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FAST NEUTRON CAPTURE CROSS SECTIONS 

FOR FISSION PRODUCT ISOTOPES 

F. Schmittroth and R. E. Schenter 

ABSTRACT 

Calculated average capture cross sections are given 
from 10 eV to 15 MeV to be used as a basis for revising 
and extending the ENDF/B-IV data files. Thirty-nine 
fission product isotopes^ plus Au^^^j are included. The 
results were obtained by statistical model calculations 
that were adjusted as seemed necessary by the avail­
able capture data. For those isotopes studied earlier, 
the major revision is the use of new estimates for the 
neutron resonance spacings. Integral cross sections 
are computed and compared with values from the Coupled 
Fast Reactivity Measurement Facility (CFEMF). 
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I. INTRODUCTION 

In this study, we present fast neutron capture cross sections in the energy 

range 10 eV to 15 MeV to be used as a basis for revising and extending ENDF/B 

evaluations. In particular, as shown in Table 1 , 39 fission product isotopes 

important in fast reactor studies were considered, 19 of which are in ENDF/B 

version III and 20 additional nuclei which will be included in ENDF/B ver-
197 sion IV. Although it is not a fission product, Au was also included, since 

it is sometimes used as a standard, and a wealth of data exists for its capture 

cross section. 

Little or no data exist for most of these isotopes so that statistical 

model calculations were used to obtain most of the needed cross sections. 

Nevertheless, our general philosophy was to utilize the data to the maximum 

extent possible. The statistical formalism is reviewed in Reference 2, along 

with several important corrections, such as width fluctuation effects and 

direct and collective capture. Detailed studies documented in Reference 2 

indicate the general validity of the theoretical approach. 

In the following sections, we describe the input data for the calcula­

tions as well as neutron capture data. A comparison with integral values 

from the Coupled Fast Reactivity Measurement Facility (CFRMF) is also included. 

For the purpose < 

in the Appendix. 

(3 4) For the purpose of comparison, the work of other evaluations ' is presented 

II. ISOTOPES WITH NO CAPTURE DATA 

The uncertainties in the theoretical cross sections are governed more by 
(2) 

the necessary input parameters than by the calculation itself . The most 

crucial parameter is the ratio of the radiative width, T , to the observed 

s-wave neutron resonance spacing, D . The calculations for which no capture 

data exist thus fall into two categories - those where the ratio T /D , is 
Y obs 

well known and those for which a systematic or theoretical value must be used. 

For both these cases, we relied strongly on a recent study of observed 

resonance spacings. The values for D , can range over several orders of 

magnitude, and, for most isotopes, the uncertainties in the ratio, F /D , , 
are mainly due to the uncertainties in D , . Measured values for T axe 

•' obs Y 
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fairly accurate by comparison. Even when experimental values of T are un-
Y 

available, the mass systematics of T are reliable enough to provide useful 

values through simple interpolation. 

Reference 5 was used both as a source of evaluated values of D , and to 
obs 

provide theoretical values when experimental values were unavailable. Also, 

the evaluation procedures described in Reference 5 were used to process new 

resonance data for a few cases. In these procedures, special care was given 

to the problems of missed resonances and the identification of p-wave resonances 
98 ^1^ 

An outstanding example is provided by Mo . An earlier value of D , was 

low by a factor of 4 because several p-wave resonances were misidentified. 

The result was a theoretical cross section that overpredicted the experimental 
values by a factor of 2 or 3. The newer evaluation of D , removes the 

•̂  obs 
discrepancy. 

The main distinction between the revised calculations in this report as 

compared to the earlier evaluations in Reference 1 is the use of theoretical 

values for D , based on Reference 5. As in the earlier evaluations, values 
obs 

for r were obtained from resolved resonance parameters and interpolation pro-
Y /g\ 

cedures. Moldauer's optical potential was used to calculate the neutron 

transmission coefficients, while Axel's estimate was used to obtain the 

energy dependence of the radiation width. As described in Reference 1, Gilbert 

and Cameron's level density formulation was used. The results of similar calcu­

lations are now discussed in the next section for those nuclei that have some 

capture data available. 
III. ISOTOPES WITH CAPTURE DATA 

Table 1 indicates that 18 of the nuclei in this report have some neutron 
(8) 

capture data. The primary data source was the SCISRS data file obtained 

from Brookhaven National Laboratory and augmented in a few cases by values 
(9) 

obtained via the CINDA index . The experimental data are depicted in 

Figures 1 through 40, and compared with calculated values. The theoretical 

results for those nuclei with no capture data are also included in the same 

set of figures. Laboratory codes and dates appropriate to the SCISRS file and 

the CINDA index are used to identify the data. 
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The calculated curves were used to supplement the data in various ways 

according to the circumstances. As can be noted from the graphs, both the 

quality and the quantity of the data vary considerably, all the way from a 
140 

single measured point (as for Ce ) to a large amount of relatively consis-
127 tent data (as for I ). In cases where very limited data exist (as for 

Ce or for Zr ), the data are used solely to normalize the calculated 

values, while the energy dependence of the cross sections is given by the 

theory. Renormalization of the theory was accomplished by an adjustment of 

the ratio T /D , . Usually D , was modified, since it is generally more 
Y obs -̂  obs ĵ Q̂  ĵQg 

uncertain than T (as in the examples of Ru and Pd ). Nevertheless, in 
^ 98 (10) 

some cases, T was altered. An example is Mo , where non-statistical 
^ (2) 

and Jl-dependent effects contribute to cause difficulty in obtaining a pre­
cise nximber for T . (The uncertainty here in T is small compared to the 

y Y 98 

discrepancy alluded to above where an incorrect value of D for Mo gave 

computed cross sections that were a factor of 3 high.) 

95 97 

For Mo and Mo , the data were used to provide detailed structure in 

the capture cross section, especially for the lower energies where resonance 

structure may be observed. Here, and for a few other isotopes, the computed 

cross sections were used only to extend the range of energies covered by the 

experimental values. The cross sections that were fitted to the experimental 

points are shown as dashed lines in the graphs to distinguish them from the 

calculated values given by solid curves. In actual evaluations, of course, 

resolved resonance parameters may be used in some instances to describe the 

cross sections for the lower energies. 
The theoretical results were also useful to connect experimental values 

or 

given over separated energy ranges (Rb for example), and to effect an eval­

uation where different data sets are somewhat inconsistent (as in Mo ). 
139 

Finally, for at least one case (La ), the data appear both complete enough 
and consistent enough to allow one to dispense with the theoretical values. 

The dashed curves displayed in the graphs, which represent an evaluation 

of the data, were obtained in the following manner. First, the data were 

plotted with computer graphics. Then, an evaluated curve was drawn through 

the data by eye. Least-squares and similar curve-fitting procedures were not 
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used because of the difficulty in applying them to inconsistent data sets. 

Numerical values for the evaluated curves were then obtained by the use of 

a pen-type digitizer that converts pen locations into desired x-y coordinates. 

The dashed curves represent computer plots of the digitized curves. 

Although one can always adjust the theory to experiment for an evaluation, 
127 197 

it is worthwhile to remark that, for I and Au , no such adjustment was 

made. Not only does a relatively large amount of capture data exist for both 

these isotopes, but T and D , are well known also. Because the experimental 

uncertainties in T and D , are small, these two cases provide a good test 
Y obs 

of the ability of the statistical theory to predict capture cross sections on 

an absolute basis. The overall agreement is good for energies up to 1 MeV 
(2) 

(See Figures 28 and 40). Above 1 MeV, a number of uncertainties can lead 

to poorer results. 

139 For La , the agreement between theory and experiment is poorer. The 

data are not as extensive here as for iodine and gold. Nevertheless, espe­

cially for energies in the range 10 keV to 1 MeV, a clear-cut discrepancy seems 

to exist. For lower energies, one would not expect the statistical results 

to reproduce the resonance structure that begins to appear in the data. Be-
139 

cause La is magic in neutrons (N = 82), the poorer theoretical results are 

perhaps not too surprising. Magic and near magic nuclei behave somewhat 

like light nuclei. The radiation width may fluctuate, D , is relatively 

large, and non-statistical effects become more important. 

IV. INTEGRAL RESULTS 

Just as in other areas of reactor studies, integral results can also play 

an important role in the evaluation of fission product cross sections. Per­

haps more so, since, for fission products, theory defines the shape of the 

capture cross section better than the magnitude. The coupled fast reactivity 

measurement facility (CFRMF) at ANC has a program to obtain integral 

cross sections for fission products Important to fast reactors, and it is 

desirable to compare our results with theirs. 
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Integral cross sections were computed from 

a^ = ̂  r <i)(E) 0(E) dE (1) 

where 

^rj, = r ME) dE. (2) 

(12) 
The flux, 4>» was obtained from a reactor physics calculation and normalized 

by dosimetry foils. The differential cross sections used are those shown in 

Figures 1 through 40. Where a choice existed, the fitted cross sections were 

used in preference to the theoretical values. When the computed cross sections 

were used in Equation (1), the lower energy limit was 10 eV, and when the fit­

ted cross sections were used, the lower limit was determined by the data. 

Typical contributions to the integrals from the range of 10 eV to 100 eV were 

about 5% of the total. Contributions from below 10 eV were neglected. 

The results are shown in Table 43. Unadjusted experimental data from 
(12) 

CFRMF are also given for comparison. Specifically, no self-shielding 

corrections were made. Although there is general agreement for most Isotopes, 
127 

the integral cross section for I is 34% lower than the calculated value, 

even though the calculated differential cross section is in good agreement 

with the differential data. Nevertheless, there is no clear discrepancy. 

The differential data are likely to be uncertain by 10 to 20%, enough to 

bring the computed integral cross section within the limits of the rather 

large experimental uncertainty for the Integral result. The integral result 
102 

for Ru indicates a slight downward adjustment of the differential data. 
134 

Finally, for Xe , the integral value from CFRMF implies an upward adjust­
ment of the differential cross section. This result is not unexpected, since 
a theoretical resonance spacing, D , was used to compute the differential 

cross section. A reliable estimate for D , is particularly difficult here, 
134 obs ^ ^ 

since Xe Is at the edge of a deformed region of nuclei. 

A further point must be considered, however. In the calculation of the 
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integral cross section, 0 , as given by Equation (1). Except as they appeared 

in the fitted cross sections, resonance effects were neglected, and only the 

energy-averaged cross sections as obtained from the statistical calculations 

were used to compute 0 from Equation (1). Large errors can occur if the 

resonance spacing, D , , is so big that only a few resonances contribute an 

appreciable fraction to the total integral value. The detailed location 

of the isolated resonances then becomes Important. Calculations based on 

the formalism in Reference 13 and using the CFRMF flux spectrum were made 

in order to estimate the uncertainties in computed Integral values due to the 

sole use of average cross sections. The results may be summarized as follows: 

{ If . •VJow!! . (3) 
<f> 100 

where ar:/<f> is the fractional uncertainty in the computed integral value at 

the one-slgma level (f represents the integral value). As an example, the 
127 

average resonance spacing, D , , for I is 14.7 eV, so that we find 

-— = 0.04. (4) 

Less than a 4% uncertainty occurs due to the use of an average cross section 
134 

throughout the resolved resonance region. But for Xe , with an estimated 

D , of 14 keV, the fractional uncertainty is 

= 1. (5) 
<f> 

In order to reduce this large uncertainty, detailed data on resolved resonances 

must be utilized. Even if D , were only half as large (a likely possibility), 

the fractional uncertainty would still be as large as 1//2 - 0.7. 
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V. SUMMARY 

Calculated average capture cross sections are given from 10 eV to 15 MeV 

to be used as a basis for revising and extending the ENDF/B-IV data files. 
197 

Thirty-nine fission product Isotopes and Au were studied. About half of 

these cases represent revisions of earlier work, and about half are new 

studies. The calculations were based on the statistical model and include 

width fluctuation corrections, as well as several other corrections. For 

example, direct and collective capture were estimated. Where available, 

experimental capture data were used to modify the computed cross sections 

as seemed necessary. 

The primary revision of those Isotopes for which no capture data exist 

was the use of new sets of neutron resonance spacings. For some, the revised 

spacing, D , , was obtained from a new evaluation of resolved resonances. 

For the rest, a new procedure for estimating D , was used. 

Finally, a preliminary comparison of computed Integral cross sections 

was made with experimental values obtained from the CFRMF. The results indi­

cate that some adjustment of the differential values is in order and that 

additional Integral measurements would be useful. 
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Table 1 

List of Isotopes 

New or Capture 
Isotope Revised Data 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

36 Kr 83 
37 Rb 85 
38 Sr 89 ; 
39 Y 91 1 
40 Zr 92 1 
40 Zr 93 
40 Zr 94 
40 Zr 95 
40 Zr 96 
41 Nb 95 
42 Mo 95 
42 Mo 97 
42 Mo 98 
42 Mo 100 
44 Ru 101 
44 Ru 102 
44 Ru 103 
44 Ru 104 
44 Ru 106 
46 Pd 105 
46 Pd 106 
46 Pd 107 
46 Pd 108 
46 Pd 110 
48 Cd 111 
51 Sb 121 
51 Sb 125 
53 I 127 
53 I 129 
54 Xe 131 
54 Xe 132 
54 Xe 134 
54 Xe 136 
55 Cs 135 
55 Cs 137 
57 La 139 
58 Ce 140 
58 Ce 142 
58 Ce 144 
79 Au 197 

New 
New 
New 
New 
New 
New 

New 

New 
New 
New 
New 
New 
New 
New 

New 
New 
New 

New 
New 
New 

1 

Yes 

Yes 

Yes 

Yes 

Yes 
Yes 
Yes 
Yes 

Yes 

Yes 

Yes 
Yes 

Yes 

Yes 

Yes 

Yes 
Yes 
Yes 
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TABwE 2. INPUT PAKAMETERS 

Gto i RADIATION WIDTH iMV) A = LEVEL DENSITY PARAMETER 
DOBS = S-WAVE LEVEL SPACING (EV) P = PAIRING ENERGY 
BN = NEUTRON BINDING cNERGY (MEV) 

T,ARGET NUCLEUS COMPOUND NUCLEUS 
TAROET NUCLEUS 

3o 
37 
3d 
39 
40 
UO 
4U 
40 
4U 
41 
4e: 
4e: 
4ii 
4^ 
44 
44 
44 
44 
44 
4c. 
4t> 
4o 
4u 
4o 
4o 

51 
51 
53 
5J 
54 
54 
54 
54 
5o 
5o 
57 
5o 
5 D 

5o 
7^ 

Kf\ 
Rd 
SK 
Y 
ZK 
^K 
ZK 
Zk 
ZK 
N D 
MO 
MO 
MU 
MO 
RU 
RU 
RU 
RU 
RU 
Pu 
Pu 
PJ 
Pu 
Pu 
Cu 

bu 
S D 

1 
I 

x._ 
XL 
XL 
Xt 
Ci> 
C J 
LA 
CL 
Cc 
Ct 
AU 

83 
85 
89 
91 
92 
93 
94 
P5 
96 
95 
95 
97 
98 

300 
301 
.102 
103 
104 
lOo 
305 
10b 
107 
108 
11Q 
311 

121 
325 
3 27 
3 29 
3 31 
3 32 
3 34 
136 
3 35 
137 
139 
140 
3 42 
144 
3 97 

GG 

220. 
215. 
146. 
88. 

210. 
194. 
100. 
200. 
220. 
200. 
350. 
220. 
150. 
150. 
192. 
290. 
170. 
160. 
145. 
153. 
145. 
140. 
98. 

150. 
120. 

95. 
131. 
120. 
117. 
110. 
105. 
100. 
197. 
105. 
95. 
75. 
85. 
79. 
73. 

126. 

DOBS 

.179+03 

.308+03 

.990+03 

.643+03 

.Ci70 + 04 

.379+03 

.376+04 

.177+03 

.350+04 

.o34+02 

.114+03 

.775+02 

.101 + 0'+ 

.134+04 

.lh3+02 

.t,ll + 03 

.160+02 

.b70+03 

.123+04 

.lGl+02 

.m9+03 

.109+02 
,^90+03 
.'=100 + 03 
.024+02 

.106+02 

.490+02 

.i47+02 

.^60+02 

.j92+02 

.121+04 

.139+05 

.^j73+05 

.303+03 

.,.91 + 01+ 

.ol2+03 

.o82+:4 

.l52+:4 

.158+04 

.150+02 

BN 

10.5193 
8.6374 
7.7884 
6.5524 
6.7497 
8.1984 
6.4675 
7.8381 
5.5756 
6.9313 
9.1567 
f.6422 
5.9187 
5.3901 
9.2161 
6.2475 
8.8373 
5.9765 
5.453i< 
^.5474 
6.5323 
n.2275 
6.14P4 
5. /434 
9.399b 

6.7982 
6.126^ 
6.7971 
6.4984 
8.9323 
6.5315 
6.5609 
4.45^4 
6.6114 
't.3ll4 
5.CC04 
b.4384 
5,1051+ 
4.6434 
6.4974 

A 

11.20 
10.18 
8.00 
10.78 
10.34 
11.42 
12.10 
11.95 
14.52 
12.30 
11.90 
13.27 
14.39 
16.81 
14.95 
14.98 
16.21 
16.56 
17.09 
15.81 
16. C8 
16.44 
Ib.bQ 
17,13 
15.85 

lb.41 
15.71 
18.04 
16.78 
16.98 
15.02 
12.34 
8.78 
13.80 
10.24 
12.48 
33.17 
16.40 
17.79 
19.95 

P 

1.17 
1.46 
1.24 
.72 

1.92 
1.20 
2.32 
1.20 
2.49 
1.12 
1.28 
1.28 
2.57 
2.22 
1.28 
2.?? 
1.28 
2.52 
2.53 
1.35 
2.59 
1.35 
2.60 
2.49 
1.36 

1.24 
1.09 
1.09 
1.20 
1.12 
2.16 
1.82 
1.97 
.70 
.85 
.85 

2.02 
1.Q3 
2.09 
.79 

A 

10.19 
8.81 

10.64 
11.45 -
11.42 
12.10 
11.95 
14.52 
14.19 
13.24 
12.49 
14.39 
16.05 
17.22 
14.93 
16.21 
16.56 
17.22 
17.32 
16.08 
16.44 
16.69 
18.42 
17.34 
15.86 

16.54 
15.18 
16.06 
15.52 
15.02 
14.24 
lu.06 
10.70 
11.52 
12.16 
14.6H 
15.09 
1H.44 
20.26 
17.87 

P 

2.63 
.00 

1.96 
- .00 

1.20 
2.32 
1.20 
2.1+9 
1.20 
.00 

2.40 
2.57 
1.23 
1.23 
2.22 
1.2d 
2.52 
1.28 
1.28 
2.59 
1.35 
2.60 
1.35 
1.35 
2.50 

.00 

.00 

.00 

.00 
2.1b 
1.12 
1.12 
1.12 
.00 
.00 
.00 

1.17 
1.17 
1.17 
.00 
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Ĉ
J
 

3
0
0
0
0
0
0
0
0
3
0
3
0
3
0
0
:
3
3
 
3
0
0
3
3
0
0
3
 

0
0
0
3
3
0
0
0
0
0
3
0
0
 

d
-o

o
-H

O
>

C
T

.o
in

o
e

o
o

^
r-fO

irfO
c
o

(O
d

-in
o

c
y
c
y
rjc

r4
-ro

f-s
t-(ro

K
)e

o
in

c
M

d
'a

N
d

-in
to

 
d

-iD
in

o
-H

io
 

c
r
-
m

^
d

-
d

-
o

r
^

d
-
K

jo
d

-
iT

O
L

fio
jiJ

' 
i)L

id
'c

r>
iro

jto
(\j 

£
!d

-c
o
to

c
7

(̂c
c

(̂N
J
 

3
•*3

•^
^

(O
fO

o
J

<
\J

e
\J

C
\J

C
s

J
-^

-^
-4

-^
—

t^
o

o
o

o
o

 
o

o
o

o
o

o
 

-ir4
-H

^
«

-(.-i-^
..-*{M

c
y

c
>

a 
O

O
O

O
O

'
S

O
O

O
O

O
O

O
d

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
 

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
+

t
l

l
l

l
l

l
l

l
l

+
-

t
-

4
-

'
+

-
-

t
-

-
(

-
-

»
-

-
f

4
-

-
«

- 
+

 
o

o
o

o
o

o
o

o
o

o
o

o
o

:
r

o
o

o
o

K
>

^
o

o
*

o
^

-
^

n
J

^
o

J
l

o
•

o
^

D
O

J
o

o
o

o
<

M
J

l 
r^

ro
N

D
•H

lO
N

D
•^

c
J

lO
ln

r-w
(\l(\J

rO
lrl^

-••-•w
.H

c
\J

(^
iIO

IO
it•l^

^
-a

)r^
r^

.-t(\J
c

\lro
ln

^
---l•H

.H
 

3 
O

 O
 3

 O
 

O
 

O* W
O

d
 w

 
o
 

o
 
*

 
-O

 r-
o

 
o

 
o

i
n

 
ifi 

o
 
r̂

 

•-* 
"S S. N

. V
 N

 
Q

. 
ô
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TABLt 11. CAPTURE CALCULATION RESULTg, 2R 96 

G„(MV) = 220. 
DuBSCtV) = .350+Oit 

TARSEf NUCLEUS LEVELS 

LEVEL &I'IN(PRT) ENEROl 

0 0 + .OOOo 
1 2 + 1.7300 
2 3 - 1.8700 
3 2 + 2.0i0o 
t 3 - 2.2100 

G,,(MV) = 200. 
[JObS(cv) = .b3'*+P2 

TARGET NJCLEUJ LEVELS 

LtVEL SPIN(PRT) tN£.«i 

0 9/2 + .OOOu 
1 1/2 - .2350 

ENERGY(MEV) 

.10-014 

.30-0'( 
,60-Ot 
.10-03 
.30-03 
.60-03 
.10-02 
.20-02 
.30-02 
.50-02 
.70-02 
.10-01 
.20-01 
.21-01 
.30-01 
.50-01 
.70-01 
.10+00 
.lJ-00 
,16-00 
.20-00 
.21-00 
.30-00 
.37-00 
.15-00 
.55-00 
.70-00 
.85-00 
.10+01 
.13+01 
.16+01 
.20+01 
.21+01 
,30+01 
.50+01 
.70+01 
.10+02 
.12+02 
.15+02 

X-:>ECTION(( 

.115+02 

.157+01 

.255+01 

.167+01 

.755-00 

.500-00 

.393-00 
,286-00 
.233-00 
.170-00 
.135-00 
.101+00 
.609-01 
.526-01 
.110-01 
.297-01 
.239-01 
.200-01 
.185-01 
.181-01 
,182-01 
,186-01 
.191-01 
.203-01 
.211-01 
.219-01 
.231-01 
.255-01 
.281-01 
.318-01 
.131-01 
.219-01 
.165-01 
.a51-U2 
.257-02 
.132-02 
.111-02 
.130-02 
.lbO-02 

10 ZK 96 

lABLu 12. CAPrURt CALCULATlOiJ RESULT^, HB 95 ATlOiJ RESULT^, 

ttlERSY(MCV) 

.10-01 

.30-01 
,60-01 
,10-03 
.30-03 
.60-03 
.10-02 
.20-02 
.30-02 
.50-02 
.70-02 
.10-01 
.20-01 
.21-01 
.30-01 
.50-01 
.70-01 
.10+00 
.13-00 
.16-00 
.20-00 
.21-00 
.30-00 
.37-00 
.15-00 
.55-00 
.70-00 
.85-00 
.10+01 
.13+01 
.16+01 
.20+01 
.21+01 
.30+01 
.50+01 
.70+01 
.10+02 
.12+02 
.15+02 

X-3LCTI0M(. ARNS 

.121+02 

.222+02 

.111+02 

.103+02 

.501+01 

.326+01 
,211+01 
,168+01 
.139+01 
,111+01 
,953-00 
.807-00 
,5b8-00 
,510-00 
,113-00 
,311-00 
.211-00 
.190-00 
.159-00 
.110-00 
.123+00 
.113+00 
.987-01 
.827-01 
.685-01 
.581-01 
.118-01 
,391-01 
.358-01 
.295-01 
,258-01 
,208-01 
.176-01 
.132-01 
.590-02 
.279-02 
.165-02 
,lb7-02 
,193-02 

11 N^ 9b 
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TABLL lb. CAPTURE CALCULATION RESULTS. MO 98 

G„(MV) : 150. 
OuBS(tV) = .lOl+Pl 

T„R6ET NtjCLEUS LEVELS 

LuVEL SPIN(PRT) ENERGY 

ENERGY(MEV) X-bECTION(aARNS) 

.0000 

.7360 

.7870 
1.1320 
1.5090 

.10-01 

.30-01 

.60-01 

.10-03 

.30-03 

.60-03 

.10-02 

.20-02 

.30-02 

.50-02 

.70-02 

.10-01 

.20-01 

.21-01 

.30-01 

.50-01 

.70-01 

.10+00 
,13-00 
,16-00 
,20-00 
,21-00 
.30-00 
.37-00 
.15-00 
.55-00 
.70-00 
.85-00 
,10+01 
,13+01 
,16+01 
,20+01 
.21+01 
.30+01 
.50+01 
.70+01 
.10+02 
.12+02 
.15+02 

.169+02 

.753+01 

.111+01 
,298+01 
.131+01 
,817-00 
.653-00 
,177-00 
,102-00 
,317-00 
.262-00 
.208-00 
.127-00 
.111+00 
.910-01 
,639-01 
,503-01 
,105-01 
,362-01 
.312-01 
,335-01 
,338-01 
,352-01 
,375-01 
,105-01 
,138-01 
,181-01 
,3C5-01 
,256-01 
.307-01 
,287-01 
,211-01 
,190-01 
,169-01 
,778-02 
,298-02 
,111-02 
,119-02 
,179-02 

9o 

lABLt lb. CAPTURE CALCULATION RESI'LTj, '.0 iOO 

C-,-(MV) = IbO. 
OUBS(iiV) = ,131+01 

T^RGEI NUCLEUS LEVELS 

LLVEL SPIN(PRT) ENERGI 

0 0 .OOOo 
.5100 
.7000 
l.ObOu 

ENERGY(MEV) 

.10-01 

.30-01 
,60-01 
.10-03 
.30-03 
.60-03 
.10-02 
.20-02 
.30-02 
.50-02 
,70-0^ 
,10-01 
,20-01 
.21-01 
.30-01 
.50-01 
.70-01 
.10+00 
.13-ot; 
,16-00 
,20-00 
,21-00 
,30-00 
.37-00 
,15-00 
.55-00 
.70-00 
.85-00 
.10+01 
,13+01 
,lb+01 
,20+01 
,21+01 
,30+01 
,50+01 
,70+01 
.10+02 
.12+02 
.15+02 

X-SECTION(, 

.139+02 
,608+01 
,353+01 
,238+01 
,107+01 
.712-00 
,551-00 
.108-00 
,313-LO 
,261-00 
.211-00 
,lbS-00 
,101+00 
,e8&-oi 
,739-01 
,500-01 
,396-01 
.321-01 
.291-01 
.282-01 
,280-01 
,286-01 
,301-01 
,321-01 
,318-01 
,311-01 
,172-01 
,169-01 
,186-01 
,139-01 
,112-01 
,999-02 
,811-02 
,703-02 
,251-02 
,121-02 
,116-02 
.131-02 
.167-02 
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TABLE 19. CAPTURE CALCULATION RESULTq, RU i03 

G>,(M\/) = 170. 
UubS(L^) = ,160+02 

T„RGEi NUCLEUS LEVELS 

LcVEL bPIN(PRT) ENERGY 

£NERGY(MEV) X-iECTION(nARNS) 

b/2 + 
3/2 + 
1/2 + 
7/2 + 
U/2 -
7/2 + 

.0000 

.133u 
,1710 
,210o 
.2350 
.2lOo 

.10-01 

.30-01 

.60-01 

.10-03 

.30-03 

.60-03 

.10-02 

.20-02 

.30-02 

.50-02 

.70-02 

.10-01 

.20-01 

.21-01 

.30-01 

.50-01 

.70-01 

.10 + 00 

.13-00 

.16-00 

.20-00 

.21-00 
,30-00 
,37-00 
,15-00 
,55-00 
,70-00 
.Sb-OO 
.10*01 
.13+01 
.16+01 
.20 + 01 
.21+01 
.30+01 
.50+01 
,70+01 
,10+02 
.12+02 
.15+02 

.285+02 

.161+02 

.112+02 

.853+01 

.175+01 

.329+01 

.256+01 

.191 + 01 
,166+01 
,115+01 
,131+01 
,123+01 
,985-00 
.922-00 
.811-00 
.662-00 
.516-00 
.139-00 
.571-00 
.320-00 
.267-00 
.213-00 
.119-00 
.111 + 00 
.898-01 
.755-01 
.616-01 
,576-01 
.551-01 
,500-01 
,161-01 
,132-01 
,379-01 
,286-01 
,115-01 
.377-02 
.199-02 
.205-02 
.237-02 

11 Hi> lÔ'i 

T A B L L ^0 CAPTURE CALCULATION RESULT,,, K U ̂ 01 

Gt,(MV) 
OubSCcv) 

loO. 
,b70+C3 

TAKSEI NUCLEUS LEVELS 

L L V E L SPINlPRT) ENLKGr 

,0000 
,3o9t, 
,ed9u 
.8930 
.9a3u 

, E R S Y ( S £ V ) 

.10-01 

.30-01 

.60-01 

.10-03 

.30-03 

.o0-03 

.10-02 

.20-02 

.30-02 

.50-02 

.70-02 

.10-01 

.20-01 

.21-01 

.30-01 

.50-01 

.70-01 

.10 + 00 

.13-00 

.16-00 

.20-00 

.21-00 

.30-00 

.37-00 

.15-00 

.55-00 

.70-00 

.85-00 

.10+01 

.13+01 

.16+01 

.20+01 

.21+01 

.30+01 

.50+01 

.70+01 

.10+02 

.12+02 

.15+02 

X-JLCTION(,, 

.171+02 

.819+01 
,513+01 
,350+01 
.172+01 
.111+01 
.886-00 
.663-00 
,5b6-00 
.165-00 
.102-00 
.333-00 
,213-00 
,183-00 
,160-00 
,111+00 
,877-01 
.702-01 
.617-01 
,575-01 
,551-01 
,551-01 
,572-01 
,506-01 
,336-01 
,312-01 
.330-01 
.370-01 
,318-01 
,280-01 
.273-01 
.278-01 
.293-01 
,261-01 
,111-01 
,310-02 
,116-02 
,151-02 
,185-02 

11 Ru 10» 
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TABLt 31. CAPTURE CALCULATION RESULT^. I l29 

6o(MV) = 117. 
OOBS(tV) = .260+02 

TARGET 

LtVEL 

0 
1 
2 
3 
t 
5 
6 
7 
8 
9 
<a 
11 
'2 
13 
14 
15 

NUCLEUS LEVELS 

SPIN(PRT) 

7/2 
b/2 
5/2 
5/2 
J/2 
11/2 
9/2 
7/2 
3/2 
l/Z 
9/2 
5/2 
3/2 
3/2 
5/2 
1/2 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

ENERGY 

.0000 

.U27o 

.2780 

.'»o7u 

.5b00 

.6960 

.7300 

.7b9o 

.8300 

.SHSO 

l.ObOu 
l.lllu 
1.20'*D 
1.261U 
1.2d2u 
1.292U 

6t,(MV) = llO. 
DcaS(i.»') = .392+P2 

TARGET NUCLEUS LEVELS 

LEVEL SF>Iî (PRT) ElJERGr 

0 3/2 + .0000 
! 1/2 + .OaOt 
2 lJ/2 - .ItiHO 

ENERGY(MEV) 

.10-01* 

.30-04 

.60-04 

.10-03 

.30-03 

.60-03 

.10-02 

.20-02 

.30-02 

.50-02 

.70-02 

.10-01 

.20-01 

.24-01 

.30-01 

.50-01 

.70-01 

.10+00 

.13-00 
,lD-00 
.20-00 
.24-00 
.30-00 
.37-00 
.45-00 
.55-00 
.70-00 
,85-00 
.10+01 
.13+01 
.lD+01 
.20+01 
.24+01 
.30+01 
.50+01 
.70+01 
.10+02 
.12+02 
.15+02 

X-SECTION(( 

.797+02 

.396+02 

.249+02 

.176+02 

.825+01 

.508+01 

.355+01 

.220+01 

.169+01 

.124+01 

.103+01 

.851-00 

.589-00 

.535-00 
,459-00 
.316-00 
.244-00 
.194-00 
.165-00 
.149-00 
.135-00 
.126-00 
.116+00 
.108+00 
.104+00 
.968-01 
.953-01 
.696-01 
.617-01 
.555-01 
.408-01 
.280-01 
.208-01 
.143-01 
.468-02 
.180-02 
.164-02 
.186-02 
.226-02 

dNERGYCMEV) X-jECTION(. ARMS) 

.10-04 

.30-04 

.60-04 

.10-03 

.30-03 

.60-03 

.10-02 

.20-02 

.30-02 

.50-02 

.70-02 

.10-01 
,20-01 
,24-01 
.30-01 
.50-01 
.70-01 
.10+00 
.13-00 
.16-00 
.20-00 
,24-00 
,30-00 
.37-00 
,45-00 
,55-00 
,70-00 
,85-00 
,10+01 
,13+01 
,16+01 
,20+01 
.24+01 
.30+01 
.50+01 
.70+01 
.10+02 
.12+02 
.15+02 

.803+02 
,382+02 
.237+02 
,lb5+02 
,739+01 
.437+01 
.296+01 
.177+01 
.135+01 
,983-00 
.811-00 
.6t)5-00 
.456-00 
.413-00 
.364-00 
.270-00 
.221-00 
.175-00 
.151-00 
.137-00 
.117+00 
.103+00 
.870-01 
.735-01 
,619-01 
.538-01 
.449-01 
.391-01 
.345-01 
.267-01 
.217-01 
.174-01 
.137-01 
.985-02 
.407-02 
.215-02 
.215-02 
.239-02 
.281-02 

53 I 129 

TABLc i2. CAPTURL CALCULATION RESULT.^, <E l31 

54 X^ 131 

25 



-J
 O

J 
-p

 r
o 

f\>
 o

 

o
o

 
o

c 
C

D
^ 

in
s 

n
,w

 

-i > Ol r p 

\0
 i

X3
 -

^ 
o*

 0
5 

o 
ri

" 
D

 I
Vi

 O
l 

•-
 -

P
 O

 
X

 
O

l 
O

 t-
» 

O
t 

->
l 

o 
o 

<-
 c

r 
c 

o 
e 

c 
-<

 

%o
 i£

) 
a>

 .
r 

ro
 a

 
o 

03
 c

 
o 

*•
 \

c 
£r

 o
 

O
 O

 •
P'

 o
 o

>
 o

>
 o

 
c.

 c
 

c 
c 

c 
c 

o 

M
i-

i—
-j

u
iw

w
w

H
'M

t-
*0

3
-4

u
i-

P
O

'O
jr

o
jv

)H
'»

-'
H

-^
u

iO
jr

o
tv

>
t-

»
-s

iu
io

ir
\j

M
c

^
o

ji
-»

a
'o

ii
—

 
i

r
r

w
o

a
o

o
*

o
c

r
o

j
o

t
r

o
u

"
u

i
^

o
j

:
o

o
^

o
<

o
o

c
o

*
o

o
o

o
o

c
o

o
o

o
o

o
e

:
: 

+
+

+
+

+
+

+
+

+
+

+
i

l
i

i
i

i
i

i
i

i
+

i
l

t
i

i
i

i
i

i
i

i
i

i
i

i
i

i 
&

o
o

&
c

j
0

0
&

o
o

c
*

c
j

&
o

o
o

o
o

o
o

c
:

.
o

o
!

:
j

o
o

o
o

o
o

c
j

c
i

0
o

c
.

o
c

j
o

c
j 

i\
jf

\j
w

»
-t

-»
i~

«
t-

*i
-»

i-
i—

»
-o

o
o

o
o

o
o

o
o

o
o

H
*»

-h
*t

-i
—

»
—

ro
w

rv
ro

ro
o

io
iO

'-
P

-p
p 

M
h

*M
~

ju
io

jr
w

ro
i—

^-
^-

a
)-

>
lU

l*
•o

lo
»

w
^>

^-
•^

—
i-

'^
u

ic
*i

(\
jr

j>
-'

-J
u

io
»

(\
3

^o
^o

i^
*o

^o
iH

» 
t

r
r

o
o

o
o

o
*

'C
(

^
o

io
t

r
o

o
''

o
:

'«
jo

-
P

o
c

o
ic

c
;

o
o

.
p

o
o

o
o

o
o

o
o

o
o

o
«

5
o 

+ 
+ 

+ 
+ 

* 
+ 

+ 
i-

+
 

+
 -

»
-i

i 
l

l
l

l 
i

i
i

i 
+ 

i 
I

I 
i

i
i

i
i

i
i 

I
I 

i
l

i
i

i 
O

C
i

O
O

C
O

O
C

j
O

O
d

C
'

O
C

^
O

O
O

O
C

i
O

C
j

d
O

O
O

O
O

C
i

O
O

O
O

O
O

O
O

C
'

C
i

C
J 

f\
>

fV
)

fV
»

-
»

-
h

-
»

—
h

-
t—

f-
t-

o
o

o
o

o
c

iO
O

O
O

O
h

-
i—

»
-

^
-

*
l-

•
^

- 
M

M
r

o
r

o
M

O
jO

i 
o

i-
P

-P
-P

 

M
h

-K
-h

-t
-p

-Q
o

h
-i

—
t—

w
-P

o
*

O
J

O
*

o
io

jo
iU

P
^ 

-p
^

•J
^

c
^

c
»

^
o

»
-»

^
-^

J
'^

)O
l•

P
-s

l>
J

3
l-

^
3 

P
O

J
W

 
W

C
D

C
T

-O
JW

'X
)-

P
»

-'
-4

 
0

"'
0

»
-g

D
-^

0
^

«
n

O
^

-J
^

0
0

1
0

3
-s

4
Q

D
C

ry
iO

t,
n

O
t,

1
->

l\
0

0
^

^
-P

*
D

X
3

3
(,

1 
•s

JJ
't

-h
-t

Jl
vO

'.
O

Jl
O

v0
4

r0
3

--
JC

n
H

'-
Jo

o
^'

\J
>

—
'-

»
p

-(
J1

0
3

P
P

U
lt

-O
JO

JC
a

o
i!

Jl
P

"P
O

O
/\

JU
l 

I
I

I
I

I
I

I 
I 

t 
I 

I 
I 

I 

ro
e

-H
*K

*o
<

c
rH

»
h

-K
*»

-(
—

I—
ro

(^
ry

(\
jr

o
i\

J
O

J
C

j4
0

J
^p

*r
o

^a
'-

j»
—

I—
i-

ro
ro

-P
u

if
-r

\>
*-

^j
i-

* 
o

*a
)0

'-
N

iy
io

ii
\>

ij
iy

is
O

a
>

0
3

0
io

Q
c

a
)0

3
0

3
0

h
**

:'
0

"-
o

3
"'

o
a

>
-«

J
W

(j
ia

»
w

c
»

fN
)\

O
o

u
io

L
i»

o 
O

.D
ff

'0
l»

-»
0

l-
P

C
«

a
>

C
T

'^
J>

U
1

0
l0

3
i—

M
X

JO
kD

O
Q

O
xD

-g
o

i-
JO

h
-H

*•
-•

f\
>

C
T

'W
O

O
-4

0
9

(J
l\

0 
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

l
l

+
»

»
l

l
l

l
+

+
+

+
+
 

c
r

o
o

c
r

e
c

o
o

c
c

-
c

-
c

o
c

-
c

r
c

r
o

o
c

c
o

o
o

o
c

c
:

o
t

r
o

c
c

:
c

'
O

O
O

o
o

c
:

e 
^

o
^

J
^

u
^

J
^

J
^

J
^

-^
-^

-^
-•

l-
•l

-•
^

-t
-•

l-
•l

~
•l

—
»

-^
-i

—
»

-'
t-

'i
-.

^
-i

—
H

*
h

-o
o

o
o

o
o

o
i-

'^
->

-i
-*

iy
 



TABLt J5. CAPTURE CALCULATION RESULTS. XE 136 

G(j(MV) = 197. 
DOBS(c,/) = .973+05 

TARGET NUCLEUS LEVELS 

LtvEL SPIN(PRT) ENER&r 

0 0 + .OOOo 
1 2 + 1.3100 
2 4 + 1.6950 
3 6 + 1.8920 

6t>(MV) = lu5. 
(JOBSCtVI = .303+03 

TARGET NUCUEUJ LEVELS 

LLVEL S^>IN(PRT) ENEHGr 

0 7/2 + .OOOo 
1 5/2 + .2500 
2 3/2 + .6040 

ENERGY(MEV) 

.10-04 

.30-04 

.60-04 

.10-03 

.30-03 

.60-03 

.10-02 

.20-02 

.30-02 

.50-02 

.70-02 

.10-01 

.20-01 

.24-01 

.30-01 
,50-01 
.70-01 
.10+00 
.13-00 
.16-00 
.20-00 
.24-00 
.30-00 
.37-00 
.45-00 
.55-00 
.70-00 
.85-00 
.10+01 
.13+01 
.lo+Ol 
.20+01 
.24+01 
.30+01 
.50+01 
,70+01 
.10+02 
.12+02 
.15+02 

X-SECTI0N(1 

.776-00 

.263-00 

.133-00 

.993-01 

.581-01 

.403-01 

.288-01 

.172-01 

.124-01 

.808-02 

.673-02 

.549-02 

.391-02 

.359-02 

.316-02 

.233-02 

.192-02 

.lb3-02 

.147-02 

.140-02 

.135-02 

.131-02 

.129-02 

.131-02 

.134-02 

.137-02 

.144-02 

.153-02 

.164-02 

.193-02 

.104-02 

.699-03 

.119-02 

.112-02 

.101-02 

.103-02 

.127-02 

.149-02 

.188-02 

54 Xt. 136 

TABLt J6. CAPTURE CALCULATION RESULTt,, LS i35 LATION RESULTb, 

fcf4ERGY(MEV) 

.10-04 

.30-04 

.60-04 

.10-03 

.30-03 

.60-03 

.10-02 

.20-02 

.30-02 

.50-02 

.70-02 

.10-01 

.20-01 

.24-01 

.30-01 

.50-01 

.70-01 

.10+00 

.13-00 

.16-00 

.20-00 

.24-00 

.30-00 

.37-00 

.45-00 

.55-00 

.70-00 

.85-00 

.10+01 

.13+01 

.16+01 
,20+01 
,24+01 
,30+01 
.50+01 
.70+01 
.10+02 
.12+02 
.15+02 

l35 

X-bLCTIOM(rAPNS 

.354+02 

.137+02 

.743+01 

.473+01 

.180+01 

.101+01 

.684-00 

.420-00 

.321-00 

.231-00 

.186-00 

.145-00 

.865-01 

.756-01 

.644-01 

.455-01 

.368-01 

.298-01 

.254-01 

.225-01 

.199-01 

.183-01 

.153-01 

.137-01 

.127-01 

.122-01 

.819-02 

.584-02 

.438-02 

.286-02 

.189-02 

.134-02 

.101-02 

.712-03 

.134-02 

.136-02 

.167-02 

.192-02 

.235-02 

55 Cb 13., 27 
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Table 43 

Integral Resulta 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

1 
Isotope 

36 Kr 83 
37 Rb 85 1 
38 Sr 89 
39 Y 91 
40 Zr 92 
40 Zr 93 
40 Zr 94 
40 Zr 95 
40 Zr 96 
41 Nb 95 
42 Mo 95 
42 Mo 97 
42 Mo 98 
42 Mo 100 
44 Ru 101 
44 Ru 102 
44 Ru 103 
44 Ru 104 
44 Ru 106 
46 Pd 105 
46 Pd 106 
46 Pd 107 
46 Pd 108 
46 Pd 110 
48 Cd 111 
51 Sb 121 
51 Sb 125 
53 I 127 
53 I 129 
54 Xe 131 
54 Xe 132 
54 Xe 134 
54 Xe 136 
55 Cs 135 
55 Cs 137 
57 La 139 

' 58 Ce 140 
58 Ce 142 
58 Ce 144 

1 79 Au 197 

0^, mb 

Calculated 

95.0 
113 
22.5 
30.8 
30.0 
56.7 
11.5 
102 
36.1 
196 
162 
175 
57.1 
48.4 
322 
125 
302 
84.4 
43.3 
386 
104 
346 
102 
59.9 
231 
318 
188 
327 
251 
203 
44.1 
6.09 
2.33 
43.7 
6.24 
21.9 
17.9 
31.4 
21.9 
478 

rns 

(12) 
Experimental 

97 + 11 ' "" 

93.2 + 9.3 

309 + 28 

216 + 80 

40.1 + 4.0 
15.2 + 1.6 

-
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