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... ABSTRACT 

This evaluation of 237~p neutron cross-section data was under- 

taken as part of the effort by the Cross Sections   valuation Working 

Group (CSWG) to assemble thc first versj.c:,n vf the Evaluated .Nuclear 

Data File B (ENDF/B). Graphs of calculated and experimental data 

from which the various files for this isotope were constructed are 

included along with complete documentation over the energy range 

from 0.00001 eV to 15 MeV. 
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A. INTRODUCTION 

This evaluation of 237~p neutron cross-section data was undertaken 

as part of the'effort by the Cross-Sections Evaluation Working Group 

(CSEWG) to assemble the first version of the Evaluated Nuclear Data 

File B (ENDFIB). This report presumes a degree of familiarity with the 
[ 1 I ENDFIB format, which has been described in detail by Honeck . 

' 

The objective.:of CSEWG was t o  produce this first version' of ENDFIB 

in a limited time, with a minimum of re-evaluating. This first version 

is accordingly often referred tn as a "zeroeth iterate" of the file. 

Emphasis was placed on utilizing existing evaluations wherever possible. 

No complete evaluation of 237~p data was found. Two partial evaluations 

existed, and these were used as the basis of the present file in their 

respective energy regions. They are: 

1. Sol Pearlstein[21 has fit the low-energy data for several heavy 

nuclei.. He used the "recommended" parameters from BNL-325, 

Supp. 2,.with potential scattering and additional l/v terms 

adjusted to give a reasonable fit 'to the experimental data 

on file: These recommended parameters are principally those 

of Slaughter et a1. [31 at ORNL, with less weight g'iven to the 

results of Cline['], ~damchuk'~], and Smith et al. [61 The 
experimental points fitted were'those of Smith et al. from .02 

eV to 1.0 eV, and Slaughter et al. from 0.2 eV to about 36 eV. 

The fission fit was to the data of ~eonard'~". The Pearlstein 

fit is the basis of the ENDFIB file below 36 eV. 

2. D. T. Goldman[81 estimated the capture elastic and inelastic 

, scattering cross sections for 237~p in the region 1200 eV to 

10 MeV. The resonance parameters of Slaughter et a1. [31 formed 

the principal point of departure for these calculations. 

Goldman relied mainly on theoretical calculations using Hauser- 

~eshbach[~I statistical theory and optical model parameters, 

suitably modified to include spin-orbit interactions, to extend 

the reaction cross sections above the energy region where detailed 

measurements had been made. 



B. THERMAL REGION: BELOW 0 . 1  eV 

The low-energy l i m i t  of t h e  resolved resonance range was chosen a s  

0 . 1  eV. Below t h i s  energy t h e  ava i l ab le  evidence i n d i c a t e s  t h a t  t h e  

absorpt ion  c ross  s e c t i o n  i s  e s s e n t i a l l y  l / v .  The evidence i n  t h i s  case  

c o n s i s t s  of t h e  c r y s t a l  spectrometer t o t a l  c ross  sec t ion  d a t a  of Smith 

e t  a1. [61  , t h e  low-energy t a i l  of t h e  p e a r l s t e i n  f i t 1 2 ] ,  and severa l  

measurements of t h e  absorpt ion  cross  sec t ion  i n  r e a c t o r  spec t ra .  The 

d a t a  of Smith e t  a l .  a r e  t h e  only energy-dependent d a t a  ava i l ab le  below 

0 .1  eV, and they extend only t o  0.02 eV. These da ta  show no departure 

from a l / v  dependence below U . l  eV, though admittedly a small devia t ion  

could be masked by l i m i t a t i o n s  i n  t h e  counting s t a t i s t i c s  and cor rec t ions  

f o r  order  e f f e c t s  i n  t h e  Bragg beam. The t abu la ted  ENDFIB absorption 

c ross  s e c t i o n  f i l e ,  t he re fo re ,  r ep resen t s  a l / v  curve normalized t o  169.0 

barns a t  0.0253 eV: Most of t h i s  absorption i s  due t o  neutron capture ,  

wi th  only 19  mb a t t r i b u t a b l e  t o  f i s s i o n .  Of t h e  capture ,  approximately 

21 barns can 'be  accounted f o r  by t h e  resolved resonances, with t h e  

remaining 148 barns a t t r i b u t e d  t o  a l / v  con t r ibu t ion  from un iden t i f i ed  

resonances. Figure 1 shows t h e  t o t a l  cross-sect ion measurements of 

Smith e t  a l .  and Slaughter  e t  a l . ,  p lus  t h e  f i t  by P e a r l s t e i n .  The ENDFIB 

t o t a l  c ross  s e c t i o n  fol lows t h e  P e a r l s t e i n  f i t .  

The spin-independent p o t e n t i a l  s c a t t e r i n g  c ross  sec t ion  was taken a s  

12 .0  barns.  l?earlsteirr[21 assumed a 13.6 barn s c a t t e r i n g  cross  

s e c t i o n .  The lower va lue  was chosen t o  smooth t h e  t r a n s i t i o n  i n  t o t a l  c ross  

s e c t i o n  a t  1200 eV from t h e  ca lcu la ted  values ,  using unresolved parameters 

f r o u  F i l e  2 ,  t o  t h e  Adamchuk This small adjustment should 

cause no undue d i s t r e s s  i n  t h e  lower energy region,  p a r t i c u l a r l y  s ince  t h e  

- t r u e  between-resonance c ross  sec t ions  a r e  probably lower than t h e  measured 

values .  

C .  RESOLVED RESONANCE REGION: 0 .1  eV TO 36 eV 

The i n i t i a l  evaluat ion  of Neptunium-237 took place  before  t h e  publi-  

c a t i o n  of t h e  resolved resonance d a t a  of D.  Paya e t  a l .  [ 10 I l a t e  i n  1966. 

consequently t h e  resolved resonance range i s  based on t h e  f i t  by 

S. P e a r l s t e i n L 2  using t h e  "recommended" parameters i n  BNL-325, Supp. 2 ,  

which predate  t h e  Paya d a t a .  These parameters a r e  p r i n c i p a l l y  t h e  work 
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Figure 1. 2 3 i ~ p  Total  Cross Section i n  Resblved Range . 
' 



of Slaughter  e t  a1.[31 a t  ORNL, with l e s s e r  weight given t o  t h e  values 

o f  C l ine [41 ,  A d a ~ k h u k [ ~ ] ,  and Smith e t  a l .  16] The f i s s i o n  widths were 

der ived from Leonard's d a t a L 7 ] .  The "recommended" parameters from 

BNL-325, Supp. 2 ,  a r e  resolved t o  36 eV and t h i s  energy was chosen 

as t h e  upper cu to f f  of t h e  resolved resonance region.  P e a r l s t e i n ' s  

fit t o  t h e s e  parameters f o r  t h e  t o t a l  c ross  sec t ion  t o . 3 6  eV i s  given 

i n  Figure 1. This f i t  i s  based on a p o t e n t i a l  s c a t t e r i n g  c ross  sec t ion  

of 13.6 barns.  Since we recommend a 12.0 barn p o t e n t i a l  s c a t t e r i n g  

c ross  sec t ion ,  t h e  between resonance f i t  w i l l  be approximately 1 . 6  barns 

l e s s  than t h e  values  shorn i n  Figure 1. No sp in  assignment has been 

made and consequently J has .been s e t  equal  t o  I ,  t h e  t a r g e t  nucleus 

sp in ,  throughout t h e  resolved resonance range and i n  t h e  unresolved 

range f o r  s wave neutrons only. Since t h e  unresolved range ends a t  

1200 eV, very l i t t l e ,  i f  any, con t r ibu t ion  from p wave resonances i s  

t o  be expected. 

Table I conta ins  t h e  "recommended" resolved resonance parameters 

from BNL-325 along with t h e  recent  da ta  of D .  Paya e t  a l .  [ l o ]  The most 

s t r i k i n g  d i f fe rence  i s  t h a t  t h e  Paya da ta  show f u l l y  resolved resonances 

a t  s u b s t a n t i a l l y  higher energy than do t h e  o lder  da ta .  The genera l ly  

super ior  r e s o l u t i o n  of t h e  Paya da ta  i s  f u r t h e r  demonstrated by t h e  

observation of many weak l e v e l s .  Enough f i s s i o n  widths have been 

determined t o  g ive  a more r e a l i s t i c  es t imate  of t h e  average f i s s i o n  

width than i s  af forded by the  Leonard d a t a L T 1 .  Radiat ion widths have 

been assigned t o  many l e v e l s ,  permi t t ing  a much b e t t e r  e s t ima te  of t h e  

average r a d i a t i o n  width. The Paya parameters were not' ava i l ab le  when 

t h e  ENDF/.B f i l e  was f i r s t  assembled. The shortage of time and t h e  l ack  

of pointwise d a t a  by which t o  compare t h e  goodness of f i t  of t h e  new 

parameters wi th  t h e . o l d  prevented t h e  Paya d a t a  from being f u l l y  incorpo- 

r a t e d  i n  t h e  resolved range on t h i s  zeroeth i t e r a t e  of ENDF/B. It i s  

a n t i c i p a t e d  t h a t  t h e  next major re-evaluat ion of t h e  2 3 7 ~ p  f i l e  w i l l  

f u l l y  incorpora te  t h e  Paya d a t a .  This w i l l  permit t h e  r.esolved resonance 

region t o  be extended t o  about 100 eV and t h e  unresolved region t o  be 

extended t o  about 7 o r  8 keV. 



TABLE 1 

RESOLVED RESCNANCE PARAMETERS 
A. BNL-325 Supp. 2 (ENDF/B) 
B.  Paya, et. a l .  



t 3ESOLVED RESONANCE PAREJaTERS 

A. BXL-325 Supp. 2 (ENDFIB) 
B.  pay^ , et a l .  



TABLE 1 (~ont ' 6 )  

RESOLVED,RESONANCE PARAMETERS 
A. BNL-325 Supp. 2 (ENDFIB) 
B. Paya, et al. 



TABLE 1 (Cont 'd) 



TABLE 1 (~ont'd) 

RESOLVED RESONANCE PARAMETERS 
. . A. BNL-325 Supp. 2 (ENDF/B) 

B. Paya', et al. 



TABLE 1  (~ont'd) 

F.ESOLVED FESONANCE PARAMETERS 
. . A. BNL-325 S u p p .  2 (ENDFIB) 

B. P ~ y a ,  et al. 



TABLE 1 ( C o n t  ' d )  

RESOLVED RESONANCE P A P ~ E T E R S  
A. BNL-325 Supp. 2 I(ENDF/B) 
B. P a y a ,  e t  a l .  



TABLE 1 ( Cont ' .d ) 

- RESOLVED RESONANCE PARPMETERS 
A .  BNL-325 Supp. 2. (ENDFIB) 
B. Paya, et al'. 



D. UNRESOLVED REGION: 36 eV TO 1200 eV 

I n  t h e  unresolved resonance region da ta  a r e  computed from average 

parameters deduced from parameters o f .  resonances . fu l ly  resolved at .  lower 

energy. Here again t h e  appearance of t h e  Paya da ta  posed t h e  pro'blem a s  

t o  whether o r  not t o  incorpora te  it i n  t h e  f i l e ,  which previously con- 

t a i n e d  unresolved parameters deduced by Goldman from S laugh te r ' s  d a t a .  

Since t h e  unresolved parameters a r e  . few,. the decis ion  was t o  make t h e  

change. Consequently, t h e  unresolved parameters i n  t h e  ENDF/B f i l e  a r e  

those  derived from t h e  Paya data .  A comparison of t h e  a l t e r n a t i v e  s e t s  

i s  shown i n  Table 11. 

The i n f i n i t e l y  d i l u t e  capture  c ross  sec t ion  i n  t h e  unresolved 

range from 36 eV t o  1200 eV, ca lcu la ted  by t h e  RAVEN code [''I using 

.Goldman1s average parameters,  exh ib i t s  approximately l / v  behavior a s  

expected f o r  s-wave neutrons and i s  p l o t t e d  i n  Figure 2 a s  t h e  dashed 

curve.  The r e s i d u a l  l / v  capture c ross  sec t ion  from t h e  thermal region 

of 147.0 barns a t  0.0253 eV was added t o  t h e  r e s u l t s  of the '  unresolved 

ca lcu la t ion  before  it was p l o t t e d .  The capture cross  sec t ion  below 

10  keV r e s u l t i n g  from Goldman's o p t i c a l  model c a l c u l a t i o n  i s  a l s o  p l o t t e d  

i n  Figure 2. A 4.3 barn d i scon t inu i ty  with t h e  unresolved r e s u l t s  i s  

evident  a t  1200 eV. I f  t h e  12 barn p o t e n t i a l  s c a t t e r i n g  c ross  sec t ion  

i s  added t o  t h e  i n f i n i t e l y  d i l u t e  c a l c u l a t i o n  using Goldman's parameters 

throughout t h e  unresolved region,  t h e  t o t a l  c ross  sec t ion  obtained i s  i n  

exce l l en t  agreement wi th  a presumed average of t h e  Adamchuk measured 

d a t a .  The smooth curve through t h e  Adamchuk measurements p l o t t e d  i n  

BNL-325, Supp. 2, i s .  reproduced i n  Figure 3 and i s  e k s e n t i a l l y  i d e n t i c a l  

t o  t h e  values obtained from Goldman's parameters and a 12  barn p o t e n t i a l  

s c a t t e r i n g  c ross  sec t ion  above 70 eV. 

The i n f i n i t e l y  d i l u t e  resonance ca lcu la t ion  by RAVEN has taken 

proper account of Doppler broadening a t  room temperature and in teg ra ted  
0 

averages of t h e  f l u c t u a t i o n  of t h e  neutron'width < r  > i n  t h e  Por te r  
n 

Thomas d i s t r i b u t i o n  through t h e  unresolved region.  

Also p l o t t e d  i n  Figure 2 and Figure 3 a r e  t h e  capture ,  f i s s i o n  and 

t o t a l  c ross  sec t ions  between 36 eV and 1200 eV using average unresolved 



Energy ( k e V )  INC-8- 12969 

Figure  2 .  Capture and F i s s i o n  Cross Sec t ions  i n  t h e  Unresolved Range 
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parameters  based on t h e  Paya d a t a L g 1 .  A s  was done wi th  t h e  Goldman 

parameters ,  t h e  r e s i d u a l  l / v  c r o s s  s e c t i o n  from t h e  thermal  reg ion  and 

a 1 2  barn  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  were added t o  t h e  unresolved 

c a p t u r e  c r o s s  s e c t i o n  c a l c u l a t e d  from t h e  Paya parameters  to .  o b t a i n  t h e  

t o t a l  c r o s s  s e c t i o n  i n  F igure  3. The Paya d a t a  y i e l d  c r o s s  s e c t i o n s  

c o n s i s t e n t l y  h ighe r  t h a n  t h e  Adamchuk d a t a .  

F i l e  2  i n  t h e  ENDF/B eva lua t ion  f o r  t h e  unresolved range con ta ins  

parameters  deduced from t h e  Paya reso lved  parameters .  From t h e s e  

parameters  a r e  c a l c u l a t e d  average c r o s s  s e c t i o n s  which a r e  shown i n  

F igure  2  and Figure  3 and l a b e l e d  ENDF/B. From 1200 eV t o  10  keV, 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  i n  F i l e  3 a r e  e x t r a p o l a t i o n s  of t h e  

Paya d a t a  i n  t h e  unreso lved  range. 

The Paya r e so lved  resonance parameters  extend i n t o  t h e - p r e s e n t  

unresolved r eg ion  t o  about 107 eV. To examine t h e  low-energy f l u c t u a t i o n  

of t h e  cap tu re  c r o s s  s e c t i o n  i n  t h e  unresolved range ,  an  i n f i n i t e l y  d i l u t e  

r e so lved  resonance c a l c u l a t i o n  was made wi th  t h e  RnVEN code'''], producing 

average cap tu re  c r o s s  s e c t i o n s  over  0.25 l e t h a r g y  i n t e r v a l s  from 20 t o  

100 eV us ing  t h e  Paya reso lved  parameters  and t h e  r e s i d u a l  l / v  cap tu re  

c r o s s  s e c t i o n  from t h e  thermal  reg ion .  The r e s u l t s  of t h i s  c a l c u l a t i o n  

a r e  p l o t t e d  i n  F igures  2  and 3 f o r  t h e  cap tu re  and t o t a l  c r o s s  s e c t i o n s ,  

r e s p e c t i v e l y .  The f l u c t u a t i o n  above 36 eV i s  minimal, i n d i c a t i n g  - 
e x c e l l e n t  agreement wi th  t h e  average parameters  used f o r  t h e  whole 

unresolved range.  The improved s t a t i s t i c a l  sample t h a t  t h e  Paya d a t a .  ' . 

r e p r e s e n t  as compared w i t h  t h e  o l d e r  d a t a  means t h a t  t h e  unresolved 

resonance c a l c u l a t i o n s  can be e x t r a p o l a t e d  i n t o  t h e  continuum reg ion  wi th  

g r e a t e r  confidence.  

The Paya unresolved parameters  a r e  l i s t e d  i n  Table I1 a long  wi th  

t h e  unresolved parameters  deduced by Goldman. The s t r e n g t h  func t ion  
0  

< r n > / d  i s  s l i g h t l y  l a r g e r  f o r  t h e  Paya d a t a  but  t h e  average r a d i a t i o n  

width i s  30 p e r  cen t  l a r g e r .  I n  the.  absence of s p i n  assignments a l l  

resonances were cons idered  t o  be  of one s p i n  s t a t e .  As a r e s u l t ,  t h e  

va lues  <d> shown i n  Table I1 a r e  approxi  a t e l y  h a l f  t h e  t r u e  spac ing  p e r  8 <r  > 
s p i n  s t a t e .  S&milar ly,  t h e  va lues  of *are approximately tw ice  t h e  

<r  > 
t r u e  va lue  (%+):per s p i n  s t a t e .  



TABLE I1 

0 
<d> eV < r  > mV < r  > mV < r  > mV 0 

n Y F n 
< r  >/<a> 

Paya et al. 0.76 0.166 44 0.37 0.22 lo--3 

Goldman 1: 36 0.266 3 4 ---- 0.196 x 

Three points should be discussed here which will tend to influence 

the interpretation of calculated cross sections in the unresolved range. 

1. Multigroup cross sections in the resolved and unresolved 

resonance range are based on infinitely dilute integrals of the 

equations for the cross sections over a specified energy range. 

The specification of infinitely dilute integrals is not precise 

for the more sophisticated equations presently contained in 

multigroup spectrum codes. The value of the effective scat- 

tering cross section per absorber atom used in these calculations 

was 100,000 barns per atom. Deviations from this value by a 

factor of ten will produce infinitely dilute capture and fission 

cross sections which differ .by a few per cent. 

2. In the unresolved range, the average fission width for 237~p 

of 0.37 mV was specified for two degrees of freedom in the 

fission width distribution in File 2. Some multigroup codes, 

e.g. , can not treat single level fission in the 

unresolved range for chi-squared distributions of n degrees of 

freedom. 'In these codes, fission is usually approximated by 

calculating the fission cross section within the framework of 

the capture cross section. 'This implies an infinite number 

of degrees of freedom in the chi-squared distribution for the 

fission width. In Figure 2, the curve for the fission cross 

section labeled Many Degrees Freedom I' was based on an 
F 

infinite number of degrees of freedom for the fission width 

distribution in the infinitely dilute calculation in the unresolved 

range. The curve labeled ENDFIB is for two degrees of freedom' 



i n  t h e  f i s s i o n  width d i s t r i b u t i o n .  This ca lcu la t ion  g ives  a  

c ross  sec t ion  about 25 per  cent  lower throughout t h e  unresolved 

range. 

The f i s s i o n  c ross  s e c t i o n  i n  t h e  continuum region above 

1200 eV i s  an ex t rapo la t ion  of t h e  i n f i n i t e l y  d i l u t e  cross  

s e c t i o n  i n  t h e  unresolved range ca lcu la ted  f o r  an i n f i n i t e  

number of degrees of freedom i n  t h e  f i s s i o n  width d i s t r i b u t i o n .  

Therefore, f o r  two degrees of freedom, a  d i scon t inu i ty  i n  t h e  

f i s s i o n  c ross  sec t ion  of 0.015 barns will ,  e x i s t  a t  1200 eV. 

Since t h e r e  a r e  no experimental d a t a  between 1200 eV and 20 keV 

and t h e  c ross  sec t ion  i s  small  i n  t h i s  range,  we chos'e t o  

ignore t h i s  discrepancy. 

3. In  t h e  absence df any t o t a l  c ross  sec t ion  measurements i n  t h e  

MeV region,  t h e  e l a s t i c  s c a t t e r i n g  c ross  sec t ion  i s  only a  

r ,ather  gross  est imate t o  b e g i n , w i t h .  I n  t h e  unresolved range, 

we have s e t  t h e  e l a s t i c . c r o s s  sec t ion  equal t o  t h e  p o t e n t i a l  

s c a t t e r i n g  c ross  sec t ion  of 12  barns.  Some processing codes 

w i l l  au tomat ica l ly  compute a  compound e l a s t i c  s c a t t e r i n g  con- 

t r i b u t i o n  i n  t h e  unresolved. range based on t h e  s i n g l e  l e v e l  

equations.  This would presumably be added t o  t h e  p o t e n t i a l  

sr.a.tt.ering c ross  sectiorl t t~roughout t h e  unresolved range. 

Compound e l a s t i c  s c a t t e r i n g  cont r ibut ions  from t h e  2 3 7 ~ p  

unresolved parameters amount t o  from two t o  four  barns i n  

t h e  unresolved range f o r  t h i s  i so tope .  I f  a  compound e l a s t i c  

con t r ibu t ion  i s  ca lcu la ted  by t h e  processing code, then a  d is -  

con t inu i ty  i n  t h e  e l a s t i c  s c a t t e r i n g  c ross  sec t ion  w i l l  occur 

a t  1200 eV. A corresponding d i scon t inu i ty  w i l l  a l s o  e x i s t  f o r  

t h e  t o t a l  c ross  sec t ion  i f  t h i s  occurs. Such a  discrepancy i s  

probably not  important i n  t h i s  i so tope  f o r  most r eac t& 

app l i ca t ions .  

E. RESONANCE INTEGRAL 

The ENDF/B format p resen t ly  makes no provis ion  f o r  deal ing  with 

resonance i n t e g r a l s .  The modern multi-group techniques which t h e  f i l e  

was designed t o  serve  do not use t h e  resonance i n t e g r a l  i n  t h e  ca lcu la t ion  



of r e a c t i o n  r a t e s .  S t i l l ,  t h e  resonance i n t e g r a l  does r ep re sen t  a 

u s e f u l  concept f o r  making rough comparisons of t h e  r e l a t i v e  abso rp t ion  

of n u c l e i  i n  a slowing-down spectrum, and i t s  measurement r e p r e s e n t s  an  

important  i n t e g r a l  experiment aga ins t  which t o  t e s t  t h e  resonance 

parameters  de r ived  from c ros s - sec t ion  measurements. Some d i scuss ion  i s  

t h e r e f o r e  i n  o r d e r ,  even though f o r  2 3 7 ~ p  t h i s  d i scuss ion  could be 

w i l l i n g l y  foregone. There cont inues  t o  be a sha rp  discrepancy between 

t h e  va lues  of t h e  resonance i n t e g r a l  a s  measured i n  a r e a c t o r  [12,13,14,151 

[3-6,8 I and t h e  va lues  c a l c u l a t e d  from resonance parameters  . The 

s i t u a t i o n  i s  summar.ized i n  Table 111, which l i s t s  t h e  a v a i l a b l e  measured 

and c a l c u l a t e d  value's. The measu redva lues  a r e  c o n s i s t e n t l y  h igher  t han  

' t h e  c a l c u l a t e d  va lues .  This  unhappy s i t u a t i o n  has p e r s i s t e d  d e s p i t e  

t h e  e f f o r t s  of experimenters t o  pe rce ive  and e l imina te  sys temat ic  

e r r o r s  from t h e i r  experiments.  Rogers and Scov i l l e [15  I ,  f o r  example,. 

added a c o r r e c t i o n  f o r  t h e  d i f f e r e n c e  i n  neutron importance between 

4.9 e V  ( t h e e e n e r g y  of t h e  l a r g e  resonance i n  t h e i r  gold s t anda rd )  and 

t h e  0.5 eV lower i n t e g r a l  l i m i t .  The i r  quoted e r r o r  of approximately 

30 barns  does n o t ,  however, i nc lude  e s t ima te s  of t h e  e r r o r s  involved i n  

t h i s  c o r r e c t i o n .  It may we31 be  t h a t  t h e  t r u e  e r r o r s  i n  t h e  measured 

and c a l c u l a t e d  resonance i n t e g r a l s  would b r idge  t h e  gap between t h e  

va lues  i f  t hey  could be p rope r ly  a s se s sed .  

The c a l c u l a t i o n s  by t h e  RAVEN code make use  of t h e  Chernick-Vernon 

equat ions  and c r o s s  sec-1;ivas a r e  c a l c u l a t e d  d i r e c t l y  from t h e  s i n g l e  

l e v e l  formula and s u i t a b l y  Doppler broadened wi th  app ropr i a t e  wing 

c o r r e c t i o n s  app l i ed .  The unresolved resonance c a l c u l a t i o n s  apply 

Doppler broadening and a l s o  account f o r  t h e  s t a t i s t i c a l  v a r i a t i o n  of 

t h e  neutron width.  The p re sen t  ENDF-B parameters  consign 506 barns  as 

t h e  c o n t r i b u t i o n  t o  t h e  resonance i n t e g r a l  from t h e  reso lved  range 

above 0.5 eVj w i th  112 barns a s  t h e  c o n t r i b u t i o n  from t h e  unresolved 

reg ion .  The Paya reso lved  parameters  i n c r e a s e  t h e  c o n t r i b u t i o n  t o  t h e  

r e so lved  range by about 50 barns  f o r  a t o t a l  of 664 barns .  Thus t h e  

Paya r e so lved  parameters  w i l l  on ly  i n c r e a s e  t h e  resonance i n t e g r a l  a 

s m a l l  f r a c t i o n  of t h e  amount necessary  t o  account f o r  t h e  p re sen t  

discrepancy between experimental  and measured va lues .  



The major d i f f i c u l t y  with t h e  2 3 7 ~ p  resonance i n t e g r a l  i s  q u i t e  

probably associa ted  with t h e  loca t ion  of t h e  f i r s t  resonance, a s t r i d e  

t h e  cadmium cutoff  funct ion.  This i s  f a r  from t h e  idea l i zed  case . . 

visua l i zed  when t h e  idea  of a resonance i n t e g r a l  was conceived, and 

t h e r e  i s  a ques t ion a s  t o  whether it i s  r e a l l y  proper t o  def ine  a 

resonance i n t e g r a l  f o r  2 3 7 ~ p  i n  terms of a Cd cu to f f .  Measurement i n  

a gadolinium o r  samarium cover might be more appropr ia te ,  even though 

resonance in te r fe rence  might be a g rea te r  problem than it i s  with 

cadmium covers. 

I n  view of t h e  pathological  character  of t h e  2 3 7 ~ p  resonance 

i n t e g r a l ,  'the appment disagreement between the d i f f e r e n t i a l  and 

i n t e g r a l  experiments i s  not too  su rpr i s ing .  We do not f e e l  thait 

t h e  r e s u l t s  of t h e  resonance i n t e g r a l  measurements challenge t h e  v a l i d i t y  

.of t h e  resonance p'arameters i n  t h e  ENDF f i l e ,  



TABLE I11 

MEASURED AND CALCULATED RESONANCE INTEGRALS FOR 237~p . 

Measurement Corrected Measurement Calculated V,alue 
Reference, (barns ) To Infinitely Dilute With Comments 

12 - 800  one ) 

1.5 - 863 2 28 905 

8 .  - - - - -  ---, 

present ENDF./B parameters --- 

Paya Resolved Parameters, --- 
ENDF/B Unresolved Parameters 

(a) The contribution from the residual l/v capture cross section of 

148 barns at 0.0253 eV is not present here. The contribution this 

l/v thermal component makes to the resonance integral between 0.5 eV 

and 10 .keV is 66 barns. 

(b) No "wing correction'' was added to the individual resolved resonance 

parameters. The lower energy cutoff was .132 eV instead of .5 eV. 

(c) Correction factor applied for equivalent infinitely dilute measure- 

ment using renormalization to a gold cross section of 1558240 barns. 

(d) (NR) infinite dilute resolved resonance calculation using MUFT 

parameters without Doppler broadening. A 0.5 eV thermal cutoff 

would greatly reduce this value. 

(e) BNL-325, Supp. 2, "recommended" resolved resonance parameters to 

36.0 eV. Unresolved parameters from 36.0 eV to 10 keV were: 
0 

<d> = 1;08 eV, <%> = 0.174 mV, r = 34 mV. The unresolved contri- 
Y [ 11 I butionwas 87 barns. Calculations performed by the RAVEN code . 

(f) CalCulation performed by the RAVEN code''']. Thermal l/v contribution 

of 66 barns included. 

(g) Paya resolved parameters to 74.4 eV, ENDF/B unresolved parameters 

to 1200 eV were used. Thermal l/v contribution of 66 barns included. 



:F CONTINUUM REGION 

I n  t h e  continuum region from 1200 eV t o  15  MeV, t h e  experimental - 

d a t a  f o r  2 3 7 ~ p  become even more sparse  than i n  t h e  lower energy ranges.  

Severa l  emei imen te r s  have measured t h e  f i s s i o n  cross  sec t ion  [ 16-?a 1 
.. 

and Stupegia e t  a l .  [24'251 have made measurements of t h e  capture  c ross  

s e c t i o n  a t  s e v e r a l  energies .  The only t o t a l  c ross  sec t ion  measurements 

r epor ted  i n  t h i s  region a r e  those  of Adamchuk e t  a l .  [ Other experimenters 

tindoubtedly have c.ol lected da ta  i n  t h i s  region i n  t h e  process of measuring 

resonance parameters,  but  have not r e l eased  it. This i s  probably due 

t u  a sample problem. The oxide samples generally used a r e  of an optimum 

th ickness  f o r  resonance measurements. Conseqii~ntly,  they  a r e  t o o  t h i n  

f o r  accura te  determinations i n  low c ross  sec t ion  regions.  A more se r ious  

problem i s  t h a t  such oxide samples usual ly  conta in  a moisture contaminant 

of undetermined amount It i s  next t o  impossi61e t o  determine an 

accura te  va lue  f o r  a low, uns t ructured  cross  sec t ion  i n  t h e  presence 

of a water contaminant of uncer ta in  composition. It i s  suspected t h a t  

~damchuk 's  experiment was not completely f r e e  from t h e s e  problems e i t h e r .  

H i s  d a t a  a r e ,  t h e r e f o r e ,  not  necessa r i ly  accorded t h e  pre-eminent s t a t u s  

t h a t  otherwise might be owed t o  t h e  s o l e  s e t  of published da ta .  

The experimental da ta  i n  t h i s  energy region were-augmented by 
[ 8 I t h e o r e t i c a l  c a l c u l a t i o n s  by D .  Goldman , upon which t h e  ENl3F Inelastio 

s c a t t e r i n g  c r o s s  sec t ions  ,are based, and by a ca lcu la t ion  performed by 

S. P e a r l s t e i n  of t h e  (n ,2n)  and (n,3n) c ross  sec t ion  using techniques 
[ 26 I he has previous ly  descr ibed . 

Since t h e  continuum region i s  represented  i n  t h e  ENDFfB f i l e  

e n t i r e l y  by pointwise d a t a ,  c ross  sec t ions  involved a r e  given completely 

'by t h i s  f i l e .  ~ ~ ~ e n d i x  A conta ins  computer p l o t s  of t h e  individual  c ross  

s e c t i o n s  which appear i n  t h e  ENDF/B F i l e  3. On t h e  o the r  hand, t h e  c ross  

s e c t i o n s  given i n  F i l e  3 f o r  t h e  resonance reg ions ,  both resolved and 

unresolved, a r e  t h e  smooth l / v  components only. For t h e s e  regions  t h e  

curves i n  Appendix A do not t e l l  t h e  complete s to ry .  The complete 

c ross  sec t ions  i n  t h i s  case  a r e  shown i n  Figures 1 through 3. 



G .  FISSION CROSS SECTION 

The f i s s i o n  c r o s s  s e c t i o n  of 2 3 7 ~ p  f e a t u r e s  t h e  c h a r a c t e r i s t i c  

shape of a th re sho ld  r e a c t i o n  near  1 MeV, but  t h e r e  i s  a l s o  an apprec i ab le  

amount of subthreshold  f i s s i o n .  Leonard['ll found a f i s s i o n  c r o s s  s e c t i o n  

a t  0.0253 eV of 1 9  mb, and a l s o  measured t h e  f i s s i o n  widths of t h e  f i r s t  

t h r e e  resonances.  Paya [ l o ]  measured f i s s i o n  widths of many a d d i t i o n a l  

resonances and found measurable f i s s i o n  widths i n  some bu t  no t  i n  o t h e r s .  

Those resonances i n  which f i s s i o n  occurs  seem t o  occur i n  groups. The 

average parameters  de r ived  from t h e  Paya d a t a  and l i s t e d  i n  Table I1 

y i e l d  a c ros s  s e c t i o n  of 80 mb a t  1200 eV. From t h e r e  t h e  c r o s s  s e c t i o n  

was ex t r apo la t ed  a t  cons tan t  logar i thmic  s lope  t o  t i e  i n t o  t h e  experi-  

mental d a t a .  

The experimental  d a t a  on f a s t  neutron f i s s i o n  i n  2 3 7 ~ p  a r e  t h e  most 

abundant of a l l  c r o s s  s e c t i o n  d a t a  f o r  t h i s  nucleus.  Eight  groups of 

experimenters  have made measurements i n  t h e  energy reg ion  20 keV - 20 MeV. 

This  p l e t h o r a  of d a t a  proves t o  be not  an unmixed b l e s s i n g .  There i s  

s1ihst.a.nt.ia.1. d i  sagreement among t h e  va r ious  experimenters ,  f i r s t  i n  t h e  

" threshold" r eg ion  around 20 keV, but  more s t r i k i n g l y  i n  t h e  reg ion  of 

t h e  f i r s t  p l a t e a u  between 1 and 5 MeV. I n  t h e  v i c i n i t y  of 20 keV t h e  

r e s u l t s  of P e r k i n [ l g l  and White[2o1 l i e  somewhat lower t han  t h o s e  of 

Gokhbere[18]. Across t h e  f i r s t  p l a t e a u  t h e  d a t a  f a l l  i n t o  e s s e n t i a l l y  

two groups,  w i th  t h e  r e s u l t s  of Klema[16 I ,  Henkel[17 I ,  and Gokhberg [ l a ]  
[231 l y i n g  s i g n i f i c a n t l y  lower than  t h o s e  of Schmitt  and Murray[211, S t e i n  , 

and Pankratov [221.  I n  t h i s  eva lua t ion  g r e a t e s t  weight was given t o  

t h e  r e s u l t s  of Perk in  and White a t  low3ene rg ie s  and t o  Schmitt  and 

Murray and S t e i n  e t  a l .  i n  t h e  h igher  energy r eg ion .  These experimenters 

took  g r e a t  c a r e ,  us ing  a v a r i e t y  of  modern t echn iques ,  t o  a s c e r t a i n  t h e  

f i s s i o n  f o i l  composition and chamber e f f i c i e n c y .  

F igures  4 and 5 show t h e  eva lua ted  ENDF-B f i s s i o n  c r o s s  s e c t i o n  

curve th read ing  i t s  way amongst t h e  experimental  d a t a  p o i n t s  i n  t h e  MeV 

region .  The s c a l e  i n  F igure  4 i s  l oga r i t hmic ,  t h e  b e t t e r  t o  i l l u s t r a t e  

t h e  s t r u c t u r e  of t h e  curve near  t h re sho ld .  F igure  5 i s  shown on a 

l i n e a r  s c a l e  i n  order  t o  d i s p l a y  more c l e a r l y  t h e  r e s u l t s  of t h e  va r ious  

measurements above 1 MeV. In Lhe 1a't'l;er f i g u r e  t h e  d a t a  of 



Sc hmi t t -Murr ay [211 and S t e i n  e t  a l .  [231 a r e  shown normalized t o  d i f f e r e n t  

s e t s  of evaluated d a t a  f o r  2 3 8 ~  and 2 3 5 ~ ,  respectively..  The di f ference  

between po in t s  from t h e  same experiment, normalized t o  d i f f e r e n t  

secondary standard da ta  f i l e s ,  i s  a s  g rea t  a s  t h e  discrepancy between 

t h e  two experiments, p a r t i c u l a r l y  around 2.5 MeV. I n  t h e  const ruct ion 

of t h e  ENDFIB curve,. s l i g h t l y  g r e a t e r  weight was given t o  t h e  S te in  

d a t a  than t o  t h e  Schmitt da ta  because it was normalized t o  t h e  f i s s i o n  

c ross  sec t ion  of 2 3 5 ~  r a t h e r  than 2 3 8 ~ .  Although t h e r e  a r e  d is turbing 

disagreements between measurements f o r  both these  nuclides,  t h e  s i t u a t i o n  - 

f o r  2 3 5 ~  seeus somewhat l e s s  chaot ic  than t h a t  f o r  238U. Thus, t h e  

present  evaluation of MeV f i s s i o n  da ta  f o r  2 3 7 ~ p  l m n s  r a t h e r  heavily 

on evaluat ions  of t h e  2 3 5 ~  f i s s i o n  cross  sec t ion  f o r  t h e  same energy 

range. U n t i l  &is p i c t u r e  i $  c l a r i f i e d  ' fur ther ,  any evaluation of 

t h e  2 3 7 ~ p  f i s s i o n  cross  sec t ion  w i l l  re,main somewhat tenuous. 
:. ,. 

I n  summary, t h e  ENDFIB f i s s i o n  cross  sec t ion  f o r  2 3 7 ~ p  t i e s  i n t o  t h e  

minimum a t  30 keV i n  accordance with t h e  Perkin 'and White po in t s ,  favors 

t h e  White d a t a  t o  0.5 MeV, t h e  S t e i n  and.Schmitt-Murray d a t a  across  t h e  

f i r s t  p la teau  from 1 - 5  MeV, and ends with t h e  Pankratov da ta  t o  t h e  

f i l e  l i m i t  a t  15 MeV. 

H. CAPTURE ,CROSS SECTION 

The only MeV capture da ta  ava i l ab le  a t  t h e  time t h e  ENDFIB . . 

evaluat ions  were s t a r t e d  was t h e  o p t i c a l  model ca lcu la t ion  of D .  Goldman [ 8 I 
' 

which i s  p l o t t e d  i n  Figure 4 .  .The o p t i c a l  model ca lcu la t ion  served 

t o  sugge'st t h e  order of magnitude of t h e  MeV capture c ross  sec t ion  and 

exh ib i t  t h e  genera l  t r end .  

The measurements of Stupegia e t  a l .  [24y251  represent  t h e  only 

experimental d a t a  on capture by 2 3 7 ~ p  i n  t h e  MeV region. AS such, they 

formed t h e  b a s i s  f o r  t h e  ENDF/B f i l e  i n  t h i s  region.  The da ta  a r e  shown 

i n , F i g u r e  4. On t h i s  log-log p l o t  t h e  poi,nts can be reasonably wel l  f i t  

wi th  a s t r a i g h t  l i n e .  This l i n e  has been used t o  ex t rapo la te  t h e  Stupegia 

d a t a  t o  1 5  MeV t o  complete t h e  capture f i l e .  The r e l a t i o n s h i p z i s  approximately 



T h i s ' r e l a t i o n s h i p  seems t o  fit t h e  d a t a  adequate ly  and forms a 

reasonable  e x t r a p o l a t i o n  t o  t h e  h igh  energy end of t h e  f i l e .  A t  t h e  

low energy end 'o f  t h e  continuum reg ion  a t  1200 eV, t h e  cap tu re  c r o s s  

s e c t i o n  was normalized t p  10 .78  barns .  This  va lue  r e s u l t e d  from t h e  

a d d i t i o n  of a 1 0 . 1  barn  conjx ibut ion  from t h e  i n f i n i t e l y  d i l u t e  

unresolved resonance c a l c u l a t i o n  a t  1200 eV us ing  t h e  Paya parameters  

and a 0.68 b a r n - c o n t r i b u t i o n  from t h e  r e s i d u a l  l / v  c r o s s  s e c t i o n  

ex t r apo la t ed  from t h e  thermal  r eg ion .  

To connect t h e  Stupegia measurement a t  0.152 MeV t o  t h e  1200 eV 

va lue ,  it i s  necessary  f o r  t h e  curve t o  change s lope  i n  t h e  i n t e r i m  

reg ion .  The c a l c u l a t e d  curve of D .  C .  Stupegia e t  a l .  [ a 5 1  shows such 

a change, and meets bo th  t h e  va lue  i n d i c a t e d  by Equation ( 1 )  a t  

0.15 ~ e ~ ( 1 3 b )  and a n  ex tens ion  of t h e  unresolved c a l c u l a t i o n  t o  10  keV. 

The Stupegia c a l c u l a t i o n s  a r e  based on t h e  s t a t i s t i c a l  model of t h e  

compound nucleus a s  descr ibed  by Moldauer [38-40 I . It would be d e s i r a b l e  

t o  have a d d i t i o n a l  experimental  d a t a  t o  support  t h e  c a l c u l a t e d  curve 

below 0.15 MeV. Nevertheless  t h e  curve appears  t o  g i v e  a reasonable  

i n t e r p o l a t i o n  between r eg ions .  

The e x t r a p o l a t i o n  of t h e  i n f i n i t e  d i l u t e  unresolved s-wave resonance 

c a l c u l a t i o n  us ing  t h e  average Paya parameters  i n  Table T I  g i v e s  a 

10  kevrvalue of 3.3 ba rns .  ' T h i s  va lue  was chosen a s  t h e  10  keV t i e  

p o i n t  t o  t h e  Stupegia c a l c u l a t i o n s .  Below 10  keV, t h e  ENDF./B d a t a  

r e p r e s e n t  an  e x t r a p o l a t i o n  of t h e  i n f i n i t e l y  d i l u t e  unresolved resonance 

c a l c u l a t i o n  us ing  t h e  average Paya parameters  i n  Table 11. 

I. ELASTIC SCATTERING CROSS SECTION 

Between 0 . 1  and 36 eV, t h e  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  i s  

determined wholly by t h e  resonance parameters  i n  F i l e  2. The s p i n  

independent s c a t t e r i n g  l e n g t h  en te red  i n  F i l e  2 i s  based on a 12 .0  barn  

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 .  No smooth s c a t t e r i n g  c r o s s  s e c t i o n  

appears  i n  F i l e  3 from 0 . 1  eV t o  1200 eV. Depending on t h e  r e a c t o r  

spectrum code which .uses  t h e  unresolved d a t a ,  t h e  e l a s t i c  s c a t t e r i n g  

c r o s s  s e c t i o n  i n  t h e  unresolved range  from 36 t o  1200 eV w i l l  b e  1 2  barns  



unless approximate average compound elastic terms are accounted for 

by the nuclear code in the unresolved range. In this evaluation, the 

.elastic scattering cross section was assumed to be 12.0 barns throughout 

the unresolved range. 

No experimental data for elastic scattering .exists for this isotope 

out side of that obtained from the resolved resonance parameters. However, 

there is no reason to expect that the high energy elastic scattering cross 

section for this isotope would exhibit properties appreciably different 

than any other fissionable isotope which possesses roughly the same 

non-elastic cross section to 15 MeV. In the keV regi.on the 12 barn 

potential scattering cross section is expected to begin falling off 

as higher angular momentum neutrons begin to enter into the 

potential scattering process. At higher energies, compound elastic 

events will modify the general behavior depending ugon the rompetition 

with other reaction cross sections. 

The only measurement made which could influence the selection of an 

appropriate elastic cross section above 1200 eV is the-total cross section 

measurements by Adamchuk et al. [51 between 1200 eV and 10. keV. Tn +.ha 

vicinity of 1200 eV, using capti~re and fission cross sectirsrls generated 

by the Paya et al. [lo1 wresolv~?il r~snnan~e paramctcr3, a 1-irugll average 

of the Russian total cross section mcasurements would im~3.y a.pprnuirnately 

9 barns elastic scattering to 10 keV. Thus, if one accepts the Paya data . 

and a 12 barn potential scattering,cross section throughout the resonance 

region, a discontinuity of roughly 3 barns in the elaetic cross section 

appears at 1200 ;v. Pearlstein[21 reconmendid a potential cross section 

in the resonance region of 13.6 barns for his fit. The 12 barn potential 

scattering cross section was selected for this evaluation as a compromi~e 

with the Russian total cross section data. to 1.0 keV. Adding the c&p'Lure 

and fission cross s'kctions above 1200 eV to the 12 barn elastic scat- 

tering cross section, gives a tota1,cross section to 10 keV which just 

skirts the upper bounds of Adamchuk's measurements and has been plotted 

in Figure 3. 

Above 10 keV, the elastic cross section chosen in this evaluation 

as representative of the behavior expected for 237~p was the elastic 



Figure 4. Fission and C~ptuke Cross Sections in the 
Continuum Region Above 10 keV 
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s c a t t e r i n g  c r o s s  S e c t i o n  of 239pu according t o  t h e  J. J. Schmidt evalu- . 

ti or^'^^]. A t  10  BeV, t h e  1 2  barn  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 .  - - 

j o i n s  smoothly t o  t h e  2 3 9 ~ ~  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n .  

. . J. TOTAL CROSS SECTION 

No t o t a l  c r o s s  s e c t i o n  measurements have been made f o r  t h i s  i s o t o p e  

above 110 eV o the r  t h a n  t h e  t o t a l  c r o s s  s e c t i o n  measurements of Adamchuk 

t o  1 0  keV discussed  above. The t o t a l  c r o s s  s e c t i o n  conta ined  i n  F i l e  3  

i s  t h e  sum of t h e  i n d i v i d u a l  r e a c t i o n  c r o s s  s e c t i o n s  and t h e  e l a s t i c  s c a t -  

t e r i n g  c r o s s  s ,ec t ion  contained i n  t h i s  f i l e .  I n  t h e  resonance r eg ion ,  

t h e  c o n t r i b u t i o n  due t o  t h e  r e so lved  and unresolved resonance parameters  

i s  not  p re sen t  i n  t h e  p l o t s  presented  i n  Appendix A .  

K .  ELASTIC SCATTERING ANGULAR DI_STRIBUTIONS 

F i l e  4 con ta ins  t h e  angular  d i s t r i b u t i o n s  rkcommended f o r  t h i s  

i s o t o p e  i n  t h e  form of a  Legendre r e p r e s e n t a t i o n .  No measured d a t a  

e x i s t  a t  p r e s e n t  f o r  t h i s  i s o t o p e . .  ,The angular  d i s t r i b u t i o n s . - i n  F i l e  4 
were assembled by H. A l t e r  [281 of Atomics I n t e r n a t i o n a l  and a r e  composed 

of a mixture  of measured d a t a  f o r  2 3 5 ~ ,  238Uy and 2 3 9 ~ ~ .  

L. ( n , n l )  INELASTIC SCATTERING CROSS SECTION 

Data on i n e l a s t i c  s c a t t e r i n g  used i n  t h i s  eva lua t ion  inc lude  both  

d i s c r e t e  l e v e l  e x c i t a t i o n s  and an evapora t ion  spectrum continuum reg ion .  
[ 8 I The c r o s s  s e c t i o n s  were obta ined  from c a l c u l a t i o n s  by D.  Goldman . 

Goldman does not  p r e s e n t  s p e c i f i . ~  d e t a i l s  of t h e  c a l c u l a t i o n  o the r  t han  

t o  s t a t e  t h a t  t h e  t h e o r e t i c a l  approach w a s  based on a  mod i f i ca t ion .o f  

t h e  Hauser-Fsahbach s t a t i s t i c a l  model[91 t o  inc lude  sp in -o rb i t  i n t e r -  

a c t i o n s .  E x c i t a t i o n  c r o s s  s e c t i o n s  were c a l c u l a t e d  f o r  t h e  f i r s t  e leven  

l e v e l s  of 2 3 7 ~ p  t o  0 .5  MeV. The l e v e l  ene rg i e s  and s p i n  and p a r i t y  of 

t h e s e  l e v e l s  a r e  g iven  i n  Table I V .  



FIRST ELEVEN LEVELS AND SPIN AND PARITY 
OF LEVELS FOR 2 3 7 ~ p  

Level Energy ( M ~ v )  Spin and P a r i t y  

0.0332 712 + 

Figure 6 conta ins  p l o t s  of t h e  t o t a l  ( n , n l j  c ross  sec t ion  a s  calcu- 

l a t e d  by Gol.dmnn t o  LO MeV a s  we l l  a s  t h e  individual. cross s ~ n t . i o a s  f o r  

e x c i t a t i ~ n  . . of t h e  f irst  eleven l e v e l s  t o  1 . 0  MeV. Goldman ext rapola ted  

t h e  l e v e l  c ross  sec t ions  l i n e a r l y  t o  10  MeV t o  t a k e  rough account of 

d i r e c t  i n t e r a c t i o n  ( n , n l )  events  a n t i c i p a t e d  f o r  i so topcs  of t h i s  mass. 

I n  t h i s  evaluat ion ,  we have chosen t o  i g n o r e ' d i r e c t  i n t e r a c t i o n  e f f e c t s  

i n  t h e  MeV region and have ext rapola ted  t h e  l e v e l  e x c i t a t i o n  c ross  

sec t ions  from 0.5 t o  1 . 0  MeV. The region between 0.5 and 1 . 0  MeV con- 

t a i n s  a combination of l e v e l  e x c i t a t i o n s  and evaporation spec t ra  

secondaries a s  i l l u s t r a t e d  i n  Figure 6. Above 1 .0  MeV t h e  secondary 

neutrons a r e  assumed.to fol low a 100 per  cent  eve.poration spectrum, 

Above 0.33 MeV evaporation spec t ra  secondaries begin t o  appear. 

The nuclear  temperature 8 ( ~ )  f o r  t h e  evaporation model was computed from [ 8 I 
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Energy ( M e V )  

Figure  6. (n ,n1  ) I n e l a s t i c  s c a t t e r i n g  Cross Sec t ions  



where A i s  t h e  mass of t h e  t a r g e t  nucleus. 

The t abu la ted  nuclear  temperature d i s t r i b u t i o n  h a s  been p l o t t e d  i n  

Figure 7 along with t h e  nuclear  temperature computed f o r  t h e  (n,2n) and 

(n ,3n)  reactTons. For LF=9 i n  F i l e  5 ,  t h e  secondary t r a n s f e r  cross  

sec t ions  a r e  computed f rom' the  evaporation model, using 

w11el.e E i s  t h e  neutron energy a t  which t h e  reac t ion  i s  i n i t i a t e d  and El 

i s  t h e  f i n a l  energy of t h e  secondary neutrons. 

I n  Appendix A, t h e  e x c i t a t i o n  funct ions  f o r  i n e l a s t i c  s c a t t e r i n g  

from individual  l e v e l s  a r e  p l o t t e d  a s  p r o b a b i l i t i e s  r e l a t i v e  t o  t h e  t o t a l  

( n , n l )  ine1ttsl;ic cross Section.  Figure 6 contains p l o t s  of t h e  a c t u a l  

l e v e l  cross sec t ions  i n  barns. 

M.  (n,2n) AND (n,3n) CROSS SECTIONS 

(n,2n) and (n,3n) i n e l a s t i c  cross  sec t ions  were ca lcu la ted  by 

S.  earls stein, using h i s  published techniques[261. The secondary energy 

- d i s t r i b u t i o n s  a r e  described a s  evaporation spec t ra  w i t h  a  nuclear  

temperature d i s t r i b u t i o n  following t h e  procedure used by P i t t e r l e  129 I 

i n  compiling t h e  240Pu f i l e  of ENDF/B. The c ross  sec t ions  a r e  p l o t t e d  

i n  Appendix A .  Present  r e s t r i c t i o n s  on F i l e  5 of ENDF/B do not permit 

t h e  s p e c i f i c a t i o n  of independent spec t ra  f o r  t h e  two o r  t h r e e  neutrons 

emit ted  i n  .Lhe (n ,2n)  and- (n,3n) r eac t ions ;  The energet ics  of t h e  (n,2n) 

r e a c t i o n  requ i re  t h a t  t h e  average energy of each neutron emitted be l e s s  

than t h a t  f o r  t h e  ( n , n l )  r eac t ion  a t  a  given i n i t i a l  energy, s ince  t h e  

binding energy of t h e  second neutron i n  t h e  t a r g e t  nucleus i s  not . '  

a v a i l a b l e  i n  t h e  reac t ion .  LeCouteur [301 suggests t h a t  a  reasonable 

approximation f o r  t h e  average energy B2.0f each neutron emitted i s  

32 
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Figure 7. Temperature Distributions for (n , n ' ) , (n ,2n) , 
and (n,3n) Inelastic Secondaries 



where e l  i s  t h e  nuclear  temperature of a  neutron emitted 'in t h e  ( n , n l )  

r e a c t i o n  given by Equation ( 2 ) .  

Below 8 M e V ,  t h e  excess energy above t h e  threshold  of t h e  (n,2n) 

r e a c t i o n  a t  6.79 MeV i s  l e s s  than 202, t h e  t o t a l  average energy o f . t h e  

two neutrons emitted a s  given by Equation ( 5 ) .  I n  t h i s  region,  between 

6.79 MeV and approximately 8 MeV, Equation ( 5 )  i s  an overs impl i f ica t ion 

and e 2  a s  given by Equation ( 5 )  i s  not poss ib le .  I n  t h i s  region,  t h e  

nuclear  temperature must decrease rap id ly  t o  zero a t  t h e  threshold .  An 

approximate l i n e a r  f i t  t o  t h e  value given by Equation ( 5 )  i s  used between 

6.79 MeV and 8 MeV and jdined smoothly t o  Equation ( 5  ) above 8 MeV. I n  

t h i s  region,  the .average  energy of t h e  two neutrons emitted was taken t o  

be one-half of t h e  excess e x c i t a t i o n  energy ahove t h e  threshold ,  a s  was 

done by T. A.  P i t t e r l e  i n  t h e  240Pu evaluation f o r  EFF-B. 

This was f e l t  t o  be a reasonable assumption i n  t h i s  energy range 

s ince  t h e  average energy of both neutrons .emitted i s  c e r t a i n l y  l e s s  

than t h e  maximum energy ava i l ab le  t o  them. 

e 2  t o  8 MeV was then obtained from 

The r e s u l t a n t  nuclear  temperature f o r  t h e  (n,2n) r eac t ion  i s  graphed i n  

Figure 7 a s  i s  t h e  (n,3n) temperature a l s o .  The ' t r ans fe r  cross  sec t ions  

f o r  each of t h e  two neutrons emitted a r e  then given by Equations ( 3 )  and 

( 4 )  - 

I n  t h e  case of t h e  (n ,3n)  r e a c t i o n ,  a  s imi la r  s impl i f ied  approach 

was followed. Because t h e  binding energy of two neutrons must be 

accounted'for ,  t h e  average energy a v a i l a b l e  t o  each between t h e  threshold  
[291 and 15  MeV w i l l  be q u i t e  low. Again we followed t h e  example of P i t t e r l e  , 

who assumed an approximately l i n e a r  behavior f o r  t h e  nuclear temperature, 

a s  i n  t h e  energy region immediately above t h e  threshold  of t h e  (n ,2n)  



r eac t ion .  The nuclear  temperature should be approximateJy zero a t  t h e  

' t h resho ld  of 12.234 MeV. The 15  MeV value  i s  est imated t o  be 2/3 of t h e  

(n ,2n)  temperature p lus  113 of t h e  i n e l a s t i c  s c a t t e r i n g  temperature 

evaluated a t  t h e  energy. 

where e2 i s  t h e  (n ,2n)  temperature a t  15  MeV.. The value ca lcu la ted  f o r  \ 

t h e  (n,3n) nuclear  temperature a t - 1 5  MeV i s  0.41 MeV. 

I n  both t h e  (n,2n) and (n,3n) r eac t ions ,  gross approximations a r e  

involved i n  t h e  s p e c i f i c a t i o n  of t h e  evaporation model f o r  secondary energy 

d i s t r i b u t i o n ,  e spec ia l ly  i n  t h e  v i c i n i t y  of t h e  threshold  of  e i t h e r  r eac t ion .  

A s  an example, f o r  neutrons j u s t  above t h e  threshold  of t h e  (n ,2n)  r e a c t i o n ,  

t h e  evaporation model permits  a  small  but  f i n i t e  p r o b a b i l i t y  t h a t  both 

neutrons a r e  re-emitted near t h e  inc ident  energy. This s i t u a t i o n  i s  

forbi'dden by t h e  energet ics  o f . t h e  r eac t ion .  The f a c t  t h a t  t h e  nuclear 

temperature i s  small i n  t h e  region j u s t  above t h e  threshold  tends  t o  , 

reduce t h i s  p robab i l i ty ,  but  s t i l l  permits  forbidden t r a n s i t i o n s .  In. 

t h e  absence of d i s c r e t e  l e v e l  , e x c i t a t i o n  da ta  f o r  8 3 5 ~ p  and  236Np,. t h e  

present  p r e s c r i p t i o n  i s  about a s  we l l  a s  can be done when t h e  evaporation 

model i s  t h e  only a l t e r n a t i v e .  It s t i l l  presents  se r ious  short-comings, 

e spec ia l ly  i n  t h e  case of t h e  (n,3n) r eac t ion .  However, t h e s e  approximations 

can be p a r t i a l l y  j u s t i f i e d  i n  view of t h e  f a c t  t h a t  both t h e  (n ,2n)  and 

(n,3n) c ross  sec t ions  a r e  based on t h e o r e t i c a l  es t imates  t o  begin with.  

N .  FISSION NEUTRON SPECTRUM 

The secondary energy d i s t r i b u t i o n  o f  f i s s i o n  neutrons i s  given a s  a  

s i n g l e  temperature Maxwell d i s t r i b u t i o n  ( L F = ~ ) .  The temperature corresponds 

t o  t h e  average f i s s i o n  neutron energy, which can be ca lcu la ted  using 

. T e r r e l l l s  formula [311 , 



To der ive  t h e  nuclear  temperature we use 

- 
Using t h e  zero energy ext rapola t ion of t h e  v value,  we obta in  8 = 1.32 MeV. 

F i l e  1 

I n  t h e  General Information sec t ion ,  F i l e  1, i s  contained some 

a d d i t i o n a l  information not d i r e c t l y  r e l a t e d  t o  cros.s .sect ions.  - . 

Only a few measurements of ; f o r  2 3 7 ~ p  have been made and they have 

been i n  broad spec t ra .  The measurements are_summarized i n  Table V.  Not 

' enough da ta  a r e  ava i l ab le  t o  al low a .direct determination of t h e  energy 

dependence of ;. A slope of 0.16 M ~ v - ~  was assumed [321 and passed through 

t h e  average df t h e  two measurements of H a n ~ e n ' ~ ~ ] . .  This procedure y ie lded 

t h e  r e l a t i o n  

TABLE V 

- 
Author Neutron Energy ( ~ e a n )  v 

Kuz 'minov e t  a l .  [34 . 2.5 2.72 2 0.15 

Hansen [331 1 .40 2.81 2 0.09 

1.67 

[351.  Lebedev e t  a l .  2 

Decay Data 

~ e c a ~  constants  (sec-') a r e  given f o r  severa l  shor t  decay chains 

involving 2 3 7 ~ p  and t h e  products of (n ,2n) ,  (n,3n) and ( n Y y )  reac t ions .  



Since no pro&.sion i s  made i n  t h e  ENDF~B format f o r  branching i n  t h e s e  

chains ,  only t h e  p r i n i c p a l  mode of each decay appears i n  t h e  f i l e .  Decay 

constants  were ca lcu la ted  from ha l f  l i v e s  l i s t e d  by Goldman on t h e  well- 
[361 known GE nuclide c h a r t ,  v in tage  1965 . 

P. FISSION PRODUCT YIELDS 

The f i s s i o n  y i e l d  d a t a  of Iye r  e t  a l .  [371 represen t s  t h e  bulk of t h e  

ava i l ab le  da ta ;  I y e r ' s  values a r e  presented a s  r e l a t i v e  y i e l d s .  To 

obta in  absolute  y i e l d  va lues ,  t h e  da ta  of Iye r  e t  a l .  were p l o t t e d  on a  

l i n e a r  graph. A'smooth curve was drawn through t h e  po in t s .  The are% 

under t h e  curve was measured with a  planime-Ler and normalized t o  200 

per  cent  y i e l d .  The po in t s  l i s t e d  i n  F i l e  1 were read.  from t h i s  smooth 

curve. Because t h e  smooth curve was followed, t h e  ENDF/.B f i s s i o n  y i e l d  

da ta  w i l l  not reproduce any t r u e  f l u c t u a t i o n s  i n  t h e  y i e l d ,  such as  may 

be due t o  s h e l l  e f f e c t s .  
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APPENDIX A 

CROSS SECTION PLOTS 

. . 

Appendix A conta ins  .computer p l o t s  of t h e  indivi'dual c ross  sec t ions  

which appear i n  ENDF/B f i l e s  3, 4 and 5. The computer p l o t s  of f i l e  3 

do not conta in  t h e  resonance con t r ibu t ions  from t h e  resolved and 

unresolved resonance ranges. Therefore,  d i s c o n t i n u i t i e s  w i l l  e x i s t  i n  

t h e  computer p l o t s  a t  t h e  ex t remi t i e s  of t h e s e  ranges.  

The p l o t s  of t h e  i n e l a s t i c , l e v e l  c ross  sec t ions  a r e  given a s  

p r o b a b i l i t i e s  r e l a t i v e  t o  t h e  t o t a l  ( n , n ' )  c ross  sec t ion .  The a c t u a l  

l e v e l  c ross  sec t ions  a r e  given i n  Figure 6'. 
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