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ABSTRACT 

As part of the cooperative effort of the Cross Section Evaluation 

Working Group organized at Brookhaven National Laboratory in June 

1966, the nuclear data on U - 2 3 8  f o r  use i n  the Evaluated Nuclear  Data 

File B (ENDF/B) are  presented. The data cover the energy range from 

0.001 eV to 15 MeV. Data sources a r e  referenced and the theoretical 

methods used  i n  evaluating certain data are described. A complete 

l i s t ing  of the data in the ENDF/B  format is provided. 
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1. INTRODUCTION 

1. 1 .  Purpose 

The Cross Section Evaluation Working Group (CSEWG) was estab- 

lished a s  the result  of a request by the Director of the USAEC Division 

of Reactor Development and Technology (DRDT) for laboratories to 

participate in  a cooperative effort on  the evaluation and processing of 
I nuclear data for  immediate use in reactor calculations. As part of 

this cooperative ef for t ,  the nuclear data on U - 2 3 8  for use i n  the Eval- 

uated Nuclear Data File B (ENDF/B) a r e  presented, Honeck gives an 

excellent summary of the purposes and objectives of the evaluation p ro -  

gram,' and BNL-8381 includes a detailed description of the E N D F / B  

structure.  3 

1 . 2 .  Ground Rules 

At a CSEWG meeting in  June 1966, the assignment of specific 

isotopes to evaluators was completed and ground rules for the evalua- 

tions were  established. In view of the limited time available to com- 

plete the required work, the evaluators were instructed to utilize the 

best evaluations (bases on their experience) currently available and to 

put them in  the standard ENDF/B  format.  Data could be re-evaluated 

i f  it could be done within the time schedule. Fortunately, U - 2 3 8  i s  an  

element for  which more than the average amount of experimental c ro s s -  

section data a r e  available in the energy  range f rom 0 .OO 1 e V  to 15 MeV,  

so that we do not have to rely greatly on theoretical calculations. 

In keeping with these ground ru les ,  the present  compilation r e -  

flects to a large extent the results of other evaluators-the evaluations 

of parker4 and Schmidt, in part icular ,  have been used extensively. 

Fur thermore ,  where we have used the results of o thers ,  we did not 

l i s t  the references to the basic data used by them, nor did we describe 

the methods used in their evaluations; this information i s  available in 
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their  own reports .  However, fo r  data that a r e  the r e s u l t  of ou r  e v a l u -  

a t ion ,  the methods a r e  descr ibed and the basic source data a r e  refer- 

enced.  

1. 3 .  The rrnal Scattering Law Data 
- - 

Data for  the t he rma l  scat ter ing law a re  given i n  the form of a 

free-gas model.  The constant free- scattering c ross  section is given 

as 10.6 ba rns ,  and the thermal ene rgy  cutoff  is 2.5 e V .  The data a r e  

tabulated in F i le  7 of the E N D F / B  l i s t i n g  (Appendix A) .  

1 .4 .  Possible  Neu t ron  Reactions W i t h  U - 2 3 8  

Table 1 -1  l i s t s  thresholds for various reactions of n e u t r o n s  with 

U-238. Except for the ( n ,  F) reaction these thresholds  a r e  taken from 

the resul ts  of Howerton. 6 

Table 1- 1.  Thresholds for Reactions of Neutrons 
With U-238  - 

React ion  Threshold, MeV 

(n, y) 

(n,  F) 

(n,  n '1 
( n ,  2n)  

(n,  3n) 

(n ,  p) 

( n ,  np) 

( n ,  d) 

(n, nd) 

( n ,  t)  

(n ,  nt) 

( n ,  He3) 

( n ,  n ~ e ~ )  

Exothermic 

1.47 

0.05 

6.07 

11.5 1 

2.03 

7 . 5 9  

5.35 

10.45 

4.16 

10.03 

5 .01  

10.74 

(n ,  Exothermic 
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The threshold f o r  the (n ,F )  reaction was obtained by selecting 

the energy a t  which the fission c ross  section equals half the value at  

the first plateau. As mentioned in section 3.8, the las t  nine reactions 

in Table 1- 1 are assumed to be small  and have been neglected in this 

compilation. 

1. 5. Outline of the Data 

In compiling the U-238 nuclear data the energy range has been 

separated into two main divisions. The data for neutron energies below 

50 KeV a r e  given in section 2 ,  and those fo r  energies between 50 KeV 

and 15 MeV a r e  given in  section 3 .  The data in  section 2 a re  further  

subdivided into a low-energy range ( f rom 0.00 1 to 5 eV) , a resolved- 

resonance energy range ( f rom 5 to 3920 eV), and a n  unresolved-res- 

onance range (from 3920 eV to 50 KeV).  This separation was conve- 

nient because of the somewhat different methods used in each range. 

In section 3 (energy range f rom 50 KeV to 15 MeV) the subdivisions 

are based on c ross  -section type for convenience. Section 4 i s  a l i s t  

of references,  and Appendix A i s  a listing of al l  data in the ENDF / B 
format.  Table 3- 1 gives the interpolation scheme for interpolation be- 

tween energy points in  the various tables of c ross  sections and param- 

e te r s .  
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2. U - 2 3 8  CROSS SECTIONS BELOW 50 KeV 
(A.  2 .  Livolsi, D. H. Roy) 

Below 1 eV, the capture c r o s s  section of U-238  is almost l / v ,  

s ince  all resonance levels (including those below the neutron separat ion 

threshold)  l i e  considerably above or  below this range. From 1 to ap- 

proximately 5 eV, the capture c ros s  section profile i s  dominated by 

the 6.67 eV resonance level. This profile i s  essent ia l ly  unaffected by 

Doppler broadening even at normal reactor fuel tempera ture .  Thus 

5.0 eV has  been chosen a s  the cutoff between the thermal  and the r e s -  

onance energy  regions.  

2 .  1. The rma l  Energy Region ( l o - '  5 E 5 5 eV) - 
For any energy point the capture c r o s s  section can be computed 

by summing the contributions f r o m  the various positive and negative 

energy  resonance levels.  In this study, these contributions have been 

obtained f r o m  the single -level, Breit-  Wigner formula cor rec ted  for  

Doppler broadening : 

where 

At E = 0.0253 eV, the first 22 positive levels  in U - 2 3 8  contribute 2.38 

barns ;  parameters  for  these levels were taken f r o m  reference  7 ( re-  

commended values) and a r e  tabulated in Table 2 - 1. Taking 
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a (0.0253 e V )  = 2 . 7 3  f 0.04 barns  
n, Y 

a s  the p r e f e r r e d  experimental  value,' then 0.35 barns  mus t  be a t t r ibuted 

to the negative energy levels  and to  the remaining positive energy  r e so -  

nances.  In this evaluation, the remaining contributions w e r e  a t t r ibuted 

to a single negative energy level  a t  -15 e V  (as noted by  S ~ r n n e r , ~  the 

f i r s t  two negative levels would be expected a t  approximately -1 1 and -29 
0 eV).  Byass ign ing  J? = 0.7884 X l O - ' ( e ~ ) ' / ~ a n d  r = 24.6meV, this 
n Y 

fiducial l eve l  contributes the 0.35 barns  neces sa ry  to produce the exper-  

imental  value of the capture  c r o s s  section a t  2200 M/S. 

The en t i re  analysis  i s  per formed by the DOPS code, a FORTRAN 

IV p r o g r a m  for  c ross -sec t ion  calculations using the s ingle- level ,  Breit-  

W i g n e r  formula co r r ec t ed  for Doppler broadening. 

Total c r o s s  - section data  were  taken f rom P a r k e r ' s  compilation4 

and appear  on the Aldermaston/Winfri th data file of ENDF-A. This tab- 

ulation i s  derived f r o m  the graphical  r e p r e  sentation of the slow- chopper 

data f r o m  BNL, Columbia, and ANL given in BNL- 325 (2nd Ed. Sum- 

n e r  a lso gives a description of the data.9 The scat ter ing c r o s s  section 

var ies  sharply a t  the Bragg l imi t  (about 0.003 e ~ ) .  Scattering below this 

cutoff i s  due to  coherent thermal  inelastic effects with a sma l l  incoherent  

contribution due to isotopic impuri ty  of the samples  used in  the c r o s s -  

section measurements  ( there  being no spin incoherence fo r  nuclei  with 

I = 0). It i s  accura te  enough, however, to a s sume  that  between 1 and 3 

meV, the scat ter ing c r o s s  section i s  nul. F r o m  3 m e V  to 5 eV, values 

of the capture  c r o s s  section were  calculated at the energy  points for 

which the total c r o s s  section was  tabulated, and the scat ter ing c r o s s  

section was obtained as the difference: 

The total, capture ,  and elas t ic  sca t te r ing  c r o s s  sect ions  of U-238 

fo r  the energy range 1 meV to 5 eV a r e  l i s ted  in Table 3-2  and a r e  p re -  

sented graphically in  Figure  2- 1. 

@ Babcock a Wilcox 



Table Resolved Resonances 
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2 . 2 .  Resonance Energy Region (5.0 e V  g E 50 KeV) 

2 . 2 .  1 .  Resolved Resonances 

The resolved energy region for  U - 2 3 8  extends f r o m  5 eV 

to 3.92 KeV. The peak pa rame te r s  for  the resonances  between 5 eV and 

1,782 KeV a r e  the recommended values given in  reference 7 .  F o r  the 

remaining energy  interval  the peak pa rame te r s  ( last  resolved resonance 

appears  a t  3.904 KeV) were obtained f rom the measurements  repor ted  

by Garg, et  a1. lo The capture width was taken as constant,  = 24.6 
Y 

meV in  accordance with theoretical. predictions.  A11 levels were taken 

a s  s-wave ( t  = 0) levels even though a few of the measu remen t s  r e p o r -  

ted in  re fe rence  10 were denoted p-wave o r  doubtful; this should in t ro-  

duce l i t t le e r r o r  in  the c r o s s  - section calculation. These p a r a m e t e r s  

a r e  to  be used in  the single-level,  Bre i t -  Wigner formula  designed as 

Type 1 ( L R F  = 1) in ENDF/B .  

A smooth contribution to the capture  c r o s s  section has  

been added in the upper portion of the resolved region between 0.748 

and 3.92 KeV. As shown in  F igure  2 - 2 ,  the p-wave used in the unre -  

solved region does not have a negligible value a t  the high e n e r g y  cut-  

off for  the resolved region. Therefore ,  an a t tempt  was made  to com-  

pare  the contribution obtained f rom a s ta t is t ical  t rea tment  with that  

der ived by the calculation of the resolved peaks ( c r o s s  sect ions  ave rag -  

ed over  1 /4-unit  le thargy groups,  GAM scheme with Emax = 10 MeV); 

Figure  2 - 2  shows that  i f  the unresolved region s t a r t ed  a t  0.748 KeV, 

it  would contribute 1.02 barns m o r e  to the total resonance integral  

(0.54 barns  i s  the contribution of the p-wave).  The 0.75 KeV cutoff 

was chosen because below it ,  the p-wave contributions account fo r  l e s s  

than 5% of the capture c r o s s  section.  Since the E N D F / B  does not have 

provisions for different energy ranges for  the various waves, a smooth 

p-wave component, a s  f rom infinite dilution, is en te red  in F i l e  3 and 

i s  a l s o  shown i n  F igure  2 -2 ;  therefore  i t  is unshielded. Although the 

effect of shielding i s  slight in this energy  range ,  in r ega rd  to the cap-  

tu re  i t  might affect the Doppler coefficient. However,  no investigations 

were conducted in that direction fo r  this evaluation. 

The potential scat ter ing c r o s s  sect ion fo r  U - 2 3 8  has 

been analyzed by Seth, e t  a l ,  l 1  Lynn, '* and Uttley. l3  The value 
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recommended by both Lynn and Uttley, 10,6 barns, was selected. It 

corresponds to a spin-independent scattering length (AM) of 0.0 184 X 

10-I2 C n l .  

The resolved resonance parameters  a re  shown i n  Table 

2 -  1, and a graphical representation of the total, absorption, and scat-  

tering c ro s s  section for each resolved peak is provided in Appendix B. 

2.2.2. Unresolved Resonances 

The unresolved energy region for U-238  extends f rom 

3.92 to 50 KeV and the capture cross  section throughout this region m a y  

be calculated by using appropriate parameters  for only the s - and p- 

wave neutrons. 

The s-wave parameters  were taken from M C ~  library 

prepared a t  ANL. The strength function i s  in good agreement with the 

value (0.90 f 0.10 X lo-*) determined by Garg ,  e t  a1, lo and the average - 
level spacing, D, corresponds to an arithmetic average of the minimum 

(pure s - wave) and maximum (s-wave + doubtful and p-wave) values re- 
*< 

ported by these same workers. 

The p-wave strength function was obtained by comparing 

effective , infinitely-dilute capture cross  sections computed by the ERIC 

2 code14 with experimental values presented in reference 7. 

The capture cross-section values for  the combined s -  

and p-waves were compared over an energy range extending f rom 10 

to 200 KeV, although the unresolved region is limited to E = 50 KeV. 

For these calculations, the strength function was taken as constant f o r  

all J and the average level spacing assumed proportional to ( 2 J  + 
the mean reduced neutron width can then be computed f rom 

. . - - - -  
* 

F o r  2.0 s E s 3.9 KeV. 
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where Sf = strength function 

v! 
= penetration factor  

x2 
= f o r  l = 1; X = 0.00191 6 

UIJ I + x2 

The neutron level widths were  assumed to be distributed in a x '-distri-  

bution with one degree of f reedom ( v  = 1). For S 1  = 1.58 X lo-', the 

calculated and experimental  capture  c ros s  sections a r e  in good a g r e e  - 
ment,  a s  indicated in Figure 2 -3. The solid curve in Figure 2- 3 cor- 

responds to the curve appearing in reference 7. The ERIC 2 unresolv-  

ed resonance calculations employed 100 ' h a r r o w u  groups,  and the po- 

tential scat ter ing c r o s s  section was taken as 10.6 barns. 

The scat ter ing c r o s s  sections for the unresolved region 

were obtained by subtracting the calculated capture  c r o s s  section ( in-  

finitely dilute) f r o m  the total c r o s s  section taken from Parker's c o m -  

pilation. ' The result ing infinitely dilute se t  of c r o s s  sections i s  shown 

in F igu re  2-4.  This procedure, of course, implies  that in r eac to r  cal- 

culations the scat ter ing c r o s s  section of U-238  is to r ema in  independent 

of composition and t empera ture  ; this assumption is normally made in  

pract ice  but i s  not necessary .  If this procedure is not compatible with 

the cross - section generation methods employed in ETOE and ETOM, 

then the appropriate  effective scat ter ing cross sections can be cornpu- 

ted with the unresolved p a r a m e t e r s ,  and the en t r ies  for MT = 2 on 

Fi le  3 deleted. It was not determined if the capture  and scat ter ing 

c r o s s  sections generated in this way would yield reasonable ag reemen t  

with the measured  total c r o s s  section. In this presentat ion,  the cap- 

ture c r o s s  section is to be computed using the unresolved p a r a m e t e r s ,  

and the scat ter ing c ros s  section taken f rom File 3 .  
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Table 2 - 2 .  Unresolved Resonance P a r a m e t e r s  f o r  U -  238 

2 . 2 .  3 Evaluation of Resonance Integrals 

The E N D F / B  resolved and unresolved resonances of 
.I- 

U - 2 3 8  were  input to the  STRIP.^ and ERIC 2 codes to compare the total  

resonance integrals  obtained through experimental  f i ts  and calculation 

methods in the case  of infinite dilution, oxide and meta l  rods .  

As stated previously,  the E N D F / B  contains the recom-  

mended resolved peak pa rame te r s  obtained from BNL-3257 up  to  ap-  

proximately 1.8 KeV,  and  f o r  the r e s t  of the energy interval  the peak 

pa rame te r s  a r e  from G a r g ,  e t  a1. lo Fo r  the sake of comparison, in 

Table 2 - 3  a r e  also shown the resul ts  obtained by Joanou and Stevens15 

in the resolved region by using only G r a g ' s  parameters. The calcu- 

lated values of the resonance integrals  compare fair ly  well with the 

ones obtained through Hells trand ' s  experimental  fits (although for  the 

large rods they s tart  to diverge) and with the ones  calculated by Joanou 

and Stevens. 

-Although the total resonance integral  calculated with 

ENDF/B  parameters  for  the case of infinite dilution falls  within the 

experimental  uncertainty,  it has  a somewhat lower value than the one 

calculated with Garg ' s  parameters .  The difference appears  mainly in  

the resolved region and is due to the somewhat larger  neutron width 

used in  the low-energy resonances (the 6.7 e V  level contributes about 

half of the total integral) .  At this point i t  would be proper  to sugges t  

-11 *I\ 

STRIP is a B&W computer code that solves  the slowing down in the 
resolved region with overlapping resonances by using a generalized 
Nordheim treatment .  
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a modification of the E N D F / B  parameters for a few low-energy peaks; 

however ,  the authors feel that  appropriate actions m a y  be taken a f t e r  

discussion of the problem with the Data Testing Subcommittee. 
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Figure 2-4. U- 238 Unresolved Resonance Energy  Range 

Energy ,  K e V  
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3. U-238 CROSS SECTIONS BETWEEN 
50 KeV AND 15 MeV 

(W.  A. Wittkopf) 

In compiling the  neutron cross -  sect ion data f o r  the energy range 

between 50  KeV and 15 MeV, the pr imary s o u r c e s  of data w e r e  r e f e r -  

ence s  4 ,  5 ,  7 ,  and 8. Both parker4  and Schmidt5 give evaluated neutron 

c r o s s - s e c t i o n  data in this  ene rgy  range.  P a r k e r  has cons ide r ed  r e f e r -  

ences known to  him up to December 31, 1962, and Schmidt has consid- 

ered references known t o  him through about July 23 ,  1965. Both of 

these are quite complete  and a r e  well  documented.  The m a i n  d i f fe rences  

between the two evaluations a r e  caused by r ecen t  m e a s u r e m e n t s  of neu- 

tron inelas t ic  scattering and neutron cap ture .  

3 .  1. The Total  Cross Section 

The total cross section used f o r  ENDF/B  i s  t ha t  recommended by 

parker4and shown (along wi th  exper imental  data) in his F igures  2 and 3, 

pages  94 and 9 5 .  Schmidt5 shows the addit ional  exper imenta l  points  of 

recen t  m e a s u r e m e n t s  and recommends  a total  c r o s s  section tha t  is ( re l -  

ative to Parker's c u r v e )  s l ight ly  l ower  between 0.2 and 1.0 MeV, sl ightly 

higher between 1.2 and 7 MeV, and sl ightly l o w e r  between 7 and 10 MeV. 

Schmidt's total c ross - sec t ion  values extend only t o  10 MeV. However,  

the differences between t h e se  two recommended  cu rves  is l e s s  than 

about 3% over  m o s t  of the energy  range of i n t e r e s t .  Schmidt e s t i m a t e s  

the accuracy of his total  c r o s s - s e c t i o n  values  to be i n  the range of plus 

o r  minus 4 to 10% in th is  energy  range. Since we had a l r e a d y  based o u r  

analysis on Parker's data when we  l e a r n e d  of Schmidt's evaluation,  and 

because  the di f ferences  were  re la t ively  small in s i ze  and somewhat  ran-  

dom in  nature ,  we fe l t  just if ied in  accepting Pa rke r ' s  data for the total  

c r o s s  section. The total c r o s s  sect ion is shown i n  Figure 3 -  1 and tabu- 

lated i n  Table 3- 2. 

@ Babcock r Wilcox 



3. 2 .  The Elast ic  Scattering Cross Section 

The e las t ic  scat ter ing c ross  section was  taken as the difference 

between the  total c r o s s  section and the non-elastic c r o s s  sect ion (u ). 
X 

The result ing c r o s s  section i s  shown in  Figure  3- 1 and i s  tabulated in  

Table 3-2 .  This c r o s s  section ag rees  within about 370 of the values rec- 

ommended by Schmidt5 over  the range from 0.05 to 10 MeV. 

The differential  e las t ic  scat ter ing c r o s s  section i s  represen ted  by 

a Legendre polynomial expansion wi th  the center- of-mas  s (CM) sca t t e r -  

ing angle ( t ~ )  as variable.  

Thus, i f  the £;(E) are available, the differential c r o s s  sect ion is given 

by equation 3- 3. In addition, the average  cosine of the labora tory  sca t -  

ter ing angle (; ), the average logar i thmic energy  dec remen t  ( g ) ,  and 
0 

the slowing-down p a r a m e t e r  ( y )  a r e  given by equations 3 - 4  through 3- 6. 
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where 

In choosing the f i ( ~ )  for the ENDF/B,  the fi data of Wittkopf, I6 

Alter,  l7 and Joanou15 were  considered. All of these fi data were  ob- 

tained by fitting equation 3- 3 to the basic experimental data l ist ing of 

Goldberg la and Howerton. l9 Figure  3 - 2  compares the basic paramete r  
- 
Po 

calculated using equation 3 - 4  and the various fi data. Except at the 

three  highest energy points, the data of Wittkopf and Alter agree  quite 

well; the data of Joanou do not agree .  On this basis the fl data were ob- 

tained by drawing smooth "eyeball" curves through the data of Wittkopf 

and Alter to give the data shown in Figure 3-3 and tabulated in Table 

3- 3.  Using these fg data and equation 3 - 4 ,  the smooth solid (1 curve 
0 

of Figure 3 - 2  is obtained and used for the ENDF/B.  This l a t t e r  curve 

m a y  be compared with the recent recommended curve of S ~ h r n i d t , ~  

which i s  the dotted curve in Figure 3-2. Except f o r  sharp oscillatory- 

type peaks in  Schmidt's data near 1.7 and 2 .2  MeV, the two curves  

agree to within about 5%. The fac t  that we smoothed the basic  fp data 

would eliminate any sharp variations in our curve. Perhaps  optical 

model calculations (which we did not have t ime to  pe r fo rm)  would help 

to resolve the differences in the region from 1 to 3 MeV. 

The energy-dependent values of 5 and y were  calculated f r o m  equa- 

tions 3-5 and 3-6 respectively by using the fI data of Figure 3 - 3 .  These 

calculated values a r e  shown in Figure 3-4. Finally, the calculated val- 

ues of TI g ,  and y a r e  tabulated in  Table 3-4. 
o1 

The center-of-mas s-  to-laboratory- sys t em t r ans fe r  matrix (U 
Im 

for  elastic scattering was calculated using the work of Lane.29 The 
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relation between the Legendre expansion coefficients in the laboratory 
L system (f ) and the cen te r  of mass sys tem ( f C )  i s  given by t a 

The ma t r ix  e lements  ( U  ) a r e  tabulated in Table 3 - 5 .  Im 

3 .  3. The Radiative Capture Cross  Section 
- - 

F r o m  0.05 to 0.1 MeV the smooth (n, y)  curve of stehn7 was  used. 

From 0.1 to  7.6 MeV the curve i s  drawn to  a g r e e  closely with the r e su l t s  

of ~ a r r ~ , ~ O  who used the well known (n, p )  c r o s s  section a s  s tandard.  

F r o m  7.6 to  15 MeV the curve  was extended through the 14 MeV mea-  

surement  of Perkin.21 The result ing curve  i s  shown in F igure  3-5 and 

the values are  tabulated in  Table 3-2.  The result ing curve  a g r e e s  to 

within about 3% of that recommended by S ~ h r n i d t . ~  

3.4. The Fiss ion Cross  Section 

The fission c r o s s  section up to  10 MeV was taken f r o m  the work 

of ~ a v e ~ , ~ ~  in which the author makes  a detailed study of the re fe rence  

c r o s s  section used, in relation to the experimental  measu remen t s ,  to 

arrive at the best  c r o s s  sect ions  fo r  fas t  reac tor  analysis ,  F r o m  10 to  

15 MeV the c r o s s  section was taken f r o m  Stehn.7 The resul t ing curve  i s  

shown in  Figures  3-6a and 3-6b, and the values a r e  tabulated i n  Table 

3-2. 

The neutrons p e r  f iss ion a r e  based on the curve recommended by 

schmidt5  and may be expressed  in the f o r m  

v = 2.358 t 0.156E, (E i n  MeV) (3-  11)  

Over  the range from 1 to 15 MeV, this  expression a g r e e s  to  within 1.5% 

of the values g iven  by the solid l ine  of stehnO7 

The secondary energy distribution i s  taken f r o m  the work  of 

Barnard, e t  al. , 2 3  who fitted the measu red  spec t r a  to  a s imple  f iss ion 

spec t rum.  Barnard  obtained Maxwellian t empera tu re  values of T = 1.29 

and 1.42 MeV a t  incident neutron ene rg i e s  of 2.09 and 4.9 1 MeV, respec-  

tively. The 1966 E N D F / R  f o r m a t  res t r ic t ions  requi re  that the f iss ion 
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s p e c t r a  be independent of incident neutron energy,  so  we have chosen a 

Maxwellian temperature of T = 1.35 MeV, The f iss ion spec t rum is t h e n  

of the form 

p ( E + E t ) =  exp - - ( T =  1 . 3 5 M e V )  
T ' 

By plotting the results of his and o ther  exper imenters  aga ins t  the a v e r -  

age number of neutrons pe r  f iss ion (;) ~ a r n a r d ~ ~  foand that  the energy 

dependence of neutron t empera tu re  could be r e p  r e  sented approximately  

by a f o r m u l a  derived by   err ell.^^ 

Using the value of 7 from equation 3- 1 1  gives 

When the restriction of energy  independence on T is  removed  from the 

ENDF / B  format, equation 3-  14 should be used to give a more sophis- 

ticated representation of the secondary f i s s i o n  energy  distr ibution.  The 

ENDF/B fo rma t  does allow fo r  a distr ibution of the form 

E' E' - E'  
P(E + E' )  = p l  exp - - 

O :  
8 2  

where  p is the f ract ion of evaporat ion neutrons  f rom second and  thi rd  
2 

chance f i ss ion,  and p ,  = 1 - pZ. However, 0 ,  is energy-dependent (given 

by equation 3- 14) and 0,  is also energy-dependent.  

3. 5. The (n, 2n) Cros s  Section 

The (n, 2n) cross sect ion is taken from the recommended cu rve  of 

~ c h m i d t . ~  In addition, da ta  i n  the f o r m  of IBM cards  and computer  pr in t -  

out were obtained from P e a r l ~ t e i n . ~ ~  The data of P e a r l s t e i n  agree w e l l  

with those of Schmidt from threshold to  about 8 MeV and then r ise above 

Schmidt 's  curve f r o m  8 to  15 MeV. The data are plotted in F i g u r e  3 -7  

and a comparison i s  shown. The tabulated data a r e  found in Table 3-6. 
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W e  know of no d i rec t  measurements  of the (n, 2n) secondary neu- 

t rons;  consequently, we have used the  estimations of p a r k e r 4  fo r  the 

energy distributions of the secondary neutrons. P a r k e r  e s t ima te s  the 

following distributions fo r  the secondary neutrons : 

E' = 0.2(E-6.00), (6.07 s E < 7  MeV) 

p(E + E' )  = 
E' El e x p  - - 

T ' (7 5 E 5 15 MeV) 

T = 0.0378 , (7 5 E <  9 MeV) 

= 0 . 1 2 5 @  , (9  5 E <  1 2  MeV) 

= 0 . 2 0 0 @  , (12 5 E 5 15 MeV) 

As p a r k e r 4  s ta tes ,  this gives a roughly linear variation of T from 0.1 

a t  7 MeV to 0.75 a t  14 MeV. For the ENDF/B  file, we have chosen this  

l i n e a r  variation of T f r o m  6.09 to 15 MeV and have a r b i t r a r i l y  s e t  T = 

0.01 at threshold.  The resulting curve is i l lus t ra ted and tabulated i n  

Figure  3-9 .  

3 .  6. The (n, 3n) Cross  Section 

The (n, 3n) c r o s s  section is taken f rom the recommended curve of 

~ c h r n i d t . ~  Data in  the form of IBM cards a n d  computer printout w e r e  

a l so  obtained from P e a r l ~ t e i n . ~ ~  The (n, 3n) c r o s s  sect ion i s  re la t ively 

sma l l  except i n  the vicinity of 15 MeV. W e  used Schmidt ' s  data  because 

they were  m o r e  consistent with the non-elastic cross section in this 

range and agreed  with the few experimental  measu remen t s .  The resu l t -  

ing curve  i s  shown in F i g u r e  3 - 8  and the data points a r e  tabulated in 

Table 3 - 6 .  

We know of no d i rec t  measurements  of (n, 3n) secondary neutron 

spec t r a ,  so  we used a modification of P a r k e r ' s  e s t ima te s  to obtain the 

Maxwellian tempera ture  variation.  P a r k e r  e s t ima te s  the following dis- 

tribution fo r  the (n, 3n) secondary neutrons: 

E' = 0.2 (E - 11.5), (Threshold I E < 13.5 MeV) 
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E' p(E + El) =- exp -- E l  T = 0 . 0 8 0 2 ~ ~  ( 1 3 . 5 S E d 1 5 M e V )  
T2 T ' 

We have approximated this variation of T with two straight l ines  on a 

plot of T ve r sus  E. The resulting curve is shown in Figure 3 - 9 ,  a n d  

the values a r e  also tabulated there.  

3. 7. The Inelastic (n, n') Cross Section 

Schmidts has recently completed an extensive evaluation of the 

(n, n' ) total and partial  c r o s s  sections for  U- 238. His evaluation includes 

the recent measurements of Barnard, et  a1. ,26 who obtained data on 2 1  

levels up to 1.47 MeV. We believe the evaluation of Schmidt to be the 

most  complete and extensive available a t  this time and have selected his 

recommended curves for the ENDF/B for 1966. F rom threshold to 2 

MeV the total inelastic c ross  section was obtained by summing the con- 

tributions of individual levels.  F r o m  2 to 15 MeV the inelastic cross 

section i s  obtained primari ly by subtracting the (n, y), (n, F), (n, Zn), and 

(n, 3n) c ross  sections f rom the measured non-elastic c r o s s  section. The 

total inelastic c r o s s  section obtained in this  manner is shown in Figure 

3- 1, and the tabulated values a r e  given in Table 3 - 7 .  

The c ross  sections fo r  the excitation of specific levels  a r e  shown 

in Figures 3-  1 Oa, 3-  1 Ob, and 3-  1 Oc, and the fractional contribution of 

each level to the total inelastic c ross  section i s  tabulated in Table 3-8 .  

The secondary energy distribution for individual levels  is  given by 

a 6-function, and the energy of the level as provided by the ENDF/B for- 

mat. The secondary energy distribution for  the remaining p a r t  of the 

inelastic cro,ss section (not due to specific l eve l s )  is given by a Maxwel- 

l ian distribution with the Maxwellian tempera ture  a function of the inci- 

dent neutron energy. By choosing two fictitious levels (one each a t  1.5 

and 1.75 MeV) Schmidt5 was able to represent  the  region f rom threshold 

to 2.0 MeV by individual level data. F rom 2.0 to 15 MeV the Maxwellian 

temperature for evaporation neutrons was obtained by passing a smooth 

curve through the data points of Batchelor, e t  a1. 127 a s  given in their  

Figure 8, page 249. The resulting curve is shown in Figure 3-  11 and 

the data a r e  tabulated i n  Table 3-9 .  F o r  comparison,  the widely used 

relation, 
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T = 3 . 2 2 d r ~  MeV 
C 

is shown a s  the dotted l ine  in Figure 3- 1 1.28 In this manner  the secon- 

dary energy distribution f o r  inelastic scat ter ing is given by 

where 

K E' p(E El) = pk8(E1 + €Ik- E) + p,- Ef  
exp - - 

k= 1 T2 T 
C 

C 

k = level index 

Pk = fractional contribution of level k 

Bk = energy  of level  k 

PC = fractional contribution of continuum 

T = Maxwellian tempera ture  for continuum 
C 

also 

It should be noted that this inelastic secondary energy  distribution 

(and a l so  the distribution for  the (n, 2n), (n, 3n), e t c . ,  react ions)  a r e  

normalized in  the range (0, co) and the processing code should properly 

renormalize these when generating t r a n s f e r  mat r ices .  

It is a l so  mentioned that the (n, n ') ,  (n, 2n), (n, 3n), and (n, F) s e c -  

ondary neutrons are assumed to be isotropic  in the labora tory  sys tem.  

3.8. Other Cross Sections 

It i s  seen f r o m  Table 1- 1 that certain charged-part ic le  reactions 

a r e  possible in the range f r o m  0.05 to 15 MeV. However, because of 

Coulomb b a r r i e r  effects ,  these c r o s s  sect ions should be negligible be- 

low 15 MeV. In a more  elaborate compilation perhaps some of these re- 

actions should be considered. In par t icu lar ,  the exothermic (n, a) reac- 

tion should be investigated.  F o r  the 1966 ENDF/B compilation, we  have 

neglected the (n, p ) ,  (n, dl, (n, t) ,  (n, He3), and (n, a) react ions.  
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Table 3 - 2 .  Energy-Dependent S m o ~ t h  Neutron Cross 
Sections for  U-238 

Neutron cross section, barns 
Energy,  

eV Total  

13.68 
7.90 
- - .  

8.90 
14.20 
14.11 
13.30 
12.30 
11.38 
11.21 
11.70 
11.94 
1 1.29 
10.75 
10.30 
10.10 
10.66 
11.09 
9 999 
9.89 

10.88 
11.40 
11.01 
10.55 
10.18 
9.87 
- - 
9.54 
- - 
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Table 3-2 .  (Cont 'd)  

Energy 
eV Total 

0 

Neutron cross section, barns 

(n, n) (n, F) (n9 Y) 
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Table 3 - 2 .  (Cont 'd)  

Neu t ron  cross sect ion,  barns 
Energy  

e V  Total 
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Table 3-2 .  (Cont 'd) (a) 

Energy 
e V  

Neutron c r o s s  section, barns 

Total (n, n) (n ,  F) 

- - - - 0.571 
7.50 4.40 0.5 75 
- - - - 0.585 

7.18 4.11 0.620 
- - - - 0.700 

7.00 3.97 0.822 
- - - - 0.911 

6.80 3.76 0.968 
.., - - - 1.001 
6.58 3.58 1 .O 10 
- - - - 1.002 
6.35 3.39 0.99 1 
- - - - 1.009 

6.22 3.2 6 1.040 
- - - - 1.054 

6.10 3.15 1.050 
- - - - 1.035 

6.05 3.13 1.021 
- - - - 1.011 
6.00 3.12 1.004 
5.93 3.06 - - 
5.85 3.00 - - 
5.82 2.99 1.005 
5.80 2.96 1.0 10 
5 .75  2.90 - - 
5.70 2.85 1.020 
5.60 2.75 - - 
5.70 2.86 1.150 
5.80 2.95 - - 
5.70 2.86 1.300 

(a) Table 3-2  contains only the smooth contribution to the various 
cross sections.  The contributions of the resonances are given 
by the Breit-  W i g n e r  formula as described in section 2 .  For 
this reason,  some of the smooth c r o s s  sections of Table 3-2  are 
double-valued a t  cer ta in  energies .  When this occurs, the f i r s t  
value applies below and the second value applies above that en-  

e r g y -  
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Table 3 - 3 .  Legendre Expansion Coefficients for Elastic Scattering 
in CM System (fo  = 1.0 fo r  all ene rg i e s )  
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fz 

0 

0 

0 

0 

3.00 - 3 

9.00 - 3 

1.70 - 2 

2.70 - 2 

4.00 - 2 

6.50 - 2 

1 . 3 3 - 1  

1.99 

3.14 

4.11 

4.97 

6.00 

6.89 

7.4 1 

8.00 - 1 , 

f I 

0 

4.00 - 3 

9.00 - 3 

1.80 - 2 
3.40 - 2 

5.20 - 2 

8.30 - 2 

1.32 - 1 

1.71 

2.31 

3.18 

3 . 8 6  

4.77 

5.75 

6.61 

7.51 

8.21 

8.58 

9.01 - 1 

f 9 

0 

I ,  

0 

4 . 6 0 - 4  

1.65 - 3 

-3.99 - 3 

-4.47 - 3 

-4.90 - 3 

1.27 - 2 

4 . 3 7 - 2  

7.66 - 2 

1.14 - 1 

Energy, eV 

1.0 + 4 

1.5 

2.0 

3.0 

5.0 

7.0 I' 

1.0 + 5 

f 11 

0 

0 

-5.27 - 4 

1.28 - 4 

5.81 - 4 

-3.08 - 3 

-6.32 - 3 

1.11 - 3 

- 1 . 3 8 - 2  

-5.31 - 3 

4.34 - 3 

- 
Energy, e V  

1.0 t 4 

1.5 

2.0 

3.0 

5.0 

7.0 ' 

1.0 + 5 

1.5 

2.0 

3.0 

5.0 

7.2 ' 
1.1 + 6 

1.7 

2.5 1 
4.1 

7.0 

1.0 + 7 

1.5 + 7 

f12 

0 

0 

8.77 - 4 

-1.66 - 3 

-3.91 - 3 

6.03 - 4  

-2 .31-2  

-2.63 - 2 

-2.99 - 2 

1.5 

2.0 

3.0 

5.0 

7.2 

f 3 

0 

0 

2.00 - 3 

1.10 - 2 

4 . 1 8 - 2  

7.74 - 2 

1 -85  - l 

f,o 

0 

0 

-5.49 - 4 

6.24 - 4 

-1.83 - 3 

-3.79 

-:::; 1 
9 . 2 7 - 3  

2.99 - 2 

5.34 - 2 

C 

2.74 

3.52 

4.69 

5.74 

6.27 

f13 

0 

I 
0 

4.85 - 4  

1.66 - 4 

-1.1 7 - 4 

1.11 - 3 

-2 .21-2  

-3.43 - 2 

-4.80 - 2 

1.1 + 6 

4.1 

7.0 

1.0 + 7 

1.5 + 7 

' 

f 5 

0 

0 

4 . 1 7 - 3  

6.14 - 3 

2,35 - 2 

8.29 - 2 

1.36 - 1 

2.41 

3.49 1 
4.00 

4.57 - 1 

f 6 

0 

0 

2 . 8 0 - 3  

4.66 - 3 

1.05 - 2 

2.78 - 2 

4.32 - 2 

1.29 - 1 

2'42 2.95 1 
3.56 - 1 6.87 - 1 

f 4  

0 

0 

1 . 2 8 - 2  

2.27 - 2 

7.31 - i 
1.72 - 1 

ffi 

0 

i 

0 

3.16 - 4  

- 1 . 8 0 - 2  

-3.36 - 2 

-5.14 - 2 

2.60 

3.72 

4.61 

5.12 

f7 

0 

0 

2 . 6 3 - 3  

6.02 

3.19 1 
3.27 

2.98 - 3 

6.51 - 2 

1 . 5 3 - 1  

2.05 - 1 

2.65 - 1 

' 

fa 
I 

0 

1 
0 

1 . 8 7 - 3  

4.44 

2 . 3 8  1 
-4.13 

-5.68 - 3 

3.10 - 2 

8 . 9 1 - 2  

1.34 - 1 

1.85 - 1 5.69 - 1 

f15 

0 

0 

-1.03 - 3 

- 1 . 4 7 - 2  

-2.84 - 2 

-4.39 - 2 

f16 

0 

I' 
0 

-1 .13-2  

-2.02 - 2 

-3.02 - 2 

f17 

0 

I 
0 

- 6 . 6 7 - 3  

-1.05 - 2 

-1.48 - 2 

f 18 

0 

! 
0 

- 2 . 0 6 - 3  

-1.67 - 3 

-1.22 - 3 

' 



- 
Table 3-4. p {equation 3-4) ,  6 (equation 3 -  5 ) ,  and 

y (equation 3 - 6 )  Vs Neutron Ene rgy  

Ene rgy ,  e V  
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Table 3 - 5 .  Center of Mass to Laboratory System Transfer Matrix 
(U!,) fo r  Elastic Scattering of Neutrons on U-238 



Table 3-6.  Neu t ron  G r o s s  Sections for  (n ,2n )  and (n, 3n) 
Reactions Vs Neutron Energy  

Neutron cross  section, barns 
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Table 3 - 7 .  U- 238 Inelastic Cross Section 

Energy,  cr Cr u n, n1 ' Energy,  n, n' ' Energy,  n, n' ' Energy, (r n,  n'' 
MeV barns MeV barns MeV barns MeV barns 
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Table 3 -  9 .  Maxwellian Temperature (Tc) for 
Evaporation Neutrons for U-238  

Neutron 
energy, 

MeV 

Maxwellian 
temperature, - 

MeV 
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Figure 3 - 2 .  Average Cosine of Scattering Angle ) Vs 
Neutron Energy  0 

Neutron Energy, e V  
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Figu re  3- 3. Legendre Expansion Coefficients (f l )  f o r  
Elastic Scattering i n  C M  System (f, = 1.0, 
all energ ies )  

l o 5  1 o6 
Neu t ron  E n e r g y ,  e V  
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Figure 3 -  7 .  U- 2 3 8  (n, 2n)  Cros  s Section 

Energy,  MeV 
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Figure  3 - 8 .  U-238 (n, 3n) Cross  Section 

Energy,  MeV 
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Figure  3 - 9 .  U- 2 3 8  Evaporation "Temperature" f o r  (n, 2n) 
and (n, 3n) Secondary Neutrons 

10 12 

Energy,  MeV 
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F i g u r e  3- 1 1. U- 238  Evaporation Temperature for  (n, n'  ) 
Secondary Neutrons 

Energy ,  MeV 

3-  38 @ Babcock (L Wilcox 
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APPENDIX A 

List ing of ENDF/B Data 
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0 1 U 4 /  
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0. 
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0 .  
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O U O  
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3.59-3 
4 . 8 5 - 4  
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APPENDIX 

Graphical Representation of 
Resolved Resonance Levels  

By courtesy of D r .  E .  M .  Pennington of Argonne 
Nat ional  Laboratory,  Calcomp plots of the capture ,  
sca t te r ing ,  and total cross sections were  obtained 
using the single-level,  B reit-Wigner model and the 
ENDF/B resonance pa rame te r s .  
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