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ABSTRACT 

An evaluation of the neutron-induced resolved-resonance-region 

( 5  t o  4000 eV) cross sections of 2 3 2 T h  i s  described in terms of expl ic i t  

resonance parameters and pointwi se cross sections. The evaluated average 

capture width, 24.4k2.0 meV, and the 0-to-4-keV s-wave strength function, 

0.826'0.37~1 o - ~ ,  are appreciably 1 arger than those of the ENDF/B-V 

evaluation. The present evaluation, together with the ENDF/B-V thermal 

and unresolved-resonance region cross sections, give a d i lu te  capture 

resonance integral of 86.lb. The bound levels of ENDF/B-V are retained 

and pointwise cross sections are given to  smoothly connect th i s  evaluation 

to  the ENDFIB-V thermal cross sections. 





I .  INTRODUCTION 

This  techn ica l  memo g i ves  an eva lua t ion  o f  t h e  232Th  cross sect ions 

i n  t h e  resolved-resonance region, 5 t o  4000 eV, and i s  in tended t o  serve 

as a  mod i f i ca t ion  t o  the e x i s t i n g  2 3 2 ~ h  ENDFIB-V eva lua t ion .  This  f i l e  

( ~ A ~ = 1 3 9 0 )  was assembled and organized by M. Bhat i n  1980. The thermal 

and resolved-resonance-region cross sect ions were l a r g e l y  taken from a  

1977 eva lua t ion  intended f o r  ENDF/B-V and used f o r  a  study o f  temperature 

c o e f f i c i e n t s  of r e a c t i v i t y  f o r  2 3 3 U - 2 3 2 ~ h  HTGR  lattice^.^ Since t h a t  t ime 

fou r  measurements o f  resolved-resonance cross sect ions have been completed: 

the  ORELA transmi s s i  on measurements, the  ORELA capture measurements4 ' 

and t h e  BNL 1  ow-energy resonance-parameter determinat ion.  Together, 

these new measurements i n d i c a t e  t h a t  the capture and neutron widths o f  

the resolved 232Th resonances may be s u b s t a n t i a l l y  l a r g e r  than those 

contained i n  the ENDF/B-V f i l e .  

This  eva lua t ion  incorporates these new experimental  r e s u l t s  w i t h  the 

o lde r  measurements and i s  s t r i c t l y  l i m i t e d  t o  the  reso lved resonance region.  

Imp l i ca t i ons  on the  thermal ( <  5  eV) and unresolved-resonance ( >  4000 eV) 

regions are n o t  considered. The goal o f  t h i s  eva lua t i on  i s  t o  c o r r e c t  

major de f i c i enc ies ,  i f  any, i n  the  5-to-4000-eV cross sect ions, and i t  i s  

n o t  intended t o  be a  comprehensive study. Cross-sect ion parameters and 

o the r  in fo rmat ion  are  f r e e l y  borrowed f rom the  1980 ENDF/B-V eval u a t i o n  , l ' 2  

the 1978 eva lua t ion  o f  Keyworth and Moore7 and the  1974 eva lua t i on  of 

Derr ien. ' This l a s t  eva lua t ion8 i s  p a r t i c u l a r l y  we1 1  documented and gives 

a  good d iscussion of t he  problems associated w i t h  the  e a r l i e r  data. 

The nex t  sec t ion  describes the  eva lua t ion  o f  t he  resonance parameters. 

Sect ion I 1 1  describes t h e  po in tw ise  f i l e s  necessary t o  account f o r  a l l  the  



cap tu re  cross sec t i ons ,  t o  c o r r e c t  f o r  formal ism d e f i c i e n c i e s ,  and t o  

smoothly connect  t h e  resolved-resonance c ross  sec t i ons  t o  t h e  ENDFIB-V 

thermal c ross  sec t ions .  The l a s t  s e c t i o n  g ives t h e  i n f i n i t e l y - d i l u t e -  

cap tu re  resonance i n t e g r a l  f rom t h i s  eva lua t i on  and d iscusses t h e  uncer- 

t a i n t i e s  and problems w i t h  these cross sect ions.  

11. EVALUATION OF RESOLVED RESONANCE PARAMETERS, AND CROSS 

SECTIONS FROM 8 TO 4000 eV 

A. E f f e c t i v e  Radius and Formalism 

Newman e t  aZ. evaluated an e f f e c t i v e  r a d i u s  of  0.971i0.008x10~12 cm 

f o r  ENDFIB-V. The ORELA t ransmiss ion  measurements3 g i v e  0 . 9 7 2 ~ 0 . 0 0 5 ~ 1 0 - ~  cm. 

An e f f e c t i v e  r a d i u s  o f  0.972i0.004x10~'2 cm i s  adopted. The m u l t i - l e v e l  

B r e i  t Wigner c ross -sec t i on  formal ism should be used. 

B. Resonance Energies 

The energy sca le  of t h e  40-m 2 3 2 ~ h  ORELA t ransm iss ion  measurements3 

has been normal i z e d  t o  w i t h i n  +0.02% o f  t h e  ORELA 150-rn 2 3 8 U  energy 

scale,g which has an abso lu te  accuracy o f  50.02%. The resonance energ ies  

o f  t he  Keyworth and Moore e v a l u a t i o n 7  agree w e l l  on a resonance by resonance 

bas is  w i t h  those o f  Olsen e t  aZ., b u t  a r e  between 0.02% t o  0.04% system- 

a t i c a l l y  sma l le r .  Consequently, f o r  t h i s  e v a l u a t i o n  t h e  resonance energ ies 

of 01 sen e t  aZ. a re  used be1 ow 2 keV and those o f  Keyworth and Moore, 

m u l t i p l i e d  by 1.00030, a re  used above 2 keV. 

C. The F i r s t  Four s-Wave Resonances 

Widths f o r  t he  f i r s t  f o u r  s-wave resonances were eva lua ted  i n  d e t a i l .  

These resonances a re  p a r t i c u l a r l y  impo r tan t  f o r  thermal r e a c t o r s  and more 



measurements e x i s t  f o r  t h e i r  widths than f o r  t h e  higher-energy resonances. 

Most o f  these measured widths are  l i s t e d  i n  Table I along w i t h  the  r e s u l t s  

o f  recent  evaluat ions.  The o l d e r  Harwell measurements are  assumed t o  be 

superseded and/or contained i n  t he  Asghar r e s u l t s . l 0  There are  some very 

l a r g e  discrepancies between some o f  the  measured widths and many o f  the  

o l d e r  measurements have l a r g e  unce r ta in t i es .  For example, t he  23.5-eV 

neutron widths of Asghar e t  aZ. l o  and ~ o l l  inger15 are  ext remely i n c o n s i s t e n t  

w i t h  each o ther ,  whereas the  neutron widths of Haddad e t  aZ.17 have l a r g e  

u n c e r t a i n t i e s  and do n o t  s i g n i f i c a n t l y  a f f e c t  t he  evaluated average. 

Nevertheless, no measurement i s  re jec ted  and t h e  evaluated widths,  l i s t e d  

i n  l i n e  12, a re  simply the  inverse-variance-weighted average on a  resonance 

by resonance bas is  o f  the Table I measurements. The most recent  measure- 

ment o f  Olsen e t  aZ. has small unce r ta in t i es ;  however, i t  i s  impor tan t  

t o  appreciate t h a t  the evaluated widths exc lud ing  t h e i r  u n c e r t a i n t i e s  

a re  almost independent o f  t h i s  measurement. Excluding the Olsen e t  aZ. 

values, the Table I measurements y i e l d  neutron widths o f  2.04, 3.86, 

3.77 and 43.1 meV and capture widths o f  24.8, 26.3, 23.8 and 22.0 meV, 

respect ive ly .  The evaluated widths are  a l s o  i n  e x c e l l e n t  agreement w i t h  

the  recent  r e s u l t s  o f  Chrien e t  aZ. and a re  s i m i l a r  t o  those o f  t he  

1974 eva lua t ion  o f  Derr ien.  The unce r ta in t i es ,  however, have been consid-  

e rab l y  reduced, most ly  as a  r e s u l t  o f  t he  Olsen e t  aZ. data. 

D. Neutron Widths 

Remaining neutron w id ths  were evaluated from the  Olsen e t  aZ. t r ans -  

miss ion r e s u l t s  (0.0 t o  2.0 keV); the  Ribon14 t ransmiss ion r e s u l t s  (0.0 

t o  3.0 keV); the  Rahn e t  aZ. t ransmission, capture and s e l f - i n d i c a t i o n  

r e s u l t s  (0.0 t o  4.0 keV); t h e  ~ a c k l  i n 4  capture r e s u l t s  (2 .6  t o  4.0 keV); 
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and the Forman eh aZ, capture r e s u l t s  (0.0 t o  2.0 keV) . The Columbia 

r e s u l t s  o f  Rahn et aZ. l 2  are  assumed t o  supersede the  Columbia r e s u l t s  of 

Garg e t  aZ. 2 0  I n  add i t i on ,  the  Asghar e t  aZ. neutron widths,  23 s-wave 

resonances from 21 t o  842, are n o t  se lec ted  f o r  eva lua t i on  above 63 eV 

since many seem sys temat i ca l l y  low by many standard dev ia t i ons  o f  t h e i r  

pub1 i shed unce r ta in t i es .  

Fol lowing the  var ious ENDF eva lua t ions  of 2 3 8 U ,  an at tempt was made 

t o  c o r r e c t  these se ts  o f  2 3 2 ~ h  neutron widths f o r  systematic d iscrepancies 

by m u l t i p l i c a t i o n  w i t h  a  l i n e a r  f u n c t i o n  o f  neutron energy p r i o r  t o  t h e i r  

combination i n t o  an evaluated se t .  The numerous se ts  o f  2 3 8 U  neutron 

widths from 0 t o  4 key have obvious, perhaps even understandable, systematic 

d iscrepancies which increase w i t h  increas ing  neutron energy.21 To o b t a i n  

t h e  assumed 1 inear  d iscrepancies fo r  232Th, the  r a t i o s  o f  t he  R i  bonl neutron 

widths t o  those o f  Rahn e t  aZ., t he  01 sen e t  aZ. neutron w id ths  t o  those 

of  Ribon,14 and the  Olsen e t  aZ. neutron widths t o  those o f  Rahn et aZ. l 2  

were p l o t t e d  as a  f u n c t i o n  o f  neutron energy and a r e  shown i n  Figs. 1 t o  3, 

respec t i ve l y .  Only r a t i o s  w i t h  f r a c t i o n a l  u n c e r t a i n t i e s  l e s s  than 20% f o r  

s-wave resonances were p l o t t e d .  These r a t i o s  were least-squares f i t t e d  t o  

ob ta in  on average: 
-. - 

rn (Ribon) = (1.002+0.000023 E) Tn (Rahn) 

rn (Olsen) = (0.964+0.000053 E) (Ribon) 

rn (Olsen) = (0.968+0.000080 E )  Tn (Rahn), 

where the  neutron energy E i s  i n  eV. 

These r e l a t i o n s h i p s  do n o t  i n d i c a t e  which s e t  o f  neutron widths i s  

cor rec t ,  bu t  on l y  show the systematic dev ia t i ons  between the  var ious sets. 

I n  order  t o  produce an evaluated s e t  of neutron w id ths  the  assumption was 
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Fig .  1 .  Ratios o f  t h e  ~ i b o n l ~  neutron widths t o  those o f  Rahn e t  a2 . l2  
f o r  s-wave resonances w i t h  r a t i o  unce r ta in t i es  l e s s  than 20%. The s t r a i g h t  
1 ine ,  1.002+.000023E, i s  a least -squares f i t  t o  these r a t i o s  which i s  assumed 
t o  be the  systematic discrepancy between the  two measurements. 
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Fig. 2 .  Rat ios o f  the  Olsen e t  aZ. neutron widths t o  those o f  Ribon14 
f o r  s-wave resonances w i t h  r a t i o  u n c e r t a i n t i e s  l e s s  than 20%. The s t r a i g h t  
l i n e ,  0.964+0.000053E, i s  a least-squares fit t o  these r a t i o s  which i s  
assumed t o  be the  systematic discrepancy between the  two measurements. 
The two measurements were cor rec ted  equa l l y  f o r  t h i s  systematic d i f f e r e n c e  
i n  t h i s  evaluat ion.  
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F i q .  3. Ratios o f  the  Olsen e t  aZ. neutron widths t o  those of Rahn 
e t  aZ. f o r  s-wave resonances w i t h  r a t i o  u n c e r t a i n t i e s  l e s s  than 20%. 
The s t r a i g h t  l i n e ,  0.968+0.000080E, i s  a l e a s t  squares f i t  t o  these r a t i o s  
which i s  assumed t o  be the systematic discrepancy between the two measure- 
ments, This  r e l a t i o n s h i p  t s  almost i d e n t i c a l  t o  t he  one obta ined f o r  
the  corresponding 3 B ~  measurements i n  the 2 3 8 ~  ENDF/B-V eva lua t ion .  2 1  



made t h a t  the neutron widths o f  Olsen e t  aZ. and Ribon14 were equa l l y  

l i k e l y  t o  be sys temat i ca l l y  d iscrepant .  Th is  leads t o  the c o r r e c t i o n  

f a c t o r s  o f  Table 11. A t  very low neutron energies the  neutron widths o f  

Olsen e t  aZ, need t o  be increased by 1.82, whereas those o f  Ribon14 need 

t o  be decreased by 1.8%. A t  2 keV the  neutron widths o f  01 sen e t  aZ. 

need t o  be decreased by 3.2% whereas those o f  Ribonx4 need t o  be increased 

by 3.2%. A t  4 keV the  neutron widths o f  Rahn e t  aZ. r e q u i r e  a 20% increase 

t o  account f o r  systematic discrepancies. Considering the r a t i o s  i n  F igs .  

1 t o  3, and the  l i m i t e d  number o f  data sets,  t h i s  procedure i s  n o t  e n t i r e l y  

s a t i s f a c t o r y ,  p a r t i c u l a r l y  t he  e x t r a p o l a t i o n  o f  t he  c o r r e c t i o n  f a c t o r  f o r  

Rahn e t  aZ, l2 t o  4 keV. However, t he  comparison o f  the Olsen e t  aZ. t r ans -  

v i s s i o n  data w i t h  those ca l cu la ted  from ENDF/B-V ind i ca tes  t h a t  the  ENDF/B-V 

neutron widths are  appreciably  low above Q 2 keV. Above 2 keV the  ENDF/B-V 

neutron widths are  those o f  Rahn e t  aZ. l2 I n  add i t i on ,  the  Table I1 co r -  

r e c t i o n  f a c t o r s  f o r  both the  Olsen e t  u Z . ~  and Rahn e t  aZ.12 2 3 2 ~ h  neutron 

widths are  almost i d e n t i c a l  t o  those obta ined f o r  corresponding 2 3 8 ~  

measurements i n  the  238U ENDF/B-V e v a l u a t i ~ n . ~ ~  

Figure 4 shows neutron widths from the two capture measurenien t s  p l o t t e d  

as r a t i o s  t o  the  sys temat ica l l y -cor rec ted  average o f  the th ree  t ransmiss ion 

measurements. These r a t i o s  a r e  o n l y  f o r  small resonances. The neutron 

widths o f  Forman e t  aZ. l 3  (0.0 t o  2.0 keV) a re  i n  reasonable agreement 

w i t h  t he  average o f  t he  th ree  t ransmiss ion measurements. Those o f  Mack l in4  

(2 .6  t o  4.0 keV) seem t o  s c a t t e r  more; however, from 3 t o  4 keV the  corn- 

par ison i s  o n l y  w i t h  the  renormal i zed  Rahn e t  aZ. l 2  r e s u l t s  and t ransmiss ion 

measurements have increas ing  d i  f f i c u l  t i e s  w i t h  increas ing  energy f o r  small 

resonances. For t h i s  eva lua t i on  no c o r r e c t i o n  f a c t o r s  fo r  systematic 
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Fig. 4. Rat ios o f  t h e  Forman e t  aZ. l 3  neutron w id ths  (0.0 t o  2.0 keV) 
and Mack1 i n 4  neutron widths (2.6 t o  4.0 keV) t o  t he  weighted average from 
the  t ransmiss ion measurements. 



Table 11. Cor rec t ion  Factor f o r  rn Eva1 u a t i o n  Where 

the  Neutron Energy E Is i n  eV 

Experiment Ref .  Co r rec t i on  Fac tor  

01 sen 3 1.078-0.000025 E 
R i  bon 14 0.982+0.000025 E 
Rahn 12 0.985+0.000050 E 
Forman 13 1.000+0.000000 E 
Mack1 i n  4 1.000+0.000000 E 

d iscrepancies were app l i ed  t o  t he  neutron w id ths  from these capture measure- 

ments ; however, t h e  Mackl i n 4  neutron widths were reca l  cu l  a ted  from h i s  

data assuming a s t a t i s t i c a l  f a c t o r ,  g, o f  1.5 and the u n c e r t a i n t i e s  i n -  

creased f o r  a l l  resonances t o  cover t he  f a c t  t h a t  many o f  these resonances 

can be e i t h e r  g=l o r  g=2. 

The neutron w id ths  and t h e i r  u n c e r t a i n t i e s  were m u l t i p l i e d  by t h e  

Table I1 c o r r e c t i o n  f a c t o r s  and combined w i t h  inverse-var iance we igh t ing  

r e s u l t i n g  i n  t h e  Appendix A neutron widths.  The var iances f o r  t he  Appendix A 

neutron w id ths  a re  the  usual inverse  we igh t - f ac to r  sum. Averaged over  

a l l  resonances the  01 sen e t  aZ., Rahn e t  aZ., l 2  ~ i b o n ' ~  and Forman1 

neutron widths tend t o  agree w i t h  t he  evaluated neut ron  w id ths  b e t t e r  

than t h e i r  pub1 ished u n c e r t a i n t i e s  should a1 1 ow; t h a t  i s ,  t h e i r  u n c e r t a i n t i e s  

a re  probably overest imated. No c o r r e c t i o n  was made f o r  t h i s  f a c t  i n  t he  

Appendix A u n c e r t a i n t i e s .  I n  a d d i t i o n ,  t he  Appendix A neutron w id ths  a re  

be l ieved t o  have a r e l a t i v e  systematic e r r o r ,  c o r r e l a t e d  over a l l  neutron 

w id ths  of 1% a t  ve ry  low energ ies and inc reas ing  l i n e a r l y  t o  9% a t  4 keV. 

E .  Capture Widths 

The capture  w id ths  f o r  the f i r s t  f o u r  s-wave resonances r e s u l t  f rom 

the  average o f  n ine  measurements and seem reasonably we1 1 determined. 



For the  higher-energy resonances t h i s  i s  n o t  t he  case. For these, the 

recent  ORELA  measurement^^'^ g ive  capture widths on average % 20% l a r g e r  

than the  four  o l d e r  measurements1 '12-' which g i ve  higher-energy capture 

widths. The problem i s  o u t l i n e d  i n  Table 111. Another poss ib le  d i f f i c u l t y  

i s  t h a t  t h e  o l d e r  measurements tend t o  g i ve  l a r g e r  capture widths f o r  the  

f i r s t - t h r e e - o r - f o u r  resonances than fo r  t h e  higher-energy resonances. 

This  d i f f e r e n c e  i s  u n l i k e l y  and does n o t  e x i s t  i n  t he  ORELA data. With 

these d iscrepancies,  simply averaging one o r  more capture widths from the  

s i x  Table- I11 measurements fo r  each resonance up t o  4.0 keV does n o t  seem 

reasonabl e. 

The capture widths o f  Olsen e t  aZ., Macklin," Rahn e t  aZ. l 2  and 

Ribon'' a r e  be l ieved t o  be the  most r e l i a b l e  and are used f o r  t h i s  eva lua t ion .  

Those o f  Forman e t  aZ. l 3  are r e j e c t e d  s ince t h e i r  corresponding measurement 

f o r  2 3 8 ~  was s e r i o u s l y  d iscrepant .  Those o f  Asghar e t  aZ. l o  are  r e j e c t e d  

s ince they have small u n c e r t a i n t i e s  which do n o t  seem warranted by t h e i r  

corresponding neutron-width r e s u l t s .  The evaluated capture widths f o r  the  

resonances from 113 t o  342 eV a re  the  inverse-variance-weighted average o f  

the  r e s u l t s  l i s t e d  i n  Table I V .  A l l  the  remaining resonances, bo th  s-wave 

and p-wave, were assigned a value o f  24.4 which i s  t he  inverse-var iance-  

weighted average o f  t he  17 evaluated s-wave capture widths p lus  the  Mackl in  

average value4 f o r  resonances between 2.6 and 4.0 keV. Mack1 i n ' s  va lue4 

i s  from 14 resonances between 2.6 and 4.0 keV w i t h  a small c o r r e c t i o n  f o r  

unresolved p-waves. The e r r o r  on t h i s  measurement was decreased by a 

f a c t o r  of two t o  g i ve  t h i s  recent  measurement a weight  comparable t o  the 

o l d e r  r e s u l t s .  Perez e t  aZ. gave a po in tw ise  low-energy capture y i e l d  

normalized t o  and compared t o  t h a t  ca l cu la ted  from ENDF/B-V. These data 



Tab le  111. Average Capture Widths (meV) 

Measurement Ref. r 
V 

Evaluated f i r s t - f o u r  resonances 24.7 
01 sen ( 0  t o  350 eV) 3  25.2k0.6 
Mack l in  (2.6 t o  4.0 keV) 4 25.5i1.2 
Rahn ( 0  t o  2.5 keV) 12 21 .2+1 . 2  
Ribon (0  t o  300 eV) 14 21.8k0.8 
Ashar (0  t o  900 eV) 10 21.5i0.8 
Forman ( 0  t o  2.0 keV) 13 21.323.0 
ENDF/V 2 21 .I 
ENDF/B-IV 19 25.9 

suggest t h e  need f o r  more eva lua ted  cap tu re  c ross  s e c t i o n  a t  l eas t  a t  

h i ahe r  energ ies.  

The unco r re l a ted  u n c e r t a i n t y  o f  22.6 meV i s  s imp l y  t h e  s tandard  

d e v i a t i o n  o f  t h e  17 eva lua ted  w id ths  and i s  meant t o  r ep resen t  t h e  

f l u c t u a t i o n  o f  t h e  i n d i v i d u a l  cap tu re  w id ths  about t h e i r  average va lue  

because o f  t h e  f i n i t e  number o f  y - ray  decay t r a n s i t i o n s .  More i m p o r t a n t l y ,  

t he  f i r s t  four  s-wave cap tu re  w id ths  a r e  b e l i e v e d  t o  have a  c o r r e l a t e d  

s tandard d e v i a t i o n  o f  k1.0 neY. The remain ing  resonances a re  b e l i e v e d  

t o  have a  c o r r e l a t e d  u n c e r t a i n t y  of  52.0 meV. 

The d isc repanc ies  i n  Table I V  a r e  abv ious and t h e  e v a l u a t i o n  method- 

o logy  i s  n o t  p e r f e c t ;  however, a  reasonable compromise between t h e  ORELA 

and o l d e r  measurements i s  obta ined.  The b a s i c  i ncons i s tency  of  t h e  d i f -  

f e r e n t i a l  da ta  r e q u i r e s  r e s o l u t i o n  w i t h  new measurements. 

F. F i s s i o n  Widths 

Unpubl i shed  r e s u l t s  f rom a  r e c e n t  ORELA 32Th f i s s i o n  c ross -sec t i on  

measurement i n d i c a t e  t h a t  t h e  r e s o l v e d  resonances have no measureable f i s s i o n  

widths;22 consequent ly,  no f i s s i o n  w id ths  a r e  g i ven  f o r  t h e  reso l ved  

resonances. The f i s s i o n  w i d t h  o f  1 . 3 x 1 0 - ~  eV assigned i n  ENDF/B-V t o  each 



Tab1 e I V .  Capture Width (meV) Eval u a t i o n  'Mi t h  ~ n c o r r e l  ateda Uncer ta in t i es  

E(eV) Experiment Eval ua t i on  

01 sen 

26.121.4 
24.4k0.8 
27.5k3.4 
25.350.8 
25.851.7 
22.952.6 
26.1+1.5 
27.6L1.6 
23.922.3 
24.6k2.1 
25.152.5 
27.551.6 
26.722.9 

average o f  9 measurements 

Rahn 

Mackl in  (2.6-4.0 keV) 

A1 l o the r  resonances 

R i  bon 

20.42 2.7 
20.72 3.5 
16.45 2.5 
19.32 6.0 
16.82 3.5 
17.92 2.9 
22.0+ 4.4 
25.25 4.8 
28.02 5.3 
24.92 4.7 
22.05 5.3 
23.7510.9 
21.02 9.5 

 he f i r s t - f o u r  s-wave capture widths have a c o r r e l a t e d  u n c e r t a i n t y  o f  
kl.O meV which i s  f u l l y  c o r r e l a t e d  w i t h  the  22.0 meV c o r r e l a t e d  uncer- 
t a i n t y  o f  the  o the r  capture widths. 

b ~ h e  unce r ta in t y  on t h i s  determinat ion was reduced by a f a c t o r  o f  two 
i n  o rder  t o  g i ve  i t  a weight more comparable t o  the  o the r  measurements. 

 his uncer ta in t y  i s  the standard d e v i a t i o n  o f  the  above evaluated widths 
and i s  meant t o  represent  the  f l u c t u a t i o n  caused by the  f i n i t e  number 
o f  y-decay branches. 



reso lved s- and p-wave resonance, t o  account f o r  the thermal f i s s i o n  cross 

sec t ion  measured by Block e6 u Z . , * ~  i s  n o t  exper imenta l l y  es tab l ished and 

has no p r a c t i c a l  consequences. 

G. s- and p-Wave Populat ions 

Keyworth and PIoore7 c a r r i e d  o u t  angular-momentum assignments f o r  the  

known resonances i n  232Th us ing  the  f o l l o w i n g  f o u r  c r i t e r i a :  (1)  t h e  

p o t e n t i a l  -resonance in te r fe rence effect f o r  1 arge resonances; ( 2 )  t he  

p-wave assignments o f  Corvi  e t  u Z . ; ~ ~  (3) the B o l l  i nge r  and Thomasz5 pre-  

s c r i p t i o n  of c a l c u l a t i n g  Bayes condf t iona l  p r o b a b i l i t y  so t h a t  the  number 

of  misassigned p-waves equals the number o f  misassigned s-waves; and 

(4 )  ad jus t i ng  the  r e s u l t i n g  assignments so t h a t  the  s-wave popu la t ion  i s  

cons i s ten t  w i t h  the A3 s t a t i s t i c  o f  Dyson and Mehta.26 Since no new 

resonances have been repor ted  s ince t h i s  work and no b e t t e r  method o f  

making angular momentum assignments has been repor ted,  t he  angular  momentum 

assignments o f  Keyworth and Moore7 are adopted. The resu l  t i n g  eval uated 

resonance parameters w i t h  uncor re la ted  u n c e r t a i n t i e s  f o r  t he  241 s-wave 

and 192 p-wave resonances a re  l i s t e d  i n  Table A- I  and A- I1 o f  Appendix A. , 

Two-thirds and one- th i rd  o f  t he  p-wave resonances a re  expected t o  have 

9=2.0 and g=1.0, respec t i ve l y .  In t h i s  eva lua t i on  a l l  t he  p-wave resonances 

a re  assumed t o  have g= l  .O. 

111. POINTWISE CROSS SECTIONS 

The ENDF/B-V 232Th eva lua t ion  i s  cons t ruc ted  w i t h  po in tw ise  cross 

sec t ions  below 5 eV and resonance-formal ism-calculated cross sec t ions  

above 5 eV. I f  needed, these ca l cu la ted  cross sect ions from e x p l i c i t  

resonances are  augmented by po in tw ise  cross sec t ions .  Pointwise cross 

sect ions are requ i red  i n  t h i s  eva lua t i on  (a )  t o  account f o r  the  c ross-sec t ion  



d i f f e rence  between the  expected p-wave capture from average resonance 

parameters and t h a t  ca l  cu l  ated from the  expl i c i  t p-wave resonances ; (b )  

t o  account f o r  a  poss ib le  l / v  capture cross sec t i on  above 5  eV which i s  n o t  

g iven by the e x p l i c i t  resonances; (c)  t o  account f o r  t runca t i on  e f f e c t s  

i n  t he  s c a t t e r i n g  cross sec t i on  caused by summing over a  f i n i t e  number o f  

expl i c i  t s-wave resonances ; and (d)  t o  smoothly connect these eval uated 

cross sect ions above 5.0 eV t o  the e x i s t i n g  thermal eva lua t i on  below 5.0 eV. 

I t  i s  assumed t h a t  t h i s  thermal eva lua t ion  w i l l  n o t  be mod i f ied  and i n  

a d d i t i o n  the  two e x p l i c i t  bound resonances o f  ENDFIB-V w i l l  remain unchanged. 

The bound l e v e l s  a re  n o t  c r i t i c a l  s ince the  ca l cu la ted  cross sec t ions  from 

them can always be augmented by pointwise f i l e s  t o  f i t  experimental  data. 

A.  Smooth Cross Sect ion f o r  Missed P-Wave Resonances 

The ENDFIB-V resolved-resonance-region p-wave s t reng th  f u n c t i o n  o f  

1 . 6 ~ 1 0 ' ~  i s  adopted unchanged f o r  t h i s  eva lua t ion .  An u n c e r t a i n t y  o f  

? 0 . 3 ~ 1 0 - ~  i s  assigned. This  s t reng th  f u n c t i o n  i s  cons i s ten t  w i t h  the 

~ a m a r d a ~ ~  ( 1 . 5 i . 4 ~ 1 0 - ~ )  and U t ley  e t  aZ. 2 8  ( 1 .64+ .24~10-~ )  values from 

analyses o f  smooth transmissions i n  the  keV region;  t he  Mack l in4  value 

( 1 . 4 8 + . 0 7 ~ 1 0 - ~ )  from ana lys is  o f  smooth capture i n  t he  keV region;  the  

ENDFIB-V unresol ved-resonance-region eval u a t i o n Z 9  (1 .6a. 2x1 o - ~ )  ; and the  

Keyworth and Moore7 (1.64k.50~1 o - ~ ) ,  Der r ien8 (1.58+0. ~OXIO-~) , and 

Corvi  e t  a2. " ( 2 . 0 k . 4 ~ 1 0 - ~ )  va l  ues from s t a t i s t i c a l  analyses o f  reso l  ved- 

resonance parameters, The u n c e r t a i n t i e s  on the  s t a t i s t i c a l - a n a l y s i s  values 

a r i ses  main ly  from ambigu i t ies  i n  es t ima t ing  the  number o f  missed p-wave 

resonances. The s t reng th  func t ions  from the  smooth cross sec t ions  depend 

on assumed values f o r  o the r  average parameters. 

The upper s o l i d  histogram i n  F ig.  5 i s  t he  c a l c u l a t e d  p-wave capture 

cross sect ion,  averaged over  500-eV i n t e r v a l s ,  us ing  the  evaluated p-wave 
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Fig.  5. The upper s o l i d  histogram i s  the  ca l cu la ted  p-wave capture 
from average resonance parameters, whereas the lower s o l i d  histogram i s  
t h a t  from the  e x p l i c i t  p-wave resonances. The i r  d i f f e rence ,  dashed- 
histogram, i s  approximated by the s t r a i g h t  1 i ne o = (0.0235+0.000622E) b 
which g ives the  des i red  i n t e g r a l s .  Y 



s t reng th  f u n c t i o n  1 . 6 ~ 1 0 ' ~ ,  t he  evaluated average capture w i d t h  24.4 mV, 

and the  Keyworth and Moore7 average p-wave spacing 5.69 eV. The lower 

s o l i d  histogram i s  the capture cross sec t ion  f o r  t he  Table A-I1 p-wave 

resonances assuming they a l l  have g= l .  The dashed histogram i s  the  d i f -  

ference between these two which must be accounted f o r  w i t h  a po in tw ise  

cross sec t ion .  Th is  po in tw ise  cross sec t i on  was obta ined by assuming a 

l i n e a r  form AtBE and r e q u i r i n g  A and B t o  g ive  the  exact d i f f e rences  

between the ca l cu la ted  and e x p l i c i t  resonances f o r  the  i n teg ra ted  capture 

cross sec t i on  and d i l u t e  capture resonance i n t e g r a l .  That i s ,  over the  

i n t e r v a l  f rom 60 t o  4000 eV, 

Sol v i  ng these equat ions gives a cross sec t ion  o f  (0.0235+0.0000622E) b, 

which i s  shown as t h e  s t r a i g h t  l i n e  i n  Fig. 5. A lower l i m i t  o f  60 eV 

was chosen f o r  t h i s  smooth cross sec t i on  because the  5-to-60-eV i n t e r v a l  

conta ins enough e x p l i c i t  p-wave resonances t o  g i ve  the  average spacing. 

This  capture i s  n o t  se l f -sh ie lded;  however, t h i s  i s  expected t o  be 

o f  no p r a c t i c a l  s i g n i f i c a n c e  i n  reac to r  ca l cu la t i ons .  L ikewise the  

assumption t h a t  the  e x p l i c i t  p-wave resonances a l l  have g=l a f f e c t s  the  

s e l f - s h i e l d i n g ,  bu t  i s  expected t o  be o f  no p r a c t i c a l  s i gn i f i cance .  The 

corresponding pointwise s c a t t e r i n g  cross sect ion,  Q <r,>/<r > o f  t h e  
Y 

po in tw ise  capture cross sect ion,  i s  n e g l i g i b l e  and has been ignored.  The 

e x p l i c i t  p-wave resonances c o n t r i b u t e  0.40b t o  t h e  d i l u t e - c a p t u r e  resonance 

i n t e g r a l  and the pointwise p-wave cross sec t i on  con t r i bu tes  0.34b. The i r  



sum depends o n l y  on the  assumed average resonance parameters and n o t  on 

the  exp l  i c i  t p-wave resonance parameters. 

B. l / v  Capture Above 5 eV 

The ENDFIB-V eva lua t i on  g ives a  capture cross sec t i on  vary ing  f rom 

7.400b a t  0.0253 eV t o  0.308b a t  5 eV and l a r g e l y  fo l lows the  data o f  

Chrien e t  a2. A t  5.0 eV the  bound l e v e l s  o f  ENDFIB-V g i v e  a  capture cross 

sec t i on  of 0.064b and the  unbound l e v e l s  o f  t h i s  eva lua t ion  g ive  0.046b; 

the  e x p l i c i t  resonances do no t  g ive enough low-energy capture.  This  d i f -  

ference o f  0.308-0.063-0.046=0.198b o f  capture must be accounted f o r  and 

connected smoothly i n t o  the  resolved-resonance reg ion  w i t h  a  po in tw ise  

f i l e .  For  t h i s  a  capture cross sec t i on  o f  0.4427 E -'I2 i s  assumed over  

the  energies from 5 t o  4000 eV and con t r i bu tes  Q 0.406 t o  the d i l u t e -  

capture resonance i n t e g r a l .  This  capture p l u s  t h a t  ca l cu la ted  from t h e  

e x p l i c i t  resonances fo l l ows  the  data o f  Chrien e t  aZ. and gives 0.207b 

a t  12 eV. 

C. Scatter ing-Cross-Sect ion Truncat ion Compensation 

Cross sec t ions  w i l l  be ca l cu la ted  from resonances spanning neutron 

energies from -22.2 t o  4996.4 eV, whereas i n  r e a l i t y  t he  resonances essen- 

t i a l  l y  span -w t o  +m. This t r u n c a t i o n  w i l l  cause resonance imbalance 

i n  the  c a l c u l a t i o n  a t  t he  extremes o f  the  resolved-resonance range so t h a t  

the  s c a t t e r i n g  cross sec t i on  w i l l  be Q 1.5b low near 5 eV and Q 1.5b h igh  

near 4 keV. To c o r r e c t  fo r  t h i s  the  t o t a l  cross sec t i on  was ca l cu la ted  

from a l l  the  e x p l i c i t  resonances a t  var ious  energies between resonances 

from 10 eV t o  4 keV. The d i f f e r e n c e  between the  01 sen e t  aZ. measured 

t o t a l  cross sec t i on  and t h i s  ca l cu la ted  cross sect ion,  p lus  the  two p o i n t -  

wise capture cross sect ions,  was least-squares f i t t e d  w i t h  the  term S Rn 



[(EH-E)/(E-EL)]. This t e r n  gives the  main t runca t i on  c o r r e c t i o n  f o r  u n i -  

f o rm ly  d i s t r i b u t e d  s-wave s t rength  f u n c t i o n  from -cZ, t o  EL and EH t o  +m. 

A l l ow ing  S, EH and EL t o  be var iab les  produced a  co r rec t i on  o f  0.48 Rn 

[(4180-E)/ (E+132)]b, which together  w i t h  the ca l cu la ted  s c a t t e r i n g  cross 

sec t i on  should produce p o t e n t i a l  s c a t t e r i n g  accurate t o  t0.2b. Above 2024 

eV t h i s  term i s  negat ive. Other poss ib le  t r u n c a t i o n  terms a re  n e g l i g i b l e  

and have been ignored. 

D. Other Pointwise Cross Sect ions 

An a d d i t i o n a l  pointwise s c a t t e r i n g  cross sec t ion  i s  requ i red  t o  

smoothly connect the thermal eva lua t i on  t o  the  unresolved-resonance reg ion  

eva lua t ion .  A t  5  eV ENDFIB-V g ives a  12.068b o f  sca t te r i ng ,  whereas the  

e x p l i c i t  resonances g i ve  10.068b and the  t runca t i on  c o r r e c t i o n  g ives  +1.640b, 

The 0.360b d i f f e r e n c e  should be accounted f o r  by the s c a t t e r i n g  cross 

sec t i on  (0.540-0.036E)b. This  term i s  zero above 15 eV and i s  caused most ly  

by the  discrepancy i n  the  Olsen e t  aZ. and ENDFIB-V t o t a l  cross sec t ions  

a t  5  eV. This  discrepancy i s  probably i n  the s c a t t e r i n g  and i s  o f  no 

subs tan t i a l  consequence. 

These pointwise cross sect ions are  summarized i n  Table A-111. 

The po in tw ise  t o t a l  cross sec t i on  i s  t he  sum of  the two po in tw ise  capture  

cross sec t ions  and two po in tw ise  s c a t t e r i n g  cross sect ions.  

I V .  DISCUSSION AND CONCLUSIONS 

A. D i l u t e  Capture Resonance I n t e g r a l  

The ENDFIB-V 232Th eva lua t ion1 g ives an i n f i n i t e l y  d i l u t e  capture  

resonance i n t e g r a l  o f  84.0b which agrees w i t h i n  e r r o r  w i t h  the  Greneche3' 

evaluated value o f  85.8k1.9b. The c o n t r i b u t i o n s  t o  t h i s  i n t e g r a l  from t h e  

resolved-resonance reg ion  are  l i s t e d  i n  t he  upper p a r t  o f  Table V.  The 





ENDF/B-V thermal capture cross sect ion,  E < 5 eV, and unresolved-resonance- 

reg ion  capture  cross sect ion,  E 2 4 keV, c o n t r i b u t e  4.28b t o  the  i n t e g r a l .  

The bottom p a r t  o f  Table V l i s t s  t he  corresponding i n t e g r a l  c o n t r i b u t i o n s  

from t h i s  eva lua t ion .  Together w i t h  t h i s  4.28b t h i s  eva lua t i on  g ives  86.1b, 

a  2.1 b increase. About 0.5b increase i s  from the f i r s t  f o u r  s-wave reso- 

nances, a  1.7b increase i s  from the  o the r  resolved s-wave resonances, and 

the  summed l / v  and p-wave capture i s  unchanged. 

B. Unce r ta in t i es  

The uncor re la ted  standard dev ia t ions  f o r  the i n d i v i d u a l  neutron and 

capture widths are  l i s t e d  i n  coluwns th ree  and f i v e  o f  Table A - I  and 

A-11. The neutron widths are  est imated t o  have an a d d i t i o n a l  unce r ta in t y ,  

c o r r e l a t e d  over a l l  neutron energies, inc reas ing  1  i n e a r l y  from a  1% 

standard dev ia t i on  a t  0.0 keY t o  9% a t  4.0 keV; t h a t  i s ,  A~n/~n=0.010+0.00002E. 

Likewise, t he  capture widths are  est imated t o  have an a d d i t i o n a l  uncer- 

t a i n t y ,  c o r r e l a t e d  over a l l  neutron energies, of ?1 .0 meV fo r  the  f i r s t -  

f o u r  s-wave resonances and k2.0 meV fo r  t he  others.  I t  i s  assumed t h a t  

on average the  p- and s-wave capture widths a re  i d e n t i c a l .  No u n c e r t a i n t y  

i s  given f o r  t h i s  assumption and no u n c e r t a i n t i e s  a re  g iven f o r  resonance 

energies . 
The e f f e c t i v e  s c a t t e r i n g  rad ius  i s  be l ieved t o  be accurate t o  

12 +0.004x10- cm. The po in tw ise  s c a t t e r i n g  and capture cross sec t ions  

( w i t h i n  the resolved resonance reg ion)  a re  est imated t o  have u n c e r t a i n t y  

standard dev ia t ions ,  c o r r e l a t e d  over a l l  neutron energies, o f  +0.2b and 

+20%, respect ive ly .  



C. Average Resonance Parameters 

Average resonance parameters der ived from o r  used i n  t h i s  eva lua t i on  

are  l i s t e d  i n  Table V I .  The average capture width, assumed i d e n t i c a l  f o r  

bo th  s- and p-wave resonances was evaluated a t  24.4k2.0 meV. ENDF/B-VIm2 

and Derr ien8 have evaluated averages o f  2.1. meV and 21.45+0.25 meV, 

respec t i ve l y  . 
Over the  i n t e r v a l  from 21.8 t o  3996.4 eV the  Table A - I  neutron widths 

g i v e  a  s t rength  f u n c t i o n  of 0 .826 i0 .084~10-~ ,  where the  standard d e v i a t i o n  

i s  t he  quadra t ic  sum o f  a  k 0 . 0 3 7 ~ 1 0 - ~  unce r ta in t y  from the  systematic e r r o r  

o f  the  neutron widths and a  i 0 . 0 7 5 ~ 1 0 - ~  u n c e r t a i n t y  from the  f i n i t e  sample 

o f  241 l eve l s .  This  i s  l a r g e r  than the  ENDF/B-V192 value ( 0 . 7 7 5 ~ 1 0 - ~ )  and 

small e r  than the Keyworth and Moore7 ( 0 . 8 8 ~ 0 . 0 7 ~ 1  o - ~ )  and Der r iens  

( 0 . 8 9 ~ 0 . 1 1 ~ 1 0 - ~ )  values. However, the  l a t t e r  two s t reng th  func t i ons  were 

determined from l e v e l s  o n l y  up t o  3 keV. Over t h i s  i n t e r v a l  the  Table A - I  

neutron widths a l so  g i v e  So Q, 0 . 8 9 ~ 1 0 - ~ .  

The p-wave s t reng th  f u n c t i o n  i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  used 

i n  o ther  evaluat ions.  The l e v e l  spacings are  taken d i r e c t l y  from t h e  

Keyworth and ~ o o r e ~  eva lua t i on  and are  almost i d e n t i c a l  t o  those o f  t h e  

eva lua t ion  o f  Der r ien8 who used d i f f e r e n t  procedures t o  a r r i v e  a t  t h e  

same spacings. The p-wave spacing i s  o n l y  used i n  t h i s  eva lua t i on  t o  

c a l c u l a t e  the  w id th  f l u c t u a t i o n  f a c t o r  f o r  p-wave capture  f rom the  

average resonance parameters. 

D. Concl usions 

The Table A - 1  and A - I 1  resonance parameters us ing  a  MtBW formalism 

w i t h  a  0 . 9 7 2 ~ 1 0 - ' ~  cm e f f e c t i v e  rad ius  and the  Table A - I 1 1  c o r r e c t i o n s  

de f i ne  cross sect ions f o r  t he  resolved resonance reg ion .  These cross 



Table V I .  Average Resonance Parameters 

S-wave resonances 

<r >=24,4+2,0 meV 
Y 

So -0.83k0.08~1 ow4 

D, =1 6,441.0 eV 

R =O ,971 ~ O . O O ~ X I O - ~  cn  

p-wave resonances 

<r >=24.4+2.0 meV 
Y 

sec t ions  w i t h  the  remaining ENDFIB-V eva lua t ion  g i ve  a  d i l u t e  capture 

resonance i n t e g r a l  o f  86. lb.  

The f i r s t  f o u r  s-wave resonances g i ve  r\, 70% o f  t h i s  i n t e g r a l ,  The 

evaluated parameters f o r  these resonances are  very  s i m i l a r  t o  those o f  

the  1974 eva lua t ion  o f  Derrien;' however, t he  recent  ORELA3 and B N L ~  

r e s u l t s  have tended t o  s u b s t a n t i a l l y  reduce t h e i r  unce r ta in t i es .  Likewise, 

the  higher-energy neutron widths are  s i m i l a r  t o  those of  Keyworth and 

Moore7 and Der r iene w i t h  s u b s t a n t i a l l y  smal ler  u n c e r t a i n t i e s  up t o  2  keV 

because o f  t he  ORELA data. The most s i g n i f i c a n t  change f rom the  o l d e r  

evaluat ions i s  the increase o f  the  average capture w id th  f rom % 21.5 meV 

t o  24.4 meV. This change r e s t s  most ly  on the  recen t  ORELA data; 3 - 5  how- 

ever, there  i s  o the r  i n fo rma t ion  i n d i c a t i n g  t h a t  t h i s  increase i s  des i rab le :  

(1 ) a1 though i t  i s  possib le,  i t  i s  both suspic ious and u n l i k e l y  t h a t  the  

f i r s t  three s-wave resonances have s u b s t a n t i a l l y  l a r g e r  capture widths 

than the  previously-accepted lower average value; ( 2 )  a l though i t  i s  



possib le,  there  i s  no support ing experimental evidence fo r  t he  requ i red  

use o f  a  p-wave capture w id th  l a r g e r  than the  s-wave capture  w i d t h  f o r  

recent1  unresolved-resonance-region evaluat ions;  (3 )  o l d e r  eval ua t i ons  

have tended t o  g ive  d i l u te -cap tu re  resonance i n t e g r a l s  near  t he  lower l i m i t  

o f  t he  i n t e g r a l  measurements; and (4 )  o l d e r  eva lua t ions  have tended t o  

g i ve  shielded-capture resonance i n t e g r a l s  smal le r  than those requ i red  by 

i n t e g r a l  measurements. The present  eva lua t ion  shoul d a1 1  ev i  a t e  some of 

these d i f f i c u l t i e s .  

Obviously t h e  recent  ORELA capture widths a re  d iscrepant  w i t h  the  

o l d e r  measurements. There i s  an important  need f o r  t h i s  discrepancy t o  

be resolved w i t h  one o r  more add i t i ona l  capture measurements i n  t h e  

resolved-resonance region. In add i t i on ,  a  t ransmiss ion measurement i s  

requ i red  above 2 keV t o  v e r i f y  the Mackl in  neutron w id ths4 and the  extrap-  

o l a t e d  c o r r e c t i o n  t o  the  Rahn et aZ. r e s u l t s .  The higher-energy neutron 

widths have l a r g e  u n c e r t a i n t i e s  and r e q u i r e  c l a r i f i c a t i o n .  When t h i s  data 

i s  ava i l ab le ,  a  new ENDF/B eva lua t ion  would be i n  order .  
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Appendix A. Evaluated Resonance Parameters and Pointwise 
Cross Sections f o r  232T t i  f rom 5.0 eV t o  4.0 keV 

Uncer ta in t i es  are discussed i n  Sect ion IV-B.  This eva lua t i on  a l so  

requ i res  the  ENDF/B-V bound s-wave l e v e l s  a t  -2.952 and -22.2 eV wi th  

neutron widths of 9 . 2 7 7 ~ 1  oW4 and 6 .2665~1  o - ~  eV , respec t i ve l y .  These 

- 2 have capture widths o f  2 .12~1-  eV. 







Table A-I, Continued 





Table A - T .  Continued 



Table A - I .  Continued 







Table A-11. Continued 



Table A-IT. Continued 









ORNL/TM-8056 
ENDF-319 
D i s t .  Category UC-79d 

INTERNAL DISTRIBUTION 

L. S. Abbott 
D. E.  Ba r t i ne  
Z.  W. B e l l  
J. W. Dabbs 
G. de Saussure 
J. K. Dickens 
G. F. Flanagan 
C. Y .  Fu 
U r i  Gat 
R. Gwin 
J .  A. Harvey 
D. C. Larson 
R. L. Mackl in 
F. C. Maienschein 
D. K. Olsen 
R. W. Pee l le  
F. G. Perey 

R. B. Perez 
R. R. Spencer 
C. R. Weisbin 
L. W. Weston 
R. Q. Wright 
A. Zucker 
P. W. Dickson, J r .  ( consu l tan t )  
H. 3. C.  Kouts (consu l tan t )  
W. B. Loewenstein (consul t a n t )  
R. Ni l  son (consu l tan t )  
Centra l  Research L i b r a r y  
ORNL Y-12 Technical L i b r a r y  

Document Reference Sect ion 
Laboratory Records Department 
ORNL Patent  O f f i c e  
Laboratory Records (RC) 
EPD Reports O f f i c e  

EXTERNAL DISTRIBUTION 

56. Off ice of Ass is tan t  Manager fo r  Energy Research and Development, 
Department of Energy, oak Ridge operat ions O f f i c e ,  Oak ~ i d g e ,  TN 
37830 

57-58. DOE D i v i s i o n  o f  Reactor Research and Development, Washington, DC 
20545: D i r e c t o r  

59-256. For d i s t r i b u t i o n  as shown i n  TID-4500 D i s t r i b u t i o n  Category 
UC-79d, L i q u i d  Metal Fast Breeder Reactor Physics - Base (60 
copies - ENDF d i s t r i b u t i o n )  




	ORNL_TM-8056.pdf



