615951-01 

2.18095E-0 1 
2.585838-01 
3.316191-01 
4.08385E-0 1 
0.520531-01 
4.16993E-01 
4.814601-01 

4. I 3  930 E- 0 1 
4.01560E-0 1 
3.65407E-0 1 
3.21534E-01 
2.11251E-01 
2.321 13E-01 
1 - 88 1 9 6 0 1  E- 
1.411041-01 
1 - 102961-0 1 
1.877931-02 

3.33428E-02 
1.91290E-02 
9 -13606 E-03 
4.18502E-03 
1 - 3865 3 0 3  E- 
2.891 4 8  E-0 4 
2.54548E-05 

1 . 3 5 4 2 5 ~  0 0  

1 . 4 9 3 0 9 ~  0 0  

1 . 5 6 5 8 4 ~  0 0  

1 . 2 0 5 2 8 ~  00  

3 .26430~-01  

2.349823-0 1 

2. a 132 TE-o i 

L ~ O O ~ ~ E - O I  

5 . 3 i o o a ~ - o 2  
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Table B . l .  One-group, spectrum-averaged cross sections for 
U-Pu cycle light-water reactors 

Cross 
section Cross section, barns 

Isotope type PWR-u PWR-PuU PWR-PUPU BWR-U BWR-PuU BWR-PuPu 

H - 1 N , G  3 . 4 7 3 - 0 2  2.89E-02 1.61E-02 3.U2R-02 3.09E-02 2.313-02 
9 - 10 
B - 1 1  
c - 1 2  
N - 1 4  
0 - 16 
N A -  23  
C R -  52  
UN- 55 
PE- 56 
N I -  5R 
G F -  72 
G E -  7 3  
G E -  74 
GE- 76 
AS-  75 
SE- 76 
SE- 7 7  
SE- 78  
SF- A0 
SE- R 2  

EQ- 8 1  
K R -  80 
KP- 82 
KP- 8 3  
K R -  84 
K R -  85 
K R -  86 
F9- 85 
FB- 86 
R B -  8 7  
SR- 86 
SF- 8 7  
SR- 88 
SR- 8 9  
su-  90 
Y - P9 
Y - 90 
Y - 9 1  
Z R -  90 
Z R -  91 
ZR- 92 
Z R -  9 2  
ZR-  93 
Z F -  94 
ZR- 9 5  
ZR- 96 
N B -  9 3  

Ea- 74 

4.02E 02  
5 .35E-04 
3 . l l E - 0 4  
1.81E-01 
2 .723-03  
5.28E- 02  
3.35E-01 
1 .52E  00 
2.68E-01 
4.87E-01 
1.23E-01 
3.27E 00 
5.51E- 02 
5 . 6 5 3 - 0 2  
2.15E 00 
7 . 8 8 3  00 
U.38E 00 
1.85E- 01 
8.99E-02 
8 .62E-03  
4.80E 00 
1.79E 00 
2.82E 00 
7.25E 00 
2.13E 0 1  
1 -25 E'- 0 1 
1.84E-01 
1.01E-02 
2.52E-01 
1.14E 00 
7 .693-02  
3.91E-01 
4.30E 00 
1.243-03 
5 . 2 6 3 - 0 2  
8.74E- 02  
1.3312-01 
U. 33E-01 
1.65E-01 
2.51E-02 
2.75E-01 
5 .43E-02 
5.80E-02 
1 .03E  00 
1 .943-02  
2.32E-01 
1.77E-01 
4.10E-01 

3.35E 02 
U. U8E-OU 
2.74E- 04 
1.6213-01 
2.75E-03 
4.73E- 02 
2.81 E-01 
1.39E 00 
2.29E-01 
4.07E-01 
1.17E-01 
3.30E 00 
5.30E-02 
5.76E-02 
2.24E 00 
7.33E 00 
U.14E 00 
1.90E- 01 
8.69E-02 
8.35E-03 
4.97E 00 
1.85E 00 
2.87E 00 
7 .443  @O 
2. O l E  01 
1.30F-0 1 
1 .74E- 01 
9.85E-03 
2. 57E-01 
1.14E 00 
7.94E-02 
3.79E-01 
4.25P 00 
1.20E-03 
5.03E-02 
8.15E-02 
1.25F-01 
4. 15E-01 
1.57E- 01 
2.473-02 
2.77E-01 
5.36E- 02 
5.68E-02 
1.07E 00 
1.94E-02 
2.37P-01 
1.85E-01 
4.17E-01 

1 .86E  02  
2.56E-OU 
1 .44F-04  
9.3 4 E-02 
3 .13F-03  
2.7OE-02 
1.6 2 F-0 1 
9.011 F-0 1 
1 .31  E-01 
2.1 1 E-0 1 
R. 23E-02 
2 .85E  00 
4.00E-02 
5.57E-02 
2.16E 00 
4.05E 00  
2.55E 00  
1.86E-01 
6 .63  E-02 
7. W E - 0 3  
4.78F 00 
1 . 9 5 E  00  
2.U2P 00 
6 . 4 3 2  00 
1.25*: 01  
1. 379-01  
1.13E-01 
7.87 E-03 
2.57E-01 
1 .01E  00 
7 .97  E-02 
2. ROE-01 
3.65E 0 0  
1 .05E-03  
3.53E-02 
4.72E-02 
7 .7  2 E- 02 
2.R9E-01 
1.06E-01 
2.2 3 E-02 
2. 52E-01 
4.62F-02 
5.19E-02 
1.03E 00 
1.  R5F-02 
2.33 E-01 
1 .98E-01  
3.96E-01 

3.6432 0 2  
0.87E- O U  
3.21E-04 
1.85E-01 
2.04E-03 
5.47E-0 2 
3.06E-01 
1.57R 00 
2.73E-0 1 
4 .433-01  
1 .23E-01  
3.33Y 00 
5 .563-02  
5.86E-02 
2.21E 00  
7.81E 00 
U.3877 00  
1.90E-0 1 
9.1 OE-02 
8 .71E-03  
4.96E 00 
1.85E 00  
2.86E 00 
7.36E 00  
2.13E 0 1  
1.31E-0 1 
1 .84E-01  
1.03E-02 
2.62E-0 1 
1.16R 00 
7 .88E-02 
3.96E-01 
4.37E 00 
1.23E-03 
5 .283-02  
8 .683-02  
1 .33E-01  
U.36E-01 
1.66E-0 1 
2 .543-02  
2.8 1E- 0 1 
5 .S6E-02 
6.10E-02 
1.06E 00  
2.0 1E-02 
2.40E-01 
1.8 1E-  0 1 
4.232-0 1 

3.28E 0 2  
U . U l E - O u  
2.89E-04 
1.69E-0 1 
2.06E-03 
4.9RE-02 
2.773-01 
1.46E 00 
2 . 4 8 3 - 0 1  
4.0 1 E-0 1 
1.24E-01 
3.04E 00 
5 .593-02  
6.02E-02 
2.31E 00 
7 . 8 4 3  00 
U . U l E  00 
1.9 5E- 0 1 
9.1BE-02 
8.69E- 03 
9.16E 00  
1.91E 00 
3.00E 00 
7 . 7 5 3  00 
2.14E 0 1  
1.35E- 0 1  
1.86E-0.1 
1.04E-02 
2.683- 0 1  
1.19E 00 
8.12E-02 
4.01E-01 
4.443 00 
1.2 1 E-03 
5 . 3 1 3 - 0 2  
8.7 1E-02 
1 .33  E-0 1 
U.UOE-01 
1.67E-0 1 
2.553-02 
2.88E- 0 1  
5.6 2E-0 2 
5.98E-02 
l . l l E  00 
2.0 3E-0 2 
2.463-01 
1.87E- 0 1  
4.35E-0 1 

2.36E 0 2  
3.21E-04 
2.07E-0u 
1 .26F-01  
2.25E- 03 
3.71E-02 
2.03E-0 1 
1.15E 00 
1.88E-01 
2 .91E-01  
1.02E-01 
3.18E 00 
4 .793-02  
5.923-  02 
2 . 2 9 3  00 
5.81E 00 
3.43E 00 
1 .93E-01  
7 . 9  1E-02 
7. 88E-03 
5 . 0 9 E  00 
1.9313 00 
2.7UE 00 
7 .18E  00 
1 .68E  0 1  
1 . U OE- 0 1 
1. 48E-01 
9 .18E-03  
2.69E-01 
1 .11E  00 
8.18E-02 
3. U OE- 01 
4.10E 00 
1 .11E-03  
U. 39E-02 
6. 58E-02 
1.04E-01 
3.63E- 01  
1.36E-01 
2. 40E-02 
2.73E-01 
5.18E-02 
5 .70E-02 
1 .09E  00 
1 .983-02  
2. USE-01 
1.96E-01 
U.24E-01 
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Table B . l  (continued) 

L 

P 

. 
~ 

Cross 
s e c t i o n  Cross s e c t i o n ,  ba rns  - -. 

I so tope  type PWR-U PWR-PuU PUR-PUPU BWR-U B W R - P ~ ~ U  BWR-PUP"- 

N B -  9 3  4.32E-01 4.233-01 4.03E-01 4.32E-01 4.28E-01 U.17E-01 
NB- 9 4  
NB- 95 
MO- 9 4  
MO- 9 5  
MO- '46 
MO- 97 
MO- 98 
NO- 9 8  
MO- 99  
NO-100 
TC- 99  
RU- 99 
RU-100 
RU-101 
4n-102 
RU-103 
RU-IOU 
FlJ - 10 5 
RU-106 
BH-103 
FH-105 
PD-104 
PD-I OS 
PD-106 
PD-107 
PD-108 
PD-110 
AG-107 
AG-100 
AG-111 
CD-109 
CD-110 
CD-111 
CD-112 
CD-113 
CD-114 
cn-11s 
CD-116 
I N - 1  13  
IN-115 
SN-115 
SN-116 
SN-117 
SN-11A 
SN-119 
SN-119 
SN-120 
SN-122 
SN-123 

4 .283  00 
8.5113-01 
3.95E- 02 
4 . 2 2 3  00 
6.8713-01 
6.9%-01 
2.37E-01 
1 . 1 U E  00 
1.01E 00 
1.48E-01 
9.1UE 00 
4.31E 00 
7.80E-01 
2.95E 00 
2.62E- 0 1  
2.67E 00 
2.62E-01 
2.91E-01 
8.90E-02 
3.68E 0 1  
1.02E 03 
6.46E-01 
3 . 8 3 E  00 
2.75E- 01 
2 . 8 2 3  00 
7.09E 00 
2.59E- 0 1  
6.25E 00 
3.89E 0 1  
3 .46E  00 
2.64E-01 
2.2UE 00 
3.553 On 
6.33E-01 
4.OUE 0 3  
6.45E- 0 1  
8.22E 00 
1.05E-01 
7.03E 00 
9.61E 0 1  
4 . 5 5 E  00 
3.45E- 01 
7.62E-01 
2.27E-0 1 
3.02E-01 
1.09E-01 
5. &7E-02 
4.22E- 0 2  
1.08E-01 

4 . 3 3 3  00 
8.75F-01 
4.OhB- 02 
4.3hE 00 

7.05E- 01 
2.46E-01 
1.12E 00 
1.05E 00 
1.53E-01 
9.83E 03 
4.45E 00 
7.53E- 01 
3.08E 00 
2.58E- 01 
2.74E 00 
2.69E-01 
3.OOE-01 
Q .  10E-02 
3.75p 01 
9.80F 02 
6.71E- 01 
3.85E 00 
2.84F-01 
2.87E 00 
7.42E 00 
2.69E-01 
6.16E 00 
U.12E 0 1  
3.61E 00 
2.62E-01 
2.212 00 
3.46E 00 
6.41E-01 
3.67F 0 3  
6.83E- 01 
8 .35F  00 
1.07F-01 
7.22Y 00 
9.78E 01 
11.23F 00 
3.74F- 01 
7.80E-01 
2.36E-01 
2 .  92F-01 
1.03E-01 
5.95E-02 
4.22P- 02 
1.12E-01 

7 . 1 2 ~ - 0 1  

3.86E 00 
R.72E-01 
4 . 7 3  F-02 
3.91E 0 0  
7.13E-0 1 
6.55Q-01 
7.56 E-01 
1 . 0 6 F  00  
1 . 0 4 p  00 
1 .55F-01  
9.uSE 00 
4 . 4 4 3  00 
5.48F-01 
3.OUE 00  
2.20E-01 
2 .55F  0 0  
2 .69F-01  
3.15E-01 

2.69E 0 1  
5 . 9 7 f  02 
7.02E-01 
3.U2E 00 
2.  q5E-01 
2.59F 00  
7 . 2 9 F  00 
2.bOF-01 
4 . 6 3 E  0 0  
3.58F: 0 1  
3.70F 00 
2.3 4 E-0 1 
1 .85E 0 0  
2.60E 00  
5 .  RUE-01 
1 .73E  0 3  
7.16F-01 
7.46E 00  
1. 13E-01 
6.85F 00 
8 .21F  01 
2.2QE 00 
3.92E-01 

2. U9 5-0 1 
2.1 OE-01 
9.2 6 E-02 
5. 7QE-02 
3.73F-02 
1 .2  0 E-0 1 

9.1 9 ~ 4 2  

7.09 F-01 

4.79F 0 0  
8.79E-01 
4 .112-02  
4.30E 0 0  
7.10E-0 1 
7.14E-0 1 
2.47E-01 
1.12E 00  
1.05E 00  
1.53F-0 1 
9.70E 0 0  
4.46F 00 
7.87E-0 1 
3.05E 00  
2.66E-01 
2.74E 00  
2.71E- 0 1 
3.05E-01 
9.29E-0 2 
3.71E 0 1  
1.01P 0 3  
6 .70E-01  
3 .929  00  
2.R3E-0 1 
2 .88p  00  
7.35F 0 0  
2.70E-0 1 
6.33E 00 
3.959 0 1  
3.59E 00 
2.69!?-01 
2.28E 0 0  
3.59E 0 0  
6 .49E-01  
3.9gn 0 3  
6 .68E-01  
9.42E 00  
1.09F-0 1 
7.22E 0 0  
9 .79p  0 1  
4.51F 00  
3.57E-01 
7.90E-0 1 
2.33E-01 
3.0UE-01 
1.15E-01 
6.04E- 0 2  
4.29E-02 
1.13E-01 

4.51E OD 
9.06E- 01 
4.  18E-02 
4 . 5 3 3  00 
7.35E-01 
7 . 3 5  E-0 1 
2.543-01 
l . l l E  00 
1.08E 00  
1.57 E-0 1 
1.03E 0 1  
4.60E 0 0  
7.96 E-0 1 
3.18E 0 0  
2.69 E-0 1 
2.8SE 0 0  
2.78E- 0 1  
3.12E-01 
9.5 1 E-02 
3.93E 0 1  
1.0UE 0 3  
6.89E-0 1 
4.02E 00 
2.9 1E-01 
2.99E 00  
7.70E 00 
2.78 E-0 1 
6.47E 00  
u.29E 0 1  
3.73E 00 
2.71E-01 
2.31E 0 0  
3.64E 00  
6.66 E-0 1 
3.93E 0 3  
7.03E-0 1 
8.70E 00 
1 . l l E - 0 1  
7.47E 0 0  
1.02E 0 2  
U.53E 00 
3.85E-0 1 
8.12E-0 1 
2. U O E -  0 1  
3.09 E-0 1 
1.10E-01 
6.1UE-02 
4.39 E-0 2 
1.15E-0 1 

4.28E 00  
9.08E-01 
11. 36E-02 
4.29E 00 
7.4 1F- 01 
7 . 0  8 E -  01 
2.62E-01 
1.08E 00 
1.09E 00 
1 .60E-01  
1.01E 01 
4.65E 0 0  
6.7 1E-01 
3.19E 00  
2. 46E-01 
2 . 7 5 2  00  
2.80E-01 
3.22E-01 
9.59'Z-02 
3.17F 01 
7.9RE 02 
7 .  12E-01  
3.79F 00  
2.99E-01 
2.84E 00 
7.70E 00 
2.86E-01 
5.68E 00 
U.19F 01 
3.RlE 00  
2.54E-01 
2.10E 00 
3.13E 00 
6.3UE-01 
2.73E 0 3  
7. 28E-01 
8.21E 00  
1.1 UE- 01 
7 .31F  00 
9.02E 0 1  
3.33E 00 
b.00E-01 
7.73E-0 1 
2.50E- 01 
2. 59E- 01 
9.78E-02 
6.06E- 02 
4. 10E-02 
1.20E-01 
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T a b l e  B . l  ( c o n t i n u e d )  

I s o t o p e  

SN-124 
SR-125 
SN-126 
SE-121 
SB-123 
SE-12U 
SE-125 
SB-126 
TE-122 
TE-123 
TE-12U 
TE-125 
TE-126 
TE-127 
TE-128 
TE-129 
TF-130 
TE-132 
I -127 
I -129 
I -130 
I -131 
I -135 
XP-128 
XE-129 
XF-130 
XE-131 
XE-132 
XE-133 
X E-1 3 U  
XE-135 
XE-1 -?E 
CS-1.73 
CS-134 
CS-135 
CS-136 
CS-137 
BA-130 
EA-135 
E A - 1  36 
EA-137 
EA-13P 
EA-140 
LA-139 
L A - l U O  
CE-140 
CE- la1  
CE-142 
CE-143 
CE-1UU 

PWR-U 

2 .223-01  
5. 44E-01 
3.08E-02 
5.44E 00 
3.34E 00 
1.37E 00 
6.91E-01 
1 .87E  00 
2.42E 00 
1.73E 02  
8 .36E-01  
9.00E-01 
4.273-01 
2 .05E  00 
1.15E-01 
2.90E-01 
3 .583-02  
U.89E-OU 
4.85E 00 
3 . 2 2 3  00 
6.66E 00 
3.23E-01 
2.12E-03 
6. SUE-01 
8.45E 00 
6 .26E-01  
3 .05E  0 1  
1.02E- 01 
2.UUE 0 1  
U.U2E-02 
2 .453  05 
1 . 6 6 3 - 0 2  
1.07E 01  
1.68E 01  
2 . 3 9 3  00 
1.3UE 00 
2.56E- 02 
8.53E-01 
3.48E 00 
1.O2E-01 
5 .51E-01  
3 . 5 6 1 - 0 2  
5.28E- 0 1  
1.0UE 00 
2.21E 00 
6.31E- 02 
2 . 9 7 3  00 
1.06E-01 
1.75E 00 
1 . 4 9 3 - 0 1  

PWR-PuU 

2.35E-01 
5.65E-01 
2.88E-02 
5.81E 00 
3.6UE 00 
1.37E 00 
7.15F-01 
1.91E 00 
2.55E 00 
1 .73F  02 
7.98E-0 1 
Q.2UE-01 
4.35E-01 
2.06E 00 
1.17E-01 
2.91E-01 
3. UlP-02 
4. 71E-0U 
5.11E 00 
3.09E 00 
6.85E 00 
3.31F-01 
1.99F-03 
6. U6E-01 
8.5AE 00 
5.87E-01 
3.09E 01  
1.02E- 01 
2.36E 0 1  
U. 30F-02 
2.17E 05 
1.563-02 
1 . 1 0 3  0 1  
1.61E 01 
2.U3E 00 
1.40E 00 
2 55E- 02 
9.9UE-01 
3 . 5 9 3  00 
1.02E- 01 
5 .22E-01  
3. 32E-02 
5.38E-01 
1.00E 00 
2.31F 00 
5.94E- 02 
2.80E 00 
1 .009-01  
1.79E 00 
1. U5E-0 1 

Cross s e c t i o  
PWR-PuPu 

2.39E-01 
5. P3E-01 
1.76X-02 
5 .75F  00 
3.62F 00 
1.17E 00  
7.2 1 E-01 
1.76E 00 
2.55Y 00 
1.49E 02  
5. SUE-01 
9.20E-01 
4.19E-01 
1 .77E  00 
1.16E-01 
2.64-0 1 
2. 38F-02 
U. 26F-OU 
5.10E 0 0  
2.1OF 00 
6.UUY 00 
3.74E-01 
1.2UE-03 
5. 36 E-0 1 
fl.149 00 
3.52F-01 
2.75E 0 1  
9.94E-02 
1 .66E  0 1  
3.52F-02 
1 .00E  05 
9.6UE-03 

1.08P 01  
2 .16p  00 
1.U2F 00 
2.26E-02 
R. 5 U  E-0 1 
3.SUF 00 
9.1 SE-02 
3. 31F-01 
2.OlW-02 
5.04E-01 
6.63E-01 
2.33E 00 
3.84 E-02 
1. TOE 00 
6 .53F-02  
1.64E 00 
1. l l E - 0 1  

i . n 6 ~  0 1  

in, b a r n s  
BWR-U 

2.30E-0 1 
5.7 1E- 0 1 
3.06E-02 
5.58E 0 0  
3.U3F 0 0  
l . U l E  0 0  
7.15E-0 1 
1.92p 00 
2.51P 00  
1 .769  0 2  
8.39E-01 
9.3OE-01 
4.38E-01 
2.09E 00  
1 .18E-01  
2.98E-01 
7.60E- 02  
U. 75E- 00 
5.019 00 
3 . ? 4 4  0 0  
6.85' 00  
3 .34F-01  
2.09E- 0 3 
6.6UE- 0 1 
R.69F 00  
6.2UE- 0 1 
3.12F 0 1  
1.05E-0 1 
2.U5F 0 1  
U.89E- 0 2 
2 .413  05 
1.66E- 0 2 
1.09E 0 1  
1.68E 0 1  
2.U5F: 00  
1.39E 00  
2.63 E-0 2 
8 .76E-01  
3.60E 0 0  
1.05X-0 1 
5.50E- 0 1  
3.52E-02 
5.39E-0 1 
1.05V 00  
2.29E 0 0  
6.27E-02 
2.96E 00  
1.06E- 0 1 
1.80E 00  
1.51E-01 

BWR-PuU 

2 .423-01  
5. RRE-01 
3.06E-02 
6 .02E  00 
3.80E 00 
l . U U E  00 
7.38 E-0 1 
1.98E 00  
2.63E 00  
1.RDE 0 2  
8.44E- 0 1  
9 . 5 6 3 - 0 1  
4.49E-01 
2.15E 00 
1.19E-01 
3.04 E-0 1 
3.62E-02 
U.65E- 00 
5 . 2 9 3  00  
3 .273  0 0  
7.11E 00 
3.43 E-0 1 
2 .10E-03  
6.76E-01 
8.90E 00 
6.26E-01 
3.21E 0 1  
1.06E-01 
2.50E 0 1  
U.52E- 02  
2 . 3 5 3  05 
1.67E-02 
1.19E 0 1  
1.70E 0 1  
2.53E 00 
1.UUE 00  
2.68 E - 0 2  
9.28E- 01  
3.71E 00 
1.07 E-0 1 
5.55E- 0 1  
3 . 5 2 ~  02  
5 .54E-01  
1.06E 00 
2.383 00  
6.28 E-02 
2.983 00  
1.06E-01 
1.86E 00 
1.53E-01 

BWR-PuPu 

2.47E-01 
6 .03E-01  
2.36E-02 
6.07E 00 
3.83E 00 
1.32E 00 
7 .46E-01  
1 .91F  00 
2.65E 00  
1 . 6 3 E  0 2  
6 .94F-0  1 
9.60B-01 
4 .42E-01  
1.98E 00 
1.20E-01 
2 .83E-01  
2.98F-02 
U. 36E-00 
5 .33F  00 
2.67E 00 
6.92B 00 
3.4 1F-01  
1 .63E-03  
6.1 OE- 01 
8.76E 00 
4.8 1F-01  
3.0UE 01 
9 .92E-02  
2.08E 0 1  
U.05E- 02 
1 .63E  05  
1 .30E-02  
1 .15E  01 
1 .38E  0 1  
2 .39E '  00 
1.U7E 00 
2.5 1E-02 
9.1OF-01 
3.71E 00 
1 .0  1E-01 
4. 37E-01 
2.70E-02 
5 .36E-01  
8 .55E-01  
2.UlF 00  
4.98E-02 
2.30F 00 
8. U 7E- 02  
1 .78E  00 
1 .32E-01  
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Table B . l  (cont inued)  

PR-lU2 
PR-143 
ND-1112 
ND-103 
ND-144 
ND-lU5 
ND-146 
FD-147 
ND-la8 
ND-150 
PM-147 
PM-1UP 
PM-lU8 
PM-149 
P4-151 
SM-107 
SR-148 
sn -1u9  
SM-150 
SM-151 
SY-152 
SM-153 
SM-154 
EU-151 
EU-152 
EU-154 
EU-155 
EU-156 
EU-157 
GD-1511 
60-155  
GD-156 
GD-157 
GD-159 
GD-160 
TB-159 
TB-160 
DY-160 
DY-161 
DY-162 
DY-163 
DY-1611 
HO-165 
EB-166 
ER-167 
TF-232 
TH-232 
PA-233 
PA-233 

Cross 
s e c t i o n  Cross s e c t i o n ,  ba rns  

I so tope  type  PWR-U PWR-PuU PWR-PUPU BWR-U BWR-PULI BWR-PUPU 

PR- 1111 1.51E 00 1.45E 00 l . O u 2  00 1.51E 00  1.53E 00 1.28E 00 
5 . 5 9 3  00 5.71E 00 5 .13E  0 0  5.72E 0 0  5.963 00 5.65E 00 
1 . 2 1 3  01  
1 .71E  00 
2 . 8 7 3  0 1  
4 .7  13- 01 
9 . 3 5 3  00 
2.393-0 1 
2.01E 01 
8.67E-01 
6.43E-01 
6 .193  01 
1.17E 03 
2 . 9 2 3  0 3  
1.32E 02  
1 . 0 3 3  02  
2.39E 0 1  
1 . 1 4 3  00 
7 . 2 8 3  0 3  
1.53E 01 
7 .263  0 2  
7.56E 0 1  
8.98E 0 1  
1.52E 00 
7.41E 0 2  
1.91E 0 2  
1.29E 02  
3.66E 02  
7 . 3 8 3  0 1  
4.61E 01 
1.35E 0 1  
2.76E 03 
3 . 7 7 3  00 
1.17E 04 
1 . 7 9 3  00 
3.70E- 01 
1 . U 8 E  0 1  
6 . 8 6 3  0 1  
4 .943  01 
7 .62E  0 1  
7.45E 0 1  
4.82E 01  
1 . 9 4 3  02  
2.55E 01  
6 . 7 4 3  00 
2.13E 0 2  
3 .05E  00 
2.22E- 02  
1.23E 0 1  
1. U6E-01 

1.18E 01 
1.59E 00 
2.65E 01  
4.54E- 01 
9.35E 00 
2. 33E-01 
2.09E 01 
8.80E-01 
6 .62E-01  
6.61E 01 
1 . 2 2 P  0 3  
2.65E 0 3  
1.24E 02 
l . O f E  02 
3 . U 8 E  0 1  
1.16E 00 
6.UUE 0 3  
1.5UE 01 
6.75E 02 
A.22E 01 
9.3UE 01  
1.52E 00 
7.11E 02 
1.89E 02 
1.27E 02 
3 . 3 9 3  02 
7 .23F  0 1  
4.64E 01 
1.33E 0 1  
2.4RF: 03  
4 .00E 00 
1.05E O U  
1.93E 00 
3.77Y- 01 
1 . 5 3 F  01 
6.63E 01 
5.10E 01 
7.35E 01  
7.95E 01  
4 .833  01 
1.77E 02 
2.59E 01 
6.70E 00 
2.15E 0 2  
3.08p 00 
2.24F-02 
1.2UE 01  
1. U7E-0 1 

R.61E 0 0  
A. 65E-01 
1.U3F 0 1  
3.26F-0 1 
7 .8hE  00 
1.89E-01 
1.96E 01  
8. 30E-01 
6.50F-01 
6 .13F  01 
9.65E 0 2  
1.29E 0 3  
7.00E 01  
7 . u l F  01  
2 .32F  0 1  
1.12E 0 0  
3.02p 0 3  
1. l 9 F  0 1  
3.49P 02 
7 .uqF  0 1  
8.24E 0 1  
1 .37F  00 
u.09E 0 2  
1 .28F  0 2  
R.85E 01 
1.82E 0 2  
5.28F 0 1  
3.R4F 01 
1.0UF 0 1  
1 .15E  0 3  
4.18E 00  
u . @ 2 ?  03  
1.92E 00 
3.72 E-01 
1.U7E 0 1  
u.56E 01  
4 .95E  01  
5 .23F  0 1  
7 . u l F  0 1  
4.22E 01  
R.6UE 0 1  
2-39)?  0 1  
5 .45F  0 0  
1 . 5 0 2  0 2  
2.93E 00 
2.51 E-02 
1 . 1 3 F  0 1  
1.65E-01 

1 .22F  0 1  
1.69F 00  
2.8UE 0 1  
4 .733-01  
9.u8F 0 0  
2. U 1E- 0 1 
2.05r: 0 1  
8 .96F-01  
6.65E-0 1 
6.28E 0 1  
1.194 0 3  
2.89E 0 3  
1 .32E  0 2  
1.0UF 0 2  
2.05E 0 1  
1.17E 0 0  
7.19E 0 3  
1.542 0 1  
7.16E 0 2  
7.67F 0 1  
9.11E 0 1  
1 .564  00 
7 .369  0 2  
1.927 0 2  
1.29E 0 2  
3.62E 0 2  
7.42E 0 1  
4 .674  0 1  
1 .369  0 1  
2.71E 0 3  
3.93F 0 0  
1.15E 0 4  
1.85E 00 
3.R2E-01 
1.53E 0 1  
6.R8F 0 1  
5 .08E 0 1  
7.664 0 1  
7 .567  0 1  
4.91E 0 1  
1 .912  0 2  
2.61E 0 1  
6.85E 00  
2.15E 02  
3.20E 00  
1.793-02 
1.28E 01  
1 .19P-01  

- 

1.25E 0 1  1.06E 0 1  
1.70E 00 1.25E 00 
2.8UE 0 1  2.09E 01 
4.78E-01 3 . 9 9 2 - 0 1  
9.773 00 8.91E 00 
2.aUE-01 2.16E-Ol 
2.18E 0 1  2.12E 0 1  
9.08E-01 8.8 1E-01 
6.85E-01 6.82E-01 
6.90E 0 1  6 . 6 9 E  0 1  
1.27E 03  1.09E 0 3  
2.RUE 0 3  1.99F 03 
1.32E 02  9.90E 0 1  
1.07E 0 2  9.07F 0 1  
2.58E 01  2.51E 01 
1.20E 00  1.18E 00 
6.94E 03  4.84E 0 3  
1.63E 0 1  1.U2F 01  
7.30E 0 2  5.27E 0 2  
8 .673  01  8.34F 0 1  
9.78E 01  9.23E 01 
1.59E 00 1.50E 00 
7.58E 02 5.71E 0 2  
2.00E 0 2  1.61E 02 
1.34E 0 2  l . l O E  0 2  
3 .633  0 2  2.66E 0 2  
7 .623  01  6.43F 01 
4.853 0 1  4.37E 0 1  
1.41E 0 1  1.23E 0 1  
2.69E 03  1 .88E  03 
4.13E 00 4.29E 00 
1.14E 0 4  7.91E 0 3  
2.00E 0 0  2.02E 00 
3.90E-01 3.88E-01 
1.58E 01  1.57E 0 1  
7.02E 01  5.74E 01 
5 . 2 8 3  0 1  5.24E 0 1  
7.77E 0 1  6 .472  0 1  
8.293 01  8.05E 01 
5.03E 0 1  4.64E 0 1  
1.91E 0 2  1.35E 0 2  
2.70E 0 1  2.60E 01 
7.01E 00  6 . 2 8 3  00 
2 .253  0 2  1 .872  0 2  
3.17E 00 3.11E 00 
1 .81  E-02 1.96E-02 
1.28E 0 1  1.20E 0 1  
1.20E- 0 1 1 . 3  OE- 01  

.- 
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Table B . l  (continued) 

Cross 

Isotope 

PA-233 
U -233  
U -233 
U -234 
U -234 
U -235 
U -235  
U -236 
U -236 
TJ -237 
U -237 
U -238 
U -238 
U -239 
U -239 
rJ -240 
U -240 
NP-231 
NP-237 
NP-238 
NP-238 
PU -236 
PO-236 
PU-238 
PU-238 
PU-230 
PU-239 
PI1 -240 
PU-240 
PU-2111 
PW -24 1 
PU-242 
PU-202 
PU-243 
PU-243 
AM-201 
AM-241 
Am-241 
AM-202 
AM-242 
An-242 
All-202 
AM-243 
AM-243 
AM-203 
CM-242 
CM-242 
CM-243 
CM-243 
CM-244 

- - .- 

section Cross section, barns 
PWR-U PWR-PuU PWR-PUPU BWR-U BWR-PuU BWR-PUPU type 

N . GX 1.23E 01 1.24E 01 1 . 1 3 2  0 1  1.28E 0 1  1.28E 0 1  1.20E 01  
7 . 5 8 3  00 7.10E 00 5.08F 00 7 .842  00 7 .41E  00 6 . 1 3 E  00 
6.13E 0 1  5 . 7 1 E  01 3.68E 0 1  6 . U 4 E  0 1  5 .983  0 1  0.70E 01 
1.92E 01  
4.50E-01 
1.05E 0 1  
4.67E 0 1  
7.54E 00 
1 .97E-01  
4 .423  01  
2.32E-01 
9 .02E-01  
1.00E-01 
3 . 7 2 3  00 
1.54E 00 
5 .45E-  01  
7 .29E-02 
3.21E 0 1  
5.24E-01 
1.79E 01 
1.78E 02 
2.04E 0 1  
2.06E 0 1  
3.07E 0 1  
2.46E 00 
5.86E 01  
1.06E 0 2  
1.04E 0 2  
5.843-01 
3.87E 0 1  
1.18E 02 
2.94E 0 1  
4. 58E-01 
2.59E 01 
2.09E 01  
9.92E 0 1  
1.32E 00 
1.23E 01 
1 . 8 9 E  0 1  
1.71E 02 
1 . 5 5 E  02  
7 . 7 0 E  02 
1 i 9 0 E  00 
3 .573-01  
3 .61E 0 1  
5 . 4 8 3  00 
2 .20E-01  
9 . 9 2 3  00 
9 .763  01  
3 .44E  00 

1.99E 01 
4.42E-01 
9.96E 00 
4.32P 01 
8.2RE 00 
1.9UF-01 
3.9577 01 
2.14E-01 
9 .373-01  
9.88E-02 
3 . 5 3 3  00 
1.39R 00 
5.41E- 01 
7.36E-02 
3.20E 01  
5.15F- 01 
1.58E 01 
1.57E 02  
1.89E 01 
1 .91E  01 
3.15E 01  
2.38E 00 
5.73R 01 
1.02E 02  
1.37E 02 
5.84E- 01 
3.63E 0 1  
1.11F: 02 
3.02E 01 
4. 50R-01 
2.31E 01 
1 .91F  01 
9.9FE 01 
1.33E 00 
1.23E 01 
1.72E 01 
1.55E 02 
1.34E 02 
6 .71F  02  
1.97E 00 
3.51E-01 
3.74E 01 
5 .58F  00 
1.99E-01 
9.71Y 00 
9.45B 01 
3.49E 00 

1 .72E  01 
4.91 E-01 
6.0OF 00 
2.27E 01  
8 . 4 9 E  00 
2.17E-01 
2 . 2 5 3  01 
1 .4 4 E-0 1 
8. 72E-01 
1.1 OE-01 
2 .65E  00  
8.56E-01 
4.97F-01 
R. 25 E-02 
2.u2E 0 1  
5.71E-01 
8.42R 00  
% 2 9 E  01  
1 - 3 1 ?  01  
1.34E 01  
1.53R 0 1  
2 .037  00 
2 . 6 0 9  0 1  
0 . 6 0 F  0 1  
4.39E 01 
6.22E-01 
1.67E 0 1  
5 . 4 5 E  01 
2 . 3 9 E  0 1  
5.00 ?-0 1 
1.31E 01 
1 . 2 4 E  01  
5 . 7 6 F  0 1  
1 .08E  00 
7 .12E  00  
8 . 0 I E  0 0  
7.32E 01  
6 . 4 1 F  01  
3.31E 0 2  
1 .52F  00 
3.91 E-01 
2.90E 0 1  
5 . 0 5 s  00  
8.R2E-02 
7 .16E  00 
6.43E 01  
3 . 1 7 E  00 

2 .09p  0 1  
3.97E-0 1 
1.12E 0 1  
5.00E 0 1  
8.25E 0 0  
1.65P;- 0 1 
4 .58E 0 1  
2.41 E-0 1 
9 . 1 9 F - 0 1  
8.08E-02 
3.87R 00 
1.57F 00  
5.68E-01 
5 .91  E-02 
3 . 4 l E  0 1  
4.61 E-0 1 
1 .85P  0 1  
1.RUF: 0 2  
2.11v 0 1  
2.14E 0 1  
3.73E 0 1  
2.49E 00 
6 .31F  0 1  
1.10E 0 2  
1 .11F  0 2  
5.27E-01 
0.15E 0 1  
1.26E 0 2  
3.05E 0 1  
3.9713-0 1 
2.68E 0 1  
2.17E 0 1  
1.07E 0 2  
1.31E 00  
1.32E 0 1  
2.02E 0 1  
1.83E 0 2  
1 .59F  0 2  
7.923 0 2  
2.02E 00  
3.04P-0 1 
3.RUQ 0 1  
5.81E 00 
2.36E-01 
1.05E 0 1  
1.04F: 0 2  
3.65R 00  

2.04E 0 1  
4.02 E-0 1 
1.03E 0 1  
4 . 4 9 3  0 1  
8 . 3 8 3  00 
1.67E- 0 1 
4.15E 0 1  
2.24 E-0 1 
9.03E- 0 1 
8 .18E-02  
3 . 6 8 3  00  
1.03E 00 
5.60 E-0 1 
5.9813-02 
3.30E 0 1  
4 . 6 8 3 - 0 1  
1.67E 0 1  

.1.65E 0 2  
1.97E 0 1  
2.00E 0 1  
3.293 0 1  
2.38E 0 0  
5-92!?, 0 1  
1.06E 0 2  
1 .36E  0 2  
5 .393-01  
3.783 0 1  
1.15E 0 2  
3.10E 0 1  
0.02E- 01  
2 . 4 3 3  0 1  
2.00E 0 1  
1.03E 0 2  
1.30E 00 
1 . 2 7 3  0 1  
1.8OE 01  
1.62E 0 2  
1.42E 0 2  
7.09E 0 2  
2.02E 00 
3.08E-0 1 
3.8UE 0 1  
5.72E 00  
2.09E-0 1 
1.00E 0 1  
9 . 7 8 3  0 1  
3 . 5 9 3  00 

1.88E 0 1  
4.30E-01 
8.13E 00 
3.20E 01 
8.62E 00 
1.79E- 01 
3.10E 01  
1.8 1E-01 
8.72E- 01 
8.81E-02 
3.13E 00 
l . l O E  00 
5.34E-01 
6. USE-02 
2 .803  01 
U.99E-01 
1.20E 0 1  
1 .19F  02 
1.62E 01  
1.65E 0 1  
2.26E 01 
2.16E 00 
3 .85F  0 1  
6.92E 01 
5.26E 01  
5.54E-01 
2.50E 01 
7.88E 01 
2.45E 0 1  
0. 31E-01 
1.81E 01  
1.59E 0 1  
7 . 3 6 3  01 
1.12E 00 
9.1oF: 00 
1.22E 01  
1 . lOE 02 
9 .80E  0 1  
4.96E 02 
1.6UE 00 
3 .30E-01  
3.12E 01 
5.00E 00 
1.38E-01 
8 . 3 4 E  00 
7 .78E  01  
3.41E 00 

-. 
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Table B . l  (continued) 

Cross 
s e c t i o n  Cross s e c t i o n ,  ba rns  

I so tope  type  PWR-u PWR-PuU PWR-PUPU BWR-U BWR-PULI BWR-PuPu 

CM-240 N , F  8.53E-01 8.U3E-01 9.02E-01 7.79E-01 7 . 8 4 E - 0 1  8 .18E-01  
CM-2'05 N , G  1 . 8 U E  0 2  1.59E 02 7.08F: 0 1  1-90)?  0 2  1.68E 0 2  1.16E 02 
CM-245 N , P  1.72E 02 1.51E 02 7.89E 01 1.77E 0 2  1.59E 0 2  1.14E 0 2  
CM-2u6 N , G  1.32E 00 1.3UE 00 1.3uE 0 0  1 . 3 7 3  00 1.3RE 00 1.39E 00 
CM-206 N , F  4. 90E-01 U.SUE-01 5. U6E-01 U.27E-01 4.31E-01 4.60E-01 
CB-247 N , G  1 . 3 3 E  0 1  1 .19p  01 7.03P 00 1.37F: 0 1  1 .25E  0 1  9.49E 00 
CN-207 N , F  9 .363  00 8 . 6 6 F  00 5 .90F  00 9 . 6 9 1  00 9.05E 00 7.38E 00 
CH-2a8 N , G  4.02E 00 U.13E 03 4 .21p  00 0.21E 0 0  U.24E 00 0.34E 00 
CM-248 N , F  5.70E-01 5.7%-01 6.78P-01 5.26E-0 1 5.32E-01 5.62E-01 
BK-au9 N , G  1.75E 02 1.59E 02 9 . 7 5 F  0 1  1.81F: 0 2  1.67E 0 2  1 . 2 8 F  0 2  
CF-209 N , G  2.17E 0 2  1.98E 0 2  1 .15F  0 2  2.25E 0 2  2.07E 0 2  1.55E 02 
CF-249 N , F  1.74E 02 1 . 5 9 E  02 9.56E 01 1.80E 0 2  1 .67E  0 2  1.26E 0 2  
CF-250 N , G  1.48E 0 2  1.30E 0 2  €.U8E 0 1  1.53F 0 2  1.37E 0 2  9.64E 0 1  
CF-?c.l N , G  6 . 3 2 E  0 2  5 . U 8 E  0 2  2.58F 0 2  6 - 5 3 ?  0 2  5.79E 0 2  3.99E 02 
CF-251 N , F  4.06E 0 2  3.54E 02 1.71E 02 4.199 0 2  3.74E 0 2  2 - 6 0 ?  0 2  
CF-252 N , G  5 . 1 1 E  00 U.56E 00 2.62E 00  5.29F. 0 0  4.80E 00  3.59E 00 
CF-252 N , F  4 .34E  00  0.OC-E 00 2.q7E 00 U.51E 00 U.2UE 00 3.55E 00 
CF-257 N , G  9.19E 0 1  7.96E 01 3.77E 01 9.49E 0 1  8 . 4 2 3  0 1  5.81E 0 1  
CF-253 N ? F  1 . 1 3 E  0 2  1.01F; 02 5 . 9 2 e  0 1  1.17F 0 2  1.06E 0 2  8.01E 0 1  
CF-250 N , G  9 .20E  00 5.13E 00 U . 3 8 F  0 0  9-51? 00  8.57E 00 6.23E 00 
ES-253 N , G  2.02E 01 1.96F 01 1.61E 0 1  2.10F 0 1  2.04E 0 1  1.83E 0 1  
ES-253 N , G X  1.UOE 0 1  1.37E 0 1  1 .12F  0 1  1.U6E 0 1  1.41.E 0 1  1 . 2 7 s  0 1  
1 /v N ? G  9.1913-02 8 . 1 2 P - 0 2  u.2RE-02 9.TiOE-02 8 .563-02  6.15F-02 
N , G  = ( N , G A M B A )  T3 A G R O U N D  STATE 
N,F = ( N , F I S S I O N )  
N , G X  = ( N , G A M U A )  T3 A N  E X C I T E D  STATE 
N , A  = ( N , A L P H A )  
N,P = ( N , P R O T O N )  
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APPENDIX C: 

PLOTS AND LISTINGS OF SELECTED BURNUP-DEPENDENT 

CROSS SECTIONS FOR ORIGEN 
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.- 
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Table C . l .  Cross sections as  a function of burnup for a PUR-U 

Cross 
sectiona 

B,G .1.9UE 01 1.93E 01 1.9UE 01 1 -9UE 01  1 .9UE 01 1 .9UE 01 1.93E 0 1  1.93E 01 1.93E 01  

Cross sections (barns) for fuel burnup [MWd(t)/g-atom heavy metal present] of: 
Nuclide type - 0.0 0.571 ' 1.151 1.738 2.329 2.923 2.923 3.461 3.995 

0235 
0235 
0236 
0238 

NP237 
F@23R 
€ 0 2 3 8  
€0239 
€0239 
F02UO 
F02U1 
€0241 
€0242 
An241 
An241 

AM243 

cn2uu 

n u 4 3  

c m u 2  

023U 
0235 
0235 
0235 
0238 

NF237 
€0238 
€0238 
PO239 
€0239 
e0240 
€0241 
€0241 
€0242 
nn2ui 
An241 
An243 
A M ~ U ~  
C M ~ W  
c n 2 w  

1.03E 01 

7.69I 00 
e. 88E-01 
3.291 0 1  
3.31E 01 
'L.4CE 00 
6.56E 01 
1.15I 02 
1.85E 02 
4.03E 01 
1.21E 02 
2.94E 0 1  
1.091 02 
1 . 3 5 E  01 
1.91E 00 
3.CUE 0 1  
5.92E 00 
3.UOI 00 

4 . w  01  
1.02E 01  1.02E 0 1  
4.55E C 1  4.533 01 
7 .71E 00 7.733 00 
8.88E-01 8.89E-01 
3.273 01  3.26E 01 
3-29E 0 1  3.28E 01 
2.40E 00 2.39E 00 
6.52E 01 6.49E 01 
1.15E 02 l . l U E  02 
1 - 8 u E  02 1-83)?, 02 
U - O O E  0 1  3.983 01  
1.21E 02 1.20E 02 
2.953 01 2.96E 01 
1 . O 8 E  02 1.082 02 
1-38)? 01 1.33E 01 
1.91E 00 1.90E 00 
3.623 01 3.61E 01 
5.43E 00 5 .43E 00 
3.uOE 00 3.UlE 00 

1.02E 01  1.02E 01 
4.533 01 4.533 01 
7.75E 00 7.763 00 
8.90E-01 8 -90 E-0 1 
3.261 0 1  3.25E 0 1  
3.273 0 1  3.28E 01 
2.39E 00 2.39E 00 
6.483 01 6-48)?, 0 1  
1.1UE 02 1.lUE 02 
1 . 8 1 E  02 1.ROE 02 
3.983 01 3.98E 01 
1.20E C2 1.2OE 02 
2.963 01 2.97E 01 
1 .08E 02 1 . 0 8 E  02 
1.33E 01 1.33E 01 
1.89E 00 1.88E 00 
3.593 01 3.573 01 
5.44E 00 5.443 00 
3.4lE 00 3.41E 00 

1.02E 0 1  
4.53E 01 
7.77E 00 
8.9lE-01 
3.263 01 
3.283 01  
2.UOE 00 
6.49E 01 
1 . 1 U E  02 
1.79E 02 
3.983 01  
1.2OE 02 
2.97E 01  
1.08E 02 
1.33E 01 
1.87E 00 
3.553 0 1  
5.453 00 
3.42E 00 

- 
1 . 0 U E  0 1  1.OUE 0 1  1.03E 01  
4.66E 01  4.63E 01 4.61E 01 
7.57E 00 7.59E 00 7.61E 00 
8.9UE-01 8.9UE-01 8.953-01 
3.321 0 1  3.31E 01  3.30E 01 
3.42E 01 3.UOE 0 1  3.383 01 
2.43E 00  2.U3E 00 2.43E 00 
6.21E 0 1  6.17E 0 1  6.14E 0 1  
1.11E 02  l . l O E  02  l . l O E  02 
1.30E 02  1.292 02 1.29E 02  
3.963 0 1  3.933 01  3.92E @ l  
1.2OP 02 1.19E 02 1.19E 02  
2.93E 0 1  2.9UE 01 2.95E 01 
1.OSE 0 2  1.05E 02  1 . 0 4 E  02 
1.30E 0 1  1.29E 01 1.29E 0 1  
1.95E 0 0  1.9UE 00 1.93E 00 
3.70E 0 1  3.683 01 3.66E 0 1  
5.45E 0 0  5.45E 00 5.463 00 
3.423 00 3.42P 00 3 . 4 3 3  0 0  

Cross sections (barns) for  fuel burnup [MWd(t)/g-atom heavy metal present] of: 
U.528 5.061 5.593 5.593 6.077 6.558 7.038 7.518 8 . 0 0 0  

N , G  i x ~  ri-cnn%d~ ~ ~ T E - W C T ~ F  ar ~ . v ~ ~ T ~ . ~ ~ E - o ~ ~ ~ ~ ~ E - o ~  7.m ~ i 7 m - ~ - m  
N , G  1.03E 01 1.03E 0 1  1.OUE 0 1  1.06E 01 1.06E 0 1  1.06E 0 1  1.06E 01  1.06E 01 1.06E 01 
PIsS U.61E 0 1  U.61E 0 1  U.61E 0 1  u.78E 0 1  4.753 01 4.733 01 U.73E 01 4.733 01 9.733 01 
N , G  7.63E 00 7.64P 00 7.653 0 0  7.51E 00 7.533 00 7.55E 00 7-56E 00 7-58E 00 7-591 00 
R , G  8.96E-01 8.963-01 8.973-01 9.03E-01 9.03E-01 9.0UE-01 9.04E-01 9.05E-01 
N , G  3.30E 01 3.293 01 3.29E 01 3.33E 01 3.323 01 3-31E 01 3-30E 01  3.30E 01 
N , G  3.383 01  3.383 0 1  3.38E 0 1  3.591 0 1  3.52E 01 3.50E 01 3.50E 01 3.50E 01 
PISs 2.U3E 00 2.U3E 00 2.U3E 00 2.U7E 00 2.47E 00 2.47E 00 2.46E 00  2.463 00 
A , G  6.13E 01 6.13E 01 6.10E 0 1  6.11E 0 1  6.06E 0 1  6.0UE 0 1  6.03E 0 1  6.0373 01 
FISC l . l O E  02  l . l O E  02 l . l O E  02 l . l O E  02 l . l O E  02  1.09E 02 1.09E 02 1.09E 02 
N , G  1.28E 02 1.27E 02  1.26E 02 1-07E 02 1-07E 02 1-06E 02 1-05E 02 1.OSE 02 
N,G 3.91E 01 3.91E 0 1  3.923 0 1  3.99E 01 3.963 01 3.9UE 01 3.94E 01 3.94P 01 
PISS 1.19E 02 1.19E 02 1.19E 02  1.21E 02 1.21E 02 1.20E 02 1.20E 02 1.20E 0 2  
N I G  2.953 01 2.963 01 2.96E 01 2.89E 01 2.90E 0 1  2.91E 01 2.91E 0 1  2.923 01 
N,G 1.04E 02 1.OUE 02 1.OUE 02 1.04E 02 1.03E 02 1-03E 02 1-02E 02 1.02E 02 
B G E X  1.28E 01 1.28E 01 1-28E 01  1.28E 01  1.27E 0 1  1.27E 01 1-27)?, 01 1.26E 01 
N e G  1.92E 00 1.91E 00 1-90!? 00 1.96P 00 1-95E 00 1.90E 00 1-93E 00 1-92E 00 
N G E X  3.6OE 01 3.633 0 1  3.61E 01 3.721 01 3.71E 0 1  3.693 0 1  3.67E 01 3.653 01 
N , G  5.473 00 5.473 00 5.483 00 5.49E 00 5.50E 00 5-50E 00 5 . 5 1 E  00 5.521 00 
N , G  3-43E 00 3.43E 00 3-44E 00 3.U5E 00 3-USE 00 3.U6E 00 3.463 00 3.46E 00 

9.06E-01 
3 . 3 0 E  01 
3.50E 01  
2.473 00 
6.OUE 01 
1.09E 02 
1.OUE 02 
3.943 0 1  
1.20E 02 
2.923 01 
1.02E 02 
1.26E 01 
3.633 1.91E 00 01  

5.52E 00 
3.46E 00 

aN,G = ( n , g a m )  to  a ground s ta te ;  NGEX = (n,gamma) to an excited s ta te ;  FISS = (n,fission). 
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Table C.2. Cross sections as a function of burnup for a PWR-PuU 

Cross 
sectiona Cross sections (barns) for fuel burnup [MWd(t)/g-atom heavy metal present] of: 

Nuclide type 0.0 0.85U 1.662 2.U20 3.136 3.821 3.821 U.299 4.786 
0234 N , G  2.03E 01 2.01E 01 2.01E 01 2.01E 01 2.01E 01 2.OlE 01 1.9JE 0 1  2.00E 01 2.008 01 
0235 
0235 
0236 
0238 

NP237 
PO238 
PO238 
P0239 
P02.39 
PO240 
PO241 
P02U1 
PU2U2 

AU241 
nn24i 

nn243 
nu2u3 
cn2u2 
cu2uu 

0234 
0235 
0235 
02 36 
0238 

NP237 
P0238 
PO238 
PO239 
PO239 
P02UO 
P0241 
PO241 
P02U2 

An241 
nn2ui 

~ n 2 4 3  
hn2U3 
cnzw 
cu24u 

N , G  1.05E 01 1.02E 01 1.01E 01 9.99E 00 9.943 00  9.93E 00 9.993 00 9.98E 0 0  9.98E 00 
PISS u.66E 01 U.50E 01 U - U O E  01 4.353 01 4.323 01 4.30E 01 4.33E 01 4.32E 0 1  4.32E 01 
N , G  8.16E 00 8.233 00 8.283 00 8.333 00 8.36E 00 8.383 00 8.28E 00  8.30E 0 0  8.31E 00 
N , G  9.32E-01 9.30E-01 9.31E-01 9.323-01 9.33E-01 9.3UE-01 9.38E-01 9.39E-01 9.39E-01 
N,G 3.351 01 3.28E 01 3.23E 01 3.21E 01 3.19E 01 3.18E 01 3.21E 01 3.20E 01 3.20E 01 

- N , G  3.393 01 3.263 01 3.19E 01 3.15E 01 3.12E 01 3-12E 0 1  3-16F 01 3-16E 01 3-15? 01 
F I S S  2.U2E 00  2.UOE 00 2.38E 00 2.373 00 2.373 00  2.37E 00 2.393 0 0  2.38E 00 2.38E 00 
N , G  6.61E 01 6.36E 01 6.20E 01 6.12E 01 6.07E 01 6.05E 01 5.75E 01 5.74E 01 5.7UE 01 

< P I S S . l . l 6 E  02 1.12E 02 1.09E 02 1.08E 02 1.07E 02 1.06E 02 1.02E 02 1.02E 02 1.02E 0 2  
N , G  1.95E 02 1.94E 02 1.91E 02 1.871 02 1.85E 02 1.83E 02 1.37E 02  1.36E 02 1.35E 02 
N , G  U.07E 01 3.91E 01 3.823 01 3.763 01 3.741 01 3.73E 01 3.6UE 0 1  3.64E 01 3.64E 01 
PISS 1.22E 02 1.18E 02 1.1SE 02 1.14E 02 1.13E 02 1.13E 02 1.11E 02  1 . l l E  02  1 . l lE  02 
N , G  2.9UE 01 2.973 01 2.993 01 3.00E 01 3.02E 01 3.03E 01 3.02E 01 3.02E 01 3.03E 01  
N,G ?.llI? 02 1.08E 02 1.05E 02 1.0UE 02 1.03E 02 1.03E 02 9.99E 01 9.97E 01 9.95E 0 1  
A G E X  1.37E 01 1.33E 01 1.30E 01 1.29E 01 1.28E 01 1.27E 01 1.23E 0 1  1.23E 01 1.23E 01 
N , G  2.00E 00 1.99E 00 1.97E 00 1.94E 00 1.92E 00 1.91E 00 1.97E 00  1-96!!, 00 1.S5E 0 0  
N G E X  3.80.E 01 3.783 01 3.7UE 01 3.69E 01 3.65E 01 3.62E 01 3.75E 01 3.73E 01 3.71E 01 
N , G  5.563 00 5.553 00 5.563 00 5.563 00 5.57E 00 5.58E 00 5.593 00 5.60E 00 5.60E 0 0  
N , G  3.U8E 00 3.U8E 00 3.U7E 00 3.U8E 00 3.U8E 00 3.U8E 00 3.U9E 00 3.50E 00 3.50E 00 

Cross sections (barns) for fuel burnup [MWd(t)/g-atom heavy metal present] of: 
5.281 5.78U- 6.290- 6.290 6.556-6,85_5- 7.189- - L 5 5 U  7,9u3, 

N , G  ~ l ( T r l . ~ O ~ O l  ?.YE: O l T . 6 2 E 7 1 7 . 0 2 E  01 2.02E 01 2702E 01 2.02E 01 2.02E 0 1  
N , G  '3.993 00 1.00E 01 1.00E 01 1.02E 01 1.02E 01 1.02E 01 1.02E 01 1.03E 01 1.03E 01 
PISS 4.32E 01 4.33E 01 U.34E 01 U . U U E  01 U . U U E  01 U.U5E 01  U.U5E 01  U.U6E 01 U.U8E 01 
N , G  8.323 00 8.33E 00 8.33E 00 8.31E 00 8.31E 00 8.31E 00 8.31E 00 8.31E 00 8-31E 00 
N,G 9.UOE-01 9.UlE-01 9.41E-01 9.51E-01 9.51E-01 9.51E-01 9.51E-01 9.52E-01 9.52E-01 
N e G  3.19E 01 3.20E 0 1  3.20E 01 3.233 01 3.23E 01 3.233 01 3.233 01 3.23E 01 3.24E 01 
N , G  3.16E 01 3.16E 01 3 . 1 7 ~  01 3.263 01 3.263 01 3.273 01 3.273 01 3.283 01 3.293 01 
PIss 2.39E 00 2.39E 00 2.39E 00 2.UlE 00 2.U2E 00 2.U2E 00 2.U2E 00 2.U2E 00 2.U2E 00 
N , G  5.7UE 01 5.75E 01 5.773 01 5.71E 01 5.72E 01 5.72E 01 5.733 01 5.75E 01 5.77E 0 1  
PISS 1.02E 02 1.02E 02 1.03E 02 1.02E 02 1.03E 02 1.03E 02 1.03E 02 1.03E 02 1.04E 02 
N , G  1.3UE 0 2  1.3UE 02 1.33E 02  1.14E 02 l . ? U E  02 1.13E 02 1.13E 02 1.13E 02 1.12E 02 
N , G  3.643 01 3.65E 01 3.663 01 3.68E 01 3-69E 01 3.69E 01 3.70E 01 3.71E 01 3.72E 01 
PISS 1.11E 02 1.11E 02 1.11E 02 1.12E 02 1.13E 02 1.13E 02 1.13E 02 1.13E 02 1.13E 02 
N , G  3.03E 01 3.03E 01 3.0413 01 3.02E 01 3 . 0 2 ~  01 3.02E 01 3.01E 01 3.01E 01 3.01E 01 
N , G  9.95E 01 9.96E 01 9 . 9 7 ~  01 9.92E 01 9.933 01 9.933 01 9.9UE 01 9.95E 01 9.97E 01 
N G E X  1.23E 01 1 . 2 3 ~  01 1 . 2 3 ~  01 1.23E 01 1 . 2 3 ~  01 1.23E 01 1.23E 01 1.23E 01 1.23E 01 
N,G 1.94E 00 1.93E 00 1.92E 00 1.97E 00 1.97E 00 1.96E 00 1.96E 00 1.95E 00 1.95E 0 0  
N G E X  3.693 01 3.673 01 3.66E 01 3.75E 01 3.7UE 01 3.73E 01 3.72E 01 3.71E 01 3.70E 01 
N , G  5.61E 00 5.61E 00 5.62E 00 5.673 00 5.67E 00 5.67E 00 5.673 00 5.678 00 5.67E 0 0  
N,G 3.50E 00 3.51E 00 3.51E 00 3.5UE 00 3.5UE 00 3.5UE 00 3.5UE 00 3.5UE 00 3.54E 00 

aN,G = (n,ga-) to a ground state; NGEX = (n,gama) to an excited state; FISS = (n,fission). 
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Table C.3. Cross sections as a function of burnup for  a PWR-PuPu 

0235 
0235 
0236 
0238 

NP237 
F0238 
F0238 
F0239 
F0239 
PO290 
F0241 
F0241 
F02U2 

A1241 
~ 1 2 4 1  

nn243 
~ 1 2 4 3  
c n 2 w  
cnzuu 

0234. 
0235 
0235 
0236 
0238 

NF237 
P0238 
€0238 
PO239 
PO239 
€0240 
€0241 
F0241 
€0242 
A1241 
An241 
nu243 
30243 
~ 0 2 4 2  
cn2uo 

Cross 
sectiona Cross sections (barns) for  fuel burnup [MWd(t)/g-atom heavy metal present] of :  

Nuclide type 0.0 0.306 0.653 1.042 1.469 1.929 1.929 2.455 2.997 
R,G 1.66P 61 1.66E 01 1 .66E 01 1.66E 01 1.66E 01 1.67E 0 1  1.72E 01 1.73E 01 1.73E 01 
N,G 5.95E 0 0  5.973 00 5.991 00 6.02E 00 6.06E 00 6.10E 00 6-44!? 00 6.50E 00 6.553 00 
PIS: 2-03!? 01 2.04E 01 2.06E 01 2.07E 01 2.09E 01 2.12E 01 2.27E 0 1  2.31E 0 1  2.341 0 1  
N,G 8.358 00 
N,G 8.57P-01 
A,G 2-24!? 01 
A,G 1.34E 01 
FISC 2.00P 00 
N,G 2.271 01 
PISS U.03E 01 
A,G 4.01E 01 
N,G 1.46E 01 
PISS U.83E 01 
N,G 2.341 01 
N.G 5.16E 01 
AGEX 6.38E 00 
N,G 1.43E 00 
AGEX 2.72E 01 
A,G 4.93E 00 
N,G 3.11E 00 

8.35E 00 8.343 00 8.3UE 00 
8-573-01 8.571-01 8.573-01 
2.25E 01 2.263 01 2.263 01 
1.35E 01 1.37E 01 1.38E 01 
2.OOE 00 2.OOE 00 2.01E 00 
2.291 01 2.31E 01 2.33E 01 
0.07E 01 U . 1 l E  01 4.16E 0 1  
4.02E 01 4.03E 01 4.03E 01 
1.47E 01 1.49E 01 1.5OE 01 
4.87E 0 1  4.90E 01 4.951 01 
2.3UE 01 2.341 01 2.33E 01 
5.19E 0 1  5.22E 01 5.26E 01 
6.41E 00 6.453 00 6.50E 00 
1.43E 00 1.43E 00 1.43E 00 
2.723 01 2.713 01 2.71E 01 
4.93E 00 4.933 00 4.9UE 00 
3.11E 00 3.11E 00, 3.11E 00 

8.333 00 
8.57 E- 0 1 
2.283 01  
1.39E 01 
2.01E 00 
2.36E 01 
U.21E 01 
4.05E 01 
1.52E 01 
5-OOE 01 
2.333 01 
5.30E 01 
6.55E 00 
1.43E 00 
2.72E 01 
4.94E 00 
3.113 00 

8.33E 00 
8.58E-01 
2.293 01 
1.41E 01 
2.OlE 00 
2.40E 0 1  
U.27E 01 
4.06E 01 
1.5UE 01 
5.07E 01 
2.333 01 
5,363 01 
6.621 00 
1.43E 00 
2.728 01 
U.94E 00 
3.11E 00 

8.50E 00 8.50E 00 8.50E 00  
8-783-01 8.79E-01 8.80E-01 
2.35E 0 1  2.373 01 2.393 0 1  
1.53E 0 1  1.56E 01 1.59E 01 
2.OUE 00 2.05E 00 2.05E 00 
2.623 0 1  2.67E 01 2.72E 01 
4.67E 0 1  U.76E 01 4.85E 0 1  
4 .34E 01 U.36E 01 U.39E 0 1  
1.68E 0 1  1.71E 0 1  1.74E 01 
5.483 0 1  5.573 01 5.661 01 
2.35E 0 1  2.353 01 2.35E 01 
5.623 0 1  5.70E 01 5.773 01 
6.951 00 7.OUE 00 7.13E 00 
1.48E 0 0  1.48E 00 1.48E 00 
2.81E 01 2.823 01 2.82E 0 1  
5.08E 0 0  5.09E 00 5.10E 00 
3.19E 00 3.19E 00 3.20E 00 

Cross sections (barns) for  fuel burnup [MWd(t)/g-atom heavy metal present] of :  
3.554 0.123 0.701 0.701 5.501 6.267 6.999 7.700 8.377 

N,G 
N.G 6.623 00 6.693 00 6.763 00 6.9UE 00 7.033 00 7.13E 00 7.233 
PISS 2.38E 01 2.423 01 2.46E 01 2-56!? 01 2.61E 01 2.66E 01 2.721 
N,G 8.50E 00 8-50E 00 8-491 00  @.51E 00 8.53E 00 8 . 5 U E  00 8.54E 
N,G 8.81E-01 8.823-01 8-83E-01 8.91E-01 8.901-01 8.963-01 8.98E- 
N.G 2.41E 01 2.43E 0 1  2.Q6E 01 2.46E 0 1  2.49E 01 2.52E 0 1  2.55E 
AeG 1.62E 01 1-65E 01 1.683 01 1.76E 01 1.79E 0 1  1.84E 01 1.88E 
F I c s  2.06E 00 2.06E 0 0  2.07E 0 0  2-09!? 00 2.1OE 00 2.11E 00  2.12E 
R,G 2.773 01 2.833 01 2.893 01 3.02E 01 3.09E 0 1  3.1.6E 0 1  3-2UE 
FISC U.9UE 01 5.05E 0 1  5.16E 0 1  5.38E 01 5.51E 0 1  5.6UE 0 1  5.79E 
N,G 4.41E 01 U . U U E  0 1  U-WE 01 4 .70E 01 4.76E 01 4.80E 01 4.852 
R,G 1.78E 01 1.81E 01 1.85E 01 1.94E 01 1.98E 01 2.03E 01 2.08E 
PISS 5.76E 01 5.863 01 5.973 01 6.22E 01 6.353 01 6-49E 01 6.633 

~ 7 ' i T E - f i i 1 ? l ~ 3 1 - 1 3 f l  u1 7 . 7 6 F  617.nE-07 T . ~ E ~ T ~ ~ T ~ > ~ ~ ~ T W ! ? - ~  

N.G 2.35E 01 2.35E 01 2.353 01 2-32!? 01 2.33E 01 2-333 01 2-34E 
A,G 5.85E 01 5-94E 0 1  6.03E 01 6.13E 01 6.233 01 6.35E 01 6.473 
NGEX 7.23E 00 7.3UE 00 7.45E 0 0  7..57E 00 7.71E 00 7.85E 00 8.00E 
A,G 1.49E 00 1.49E 00 1-50E 0 0  1.50E 00 1.51E 00 1.52E 00 1.53E 
NGPX 2.83E 01 2.83E 0 1  2.84E 01 2.85E 01 2.878 01 2.89E 01 2.90E 
N,G 5.11E 00 5.11E 00 5.12E 00 5.17E 00 5.19E 00 5.20E 00 5.223 
N,G 3.20E 00 3-21E 00 3-21E 00  3.24E 00 3.25E 00 3.263 00 3.27E 

00 7.33E 00 7.UUE 00 
01 2.773 01 2.84E 01 
00 8.553 00 8.55E 0 0  
01 9.00E-01 9.03E-01 
01 2.593 01 2.62E 01 
01 1.93E 01 1.97E 0 1  
00 2.12E 00 2.13E 00 
01 3,333 0 1  3.41E 01 
01 5-94E 01 6.1OE 01 
01 4.90E 01 4.963 01 
01 2.13E 01 2.19E 01 
0 1  6.793 01 6.95E 01 
01 2.3UE 01 2.3UE 01 
01 6.60E 01 6.73E 01 
00 8-15E 00 8.32E 00 
00 1.5UE 00 1.54E 00 
01 2.923 01 2.933 01 
00 5.243 00 5.253 00 
00 3.28E 00 3.29E 00 

aN,G = (n,gamma) t o  a ground s ta te ;  NGEX = (n,gamma) t o  an excited s ta te ;  FISS = (n,fission). 
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Table C.4. Cross sections as a function of burnup for  a BUR-U 

Cross 
sectiona Cross sections (barns) for fuel burnup [MWd{t)/g-atom heavy metal ptesent] of: 

Nuclide type 0.0 0.348 0.702 1.060 1,422 1.7R7. 1.787 2.821 3.166 3.510 2.132 2.477 
0234 NmG 2-09E 01 2-09E 01 2.09E 01 2.09E 01 2.09E 01 2.09E 01 2.08E 0 1  2.08E 01 2.08E 0 1  2.08E 01 2 .08E 01 2 . O 8 E  O f  
@235 
0235 
0236 
0238 

NF237 
€023R 
F0238 
€0239 
€0239 
PO240 

. : P241 
€0291 
'0242 . e n 2 ~ 1  
*,n241 

411243 

~ cn2uu 

3 b2 43 

Cb242 

023U 
@235 
0235 
0236 
0238 

NF237 
€0238 
€0238 
€0239 
€0239 
€0240 
€0241 
€0241 
F0242 

An241 

An243 
r1"242 
CR244 

nn2ui 

~ ~ 2 4 3  

N.G l . l O E  01 1.09E 01 1.09E 01 1.09E 0 1  1.08E 01 1.08E 0 1  1 . 1 1 E  0 1  l . l O E  01 1 . l O E  0 1  
FISC 4-91? 01 4.983 01 4.85E 01 4.83E 01 4.823 01 4.81E 01 4 - 9 4 ?  01 4.91E 01 4.89E 01 
N,G 8.33E 00 8.35E 00 8.37E 00 8.38E 00 8.40E 00 8.41E 00 8.25E 00  8.27E 00 8.29E 00 
A,G 9.01E-01 9.01E-01 9.01E-01 9.01E-01 9.01E-01 9.01E-01 9.03E-01 9.03E-01 9.03E-01 
N,G 3.4OE 01 3.38E 01 3.37E 01 3.36E 01 3.353 01 3.35E 0 1  3.UUE 0 1  3.42E 0 1  3.41E 0 1  
N.G 3.59E 01 3.571 01 3.55E 01 3.54E 01 3.52E 01 3.523 0 1  3.65E 0 1  3.62E 01 3.60E 0 1  
PISS f . 4 9 E  00 2.433 00 2.43E 00 2.43E 00 2.42E 00 2.42E 00 2.45E 00 2.45E 00 2.USE 00 
N,G 6.91E 01 6.863 01 6.82E 01 6.79E 01 6.77E 01 6.761 0 1  6.621 0 1  6.58E 0 1  6.54E 01 
FISC 1.22F 02 1.21E 02 1.20E 02 1.20E 02 1.19E 02 1.19E 02 1.18E 02  1.17E 02  1.17E 02 
N,G 2.06E 02 2.OSE 02 2.04E 02 2.03E 02 2.01E 02 2.OOE 02  1.58E 02 1.57E 02  1.56E 02 
N,G 4.29E 01 U-26E 01 Q.2UE 0 1  U.22E 0 1  U.21E 01 4.20E 01 4.22E 0 1  4.19E 01 4.17E 0 1  
P I S +  1-29? 02 1.28E 02 1-28!? 02 1.27E 02 1.27E 02 1.26E 02  1.28E 02  1.27E 02 1.26E 02  
N,G 3.C6E 01 3.07E 01 3.08E 01 3.08E 01 3.09E 01 3.09E 01 3.06E 0 1  3.07P 0 1  3.C8E 01 
P,G l . l U E  02 1.13E 02 1.13E 02 1.12E 02 1.12E 02 1.12E 02 1 . 1 l E  0 2  1.102 0 2  l . l O E  02  
NGEX 1 , U l E  01 1.UOE 01 1.39E 01 1.39E 01 1.38E 01 1.38E 01 1.37E 0 1  1.36E 01 1.36E 01 
N,G 2.02E 00 2.02E 00 2.01E 00 2.00E 00 1.99E 00 1.98E 00 2.05E 00 2.OSE 00  2.0QE 00 
NGEX 3.84E 01 3.833 01 3.81E 01 3.80E 01 3.783 01 3.763 01 3.90E 0 1  3.89E 01 3.871 01 
N,G 5.73E 00 5.73E 00 5.743 00 5.7UE 00 5.741 00 5.75E 00 5.74E 00 5.75E 00 5.75E 001 
N,G 3.601 00 3 . 6 0 ~  00 3 . 6 0 ~  on 3.60~ 00 3.hnP $0 3 . 6 0 ~  0 0  3 . 6 1 ~  0 0  3.613 00  3 . 6 1 ~  0 0  

1.09E 01 1.09E 0 1  1.09E 01 
U.87E 01 4.851 01 4.8UE 01 
8.30E 00 8.3lE 00 8.323 00 
9.0UE-01 9.04E-01 9-04E-01 
3.40E 01 3.39E 01 3.39E 01 
3.59E 01 3.58E 01 3.573 01 
2.44E 00 2.44E 00 2.UUE 0 0  
6.51E 01 6.49E 01 6.47E 01 
1.16E 02 1.16E 02 1.16E 02 
1 . 5 5 E  02  *.SUE 02 1.53E 02 
4. 1SE 0 1  4. 1 U E  0 1  4.13E 01 
1.26E 02 1.25E 02  1-2SE 02 
3.08E 01 3.09E 01 3.09E 01 
1.09E 02 1.09E 02 1.09E 02 
1.35E 01 1.35E 01 1.3UE 01 
2.03E 00 2.02E 00 2.01E 00 
3.85E 01 3.801 0 1  3.821 01 
5.75E 00 5.753 00 5.763 00 
3.61E 00 3.61E 00 3.61E 00 

Cross sections (barns) for fuel burnup [MWd(t)/g-atom heavy metal present] of: 
3.510--3.836 0.160 4.483 4.805 5.127 5.127 5.432 5.735 6.037 6.339 6.690 

2TOzE-01 2.0xE31-238F 07 T - m E - O T z O s E  T1-238F T1T.mE-n x!:69hO? ?.afi ~ f ? ? 1 b w ~ l ~ ~ 8 % ~ r ~ ~ f - ' b I  
1.12F 01 l . 1 l E  0 1  1 .11E 01 1 .11E 01 1 . l O E  01 l . l O E  0 1  1.13E 0 1  1.13E 01 1.12E 0 1  1.12E 0 1  1.123 0 1  1.12E 01 
5 - 0 1 ?  01 U.97E 01 4.951 01 U.93E 01 4.91E 01 4.90E 01 5.08E 0 1  5.05E 01 5.03E 0 1  5.01E 01 4.99E 0 1  U.98E 01 
8.20E 00 8.22E 00 8.23E 00 8.25E 00 8.26E 00 8.27E 00 8.16E 00 8.18E 00 8.20E 00 8.21E 00 6.22E 00 8.23E 00 
9.C8E-01 9.08E-01 9.ORE-01 9.08E-01 9.08E-01 9.08E-01 9-13E-01 9.13E-01 9.13E-01 9.13E-01 9-14E-01 9.14E-01 
3.QSE 01 3.UQE 0 1  3.43E 01 3.41E 0 1  3.UlE 0 1  3.4OE 0 1  3.45E 0 1  3.aUE 0 1  3.43E 0 1  3.42E 01 3.41E 01 3.40E 01 
3.71E 01 3.69E 0 1  3.67E 01 3.65P 01 3.601 01 3.633 01 3.793 01 3.76E 01 3.7QE 01 3.73E 01 3.721 0 1  3.71E 01 
i . 4 8 E  0 0  2.4713 00 2.47E 00 2.46E 00 2.963 00 2.46E 00 2.50E 00 2.U9E 00 2.09E 00 2.09E 00 2.Q9E 00  2-48E 00 
6.49E 01 6.45E 0 1  6.41E 01 6.38E 01 6.36E 01 6.353 0 1  6-42? 0 1  6.38E 0 1  6.343 01 6.31E 01 6.293 01 6.28E 01 
1.17E 02 1.16E 02  1.1SE 02 1 . 1 5 E  02 1.14E 02 1.14E 02 1.16E 0 2  1.15E 02 1.15E 02 1.14E 02 1.19E 02 1.1UE 02 
1.31P 02 1.30E 02  1.30E 02  1.29E 02 1.28E 02 1.27E 02 1 .15E 02 1 . 1 Q E  02 1.14E 0 2  1.13E 02 1.12E 02 1.12E 02 
U.21E 01 k 1 8 E  0 1  U.16E 01 4.14E 01 4.13E 01 Q.12E 0 1  4.22E 0 1  U.19E 01 U.17E  0 1  4 . 1 5 E  0 1  O - l U E  0 1  4.13E 01 
1-28? 02 1.27E 02 1.26E 02 1.26E 02 1.25E 02 1.25E 02  1.28E 02 1.28E 02 1.27E 02  1.26E 02 1.26E 02  1.26E 02 
3.CSE 01 3.06E 01 3.06E 01 3.07E 01 3.07E 01 3.08E 01 3.02E 0 1  3.02E 0 1  3.03E 0 1  3.03E 01 3.04E 01 3.04E 01 
l . l O E  02 1.09E 02 1 .08E 02 1.08E 02 1.08E 02 1.07E 02 1.08E 0 2  1.08E 02 l.O7E 02 1.07E 02 1-07E 02 1.06E 02 
1.35E 01 1.35E 01 1.3UE 0 1  1.33E 01 1.33E 01 1.33E 01 1.34E.01 1.33E 01 1.33E 01 1.32E 01 1.32E 01 1.31E 01 
2.07E 00 2.06E 00 2.05E 00 2.OUE 00  2.03E 00 2.03E 00  2.08E 00 2.07E 00 2.06E 00 2.OSE 00 2.OUE 00 2.03E 00 
3,93E 01 3.92E 01 3.90E 01 3.R8E 01 3.87E 01 3.853 01 3.951 0 1  3.933 01 3.92E 01 3.90E 01 3.88E 01 3.86E 01 
5.76E 00 5.77E 00 5.773 00 5.773 00 5.773 00 5.783 00 5.79E 00 5.79E 00 5.8OE 00 5.80E 00 5.80E 00 5.80E 00 
3.62E 00 3.62E 00 3.621 00 3.623 00 3.621 00 3.63E 00 3.64E 0 0  3.64P 00 3.64E 00 3.64E 00 3.64E 00 3.64E 00 

aN,G = (n,gamma) to a ground state; NGEX = (n,gamma) to an excited state; FISS = (n,fission). 



Table C.5. Cross sections as a function of burnup for  a BWR-Pull 

0235 
0235 
0236 
023.2 

NI.2 37 
F02J3 
€0238 
€0239 
€0239 
PO240 
F0241 
f02U1 
F02U2 
nr2ui 
nuzai  
nu243 
nu2113 

cw4u 
cu2u2 

023U 
0235 
0235 
0236 
02 38 

NP2 37 
€0238 
€0238 
F0239 
€0239 
FU2UO 
E0241 
€0241 
€0242 
n n z u i  
n u 2 u i  
~ ~ 2 4 3  
nu243 
CR242 
c n 2 u u  

Cross 
sectiona Cross sections (barns) for  fue l  burnup [MWd(t)/g-atom heavy metal present] of: 

Nuclide type 0.0 O.UO7 0.812 1.21U 1.610 2.001 2.001 2.343 2.683 3.023 3.362 3.700 
0234 N,G Z.C7E 01 2-06E 01 2.05E 01 2.05E 01 2.05E 01 2.05E 01 2.02E 0 1  2.02E 01 2.02E 0 1  2.02E 01 2.03E 0 1  2.03E O f  

N,G 1.07E 01 1.05E 01 1.04E 01 1.03E 01 1.03E 01 1.03E 01  1.01E 0 1  1.01E 01 1.OlE 01  1.01E 01 1.OlE 01 1.01E 01 
F I S C  u.7aE 01 U.6SE 01 0 . 5 8 E  01 U.53E 01 4.49E 01 U.47E 01 4.39E 01  4.37E 01  4.36E 01 4.35E 01 U.35E 01 U.35E 01 
N,G 8.3uE 00 8.378 00 8.UOE 00 8.U2E 00 8.U5E 00 8.46E 00 @.UOE 00  8.U2E 00 8 . 4 3 E  0 0  8.UUE 00 8.u5E 00  8.U6E 00 
N,G 9.00E-01 8.98E-01 8.97E-01 8.97E-01 8.97E-01 8.983-01 8.98E-01 8.98E-01 8.99E-01 8.99E-01 8.99E-01 9.00E-01 
N,G 3.40E 01 3.36E 01 3.333 01 3.30E 01 3-28)? 01 3.27E 0 1  3.25E 01  3.2UE 01 3.2UE 01  3.238 01 3-23?? 0 1  3.22E 01 
N,G 3.45E 01 3.38E 01 3.33E 01 3.293 01 3.26E 01 3.2UE 01  3.20E 0 1  3.19E 01  3.1AE 01  3.17E 01 3.17E 01 3.17E 01 
FISC 2.01E 00 2.39E 00 2.383 00 2.371 00 2-37)? 00 2.361 00 2.36E 00 2.36E 00 2.36E 00 2.35E 00 2.35E 00  2.35E 00 
N,G 6.73E 01 6.58E 01  6.U7E 01  6.UOE 01 6.3UE 01 6.30E 01  5.87E 0 1  5.85E 01  5 .83E 01 5.823 01 5.81E 01 5.8lE 01 
FISC 7-18!! 02 1.16E 02 l . l U E  02 1.13E 02 1.11E 02 1.11E 02 1.0UE 02  1.0UE 02 1.OUE 02 1.03E 02 1.03E 02 1.03E 02 
Y,G 2.OSE 02 2.05E 02 2.04E 02 2.02E 02 2.00E 02 1.98E 02 1.53E 02 1.52E 02 1.52E 02  1.51E 02 1.50E 02 1.U9E 02 
N,G 4.1UE 01 4.OSE 01 3.99E 01 3.94E 01 3.90E 01 3.88E 01 3-71?? 0 1  3.70E 01 3.688 01  3.688 01 3.6772 01 3.67E 01 
FISC 1.25E 02 1.22E 02 1.20E 02 1.19E 02 1.18E 02 1.17E 02 1.13E 02  1.13E 02  1.12E 02 1.12E 02 1.12F 02 1.12E 02 
N,G 3.0uE 01 3.06E 01 3.07E 01  7.07E 01  3-08E 01 3-09E 01 3.09E 0 1  3 .10E 01 3.10E 0 1  3.111 01 3.11E 01 3.12E 01 
N,G 1.13E 02 1.11E 02 1.09E 02 1.08E 02 1-07E 02 1.07E 02 1.02E 02  1.01E 02 1.OlE 02  1 . O l E  02 1.01E 02 1.01E 02 
NGEX 1-39E C1 1-37!?, 01 1.35E 01 1.34E 01 1.33E 01 1.32E 0 1  1.26E 0 1  1.25E 01 1.25E 0 1  1.25E 01 1.2UE 01  1.2UE 01 
N,G 2.04E 00 2.OQE 00 2.03E 00 2.01E 00 2.00E 00 1.98E 00 2.02E 00 2.01E 00 2.00E 00 1.99E 00 1.98E 00 1.97E 00 
NGEX 3.88E 01 3.878 01 3.853 01 3.82E 01 3.80E 01 3.773 0 1  3.84E 01  3.82E 0 1  3.80E 01 3.78E 01 3.76E 01 3-75!?, 01 
N,G 5-70E 00 5.693 00 5.69E 00 5.69E 00 5.693 00 5.70E 00 5.693 00  5.693 00 5.7OE 00 5.70E 00 5.70E 00 5.71E 00 
N,G 3.58E 00 3.573 00 3.57P 00 3.57E 00 3.573 00 3.573 00 3.573 00 3.57E 00 3.57E 00  3.57E 00 3.57E 00 3.57E 00 

3.700- 
N,G 2.00E 01 
N.G 9.86E 00 
PISS U.21E 01 
N,G 8.42E 00 
.N,G @.99E-01 
N,G 3.16E 01 
N,G 3.07E 01 
FISC i . 3 4 E  o c  
N,G 5.43E 01 
FISC 9.72E 01 
N,G 1 . 2 U E  02 
N,G 3.49E 01 
FISC 1.C7E 02 
N,G 3.11E 01  
N,G 9.59E 01 
NGEX 1.19E 01  
N.G 1.99E 00 
NGEX 3.78E '01 
N,G 5.69E 00 
N,G 3.571 00 

- -- 
Cross sections (barns) for  fue l  burnup [MWd(t)/g-atom heavy metal present] of: - 3.972- 5.246- - k.227- -4,829- -5,096- - 5 , 0 ~ - - 5 , 3 3 ~  - -3.56& - ,5..12 - - 5 , 0 6 2 -  -6,319- 

2T00y o ~ ~ . o o ~ ~ ~  2.00E 01 2.00E 01 2.OOE 01 2.00E 01  2.00E 01 2.00E 01  2.00E 01 2.00E 01 2.00E 01 
9.86E 00 9.863 00 9.861 00 9.87E 00 9.88E 00 9.873 00 9.883 00 9.883 00 9.89E 00 9.90E 00 9.91E 00 

-4.21E 01 U.21E 01 4.21E 01 4.22E 01 4.22E 01  4.20E 0 1  4.20E 01 4.20E 0 1  U.21E 01 U.21E 0 1  4.22E 01 
@.43E 00 8.U4E 00 8.44E 00 8.44E 00 8.4UE 00 8.4UE 00 8.UUE 00 8.443 00 8.443 00 8 . 4 U E  00 8.443 0 0  
9.00E-01 9.008-01 9.00E-01 9.01E-01 9.01E-01 9.05E-01 9.061-01 9.06E-01 9.06E-01 9.06E-01 9.06E-01 
3.16E 01  3.16E 01  3.16E 01  3.16E 01 3.16E 01  3.1UE 0 1  3.1UE 01 3.14E 0 1  3.1UE 01 3.1UE 01 3.14E 01 
3.07E 01 3.07E 01 3.08E 01 3.08E 01 3.08E 01 3.07E 0 1  3.08E 01 3.08E 01  3.08E 01 3.09E 01 3.09E 01 
2.393 00 2.3UE 00 2.34E 00 2.3UE 00 2.3BE 00 2.34E 00 2.3UE 00 2.353 00 2.35E 00 2.353 0 0  2.35E 00 
5.43E 01  5.44E 01 5.44E 01 5 . U U E  01 5.453 0 1  5.29E 0 1  5.293 0 1  5.30E 01  5.31E 01 5.323 01 5.33E 01 
9.723 01 9.72E 01 9.73E 01 9.74E 01 9.753 01 9.50E 0 1  9.52E 01 9.533 01  9.54E 01 9.55E 01 9.57E 01 
1-23E 02 1.23E 02 1 .22E 02 1.22E 02 1.21E 02 1.07E 02 1.07E 02 1.07E 02  1.06E 02 1.06E 02 1.06E 02 
3.49E 01 3.49E 01  3.49E 01 3.50E 01 3.50E 01 3.UUE 0 1  3.UUE 01 3.45E 0 1  3.45E 01 3.46E 01  3.U6E 01 
1.07E 02 1.07E 02 1.07E 02 1.07E 02 1.07E 02 1.06E 02  1.06E 02 1.06E 02  1.06E 02 1.06E 02 1.06E 02 
3.11E 01 3.11E 01 3.11E 01 3.11E 01 3.11E 0 1  3.09E 0 1  3.09E 01 3.09E 01 3.09E 01 3.09E 01 3.09E 01 
9.598 01 9.58E 01 9.581 01 9.583 01 9.59E 01 9.38E 0 1  9.391 01  9.398 01  9.393 01 9.40E 01  9.41E 01 
1.18E 01  1.18E 01 1.18E 01  1.18E 01  1.19E 01 1.16E 01  1.16E 01 1.16E 01  1.16E 01 1.16E 01 1.16E 01 
1.98E 00 1.98E 00 1.97E 00 1-96)?, 00 1.96E 00 1.98E 00 1.97E 00 1.97E 00 1.96E 00 1.96E 00 1.95E 00 
3.76E 01 3.753 01 3.74E 01 3.73E 01 3.72E 01 3.753 01  3.7UE 01 3.74E 01  3.73E 01 3.72E 01  3.71E 01 
5.70E 00 5.70E 00 5.70E 00 5.70E 00 5.71E 00 5.72E 00 5.73E 00 5.7313 00 5.733 00 5.73E 00 S.73E 00 
3.578 00 3.573 00 3.573 00 3.57E 00 3.573 00 3.59E 00 3.59E 00 3.593 00 3.59E 00 3.59E 00 3.59E 00 

P 
10 
10 

~ ~~ ~ 

a N , G  = (n,gamma) t o  a ground s t a t e ;  NGEX = (n,gamma) t o  an excited state; FISS = (n,fission). 
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Table C . 6 .  Cross sections as  a function of burnup for  a BWR-PuPu 

Cross _.._~ 

sect iona Cross sections (barns) f o r  fuel burnup [hWd(t)/g-atom heavy metal present] of: 
Nuclide type 0.0 0.317 0.638 0.966 1.301 1.6U2 1.612 1.989 2.336 2.687 3.0U0 3.397. 
0234 N.G 1-75!? 01 1.76E 01 1.763 01 1.77E 01 1.773 01 1.77E 0 1  1.8OE 0 1  1.8OE 01 1.8lE 01 1.81E 01 1.82E 0 1  1.823 01 
02 35 
0235 
0236 
0238 

NF237 
€0238 
€0238 
€0239 
€0239 
PO240 
FQ2U1 
F02U1 
F0242 
AP241 
A1741 
41243 
A12U3 

CR244 
cn2u2 

023U 
0235 
0235 
0236 
0238 

NP237 
€0238 
PO238 
€0239 
€0739 
€0200 
€0241 
F0741 
€0242 
A8201 
A1201 
AC203 
A1243 
cr202 
cn200 

N , G  6.88E 00 6.92E 00 6.973 00 7.013 00 7.05E 00 
FISC 2.5UE 01 2.57E 01 2.593 01 2.62E 01 2.691 01 
N,G 8-45E 00 8.U5E 00 8.U5E 00 8.U5E 00 8.USE 00 
N , G  8.3OE-01 8.31E-01 8.31E-01 8.323-01 8.333-01 
N , G  2.52E 01 2.533 01 2.55E 01 2.56E 01 2.58E 01 
N , G  1.75E 01 1.77E 01 1.793 01 1.81E 01 1.83E 01 
PIS+ 2.0UE 00 2,OSE 00 2.05E 00 2.06E 00 2.06E 00 
N , G  2.89E 01 2.93E 0 1  2.96E 01 3.00E 01 3.03E 01 
FISC 5.21E 01 5.271 01 5.332 01 5.398 0 1  5.U6E 01 
N , G  4.42E 01 4.43E 01 4.453 01 4.46E 01 4.471 01 
N , G  1.90E 01 1.92E 01 1.94E 01 1.96E 01 1.99E 01 
FISC 6.1UE 01 6.20E 0 1  6.263 01 6.33E 01 6.39E 01 
N , G  2.U6E 01 2.U6E 0 1  2.U6E 01 2.U6E 0 1  2.06E 01 
N , G  6.13E 01  6.18E 0 1  6.23B 01 6.28E 0 1  6.33E 01 
N G E X  7,58E 00 7.6UE 00 7.70E 00 7.763 00 7.833 00 
N , G  1.55E 00 1.56E 00 1.56E 00 1.56E 00 1.56E 00 
NGPX 2.95E 01 2-96!? 0 1  2.963 01 2.963 01 2.961 01 
N,G 5.13E 00 5.108 00 5.15E 00 5.15E 00 5.16E 00 
N,G 3.2UE 00 3.203 00 3.25E 00 3.25E 00 3.251: 00 

7.10E 00 7.33E 00 7.38E 00 7.433 0 0  7.48E 00 7.54E 00 
2.672 01 2.78E 0 1  2.81E 01 2.8UE 01 2.87E 01 2.903 01 
8.U5E 00 8.U9E 00 8.50E 00 8.50E 00 8.50E 00 8.50E 00 
8.3UE-01 8.UOE-01 8.U5E-01 8.U6E-01 8.07E-01 8.U8E-01 
2.59E 01 2.631 0 1  2-6UE 01 2.66E 01 2.67E 01 2.691 0 1  
1.85E 0 1  1.94E 0 1  1-96E 0 1  1.98E 0 1  2.01E 01 2.03E 01 
2.06E 00 2.08E 00 2.09E 00 2.09E 00 2.10E 00 2.1OE 00 
3.07E 01 3.253 0 1  3.29E 01 3.33E 01 3.371 0 1  3.42E 01 
5.53E 01 5.8UE 0 1  5.92E 01 5.99E 01 6.07E 0 1  6.15E 0 1  
U.49E 0 1  U.65E 0 1  U.673 01 U.69E 01 4.71E 01 U.72E 0 1  
2.01E 0 1  2.12E 0 1  2.15E 01 2.17E 0 1  2.203 01 2.23E 01  
6.46E 01 6.77E 0 1  6.85E 0 1  6.921 0 1  7.00E 01 7.08E 01 
2.06E 0 1  2.U5E 0 1  2.U6E 01  2.U6E 0 1  2.06E 01 2.U6E 01 
6.39E 0 1  6.59E 01 6-65E 01 6.71E 0 1  6.77E 01 6.83E 0 1  
7.89E 00 8.15E 00 8.22E 00 8.298 00 8.37E 00 8.UUE 00 
1.56E 00 1.58E 00 1.58E 0 0  1.592 00 1 .59E  00 1.59E 00 
2.963 01 3.01E 0 1  3.01E 01 3.01E 0 1  3.02E 01 3.02E 01 
5.16E 00 5.2UE 00 5.251 00 5.25E 00 5.26E 00 5.271 00 
3,263 00 3.30E 00 3.30E 0 0  3.31E 00 3.313 00 3.323 00 

7.593 00 
2.93E 01 
8.5OE 00 
8. 09E-0 1 
2,71E 01 
2.05E 01 
2.11E 00 
3.46E 01 
6. 23E 0 1 
U.7UE 01 
2.253 01 
7.16E 01 
2.46E 01 
6.903 01 
8.52E 00 
1.59E 00 
3.02E 01 
5.28E 00 
3.32E 00 

Cross.sections (barns) for  fue l  burnup [MWd(t)/g-atom heavy metal present] of: 

N , G  -1:86!? O l l . 3 7 E  01 C8TE 0 1 - 1 ~ 8 ~ 0 1  K8FE 01 1.89y 01 121F 0 1  l.?ly 01 1.92y 01 1.92E 01 1 .93bOT r % E - f l  
N , G  8 . O O E  00 8.063 00 8.123 00 8.18E 00 8.24E 00 8.313 00 8.63E 00  8.67E 00 8.71E 00 8.763 00 8.81E 00 8.87E 00 
FISC 3.15E 01 3.183 01 3.223 01 3.25E 01 3.29E 01 3.333 0 1  3.52E 01 3.53E 01 3.563 0 1  3.58E 01 3.61E 0 1  3.6UE 0 1  
N , G  e.53E 00 8.53E 00 8,543 00 8.5UE 00 8.5UE 00 8.541 00 8.48E 00 8.993 00 8.51E 00 8.52E 00 8.53E 00 8.533 00 
N , G  8.60E-01 8-612-01 8.633-01 8-6UE-01 8.66E-01 8.67E-01 8.73E-01 8.741-01 8.763-01 8.773-01 8.793-01 8.803-01 
N,G 2.80E 01 2.82E 01 2.8uE 01 2.85E 01 2.87E 01  2.89E 01 2.9uE 0 1  2.96E 01 2.973 0 1  2.982 01 3.00E 01 3.02E 01 
N.G 2.23E 01 2.25E 0 1  2.28E 01 2.313 0 1  2.3UE 01 2.36E 01 2.51E 0 1  2.53E 01 2.55E 0 1  2.57E 01 2.593 0 1  2,61E 0 1  
PISC 2.15E 00 2.153 00 2.163 00 2.16E 00 2.17E 00 2.172 00 2.21E 0 0  2.21E 00 2.21E 00 2.221 00 2.22E 00 2.23E 00 
N , G  3.78E 01 3.83E 01 3.883 01 3.933 01 3.98E 01 U.033 01 4.30E 0 1  4.32E 01 U.36E 01 0.39E 01 4.43E 01 U.U7E 01 
FISC 6.80E 01 6.893 01 6.971 01 7.06E 01 7.15E 01 7.253 0 1  7.74E 0 1  7.783 01 7.843 01 7.91E 01 7.98E 01 8.05E 01 
N , G  5.06E 01 5.083 0 1  5.103 0 1  5.13E 0 1  5.1SE 0 1  5.17E 01 5.U7E 0 1  5.49E 01 5.51E 0 1  5.53E 01 5.55E 01 5.57E 01 
N.G 2.U5E 01 2.u93 0 1  2.523 0 1  2.55E 0 1  2.583 01 2.61E 01 2.793 0 1  2-80E 01 2-82!? 01 2.85E 01 2.878 01 2-90E 0 1  
PIS5 7.74E C 1  7.83E 01 7.923 01 e . O l E  01  8.113 01 8.203 0 1  8.70E 0 1  8.753 01 8.81E 01 8.87E 01 8.95E 0 1  9.03E 0 1  
N , G  2.05E 01 2.45E 01 2.45E 01 2.06E 01 2.463 01 2.46E 0 1  2.41E 0 1  2.42E 0 1  2.923 01 2.43E 01 2.43E 01 2.43E 0 1  
N , G  7-31E 01 7.38E 01 7.1153 01 7.533 01 7.603 01 7.673 01 7.99E 0 1  8.03E 01 8.08E 01 8.13E 01 8.19E 01 8.253 0 1  
NGEX 9.OUE 00 9.133 00 9.213 00 9-30E 00 9.39E 00 9.48E 00 9.87E 00 9.92E 00 9.98E 00 1.OOE 01 1.01E 01 1-02E 01 
N , G  1.63E 00 1.63E 00 1.603 00 1.6UE 00 1.6UE 00 1.65E 00 1.66E 00 1.66E 00 1.67E 00 1-67E 00 1.67E 00 1.68E 00 
N G E X  3.10E 01 3.113 01 3.113 01 3.123 01 3.12E 01 3.13E 0 1  3.15E 0 1  3.16E 01 3.173 0 1  3.17E 0 1  3.18E 0 1  3.19E 01 
N , G  5.36E 00 5.373 00 5.383 00 5.393 00 5.40E 00 5.41E 00 5.43E 00 5.453 00 5.46E 00 5.47E 00 5.O8E 00 5.49E 00 
N , G  3-37E 00 3.373 00 3.383 00 3.39E 00 3.39E 00 3.40E 00 3.421 00 3.423 00 3.43E 00 3.U4E 00 3.44E 00 3.45E 00 

3,397 3.79U- 4.187 4.576- 4.962 --5.305 - 5.345- - 5.77% -2.19% --6.604 1.005 7.396 

a N , G  = (n,gamma) t o  a ground s t a t e ;  NGEX = (n,gamma) t o  an excited s t a t e ;  FISS = (n,fission). 
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