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ABSTRACT 

235U The thermal cross sec t i on  f i l e s  f o r  th ree  f i s s i l e  nuc le i  ( , 
2 3 9 ~ u ,  and 2 4 1 ~ u )  and f o r  t h ree  f e r t i l e  nuc le i  ( 2 3 2 ~ h ,  2 3 8 ~ ,  and 2 4 0 ~ u )  

were re-evaluated f o r  vers ion  2 o f  ENDF/B (ENDF/B-11 ). For the  f i s s i l e  

nuc le i ,  the  o b j e c t i v e  was t o  p rov ide  thermal cross sec t i on  f i l e s  which 

were cons is ten t  w i t h  the  least-squares adjusted 2200 m/s values and 

shapes (Westcott  "g" f a c t o r s )  of the  1969 IAEA review, The thermal 

cross sect ions o f  the  f e r t i  l e  nucl e i  were re-eval uated t o  incorpora te  

new data. 



INTRODUCTION 

The thermal cross sec t i on  f i l e s  o f  t he  f i s s i l e  nuc le i  f o r  vers ion  1  

o f  ENDFIB were the  i n d i v i d u a l  r e s u l t s  of e x i s t i n g  evaluat ions.  Based on 

the  recommendations o f  t he  Normal izat ion and Standards Subcommittee o f  

t he  Cross Sect ion Evaluat ion Working Group (CSEWG) these f i l e s  were t o  

have been normalized t o  the  recommended 2200 m/s values o f  t he  1965 IAEA 

review(') .  This  was no t  accomplished w i t h  adequate p r e c i s i o n  f o r  a l l  

f i s s i l e  isotopes. Equal ly  important,  however, was the f a c t  t h a t  the  

cross sec t i on  shapes provided i n  ENDFIB-I were no t  necessar i l y  those which 

were most cons is ten t  w i t h  the  recommended 2200 m/s values. 

For vers ion  2  o f  ENDFIB the  same group recomnended t h a t  the thermal 

cross sect ions o f  t h e  f i s s i l e  nuc le i  be cons i s ten t  w i t h  the  2200 m/s values 

(2 )  and shapes o f  t h e  then r e c e n t l y  completed 1969 IAEA rev iew . 
I n  t h e  1969 study the  shapes o f  the  cross sec t ions  were inc luded i n  

the  regression ana lys is  through the  index o f  the (20.44"C) Westcott "g" 

f ac to rs .  The 1969 study thus prov ided f o r  the  f i r s t  t ime a  least-squares- 

f i t  (LSF) cons i s ten t  s e t  o f  cross sec t i on  values and shapes. I n  the  a p p l i -  

c a t i o n  o f  these r e s u l t s  t o  reac to r  and o ther  non-monoenergetic s i t u a t i o n s  

the 2200 m/s values are, by themselves w i t h  a r b i t r a r y  cross sec t i on  shapes, 

n o t  necessar i l y  a  cons i s ten t  o r  best-est imate s e t  o f  values. Indeed, 

comparison o f  t h e  1969 2200 m/s values w i t h  the  1965 IAEA r e s u l t s  i s  n o t  

p a r t i c u l a r l y  meaningful s ince the e a r l i e r  study d i d  n o t  de f i ne  the best-  

est imate shapes. 

The purpose o f  t h e  work repor ted  here was t o  p rov ide  cross sec t i on  

shapes f o r  t he  f i s s i l e  n u c l e i  which are  cons i s ten t  w i t h  the  LSF output  

index o f  shapes. A1 though ~ e s t c o t t ' ~ )  has r e c e n t l y  completed an extensive 



study o f  t he  accuracy o f  "g" f a c t o r s  as p a r t  o f  the 1969 I A E A  review, 

the r e s u l t s  o f  t h a t  study a re  n o t  d i r e c t l y  app l i cab le  t o  d e f i n i n g  t h e  

bes t  shapes. The Westcott study, ra ther ,  def ines the  best-est imate i n p u t  

shape index and t h e i r  v a r i a b i l i t y .  The LSF output  indexes on the  o ther  

hand, g i ve  some evidence as t o  which sets o r  combination o f  sets o f  bas ic  

data are  the  more probable behavior o f  the cross sect ions. 

For each o f  the  f e r t i l e  nuc le i  s i g n i f i c a n t  new experimental r e s u l t s  

had been pub1 i shed s ince the ENDFIB-I evaluat ions. These r e s u l t s  were 

incorporated i n  eva lua t ing  new f i l e s  f o r  ENDF/B-11. 

Concurrent w i t h  the  work repor ted  here re-evaluated thermal cross 

sec t ion  f i l e s  were prepared f o r  2 3 3 ~  and 2 4 2 ~ u .  Since rev i sed  cross sec- 

t i o n  f i l e s  f o r  these isotopes were n o t  issued f o r  ENDFIB-11, t he  r e s u l t s  

of these evaluat ions are n o t  inc luded here. It has been noted s ince the  

complet ion o f  t h a t  work t h a t  t he  shapes of the 2 3 3 ~  cross sect ions i n  the  

reg ion  0.2- t o  0.5 eV were no t  as intended and those recomnendations are, 

thus, considered t o  be withdrawn. For 2 4 2 ~ u ,  t h e  main impact o f  the  r e -  

eva lua t ion  was t o  change the ENDF/B-I 2200 m/s capture cross sec t ion  from 

the  erroneous 30b value t o  a value o f  20 barns. 

EVALUATION OF CROSS-SECTION SHAPES OF FISSILE NUCLEI 

The LSF recommended index o f  shape, the Westcott "g" f ac to r ,  i s ,  

o f  course, ambiguous as t o  the  d e t a i l s  o f  the best-est imate shape. 

I n  the  present evaluat ion,  the "g" f a c t o r  obtained by others i n  t he  

eva lua t ion  o f  d i f f e r e n t i a l  cross-sect ion data were the  s t a r t i n g  p o i n t  

f o r  d e r i v i n g  shapes which reproduced the LSF g factors.  



The cross sec t i on  shapes i n  t h i s  eva lua t ion  were derived, i n  

general, by pe r tu rb ing  the r e s u l t s  o f  an e x i s t i n g  eva lua t ion  i n  order  

t o  reproduce the desi red g  values. The r e s u l t s  o f  e x i s t i n g  p r e c i s i o n  

experimental d i f f e r e n t i a l  measurements were used as a  guide t o  the  

nature o f  the per tu rba t ions .  

An o b j e c t i v e  o f  the eva lua t ion  was t o  prov ide cross-sect ion 

shapes which were smooth i n  the thermal reg ion  and would n o t  produce 

i r r e g u l a r i t i e s  i n  the behavior o f  thermal ly  averaged q u a n t i t i e s  as a  

func t ion ,  say, o f  neutron temperature. To t h i s  end the  p r i m i t i v e  cross- 

sec t i on  f i l e s ,  of(E), oa(E), and n(E), were subjected t o  the  mathemati- 

c a l  r e s t r i c t i o n  o f  ma in ta in ing  reasonably smooth f i r s t  and second der iva-  

t i v e s .  The per tu rbat ions  were i t e r a t e d  u n t i  1  the  p r i m i t i v e  g  fac to rs ,  

above, were w i t h i n  about 0.01 percent  o f  the  LSF-values. 

Another approach would have been t o  de r i ve  the  smooth shapes on 

the bas is  o f  a  resonance analys is .  Th is  was n o t  done, i n  par t ,  because 

o f  t h e  str ingencies o f  time and money. Because o f  the ambiguit ies o f  

the  mu1 t i - l e v e l  f i s s i o n  analyses t h a t  would have been requi red,  p a r t i c u -  

l a r l y  those due t o  the  st rong i n f l uence  o f  negative-energy l eve l s ,  i t  

i s  debatable t h a t  t he  resonance ana lys i s  would y i e l d  a  physical  l y  b e t t e r -  

est imate shape. 

The accuracy w i t h  which the "g" f a c t o r s  have been ca l cu la ted  should 

be comnented upon. A l l  o f  the  "g" f a c t o r s  were ca l cu la ted  us ing  t h e  

ENDFIB SLAVE program w i t h  t h e  r e l a t i v e  e r r o r  t e s t  s e t  a t  I n  ENDFIB-I 

a l l  o f  the  f i l e s  f o r  the  f i s s i l e  nuc le i  were terminated a t  a lower energy 

o f  eV. I n  the SLAVE calcuTation, t h i s  causes a  systematic e r r o r  o f  



about 0.5 percen t  i n  the  c a l c u l a t e d  "g" values. Thus a l l  o f  t h e  r e v i s e d  

f i l e s  have been extended t o  1  oe5 eV. I n  a d d i t i o n ,  improper i n t e r p o l a t i o n  

schemes can cause systemat ic  e r r o r s  o f  severa l  t e n t h s  o f  a  percen t  depend- 

i n g  on t he  da ta  mesh i n  the  f i l e .  Thus comparisons o f  "g" f a c t o r  va lues 

w i t h  r e s u l t s  quoted by o the rs  f o r  pu rpo r ted l y  t he  same da ta  f i l e s  are 

somewhat uncer ta in .  The accuracy o f  the  p resen t  c a l c u l a t i o n  i s  of the  o rde r  

o f  0.01 percen t  based on comparisons o f  va lues f o r  2 3 9 ~ u  c a l c u l a t e d  i n  an 

independent manner a t  Chalk R iver .  ( 4  

New s c a t t e r i n g  f i l e s  were p rov ided  f o r  2 3 9 ~ u  and 241 Pu. ~ 'hese f i l e s  

were c a l c u l a t e d  by t he  mu1 t i - l e v e l  B re i  t-Wigner program  UNICORN'^) us ing  

s ing1  e-1 eve1 parameters which reproduce t h e  f i s s i o n  c ross  sec t i ons  t o  a  

few percent.  These f i l e s  were completed be fo re  t h e  LSF reg ress ion  on 

s c a t t e r i n g  cross sec t i ons  was completed and do n o t  accu ra te l y  reproduce 

t he  LSF values. They do, however, p rov ide  a comparison o f  t he  ENDFIB-I1 

t o t a l  c ross sec t ions  w i t h  exper imenta l  da ta  t o  w e l l  w i t h i n  t h e  u n c e r t a i n  

e f f e c t s  o f  s c a t t e r i n g  i n  r e a l  measurements. 

The remain ing cross s e c t i o n  f i l e s  were de r i ved  f rom t h e  p r i m i t i v e  

f i l e s  us ing  t he  ENDF/B r e t r i e v a l  program COMB. I n  o rde r  t o  assure an 

e n t r y  f o r  t he  d i s c r e t e  energy o f  0.0253 eV i n  each f i l e ,  i t  was necessary 

t o  c rea te  an unnecessar i l y  l a r g e  number o f  da ta  p o i n t s  i n  the  de r i ved  

f i l e s .  

COMMENTS ON THE EVALUATIONS FOR EACH ISOTOPE 

I n  the  f o l l o w i n g  t h e  de r i ved  shapes o f  the  c ross  sec t i ons  f o r  each 

i so tope  a re  di'scussed. Since the  ENDFIB-I1 da ta  o f  these eva lua t i ons  

have a l l  been released, the  d e t a i l e d  l i s t i n g s  o f  t h e  eva lua ted  cross-  

sec t i ons  a re  n o t  g i ven  i n  t h i s  r e p o r t .  



Po in t  representa t ion  o f  t he  data intended t o  be i n  the ENDF/B-I 

f i l e s ( 6 )  were received from C. R. Lubi tz .  These f i l e s  covered the  

energy range lo-' t o  5 eV. It was determined t h a t  these f i l e s  con- 

t a i  ned apparent ly unintended i r r e g u l a r i t i e s  as 1 arge as one percent i n  

the  e n t r i e s  below 4 meY. These e n t r i e s  were smoothed and the  data f i l e s  

extended t o  l o m 4  eV. Ca lcu la t ion  o f  "g" fac to rs  showed t h a t  the  value 

o f  gf was about 0.2 percent g reater  than the  desi red value. The o r i g i -  

na l  eva luat ion  o f  the  low-energy f i s s i o n  cross sec t ion  was reported (6) 

t o  have been made by f i t t i n g  of data o f  LRL and Hanford. Accordingly, 

a new f i t  was made inc lud ing  these data and a lso  the  f i s s i o n  data o f  

Saf fo rd  and   el k ~ n i a n . ( ~ )  A smooth f i t  was obtained, the main d i f f e r -  

ence from t h e  o r i g i n a l  f i t  being the  reduct ion  o f  t he  r i s e  i n  cross 

sec t i on  a t  energies below about 0.02 eV. The f i s s i o n  cross sec t ion  was 

f i t t e d  simultaneously w i t h  the capture cross sec t ion  using an alpha 

v a r i a t i o n  deduced by Westcott. (8) I n  order  t o  achieve a smooth f i t  t o  

t h e  f i s s i o n  data the  f i l e  was modi f ied  s l i g h t l y  f o r  energies up t o  

0.18 eV. The capture cross sec t ion  f i l e  was modi f ied  f o r  energies up 

t o  0.1 eV. The fo l l ow ing  t a b l e  shows the  ca lcu la ted "g" f a c t o r s  f o r  

20.44"C and f o r  the  present ly  recommended cross sect ions a1 ong w i  t h  

the  i n p u t  and LSF output  "g" fac to rs  o f  t h e  1969 IAEA study. 



1969 IAEA 

(Present Eva1 u a t i  on) I n p u t  LSF Output 

The cross-sect ion shapes der ived  f o r  sub-thermal neutron energies 

are based i n  l a r g e  p a r t  on p r e c i s i o n  t o t a l  cross sec t i on  measurements 

o f  Saf ford,  e t  a1. and o f  Pal evsky, e t  a1 . ( l o )  and the  1  + a 

measurement o f  Safford and   el k ~ n i a n ( ~ ) .  The t o t a l  cross sec t i on  data 

o f  Saf ford,  e t  a1 obta ined w i t h  l i q u i d  samples i s  shown below compared 

w i t h  t he  ENDFIB-I1 values. 

0, JE 

Neutron Energy Saf ford,  e t  a1. ENDFIB- I I 

The ENDFIB-I1 s c a t t e r i n g  cross sec t ions  a t  these energies i s  16 b  and 

a  +3 b  unce r ta in t y  i n  t h i s  cross sec t i on  con t r i bu tes  about k0.1 b  - 
ev4 t o  ca l cu la ted  oT  G values. 

Pal evsky , e t  a1 . ( l o )  measured (oT JE-),,, = 115.15 k 0.57 

b  - ev4 over the  energy range 0.00167 eV t o  0.00348 eV. A t  t he  h igher  

energy values the  measurement should i nc lude  some s c a t t e r i n g  c o n t r i b u t i o n  

and the  ENDFIB-I1 va lue o f  o i s  115.16 b  - evf a t  0.003 eV. A t  
T 

t he  lower energy o f  t h e  measurements t he  observed cross sec t i on  should 

be oa &- and the  ENDFIB-I1 va lue i s  o a r  = 114.93 a t  0.00125 eV. 



Saf ford  and Melkonian reported a measured value o f  1.171 + 0.75% 

a t  0.002912 eV which was re-evaluated i n  t h i s  work t o  1.1724 + 0.0088 

based on a r e c a l c u l a t i o n  o f  t he  incoherent sca t te r i ng  cross sect ion. 

The ENDFIB-I1 value o f  1 + a a t  these energies i s  1.1754. 

The o r i g i n a l  ENDFIB data ( I 1 )  f o r  neutron energies below 1 eV were 

obtained from the  f i t t e d  curves g iven i n  TNCC(US)-58. (12) The recom- 

mended curve shapes have been der ived from the o r i g i n a l  curves w i t h  

s l i g h t  a l t e r a t i o n s  i n  shape. The s l i g h t  mod i f i ca t i on  o f  t he  f i s s i o n  

cross sec t ion  was accomplished by a small shape change f o r  energies 

below 0.0253 eV where the  shape i s  no t  es tab l ished w i t h  h igh  p rec i s ion  

by the  experimental data. The d i f f e rence  i n  shape i s  on l y  0.5 percent 

a t  a neutron energy o f  l om3  eV. 

The absorpt ion cross sec t ion  shape requ i red  a somewhat l a r g e r  

shape change. One reason f o r  t h i s  i s  the  assignment o f  an 11 barn scat- 

t e r i n g  cross sec t i on  i n  the  o r i g i n a l  evaluation(' ') which i s  3 t o  4 

barns h igher than the e f f e c t i v e  value evaluated f o r  t h e  1969 IAEA study. 

Secondly, t he  t o t a l  cross sec t ion  measurements o f  Saf fo rd  and Havens (13) 

made a f t e r  t he  o r i g i n a l  evaluation(' ') show a s l i g h t l y  d i f f e r e n t  shape. 

The recommended absorpt ion cross sec t ion  curve agrees q u i t e  we l l  w i t h  

the  Saf fo rd  and Havens data f o r  energies below 0.0253 eV b u t  i s  c lose r  

t o  the  o r i g i n a l  eva luat ion  a t  h igher energies. It was a l so  discovered 

t h a t  the  r a t i o  o f  absorpt ion t o  f i s s i o n  cross sect ions through the  

0.3 eV resonance as g iven i n  the  o r i g i n a l  ENDFIB f i l e s ( ' '  ) showed an 

e r r a t i c  behavior. It was determined (14) t h a t  t h i s  had r e s u l t e d  from 



reading values separate ly  from the graphs o f  TNCC(US)-58. A c t u a l l y  i n  

TNCC(US)-58 the  p l o t s  o f  a r  were intended t o  reproduce the  smooth 

v a r i a t i o n  deduced f o r  t he  energy v a r i a t i o n  o f  e ta  based on a simultan- 

eous cons idera t ion  o f  experiments of t h a t  type. Accordingly,  i t  was 

determined t h a t  t he  f i s s i o n  cross sec t ion  data g iven i n  the o r i g i n a l  

ENDFIB f i l e s  were a reasonably accurate representa t ion  o f  t he  intended 

shape. The recommended absorpt ion cross sec t ion  i n  the reg ion  0.15-1.0 

eV was then obtained from the  f i s s i o n  cross sec t i on  and the smooth 

behavior o f  1 + a as g iven i n  TNCC(US)-58 mod i f ied  by the  s l i g h t l y  re -  

v ised cross sec t i on  shapes a t  lower energies. 

The s c a t t e r i n g  cross sect ions g iven i n  the  o r i g i n a l  ENDFIB f i l e s  

are considerably d i f f e r e n t  from those used as i n p u t  i n  the  1969 IAEA 

study. Since the  i n p u t  values a re  i n  exce l l en t  agreement w i t h  the  out-  

pu t  values f o r  2 3 9 ~ u ,  a new s c a t t e r i n g  cross sec t i on  f i l e  has been created 

i n  t he  reg ion  l ~ - ~ - l . O  eV which i s  i d e n t i c a l  t o  t h a t  used i n  the  1969 

IAEA study. The s c a t t e r i n g  values i n  the o r i g i n a l  ENDFIB f i l e s  gave about 

11 barns i n  the thermal region. This  l a r g e  value came about probably 

because the 1 arge negat ive energy resonance a t  -1 .2 eV proposed by Vogt ( 1  5) 

was used t o  generate the  cross sect ion. However, t he  m u l t i l e v e l  f i s s i o n  

parameters o f  Vogt do n o t  accura te ly  reproduce the  thermal cross sect ions 

o f  2 3 9 ~ u  which can be f i t t e d  by s i n g l e  l e v e l  parameters t o  w i t h i n  a few 

percent. Accordingly,  t he  s c a t t e r i n g  cross sec t ion  values were ca l cu la ted  

from the  f o l l o w i n g  resonance parameters and the value a = 10.3 b: 
P 



Note t h a t  t he  sp in  assignments g iven above are  reversed from 

those usua l l y  g iven bu t  are cons is ten t  w i t h m o r e  recent  s tud ies  which 

i d e n t i f y  l e v e l s  w i t h  l a rge  values of rf w i t h  s ta tes  o f  9.0.25 and w i t h  

o ther  data which i nd i ca tes  which l e v e l s  mutua l ly  i n t e r f e r e  i n  2 3 9 ~ u  

f iss ion.  The parameters o f  these two resonances given i n  ENDF/B-I1 

were no t  changed from ENDF/B-I and w i l l  n o t  reproduce the s c a t t e r i n g  

cross sec t ion  g iven i n  f i l e  3-2. 

The f o l l o w i n g  t a b l e  shows t h e  "gn f a c t o r s  which were ca lcu la ted 

f o r  the  ENDF/B-I and ENDF/B-I1 cross sect ions along w i t h  the  i n p u t  

and output  "g" f a c t o r s  o f  t he  1969 IAEA study. 

ENDF/B IAEA - 
I - I I - I npu t  LSF Output 

g f 1.0540 1 .0548 1.0522 1 .0548 + 0.0030 

a 1.0775 1.0752 1.0762 1.0752 r 0.0030 

PLUTON IUM-241 

The o r i g i n a l  ( l  6, ENDF/B cross sec t i on  shapes i n  the  1 ow-energy 

reg ion were found t o  g i ve  Westcott "g" f a c t o r s  which d i f f e r e d  s i g n i f i -  

c a n t l y  (+0.8% i n  g,, -0.3% i n  g f )  from the LSF adjusted output  values 

o f  t he  1969 IAEA study. I n  addi t ion,  the  low energy values o f  oa were 

g ross l y  d iscrepant  w i t h  t o t a l  cross sec t ion  data which have been obtained 



a t  the MTR ( I 7 )  s ince  the o r i g i n a l  evaluat ion.  It was determined t h a t  

the a n a l y t i c a l  f i t s  made by Fluhar ty ,  e t .  a l .  ( I 8 )  i n  1966 t o  the  then 

e x i s t e n t  data gave g  values which were very c lose  t o  the  desi red values 

and were n o t  badly d iscrepant  w i t h  the new oT r e s u l t s .  Consequently, 

these f i t s ,  along w i t h  the  new data, formed the basis  f o r  d e r i v i n g  

the  recommended curve shapes. 

The a n a l y t i c  f i t s  had d i f f e r e n t  f unc t i ona l  shapes i n  two regions, 

0-0.1 eV and 0.1-0.5 eV. These f i t s  were j o i n e d  i n  the reg ion  around 

0.1 eV t o  insure  c o n t i n u i t y  of value and f i r s t  de r i va t i ve .  

The new t o t a l  cross sec t i on  data from the  MTR show an almost con- 

s t a n t  value o f  o f i  a t  low energies (below 5-8 meV). The behavior 

appears t o  be cons is ten t  w i t h  what would be expected from a  resonance 

a t  near ly  zero energy w i t h  a  small w id th  (30-40 meV) and, hence, would 

have on l y  a  small f i s s i o n  width. The des i red  "g" f a c t o r  was obtained 

by f i t t i n g  the  low energy data sub jec t  t o  t he  c o n s t r a i n t  o f  reasonably 

smooth f i r s t  and second de r i va t i ves .  The r e s u l t i n g  shape fa1  1s s l i g h t l y  

below the a n a l y t i c  f i t  i n  the reg ion  0.03-0.05 eV which i s  cons is ten t  

w i t h  the  shape der ived by ~ e s t c o t t ( ~ )  i n  h i s  study o f  the data as p a r t  

o f  t he  1969 IAEA study. The shape o f  the  absorpt ion cross sec t ion  

d i f f e r s  from the  e a r l i e r  ana ly t i c  f i t  below 0.06 eV and above 0.4 eV. 

The a n a l y t i c  f i t ( 1 8 )  t o  t he  f i s s i o n  cross sec t ion  was f i t t e d  t o  

data on l y  f o r  energies g rea te r  than 0.03 eV and d i d  n o t  r e f l e c t  the  low 

energy shape observed i n  the t o t a l  cross sect ion.  The f i s s i o n  cross 

sec t i on  shape was re-evaluated below 0.1 eV according t o  the  smoothness 

c r i t e r i a .  The r e s u l t a n t  shape i s  very nea r l y  t h a t  deduced from the Hanford 



data ( I 9 )  above 0.03 eV and c l o s e l y  f i t s  o ther  Hanford data (20) a t  5 

meV. The 5 meV data had been ignored i n  t he  a n a l y t i c  f i t t i n g  o f  

F luhar ty ,  e t  a l .  8, on the  au tho r ' s  recomnendati on because o f  obvious 

systematic e r r o r s  a t  lower energies. It now appears t h a t  t he  data 

near 5 meV were reasonably va l i d .  The r e s u l t a n t  shape of the  recom- 

mended f i s s i o n  cross sec t i on  a t  low energies i s  cons i s ten t  w i t h  the  

assumption o f  t he  small l e v e l  near zero energy w i t h  a small f i s s i o n  

width. The resonance behavior, however, i s  n o t  apparent unless the  

ex t rapo la ted  smooth behavior a t  h igher  energies i s  subtracted. 

The ENDF/B-I1 data f i l e s  above 0.4 eV were evaluated j o i n t l y  

(21 1 w i t h  the  eva lua t i on  o f  the  resolved resonance reg ion  by Smith . 
The cross sec t ions  i n  t he  reg ion  0.5- t o  1.8 eV were ca l cu la ted  

from a s i  ng le - leve l  resonance ana lys i s  us ing the f o l  lowing parame- 

t e r s  : 

I n  order  t o  main ta in  a smooth v a r i a t i o n  o f  alpha, t h e  shape o f  t h e  

absorpt ion cross sec t i on  i n  the  reg ion  0.4- t o  0.5 eV was modi f ied  
(181 f r o m t h e a n a l y t i c f i t  . 



A new s c a t t e r i n g  cross sec t i on  f i l e  was a l so  c a l c u l a t e d  us ing  t h e  

resonance parameter c a l c u l a t i o n  g iven above w i t h  a va lue a = 10.938 b. 
po t  

The f o l l o w i n g  t a b l e  shows the  Westcott "g" f a c t o r s  which were c a l -  

cu la ted  from the  ENDFIB-I and ENDFIB-I1 f i l e s  along w i t h  the  i n p u t  and 

LSF outpu t  values o f  t he  1969 IAEA study. 

ENDF/B IAEA - 
I I I Inpu t  LSF Output 

There remains a discrepancy i n  t he  2 4 1 ~ u  cross sec t ions  which 

i s  d i s tu rb ing .  Smith and Reeder (22) have repor ted  monoenergetic measure- 

ments o f  e t a  a t  0.06- and 0.0253 eV. The i r  measurements gave a r a t i o  o f  

q (0.06 eV)/n (0.0253 eV) = 1.014. The accuracy on the r a t i o  was n o t  

s t a t e d  b u t  was c e r t a i n l y  the order  o f  one percent. The MTR a n a l y t i c a l  

f i t s ( 1 8 )  gave 1.0714 and the  present cross sec t ions  are o n l y  s l i g h t l y  

c loser ,  g i v i n g  a value o f  1.051. ~ e s t c o t t ( ~ )  i n  h i s  polynomials f i t s  

r e s u l t e d  i n  a s i m i l a r  discrepancy. Al though the  s c a t t e r  i n  t o t a l  and 

f i s s i o n  cross sec t i on  data would cover t he  monoenergetic va lue i t  does 

no t  seem l i k e l y  t h a t  i t  cou ld  be reproduced i f  the  average behavior, 

and the  der ived  "g" f ac to rs ,  a re  cor rec t .  

THORIUM-232 

Since the o r i g i  na l  ENDFIB data f i  1 es(23) were prepared, Lundgren (24 

has measured the  energy dependence o f  the  capture cross sec t i on  i n  t he  

reg ion  0.1 t o  3.4 eV and has der ived  parameters f o r  t h e  negative-energy 

l e v e l  which dominates the  capture i n  t h i s  region. A rev i sed  s e t  o f  cross 



sec t ions  has been prepared i n  t he  ENDFIB format  from a  resonance ca lcu-  

l a t i o n  which inc luded the  doub le t  of resonances a t  21.78 eV and 23.45 

eV and the  negat ive l e v e l .  The ENDFIB parameters f o r  the  resonance 

doub le t  c o n t r i b u t e  0.245 b  t o  t h e  0.0253 eV capture cross sect ion.  I n  

the  c a l c u l a t i o n s  an a d d i t i o n a l  l / v  component o f  0.195 b  was added t o  

represent  t he  c o n t r i b u t i o n  o f  t he  remainder o f  t he  known p o s i t i v e  l eve l s .  

Ac tua l l y ,  a  b e t t e r  est imate would have been obta ined by adding an equal 

amount t o  represent  t h e  remaining negat ive  l eve l s .  The negat ive energy 

l e v e l  parameters used i n  t he  c a l c u l a t i o n  d i f f e r  s l i g h t l y  f rom those g iven  

by Lundgren when the  number o f  s i g n i f i c a n t  f i g u r e s  i s  increased t o  g i v e  

e x a c t l y  6.96 b  as the  negat ive  l e v e l  con t r i bu t i on .  The parameters used 

were : 

The resonance c a l c u l a t i o n s  were made i n c l u d i n g  the  negat ive  l e v e l  and 

t h e  f i r s t  p o s i t i v e  doublet  i n  o rder  t o  o b t a i n  t h e  minimum b ias  due t o  

resonance-potent ial  s c a t t e r i n g  i n te r fe rence .  I n  o rder  t o  reproduce 

the  measured t o t a l  cross sec t i on  from thermal t o  15 eV i t  was found 

t h a t  the bes t  f i t  was obta ined w i t h  a  va lue o f  a = 10.15 barns. I f  
P  

t h e  l / v  cap ture  component due t o  negat ive l e v e l s  had been inc luded 

p rope r l y  t h i s  va lue would have been reduced s l i g h t l y .  The ex ten t  o f  

t h e  agreement o f  t he  present  c a l c u l a t i o n s  can be seen by comparison w i t h  

some p rec i se  t o t a l  cross sec t i on  values which have been measured a t  

6- and 12-eV. (25) 



oT (Barns) 

Present C a l c u l a t i o n  
Experiment (a = 10.15 b )  

The u n c e r t a i n t y  i n  t he  va lue  10.15 b  due t o  t h e  p o s s i b l e  e f f e c t  o f  unknown 

negat i ve  energy l e v e l s  has been est imated t o  be o f  t h e  o rde r  o f  +0.6 barns. 

Thus t h e  va lue i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  va lue 12.0 + 0.3 b  

deduced by U t t l e y  (26) f rom average t o t a l  c ross  s e c t i o n  measurements i n  t h e  

keV r e g i o n  and used f o r  t he  resonance reg ion  c a l c u l a t i o n  i n  ENDF/B-I. 

PLUTONIUM-240 

The o r i g i n a l  ENDF/B f i l e s ( 2 7 )  gave a  cap tu re  c ross  s e c t i o n  o f  276 

barns a t  0.0253 eV which was c a l c u l a t e d  f rom t h e  chosen resonance parame- 

t e r s .  The d i r e c t  i n f o r m a t i o n  bear ing  on t h e  thermal cross s e c t i o n  was 

d i sp layed  i n  Tab1 e  I V  o f  Ref. 27. The o n l y  measurements o f  apprec iab le  

s i g n i f i c a n c e  which were l i s t e d  were: ( 1 )  An i n t e g r a l  measurement by 

T a t t e r s a l l  (28) which gave a  va lue  of 290 + 9  b  and ( 2 )  a  t o t a l  c ross 

s e c t i o n  va lue o f  273 k 8 b  by Pattenden and ~ a i n e y ( " )  which was i n t e r -  

p re ted  by them t o  g i v e  an abso rp t i on  cross s e c t i o n  va lue  o f  271 barns. 

The e q u a l l y  impor tan t  t o t a l  c ross s e c t i o n  va lue o f  290 + 8  b  ob ta ined  

by Block, e t  a1 . (30) was n o t  considered. 

Since t he  o r i g i n a l  e v a l u a t i o n  f u r t h e r  measurements have been 

repor ted.  A t  a  panel d iscuss ion(31  ) a t  Cadarache, France, two i n t e g r a l  

measurements were repo r ted  which gave values o f  297.0 b  f rom a  s u b s t i t u -  

t i o n  t ype  measurement and 287.0 b  f rom an o s c i l l a t o r  measurement. The 

weighted mean o f  these two values was repo r ted  t o  be 290 + 5  barns. I n  



add i t ion ,  Lounsbury, e t  a1 . (32) a t  Chal k  R ive r  have repor ted  an e f f e c t i v e  

A cross sec t i on  value a = 301.7 + 1.6 b  i n  a  we l l - thermal ized f l u x  which 

they i n t e r p r e t  t o  g i ve  a  value a = 289.3 + 1.6 b  a t  0.0253 eV. 

Considering a l l  o f  the values repor ted  above, t he  o n l y  d isc repant  

value i s  t h a t  o f  Pattenden and ~ a i n e ~ ( ~ ~ )  and i t  i s  o n l y  s l i g h t l y  over two 

standard dev ia t ions  away from the  prec ise  value o f  Lounsbury, e t  a l .  (32) 

Thus the  Lounsbury value i s  considered t o  be the  bes t  est imate o f  t he  

thermal absorpt ion cross sect ion. However, t he  value has been rounded t o  

290 b, p a r t i c u l a r l y  s ince the  cross sec t i on  shape used t o  i n t e r p r e t  t he  

i n t e g r a l  experiment d i d  n o t  consider  any poss ib le  shape e f f e c t s  o f  nega- 

t i v e  energy l eve l s .  

The assignment o f  t he  parameters o f  t he  negat ive l e v e l  necessary 

t o  produce a  capture cross sec t i on  o f  290.0 barns a t  0.0253 eV was made 

us ing  o n l y  the p o s i t i v e  l e v e l s  a t  1.056 eV and 20.44 eV i n  o rder  t o  o b t a i n  

the  bes t  unbiased est imate o f  the  s c a t t e r i n g  cross sect ion.  Thus i f  t h e  

recommended negat ive .  energy l e v e l  parameters were used i n a  c a l c u l a t i o n  

i n c l u d i n g  a l l  o f  t he  p o s i t i v e  energy l eve l s ,  the  s t reng th  o f  the  negat ive 

l e v e l  would need t o  be reduced s l i g h t l y  t o  main ta in  the 290.0 b  value. 

I n  t he  c a l c u l a t i o n  o f  t he  thermal cross sect ions the  parameters o f  

the  1.056 eV resonance were a l t e r e d  s l i g h t l y  i n  o rder  t o  p rov ide  a  b e t t e r  

est imate o f  t he  capture width. The bes t  est imate o f  t he  capture w id th  

i s  obta ined from the  t o t a l  w id th  value o f  32.3 1.5 meV repor ted  by 

Leonard, e t  a1 . (33) I n  the adjustment, t h e  s t reng th  o f  t h e  resonance, 

r x  r was kept  constant i n  o rder  t o  y i e l d  the same thermal cross sec- 
n  Y' 

t i o n  as the ENDF/B-I parameters. The rev i sed  resonance parameters are 

recomnended f o r  f u t u r e  use. 



The assignment o f  t h e  nega t i ve  energy l e v e l  parameters was made 

% by f i x i n g  t he  va lue o f  I': = 2.0 meV/eV which i s  approx imate ly  t he  

a r i t h m e t i c  average va lue  o f  t h e  p o s i t i v e  energy parameters. A f i s s i o n  

w i d t h  was used o f  9.0 x eV which i s  the  average o f  those f o r  t h e  

f i r s t  t h r e e  l e v e l s .  The energy assignment was then  ad jus ted  t o  g i v e  

t he  des i r ed  thermal cross s e c t i o n  which r e s u l t e d  i n  a va lue  o f  Eo = -4.099 

eV which i s  n o t  i n c o n s i s t e n t  w i t h  the  average l e v e l  spacing. The recom- 

mended parameters o f  t h e  -4.099 eV and 1,056 eV resonances are: 

The c a l c u l a t i o n s  gave a va lue o f  o f  = 57.48 mb a t  0.0253 eV which 

i s  o n l y  4 mb l a r g e r  than  g i ven  f rom t h e  known p o s i t i v e  energy l e v e l  

f i s s i o n  w id ths  and i s  c o n s i s t e n t  w i t h  t h e  va lue  o f  30 ' 45 mb ob ta ined  

by Bigham. (34 

The va lue o f  o = 10.6 b used i n  t h e  o r i g i n a l  ENDFIB f i l e s  i s  con- 
P 

s i de red  t o  be a v a l i d  b e s t  es t imate  and was used i n  the  c a l c u l a t i o n  o f  

t h e  recommended thermal c ross  sect ions.  The c a l c u l a t i o n s  g i v e  a va lue  

o f  os = 3.73 b a t  0.0253 eV. Th is  va lue  i s  s u b s t a n t i a l l y  d i f f e r e n t  

f rom t h e  values o f  2 + 1 b used by Block, e t  a l .  (30) and 2.0 2 0.5 b 

used by Pattenden and ~ a i n e y ( ~ ~ ) ,  n e i t h e r  o f  whom considered t h e  con- 

sequences o f  t he  a n t i c i  pated negat i ve  1 eve1 s. The i n f e r r e d  abso rp t i on  

cross s e c t i  ons f rom these measurements shoul d be changed accord i  n g l y  . 
The Westcot t  "g" f a c t o r  c a l c u l a t e d  f o r  t h e  cap tu re  c ross  s e c t i o n  



a t  a temperature appropr ia te  t o  the  Lounsbury, e t  a l .  (32) experiment 

i s  s l i g h t l y  d i f f e r e n t  from the  value used i n  t h e i r  ana lys is .  With the  

rev ised 'g" f a c t o r  we c a l c u l a t e  an e f f e c t i v e  cross sec t i on  8 = 302.2 b 

from the ENDF/B-I1 data compared t o  the experimental value o f  301.7 + 
1.6 b. 

URANIUM-238 

The o r i g i n a l  ENDFIB data f i l e s  f o r  238u (35) gave a capture cross 

sec t i on  a t  thermal energies which was intended t o  be the  representa- 

t i o n  o f  the cross sec t ion  ca l cu la ted  from the  f i r s t  22 posi t ive-energy 

resonances p lus  t h a t  due t o  a s i n g l e  negative-energy l e v e l  a t  -5 eV 

def ined w i t h  a s t rength  t o  produce a value o f  2.73 barns a t  0.0253 

eV. The ac tua l  e n t r i e s  t n  the  f i l e ,  however, consis ted o f  o n l y  two 

p o i n t s  a t  and 10-I eV t o  de f i ne  t h e  thermal region.  With the  

Rn-Rn i nterpo l  a t i o n  prescr ibed these two va l  ues r e s u l t e d  i n  an 0.0253 

eV value o f  2.750 barns and a shape which was d i f f e r e n t  from t h a t  

i ntended.  

I n  the present  eva lua t ion  the capture cross sec t i on  has been taken 

t o  be 2.720 barns. This  value i s  based on the  recent  measurement o f  

Bigham, e t  a l .  (36) who ob ta in  a value o f  2.721 f 0.016 barns from an 

i r r a d i a t i o n  i n  a very we l l - thermal ized f l u x .  A re -eva lua t ion  o f  t he  

o ther  experiments, a l l  o f  which were made i n  o r ' p r i o r  t o  1955, i n d i -  

cates t h a t  they make no s i g n i f i c a n t  c o n t r i b u t i o n  t o  the  knowledge o f  

t h i s  q u a n t i t y  i n  view o f  t h e  small e r r o r  assignment o f  the  Bigham 

r e s u l t .  

The shape o f  the  2 3 8 ~  cross sect ions a t  low energies has been 

deduced from: 



A value o f  o = 10.6 barns which i s  the  value used by P i t t e r -  
p o t  

1 ee (27) i n  h i s  eva lua t ion  o f  h igher  energy 2 3 8 ~  data and which 

i s  n o t  i n  s i g n i f i c a n t  disagreement w i t h  the  r e s u l t s  o f  t h i s  

eva lua t ion  obta ined from f i t t i n g  oT data i n  the reg ion  1- t o  

400-eV, 

The con t r i bu t i on ,  2.472 b, t o  the capture cross sec t ion  from 

the  posi t ive-energy S-wave resonances up t o  400 eV using the 

parameters proposed by P i t t e r l e e ,  (37 

An est imated 0.023 b, o f  the  c o n t r i b u t i o n  o f  l e v e l s  above 

400 eV, 

0 The est imated con t r i bu t i on ,  0.139 b, o f  negat ive l e v e l s  c a l -  

cu la ted  from a "p i cke t  fence" model o f  average resonances begin- 

n ing  a t  -74 eV, 

The con t r i bu t i on ,  0.086 b, o f  a f i d u c i a l  l e v e l  a t  negat ive 

energy whose parameters were determined by t h e  simultaneous 

requirement o f  the  normal iza t ion  value, 2.72 barns, and a f i t  

t o  the  t o t a l  cross sec t i on  data o f  Bol l i n g e r  e t  a1 . (38) i n  the  

reg ion  1- t o  5- eV. 

The actual  c a l c u l a t i o n  o f  the  data f i l e  was done w i t h  the  UNICORN 

program using the  f i r s t  9 posi t ive-energy S-wave resonance parameters 

o f  P i t t e r l e e  (through the  116.9 eV resonance), the  value a = 10.6 b, and 
P 

f o u r  resonances a t  negat ive energy w i t h  the  f o l l o w i n g  parameters: 



I' (MeV) 
Y 

The con t r i bu t i ons  o f  resonances outs ide  t h i s  reg ion  (-111 t o  +I17 

eV) t o  the capture cross sect ion,  0.14 b, was added as a  l / v  cross sec- 

t i o n .  Ca lcu la t ions  us ing a l l  resonances t o  400 eV gave no s i g n i f i c a n t  

shape d i f f e r e n c e  i n  o over the  i n t e r v a l  t o  5-eV. The c a l c u l a t i o n  
Y 

o f  the  s c a t t e r i n g  cross sec t i on  over t h i s  approximately symmetric energy 

reg ion  g ives a  minimum b ias  due t o  resonance-potenti a1 sca t te r i ng .  

The 0.0253 eV g  f a c t o r  f o r  capture ca l cu la ted  by the  SLAVE program 

from these f i  1  es was 1.0021 . 
Shor t l y  a f t e r  t h i s  work was completed a  new measurement by Hunt, 

e t  a l .  (39) was repor ted  f o r  t he  a c t i v a t i o n  cross sec t i on  o f  238" . 
T h e i r  repor ted  value was 2.69 + 0.03 b. A simple weighted-mean o f  t h i s  

r e s u l t  w i t h  the  value o f  2.721 + 0.016 b  o f  Bigham, e t  a l .  (36) would 

r e s u l t  i n  a  value c lose r  t o  2.713 b, we l l  w i t h i n  the  experimental e r r o r  

assigned t o  e i t h e r  r e s u l t .  
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S t e w a r t  who r e v i s e d  t h e  SLAVE p r o g r a m  a n d  who a l s o  

p r o c e s s e d  a l l  o f  t h e  d a t a  i n t o  ENDFIB f o r m a t s .  
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