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ABSTRACT 

An evaluat ion of cross  sec t ions  usefu l  f o r  determining the  produc- 

t i o n  of transuranium elements i s  presented. The measured thermal c ross  

sec t ions  and resonance i n t e g r a l s  f o r  the  heavy elements beginning with 

U 234 were col lec ted .  ~esonanc?  parameters reported i n  BNL-325 were used 

in  a  s ing le  l e v e l  formalism t o  reconstruct  the  t o t a l  and p a r t i a l  neutron 
2 3 6 237 

cross  sec t ions  a s  a  function of energy f o r  the  nucl ides U , Np , 
238 241 244 

242 Am243, and Cm . A s ing le  s c a t t e r -  Pu , Pu240,  Pu , Pu , 
iny radius ,  adjusted f o r  bes t  f i t  in':-the va l l eys  between resonances, was 

used and a  l /v  background cross  sec t ion  added t o  account f o r  the  low 

energy t a i l s  of the  unresolved resonances. Good f i t s  t o  the  measured 

t o t a l  and p a r t i a l  c ross  sec t ions  were observed throughout the  resolved 

resonance region f o r  most nucl ides ,  but  s t rong resonance-resonance 
241 

in ter ference  e f f e c t s  were noted f o r  Pu . 
An i n t e g r a l  over energy of  the  product of the  absorption o r  f i s s i o n  

cross  sec t ion  and a  1 /E  f lux  from a  low energy l i m i t  of 0.55 eV was ca l -  

culated as  a  funct ion of energy i n  the  resolved resonance region. An 

ext rapola t ion  t o  high energies  allowed comparison with measured reso- 

nance in teg ra l s .  Good agreement hetween extrapolated resonance in te-  

g r a l s  and measurements was noted f o r  a l l  cases except Pu 
237 

2 3 8 n n d N p  . 
241 New information i s  reported f o r  the  capture i n t e g r a l s  of Pu , Am241, 

241 
and ~ m ~ ~ ~ ,  and the  f i s s i o n  i n t e g r a l  of Am . 



INTRODUCTION 

Preliminary s tudies ' ' )  have shown t h a t  , t h e  bui ldup of transuranium 

elements by successive a c t i v a t i o n  of nucl ides  may be performed more e f -  

f e c t i v e l y  i n  epithermal r eac to r s  than i n  thermal reac tors .  ' However, 

t h e r e  is much uncer ta in ty  about many of t h e  neutron cross  sec t ions  i n  

t h e  epithermal region. These u n c e r t a i n t i e s  can se r ious ly  a f f e c t  t h e  

f u e l  reprocessing cycle  s ince  the  optimum time f o r  nucl ide bui ldup i s  

s t rongly  dependent on the  formation and disappearance cross  sec t ion .  

I n  some cases ,  a  two-group ca lcu la t ion  containing thermal neutron c ross  

sec t ions  and resonance i n t e g r a l s  is s u f f i c i e n t  t o  p r e d i c t  t h e  t r ans -  

uranium eleluent production, The cxperimental information col lec ted  

showed the  da ta  t o  be sparse  and-sometimes d iscrepant .  The s t a t u s  of  

t h e  experimental r e s u l t s  prompted ca lcu la t ion  of  t h e  resonance i n t e g r a l s  

using the  resonance parameters t o  look f o r  new information and t o  t e s t  

f o r  consistency between d i f f e r e n t i a l  and i n t e g r a l  measurements. 

I n  add i t ion  t o  providing a  check on t h e  experimental information, 

an a n a l y t i c  c ross  sec t ion  representa t ion  f a c i l i t i a t e s  analyses  where 

spac ia l  and energy se l f - sh ie ld ing  and temperature e f f e c t s  a r e  important. 

I t  a l s o  provides a  convenient way t o  generate  multigroup reac to r  c ross  

sec t ions .  I n  t h i s  r epor t  t he  f i t  of t he  resonance parameters reported 

i n  BNL-325 t o  t h e  experimental da ta  is displayed.  

A summary of t h e  experimental information on t h e  thermal c ross  sec- 

t i o n s  and resonance i n t e g r a l s  i s  presented i n ~ s e c t i o n  I1 of t h i s  r e p o r t . .  

I n  Section I11 the  d i f f e r e n t i a l  experimental d a t a  a r e  analyzed, and the  

resonance parameters reported i n  BNL-325 a r e  used i n  a  Breit-Wigner 

s ing le - l eve l  (BWSL) formalism t o  cons t ruc t  t he  p a r t i a l  and t o t a l  c ross  

sec t ions  i n  t h e  resolved resonance region. Resonance i n t e g r a l s  f o r  

capture and f i s s i o n  a r e  computed over the  resolved resonance region i n  

Section I V  t o  note whether an ex t r apo la t ion  t o  h igher  energ ies  would 

y i e l d  r e s u l t s  cons i s t en t  with measured i n t e g r a l s .  Discrepancies between 

t h e  d i f f e r e n t i a l  and i n t e g r a l  measurements a r e  discussed i n  Sect ion V,  



.whi le  Sec t ion  V I  a t tempts  t o  presen t  a  p r a c t i c a l  s e t  o f  two-group.cross 

s e c t i o n s  t o  be used f o r  transuranium iso tope  c a l c u l a t i o n s .  The conclu- 

s i o n s  o f  t h i s  s tudy a r e  presented i n  Sec t ion  V I I .  

The thermal c r o s s  s e c t i o n s  and resonance integra1.s measured f o r  

nuc l ides ,  s t a r t i n g  wi th  U 2 3 4 ,  a r e  summarized i n  Table I. These r e s u l t s  

have been e x t r a c t e d  from BNL-325' and CINDA'. No at tempt  has  been made 

t o  check a l l  t h e  re fe rences  t o  remove dup l i ca t ions  and inaccurac ies .  

I n  many cases  t h e r e  e x i s t s  only a s i n g l e  measurement of t h e  c ros s  sec- 

t i o n ,  whi le  i n  other i n s t . a n c e s  qpvesal i n v ~ s t i g a t i o n o  o f  thc cross sec- 

t i o n s  have been made. For U235,  u ~ ~ ~ ,  and ~u~~~ only t h e  BNL-325 recom- 

mended va lues  a r e  l i s t e d .  

There is  wide ' s c a t t e r  i n  t h e  experimental  d a t a  fo r '  t h e  thermal 
240 242 243 

c r o s s  s e c t i o n s  of  Pu , Pu , Am , and t h e  resonance absorp t ion  

i n t e g r a l  o f  Am243. The product ion o f  t h e  Pu 238 nuc l ide  ( important  f o r  

space a p p l i c a t i o n )  r e l i e s  on an accu ra t e  knowledge o f  t h e  N~~~~ and 

Pu 238 resonance i n t e g r a l s ,  t h e r e  bOing only one measurement reported f o r  

each nuc l ide .  

111. PARAMETRIC FITTING OF TOTAL AND PARTIAL CR0S.S SECTIONS 

D i f f e r e n t i a l  thermal and epi thermal  neutron c r o s s  s e c t i o n  d a t a  

e x i s t s  f o r  many o'f t h e  f i s s i l e  nudlibek. I f  t h e  resonances ' a re '  exper i -  

mental ly  reso lved ,  it i s  poss ib l e  fo r '  each resonance t b  be analyzed t o  
. . 

o b t a i n  resonance parameters. '  By superimposing t h e  shape of each reso- 

nance according t o  i t s  parameters,  it is  poss ib l e  t o  r econs t ruc t  t h e  

. c ross  ' s e c t i o n  throughout t h e  energy range o f  t h e  resolved resonance 

Neutron Cross Sec t ions ,  1st Ed i t i on  (1955);  2nd ~ d i t i o n  (1958);  - 
Supplement 2, 'Vol. I (1964) ; Supplement 2, Vol. I11 . (1965) .' 
An Index t o  t h e  L i t e r a t u r e  on Microscopic Neutron Data, Columbia ---- 
Univers i ty  and ENEA N e u t r o n y a t a  Compilation Centre ,  May 1, 1965; 
1st Supplement, October 15 ,  1965. 



region. Once a  parametric representa t ion  of t h e  c ross  sec t ion  i s  

achieved, group-averaged c ross  sec t ions  and resonance i n t e g r a l s  can 

r ead i ly  be ca lcu la ted .  

Where resonances a r e  c lose ly  spaced, i n t e r f e rence  between l e v e l s  

may occur t h a t  w i l l  r equi re  a  mul t i l eve l  formalism t o  analyze t h e  c ross  

sec t ion  da ta .  However, i f  i n t e r f e rence  e f f e c t s  a r e  not too  severe,  t he  

BWSL formula may o f f e r  s u f f i c i e n t  f l e x i b i l i t y  t o  parametr ical ly  f i t  t he  

measured cross  sec t ions .  I n  t h i s  sec t ion  the  s ing le - l eve l  parameters 

reported i n  BNL-325 a r e  used t o  bu i ld  up t h e  t o t a l  c ross  sec t ion  through- 

out the  resolved resonance region. 

A .  Single Level Formula 

The expression used t o  generate  t h e  Doppler-broadened t o t a l  c ross  

sec t ions  i n  the  labora tory  system cons i s t s  of resonance, p o t e n t i a l  

s c a t t e r i n g ,  and l/v components. The resonance p a r t  i s  formed by summing 

f o r  each resonance t h e  following terms: 

r e s  R E T ( E )  

where 

R = sp in  and resonance independent nuclear  s c a t t e r i n g  r ad ius ,  

T(E) = 
4 (KT)  E 

Y 

( ~ + l )  T(E)  



and A = mass r a t i o  o f  t a r g e t  nucleus .  t o  neutron.  

The pa ramete r s  X ,  rN, r and I? a r e  e v a l u a t e d  a t  t h e  resonance energy.  
Y F 

The p o t e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n ,  a i s  c o n s t a n t  w i t h  energy.  
P ' 

where 
1 

R = r , ~ ~  X 1 0 - l 3  cm. 

The t a i l s  o f  t h e  h i g h e r  energy unresolved,  re,sonances a r e  assumed t o  c o l -  
. 2  

l e c t i v e l y  c o n t r i b u t e  i n  a  l /v  manner t o  t h e  c a p t u r e  and f i s s i o n  c r o s s  

s e c t i o n s  a t  low e n e r g i e s .  

The q u a n t i t i e s  o  and ofo a r e  t h a t  amount o f  c a p t u r e  and f i s s i o n  c r o s s  
CO 

s e c t i o n  r e s p e c t i v e l y  t h a t  must be  added a t  .0253 eV t o  account f o r  

measured 2200-meter c r o s s  s e c t i b n s .  

This, d e s c r i p t i o n  o f  t h e  c r o s s  s e c t i o n  i n c l u d e s  i n t e r f e r e n c e  between 

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

between resonances .  Although Doppler broadening a t  room tempera tu re  i s  

i n c l u d e d ,  b roaden ing  due t o  imper fec t  experimenkal  r e s o l u t i o n  h a s  been 

ignored .  



Resonance Parameters 

I n  gene ra l ,  t h e  number o f  parameters a v a i l a b l e  t o  f i t  t h e  measured 

c ros s  s e c t i o n  i n  t h e  resolved resonance region a r e  r,, o , and ofo and 
CO 

four  a d d i t i o n a l  parameters f o r  each resonance,  namely, ER,  rN, r and 
Y 

$. The s t a t i s t i c a l  s p i n  f a c t o r ,  g ,  was 1 .0  f o r  t h e  zero  s p i n  nuc l ides  
238 240 242 u~~~~ U236 , Pu , Pu , Pu , and Cm 

244 
and 0.5 f o r  t h e  remainder o f  

those  inves t iga t ed .  The resonance parameters a r e  summarized i n  Table 11. 

C.  F i t s  t o  Experimental Data 

I n i t i a l l y  t h e  da t a  fo r  each nuc l ide  were f i t t e d  wi th  r, = 1.4 ,  and 

a and a equal  t o  0. I f  t h e  t o t a l  c ros s  s e c t i o n  generated d id  not  
C 0 f o  

agree:with t h e  measured values  between t h e  h ighe r  energy resonances ,  t h e  

s c a t t e r i n g  c ros s  s e c t i o n  was ad jus ted  throuyh r, u n t i l  b e t t e r  agreement 

was a t t a i n e d .  . I f  t h e  t o t a l  o r  p a r t i a l  c ros s  s e c t i o n  generated a t  

.0253 eV was lower than  measured va lues ,  a l / v  c ros s  s e c t i o n  was added 

through t h e  parameters oco and,ofo.  The va lues  f o r  t h e  f i t t i n g  con- 

s t a n t s  r,, o and a a r e  l i s t e d  i n  Table 11, toge the r  with  t h e  
coy  f o  

f i g u r e s  i n  which t h e  ca l cu l a t ed  curve is compared wi th  experiment. From 

t h e  curves appearing i n  Figures  1 through 22 it may be seen t h a t  s a t i s -  

f ac to ry  f i t s  a r e  obtained i n  many cases  t o  t h e  experimental  d a t a  a t  room 

temperature using t h e  BWSL formalism. A d e t a i l e d  d i scuss ion  is reserved 

f o r  Scc t ion  V. 

V. PARTIAL RESONANCE INTEGRALS 

I n  t h e  previous s e c t i o n  it was shown tha t . resonance  parameters 

could be used i n  t h e  s i n g l e  l e v e l  formalism t o  s a t i s f a c t o r i l y  f i t  t h e  

measured p a r t i a l  or  t o t a l  c ros s  s e c t i o n  f o r  most nuc l ides  over  t h e  re-  

solved resonance region. I n  t h i s  s e c t i o n  f i g u r e s  desc r ib ing  an i n t e g r a l  

over energy o f  t h e  product of  t h e  absorp t ion  o r  f i s s i o n  c ros s  s e c t i o n  

and a 1 /E  f l u x  from a lower energy l i m i t  o f  0.55 eV3 a r e  presented.  

Recommended s t a n d a r i z a t i o n  'of .lower l i m i t  o f  resonance i n t e g r a l  by 
H. Goldstein ,  e t  a l . ,  i n  EANDC-12 (1961).  



Between energy mesh p o i n t s  a  quad ra t i c  shape was assumed f o r  t h i s  i n t e -  

grand. Since s a t i s f a c t o r y  f i t s ' t o  t h e  d i f f e r e n t i a l  c ros s  s e c t i o n  were 

demonstrated only over  t h e  resolved resonance region,  t h e  i n t e g r a l  i s  

terminated a f t e r  i nc lus ion  of  t h e  l a s t  resonance. Because o f  t h e  re-  

duced weight ing o f  t h e  high energy resonances,  t h e  curve s a t u r a t e s  and 

approaches t h e  h igh  energy l i m i t  of  t h e  resonance i n t e g r a l  where ex t r a -  

p o l a t i o n  al lows comparison wi th  measured resonance i n t e g r a l s .  

The ca l cu l a t ed  r e s u l t s ,  ex t r apo la t ed  va lues ,  measured i n t e g r a l s ,  

and t h e  f i g u r e s  i n  which they may be seen a r e  l i s t e d  i n  Table 111. 

The measurement o f  i n t e g r a l s  o f  elements having low energy reso- 

nances i n  t h e  v i c i n i t y  o f  t h e  cadmium resonarlee a t  0.178' eV m u s t  conta in  

c o r r e c t i o n s  t o  o b t a i n  a  lower l i m i t  o f  t h e  resonance i n t e g r a l  a t  0.55 eV. 

Calcu la ted  cadmium c u t o f f s ,  assuming a  40-mii cadmium cover and the  

~ o ~ ~ l e r - b r o a d e n e d  absorp t ion  c ros s  s e c t i o n  o f  16 resolved resonances i n  

cadmium, a r e  l i s t e d  i n  Table 111, toge the r  wi th  ca l cu l a t ed  con t r ibu t ions  

t o  t h e  resonance i n t e g r a l  between 0.55 eV and t h e  cadmium c u t o f f ,  
Ec ' 

This  c o r r e c t i o n  may be p o s i t i v e  o r  nega t ive ,  depending on whether E i s  
C 

above o r  below 0.55 eV. 

V. COMPARISON OF CALCULATIONS AND EXPERIMENT 

The agreement between t h e  measuiied e ros s  sec t iv r l s  dr~d  L ~ S U I I ~ I I C C  

i n t e g r a l s  and t h e  ca l cu l a t ed  curves generated from resonarice parameters 

i s  discussed s e p a r a t e l y  f o r  each nuc l ide .  The f i g u r e s  showing t h e  

measured and ca l cu l a t ed  da t a  a r e  l i s t e d  i n  Tables I11 and I V .  

I n  genera l  t h e  ca l cu l a t ed  curves f o r  t h e  t o t a l  and p a r t i a l  c ros s  

s e c t i o n s  t r a c k  t h e  experimental  po in t s  a t  low ene rg i e s  ra , ther  w e l l ,  a s  

they  should s i n c e  t h e  resonance parameters were generated from t h e  da t a .  
\ 

However, except ions  occur when s t rong  resonance-resonance i n t e r f e r e n c e  

occurs  a s  i n  Pu241J showing t h e  inadequacy of  t h e  BWSL d e s c r i p t i o n ,  and 

i n  low energy t a i l s  where nega t ive , resonance  parameters have not been 
241 completely determined a s  f o r  Am . I n  add i t i on ,  where measurements 

have been made by d i f f e r e n t  experimenters whose energy s c a l e s  do not  
3 1 

I 



agree ,  an educated choice has  been made i n  BNL-325 t o  s e l e c t ' t h e  recom- 

mended values  used i n  t hese  c a l c u l a t i o n s .  I n  t h e s e  cases  t h e  ca l cu l a t ed  

curve cannot be expected t o  pass  through a l l  d a t a  po in t s .  A t  h igher  

energ ies  broadening o f  t h e  d a t a  occurs  because o f  t h e  d e t e r i o r a t i n g  ex- 

per imental  r e s o l u t i o n ,  bu t  t h i s  does not s e r i o u s l y  a f f e c t  t h e  determina- 

t i o n  of  t h e  resonance parameters. The ca l cu l a t ed  curve shows t h e  l i n e  

shape Doppler-broadened by a temperature o f  68' F (.0253 eV). . . 

u ~ ~ ~ :  The ca l cu l a t ed  t o t a l  c ros s  s e c t i o n  passes  through t h e  d a t a  

p o i n t s  a t  thermal ene rg i e s ,  t r a c k s  t h e  f i r s t  resonance w e l l ,  and shows 

t h a t  t h e  experimental  r e s o l u t i o n  f a l t e r s  a t  t h e  second p o s i t i v e  energy 

resonance a t  31.4 e0. More work is suggested f o r  eva lua t ing  a d d i t i o n a l  

negat ive resonance parameters t o  o b t a i n  b e t t e r  agreement between 0.1 and 

1 .0  eV. 

The ex t rapola ted  cap ture  resonance i n t e g r a l  of  640 barns  is i n  good 

agreement wi th  t h e  measured va lues  o f  710 and 700f70 barns .  The f i s s i o n  

width observed f o r  t h e  5.19-eV resonance g ives  r i s e  t o  a 2200-meter 

f i s s i o n  c ros s  s e c t i o n  o f  0.006 barns  and a f i s s i o n  resonance i n t e g r a l  o f  

0.5 barns.  

U236: The generated curve passes  through t h e  s c a t t e r e d  d a t a  p o i n t s  

a t  low ene rg i e s ,  t r a c k s  t h e  f i r s t  resonance w e l l ,  and r i s e s  above t h e  

d a t a  po in t s  a t  t h e  30.2-eV resonance where t h e  experimental  r e s o l u t i o n  

becomes poor. 

The experimental  va lues  f o r  t h e  resonance i n t e g r a l  range from a low 

l i m i t  of  363 t o  a maximum l i m i t  o f  480 barns ,  a range t h a t  does no t  

include t h e  ex t rapola ted  va lue  of  310 barns .  

N ~ ~ ~ ~ :  The good f i t  t o  t h e  measured d a t a  appears throughout t h e  

low energy range except a t  t h e  th reshold  of t h e  f i r s t  peak. A nega t ive  

resonance might improve t h e  f i t .  A t  about 2 1  eV d i sc repanc ie s  between 

t h e  curve generated from t h e  recommended va lues  and t h e  experimental  

d a t a  appear. 

The ex t rapola ted  resonance i n t e g r a l  of  500 barns  is  a f a c t o r  of  two 

below t h e  s i n g l e  measurement a v a i l a b l e  o f  about 943 barns  (ad jus ted  from 



a non-l/v measurement o f  870 b a r n s ) .  The f i s s i o n  widths  observed f o r  

t h e  0.489-, 1.33-, and 1.48-eV resonances con t r ibu te  0.0005 barns  and 

0.007 barns  t o  t h e  thermal c r o s s  s e c t i o n  a t  .0253 eV and f i s s i o n  reso- 

nance i n t e g r a l ,  r e spec t ive ly .  

P u ~ ~ ~ :  The thermal c r o s s  s e c t i o n  and resonance d a t a  about 2.89, 

9.98, and 18.57 eV have been reported.  ~ e s o l u t i o n  broadening a f f e c t s  

t h e  comparison between t h e  ca l cu l a t ed  curve and experimental  d a t a ' a t  t h e  

9.98- and 18.57-eV resonances.  The thermal c ros s  s e c t i o n  i s  almost en- 

t i r e l y  due t o  t he  nega t ive  resonance proposed a t  -0.5 eV. F i s s ion  

wid ths  have been eva lua ted  b u t  no f i s s i o n  c r o s s  s e c t i o n  d a t a  published 

except  a t  thermal energ ies .  

An e .xtrapolat ion o f  t h e  resonance i n t e g r a l ,  . r i sky  because not  

enough resonances have been resolved t o  show s a t u r a t i o n ,  i n d i c a t e s  a  

resonance i n t e g r a l  i n  t h e  neighborhood of  150 barns  which i s  i n  s e r ious  

disagreement with  t h e  measured va lue  of  3260f280 barns .  

~ o o d  agreement i s  observed between t h e  ca l cu l a t ed  curve and 

t h e  experimental  d a t a  throughout t h e  resolved resonance range f o r  both 

t h e  t o t a l  and f i s s i o n  c ros s  s ec t ion .  A Maxwellian averaged cap ture  and 

f i s s i o n  c ros s  s e c t i o n  o f  246 and 0.06 barns  was obtained.  Measured 

va lues  range from 240535 t o  530f50 barns  and 0.030&0.045 t o  8f7 barns  

f o r  t h e  cap ture  and f i s s i o n  c r o s s  s e c t i o n s ,  r e spec t ive ly .  

There i s  good agreement bctween the  ex t r apo la t ed  resonance i n t e g r a l  

o f  8000 barns  and measured va lues  ranging from a low l i m i t  of  7900 t o  a  

h igh  l i m i t  o f  15,000 barns  ( i nc lud ing  experimental e r r o r ) .  A f i s s i o n  

resonance i n t e g r a l  of  1.5 barns  was ca l cu l a t ed  a s  t h e  con t r ibu t ion  from 

t h e  f i r s t  two resonances.  

l ? ~ ~ ~ ' :  The ca l cu l a t ed  curve dev ia t e s  considerably from t h e  d a t a  

between 0.5 and 1.5 eV and a l s o  i n  ' the  v a l l e y  between t h e  4.58- and . 

5.92-eV resonances. The shape discrepancy between t h e  resonances i s  due 

t o  t h e  inadequacy o f  t h e  s i n g l e  l e v e l  formula t o  account f o r  i n t e r f e r -  

ence e f f e c t s .  Very s t rong  i n t e r f e r e n c e  between t h e s e  .resonances i s  re- 

qu i red  t o  desc r ibe  t h e  d a t a ( 2 ) .  The discrepancy between t h e  ca l cu l a t ed  



and me.asured f i s s i o n  c ros s  s e c t i o n  i n  t h e  1-eV reg ion  may i n  p a r t  be due 

t o  Pu 240 contamination i n  t he  measurement sample. Throughout t h e  re-  

solved resonance region t h e  d i sc repanc ies  between t h e  ca l cu l a t ed  and 

measured t o t a l  c ros s  s e c t i o n  a r e  l a r g e l y  due t o  t h e  f a i l u r e  t o  genera te  

t h e  c o r r e c t  f i s s i o n  c ros s  s e c t i o n .  

The running resonance i n t e g r a l  i s  near  s a t u r a t i o n  e x t r a p o l a t i n g  t o  

630 barns  f o r  t he  f i s s i o n  i n t e g r a l  which compares with  an experimental  

range of 516 t o  590 .barns  ( inc luding  experimental  e r rors )" .  This  d i s -  

crepancy i s  mainly due t o  d i f f e r e n c e s  between t h e  ca l cu l a t ed  and exper i -  

mental d i f f e r e n t i a l  c ros s  s e c t i o n  i n  t h e  0.55- t o  5.0-eV range. The 

cap ture  i n t e g r a l  e x t r a p o l a t e s  t o  260 barns  f o r  which no measured vaiue 

h a s  beeii reported.  

P U ' ~ ~ :  Only t h e  peak. d a t a  a r e  a v a i l a b l e  f o r  comparison. The f i t  

i s  good f o r  t h e  2.66-eV resonance and shows t h e  e f f e c t  o f  experimental  

broadening a t  t h e  53.6-eV resonance. The ca l cu l a t ed  2200-meter cap ture  

c ros s  s e c t i o n  i s  17.5 barns ,  which is  i n  agreement wi th  t h e  measured ., 

valu'e o f  22*9 barns .  

The computed cap ture  i n t e g r a l  e x t r a p o l a t e s  t o  1150 ba rns ,  which -,, 

compares favorably wi th  t h e  measurements o f  1275630, 1055h170, and 

87 O f  5  0  barns .  . . 

AmZ4l :  The t o t a l  c r o s s  s e c t i o n  shows need o f  a  negat ive energy 
- 

resonance t o  produce agreement between the  ca l cu l a t ed  curve and 

measured da ta .  A negat ive resonance i s  ind ica ted  a t  -0.66 eV(3 ) ,  bu t  a  

s e t  of  resonance parameters have not been evaluated.  The ca l cu l a t ed  

curve f a l l s  s h o r t  of  t h e  measured peak a t  0.576 eV where t h e  d a t a  p o i n t s  

reach 5200 barns .  This discrepancy i s  due t o  i n c o r r e c t  parameters f o r  

t h a t  resonance, s i n c e  t h e  unbroadened peak ca l cu l a t ed  from these  para- 

meters is only 4200 barns .  The f i t  t o  t h e  f i s s i o n  c r o s s  s e c t i o n  i n  t h e  

energy range from 0.02 t o  2.0 eV i s  very good. Large s c a t t e r  i n  t h e  

d a t a  po in t s  above 2.0 eV prevents  subs t an t ive  remarks. 

The cap ture  i n t e g r a l  t o  a l l  t h e  f i n a l  s t a t e s  o f  ~m~~~ and t h e  

f i s s i o n  i n t e g r a l  have not  been measured. Extrapolated va lues  a r e  

1600 and 8.5 barns ,  r e spec t ive ly .  



&n243: A reasonably good f i t  t o  t h e  t o t a l  c ros s  s e c t i o n  d a t a  i s  

obtained throughout t h e  resolved resonance region.  The 2200-meter 

cap tu re  c ros s  s e c t i o n  formed by the  r e s o n a n c e ' t a i l s  was 180 barns ,  which 

can be compared wi th  measured -values  of  183*8, 73.6i0.6,  and 81.6i1.8 

barns .  

The ex t r apo la t ed  cap ture  i n t e g r a l  of  1400 ba.rns i s  favored by t h e  

f i rs t  two of a  s e t  of  measured i n t e g r a l s  o f  1470i135, 1580k50, and 

2290i50 barns .  

Cm244: The resonances a r e  widely separa ted  and t h e  peak d a t a  were 

s a t i s f a c t o r i l y  fit by t h e  c a l c u l a t e d  curve. Deviat ions  were noted only 

for narrow resonances o r  high energy resonances where t h e  d a t a  a r e  reso- 

l u t i o n  broadened. The ca l cu l a t ed  thermal c r o s s  s e c t i o n  is  9  barns  a s  

compared with  a  measurement of  20 barns .  

The ex t r apo la t ed  cap ture  i n t e g r a l  is  650 barns  f o r  which no meas- 

urement has  been repor ted .  

V I  . TWO GROUP CROSS SECTIONS 

For t h e  i so topes  i nves t iga t ed  it is poss ib l e  . to  supplement t h e  ex- 

per imental  informat ion contained i n  Table I wi th  ca l cu l a t ed  thermal 

c r o s s  s e c t i o n s  and resonance i n t e g r a l s .  New information i s  obtained f o r  
3  41 248, 

t h e  cap ture  i n t e g r a l s  o f  Pu , ~ m ~ ' ~ , ,  and Cm , t h e  f i s s i o n  i n t e g r a l  

of Am241, and t h e  thermal c ros s  s e c t i o n  o f  Cm244. , I n  add i t i on ,  where 

t h e  c a l c u l a t i o n s  were i n  agreement wi th  experiment, g r e a t e r  weight could 

be given t o  c e r t a i n  measurements. 

The two group c r o s s  s e c t i o n s  a r e . l i s t e d  i n  Table I V  and are 'grouped 

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

s i o n  spectrum averaged (n,2n)  c ros s  s e c t i o n ( 4 ) .  - The thermal c ros s  see- 

t i o n  is averaged over  both a  Maxwellian neutron d i s t r i b u t i o n , o f  charac- 
I t e r i s t i c  energy o f  -0253 eV and a  r e a c t o r  d i s t r i b u t i o n  charac te r ized  by 

adding t o  t h e  Maxwellian a  1/E spectrum o f  amplitude 0.1 down t o ' a  

jo in ing  p o i n t .  o f  0.1265 eV. , T h e - l a t t e r  spectrum is c h a r a c t e r i s t i c  of  

. . 



=s 
a somewhat epi thermal  r e a c t o r  with a moderating r a t i o  6- equal  t o  t e n .  

c , .  
The averaging was performed over t h e  energy range from 0 t o  0.55 eV. 

I f  a multigroup a n a l y s i s  i s  r equ i r ed ,  t h e  f i g u r e s  desc r ib ing  t h e  

running cap ture  and f i s s i o n  i n t e g r a l s  may be used t o  o b t a i n  group 

averaged c ros s  s e c t i o n s  i n  the  resolved resonance region. The average 
- 

c ros s  s e c t i o n ,  o, de-fined by 

i n  a region having energy l i m i t s  E and E may be obtained by s u b t r a c t -  
1 2 

ing t h e  o rd ina t e s  appearing a t  energy E from t h a t  read a t  E and d iv id -  
1 2 

ing by t h e  l o g  E /E 
2 1- 

I n  some cases  t h e  nucl ide concent ra t ions  may be so  g r e a t  a s  t o  make 

suspect  t h e  assumption t h a t  t h e  i n f i n i t e  d i l u t i o n  resonance i n t e g r a l s  

a r e  appropr ia te  f o r  c a l c u l a t i o n  o f  t h e  nuc l ide  bu i ldup ,  and energy s e l f -  
I 

sh ie lded  e f f e c t i v c  resonance i n t e g r a l s  should be used. 

V I  I. CONCLUSIONS 

The ~ r c i i t - ~ i ~ n e r  s i n g l e  l e v e l  formula has  proved t o  be a u s e f u l  

t o o l  f o r  t e s t i n g  t h e  consis tency between d i f f e r e n t i a l  and i n t e g r a l  meas- 

urements and f o r  genera t ing  new informat.ion. A m u l t i l e v e l  formalism, 

whi le  more c o r r e c t  f o r  those  nuc l ides  whose resonances a r e  c l o s e l y  

spaced, r equ i r e s  a d d i t i o n a l  parameters t o  genera te  t h e  c ros s  s ec t ion .  

This a d d i t i o n a l  e f f o r t  calises t h e  m u l t i l e v e l  formalism t o  be  an un- 

wieldy mechanism f o r  t h e  type of eva lua t ion  performed i n  t h i s  r epo r t .  

Only i n  t h e  case o f  ~u~~~ d id  it appear t h a t  t h e  BWSL formula was inade- 

qua te  t o  desc r ibe  t h e  d a t a  f o r  t h e  purposes o f  genera t ing  r e a c t o r  c r o s s  

s e c t i o n s .  Addi t ional  ana ly t ica1 ,work  t o  determine s i n g l e  l e v e l  



237 243 
parameters  is needed f o r  Np , ~m~~~~ and Am , and more parameters 

and experiments a r e  necessary t o  a s c e r t a i n  t h e  resonance i n t e g r a l  of 
238 

pu . 
The procedure f o r  c a l c u l a t i n g  and p l o t t i n g  c ros s  s e c t i o n s  generated 

from s i n g l e  l e v e l  parameters i s  mechanized, and a genera l  survey o f  da t a  

t h a t  can be s a t i s f a c t o r i l y  f i t t e d  by t h i s  formalism i s  planned. 
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Thermal 
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Nuclide 

I f  Thermal Capture F i s s l o n  
Capture Reference F i s s i o n  I n t e g r a l  I n t e g r a l  
(barns)  (barns)  (barns)  (barns)  

p . c . ,  H. .Diamond,. 
ANL (1964) 

~f~~~ 3000+26@ J I N C  27,  33 (1965) 

C f 
254 

4 OC J I N C  6, 1 (1958) 
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A Adjusted t o  .0253 cV ' 

Measured i n  Maxwellian spectrum 

Measured i n  Reactor spectrum 
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Resonance parameters 

u u Figure 
CO f 0 

- - -  

20.0 0 1 
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Nuclide ro u 
C 0 

237 1.68 147.0 NP 
(con' t )  

u Figure 
£0 E~ 
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Nuclide r,, (5 (5 
£0 

Figure 
C 0 

- - - -  
241 

PU . 7 '  275 320 8-15 
(con ' t) 
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Nucl ide  ro (T D F i g u r e  
C 0 £0 

. . 

1 

A For  n e g a t i v e  energy  resonances ,  rno(mv - ev2) i s  l i s t e d .  



TABLE I11 

Resonance I n t e g r a l s  

Calculated Ext rapola ted  ~ e a s u r e d ~  R. I .  
Reacti on 

Nuclide R . I .  R.  I .  Cd C u t o f a  Correc t ion  
R . I .  

(barns)  F igure  
Type (barns)  (barns)  (barns)  Ec(eV) 

.55-E, 

500 943 (i p a r t  .523 
included) 

A See Table I f o r  r e f e r ences .  / '  

Calcula ted  f o r  plane f o i l s  covered with 0.04 inches cadmium i n  an i s o t r o p i c  c a v i t y .  



T A B U  IV . > 

Thermal Cross Sections . . and Resonance Integrals 

u n, 2n 

. (mb) 

7.0 

6.3 

1.3 

0 

0 

10 

--- 

0 

---  

- - - 

Resonance Integral 
(barns) 

Capture Fission 

700 0 

400 0 

500 - - - 
150 2 5 

8000 --- 

2 60 545 

1150 - - - 
1600 8.5 

1400 0 

650 0 

Nuc 1 ide 

u 2 34 

u236 

1 ~p~~~ 

Pu 238 

Pu 240 

Pu 241 

Pu 242 

Am 241 

Am 243 

Cm 
244 

Thermal Cross Section (barns) 

Maxwellian 
Capture Fission 

94.7 0 

8.54 0 

151 ---  

500 17.5 

246 .06 

345 950 

15.7 --- 

622 2.91 

142 0 

9 0 

1 

Reactor Spectrum 
Capture Fission 

84.1 0 

7.66 0 

161 - - - 
4 34 - - - 
235 .05 

390 1030 

14.3 --- 

800 3.49 

127 0- 

8 0 



92 u~~~ 
Total 

I  1 '  1 1 1 1 1 1 1 1  I 1 1 1  1 1 1 1 l  I 1 1 1 1 1 1 1 1  1 I I I  l l I l l  I  1 1 1 1  1 1 1 1  I  I 1 1  I111 
0.001 0.01 0.1 1 .o 10 100 1000 

I  

E-EV 

1. u~~~ total cross section. For explanation b f  symbcls, see BNL-325, 
2nd Edition (1958), p. 328 and 1st Supplement (1960), p. 115. 

. - 
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Total 

/ 

' I I 1 1 1 1 1 1 1  I 1  1 I 1 1 1 1  I 1  1  1 1  1 1 1  I 

0.001 0:01 0.1 1 .o 10 100 1000 
E - E V  

2. u~~~ t o t a l  c r o s s  s e c t i o n .  For e x p l a n a t i o n  of 'symbols, s e e  BNL-325, 

2nd E d i t i o n  (1958) ,  pp. 337; 338. 



&N P~~~ 
Total 

E-EV 

3. Npi3' total cross section. For explanation of symbols, see BNL-325, 
2nd Edition, 1st Supplement.(1960), pp. 120, 122. 
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- .  94pu . , . . 

Total 

NEUTRON ENERGY ( e V )  

4. ~u~~~ t o t a l  c r o s s  s e c t i o n .  Exper imenta l  d a t a  r e p o r t e d  i n  
IDO-166805, p. 8 (1962) .  



9 4 ~ " 2 4 C  

, 6760 Y. . 

Tota l  

5. P ~ ~ ~ O ( 6 7 0 7 - y )  t o t a l  c r o s s  s e c t i n n ,  0.0 t o  0.8 eV. For exp lana t ion  

o f  symbols, s e e  BNL-325, 2nd ,Ed i t ion ,  2nd Supplement (1965) ,  
p .  94-240-3. 



9 4 ~ " 2 4 0  

6760y 
Total 

6.  P U ~ ~ ~  ( 6 7 0 7 - ~ )  t o t a l  c r o s s  s e c t i o n .  For  explanatimon o f  symbols, 
s e e  BNL-325, 2nd Ed. i t ion ,  '1st Supplement - (1960) , p. 125. 



P " ~ ~ ~  
Fission 

7 ; Pu240 ( ~ 7 0 7 - ~ )  f i s s i o n  c r o s s '  s e c t i o n .  'Fo r  e x p l a n a t i o n  o f  symbols, 
s e e  BNL-325, 2nd E d i t i o n  (1958) ,  p. 354 



Tota l  

241 
8. Pu t o t a l ,  c r o s s  s e c t i o n ,  0.0 t o  1 .0  ev. For e x p l a n a t i o n  o f  

symbols, see BNL-325, 2nd E d i t i o n ,  2nd Supplement (19651, 
p. 94-241-9. 



P " ~ ~ ~  
9 c 

Total 

9. ~u~~~ total' ci-oss section, 0.0 to 10.0 eV. For txplanation -of 
symbols,'see BNL-325, .2nd Edltion, 2nd Supplement.(l.965), 
p.. 94-241-11. 



- .  
9 4 ~ " 2 4 '  

Total 

10. Pu241 t o t a l  c r o s s  s e c t i o n ,  10.0 t o  20.0 eV. For exp lana t ion  of 
symbols, s e e  BNL-325, 2nd Ed i t ion ,  2nd Supplement (1965) ,  
p. 94-241-11. 



E-EV 

5I4Pu24' 

Total 
4000 I I I I I I I I I I I 4000 

11. P U ~ ~ ~  total cross section, 20.0 to 32.0 eV. For explanation of 
symbols, see BNL-325, 2,nd Edition, 2nd- Supplement (1965), 
p. 94-241-11. 
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9 4 ~ u 2 4 '  
Fission 

1 2 .  Pu 241 f i s s i o n  c r o s s  s e c t i o n ,  0.0 t o  1.0 eV. For exp lana t ion  o f  
symbols, s e e  BNL-325, 2nd E d i t i c n ,  2nd Supplement (1965) ,  
p. 94-241-10. 



9 4 ~ " 2 4 '  

Fission 

E- EV 

13. PU*~' fission cross section, 0.0 to 10.0 e". For explanation of 
symbols, see BNL-325, 2nd Edition, 2nd supplement.(1965), 
p. 94-241-13. 
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Fission 
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E-EV 

14. ~u~~~ f i s s i o n  cross .  s e c t i o n ,  10.0 t d  2.0.0 eV. Fc-r exp lana t ion  df 

symbols, see BNL-325, 2nd Ed i t ion ,  2nd Supplement '(1965) , 
p. 94-241-13. 



s 4 ~ " 2 4 '  

Fission 

15. P U ~ ~ ~  f i s s i o n  c r o s s  s e c t i o n ,  20.0 t d  32.0 eV. For .expXanation o f  
symbols, s e e  BNL-325, 2n? Ed i t ion ,  2nd Supplement (1965) ,  
p. 94-244-13. 



242 
94P" 

Tota l  

16. ~u~~~ t o f a l  c r o s s  s e c t i o n .  For exp lana t ion  o f  sjmbols,  see  BNL-325, 
2nd Edi t ion  (1958) ,  p. 358. 



s 5 ~  mZ4' 

Total  

17.  Am241 t o t a l  c r o s s  s e c t i o n .  For e x p l a n a t i o n  o f  sy?5ols ,  s e e  BNL-325, 
2nd E d i t i o n ,  , l s t  Supplement (19'60), p. 126. 

10 I 1  1  1 1  1 1 1  

0.01 0.1 1 .o 10 
10 

. 
E-EV 

I 1  1  1 1  1 1 1  I 1  l l l l l l  1  ' 1  1 1  1 1 1 1  I 1  1 1  1 1 1 1  



9 5 ~ r n 2 4 1  

. . Fission 

E-EV 

18. Am241 f i s s i o n  c r o s s  s e c t i o n ,  0.0 t o  1 .0  eY. For exp lana t ion  o f  
syml5ols, see  BNL-325, 2nd Ed i t ion ,  2nd Supplement (1965) ,  
p. 95-241-6. 



95 krn24' 
Fission 

19. Am241 f i s s i o n  c r o p e c t i o n ,  1 .0  t o  20.0 eV. For exp lana t ion  o f  
symbols, s e e  BNL-325, 2nd Ed i t ion ,  2nd Supplement (1965) ,  
p. 95-241-7. 



9 5 ~ r n 2 4 3  
To ta l  

E-EV 

20. An243 t o t a l  crosg s e c t i o n .  FO? exp lana t ion  of  symbols, s e e  BNL-325, 
2nd Ed i t ion  (:L958), pp. 361, 362. 



9 6 ~  m244 
Total 

E-EV  

21. ~ r n ~ ~ ~  'total cross section, 0.0 to 100.0 eV. For explanation of 
symbols, see BNL-325, 2nd Edition, 2nd Supplement (1965), 
p. 96-244-2. 



9 6 ~  "244 

Total 

100 150 200 250 300 

E - E V  

22. Cm244 t o t a l  c r o s s  s e c t i o n ,  100.0 t o  300.0 eV. For  e x p l a n a t i o n  o f  
symbols,  s e e  BNL-325, 2nd E d i t i o n ,  2nd Supplement (1965).,  
p. 96-244-3. 



" 234 
92 
Capture 
lntearal 

0.1 0.2 0.30.4 0.6 0.8 1 2 3 4 6 810 20 3040 6080100 200 400600 1000 
E-EV 

23. u~~~ capture i n t e g r a l .  

o - BAPS 1, 187 (1956) 
- PIC 2-16, 6 4  (1958) 



Capture 

E-EV 

24. U236 capture integra l .  

o - J N E  7,  81 (1958) 
1 - P I C  2-16, 6 4  (1958) 
A - WASH-191 (1957) 
V - WASH-1041, 37 (1962) 
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25. N~~~~ capture i n t e g r a l .  

o - ( i n c l u d e s  l / v  component) JNE A12, 32 (1960) 



9 4 ~ ~ 2 3 8  
Capture 
l nteqral 

26. pu238 capture i n t eg ra l .  

A - CJP 35, 147 (1957) 
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94 Pu 
Capture 

27. pu240 capture integral. 

o - CRC 633 (1956) 
& # -  t., 13 - JNE 4, 86 (1957) 

A - PIC 1-59 173 (1956) 
V - CJP 38, 157 (1960) 
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28. pu241 capture integral .  
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29. puZ4l f i s s i o n  i n t e g r a l .  

o - CRRP-1883 (1964) 
- NSE 9 ,  341 (1961) 



9 4 ~ u 2 4 2  
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30. ~u~~~ capture i n t eg ra l .  

o - CJP 35, 147 (1957) 
- PIC 2-16, 685 (1958) 

A - CRC 628 (1956) 
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31. m2*l capture integral. 
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32. Am241 f i s s ion  integral. 
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33 .  ~m~~~ capture integral. 

o - PR 114, 505 (1959) 
- CJP 35, 147 (1957) 

A - CRC 628 (1956) 
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34. C I ~ ~ ~ ~  capture integral. 




