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This is the final report concerning the evaluated neutron cross sections of 28 fission product nuclides

adopted in the first version of Japanese Evaluated Nuclear Data Library (JENDL-1). These 28 nuclides were

selected as being most important for fast reactor calculations, and are 90Sr, 93Zr, 95Mo, 97Mo, "Tc, 101Ru, 102Ru,
103Rh, I(MRu, m P d , 106Ru, 107Pd, 109Ag, 129I, l31Xe, 133Cs, 135Cs, 137Cs, M3Nd, l uCe, M4Nd, H5Nd, l f Tm, M7Sm,
149Sm, 151Sm, 153Eu and I55Eu. The status of the experimental data was reviewed over the whole energy range.

The present evaluation was performed on the basis of the measured data with the aid of theoretical calculations.

The optical and statistical models were used for evaluation of the smooth cross sections. An improved method

was developed in treating the multilevel Breit-Wigner formula for the resonance region. Various physical

parameters and the level schemes, adopted in the present work are discussed by comparing with those used in

the other evaluations such as ENDF/B-IV, CEA, CNEN-2 and RCN-2. Furthermore, the evaluation method

and results are described in detail for each nuclide. The evaluated total, capture and inelastic scattering cross

sections are compared with the other evaluated data and some recent measured data. Some problems of the

present work are pointed out and ways of their improvement are suggested.

Keywords; JENDL-1, Evaluation, Neutron Cross Sections, Fission Products, Optical Model, Statistical Model,

Resonance Parameters, Level Scheme, Capture, Inelastic Scattering, Intercomparison.
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1. Introduction

Neutron cross sections of fission products (often abbreviated as F. P. hereafter) have been highly required

for predicting the long-term characteristics of fast reactors. Although several works'^75 were performed on

cross section evaluations in early 1970's, there have still remained considerable discrepancies among the evaluated

data sets, causing uncertainties of about 1% Akjk in prediction of reactivity and of about 20-30% in sodium

void reactivity at a typical burn-up stage of fast reactors8M°.

Under such a situation, Japanese Nuclear Data Committee (JNDC) started evaluation of F. P. cross sections

in Working Group on Fission-Product Nuclear Data in 1970. In the present evaluation, the following 28

nuclides were selected as being most important for fast reactors :
90Sr, 93Zr, 95Mo, 97Mo, "Tc, "»Ru, 102Ru, 103Rh, 104Ru, 105Pd, 106Ru, 107Pd, 109Ag, 129I, 13IXe, 133Cs, 135Cs,
137Cs, 143Nd, '"Ce, 144Nd, 145Nd, 147Pm, 147Sm, 149Sm, 151Sm, 153Eu, >55Eu.

These 28 nuclides cover about 80% of macroscopic capture reactions by F. P. in an equilibrium core of a large

fast reactor.

The first work on evaluation was published12' in 1974. A set of reactor group constants was produced

by the use of these cross sections and various characteristics of fast reactors were examined by Working Group

on Fission-Product Group Constants of JNDC10 '10. In this early evaluation work, the energy range considered

was 100 eV to 15MeV without taking account of the resonance structure. In a large fast reactor, however,

the energy range below several keV is still important and therefore the resonance structure should not be

ignored in this energy region. The effects of the neutron width fluctuation and the level interference were

also ignored in the early work, resulting in overestimation of the capture and inelastic scattering cross sections

and in underestimation of the compound elastic scattering cross section.

Taking these drawbacks into consideration, a reevaluation work was performed. In this work, the neutron

energy was extended down to 10~5eV so that the revised cross sections should be applicable also to thermal

reactor calculations. The general procedure of this reevaluation was reported in Ref. (13). The reevaluated

cross sections were adopted in the first version of Japanese Evaluated Nuclear Data Library (JENDL-1)14>.

Lumped group constants were also made155 on the basis of this new evaluation, and have been used in Japan

as the standard F. P. group constants.

Since then there appeared three sets of new evaluation, i.e., the CEA set165*, the RCN-2 set17'18'195 and the

CNEN-2 set205*. These new evaluations adopted more sophisticated method of evaluation than the present

JENDL-1 evaluation. The development of nuclear model for F. P. evaluation was discussed22'23) in the second

IAEA advisory group meeting on fission product nuclear data in Petten, the Netherlands in 1977. Taking

account of this new situation, the evaluation of JENDL-1 has been reexamined particularly on the adopted

models and parameters.

This report describes the evaluation of 28 F. P. nuclides adopted in JENDL-1 in detail for each nuclide,

compares the present results with the other new evaluated data such as ENDF/B-IV, CEA, CNEN-2 and RCN-

2, discusses the discrepancies among the evaluated data by comparing the adopted parameters and models, and

suggests the way of further improvement of the present evaluation. In Chapter 2, the status of measured data

and the general evaluation method are described. Values of parameters used in the evaluation are tabulated.

Chapter 3 is devoted to detailed discussion on each nuclide concerning the status of measured data, the evalua-

tion method, comparison with the other evaluations and the encountered problems in the present JENDL-1 data.

In Chapter 4, discrepancies among the recent evaluations are reviewed and suggestions are made for further

improvement of the present data. The evaluated cross sections are tabulated in Appendix in the form of the

averaged values over appropriate energy intervals.

* These abbreviations are used by Grupps'aar et al.2n
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2. General Description

2. 1 Status of Experimental Data

This section describes the status of the experimental data available at present (December 1978). As to the

capture data, the status at the time of the present evaluation (July 1975) is also given.

2. 1. 1 Total Cross Section

The status of total cross section data is shown in TABLE 2. 1, in which the number of references on total

cross section measurements are given for the thermal, resonance, and fast ( > l k e V ) energy ranges, and the

number of data points and energy range of measurements are also given. The status was surveyed using

CINDA 76/77'24> and its Supplement 4.

The thermal data are poor compared with the data in resonance and fast energy ranges. The data in the

resonance energy range are comparatively abundant, and exist for 20 nuclides. Measurements in the fast energy

range have been performed for 12 nuclides.

Nuclide

90Sr
93Zr
9 5 Mo
9 7Mo
9 9 Tc

101Ru
1 0 2Ru
1 0 3Rh

1 M Ru
105Pd
106Ru

io7 P d

109 A g
129J

1 3 1Xe

" 3 C S

135Cs
137Cs
l 1 3 Nd

uiCe
i«Nd
- N d

" T m

" ' S m
149Sm

151Sm
153Eu
155Eu

TABLE ;>.l Status

Number of References

Thermal

None

None

None

None

3

None

None

6

None

None

None

None

None

2

None

3

None

None

3

None

None

2

4+(l)
2

5

2

2+(l)
None

Resonance

None

1

None

None

5 + d)

1

1

8

1

None

None

( 1 )
3

1

None

5

1

1

3

None

1

3

4+(l)
1

5

2

3

None

Fast

None

None

1

None

3

None

None

9

None

None

None

None

1

None

None

7

None

None

2

None

4

2

1

None

2

1

1

None

of the exprerimental data for total cross section

JT Data

Number of
Data points

103

Many
237

Many

1

Many
727

Many
1

Many
Many

1
229

i
Graph

1

Above lkeV

Energy Range

130~640 keV

<130keV
2. 5—15 MeV

<15MeV

14MeV

<4. 5keV
2. 50keV~15MeV

<30keV
14MeV

<14MeV
<25keV

14MeV
2. 5~15MeV

<650 keV
14MeV

<2. 5keV
2. 0 keV

Comments

110 points in 2eV~130keV

Resonance Parameter
Resonance Parameter
8663 pts. below 4. 2keV
242 pts. in 2. 5~15MeV
Resonance Parameter

Resonance Parameter
(7T = 4. 38 + 0. 02b at 14MeV

7553 pts. in 100eV~4. 5keV

Res. Eo only (31 pts.)

11200 points in 65eV~30keV

9498 points in 90eV~29keV
13815 points in 31eV~25keV

Numbers in parenthesis show the documentations published since January, 1976.
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2. 1. 2 Capture Data

TABLE 2.2 shows the status of capture data. This includes the thermal neutron cross sections, resonance

integrals, resonance parameters and the capture cross sections above 1 keV.

Thermal neutron cross section data are available for all the nuclides except ;05Pd and 107Pd. It should be

noted, however, that there often exist large discrepancies among the experimental data. Resonance integrals

are available for 18 nuclides, but the measured values are not necessarily consistent with the values expected

from the resonance parameters. We regarded the resonance integral data as only auxiliary information in the

present work.

The resonance parameters were available for 21 nuclides at the time of the present evaluation. After that

the parameters of 107Pd became available.

The data for capture cross sections above 1 keV were available for 11 nuclides at the time of the present

work. The data for 10)Ru, 105Pd, H3Nd, m N d and IJ5Nd were published after this work. The data for 103Rh,
103Ag, and 133Cs are abundant compared with other nuclides, but there exist significant discrepancies among the

measured data. For neutron energies above 100 keV, the data were available only for HI2RuJ
 104Ru, I03Rh,

109Ag, and )33Cs when the evaluation work was performed. However, at present, the data for 101Ru, I05Pd,
MllNd, 147Sm, 149Sm, and 153Eu have been released in this energy range.

2 . 1 . 3 Inelastic Scattering Cross Section

The inelastic scattering cross section of F. P. nuclides is an important quantity after the capture cross

"NTn/%1 i rl a
IN UC11QC

9oqr
or

9 3Zr
9 5 Mo

" M o

"Tc
1 0 1Ru
1 0 2Ru
1 0 3 Rh
1<MRu
1 0 5Pd
106D.,

X\.U

1 0 7 P d

1 0 9 Ag
129J

1 3 1 Xe

"3Cs
1 3 5 ^

s

1 4 3 Nd

M4p

M I P m

" 7 S m

" 9 S m
1 5 1Sm
153Eu

U

TABLE 2 . 2

(Jo., th

V P C
1 cb

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

X Cb

Yes

Yes

Yes

Yes
V p o
X CS

V-c
X Cb

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Rlr

1ST

No

Yes

No

Yes

Yes

Yes

Yes

Yes

No

X Co

Yes

Yes

No

Yes
V

e s

Yes

I cS
No

Yes

Yes

Yes

No

Yes

Yes

No

Status of

Resolved

N™,

1

55

64

11

30+ (124)

3 + (121)

276+ (97)

4 + (86)

58+ (85)

(34)

81

5

39

160

111*

35

191

38B

131B

87B

10B

76

the experimental data for neutron capture available up to March, 1980

Resonances

E M . ( e V )

110

2142

1941

280

670(4483.4)

1296(13446)

4140(4163)

1055(11864)

808(3652)

(654)

2506

153

3945

3500

5503

19407

4637

317

1161

249

13

97

r7

No

Yes

Yes

Yes

Yes

(Yes)

Yes

(Yes)

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Number of
References

JNone

None
3+(l)
2+U)
2+(l)
1+ (1)
5+(l)

34+(1)
11+(2)
2+(2)
N

None
9

None
None

10+(3)
TS.T
iNons

JNone

(2)
, T
IN o n e

(2)
l+(2)
None
1+(1)
2+(l)
None
4+(3)
None

a(n,r
Number of
Data Points

33+(35)
43+ (35)
22+(10)

434

168

Many
178+ (1)
564+ (16)

49

162+ (26)

(14)

(44)
434+ (14)

1 + (75)
435+ (75)

628+ (93)

) Data Above 1 keV

Energy Range

<200keV
<200 keV

<80keV, 14. 7MeV
2. 6~550keV

2~500 keV
<15MeV

2~950keV, 3MeV, 14.5~14. 7MeV
2. 6~800keV

<6MeV

<2. 6MeV, 14~15MeV

3~400keV

3~350 keV
3—400 keV

5~350keV
5~350keV

<350keV

Symbol B indicates that bound level is known to exist besides Nr(-s.
Numbers in parenthesis show the data published since January, 1976.
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section in reactor calculations. It gives a considerable contribution to the slowing down and spectrum of

neutrons, and therefore affects the sodium void coefficient. Hence, it is desirable to evaluate the cross section

value as precisely as possible. Against this requirement, the status of the experimental data is poor as shown

in TABLE 2.3. The data of total inelastic scattering cross section exist only for 99Tc, 103Rh, and u3Cs, while

the differential inelastic scattering cross section has been measured for 7 nuclides, i. e., "Tc , 102Ru, 1<MRu, 103Rh,
109Ag, 133Cs, and H4Nd. In the present evaluation, these experimental data were used only as references.

2. 2 Calculation of Smooth Cross Sections

The evaluation of cross sections in the unresolved resonance region and in the high energy region was

based on the calculation with the spherical optical model and the statistical theory. When the capture data

were available, the calculated cross sections were normalized to these data.

2. 2. 1 Optical Model

The optical potential papameters adopted are the same as those used in our previous evaluation12'. These

TABLE 2.3 Status of the experimental data for inelastic scattering cross section

Nuclide

90Sr
93Zr
95Mo

"Mo

" T c
101Ru
102Ru
103Rh

™Ru
io 5 p d

iosR u

107Pd
109Ag
129J

131Xe

!33Cs
135Cs
137Cs
143Nd
144Ce
M4 N d

145Nd
147Pm
147Sm
149Sm
151Sm
153Eu

' " E u

No. of Refs.

None

None

None

None

1

None

None

5+d)

None
None
None
None
None
None
None

1

None
None
None
None

(1)
None
None
None
None
None
None
None

Total

No. of
Data pts.

1

2
55
4

205

1

Inelastic

Energy Range

Fiss. Spectrum

Fiss, Fast
180keV—4. 6MeV
14keV—15MeV

550—970 keV

7. 0 MeV

Differential Inelastic

No. of Refs.

None
None
None
None

3

None
1

12+ (2)

1

None
None
None

4

None
None

5

None
None
None
None

(1)
None
None
None
None
None
None
None

No. of
Data pts.

4

•>

5
330

?

24

185

Graph

Energy Range

14—15 MeV

Threshold—900 keV
Fiss
120 keV—15 MeV

Threshold—900 keV

3—18 MeV

120 keV—22 MeV

4.1—7.0 MeV

Numbers in parenthesis show the documentations published since January, 1976.
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70 80 90 100 110 120 130 140 150160
MASS NUMBER , A

Fig. 2.1 Total cross sections for nuclei in F. P. mass region.

10

D
JQ

2.0

1.0

0.0

Nb - 93 Inelastic

Exp.

Cal.

J L J L
0.2 0.4 0.6 0.8 1.0 2.0 3.0 4.0

( MeV)
Fig. 2.2 Total elastic scattering cross section of neutrons by 93Nb.
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dfijr)
dr

(a-I) ( 1 )

where / i M = l/ 1+exp

r-Rz

R

1+exp

Vo=46 - 0. 25 En (MeV), for A < 147

= 52. 5 -0 . 25£n-40(iV-Z)/,4(MeV), for A>147

W,=Q. 125£,,-0. 0004£n
2 (MeV)

lVs=7.0MeV, ^ 0 = 7.0 MeV

ao = Q. 62 fm, 6=0. 35 fm

£i = l. 16i41/3 + 0. 6fm

J?2 = l. 16A1/3 + l. lfm, for A< 147

= 1. 16A1/3 + 1.3fm, for A > 147.

Here, mx is the mass of 7r-meson and En the incident neutron energy in MeV unit in the center of mass

system. Other symbols stand for the meanings as commonly used. These potential parameters were obtained

so as to reproduce the global trend of the experimental total cross section of nuclides in F. P. mass region as

shown in Fig. 2.1. The detail of the procedure is described in Ref. (12). It should be noted that the trend

of the real depth is changed at A = 147.

The validity of these potential parameters was confirmed through comparison between calculated and ex-

perimental data on the elastic and inelastic scattering cross sections, the angular distributions of elastically

scattered neutrons as shown in Figs. 2 .2~2.4 as examples. The s-wave and p-wave strength functions are

D

10.0

5.0

0.0

1Mb-93 Elastic

o °o

Exp.

Cal.

0.2 0.4 0.6 0.8 1.0 2.0 3.0 4.0
( M e V )

Fig. 2.3 Totat inelastic scattering cross section of neutrons by 93Nb.

COS0CM

Fig. 2.4 Angular distributions of
elastically scattered neutrons
from Mo, Ag, In, Cd and Sn.
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1.0

10

Wilmore

Rosen

Moldauer

| Becchertl

Wilmore

Moldaue?""—i.

T i l l

90

(a)

95 100
A

105

So , 10"

Z>* Becchettl

Wilmore
Igarasl

' T- _L-x

- s > T
Rosen —"^x-—'" T _ ...jl.

( b )

135 140 145 150

Fig. 2.5 Neutron strength func-
tions calculated by the
present optical potential
(Igarasi) are compared with
the measured values in
F. P. mass region as well
as with those calculated by
the potentials of Mold-
auer25', of Wilmore and
Hodgson26', of Bechetti and
Greenlees2" and of Rosen
et al.2S)

A
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Nuclide

9 0Sr {

9 3Zr I

95ft/f33lvlo

!'Mo

J 3 1 C

I01Ru

10-Ru

103Rh

"Ru |
i

1
106Ru |

107Pd

r
109Ag |

i

129J J

1 3 1Xe I

133Cs j
1

135Cs

137Cs |

113Nd |

ii4Ce

""Nd

"5Nd

" ' P m

147Sm

" 9 S m

15ISm

153Eu

TABLE 2.4 S-wave

So

Si

So

Si

So

Si

So

Si

So

Si

So

Si

So

Si

So
Si

So

Si

So

Si

So

Si

So

Si

So

Si

So
Si

So

Si

So

Si

So
Si

So

Si

So
Si

So

Si

So

Si

So
Si

So

Si

So

Si

So

Si

So

Si

So

Si

BNL-32529'

-

—

0.35 + 0.07
7 + 2

0.34 ±0.06
8. 0±2. 5

0.44 + 0.14
4.6 + 1.4

0. 56±0. 15
-

0 0 6 + 0. 16

—

0. 54±0. 07
6. 0±1.5

0 11+0-12
a l l _ 0 . 04

0.35 + 0.20
—

—

_

_

0.50 ±0.15

2. 5±1. 0
—

—

—

0. 7±0.1

3.9 + 1.0
_

—

—

3. l±0. 5
_

_

—

3. 9±1. 0
—

4. 2±0. 5
—

3.1 ±0.8

4. 6±0. 4
—

5. l±0. 9

4. 0±l. 8

2.5 + 0.2

0. 6±0. 4

and P-wave Neutron Strength Functions in

ENDF/B-IVa>

0.50*
3.67*
0.41*
4.11*
0. 36*
4.34*
0.31*
4.48*
0.43
3.0

0.24*
4.57*

0.23*
4.55*
0.53
4.2

0.21*
4. 47*
0.20*
4.40*
0.20*
4.35*
0.19*
4.24*
1. 07**
4. 85**
0.80*
1.87*
2. 24**
1. 88**
2. 47**
1. 74**
1.29*
1.40*
1.50*
1.27*

d)

2.40*
0.90*
2.40*
0.90*

d)

d)

d)

d)

d>

3. 54***

1. 43***

CEA

0.45

7.4

0.5

8.0

0.47

6.0

0.45

7.0

0.3

5.0

0.475

6.0

0.33

4.0

0.42

5.5

0.4

5.0

0.66

3.5

0.44

2.1

0.85

3.0

0.8

1.7

3.3

0.8

3.5

0.8

3.2

0.7

5.2

0.6

3.5

0.8

CNEN-2b>

0.75

4.6

0.5

5.0

0.7

6.0

0.44

3.9

0.56

7.3

0.2

4.5

0.5

6.0

0.34

4.5

0.45

5.5

0.45

4.5

0.45

6.0

0.89

2.9

0.65

3.3

0.70

2.0

0.5

1.0

3.3

0.8

3.5

0.79

4.5

0.78

3.3

0.5

3.4

0.6

4.3

1.0

5.5

0.4

3.68

0.5

2.8

1.0

Unit of 10""

RCN-2C>

0.8

5.0

0.75

6.0

0.47

6.00

0.56

7.3

0.322

7.3

0.47

6.5

0.321

7.0

0.5

5.4

0.4

5.5

0.6

3.8

0.8

2.0

0.8

3.9

2.7

1.2

3.0

0.9

3.3

0.86

2.8

0.71

4.3

1.8

5.1

1.8

3.65

1.2

JENDL-1

0.455

4. 17

0.401

4.93

0.373

5.41

0.352

5.86

0.336

6.10

0.328

6.19

0.325

6.17

0.324

6.12

0.326

6.04

0.327

5.94

0.332

5.80

0.336

5.64

0.354

5.26

1.06

1.76

1.22

1.58

1.42

1.39

1.61

1.26

1.83

1.13

2.82

0.82

2.97

0.78

2.97

0.78

3.19

0.74

3.48

0.61

4.02

0.52

3.88

0.54

3.80

0.55

4.2

0.49
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TABLE 2.4 (cont.)

Nuclide

I 5 5Eu { So

Si

BNL-325295

—

ENDF/B-IV>

d)

CEA CNEN-2b>

2.2

0. 1

RCN-2<> JENDL-1

4.13
0.49

a) Values were calculated by the present authors from the optical potential parameters used in
the ENDF/B-IV evaluation:

* : Moldauer26'
** : Wilmore and Hodgson2"

***: Becchetti and Greenlees27'.
b) Obtained from the unresolved resonance parameters.
c) Values used in the strength function model region denned in Table 2. 8.
d ) Information not obtainable.

also reproduced fairly well as seen in Fig. 2. 5. TABLE 2. 4 compares the calculated strength functions with the

recommended values in BNL-325 3rd edition29' as well as with the values adopted in the other recent evalua-

tions.

2. 2. 2 Statistical Model

Neutron capture, compound elastic and inelastic scattering cross sections were calculated with a modified

statistical model based on Moldauer's method30'30 which takes account of the fluctuation in neutron width and

the interference among levels. Competition among the reactions was considered in the present model, details

of which are given in Ref. (32). Direct capture and collective capture processes were ignored in the present

work. This makes a rapid decrease of capture cross section above a few MeV. Other reactions such as (n, 2n),

{n, p), etc. were ignored. This leads to much overestimation of the inelastic scattering cross section above the

threshold energy of these reactions. However, these drawbacks are not thought to be very serious, since the

cross sections of fission products little affect the reactor calculations in such a high energy region.

The 7-ray strength function 5 7 , the ratio of average radiation width Fy to average s-wave resonance level

spacing D,,hs, is the crucial parameter in determining the capture cross section. The values of Fy and Dobs

were taken from BNL-325, 2nd edition, Supplement No. 233) and the compilation by Baba34'35), respectively.

The unknown data were estimated by interpolation. The energy dependence of Fy was calculated with the

Brink-Axel3" type profile function. The values of Sy were then adjusted by the capture cross section data

when available. The adjustment was made mainly by varying the values of Dobs- In some cases where only

resonance parameters were known but no capture data existed in keV region, Dobs was varied so that the

capture cross section obtained by the statistical theory should be connected smoothly with the resonance capture

cross section. This procedure will be discussed in section 2. 4. Values of Fy, Dobs and Sy thus determined

are tabulated in TABLE 2. 5, with the values recommended in BNL-325 3rd edition295 from the resolved resonance

parameters as well as those adopted in the other evaluations. In cases of 97Mo, 99Tc and 153Eu, the

capture data show gross structure in the unresolved resonance region. In these cases, after adjusting A,bs

approximately, a curve was drawn through the data points by the eye-guide method to obtain the final evaluated

cross section.

TABLE 2.5 Radiation Width, Mean Level Spacing and 7-ray Strength Function in Units
of meV, eV and 10~4, respectively

Nuclide

f
90Sr

1
f

93Zr

1
f95Mo \

\

Dobs

St

rT
Dob,

s,
r,
Dobs

BNL-32529'

—

—

—

-

—

—

153±6°
116±0. 7b)

13.2

ENDF/B-IV

d)

194

382

5.1

350

114

30.7

CEA"

160.5 (299)
89

18.5 (33.6)

CNEN-2'.e'

167 (208)
320

5.2 (6.5)
171 (210)
89

19.2 (23.6)

RCN-2"

154 (265)
82

18.7 (32.3)

JENDL-1

205

12000
0.17
300

300

10

180

69.2
26
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TABLE 2.5 (cont.) 2

JAERI 1268

Nuclide

f
"Mo

[
f

"Tc

I
f

10lRu

{
f

102Ru

{
f

I 0 3Rh

{
r

1MRu

I
f

105pd

I
f

106Ru

l
f

1( )7Pd

{
f

109Ag

I
f

129!

I
13IXe

f
133Cs |

I
135CS

f
137Cs

[
f

i « N d

[
f

]"Ce
I

144N d

f
145N d

I

Dobs

r,
Dobs

s7

Dobs

r,
Dob,

Dobs

r7
Dobs

Dobs

Dobs

Dobs

S-,

Dobs

r,
Dob,

r,
Dobs

r,
Dobs

Dobs

Dobs

Dobs

Dobs

Dobs

r7
Dobs

BNL-32529'

126±7a)

135+1.3"

9.3

260 ± 5 "

27. 9±0. 4b)

93

173±7">

33. 4 ±0. 3b)

52

—

88±10b)

—

156±3a)

12±l c )

130
—

289±23b>

—

153±5">

13. 6 + 0. 3b)

113
—

—

_

—

—

—

129±2»>

44±2b>

29
—

22.4±1. 4b)

—

114±6O)

55±7C>

21

118±17!"

20±2c>

59

-

—

—

—

-

—

72 + l«>

32±3C)

23

-

—

—

80 + 12a>

540±65c)

1.5

52 + 1°'

19±2C>

27

ENDF/B-IV

220

77.5

28.4

112

24.4

45.9

192

18.3

105

290

631

4.60

171

15.9

108

160

284

5.6

153

9.91

154

145

1181

1.23

140

10.3

136

(140)"

(43. 8) e>

32

117

27.4

42.7

(117)"

(58.5)"

20

(110)"

(18.0)"

61

105

323

3.25

95

1213

0.78

(72)"

(31)"

23.4

73

1636

0.45

d)

(52)"

(19.8)"

26.3

CEA"

138 (199)

65

21.2 (30.6)

137 (143)

18.6

73.6 (76.9)

174 (194)

16.7

104 (116)

240 (319)

550

4.36 (5.8)

162 (161)

26.4

61.4 (61)

95 (107)

270

3.5 (4.0)

157 (196)

10

157 (196)

123 (160)

5.50

224 (291)

132 (125)

17.9

74 (70)

68

30.0

22.7

127 (158)

23.4

54 (67.5)

124

43. 1

29

73 (68)

39

18.7 (17.4)

53 (46)

19.2

28 (24)

CNEN-2f'8'

131 (169)

70

18. 7 (24. 1)

136

18.5

73.5

160 (172)

16.4

98 (105)

211 (418)

550

3.84 (7.6)

189 (184)

35

54 (53)

97 (99)

270

3.6 (3.7)

153 (167)

10.5

146 (159)

186 (183)

1804

1.03 (1.01)

138 (155)

11

125 (141)

128 (125)

20.2

63 (62)

124 (127)

20

62 (64)

123

82

15

153 (138)

910

1.68 (1.52)

74 (70)

30

24.7 (23)

59 (58)

785

0.75 (0.74)

113 (77)

550

2.05 (1.40)

51 (50)

16.3

31 (31)

RCN-2f>

134 (175)

66

20.3 (26.5)

130

18.6

70

172

16.7

103

275

573

4.8

161

26.1

61.7

97

265

3.7

155

10

155

105 (155)

4.2

250 (274)

129

17.5

74

107

30

35.7

125

20

62.5

86 (85)

35

24.6 (24.3)

47 (41)

450

1.04 (0.91)

86 (85)

19

45.3 (44.7)

JENDL-1

170

72.3

23.5

112

16.2

69.1

165

13.8

120

165

290.5

5.68

164

26.1

62.8

165

588

2.81

155

11. 1

140

150

1000

1.5

140

10.0

140

130

12.7

102

100

21.0

47.6

114

33.2

34.3

118

23.2

50.9

125

60.0

20.8

100

1100

0.91

85

46.4

18.3

90

1000

0.90

80

700

1.14

60

24.2

24.8
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TABLE 2.5 (cont.) 3

11

Nuclide

f
147Pm

I
f

147Sm

I
f

" 9 S m

I
1 5 1 S m •

1 5 3Eu

f
1 5 5Eu

I

Dobs

S-,

Dob,

s,
r,
Dob,

rT
Dobs

r,
Dob,

Dob,

BNL-32529'

68±3a)

6. 8±1. 5"
100

67±2a>

7. 4 + 0. 7C)

91

60. 5±0. 5a>
2. 3 ± 0 . 3 "

263

75±4a)

1. 3±0. 2c)

577

94±l a )

1.3 + 0.2"
723

—

_

-

ENDF/B-IV

(68)"
(6.6)"
103

(63)"
(6. 7)"

94

(62)"
(2.3)"
274

(75)"
(1.3)"
570

94.8
1.3

729

—

—

407

CEAf>

67

5.3

126

60.5 (56.5)

1.95

310 (290)

78 (76)

0.9

867 (844)

CNEN-2f-s>

69

4.7

147

84 (83)

5.3

158 (157)

64 (62)

2.3

278 (270)

96 (95)

1.7

565 (559)

90

1.05

857

129

0.92

1400

RCN-2f>

69

4.6

150

100

6.3

159

76

2.0

380

96

1.72

558

JENDL-1

66

4.70
140

67

4.26
157

61

1.63
374

75

1.50
500

94

1.46
644

100

2.5

400

a ) Obtained by averaging the tabulated fT with the weight of
b) Obtained from the resonance energies in BNL-325 3rd edition29' by Yoshida and Sasaki.37'
c) Recommended in BNL-325 3rd edition.29'
d ) Information not available.
e) Only the 57-value is given. Dobs is deduced by assuming the same Fy as in the resolved or unresolved

resonances.
f) The values in the parentheses are for p-wave states.
g) The CNEN-2 evaluation gives ./-dependent / \ and the averaged values are given here.

2. 2. 3 Level Density Formula

The level density is required for both compound and residual nuclei in the statistical model calculation.

The level density formula of Gilbert and Cameron365 was used with a slight modification323 which was made

to take account of parity distribution of low lying discrete levels. The formula is expressed as

2J + 1
2oM\E)

_ exp[2VaUJ for E>EX (Fermi gas model)

for

( 2 )

( 3 )

( 4 )

( 5 )

77x=2. 5 + 150/A

(Constant temperature model)

effective excitation energy,

effective connecting energy,

Ex = Ur
x + A : connecting energy,

T=U*l{\//a-Ux—2} : nuclear temperature,

where J is the spin of nucleus, A the pairing energy, E the total excitation energy and " a" the level density

parameter. The spin cut-off parameter CM2 is

<JM2 = 0. 0888l/<zTrJ .A2'3 for E>EX ( 6 )

=0. Wd&Vadfx . A2 '3=const for E<EX. ( 7 )

The parity distribution P*{E) is assumed as

P*{E) = J- ( 8 )

where fr is the fraction of parity % in low lying discrete levels. The factor P*(E) becomes its theoretical

value of one half, with increasing energy E. The parameters Eo and d are somewhat arbitrarily determined as

E<, = (Ex + Ec)/2 ( 9 )

5=\E*-Ec\l2 (10)

where Ec is the energy above which levels are treated as overlapping.
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Nuclide

MSr

?3Zr

95Mo

97Mo

" T c

101Ru

102Ru

1 0 3Rh

I 0 4 Ru

lOSpd

Evaluation0'

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IVb)

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IV"

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA

ENDF/B-IVb)

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV

JENDL-1

RCN-2

CNEN-2

CEA

TABLE

a

(MeV-1)

10.55

—

11.38

13.00

11.42

11.36

12.9

12.4

—

11.9

12.93

14.6

14.55

—

13.27

13.34

15.80

15.60
—

—

13.93

16.30

15.50

—

14.95

14.64

16.20

16.75

—

14.98

14.69

16.50

16.50

—

—

16.01

17.00

17.60

—

16.56

15.16

16.40

17.25

—

2.6 Parameters Used in

Target Nucleus

A
(MeV)

1.96

—

1.20

(1.2)

1.2

1.28

1.28

(1. 28)

—

1.28

1.28

1.28

(1. 28)

—

1.28

1.29

1.29

(1.29)

—

—

1.28

1.28

(1.28)

—

1.28

2.22

2.22

(2. 22)

—

2.22

0.94

0.94

(0. 94)

—

—

2.52

2.52

(2. 52)

—

2.52

1.35

1.35

(1.35)

—

E*
(MeV)

6. 127

—

5.313

5.4

—

5.359

6.744

7.08

—

—

5.326

6.896

6.58

—

—

5.305

6.792

6.59

—

—

5.265

7.724

6.58

—

—

6.191

6.824

7.52

—

—

4.896

5.743

6.24

—

—

6.462

8.009

7.82

—

—

5.279

7.748

6.65

—

OM2

11.8

—

12.5

2.5

—

12.6

5.1
c)

—

—

13.6
6.8

c)

—

—

13.9
6.6

c)

—

—

14.3
c)

c)

—

—

14.8
c)

c)

—

—

14.9
c)

—

—

15.6
c)

c)

—

—

15.3
4.6

c)

—

Level Density Formula

5 .

(MeV)

7. 8036

—

6. 7585

—

—

7. 3751
7. 3751

—

—

—

6.8160
6. 8161

—

—

—

8. 8797
8. 8800

—

—

—

6. 8055
6.8050

—

—

—

9.2162
9.2161

—

—

—

9. 3097
9. 3120

—

—

—

8. 9127
8. 8870

—

—

—

7.0737
7. 9041

—

—

a

(MeV-1)

11.24

—

12. 16

13.40

12.10

12.15
14.0
14.0
12.9
12.49

13.55
15.78
15.7
14.7
14.39

13.97
16.38
16.40
15.5

—

14.64
16.20
16.20
15.2
14.98

15.25
17.94
18.00
16.50
16.21

15.30
17.13
16.76
15.80

—

16.64
20.85
20.60
19.05
18.99

15.93
17.20
17.15
16.30

Compound Nucleus

A

(MeV)

1.24

—

2.32

(2. 32)

2.32

2.40
2.40

(2. 40)
(2. 40)
2.40

2.57
2.57

(2. 57)
(2. 57)
2.57

0

0

0

0

—

2.22
2.22

(2.22)
(2.22)
2.22

1.28
1.28

(1.28)
(1.28)
1.28

0

0

0

0

—

1.28
1.28

(1.28)
(1.28)
1.28

2.59
2.59

(2. 59)
(2. 59)

(MeV)

5.388

—

6.416

6.72

—

6.463
7.492
7.5

—

—

6.600
8. 124
7.97

—

—

4.000
3.142
5.3

—

—

6.191
6.824
7.32

—

—

5.236
8.176
6.58

—

—

3.942
4.922
5.3

—

—

5.209
6.869
6.48

—

—

6.505
8.047
7.49

—

(E = S.)

12.9

—

15.5

26.8

15.5

16.9
29.8
29.8
17.4
17.1

17.1
30.4
30.3
17.9
17.6

18.4
32.7
32.7
19.4

—

19.6
33.9
33.9
20.0
19.8

16.9
d)

d)

17.7
17.5

20.3
35.4
35.0
20.7

—

17.3
d)

d)

18.6
18.7

21.0
35.8
35.8
21.1

S*

(MeV)

5. 8278

—

8.1911

(8. 20)

8.1984

9.1543
9.1542

(9.15)
9. 15
9.1567

8. 6424
8. 6424

(8. 64)
8.64
8. 6422

6. 5937
6. 6000

(6. 60)
6.60

—

9.2162
9.2161

(9. 22)
9.22
9. 2161

6.2245
6.2250

(6.225)
6.225
6.2475

6. 9997
6. 9993

(7.0)
7.0

—

5. 9077
5. 9080

(5.91)
5.91
5.9765

9.5607
9.5610

(9. 56)
9.56
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Nuclide

ioeR u

107Pd

>mAg

129J

131Xe

I33Cs

135Cs

>37Cs

] « N d

144Ce

Evaluation"'

ENDF/B-IV

JENDL-1

RCN-2

CNEN-2

CEA

ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IVb)

JENDL-1
RCN-2
CNEN-2
CEN
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IVb>

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV

.. JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV1"

JENDL-1
RCN-2
CNEN-2

a

(MeV->)

15.81

17.08

17.85

17.09

16.57
18.40
18.00

—

16.44

16.80
17.80
17.85

—

—

15.87
16.80

—

16.78

16. 14

16.98

16.13
17.00
16.30

—

—

13.55

15.40
—

13.80

11.18

13.30

10.24

18.19
18.28
17.70

—

—

15.74

22.90

TABLE 2.6 (cont.) 2

Target Nucleus

A

(MeV)

1.35

2.53

(2. 53)

2.53

1.35
1.35

(1. 35)
—

1.35

1.25
1.25

(1. 25)
—

—

1.20
1.20

—

1.20

1.12

1.12

1.04
1.04

(1. 04)
—

—

0.70

(0. 70)
—

0.70

0.85

(0. 85)

0.85

1.18
1.18

(1.18)
—

—

2.09

(2. 09)

Ex

(MeV)

—

6.445

7.73

—

5.252
7.173
6.55

—

—

5. 126
6.656
6.45

—

—

4.863
6.310

—

—

4.765

—

4.668
7.136
5.44

—

—

4.311

4.60
—

—

4.445

2.75

—

4.729
3.859
3.28

—

—

5.632

6.49

an2

(£ = 0)

—

16.3

4.5

—

16.1
4.6

c)

—

—

16.4
4.8

0)

—

—

17.3
7.9

—

—

17.6

—

17.7
c)

c)

—

—

16.3

c>

—

—

15.0

4.1

—

19.5
7.8

c)

—

—

18.2

2.4

(MeV)

—

8. 4647

—

—

6. 5427
6. 5420

—

—

—

9. 1882
9. 1880

—

—

—

8. 8396
8. 8400

—

—

6. 6056

—

8. 9797
9. 0380

—

—

—

8. 8247

—

—

—

8. 2767

—

—

6.1257
6.1227

—

—

—

6. 8817

—

a

(MeV-1)

16.08

17.46

17.8

17.32

17.01
19.60
17.85
17.90
16.69

17.17
18.38
18.05
17.1

—

14.99
16.41

15.30
15.52

14.97

15.02

14.85
16.19
16.59
14.90

—

12.35

14.45
14.20
11.52

12.41

15.60

12. 16

19.17
17.72
17.96
16.30

—

16.54

24.50

Compound Nucleus

A

(MeV)

2.

1.

(1.

1

2

2

(2.

(2.
2.

0

0

0

0

0

0

0

0

2.

2.

0

0

0

0

0

0

0

0

0

0

0

1.

1.

(1.

(1-

1.

(1.

59

28

28)

28

60

60

60)

60)

60

—

16

16

—

94

94

94)

94)

—

17

17)

EK

(MeV)

—

5.182

6.48

—

6.489
7.887
7.80

—

—

3.864
4.458
4.4

—

—

3.654
6.721

—

—

5.796

—

3.619
4.607
4.4

—

—

3.603

3.60
—

—

3.587

3.9

—

5.482
5.512
5.54

—

—

4.705

4.67

(E = S»)

21.0

17. 1

28. 4"

17.0

21.4
37.7
36.0
21.9
21.2

22.0
37.5
37.1
22.0

—

22.4
d)

22.7
22.9

23.2

23.2

23.5
40.4
40.9
23.6

—

21.5

38.2
23. 1
20.5

17.5

32.2

17.2

25.9
40.9
41.2
24.0

—

18.9

37.9

S.

(MeV)

9. 5474

5. 4587

(5. 46)

5. 4534

9. 2247
9. 2250

(9. 225)
9.225
9. 2275

6. 8057
6. 8055

(6. 805)
6.805

—

6. 4567
6. 4560

6.45
6. 4984

8. 9361

8. 9323

6. 8907
6.8913

(6. 89)
6.89

—

6. 7687

(6. 77)
6.77
6. 6114

4. 3807

(4. 38)

4.3114

7. 8177
7. 8174

(7. 82)
7.82

—

4. 7787

(4. 78)
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Nuclide

" 5 Nd

" ' P r a

147Sm

149Sm

151Sm

"MEu

155Eu

Evaluation"'

CEA
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

JENDL-1
RCN-2
CNEN-2
CEA
ENDF/B-IV'

a

(MeV-1)

17.79

19.17
17.72
17.96

—

20.02
20.56
19.3

—

—

18.46
20.20
21. 15

—

—

21.41
21.00
19.50

—

19.85
23.50
22.75

—

—

21.26
26.88
25.90

—

—

21.81

25.70

—

20.85

24.80

—

TABLE 2.6 (cont.) 3

Target Nucleus

A

(MeV)

2.09

1.94
1.94

(1. 94)

—

1.18
1.18

(1.18)
—

—

0.92
0.79

(0. 92)
—

—

1.22
1.22

(1. 22)

—

1.22
1.22

(1. 22)
—

—

1.22
1.22

(1. 22)
—

—

1.10

1.10

—

0.92

(0. 92)

—

(MeV)

—

5.482
5.512
5.64

—

4.715
5.199
4.38

—

—

4.440
4.915
5.32

—

—

4.740
5. 198
5.42

—

4.727
5.915
6.02

—

—

4.713
6.806
6.62

—

—

4.580

6.50

—

4.388

6.12

—

(7M2

(£ = 0)

—

20. 1
7.2

3.9

—

20.6
5.7

c)

—

—

19.9
c)

c)

—

—

21.5
7.1

2.8

—

20.8
6.2

c)

—

—

21.7
8.2

c)

—

—

22.1

c)

—

21.8

7.2

—

S.

(MeV)

—

7. 8177
7. 8174

—

—

5. 7597
5. 7553

—

—

—

7. 6737
7.674

—

—

—

6. 3727
6. 3730

—

—

5. 8727
5. 8731

—

—

—

5. 5917
5. 5960

—

—

—

8. 5557

—

—

8. 1767

—

—

a

(MeV-1)

20.26

20.02
20.56
20.10

—

17.64
20.20
20.50
18.90

—

19.29
21.74
21.62
20. 10

—

19.01
20.77
21.15

—

20.65
24.00
23.71
22.60

—

21.32
24.23
24.39
23.60

—

21.43

23.70

—

20.34

24.20

—

Compound Nucleus

A

(MeV)

1.17

1.18
1.18

(1.18)

—

2.10
2.10

(2.10)
(2. 10)

—

0

0

0

0

—

2.14
2. 14

(2. 14)

—

2.21
2.21

(2. 21)
(2. 21)

—

2.32
2.32

(2. 32)
(2. 32)

—

0

0

—

0

0

—

(MeV)

—

4.715
5. 199
5.08

—

5.627
6.536
6.00

—

—

3.514
4.5

4.80
—

—

5.654
6.358
6.44

—

5.710
6.853
7.01

—

—

5.807
7.611
7.82

—

—

3.474

5.40

—

3.462

5.10

—

OM2

20.6

23.5
39.1
38.7

—

24.2
42.5
42.8
25.1

—

26.5
46.3
46.1
27.1

—

26.5
45.6
46.0

—

27.4
48.5
48.2
28.7

—

28.5
49.9
50.1
30.1

—

30.0

51.8

—

29:2

52.4

—

Sn

(MeV)

4. 6434

5. 7597
5. 7553

(5. 76)

—

7. 5657
7. 5647

(7. 565)
7.565

—

5. 9007
5.902

(5. 90)
5.90

—

8. 1407
8. 1402

(8. 14)

—

7. 9867
7. 9852

(7. 985)
7.985

—

8. 2677
8. 2580

(8. 27)
8.27

—

6. 4377

(6. 44)

—

6. 3257

(6. 33)

—

a ) Description for each evaluation
1) JENDL-1 : a, A and £* were taken from Ref. (38), S. from Ref. (39), CTM2(E = 0 ) calculated with Eq.

(7) and oM
2{E = S») with Eq. (6).

2) RCN-2 : a, A, Ex and S, were taken from Refs. (17), (18) and (19), OM2(E = 0) is aM
2.^P in Eq. (13)

and taken from Ref. (17), (18) and (19), 0M2(E = S.) calculated with Eq. (12).
3) CNEN-2 : a, £/x and 1M2,^P were obtained through Ref. (20). oM

2{E=S*) was calculated with Eq.
(12) except for 106Ru where Eq. (13) was used. A and S» were assumed to deduce 0M2 and
Ex and are given in parentheses.

4) CEA : a, S, — A and a,\i2(E = Sn) are given in Ref. (16) for only compound nucleus. A given in
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parentheses was assumed to deduce £„.
5) ENDF/B-IV : a, A for target and compound nuclei and S* for compound nucleus are given in Ref. (6).

E* is not given and therefore (7M2(£ = 0) cannot be caculated with Eq.(7). au2(E = Sn) was
calculated with Eq. (6).

b) Information of level density parameters is not available for this nuclide.
c) ffM2.cxp is not given.
d ) <7M2(E = S*) cannot be calculated, because EX>S, and <JM2,CXP in Eq. (13) is not given for the compound nucleus,
e) OM2{E = S») was calculated from Eq. (13).

As to values of "a" and A, we adopted the values recommended by Gilbert and Cameron385. TABLE 2.6

gives the adopted parameters with the neutron separation energy taken from a compilation by Wapstra and

Gove39). The parameters adopted in the other evaluations are also given in TABLE 2.6 for comparison. It

should be noted, however, that the adopted formulae are not exactly the same with each other and therefore

simple comparison is not allowed. The differences are discussed in the followings:

( 1 ) Parity distribution ¥„

All the other avaluations assumed Pn(E) = l/2.

( 2 ) Spin distribution Rj

The CEA evaluation used Eq. ( 3 ). In the RCN-2, CNEN-2 and ENDF/B-IV evaluations, Rj was given as

( 3 ) Spin cut-off parameter OM2 for E>Ex

Equation ( 6 ) was first derived by Jensen and Luttinger405 and was used by Gilbert and Cameron385.

Facchini and Saetta-Menichella40 gave

ff«2 = 0. U&Va-U .A 2 ' 3 (12)

and argued that Eq. ( 6 ) was in error. The choice of Eq. ( 6) or (12) affects value of the level density para-

meter " a". If Eq. (12) is used, the value of " a" increases due to Eq. ( 4 ) so as to give the same level

density at neutron separation energy, and therefore the spin cut off parameter increases by a factor of more

than 0.146/0. 0888. Equation ( 6 ) was adopted in the JENDL-1, CEA and ENDF/B-IV evaluations. On the

other hand, the CNEN-2 and RCN-2 evaluations adopted Eq. (12) and gave very large spin cut-off parameters

for compound nucleus at the neutron separation energy as seen in TABLE 2. 6.

( 4 ) ,Spin cut-off parameter for E<Ex

As is evident from Eq. ( 7), we assumed a constant value for the spin cut-off parameter in the energy

region of the constant temperature model and adopted the value au\Ex) calculated at the connecting energy.

Consequently the assumed value is considerably larger than the value OM2, exp expected from the spin distribu-

tion of low lying discrete levels. The ENDF/B-IV evaluation adopted Eq. ( 7 ) as JENDL-1 did. On the

other hand, the RCN-2 and CNEN-2 evlauations assumed

aM\E) = au\ exP+(oM
2(EX) - aM\ exP) £-. (13)

t,x

The difference of the spin cut-off parameter in the constant temperature model affects the capture and inelastic

scattering cross sections as pointed out by Gruppelaar et al.2i:>

( 5 ) The level density parameter " a " and Ex

The values of " a " and Ex were searched for so as to reproduce the measured values of the level spacing

in all the evaluations except the present work where the recommended values of Gilbert and Cameron383 were

adopted without modification.

2. 3 Thermal and Resonance Cross Sections

Cross sections in thermal and resonance regions were calculated from resonance parameters.

2. 3. 1 Resonance Parameters

The resolved resonance parameters were taken from BNL-325 3rd edition295 or recent reports on measure-
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Nuclide

9°Sr
93Zr
S 5Mo

"Mo
9DT c

101Ru
102Ru

103Rh

•«Ru
105pd

106Ru

107P(J

109Ag

129J

131Xe
133Cs
135Cs
137Cs

>43Nd
144Ce
U4Nd
I45Nd

' " P m
147Sm
I J 9Sm
151Sm
153Eu
155Eu

TABLE 2.

BNL-325

—

—

7. 1±1. 4
6. 6±1. 3
6. 0±0. 5

—

—

6. 56 ±0. 06
—

—

—

—

6.3±0. 2
—

—

5.2 + 0.4
—

—

—

—

—

—

—

—

—

—

8.8 + 0.4
—

7 Effective

ENDF/B-IV

5. 4051
5. 4645
5. 5034
5. 5418
6.91
5. 6171
5. 6355
6.56
5. 6721
5. 6902
5. 7084
5. 7263
6.3

6. 0948
5.85
7. 5166
6.188
6.2184
6. 3079
6. 3228
6. 3226
6. 3373
6. 3663
6. 3663
5.093
6. 4237
8.8

6.48

Scattering Radius in 10~13cm Unit.

CEA

5.7

5.8

5.8

5.8

5.8

5.9

5.9

5.9

5.9

6.0

6.3

6.4

6.4

6.55

6.6

6.6

6.6

6.65

CNEN-2

7. 1
6. 5017
6. 5415
6.8

6. 6194
6.547
5.91
6. 5843
6. 6953
6.6

6. 6394
6.3

5.2

6. 188
6.22
7. 3353
4.5

4.6

8.0

7. 136
5.8

5.093
7.463
8.8

8.0

RCN-2

7.1

6.6

6.8

6.7

6.6

6.56
6.5

6.5

6.5

6.3

6.095

5.5

5.6

8.0

5.0

7,14
6.366
5.09
6.42

JENDL-1

6.9

6.9

7.1

6.6

6.0

6.65
6.6

6.56
6. 6843
6.4

6.4

6.35
6.3

5.65
5.5

5.2

5.2

5.05
4.65
4.6

4.6

4.55
4.45
4.45
8.4

8.35
8.8

8. 15

ments. For nuclides whose resonances are resolved up to keV region, each level was assigned as either s-wave

or p-wave resonance considering the magnitude of Fn and the statistics of s- and p-wave levels. The procedure

is as follows :

(1 ) The reduced neutron widths were deduced by assuming that all the resonances belong to s-wave

resonances.

( 2 ) The reduced neutron widths were plotted as a function of neutron energy in log-log scale. In this plot,

the reduced neutron widths of s-wave resonances scatter around a mean value which is independent of

neutron energy. For p-wave resonances, on the other hand, the mean value of the reduced widths must

be an increasing function of energy, because the penetration factors were ignored in their deduction.

( 3 ) Taking account of energy dependance of the penetration factor, a line was drawn among the plotted

points, and the points lying above the line were assigned to s-wave resonances and those under the line

to p-wave ones.

( 4 ) The position of the line was adjusted so that the ratio of s-wave to p-wave resonances should agree

with the expectation from the statistics of resonance population.

Fig. 2. 6 illustrates the points and the line in the case of H3Nd.

The values of effective scattering radius R were adopted from BNL-325 3rd edition295 or from the inter-

polation according to the curve displayed in Fig. 2. 7. The values are compared in TABLE 2. 7 with the values

adopted in the other evaluations. Unresolved resonance parameter representation was not usad in the present

work, since the resonance self-shielding effect of the fission products are expected to be negligible in the actual

reactor calculations. The status of resonance parameters is shown in TABLE 2. 8 for various evaluations.
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Nuclide

90Sr

93Zr

95Mo

97 Mo

" T c

101Ru

102Ru

I 0 3Rh

101Ru

I05Pd

106Ru

TABLE 2.8

Evaluation

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

Status of Resonance Parameters

Defined energy range

Minimum
(eV)

10-5

10-5

10-5

10-5

10-5

10-5

10-3

10-5

io-«

10-5

10-3

10-5

10-5

10-5

10-3

10-5

10-5

10-5

10-3

10-s
10-5

10-5

IO-3

10-5

10-5

10-5

10-3

10-5

10-5

10-5

10-3

10-5

10-=

10-5

10-3

10-5

10-5

10-5

10-5

10-5

Maximum
(eV)

6, 000*

6, 300*

260

117

347

2,150
2,140
2,250
2,188

1,660
1,950
1,950
1,980

290

1,153
2,105

300

700

677

680

120

1,450
1,578
1,300
1,612

3,600
4,028
4,150
4,150

1,290
1,183
1,190
1,197

150

155

815

91.8

500*

12,180
1, 570*

Representation for Various Recent E

Resolved Resonance Region

S-wave resonance

No"'

0

0

1

1

0

19

23

25

25

27

23

27

30

11

79

85

12

22

24

23

7

3

3

4

1

87

274

106

233

4

4

5

4

13

17

61

9

0

6

0

E ">

(eV)

—

—

110

110

—

44.9
-16 .0
-21.2

44.7

70.9
-10.0
-20 .5

70.9

5.64
5.6

-13.6
- 6 . 4

15.9
15.7
15.9
15.9

166

165

- 5 6

1296

1.257
1.26

-10.74
1,257

226.5
224.6

-99 .5
224.4

11.8
- 2,0
- 4.42

11.8

—

630

—

(eV)

—

—

—

—

2,048
2,131
2,130
2,131

1,795
1,904
1,941
1,941

280

1,115
2,104
280.9

670

666

670

112.5

1,296
1,291
1,291

—

4,140
4,015
4,140
4,128

1,055
1,050
1,050
1,055

152

154.7
808

86.8

—

11,130
—

valuation F

P-wave resonance

No"'

0

0

0

0

0

34

33

30

30

35

44

41

34

0

0

18

0

0

0

6

0

0

0

0

2

188

0

171

42

0

0

0

0

0

0

0

0

0

0

0

£n,m
b>

(eV)
—

—

—

—

110.5
110.4
110.5
110.4

16.3
16.3
16.3
79.6

—

—

61.4

—

—

—

325

—

—

—

—

165

34.4
—

34.4
34.4

—

—

—

—

—

—

—

—

—

_

—

£„„"
(eV)

—

—

—

_

—

2,112
2,142
2,141
2,142

1,836
1,941
1,904
1,932

—

—

936.6
—

—

—

540

—

—

—

—

415

4,128
—

4,128
1,484

—

—

—

—

—

—

—

—

—

—

iles
Upper
Energy of
Unresolved
Resonance
Represent-

ation**
(keV)

—

—

—

50

—

—

70

50

—

—

100

50

—

—

150

50

141.4

—

10

50

—

—

10

50

—

—

200

30

40.4

—

10

50

—

—

280

50

—

—

50

—
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Nuclide

107PJ

109Ag

129T

131Xe

« 3 Cs

135Cs

>37Cs

I 4 3Nd

J « C e

i«Nd

" 5 N d

Evaluation

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2

CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

Defined energy range

Minimum
(eV)

10"5

10"3

10-5

io-5

10-5

10-3

io-5

10-5

10-5

10-3

10-5

10-5

10-5

10-5

10-3
10-5

10-5

io-5

10-5

10-5

10-5

10-5

10-5

10-5

10-3

10-5

10-5

10-5

10-5

10-5

10-5

10-3

46

10-5

lO"5

lO"3

10-5

lO"5

Maximum
(eV)

5*

3.11
49.1
16.0*

1,000
976

2,600
1,000

166

153

167

773

4,000

1,290
3,512
3,520
3,550

30*

463

218*

550*

10, 600
1, 533*

4,650
4,000
5,550

595

500*

10,400
1,131*

7,730
12,000
19,700
10, 000

3,600
2,160
4,650
1,457

TABLE .2.8 (cont.) 2

Resolved Resonance Region

S-wave resonance

N o "

0

1

6

0

81

69

68

63

5

6

5

15

40

61

165

139

163

0

7

0

0

11

0

51

91

112

18

0

13

0

15

23

34

19

76

114

193

79

jEminb>

(eV)
—

3. 11
- 5 . 4

—

5. 19
5.20

-19 .3
5. 19

72.4
- 5.0

72.4

14.4

14.4

5.9

5.9

- 7. 14
5.9

—

- 1.97
—

—

720

—

- 6.0
- 5 . 4
- 6.0
- 6.0

—

360

—

373.8
-76 .0
374

373.8

4.04
-20 .0
- 6.0

4.35

£ , . , "
(eV)

—

—

48.6
—

2,506
976

2,587
903

153

153

153

3,945

3,945

3,422
3,500
3,500
3,500

—

460

—

—

10, 408
—

5,440
4,022
5,503

576

—

9,960
—

18,430
11,660
19,407
9,735

4,365
2,157
4,637
1,448

P-wave resonance

No">

0

0

0

0

0

0

23

0

0

0

0

23

0

99

0

0

0

0

0

0

0

0

0

60

18

0
0

0

0

0

20

33

1

0

109

0

0

0

(eV)
—

—

—

—

—

—

32.63
—

—

—

—

173.6

—

181.5
—

—

—

—

—

—

—

226.2
226.2

—

—

—

—

—

733.7
2,955
4,738

—

96
—

—

—

En,. ,"

(eV)
—

—

—

—

—

—

849

—

—

—

—

3,102

—

3,500
—

—

—

—

—

—

—

5,503
4,011

—

—

—

—

—

19,407
11,410

—

—

4,637
—

—

—

Upper
Energy of
Unresolved
Resonance
Represent-

ation**
(keV)

—

70

50

—

—

100

50

—

—

60

—

—

—

1,500
50

—

—

50

—

—

100

—

50

50

—

20

—

—

50

60

—

—

50

40

—
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Nuclide

I47Pm

" 7 Sm

n»Sm

151Sm

153R

155Eu

Evaluation

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2
CNEN-2
ENDF/B-IV

JENDL-1
RCN-2

CNEN-2
ENDF/B-IV

Defined energy range

Minimum
(eV)

10-5

10-3

io-5

10-5

10-5

10-3

10-5

io-5

10-5

1O"3

10-5

3.508

10-5

10-3

10-5

10-5

10-5

10-5

0.77

10-5

10-5

10-5

Maximum

(eV)

300

319

320

58. 1

750

402

1,170

402

150

151

260

100

13.4
106

296.6
6.94

98

98

97.22

1.25*

4. 1
0. 321*

TABLE 2.8

Resolved

(cont.) 3

Resonance Region

S-wave resonance

No"' 1

39 -
39 -
42 -
14 -

51

59 -
128 -
59 -

34 -
64 -
92 -
30 -

11 -
65 -

121 -
8 -

31

79 -
79 -

0

5

0

(eV)

1.8

1.8

1.6

1.8

0.6

3.0

2.2

2.0

0.285
0.53
0.285
0.285

0.015
0. 12
0. 12
0.015

0.457

0.8

0.8

—

0.19
—

£,„•>
(eV)

316.5
316.5
316.5
55.7

1,137
399

1,161
399

179.9
149.5
258.9

99

12.75
105.3
295.7

6.44

97.6

97.6
97. 1

—

3.91
—

P-wave resonance

No 0 ) £minb)

(eV)

0 —

0 —

0 —

0 —

81 40.6

0 —

0 —

0 —

52 15.9

0 —

0 —

0 —

0 —

0 —

0 —
Q

41 4.75

0 —
0 —

0 —

0 —
0 —

(eV)
—

—

—

—

1,161
—

—

—

248.7
—

—

—

—

—

—

—

96.9

—

—

—

—

—

Upper
Energy of
Uuresolved
Resonance
Represent-

ation**
(keV)

—

50

50

—

—

70

50

—

—

70

15

10

—

70

4

—

—

50

10

—

50

—

a)
b)
c)

*

Number of levels
Energy of the lowest level
Energy of the highest level
Upper energy of the 1/v cross section
Upper energy of the strength function model for RCN-2

2. 3. 2 Multi-level Breit-Wigner Formula

As is well known, the elastic scattering cross section calculated from resonance parameters often takes

negative value when a simple sum of single-level Breit-Wigner formula is used. This is caused by disregard

of the interference between resonances, and therefore can be avoided if, as allowed in ENDF/B, the multi-level

Breit-Wigner formula is adopted. This formula in ENDF/B has an advantage that no additional parameters

other than single level parameters are required to calculate the cross section, though the level-level interference

is treated approximately for /S; l resonances. In applying this formula, the total angular momentum J must

be known for all the levels. For most nuclides, however, the J-values are not always assigned for all the

levels considered. In order to overcome this difficulty, a modified multi-level Breit-Wigner formula was deve-

loped by estimating statistically the /-values of the unassigned levels. The elastic scattering and capture cross

sections are then expressed as follows.
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Neut ron C r o s s S e c t i o n 1MAg ELASTIC SCATTERING

21

10" F

o
.a

MULTI-LEVEL
SINGLE-LEVEL

Neutron Energy t eV)
Fig. 2.8 Elastic scattering cross sections of 10?Ag calculated with single and multi level Breit-Wigner formulae.

TABLE 2.9 Thermal Capture Cross Section (barns).

Nuclide

5°Sr
93Zr
9 5Mo

"Mo

" T c
101Ru
102Ru
1 0 3Rh
1 M Ru
105pd

106 R u

107pd

109 A g

129J

131Xe

133Cs
135Cs
137Cs

' •"3Nd

UiCe
UiNd

"5Nd

»'Pm
147Sm
149Sm
151Sm

153Eu

155Eu

BNL-32529'

0.9 + 0.5

1. 3~4

14. 5±0. 5

2.2 + 0.7

19 + 2

3.1 ±0.9

1. 3±0. 15

150±15

0. 47±0. 2
—

0.146 + 0.045
—

91 + 3

27±3

90 + 10

29. 0 ± l . 5

8. 7±0. 5

0. 11 ±0.033

325 ±10

1. 0±0 .1

3. 6±0.3

42±2

181±7

64 + 5

41000±2000

15000 + 1800

390 ±35

4040 ±125

ENDF/B-IV

Calcu-
lated

—

—

4.81

0.18

19. 0b)

3.05

0.012

148.2

0.073

2.27
—

—

90.0

0.133

66.9

16.1

—

—

313"
—

2.28

6.79

182b)

60. 6"

41191b>

13447"'
d)

Adopted

0.9

2.5

14.47

2. 17

19.0

3.10

1.30

148.2

0.437

14.0

0.146

10.0

92.0

27.0

90.0

29.5

8.7

0.11

325

1.0

3.6

42.0

182

64.0

41191

15000

453

4040

CEA

Calcu-
lated

4.83

0.2

18.15

3.10

0.01

148.1

0.09

2.37

—

89.8

0.13

17.1

—

2.3

6.8

83

31050

128

Recom-
mended

14.5

2.2

20.5

5.0

1.35

149.1

0.47

12.4

—

91.5

27.5

29.5

8.9

325

42.8

175

41500

15000

CNEN-2

Calcu-
lated*"

1.78

14. 8b)

2. 5"'

20. 5b)

3.0

1.4"'

158. 3 "

0. 47b)

14. 7b)

0.148"

20. 8 b ^

92b)

30. lb)

9. 0b-c)

0.14C>

317"

1.128<>

3.6

51. 3b)

198b)

56. 5b)

40637"

15127b>

459"

3627='

RCN-2

Calcu-
lated

14. 38b)

2. 30b)

18.2
2.88
0.025

147.4
0.011

14. 21b)

9. 98°
89.9

27. 2 "

15.8

325. 7b)

3. 587b

42. 16b>

180. 8b)

64. lb>

41000b)

15150b)

Adopted

14.38

2.30

19.0

2.88

1.31

147.4

0.47

14.21

9.98

89.9

27.2

29. 1

325.7

3.587

42. 16

180.8

64. 1

41000

15150

JENDL-1

Calcu-
lated

—

1.34

5.42

0. 182

17.7

3.34

0.010

146.3

0. I l l

2.49

—

—

91.0

0.135

68.0

17.0

—

—

305b)

—

2.26

7.85

182b)

68. 2»>

41500b)

12600b>

71.9

—

Adopted

0.9

1.34

14.42

2.18

17.7

3.34

1.31

146.3

0.411

14.0

0.146

10.0

91.0

27.1

88.0

29.0

8.7

0.11

325

1.0

3.56

41.85

182

68.2

41500

15600

391.9

4040

a ) CNEN-2 always adopted the calculated value.
b ) Effect of negative resonances included.
c ) Adjusted by hypothetical positive resonances.
d ) Thermal cross sections are given as point wise data.
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TABLE 2.10 Resonance Integrals for Capture (barns)

Nuclide

s°Sr

"Zr
95Mo

"Mo
9 9 T c

I01Ru
I02Ru
103Rh
1MRu
105pd

i o e R u

107Pd

109 A g

129J

131Xe

133CS

135Cs
137Cs

" 3 N d
144Ce

i«Nd
115Nd

"Tin

' « S m

" 9 Sm
151Sm

>53Eu
155Eu

Compilation of Exper iments

BNL-32529 '

—

~ 3 3

105±7
13±3

340 ±20
85 ±12

4. l±0.4
1100±50
4. 6±1. 0
90 ±10

2. 6±0. 6
—

1450 ±40
36±4

—

415±15
—

—

—

2. 6 + 0. 3
—

240 ±35
2300 ±290
714±50

—

3300 ±700
1635 ±200

—

Walker41'

—

22

100

15

200

76

4.2

1100

4.4

85

2.0

—

1450

23

830

450

58

—

60

2.2

3.6

250

2200

600

. —

3100

1500

—

Iijima et al.43)

2.0

1.8

106

14.5

• 2 0 4

73.8
10.6

1070
4.6

80.5
1.3

36

1460
36

784

440

80.5
0.08

202

2.62
817

306

2210
624

3260
3300
1430
7000

Calculated

ENDF/B-IV

0.510
28.2

113

16.1
353

95.2
4.01

1048
6.53

91.8
2.08

69.9
1459

36. 1
877

381

61.6
0.488

204.6
2.06
5.62

226

2283
748

3185
3357
1550
1856

CEA

112

16.8
358

103

4.0

1046
6.7

97

460

1463
29.2

398

835

129

223

2177

3470
2975

CNEN-2

35.0
121

15.7
331

98.5
3.79

1030
7.51

92.0
2.23

255

1427

378

60.0
0.76

125

2.72
6.4

226

2100
736

3351
3115
1396
2180

RCN-2

109

17.0
353

91.2
3.94

1047
6.83

94.9

256

1468
33.7

384

125.5

4.217
236.3

2153
791

3605
3494

JENDL-1

0.49
30.5

119

17.1
207

107

4. 14
1034

7.75
94.3
2.09

120

1474
44.2

904

398

62.0
0.59

134

1.55
5.80

266

2206
763

3454
4039
1529
3218

I 7l\l .y

»(£-£„)* + / V

i I T Y J , r

- y i A, 2

- -Ex)2 + /Y/4] •

j J

N-l

(14)

(15)

Here, suffices X and (J. indicate the J-known resonances, u and | the ./-unknown resonances. The symbol Pj

is the probability that the spin of a resonance is J, and is inversely proportional to Dj, where Dj is the average

spacing of levels with spin J. The integer TV denotes the number of resonances whose ./-values are unknown,

and g is the average value of the statistical weight factor Qj defined by g = ^2gjPj. Fig. 2. 8 shows the
J

elastic scattering cross sections calculated with the single- and multi-level Breit-Wigner formulae.

2. 3. 3 Thermal Cross Section and Resonance Integral

Thermal neutron cross sections at 2200m/sec were calculated from the resonance parameters using the

above mentioned formula, and were compared with experimental values. The calculated values of capture cross
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section are smaller than the measured ones in general. The former values were adjusted to the latter values

by adding the background cross sections of \jv form. This assumes that the difference is caus3d by the con-

tribution from tails of resonances standing far away where resonance parameters are not available in the present

work. It should be noted that this adjustment could be made also by assuming negative resonances. The

latter procedure were often adopted in the CNEN-2 and RCN-2 evaluations. TABLE 2.9 gives the measured,

calculated and adopted thermal capture cross sections as well as those values in the other evaluations.

Capture resonance integrals were calculated including the contributions from the unresolved resonance

region. TABLE 2. 10 shows the results compared with the other evaluated values.

2. 4 Connection between Resonance and Smooth Cross Sections

Resonance cross section should be connected smoothly with the cross section calculated by the statistical

theory at some reasonable energy point. We shall call this energy point as the connecting energy. The

determination of the connecting energy is often a troublesome problem which we encounter in making a full

evaluation. In the followings the method of determining the connecting energy is described according to the

data status of resonance parameters at the time of the present evaluation.

( 1 ) No available resonance parameters ; 106Ru, 107Pd, V35Cs, 137Cs, '"Ce and 155Eu.

Thermal capture data were available for these nuclides except 107Pd. For these nuclides we set the con-

necting energy as Ec=DObs/2, where Dobs is the average level spacing of s-wave resonances adopted in the

statistical model calculations. This is based on the following argument. The statistical model calculation gives

expectation value of the cross section averaged over resonances. Therefore, when no cross section data are

available at all, it will be only the way of estimating the data to apply the statistical model down to the

thermal energy. Now suppose the case where only thermal capture cross section is known as the cases of

above nuclides. For these nuclides, the thermal cross section values are much smaller than those calculated

by the statistical model. Therefore, we may assume that thermal energy locates somewhere at off-resonance

region, and the cross section will behave as 1/v up to the first resonance. As we do not know the relation

between the thermal energy and the first resonance energy, we must estimate the connecting energy statistically

so that the connection should be made at the energy point where the probability that the first resonance level

appears below this energy is one half. Assuming the random relation between the thermal and the first reso-

nance energy, we took Z)Obs/2 approximately as the connecting energy. It is inevitable in this case that the

cross section shows a large discontinuity at the connecting energy.

( 2 ) Only a few observed resonance levels; 93Zr, 102Ru, 104Ru and 129I.

For these nuclides we took Ec=Emax + DObs/2, where Emax is the energy of the highest resonance level

observed. This choice was based on a similar argument as described just above. A large discontinuity in the

cross section can appear also in this case at the connecting energy. Fig. 2. 9 shows the case of 93Zr.

( 3 ) Many observed resonance levels; the remaining 17 nuclides.

Ob
(barn)

I03

I02

10'

0°

o-

o*

I i ' ' i ' ini| 1—i i M m-| 1—i i i 11 4

-

-

r

Zr-93 J

-

-

I—A\
r * ' . M i l ' 1 ' 1 1 1 ' 1 l l ! . 1 .. t . 1 1 1 1 l l t 1 1 1 t t t 1

10 10* io5

En (eV)

Fig. 2.9 Connection between resonance and smooth cross sections of 93Zr.
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(barn)

io-'=^

I 0

1 1 Sl^ 1 I 1 1 I j I •

:

1 T t l

1

\

1

f\
1 t

1 i 1 I 1 1 1 | 1 1 i l l ] ! ! .

Nd - 144 :

Statistical model

_ P - i _ Resonance

Ec

1., ."
10 En (eV) 1010* IO

Fig. 2.10 Connection between resonance and smooth cross sections of 144Nd.

Nuclide

9sZr
95Mo

"Mo

" T c
10]Ru
102Ru
103Rh
104Ru
105Pd

1 < ) 9Ag
129J

133CS
143Nd

i«Nd
145N d

1(7Pm
I47Sm

»»Sm
151Sm
153Eu

£ c ( e V ) "

260

2150

1660

290

700

1450

3600

1290

150

1000

166

773

1290

4650

7730

3600

300

750

150

13.4

98

TABLE 2.11

AE(eV)h>

250

490

370

75

340

450

820

930

21

220

66

175

290

1050
1750
820

22

150

50

5.7

21

Statistical examination <it connecting

Capture

A "

0.44
0.045
0.16
0.04
0.094

-0.29
0.015
0.36

-0 .26
0.06

-0 .32
-0 .15
-0 .28
-0 .01

0.007
0.03

- 0 . 13
-0 .08
-0.20

0.44
-0 .35

Bd)

1.77
0.28
0.37
0.62
0.10
0.75
0.10
0.51
1.01
0.26
0.60
0.45
0.21
0. 13
0.27
0.10
0.45
0.138
0.25
0.73
0.33

|A|/B

0.25
0.16
0.44
0.06
0.94
0.56
0. 15
0.70
0.25
0.23
0.54
0.34
1.3

0.09
0.02
0.30
0.29
0.57

can
0.60
1.05

energy

Elastic Scattering

A "

-0 .38
-0 .04
-0 .26

0.14
0.65
0.06
0.17
0.37

-0 .26
0.13

-0 .58
-0 .27
-0 .60
- 0 . 18

0.48
0.64
0.07

-0 .20
0.90
0.43

-0 .34

Bd>

1.64
0.17
0.30
0.39
0.22
0.54
0.054
0.63
0.52
0.14
0.95
0.62
0:44
0.32
0.82
0.21
0.87
0.27
0.55
1.28
0.54

|A|/B

0.23
0.24
0.86
0.36
2.98
0.11
3.2

0.58
0.50
0.92
0.60
0.45
1.4

0.59
0.58
3.0

0.08
0.73
1.65
0.33
0.68

a ) Connecting energies adopted.
b) Energy range over which the statistical examination was performed.
c) A = (Or — di)lOs, where o, is the energy averaged resonance cross section and a, the cross section calculated

with the statistical model.
d) The ratio of the standard deviation of energy averaged cross section due

of resonance parameters to the expectation value. These values were
Carlo method.410

to the statistical fluctuation
calculated with the Monte
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In this case, the connecting energy is just the upper bound of the resonance region. Hence a special care

was paid for missing levels in higher energy region of the resonances. To determine the connecting energy, we

performed a statistical examination as follows. We considered the cross section averaged over many resolved reson-

ances. When levels are missing, this average cross section falls off more rapidly as energy increases than that

expected theoretically. If the discrepancy between these two is larger than a statistically anticipated value, then

we may assume that the levels are really missing in the energy region under consideration. As the statistical

criterion we took one standard deviation, which we estimated by Monte Carlo method44'. We lowered the

connecting energy, until the above criterion was satisfied. Thus, the resonances above the connecting energy

were abandoned for "Mo, 103Rh, 109Ag, 131Xe, 133Cs, 143Nd, 144Nd, I45Nd, 147Sm and 149Sm. The case of 144Nd

is illustrated in Fig. 2. 10. A test was performed at the same time to see if the smooth cross section was con-

nected reasonably with the resonance cross section. The sesult of this test was used as a judgement on selecting

the experimental data set for the present evaluation when there existed inconsistency among measured cross

sectsons. In case of I33Cs, we used this judgement in our final results. When the capture data were not avail-

able, the value of fy/Dobs was varied so as to decrease the discrepancy between the smooth and resonance

cross sections at the connecting energy.

TABLE 2. 11 shows the connecting energy thus determined and the results of the statistical test on cross

sections. As seen from the table, the discrepancy between the smooth and resonance capture cross sections at

the connecting energy is within one standard deviation for most nuclides. On the other hand, the discrepancy

is often very large for the elastic scattering cross section, suggesting the existence of fairly large error in the

present nuclear model calculation of low energy elastic scattering cross section. This probably reflects

the situation that the present global optical potential parameters do not reproduce precisely the neutron

strength function and the scattering radius of individual nuclides, though proved to be successful as a general

trend. However, the error in the low energy elastic scattering cross section is not very important for reactor

calcululation.

2.5 Level Scheme

Discrete level schemes of target nuclei are important in calculation of the inelastic scattering. They were

studied by Nakasima and Murata in the previous work,12' and these values were adopted in the present work

without alteration. Nakasima and Murata surveyed literatures and added new information to those appeared

in Nuclear Data Sheets and in Table of Isotopes, 6th edition.455 The spin-parity assignment was made for

unknown levels with theoretical prediction or systematics. The details of the evaluation are given in Ref. (12).

The adopted level schemes are shown in TABLE 2. 12 with those adopted in the other evaluations. It is

observed that the RCN-2, CNEN-2 and CEA evaluations assume more levels than the present JENDL-1 and

ENDF/B-IV, some of which may be hypothetical ones. On the other hand, the present level schemes may

miss some existing levels. After the present work, Matumoto et al.i6y revised the level scheme, and augmented

the number of levels for most of these nuclides.
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TABLE 2.12 Level schemes of various evaluations in unit of MeV

o The value in the last line under horizontal bar is the energy above which
levels are treated as continuum,

o The * mark in CEA denotes that the level is hypothetical.

TABLE 2.12.1 90Sr

JAERI 1268

JENDL-1

0 0+

0.8315 2*
1.6555 0+

1.8921 2*
2.2068 4+

2.5

RCN-2 CNEN-2 CEA ENDF/B-IV

0 0 +

0.83 2*
1.69
1.94
2.23
2.23

TABLE 2.12.2 93Zr

JENDL

0

0.267
0.947

1.425

1.451

1.652
1.910
1.993
2.181

2.453
2.468
2.605
2.773
2.80

-1

5/2+
3/2+

l/2+

5/2+

3/2+

7/2+
l/2+

5/2+
1/2+

1/2+
3/2+
l/2+

3/2*

RCN-2 CNEN-2

0

0. 2669
0. 9471
1. 0180
1.1510
1. 2220
1. 4255
1. 4356
1. 4504
1. 4702
1.477
1.597
1.648
1.735

5/2+

3/2+

l/2+

l/2+

l/2+

1/2+
3/2+

l/2+

3/2+

5/2+

1/2*
5/2+

3/2+

CEA ENDF/B-IV

0

0.267
0.940

1.42

1.64
1.89
2.08
2. 18
2.32
2.44

2.78
2.78

5/2+
3/2+

l/2+

3/2+

1/2*
l/2+

1/2*

1/2*
3/2*

Z/2*
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JENDL-1

0

0. 20394
0. 76583
0. 7862
0. 82065
0. 9478
1.0391
1.059
1. 0741
1. 2225

1.310
1.376
1.433

1.541
1. 5528
1.62

5/2+
3/2+
7/2+
1/2+
3/2+
9/2+
1/2+
5/2+
7/2+
5/2+

l/2+

3/2+
5/2+

11/2+
9/2+

RCN-2

0

0. 2039

0. 7658

0. 7862

0. 8207

0. 9479

1.039

1.057

1.074

1.220

1.250

1.310

1.370

1.426

1.440

1.470

1.541

1.552

1.570

1.580

1.620

1.650

1.670

1.683

1.707

5/2+
3/2*
7/2+
1/2+
3/2+
9/2+
1/2+
5/2+

7/2+
3/2+
5/2+
l/2+

3/2+
3/2+

7/2+

l/2+

l l /2+

9/2+
5/2+

3/2+
3/2+

7/2"
5/2+
9/2+

TABLE 2 . I ; .3 95Mo

CNEN-2

0

0. 2039
0. 7658
0. 7862
0. 8207
0. 9479
1. 0391
1. 0570
1. 0739
1.220
1.250
1.310
1.370
1.426
1.440
1.470
1. 5412
1. 5518
1.57
1.58
1.62
1.65
1.67
1.683
1.707

1.73
1.74
1.75
1.76
1.82
1.83
1.84
1.85
1.86
1.87
1.91
1.92
1.938
1.95
1.96
1.97
2.0

5/2+
3/2+

7/2+
1/2+
3/2+
9/2+

l/2+

5/2+
7/2+

3/2+

5/2+
1/2+
3/2+
3/2+

7/2+

l/2+

11/2+
9/2+

5/2+

3/2+

3/2+

7/2-
5/2+

9/2+
1/2+

9/2+
7/2+

l/2+

5/2*
9/2"
3/2+

l l /2 +

5/2+

3/2+

7/2+

9/2+

3/2+
11/2-
5/2+
5/2"
3/2+

CEA

0

0. 2039
0. 7658
0. 7862
0. 8207
0. 9479
1. 0391
1.057
1. 0739
1.22*
1.25*
1.310
1.370
1.426
1.44*
1.47*
1. 5412
1. 5518
1.57*
1.58*
1.620
1.65*
1.670
1.683
1.707

1.73*
1.74*
1.75*

1.82*
1.83*
1.84*
1. 85*
1.86*

1.91*
1.92*
1.938
1.95*
1. 96*
1.97*
1.978

5/2+

3/2+

7/2+

l/2+

3/2+

9/2+
l/2+

5/2+
7/2+

3/2+

5/2+

l/2+

3/2+

3/2+

7/2+

1/2+
11/2+

(9/2+)
5/2+

3/2+

3/2*
7/2"

(5/2*)
(9/2*)
(1/2*)

9/2*
7/2*
1/2*

9/2-
3/2*

11/2*
5/2*
3/2*

9/2*
3/2*

11/2-
5/2*
5/2-
3/2*
5/2*

ENDF/B-IV

0

0. 2039
0. 7658
0. 7862
0. 8207
0. 9478
1. 0391
1. 0590
1. 0741
1. 2225

1.310
1.376
1.433

1.541
1. 5528

1. 6202

1.670
1.683
1.707

1.938
1.938

5/2+
3/2+
7/2*
1/2+
3/2+
9/2+
1/2+
5/2+
7/2+

1/2+
3/2+
5/2+

11/2+
9/2+

3/2+

5/2+
7/2+
1/2+

11/2-
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JENDL-1

0

0. 4809

0. 6582

0. 6796

0. 7194

0. 7211

0. 8880

1. 0246

1. 0926

1. 1167

1. 2688

1. 2845

1. 4095

1. 4373

1. 5156

1.54

5/2+

3/2+

7/2+

1/2+

5/2+

3/2+

1/2+

7/2+

3/2+

9/2+

7/2+

3/2+

11/2+

11/2-

9/2+

RCN-2

0

0. 4809

0. 6583

0. 6796

0. 7193

0. 7211

0. 7530

0. 7950

0.8810

0. 9930

1. 0250

1. 0920

1. 1180

1. 1360

1. 1490

1. 2650

1. 2690

1. 2840

1. 2850

1. 4100

1. 4370

1. 4470

1. 5160

1.516

5/2+

3/2+

7/2+

1/2+

5/2+

3/2+

5/2+

1/2+

1/2+

3/2+

7/2+

3/2+

9/2+

3/2+

9/2+

5/2+

7/2+

13/2+

3/2+

11/2+

11/2-

3/2+

9/2+

TABLE 2.12.4 9 7Mo

CNEN-2

0

0. 4809

0. 6583

0. 6796

0.7191

0. 7211

0. 8881

1. 0246

1. 0923

1.1175

1. 1360

1. 1486

1. 2686

1. 2846

1. 3600

1. 4095

1. 4373

1. 4600

1.5156

1.516

1.545

1.565

1.58

1.629

1.64

1.66

1.67

1.71

1.73

1.741

1. 7579

1.780

1.79

1.82

1.83

1.858

1.87

1. 88

1.89

1.920

1.95

5/2+

3/2+

7/2+

1/2+

3/2+

5/2+

1/2+

7/2+

3/2+

9/2+

3/2+

9/2+

7/2+

3/2+

5/2+

ll/2+

11/2-

3/2+

9/2+

3/2+

ll/2+

7/2"

5/2+

7/2*

7/2+

5/2+

1/2+

3/2+

5/2+

5/2+

l/2+

7/2+

5/2-

9/2+

9/2"

3/2+

7/2+

11/2+

l/2+

13/2+

CEA

0

0. 4809

0. 6583

0. 6796

0. 7191

0. 7211

0. 8881

1. 0246

1. 0923

1. 1175

1.136

1. 1486

1. 2686

1. 2846

1.36*

1. 4095

1. 4373

1. 460*

1.5156

1.516*

1.545

1.565

1.58*

1.629

1.64*

1.67*

1.710

1.73*

1.741

1.76*

1.780

1.79*

1.82*

1.83*

1.858

1.87*

1.89*

1.920

1.93*

1.95*

1.96

1.97*

1.99*

2.002

5/2-

3/2+

7/2*

\/2*

(3/2+)

5/2+

l/2+

7/2+

(3/2+)

9/2+

3/2+

9/2+

7/2+

3/2+

5/2 *

\\/2*

11/2-

3/2+

(9/2+)

3/2+

11/2+

7/2"

5/2+

(7/2+)

7/2+

l/2+

3/2+

5/2+

5/2+

l/2+

7/2+

5/2-

9/2+

9/2-

5/2+

7/2+

1/2-

(13/2+)

5/2+

7/2"

3/2+

9/2+

5/2+

(15/2-)

ENDF/B-IV

0

0. 4809

0. 6579

0. 6796

0. 7195

0. 7211

0. 8882

1. 0245

1. 0926

1. 1167

1. 1360

1. 1486

1. 2686

1. 2730

1. 2840

1. 4095

1. 4373

1. 4470

1.5156

1. 5452

1. 5452

5/2+

3/2+

1/2*

\/2*

3/2*

3/2*

\/2*

7/2+

5/2+

9/2+

7/2+

3/2+

13/2+

11/2+

11/2-

5/2+

7/2+

5/2"
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TABLE 2.12.5 "Tc

JENDL

0

0.14051

0. 14263

0.18107

0. 5091

0. 5343

0. 6715

0. 7263

0. 7616

0. 9205

1. 0040

1. 0729

1.1293

1.1420

1.199

1.21

-1

9/2+
7/2+
1/2-
5/2+

3/2-
5/2"

5/2-
7/2+
5/2+

3/2+

3/2-
5/2-

1/2-
3/2-
3/2-

RCN-2

0

0.1405
0.1426
0. 1811

0. 5091
0. 5343
0. 6254
0. 6715
0. 7267
0. 7617
0. 7620

0. 9205

1. 0040
1. 0730
1. 0810
1.1290
1.1420
1.199

9/2+
7/2+
1/2-
5/2+

1/2-
3/2-
7/2+
5/2-

11/2*
5/2+

13/2+

3/2+

3/2-
5/2-
9/2+
1/2-
3/2-

CNEN-2

0

0.1405
0.1426
0.181
0.250
0.350
0.509
0.534

0.672
0.726
0.762

0.850
0.921
0.950
1.004
1.073
1.105
1.130
1.142
1.199
1.212

9/2+

7/2+
1/2-
5/2+

11/2+
13/2+
3/2-
5/2+

5/2-
7/2+

5/2-

l/2+

3/2+
7/2-
3/2-
5/2-
9/2+
1/2-
3/2-
3/2-

CEA

0

0.140
0.1426
0.181
0. 250*
0. 350*
0.509
0.534

0.672
0.726
0.762

0. 850*
0.921
0. 950*
1.004
1.073
1.105*
1. 130
1.142
1.199

9/2+
7/2+
1/2-
5/2+

11/2+
13/2+
3/2-

(5/2+)

5/2-
(7/2+)
5/2+

l/2+

3/2+

7/2+

3/2-
5/2"
9/2+

1/2-
3/2-
3/2-

ENDF/B-IV

0

0.140
0.142
0.183

0.534

0.672

0.762

0.921

1.004
1.073

1.142
1.199
1.287

9/2+
7/2+
1/2-
5/2+

5/2"

5/2-

5/2*

3/2*

3/2-
5/2-

3/2-
1/2-
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JENDL-1

0

0.1271

0. 3067

0. 3112

0. 3254

0. 4224

0.528

0. 5447

0. 6161

0. 6742

0.720

0. 8426

0.9111

0. 9282

0. 9381

1.0011

1.05

5/2+

3/2+

1/2*

5/2+

1/2*

3/2+

11/2"

1/2*

1/2*

3/2+

1/2*

7/2*

1/2*

9/2*

7/2+

11/2*

RCN-2

0

0.1272

0. 3068

0. 3113

0. 3252

0. 3441

0.4220

0. 4623

0.528

0. 5450

0. 6163

0. 6235

0. 6438

5/2+

3/2+

7/2+

5/2+

l /2+

3/2+

3/2+

l /2+

11/2-

1/2*

1/2*

1/2*

rABLE 2 . 1 :1.6 101Ru

CNEN-2

0

0.127

0.307

0.311

0.325

0.344

0.422

0.462

0.528

0.545

0.616

0.623

0.644

0.674

0.720

0.77

0.78

0.82

0.83

0.843

0.87

0.88

0.89

0.912

0.929

0.938

0.959

0.97

0.98

1.00

1.20

5/2+

3/2+

7/2*

5/2+

l/2+

3/2+

3/2+

1/2*

11/2-

1/2*

1/2*

1/2*

7/2"

3/2+

1/2*

3/2*

5/2*

\/2*

1/2*

1/2*

3/2*

1/2*

5/2-

9/2+

1/2*

1/2*

15/2"

5/2+

l /2+

11/2*

CEA

0

0.1272

0. 3068

0.3112

0. 3251

0. 3441

0. 4220

0. 4623

0.528

0. 5479

0. 6162

0. 6235

0. 6438

0. 6742

0. 7199

0.77*

0.82*

0. 8426

0.87*

0.88*

0.89*

0.9115

0. 9289

0. 9381

0.959

0.98*

1.001

1.623

1.861

2.473

5/2+

3/2*

7/2*

5/2+

l/2+

3/2+

3/2+

l/2+

11/2-

1/2*

1/2*

1/2*

7/2-

3/2+

1/2*

3/2+

l/2+

1/2*

3/2+

1/2*

5/2-

9/2+

1/2*

7/2*

15/2-

l/2+

11/2+

19/2-

(15/2+)

23/2-

ENDF/B-IV

0

0. 1272

0. 3068

0.3113

0. 3252

0. 3441

0. 4220

0. 4623

0. 5280

0. 5450

0.6163

0. 6235

0. 6438

0. 6741

0.720

0. 8427

0. 9119

0. 9288

0. 9383

0.959

0.959

5/2*

3/2+

7/2*

5/2+

l/2+

3/2+

11/2-

1/2*

1/2*

1/2*

1/2*

9/2+

1/2*

9/2+

1/2*

7/2*

15/2-
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TABLE 2.12.7 102Ru

JENDL-1

0

0. 4749
0. 9437
1.1032
1.1066
1. 5219
1. 5808

1. 7990
1. 8371
1. 8732

2. 0375
2. 0441

2. 2192
2. 2613
2.372
2.4

o-
2+

0+

2*

4+

3 +

2+

4+

0+

6+

2*

3"

5+

2+

5-

RCN-2

0

0.475
0.944
1.103
1.107
1.522
1.581
1.603
1.799
1. 837
1.873
1.997
2.037
2.044
2. 155
2.219
2.261
2.372
2.421
2.442
2.471

0+

2+

0+

2+

4+

3 +

2+

4+

4+

0+

6+

5+

2+

3-

1+

5+

2"

5-

4+

3 +

CNEN-2

0

0.475
0.944
1.103
1. 107
1.522
1.581
1.603
1.799
1.837
1.873
1.997
2.037
2.044
2. 155
2.219
2.261
2. 372
2.421
2.442
2.471
2.496

0+

2+

0+

2+

4*

3 +

2+

4+

4+

0+

6+

5+

2+

3-

1 +

5+

2"

5"

4+

3 +

1-

CEA

0

0.475
0.944
1.103
1.107
1.522
1.581
1.603
1.799
1.837
1.873

(1. 997)
2.037
2.044

(2. 155)
2.219
2.261
2.372
2.421
2.442
2.471
2.614 (3%
2.650
2.701
2.705
2.719
2.814
2.914
2.942
3.011
3.387
3.434
4.056

0+

2+

0 +

2*

4+

3+

2+

4+

(4+)

0+

6+

(5+)
2*

3"

(1+)
5+

(2")

(5")

(4+)

(3+)

(4")

4+)

(6")
4+

(7")
4+

4+

4+

(8")
4+

(9")

ENDF/B-IV

0

0.475
0. 9437

1.106
1.522

1.600
1.799

1.874

2.040
2.070
2.155
2.219
2.261

2. 4419
2. 4710
2. 6144
2. 6500
2. 7060
2. 7193
2. 8142
2. 8142

0+

2+

0+

4+

3 +

2+

3 +

5*

2+

4+

2+

3+

4+

6"

7"

4+

4+
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JENDL-1

0

0.040

0.093

0.298

0.360

0.537

0.651

0.798

0.843

0.877

0.915

1.102

1.247

1.270

1.3

1/2"

1/2*

9/2+

3/2-

5/2"

5/2+

1/2*

5/2+

3/2"

5/2"

5/2"

1/2*

9/2-

1/2-

RCN-2

0

0. 0398

0. 0930

0. 2949

0. 3574

0. 5368

0. 6072

0. 6500

0. 6517

0. 7980

0. 8031

0. 8475

0. 8806

0. 9200

0. 9680

1.010

1.035

1.080

1.107

1. 140

1. 197

1.220

1.252

1.252

1.277

1. 2937

1/2"

7/2+

9/2+

3/2"

5/2"

5/2+

7/2+

5/2+

3/2+

9/2+

3/2-

7/2-

5/2-

9/2"

5/2-

5/2*

9/2 •

7/2-

5/2"

5/2+

9/2"

3/2+

5/2-

5/2+

3/2"

rABLE 2.12.8 103Rh

CNEN-2

0

0. 0398

0. 0930

0. 2949

0. 3573

0. 5369

0. 6501

0. 6514

0. 7980

0. 8036

0. 8477

0. 8804

0. 9200

0.968

1.010

1.040

1.080

1. 1072

1.140

1.190

1.220

1. 2470

1. 2772

1.300

1.310

1.330

1.380

1.400

1.410

1. 4200

1. 4380

1. 4650

1/2"

1/2*

9/2+

3/2-

5/2-

5/2+

1/2*

7/2"

9/2+

3/2"

5/2"

5/2"

9/2"

5/2-

5/2+

3/2+

7/2"

5/2-

5/2+

7/2"

3/2+

5/2"

3/2"

5/2*

1/2"

11/2-

5/2-

l/2+

3/2-

9/2+

5/2-

CEA

0

0. 03978

0. 09304

0. 2949

0. 3573

0. 53685*

0. 6501

0. 6514

0.798

0. 8036

0. 8477

0. 8804

0. 9200

0.968

1. 010*

1. 040*

1. 080*

1. 1072

1. 190*

1. 220*

1. 2470

1. 2772

1. 300*

1. 310*

1. 330*

1.400

1. 410*

1. 420*

1.438

1. 450*

1.483

1. 500*

1.510*

1. 540*

1. 560*

1. 580*

1.598

1/2*

9/2*

3/2-

5/2-

(5/2+)

1/2*

7/2"

9/2+

3/2-

(5/2-)

5/2-

(7/2-)

5/2-

5/2+

3/2+

9/2-

(5/2")

7/2"

3/2+

(5/2")

3/2"

5/2+

1/2-

11/2-

l/2+

3/2-

9/2+

5/2"

7/2-

1/2*

3/2+

5/2-

l/2+

5/2+

9/2-

3/2+

ENDF/B-IV

0

0.040

0.093

0.297

0.362

0.538

0.650

0.798

0.843

0.875

0.915

1.043

1. 102

1.247

1.270

1.387

1/2-

1/2*

9/2*

3/2-

5/2-

5/2+

7/2"

3/2"

5/2-

7/2"

9/2"

7/2"

7/2-

5/2"

3/2-
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TABLE 2.12.9 1MRu

0

0.

0.

0.

0.

1.

JENDL-1

358
889

893

983

1

0+

2+

2+

4*

0+

RCN-2

0

0.358

0.889

0.893

0.983

1.242

1.355

1.502

1.516

1.750

1.874

1.879

1.971

1.993

2.034

0+

2+

4+

2+

0+

3 +

2+

4+

0+

4+

6+

3+

1+

2*

C N E N - 2

0

0.358

0.888

0.893

0.988

1.242

1.355

1.502

1.516

1.750

1.874

1.879

1.971

1.993

2.034

2.094

2.150

2.160

2.269

2.290

2.350

2.360

2.440

2.450

2.482

2.490

2.50

0+

2¥

4+

2+

0+

3 +

2+

4+

0+

4+

6+

3"
1+

2+

2-

2+

6+

4+

3 +

2*

2+

5"

4 +

6"

2+

3 +

CEA

0

0.358

0.888

0.893

0.988

1.242

1.355

1.502

1.516

1. 750*

1.874

1.899.

1.971

1.993

2.034

2.094

2.15*
2.16*
2.269
2.290
2.35*
2.36*
2.44*
2.45*
2.482
2.490
2.548
2.823
2.369
3.503
3.635
3.713
3.773

(1,
(2,

(1,
( l -~

(1,

(1.
( l -~

0*

2+

4+

2+

0+

3*

2+

4+

0+

4+

6+

3-
1+

2+

2"

2+

6+

4+

3 +

2+)
2+

5"

4+

6"

2+

3 +

2)

3)

2)

3")

2)

2)

3")

ENDF/B

0

0.358
0.889
0.889

-IV

0+

2+

4+
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TABLE 2 . 1 2 . 1 0 105Pd

JENDL-1

0
0. 2804

0. 3062

0.3191

0. 3444

0. 4427

0. 4890

0. 5607

0. 6444

0. 6506

0. 6731

0. 7271

0.78

0. 9623

1. 0015

1. 0878

1. 12

5/2+

3/2+

7/2+

5/2+

1/2+

7/2+

11/2-

3/2*

7/2-

3/2+

7/2+

5/2+

9/2*

5/2+

5/2+

3/2-

RCN-2

0
0. 2851

0. 3063

0.3192

0. 3445

0. 4422

0. 4891

0. 5608

0. 6445

0. 6507

0. 6732

0. 6940

0. 7272

0. 7813

0. 7870

0. 8500

0.9294

0. 9390

0. 9624

0.979

1.040

1.072

1.075

1.088

1.098

1. 141

1. 171

1.201

1.220

1.250

1.263

5/2*

3/2+

7/2+

5/2+

1/2*

5/2+

11/2-

5/2*

7/2-

3/2+

1/2+

7/2+

5/2+

5/2+

1/2*

5/2-

7/2+

1/2+

3/2+

5/2+

3/2*

5/2+

1/2+

3/2-

5/2+

7/2+

7/2"

3/2+

1/2+

9/2-

CNEN-2

0
0. 2805

0. 3063

0. 3192

0. 3445

0. 4422

0. 4891

0. 5608

0. 6445

0. 6507

0. 6732

0. 6940

0.7272

0. 7813

0. 7870

0. 8500

0. 9294

0. 9390

0. 9624

0.979

1.040

1.072

1.075

1.088

1.098

1.141

1.170

1.201

1.220

1.250

1.263

1.280

1.310

1.330

1.340

1.360

1.370

1.390

1.402

1.410

1.420

1.50

5/2+

3/2+

7/2+

5/2+

1/2+

5/2+

11/2-

3/2+

7/2"

3/2+

1/2+

7/2+

5/2+

5/2+

1/2+

5/2"

7/2+

1/2+

1/2+

5/2+

3/2+

5/2+

1/2+

3/2-

5/2+

7/2+

7/2-

3/2+

1/2 +

9/2"

5/2+

3/2+

3/2-

9/2+

7/2+

5/2-

3/2"

5/2+

5/2-

5/2+

1/2-

CEA

0
0. 2805

0. 3063

0.3192

0. 3445

0. 4422

0. 4891

0. 5608

0. 6445

0. 6507

0. 6732

0.694

0. 7272

0. 7813

0.787

0. 850*

0. 9294

0.939

0. 9624

0.979

1. 040*

1.072

1.075

1.088

1.098

1.141

1. 170*

1.201

1. 220*

1. 250*

1.263

1. 280*

1. 310*

1. 330*

1. 340*

1. 360*

1. 370*

1.390*

1.402

1.410*

1.420*

1. 440*

1.460*

1.480*

1.490*

5/2+

3/2+

7/2+

5/2+

1/2+

(5/2+)

11/2-

(3/2+)

(7/2")

3/2+

(1/2+)

7/2+

(5/2+)

(5/2+)

(1/2+)

5/2"

7/2+

(1/2+)

3/2+

5/2+

3/2+

(5/2-)

(1/2+)

3/2-

(5/2+)

7/2+

7/2"

3/2+

1/2+

9/2"

3/2+

3/2"

9/2+

7/2+

4/2-

3/2+

5/2+

5/2-

5/2+

1/2-

3/2+

7/2-

1/2+

5/2+

ENDF/B-IV

0
0. 2805

0. 3063

0.3192

0. 3445

0. 4225

0. 4422

0. 4891

0. 5608

0. 6445

0. 6507

0. 6732

0. 7272

0. 7818

0. 7818

5/2+

3/2+

7/2+

5/2+

1/2+

3/2+

7/2+

11/2-

3/2+

7/2-

3/2+

1/2+

5/2+

3/2+



JAERI 1268 2. General Description 35

TABLE 2.12.11 106Ru

JENDL-1

0

0.270
0.711
0.791
0.989

1.772
1.888
1.91

0+

2*

4+

2+

0+

2+

2*

RCN-2 CNEN-2

0

0. 2703
0.7140
0. 7927
0.9911
1. 0920
1.1610

0+

2+

4+

2+

0+

4+

CEA ENDF/B-

0

0.270
0.711
0.791
0.989
0.989

IV

0+

2+

4+

2+

0+
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TABLE 2.12.12 107Pd

JENDL-1

0

0.1157

0.214

0. 3028

0. 3122

0. 3482

0.366

0. 3819

0. 3924

0.412

0. 4712

0. 5677

0. 6701

0.685

0.698

0.759

0.781

0.806

0.889

1.023

1.07

5/2+

1/2+

11/2-
5/2+

7/2+

3/2+

9/2+

3/2+

7/2+

1/2+

3/2+

5/2+

5/2+

7/2-
1/2+

3/2+

3/2-
1/2-

1/2*

5/2*

RCN-2

0
0.1157

0. 2140

0. 3028

0. 3122

0. 3482

0. 3660

0.3919

0. 3924

0. 4120

0. 4712

0. 5677

0. 6200

0. 6701

0.685

0.698

0.759

0.781

0.806

0.807

0.889

0.930
0.950

0.980

1.023

1.040

1.060

1.071

1.102

1.113

1.120

1.149

1.160

1.167

1.214

1.221

5/2+

l/2+

11/2-
5/2+

7/2+

5/2+

9/2+

3/2+

5/2"
1/2+

3/2+

5/2+

7/2-
5/2+

7/2+

1/2+

3/2+

3/2-
5/2+

5/2"

1/2+

3/2+

9/2+

7/2+

3/2*
3/2*
3/2-
3/2+

7/2*
5/2+

1/2*
5/2"
3/2+

1/2*

5/2*

CNEN-2

0

0. 1157

0.2140

0.3028

0. 3122

0. 3482

0. 3660

0. 3819

0. 3924

0. 4120

0. 4712

0. 5677

0. 6200

0. 6701

0.685

0.698

0.759

0.781

0.806

0.807

0.809

0.889

0.930

0.950

0.980

1.023

1.040

1.060

1.071

1.102

1.113

1.120

1.149

1.160

1.167

1.214

1.221

1.250

1.267

1.290

1.30

5/2*

1/2*

11/2-

5/2+

7/2*
5/2*
9/2+

3/2+

5/2*
1/2+

5/2+

3/2+

7/2"
5/2+

7/2-
1/2+

3/2+

3/2-
5/2+

5/2-
1/2+

1/2+

3/2*
9/2+

7/2+

5/2+

3/2+

3/2"
3/2+

7/2+

1/2-
1/2+

3/2+

5/2-
1/2*
5/2*
3/2+

7/2-
3/2"
9/2+

CEA

0

0. 1157

0.214

0. 3028

0. 3122

0. 3482

0.366

0. 3819

0. 3924

0.412

0. 4712

0. 5677

0. 620*

0. 6701

0.685

0.698

0.759

0.781

0.806

0. 807*

0.889

0. 930*

0. 950*

0. 980*

1.023

1. 040*

1. 060*

1.071

1.102

1.113

1.120

1.149

1. 160

1.167

1.214

1.221

1. 250*

1.267

1.290*

1. 320*

1. 330*

1.347

1.353

1. 370*

1.380*

1.402

1.420*

1. 430*

1. 440*

1.451

1. 460*

1. 470*

1.473

1. 480*

1. 490*

(5/2+)

1/2+

(H/2-)
3/2+

7/2+

5/2+

9/2+

3/2*
5/2-
1/2+

5/2+

3/2+

7/2-
5/2+

7/2+

1/2+

3/2+

3/2-
5/2+

5/2"

1/2+

3/2+

9/2+

7/2+

5/2+

3/2+

3/2-
3/2+

7/2+

1/2-
1/2+

3/2+

5/2"
1/2+

5/2+

3/2*
7/2-
3/2-
9/2*
1/2-
5/2*
9/2-
7/2+

1/2+

5/2"
5/2"
5/2+

7/2+

1/2+

5/2-
3/2-
3/2+
7/2"
3/2+

9/2+

ENDF/B-IV

0

0.115
0.214
0.301
0.312

0.367
0.381

0.412
0.471
0.567

0.670

0.697
0.759
0.781

0.809
0.892
0.892

5/2+

1/2+

11/2-
5/2+

7/2+

7/2+

3/2+

1/2+

3/2+

5/2+

5/2+

1/2+

3/2+

1/2-

5/2+

1/2+
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JENDL-1

0

0. 088032
0.1328
0. 3144
0.4153

0.7019

0. 7244
0. 7353

0. 8398
0. 8627
0. 8695
0. 9110
0. 9123
0. 9595

1/2"
7/2+
9/2+
3/2-
5/2-

3/2-

3/2+
5/2+

7/2-
5/2-
5/2+
7/2-
3/2+

TABLE 2.12

RCN-2

0

0. 0880
0.1328
0.3114
0. 4153
0. 6970
0. 7019
0. 7070
0. 7244
0. 7353
0. 8110
0. 8398
0. 8627
0. 8695
0. 9110
0. 9123

1/2-
7/2+
9/2+
3/2-
5/2-
7/2+
3/2-
3/2+
5/2+
5/2+
3/2+
1/2-
5/2"
5/2+
7/2+

13 ™Ag

CNEN-2

0

0. 0880
0.1328
0. 3114
0. 4153

0. 7019
0. 7070
0. 7244
0. 7353

0. 8398
0. 8627
0. 8695
0. 9110
0. 9123
1.02
1.04
1. 0906
1.099
1.13
1.14
1.16
1.17
1.20
1.22
1.23
1.26
1.27
1.28
1.31
1.324
1.34
1.4

1/2-
7/2+
9/2+
3/2-
5/2-

3/2-
1/2+
3/2+
5/2+

1/2-
5/2-
5/2+
7/2+
7/2"
5/2+
5/2"
7/2-
3/2-
3/2+
1/2+
5/2-
7/2-
9/2+
7/2+
1/2-
1/2-
3/2+
5/2+
7/2+
3/2"

11/2-

CEA

0

0. 08803
0. 1328
0. 3114
0. 4153

0. 7019
0.707
0.7244
0. 7353

0.8398
0.8627
0.8695
0. 9110
0. 9123
1.02*
1.04*
1. 0906
1.099

1.14*
1.16*
1.17*
1.20
1.22*

1.26
1.27*

1.31
1.324

1.36*
1.37*
1.38*
1.39*
1.430
1.49
1.510

1/2-
7/2+
9/2+
3/2-
5/2-

3/2-
1/2+

(3/2+)
(5/2+)

1/2-
5/2"
5/2+
7/2+
7/2"
5/2+
5/2"
7/2"
3/2-

1/2+
5/2-
7/2-
9/2+
7/2+

1/2-
3/2+

7/2+
3/2-

5/2-
3/2"
3/2+

11/2+
1/2+
5/2+
9/2-

ENDF/B-IV

0

0.088
0.133
0.311
0.415

0.702
0.703

1/2-
7/2+
9/2+
3/2"
5/2-

3/2"
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TABLE 2.12.14 129I

JENDL-1

0

0. 02777

0. 27842

0. 48738

0. 55957

0. 69598

0. 72962

0. 7689

0. 8299

0. 8450

1. 0504

1.052

1.11175

1.210

1. 2608

1. 2821

1. 2922

1.4016

1.45

7/2+

5/2+

5/2+

3/2+

1/2+

11/2+

9/2+

7/2-

3/2*

7/2"

9/2+

5/2+

3/2*

1/2+

5/2*

3/2* ;

3/2*

9/2+

RCN-2

0
0. 0278

0. 2784

0. 4874

0. 5597

0. 5610

0. 6960

0. 7296

0. 7688

0. 8300

0. 8450

0.95

7/2+

5/2*

3/2*

5/2+

5/2+

1/2*

11/2*

9/2+

7/2*

3/2*

7/2*

CNEN-2 CEA

0
0. 0278

0.2784

0. 4874

0. 5597

(0. 561)

0. 6960

0. 7296

0. 7689

0. 8299

0. 8450

0.95*

1.047

1. 0504

1.09*

1.1118

1. 18*

1. 2042

1.24*

1. 2608

1.27*

1. 2821

1. 2922

1.32*

1.36*

1.37*

1.4016

1.41*

1.43*

1.45*

1.48*

1. 4835

1.566

1.64

1.741

1.823

1.861

1.963

7/2*

5/2*

3/2*

5/2*

5/2*

(1/2*)

11/2*

9/2+

7/2+

3/2+

(7/2*)

9/2+

3/2+

7/2*

1/2*

5/2+

11/2+

5/2+

11/2"

3/2+

7/2+

5/2+

3/2+

9/2"

1/2+

3/2+

9/2+

5/2+

3/2+

7/2"

3/2+

1/2-

(3/2+, 5/2+)

(3/2+, 5/2+)

1/2+

1/2+

(3/2+, 5/2+)

ENDF/B-IV

0
0. 2780

0. 2784

0.4874

0. 5596

0. 6960

0.7296

0. 7689

0. 8450

1. 0504

1. 0504

7/2+

5/2+

3/2+

5/2+

1/2+
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TABLE 2.12.15 131Xe

39

JENDL-1

0 3/2+

0.08016 1/2+

0.16398 11/2-

0.32578 3/2+

0.36447 5/2+

0.5030 5/2+

0.6370 5/2+

0.7229 7/2+

0.73

RCN-2 CNEN-2 CEA ENDF/B-IV

0 3/2+

0.080 1/2+

0.164 11/2-

0.364 5/2+

0.637 7/2+

0.723 5/2+

0.806 15/2-

0.943

JENDL-1

0

0. 0810

0.1605

0.3828

0.4371

0.605

0.633

0.641

0.706

0.768

0.787

0.819

0.873

0.917

0.95

7/2+

5/2+

5/2+

3/2+

1/2+

11/2-
11/2+

3/2+

7/2+

9/2+

7/2+ .'

7/2+

9/2+ i

3/2+ [.

TABLE 2.12

RCN-2

0

0. 0810

0.1606

0. 3839

0.437

0.605

0.633

0.642

0.706

0. 769

0.787

0.819

0.872

0.917

0.942

7/2+

5/2+

5/2+

3/2+

1/2+

11/2-
11/2+

3/2+

7/2+

9/2+

7/2+

5/2+

9/2+

3/2+

.16 »3C£

CNEN-2

0

0. 081

0.161

0.384

0.437

0.605

0.633

0.642

0.706

0.769

0.787

0.819

0.872

0.917

0.942

0.98

1.02

1.03

1.04

1.07

1.09

1.12

1.13

1.14

1.16

1.17

1.175

1.20

7/2+

5/2+

5/2+

3/2+

1/2+

11/2-
11/2+

3/2+

7/2+

9/2+

7/2+

5/2+

9/2+

3/2+ i

3/2+

7/2-
1/2+
9/2-
7/2+

3/2+

3/2+

3/2+

11/2+

5/2+

5/2+

9/2+

5/2-

CEA

0

0.081

0.161

0.384

0.437

0.605

0.633

0.642

0.706

0.769

0.787

0.819

0.872

0.917

0.942

0.98*

1.03*

1.04*

1.07*

1.090

1.13*

1.14*

1.17*

1.175

7/2+

5/2+

5/2+

3/2+

1/2+

11/2-
11/2+

3/2+

(7/2+)

(9/2+)

7/2+

5/2+

(9/2+)

3/2+

3/2+

7/2-

9/2-
7/2+

3/2+

3/2+ :

11/2+

5/2+

9/2+

5/2"

ENDF/B-IV

0

0.081
0.161
0.384
0.437

0.633
0.645

7/2+

5/2+

5/2+

3/2+

1/2+

9/2*
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TABLE 2.12.17 135Cs

JENDL-1

0

0. 2498

0. 4082

0. 6086

0.780

0. 9817

1. 0626

1.2

1/2*

5/2*

3/2+

5/2+

11/2+

l/2+

3/2+

RCN-2 CNEN-2

0

0. 2497

0. 4082

0. 6086

0.781

0.88

0.92

0. 9817

1. 0624

1.12

1.16

1.18

1.23

1.27

1.28

1.32

1.33

1.37

1.38

1.40

1/2*

5/2+

3/2+

5/2+

11/2+

11/2-
1/2+

3/2 •

1/2*

9/2+

1/2*

5/2+

9/2+
7/2"
3/2+

3/2+

1/2+

9/2-
1/2*

CEA

0

0. 2497

0. 4082

0. 6086

0.781

0.88*

0.92*

0. 9817

1. 0624

1.12*

1.16*

1.18*

1.23*

1.27*

1.28*

1.32*

1.33*

1.37*

1.38*

1/2*

5/2*

3/2+

5/2+

11/2+

11/2-
1/2+

3/2+

1/2*
9/2*
1/2*
5/2*
9/2+

7/2-
3/2+

3/2+

1/2+

9/2"
1/2*

ENDF/B-IV

0 7/2+

0.2496 5/2+

0. 4082

0. 6086

0. 6086

TABLE 2.12.18 137Cs

JENDL-1

0

0.455
0.85
0.98

1.49

1.87

2.07
2.15
2.20

1/2*
5/2+

3/2+

5/2+

l /2+

11/2-

3/2+

l /2+

RCN-2 CNEN-2

0

0.456

0.849

0.982

1.185

1.490

1.573

1.576

1.784

1.870

1.918

1.942

1/2*

5/2*

3/2+

3/2+

3/2+

l/2+

3/2+

3/2+

3/2+

11/2-
3/2+

CEA ENDF/B-IV

0

0.456

0.849

0.982

1.185

1.490

1.573

1.576

1.784

1.870

1.918

2.071

2.150

2.150

7/2+

5/2+

l/2+

11/2-

3/2+

l/2+
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JENDL-1

0

0.742
1.236
1.311
1.412

1.560

1.743

1.857

1.916

2.016
2.131
2.192
2.261
2.328
2.367
2.45

7/2-
3/2-
9/2-
1/2-

13/2*

5/2-

7/2"

3/2-

7/2-

7/2+
1/2-
5/2-
3/2-
3/2-
1/2-

TABLE 2.12

RCN-2

0

0. 7421
1.230
1.306
1.411
1.432
1.506
1.545
1.556
1.608

1.746
1.761
1.775

1.800

1.853

1.870
1.880
1. 9108

7/2-
3/2-

13/2+

1/2-
9/2"
3/2+

5/2+
3/2+
5/2-
1/2+

9/2-
l/2+

3/2-

3/2-

3/2-

7/2-
3/2-

.19 143Nc

CNEN-2

0

0.742
1.228
1.306
1.408
1.432
1.506
1.545
1.556
1.605
1.660
1.680
1.690
1.740
1.770
1.775
1.78
1.800
1.82
1.83
1.84
1.853
1.86
1.87
1.88
1.89
1.911
2.0

7/2-
3/2-

13/2+
1/2-
9/2"
5/2"
5/2+
3/2+
5/2-
l/2+

5/2-
3/2-
7/2+

9/2-
9/2"
1/2+
3/2+
3/2-
1/2-
5/2+
3/2-
3/2-
5/2-
7/2-
1/2-
9/2+

5/2-

I

CEA

0

0.742
1.228
1.306
1.408
1.432
1.506
1.545
1.556
1. 605*
1.660*

1. 690*
1.740

1. 775*
1.78*
1.800
1.82*

1.84*
1.853
1.86*

1.88*
1.89*
1.911
1.975
1.995
2.005
2.016

7/2-
3/2"

13/2+
1/2-
9/2-
5/2-
5/2+
3/2+
5/2"
1/2+
5/2"

7/2+

9/2"

l/2+

3/2+
3/2"
1/2-

3/2-
3/2-
5/2-

1/2-
9/2+

5/2-
3/2+

3/2-
1/2+

(5/2")

ENDF/B-IV

0

0.742
1.236
1.311
1.412

1.560

1.743

1.857

1.916
1.916

7/2-
9/2"
9/2-
1/2-

13/2-

5/2"

7/2-

3/2-

7/2-
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TABLE 2.12.20 u*Ce

JENDL-1 RCN-2 CNEN-2 CEA ENDF/B-IV

0.3975

0.80

1.00

0
0.337
0.382
0.485
0.547
0.814
0.839
0.910
1.044
1.126
1.148
1.201
1.255
1.309
1.320
1.380
1.416
1.430
1.497

0+

1 +

2*

0*

3+

1 +

4+

2+

1 +

0+

2+

1 +

3+

2*

1 +

0+

1+

2+

1*

1.525

0 0+

0.695

TABLE 2.12.21 144Nd

JENDL

0

0. 6964
1. 3145
1. 5099
1. 5600
1.738
1. 7902

2.085

2. 11

2. 1856

2.287
2.37
2.50

-1

0+

2+

4+

3"

2+

2*

6*

0+

2-

1-

4+

2*

RCN-2

0

0. 6965
1.315
1.511
1.561

1.791
2.073
2.075
2.085
2.093
2. 109
2. 179
2. 186
2.205
2.218
2. 2951

0+

2*

4+

3"

2*

6*

2+

0+

4*

5"

4+

1*

1-

4+

6+

CNEN-2

0

0.697
1.315
1.511
1.561

1.791
2.073
2.075
2.085
2.093
2. 110
2. 179
2.186
2.205
2.218

0+

2*

4+

3"

2*

6+

2+

0+

2+

5"

2*

2*

1-

4+

CEA ENDF/B-IV

0

0.695
0.1310
1.510
1.560

1.784

2.100

2. 184

2.360
2.360
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TABLE 2.12.22 145Nd

JENDL-1

0

0.067

0.072

0.749

0.92

1.054

1.155

1.39

1.40

7/2-

3/2-

5/2-

5/2-

9/2-

3/2-

9/2+

7/2-

RCN-2

0

0. 0672

0. 0724

0. 5066

0. 6576

0. 7482

0. 7803

0. 8407

0. 9202

0. 9205

0. 9340

1. 0510

1. 0850

1.1120

1.1500

1. 1612

7/2"

3/2-

5/2-

3/2+

9/2"

9/2"

3/2-

5/2+

1/2-

9/2"

5/2"

7/2+

5/2+

11/2*"

5/2-

CNEN-2

0

0.067

0. 0722

0.513

0.657

0.749

0.779

0.919

0.921

0.934

1.052

1.109

1. 151

1.2133

1.248

1.284

1.331

1.395

1.46

1.48

1.527

1.55

1.578

1.593

1.62

1.63

1.67

1.681

1.714

1.745

1.80

7/2-

3/2-

5/2-

5/2"

3/2"

9/2-

3/2"

1/2-

9/2"

5/2-

3/2-

9/2-

5/2"

9/2"

7/2-

3/2-

5/2-

3/2-

11/2-

7/2"

5/2-

1/2-

7/2-

3/2-

3/2-

5/2-

7/2"

3/2-

11/2-

1/2-

CEA

0

0.067

0. 0722

0.513

0.657

0.749

0.779

0. 919*

0. 921*

0. 934*

1.052

1.109

1.151

1. 2133

1.248

1.284

1.331

1.395

1.46*

1.48*

1.527

1.55*

1.578

1.593

1.62*

1.63*

1.67*

1.681

1.714

1.745

1.760

1.77*

1.78*

1.79*

1.82*

1.846

1.86*

1.87*

1.885

7/2"

3/2-

5/2-

5/2"

3/2-

9/2-

3/2-

1/2-

9/2-

5/2-

3/2-

9/2-

5/2-

9/2-

7/2-

3/2"

5/2-

(3/2-)

11/2-

7/2"

5/2"

1/2-

7/2"

(3/2")

3/2-

5/2-

7/2"

3/2"

11/2-

1/2-

5/2-

9/2"

5/2-

3/2"

9/2-

(13/2*)

7/2-

5/2-

3/2-

ENDF/B-IV

0

0.067

0.072

0.657

0.781

0.920

1.052

1.152

1.248

1.284

1.331

1.390

1.527

1.594

1.760

1.760

7/2-

3/2-

5/2-

3/2-

1/2-

9/2-

3/2-

9/2+

5/2-

3/2"

7/2-

3/2-

5/2"

1/2-

7/2-
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TABLE 2 . 1 2 . 2 3 1 4 7Pm

JENDL

0

0. 0911

0. 4105

0. 4893

0. 5310

0. 6804

0. 6859

0.72

-1

7/2+

5/2+

3/2+

7/2+

5/2+

3/2+

5/2+

RCN-2

0

0. 0911

0. 4082

0. 4106

0. 4893

0. 5311

0. 6328

0. 6413

0. 6493

0. 6672

0. 6804

0. 6861

0. 7307

7/2+

5/2+

9/2+

3/2+

7/2+

5/2+

1/2+

3/2+

11/2-

11/2+

7/2+

5/2+

CNEN-2

0

0.091

0.4112

0.450

0. 4901

0. 5319

0.55

0.60

0.65

0. 6808

0. 6874

0.70

0. 7235

0.75

0.75

7/2+

5/2+

3/2+

9/2+

5/2+

5/2+

1/2+

11/2+

3/2+

7/2+

5/2+

9/2+

3/2+

5/2+

CEA

0

0.091

0.4112

0.4901

0. 5319

0.60*

0. 6808

0. 6874

0. 7235

0.75*

0.85*

7/2+

5/2+

3/2+

5/2+

5/2+

9/2+

7/2+

5/2+

3/2+

11/2+

1/2+

ENDF/B-IV

0

0. 0911

0.4105

0.4892

0. 5309

0. 6858

0. 6858

7/2+

5/2+

3/2+

7/2+

5/2+

5/2+

JENDL-1

0

0.1212

0. 1974

0.713

0. 7988

0.808

0.925

1.007

1.029

1.054

1.065

1.077

1.103

1.166

1.180

1.20

7/2-

5/2-

3/2-

11/2-

3/2"

13/2+

11/2+

1/2-

11/2+

5/2+

5/2+

7/2-

9/2"

11/2-

7/2"

TABLE 2.12

RCN-2

0

0.1230

0.1973

0. 7155

0. 7988

0.808

0.900

0.925

1.007

1.029

1.054

1.065

1.077

1.103

1.166

1.180

7/2-

5/2"

3/2"

11/2-

3/2-

3/2-

1/2+

3/2+

1/2-

11/2+

5/2+

5/2+

7/2"

9/2"

11/2-

24 147Sm

CNEN-2

0

0.121

0.197

0.713

0.799

0.808

0.925

1.007

' 1. 029

1.054

1.065

1.077

1.116

7/2"

5/2"

3/2-

3/2"

3/2-

1/2+

1/2+

1/2-

1/2+

5/2+

5/2+

5/2-

CEA ENDF/B-IV

0

0.1218

0.1981

0.713

0.799

0.808

0.925

1.007

1.029

1.054

1.065

1.077

1.103

1.166

1.180

1.180

7/2-

5/2-

3/2-

11/2-

3/2-

13/2+

11/2+

1/2-

11/2+

5/2+

5/2+

3/2-

9/2-

11/2-

7/2-
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JENDL-1

0

0. 0225
0.2772
0.2857
0. 3502
0.398
0. 5286
0. 5583
0.566

0.640
0.65

7/2-
5/2-
3/2-
9/2-
3/2-
1/2-
3/2-
5/2+
9/2-

5/2-

1

RCN-2

0

0. 0225
0.2770
0.2859
0. 3500
0. 3963
0. 5285
0. 5584
0. 5908

0. 6367
0. 6490
0. 6640
0. 6770
0. 6950
0. 7100
0.722

7/2-
5/2"
5/2-
9/2-
3/2-
1/2-
3/2"
5/2-
9/2-

7/2"
3/2+

11/2-
5/2-
3/2-
3/2-

rABLE 2.12 25 I49Sm

CNEN-2

0

0. 0225
0. 2770
0. 2859
0.350
0.393
0. 5285
0. 5584
0. 5905
0.606
0. 6364
0.649
0.660
0.677
0.695
0.709
0.722
0.76
0.77
0.785
0.814
0.82
0. 8304
0. 8332
0.85
0.86
0.87
0.88
0.881
0.885
0.90
0.91
0.92
0.93
0.94
0.95
0.953
0.96
0.968
0.97
0.98
1.0

7/2"
5/2"
7/2-
9/2"
3/2-
1/2-
3/2-
5/2-
9/2-
3/2-
7/2-
3/2+

11/2-
5/2-
1/2-
3/2-
5/2+

3/2-
5/2-
5/2"
7/2+

9/2"
5/2+

1/2+
7/2+

1/2-
3/2-
7/2-
3/2+

11/2-
3/2+
5/2-
1/2-
5/2+
3/2-
1/2-
7/2-
9/2"
5/2-
7/2+
1/2+

CEA

0

0. 0225
0. 2770
0. 2859
0.350
0.393
0. 5285
0. 5584
0. 5905
0.606
0. 6364
0.649
0.660
0.677
0.695
0.709
0.722
0.76*

0.785
0.814
0.82*
0. 8304
0. 8332

0.86*
0.87*
0.88*
0.881
0.885

0.91*
0.92*
0.93*

0.95*
0.953
0.96*
0.968

0.98
0.989
0.99*
1.009
1.04

7/2-
5/2-
7/2"
9/2-
3/2-
1/2-
3/2-
5/2-
9/2-
3/2"
7/2-
3/2+

11/2-
5/2-
1/2-
3/2-
5/2+

3/2-

5/2-
7/2+
9/2-
5/2+

1/2+

1/2-
3/2-
7/2-
3/2+

11/2-

5/2-
1/2-
5/2*

1/2-
7/2-
9/2-
5/2"

1/2+
9/2+

11/2+
7/2"
3/2+

ENDF/B

0

0.022
0.277
0.286
0.350
0.398
0.529
0.558
0.582

0.650

0.853
1.970

-IV

7/2-
5/2-
3/2-
9/2"
3/2-
1/2-
3/2-
5/2+

9/2-

5/2"
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JENDL-1

0
0. 00482

0. 06582

0. 0697

0.09153

0. 10485

0.16772

0.16839

0. 20898

0. 3067

0. 3239

0. 34487

0.35

5/2-

7/2-

3/2-

5/2-

1/2+

5/2-

5/2+

7/2-

7/2-

3/2"

3/2 +

7/2+

TABLE 2.12

RCN-2

0
0. 0048

0. 0658

0. 0697

0. 0915

0.1048

0.1479

0. 1678

0.1684

0.1754

0. 2090

0. 2611

0. 2850

0. 2948

0. 3026

0. 3068

0.3138

0. 3153

0. 3239

0. 3449

0. 3576

5/2-

3/2-

7/2-

5/2-

9/2+

3/2-

13/2+

5/2+

5/2"

9/2"

7/2"

11/2-

1/2-

9/2"

5/2"

3/2+

1/2+

3/2"

7/2+

3/2+

26 151Sm

CNEN-2

0

0. 0048

0. 0658

0. 0697

0.0916

0.1048

0.1479

0.1678

0.1684

0.1754

0. 2090

0.22

0.23

0. 2456

0. 2611

0.27

0.28

0. 2850

0. 2948

0. 3025

0. 3068

0.3134

0. 3153

0. 3240

0.33

0.334

0.336

0.34

0. 3449

0.35

0.355

0. 3576

0.36

0.365

0.37

0.375

0.38

0.385

0.386

0.39

0.392

0.50

5/2"

3/2"

7/2"

5/2"

9/2+

3/2-

13/2+

5/2+

5/2"

9/2-

7/2-

3/2-

7/2"

7/2+

11/2-

9/2+

1/2-

1/2-

9/2"

5/2"

3/2+

1/2+

3/2-

7/2 +

9/2-

3/2+

7/2"

5/2"

3/2+

5/2+

7/2+

1/2+

3/2+

3/2"

7/2-

11/2-

5/2+

9/2+

17/2+

1/2-

9/2-

CEA

0
0. 00482

0. 06583

0. 06970

0. 09155

0. 10483

0.1479

0. 16777

0.16840

0.17538

0. 20901

0.22*

0. 2456

0. 2611

0.28*

0. 28497

0. 2948

0. 30255

0. 30680

0. 31338

0. 31529

0. 32395

0.33*

0. 334*

0.34*

0. 34493

0. 355*

0. 35762

0.36*

0.37*

0. 375*

0.38*

0.386

0.39*

0. 392*

0. 395*
0. 39557
0.405
0. 41560
0. 42373
0.44606
0. 44964
0. 47035
0. 43024
0. 50295
0. 50428
0. 52148
0.704
0.741

0.774

0.823
0.878
0.923

5/2-

3/2-

7/2"

5/2"

9/2+

3/2"

13/2-

5/2+

5/2"

9/2"

7/2"

3/2"

7/2+

11/2-

1/2-

1/2-

9/2"

5/2"

3/2+

1/2+

3/2-

7/2+

9/2"

3/2+

5/2-

3/2+

7/2+

1/2+

3/2+

7/2-

11/2-

5/2+

17/2+

1/2-

9/2-

3/2+
5/2+
7/2-
5/2"
7/2+
5/2+
1/2-
3/2-
7/2"
1/2+
5/2+
3/2+

3/2+
5/2+,
(3/2+)
3/2+
5/2+
3/2+

ENDF/B-IV

0

0. 005

0.066

0.070

0.092

0.105

0.168

0.168

0.209

0.307

0.324

0.345

0.345

7/2-

7/2-

3/2"

5/2-

1/2+

5/2-

5/2+

7/2"

7/2"

3/2"

3/2+

7/2+
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TABLE 2.12.27 153Eu

JENDL-1

0

0. 08337
0. 09743
0.10318
0.15161
0.17285
0.1914

0.268

0. 6346
0. 6364
0.682
0. 6943
0. 7064
0.71

5/2+
7/2+
5/2"
3/2+
7/2-
5/2+
9/2+

7/2+

1/2-
3/2"
5/2-
1/2-
3/2-

RCN-2 CNEN-2

0

0.083
0.097
0.103
0.152
0.173
0.193
0.235
0.270
0.322
0.325
0.396
0.400

5/2+
7/2+
5/2"
3/2+
7/2-
5/2+
9/2+
9/2-
7/2+

11/2-
11/2+
9/2+

CEA ENDF/B-IV

0

0. 08337

0. 09743

0.10318

0.151607

0.17285

0.1914

0. 6346

0. 6350

0. 6820

0. 6940

0.7070

0. 7153

5/2+
7/2+
5/2+
3/2+
7/2-
5/2+
9/2+

l/2+

3/2+

5/2+

3/2+

5/2-

TABLE 2.12.28 155Eu

JENDL-1

0

0.075
0.10435
0.17
0. 2462
0.31

0.76
0.87
1.09
1.27
1.45

5/2+
7/2+

5/2-
7/2"
3/2+
5/2+

1/2-
5/2+
3/2+
5/2-

RCN-2 CNEN-2

0

0. 0786
0.1043
0.1690
0. 2457
0. 3073
0. 3570
0. 3914
0.453

5/2+
7/2+
5/2-
7/2"
3/2+
5/2+

11/2-
1/2*

CEA ENDF/B-IV

0

0. 0750
0.1044
0.1700
0. 2462
0.31

0.76
0.87
1.09
1.27
1.27

5/2+
1/2*
5/2-
7/2-
3/2+
5/2+

1/2-
5/2+
3/2+
5/2"
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3. Discussion on Each Nuclide

Deatiled discussions are made in this chapter on each nuclide : The first subsection reviews the status of

experimental data at the time of the evaluation and at present (October 1978)*. In the second subsection, the

evaluation procedure is described on the resonance parameters, thermal cross sections, background cross sections,

statistical examination at the connecting energy, adopted level scheme, parameters used in the statistical model

calculation and measured capture cross section data used for normalization. The last subsection is devoted to

discussion on various problems found in the present evaluation and left in part for future work, and to inter-

comparison with the other recent evaluations such as ENDF/B-IV, CEA, CNEN-2 and RCN-2.

Since an excellent intercomparison of the recent evaluated data was already published by Gruppelaar et

al}1^ on capture cross section, the present discussion puts emphasis on the intercomparison of the total and

inelastic scattering cross sections for which attention was paid in the evaluation less than for the capture cross

section. It is to be noted that detailed intercomparison was difficult due to lack of precise information on

ENDF/B-IV evaluation.

Following general characteristics are pointed out here :

(1) The optical potential parameters adopted in the other evaluations are shown in TABLE 3. 1. It is seen that

the present potential set, often called Igarasi potential, has very often been used in the European evaluations.

(2) When the calculation with the resonance parameters alone does not well reproduce the experimental thermal

capture cross section, the 1/v background correction was applied in the JENDL-1 and ENDF/B-IV evalua-

tions, while some hypothetical negative levels were often assumed in the RCN-2 and CNEN-2 evaluations

as seen in TABLE 2. 8. Consequently the cross section of the former is higher than that of the latter up to

the first positive resonance.

(3) The JENDL-1 and ENDF/B-IV evaluations ignored (n, 2n) and («, 3n) reactions, while the CNEN-2 and

RCN-2 took account of them. Therefore the inelastic scattering cross section decreases abruptly above the

threshold energy of the (n, 2ri) reaction in the RCN-2 and CNEN-2 evaluations.

3. 1 Strontium-90

3. 1. 1 Status of experimental data

The capture cross section measured in the pile spectrum by Zeisel49' is the only available experimental

data. Though Zeisel gave the value of 0.8 + 0.5 barns, BNL-325 3rd edition2" recommends 0.9 ± 0 . 5 barns.

Neither resonance parameters nor smooth cross sections have so far been measured.

3. 1. 2 Evaluation

As for thermal capture cross section, the value recommended in BNL-325 3rd edition was adopted. The

1/v behavior was assumed for the capture cross section up to 6 keV corresponding to a half of the mean level

spacing used in the statistical model calculation. The elastic scattering cross section below 6 keV was calculated

with the effective scattering radius of 6. 9 fm

All the cross sections were calculated in the energy' region above 6 keV with the optical and statistical

models, since no experimental data were available. The radiation width and mean level spacing were deter-

mined by examining the systematic trends in the neighboring nuclides.

3. 1. 3 Discussion

The total, capture and inelastic scattering cross sections are shown in Figs.3. 1. 1~3. 1.3, respectively.

* A systematic survey of experimental data was completed at October 1978. However, data released after this data
are partly included in this report.



JAERI1268 3. Discussion on Each Nuclide 49

TABLE 3.1 Optical Potential Parameter Sets Adopted in the Other Evaluations

Nuclide

3°Sr
33Zr
35Mo

"Mo
9 9 T c

I0IRu

!°2Ru :
i03Ru
I04Ru
105Pd
106Ru

l"7,pd

109 Ag
129J

" 1MXe

!33Cs
135Cs
137Cs

143Nd
114Ce
144Nd

" 5 N d

' « P m
147Sm
149Sm
I51Sm
l s % u

" 5 E u

RCN-2

—

—

C

c
A

A

A

A

A

C
—
C
B
A

—

A

—

—

A

—

A

A

A

D
D
D
—

—

CNEN-2

—

A
A
A
E
E
E
E
E
E
E
E
E
—
—
A
A
A
A
A
A
A
A
A
A
A
A
A

CEA

—
—
A
A
A
A
A
A
A
A
—
A
A
A
—
A
A
—
A
—
—
A
A
—
A

A + F
—

—

ENDF/B-IV

B
B
B
B
I
B
B
I
B
B
B
B
F
B
F
F
B
B
H
B
B
H
H
H

a)
H
G
H

The present potential often called Igarasi potential
Moldauer2"
Rosen et a/.28'
Wilmore and Hodgeson26'
Becchetti and Greenlees2"
Coupled channel potential.
Livolsi232'
Information not available.

C : Smith et al.i7>

E : Perrey and Buck48'

Precise information is not available.

Neutron Cross Section "Sr TOTAL
101

JENDL-I

ENOF/B-IV

102 10' W 10s

Neutron Energy C eV)

Fig. 3 .1.1 Total cross sections of 90Sr.

10' 10'
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Neutron Cross Section "Sr CAPTURE

io-v

10 ! 103 10' 10s

Neutron Energy I eV1

Fig. 3 . 1 . 2 Capture cross sections of s0Sr.

N e u t r o n C r o s s S e c t i o n " S r I N E L A S T I C

10s 107

10J

Neutron Energy

Fig. 3.1.3 Inelastic scattering cross sections of 90Sr.

ENDF/B-IV is the only other evaluation for this nuclide.

The total cross section of JENDL-1 is higher than that of ENDF/B-IV. This is caused by the difference

of optical potential parameters in the energy region above 6 keV, and by the considerable difference of the

effective scattering radius below 6 keV as seen in TABLE 2. 7.

On the other hand, the JENDL-1 evaluation gives lower value for the capture cross section. As to the

inelastic scattering cross section, the value of JENDL-1 is higher than that of ENDF/B-IV, probably due to

the difference of the optical potential.

3. 2 Zirconium-93

3. 2. 1 Status of experimental data

The thermal capture cross section was measured by Pomerance50-1 with a pile oscillator. The uncertainty of

}he data is large and the cross section is reported to fall into the range from 1. 3 to 4 barns. The neutron

width of 110 eV level was deduced from the transmission experiment by Block et a/.5" No other quantities

have so far been measured.
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BNL-325 3rd edition295 recommends these experimental data. It also recommends the cepture resonance

integral of 33 barns, whose experimental basis is not clear.

3. 2. 2 Evaluation

We adopted the neutron width deduced by Block et a/.50 for 110 eV level. The radiation width was

estimated to be 300 meV from the systematic study on the neighboring nuclides. The thermal cross sections

and the capture resonance integral were calculated from the resonance parameters of 110 eV level. The value

of 1. 34 barns for the capture cross section falls within the uncertainty of the experimental value. Hence no

background cross section of ljv type was applied for this nuclide. The effective scattering radius of 6. 9 fm

was assumed in calculation of the elastic scattering.

The resonance cross section formula was applied up to 260 eV, i.e., En + DOhs/2, where the mean level

spacing DObS of 300 eV was estimated also from the systematic trends of neighboring nuclides and was used in

the statistical model calculation.

All the cross sections were calculated with the optical and statistical models in the energy region above

260 eV. The 7-ray strength fuection was obtained from the radiation width and the mean level spacing men-

tioned above. Twelve discrete excited levels were considered up to 2. 773 MeV and the levels were assumed

to be continuum above 2. 8 MeV.

3. 2. 3 Discussion

The total, capture and inelastic scattering cross sections are compared with those of ENDF/B-IV and

CNEN-2 in Figs. 3. 2. 1-~3. 2. 3, respectively. As seen in TABLE 2. 8, the ENDF/B-IV evaluation did not adopt

the resonance parameters of 110 eV level but gave a smooth curve to represent this resonance.

The total cross sections of JENDL-1 and CNEN-2 agree fairly well with each other in the energy range

above 100 keV, while the ENDF/B-IV evaluation gives the lower value in this energy range probably due to

the difference of the optical potential parameters. The lower value of ENDF/B-IV below 100 eV is caused by

its lower effective scattering radius as seen in TABLE 2. 7. Below 50 keV, the CNEN-2 evaluation gives con-

siderably high value calculated from their unresolved resonance parameters whose s-wave strength function is

about twice as large as those adopted in JENDL-1 and ENDF/B-IV.

The thermal capture cross sections are given in TABLE 2. 9 for each evaluation. They lie within the large

uncertainty of the experimental data. The capture resonance integrals of the three evaluations agree fairly

well with the recommended value of BNL-325 3rd edition. In the smooth region above 260 eV, JENDL-1

gives the highest capture cross section by assuming the largest radiation width. (See TABLE 2. 5)

As to the inelastic scattering cross section, the JENDL-1 and ENDF/B-IV evaluations give similar energy

ioy
Neutron Cross Section
1 ' " " I '—• ' ' " " l •-

"Zr TOTAL
' 1 1 H I M 1-

102 101 10* 10s

Neutron Energy ( eV)

Fig. 3.2.1 Total cross sections of 93Zr.

10s 10'
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N e u t r o n Cross S e c t i o n M Zr CAPTURE

10% ' -

2.0

g 1.0

0.0

JENDL-1

101 10( 10s

Neutron Energy ( eV )

Fig. 3 . 2 . 2 C a p t u r e cross sect ions of 93Zr.

Neutron Cross Section "Zr INELASTIC

106 107

CNEN-2

105 10s

Neutron Energy ( eV)

Fig. 3.2.3 Inelastic scattering cross sections of 93Zr.

dependence, though the absolute value of JENDL-1 is a little higher probably due to the difference of the

optical potential as observed in the total cross section. The CNEN-2 evaluation adopted 7 levels more than

JENDL-1 in the energy range between 1 and 1. 6 MeV as seen in TABLE 2. 12.2, and assumed continuum levels

above 1. 735 MeV. This may explain the rapid increase of the inelastic scattering cross section of CNEN-2

above 1 MeV. However, these added levels are probably hypothetical ones.

3. 3 Molybdenum-95

3. 3. 1 Status of experimental data

The thermal capture cross section was measured by Tattersall et a/.52' and by Pomerance5" before 1960.

No new data have been reported. BNL-325 recommended ff«,7
th = 14. 5+0. 5 barns in both 2nd335 and 3rd23>

editions on the basis of these two experiments. Tattersal et al. also measured the resonance integral for capture

and gave R.I. = 100±20 barns. BNL-325 3rd edition recommends 105 + 7 barns whose basis is not clear.

A considerable number of experiments have been reported on the resonance parameters. BNL-325 2nd

edition compiled the parameters measured till 1966 and recommended the values of 14 resonances up to 1, 413
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eV. ENDF/B-IV seems to have adopted most of these recommended values. After 1966 some new experiments

have been made. Particularly Weigmann et al.si:> measured the resonances in the energy range up to about

2 keV. Recently Musgrove et al.55i extended the resolved resonance region up to 4 keV but his data were

not available at the time of the present evaluation.

As for the capture cross section above keV region, the data of Kapchigashev and Popov56' were the only

available data at the time of the present work. After that, two 'measurements have been reported by Musgrove

et al.5s:> and by Hockenbury et al.57^* The total cross section was measured by Divadeenam et at}&^ and

Hockenbury et al?n*

3. 3. 2 Evaluation

As to the resonance parameters, two sets of new data by Shwe and Cote59) and by Weigmann et al.siy

were taken into consideration as well as those recommended in BNL-325 2nd edition. The resonance parameters

deduced by Weigmann et al. were mainly adopted, with the assumption of Py = 180 mVe. The values of orbital

angular momentum were assigned from the value of F-nF^jF, when no assignment was made by the experi-

menters. Thus the resonance parameters were determined for 53 levels up to 2,112 eV, 19 of which were

assigned as s-wave resonances.

The thermal capture cross section was calculated trom these resonance parameters. The calculated value

of 5.42 barns is much lower than 14 .5+0 .5 barns recommended in BNL-325. The large discrepancy might

be caused by our disregard of possible negative resonances. The difference was given as the background cross

section whose energy dependence was assumed to be 1/v form. The elastic scattering cross section was cal-

culated with the effective scattering radius of 7.1 fm.

The statistical examination was made whether the resonance cross sections connect reasonably with the

smooth cross sections calculated with the optical and statistical models. It was found that both cross sections

joined at the upper bound of resonances within the standard deviation due to the statistical fluctuation of the

resonance parameters. Therefore the connecting energy was taken at 2,150 eV.

The cross sections were calculated in the energy region above 2,150 eV with the optical and statistical

models. The 7-ray strengh function was adjusted so that the calculated capture cross section, might reproduce

the experimental data of Kapchigashev and Popov565, which were the only available data at the time of the

present evaluation. Fourteen discrete levels were taken into account up to the energy of 1. 55 MeV and levels

were assumed to be overlapping in the energy region above 1.62 MeV.

10=
Neutron Cross Section !!Mo TOTAL

10

O DIVADEENAMt /S8 /

V

RCM-2

10z 103 10' 105

Neutron Energy 1 eV )

Fig. 3.3.1 Total cross sections of 95Mo.

10'

* The numerical data of Hockenbury et al. was not published.
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3. 3. 3 Discussion

The total, capture and inelastic scattering cross sections of the present evaluation are compared with the

experimental data and the other evaluated data in Figs. 3.3.1—3.3.3, respectively.

As for the total cross section, the present values calculated with the optical model well reproduce the

exprimental data of Devadeenam et al.ssy, while the optical potential parameters were determined from the

global trend of the total cross sections in the mass region A = 70~160. This suggests the applicability of the

present optical potential. The CNEN-2 evaluation also adopted present potential parameters. The ENDF/B-IV

evaluation gives the lowest value. The highest values of RCN-2 below 30 keV are obtained with the strength

function model which uses the s-wave strength function more than twice as large as that used in

JENDL-1 and the recommended value in BNL-325 3rd edition as shown in TABLE 2. 4.

The calculated thermal capture cross section was about one third of the experimental value. Though the

1/v correction was applied in the present JENDL-1 evaluation, such a large difference may be caused more

probably by existence of negative resonances. The resonance integral for capture was calculated from the

resonance parameters and the 1/v background cross section. The calculated values of all the evaluations fall

within the uncertainty of the experimental data of Tattersall et a/.52> as shown in TABLE 2. 10.

101

10'

2 . 0 -

0.0

Neutron Cross Section "Mo CAPTURE

V. CEA

O KAPCHIGASHEV+ /56/

* MUSGROVE+ 755/

j i

102 103 101 105

Neutron Energy ( eV )

Fig. 3 . 3 . 2 C a p t u r e cross sect ions of 9 5 Mo.

N e u t r o n C r o s s S e c t i o n " M o I N E L A S T I C

106

1 1 1 1 1 1 1 1 Ml

•

CNEN-2

JENOL-I -

/

J
1 1—i ' . . i l l / , , i

RCN-2

'/ / ^ ^ ^ \ 'i

ENDF/B-IV

-n

I,

"i
V

I
1

10s 106

Neutron Energy 1 eV)

Fig. 3.3.3 Inelastic scattering cross sections of 95Mo.
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As was pointed out by Gruppelaar et al.2i\ it was not possible to reproduce the experimental data of

Kapchigashev and Popov5" both below 40 keV and at 47 keV with the statistical model calculation. Then we

adjusted 7-ray strength function so that the calculated curve might pass the middle of these data points. The

recent data of Musgrove et al.5Sy seem to support this decision. The RCN-2 evaluation took account of valence

capture effect and also gave the larger radiation widths for p-wave resonances than for s-wave ones as seen in

TABLE 2. 5. The valency effect was not considered in the present work.

The inelastic scattering cross section of JENDL-1 agrees fairly well with that of CNEN-2. The ENDF/B-

IV gives the lowest value as in the case of the total cross section probably due to the adopted optical potential.

The data of RCN-2 are lower than those of JENDL-1 below 1 MeV. The data of RCN-2 and CNEN-2

become larger than those of JENDL-1 above 1. 2 MeV. This may be partly attributed to their adopting more

discrete levels, some of which are hypothetical ones. Recently Matsumoto et al.in added 5 levels betwen 1. 62

MeV and 1.94 MeV in their revised level scheme. This may change the cross section of JENDL-1 in this

energy range.

3.4 Molybdenum-97

3. 4. 1 Status of experimental data

The thermal capture cross section was measured by Pomerance53-1 in 1952. BNL-325 3rd edition29-1

recommends <7Ki1,
th = 2. 2 + 0. 7 barns on the basis of the datum of Pomerance taking account of the difference

of the standard cross section of gold. BNL-325 3rd edition also recommends R.I. = 13±3 barns whose experi-

mental basis is not clear.

Numerous experiments have been made on the resonance parameters. BNL-325 2nd edition335 compiled

the data measured till 1966 and recommended the parameters for 9 resonances up to 1, 255 eV. ENDF/B-IV

seems to have adopted most of these recommended parameters. At the time of the present evaluation, two

other experimental data ware available, i. e., the data of Schwe and Cote59> and Weigmann et al.sii The latter

reported the gF^Fyir values of 63 resonances up to 1, 940 eV. After the present evaluation, Musgrove et aL5S)

gave the parameters for the levels up to 3, 500 eV.

The capture cross sections measured by Kapchigashev and Popov50 were the only available data in keV

region at the time of present work. After that, the data of Musgrove et a/.5W became available for the capture

cross section. Recently Hockenbuy et al.m* reported the measurements of the total and capture cross sections.

2. 4. 2 Evaluation

In the present work, two sets of new data on the resonance parameters, i. e., by Shwe and Cote595 and by

Weigmann et al.w were compared with each other and with those in BNL-325 2nd edition. The data by

Weigmann et al. were mainly adopted with assuming /7
7 = 170meV for levels whose radiation width was not

given. The values of orbital angular momentum were assigned from the value of rnF^/F, when no assignment

was given by the experimenters. The resonance parameters were thus obtained up to 1, 836 eV for 62 levels,

27 of which were assigned as s-wave resonances.

The thermal capture cross section calculated from these parameters is 0. 18 barns which is much smaller

than the value of 2. 2 barns recommended in BNL-325 3rd edition. The difference was corrected by the

background cross section of \\v type. The elastic scattering cross section was calculated with the effective

scattering radius of 6. 6 fm.

The statistical examination suggests that some levels might be missed in the energy range above 1, 700 eV.

Therefore the connecting energy was set at 1, 660 eV.

The cross sections above 1,660 eV were calculated with the optical and statistical models. The 7-ray

strength function was so adjusted that the calculated capture cross section reproduced the experimental data of

Kapchigashev and Popov5W. It was found, however, that the experimental data had a structure which could

not be reproduced with the present model calculation. Finally the cross section was drawn with the eye-guide

* The numerical data of Hockenbury et al. were not published.
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method below 10 keV.

The lowest 13 discrete levels were adopted up to 1. 52 MeV and the levels were assumed to distribute

continuously in the energy range above 1. 54 MeV.

3. 4. 3 Discussion

The total, capture and inelastic scattering cross sections are compared with the other evaluated data as well

as the experimental data in Figs. 3. 4. 1~3. 4. 3, respectively.

No experimental data are available for the total cross section, but the same tendencies as those in 95Mo

are observed among the various evaluated data : The ENDF/B-IV gives the lowest values, and the RCN-2

shows apparent discontinuity near 100 keV where the strength function model is connected to the optical model.

The s-wave strength function of the RCN-2 evaluation is more than twice as large as that of the JENDL-1

evaluation and the recommended value in BNL-325 3rd edition as seen in TABLE 2.4.

As is evident in TABLE 2.9, there exists a large discrepancy between the thermal capture cross section

calculated from the resonance parameters and the experimental data. To avoid this difficulty, the JENDL-1

and ENDF/B-IV evaluations adopted the 1/v background cross section, while the CNEN-2 and RCN-2 evalua-
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tions adjusted the calculated thermal cross section by assuming a negative resonance. For such a large difference,
assumption of a negative resonance might be more reasonable. The capture resonance integral calculated from
the resonance parameters and the background cross section is 17. 1 barns in JENDL-1, which is slightly larger
than the recommended value in BNL-325 3rd edition. It should be noted, however, that all the other evalua-
tions give higher values than the BNL-325 recommendation whose experimental basis is not clear.

As pointed out in section 2. 2. 2, the optical and statistical model calculation could not reproduce the structure
of the measured capture cross section of Kapchigashev and Popov56> below lOkeV. The JENDL-1 evaluation
adopted the eye-guide method below 10 keV, while the CNEN-2, RCN-2 and CEA evaluations extrapolated
the model calculation and consequently gave the lower values than the measured ones. The ENDF/B-IV gives
extremely low values below 20 keV whose energy dependence cannot be expected from the statistical model.
Recent data of Musgrove et a/.555 agree with those of Kapchigashev and Popov below 20 keV but are a little
higher above 20 keV, where most of the evaluated curves agree fairly well with the new data of Musgrove
et al.

As for the inelastic scattering cross section, ENDF/B-IV gives the lowest values, RCN-2 gives the highest
ones and the values of JENDL-1 and CNEN-2 lie in the middle agreeing fairly well with each other. The
highest values in the RCN-2 evaluation may be attributed to its adopting 0. 753, 0. 795 and 0. 993 MeV levels
which were not taken in the other evaluations because of no exprimental evidence40'. The lowest values of
ENDF/B-IV may be caused by the adopted optical potential parameters which gives the lowest value also for
the total cross section.

3.5 Technetium~99

3. 5. 1 Stof us of experimental data

The thermal capture cross section was measured by Pomerance60' and by Tattersall et al?** BNL-325 3rd
edition29' recommends ern,,r

tll = 19±2 barns on the basis of the results by Pomerance. The resonance integral
for absorption was reported to be 60±20 barns by Tattersall et al. The total cross section at 0. 0253 eV was
measured by Hay and Pattenden60 and by Watanabe and Reeder.62'

The resonance parameters were deduced from the experiments on the total cross section by Pattenden63'
and by Watanabe and Reeder. Particularly Watanabe and Reeder gave the parameters for 12 levels from
— 6.4eV to 280 eV by applying both the area and shape analyses. They calculated the capture resonance
integral from their parameters and gave 340 ±20 barns, which was adopted in BNL-325 3rd edition. On the
other hand, Chou and Werle64) gave the parameters of two low lying levels on the basis of their measure-
ments on the capture cross section with a slowing-down time spectrometer. Discrepancies are considerably large
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among the parameters obtained from the three experiments mentioned above. BNL-325 3rd edition recommends

the parameters of 11 levels from 5. 64 to 280 eV, on the basis of these three experiments and an experiment

made at ORNL6S) whose numerical results have not yet been published. After the present evaluation, Adamchuk

et al.6e:> reported the parameters of 79 levels up to 1, 144 eV. It was pointed out,6" however, that some levels

were missed in the data of Adamchuk et al.

At the time of the present evaluation, the only available experimental data of the smooth capture cross

section were those measured by Chou and Werle up to 50 keV. After the present work, Little and Block675

gave the capture cross section up to 80 keV. The total cross section was measured by Watanabe and Reeder

in the energy range below 1 keV, by Harvey685 from 2 eV to 130 keV and by Foster and Glasgow705 from

2. 5 MeV to 15 MeV.

3. 5. 2 Evaluation

The resonance parameters recommended in BNL-325 3rd edition were adopted in the present work, since

it took account of all the available experimental data at the time of the evaluation. For the levels whose

radiation width was not given in BNL-325, the value of 112 meV was assumed according to the analysis by

Watanabe and Reeder.62-1 A negative resonance deduced by Watanabe and Reeder with the shape analysis was

not taken into account. All the eleven levels were assumed to be s-wave resonances.

The thermal capture cross section calculated from these resonance parameters is 17. 7 barns which agrees

with the recommended data of BNL-325 within the quoted error. The elastic scattering cross section was

calculated with the effective scattering radius of 6. 0 fm. From the statistical examination mentioned in section

2. 4, no levels seemed to be missing. The connecting energy was set at 290 eV by adding nearly DObs/2 to the

highest resonance energy of 280 eV.

The cross sections were calculated with the optical and statistical models in the energy range above 290

eV. Fourteen discrete levels were taken into consideration up to 1. 199 MeV, and the levels were assumed to

be overlapping above the energy of 1. 21 MeV. The 7-ray strength function was adjusted so that the calculated

capture cross section might reproduce the experimental data of Chou and Werle64). From the 7-ray strength

function thus determined, we obtained the mean level spacing of 16. 2 eV which agrees with the value obtained

from the resolved resonances, if we assume Fr = 112 meV. As described in section 2.2.2, the calculated cross

section could not reproduce the structure in the measured data of Chou and Werle below 3 keV. The present

cross section was obtained by the eye-guide method in this energy range.

3. 5. 3 Discussion

The total, capture and inelastic scattering cross sections are shown in Figs. 3.5. 1~3. 5. 3 with the experi-
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mental data and with the other evaluated data. As seen in TABLE 2. 8, much more resonance levels were adopted

in RCN-2 and CNEN-2.

The total cross sections of all the evaluations reproduce fairly well the measured data of Foster and

Glasgow705 above 2 MeV, while they cannot at all reproduce the measured data of Harvey below 100 keV.

The data of ENDF/B-IV show apparent discontinuity at 141 keV where the cross section calculated from the

unresolved resonance parameters is connected to the smooth cross section. The RCN-2 evaluation adopted the

same optical potential parameters as JENDL-1.

The calculated thermal capture cross sections in all the evaluations fall within the uncertainty of the

measured data as seen in TABLE 2. 9. The JENDL-1 evaluation adopted no background cross section, while the

RCN-2 and CEA evaluations adopted a small 1/v correction, and the ENDF/B-IV and CNEN-2 evaluations

took a negative resonance. The capture cross sections of all the evaluations well reproduce the data of Chou

and Werle645 below 80 keV. However, recent measurements by Little and Block6" give a little higher values

than all the evaluations. The evaluated cross sections deviate from one another above a few hundred keV.

This is partly due to the difference in the inelastic scattering cross section as will be mentioned later.

As pointed out by Gruppelaar et al.2^, the calculated inelastic scattering cross section is sensitive to the
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adopted level scheme of the target nucleus in the case of "Tc, because the ground state spin is high (9/2+)

and therefore the inelastic transfer is limited to states of high spin. As is seen in TABLE 2. 12.5, the level

scheme adopted in JENDL-1 has few high spin states up to 1. 2 MeV. Hence the inelastic scattering is restrained

and the capture is enhanced. On the other hand, the CEA and CNEN-2 evaluations adopted two hypothetical

high spin states at 250 and 350 keV : this probably makes the inelastic scattering cross section twice as large

as the other evaluated data and decreases the capture cross section above 250 keV. The RCN-2 evaluation has

two more high spin states than JENDL-1 above 750 keV. This level scheme might explain the rapid increase

in inelastic scattering cross section and abrupt decrease in capture cross section of the RCN-2 data. It should

be noted, however, that the revised level scheme by Matsumoto et al.m becomes very analogous to that of

RCN-2. Hence the same tendency is expected, if this revised level scheme is used.

3.6 Ruthenium-101

3. 6. 1 Status of experimental data

The thermal capture cross section and the capture resonance integral were measured twice by Halperin et

aip.m BNL-325 recommends a»,7
th=3. 1 + 0. 9 barns and R. I. = 8 5 + 12 barns on the basis of their old data72)

in both 2nd3" and 3rd29> editions, though their new data73) are ff«,7
th = 5.23 barns and R. I. = 79. 1 barns,

respectively.

BNL-325 2nd edition recommended the resonance parameters of 11 levels up to 460 eV on the basis of

measurements made till 1965. Since then Coceva et al.7i:> made the isotope and spin assignment for Ru resonances

up to 560 eV with their capture ry-ray measurements, and Priesmeyer and Jung75' deduced the neutron widths

to 22 resonances up to 670 eV from their transmission measurements. The recommendation in BNL-325 3rd

edition is mainly based on these two measurements. After its release, Macklin and Halperin7" gave the gT^F^/P

values from 2, 650 to 4, 500 eV.

At the time of the present evaluation, no experimental data were available above resonance region. Recently,

however, the capture cross section was measured by Hockenbury et al.77:> between 20 eV and 150 keV and

Macklin and Halperin7" between 3 and 700 keV. [

3. 6. 2 Evaluation

The resonance parameters deduced by Priesmeyer and Jung7" were mainly adopted* for 22 levels up to

670 eV. For the levels whose radiation width was not given explicitly by Priesmeyer and Jung, the value of

165 meV was adopted, which was assumed by them in deducing the neutron widths. However, for the 52. 3 eV

level we adopted the recommended value of 190 meV in BNL-325 2nd edition. The connecting energy was

set at 700 eV, as the statistical examination showed no level missing.

The thermal capture cross section calculated from these resonance parameters is 3. 34 barns which agrees

well with the recommended value of 3. l ± 0 . 9 barns in BNL-325 but is smaller than the new experimental

value of Halperin et a/..73' However, no background correction were made for this nuclide. The elastic scat-

tering cross section was calculated with the effective radius of 6. 65 fm.

The cross sections were calculated with the optical and statistical models in the energy range between 700

eV and 15 MeV. Fourteen discrete levels were adopted up to 1. 0011 MeV and the levels were treated as

continuum above 1. 05 MeV. The 7-ray strength function was determined from the values of neighboring

nuclides.

3. 6. 3 Discussion

The total, capture, and inelastic scattering cross sections of the JENDL-1 evaluation are shown in Figs.

3. 6. 1 ~ 3 . 6. 3 with the other evaluated data and the experimental data. The ENDF/B-IV evaluation adopted

the resonance parameters up to 112. 5 eV, while the other evaluations took the parameters up to 670 eV.

The total cross section of ENDF/B-IV is smaller than the others in all the energy range. The RCN-2

and CNEN-2 evaluations give higher values in the low energy region where they use the strength function

* The resonance energies were taken from their preliminary report78'.
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106 107

model and the unresolved resonance representation, respectively. The RCN-2 evaluation adopted the same optical

potential as JENDL-1.

In all the evaluations, the thermal capture cross sections calculated from the resonance parameters are a

little smaller than the newly measured datum of Halperin et al.1T>, though they agree with their old value725.

However, the quality of the new measurement of Halperin et al. is not clear due to lack of their error assign-

ment. The calculated capture resonance integrals are a little higher than the measured ones in all the evalua-

tions.

All the evaluations of capture cross section are based on the theoretical calculation above the resonance

region, since no experimental capture data were available at the times of each evaluation. Nevertheless the

calculated cross sections agree fairly well with the recent measurements except those of ENDF/B-IV which are

considerably lower in all the energy region. Particularly the data of RCN-2 and CNEN-2 agree very well

with the data of Macklin ard Halper]n76), while those of JENDL-1 are a little lower in the energy region

below 10 keV and a little higher above a few hundred keV. On the other hand, the data of Hockenbury et

al.7n are a little higher than all the evaluated values. The cross section of JENDL-1 is the highest in the

energy region above 50 keV among all the evaluated data. This is partly caused by the competition with its
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rather small inelastic scattering cross section which will be discussed later. An obvious dip observed in the

CNEN-2 evaluation near 1 MeV may be also attributed to the competition with the inelastic scattering. In the

JENDL-1 evaluation, the adopted 7-ray strength function shown in TABLE 2. 5 gives smaller value of £ W than

that obtained from the resolved resonances, if we assume / \ . = 165meV.

As to the inelastic scattering cross section, the data of JENDL-1 are smaller than those of RCN-2 and

CNEN-2 above 300 keV. This is probably caused by our omitting some discrete levels such as 0. 3441, 0. 4623,

0. 6235 and 0. 6432 MeV levels and by our adopting a lower value of level density parameter " a " as seen in

TABLE 2. 12. 6 and 2. 6, respectively. The large value of the CNEN-2 evaluation may be partly attributed to

its adopting 9 hypothetical levels between 700 keV and 1 MeV. The lowest value of ENDF/B-IV may be

caused by the adopted optical potential which gives the lower total cross section than the other evaluated data.

It should be noted that Matsumoto et al.in recently revised the level scheme adopted in JENDL-1 by adding

the above mentioned levels which were already adopted in the other evaluations. With these revised level

scheme, it is expected that the inelastic scattering cross section of JENDL-1 will be a little increased above

300 keV, and the capture cross section will be decreased.

3.7 Ruthenium-102

3. 7. 1 Status of experimental data

The thermal capture cross section was measured by Katcoff and Williams79', by Lantz80) and by Ishikawa80.

The measured values scatter between 1.23 and 1.50 barns. BNL-325 3rd edition2" recommends 1. 30±0. 15

barns on the basis of these measurements. The capture resonance integral was measured by Lantz, by Ricabarra

et al.a2) and by Van der Linden et al.m Their results agree with one another within the quoted errors.

BNL-325 3rd edition recommends 4.1 ± 0 . 4 barns.

As to the resonance parameters, BNL-325 2nd edition33' recommended the parameters of only one level

at 200 eV on the basis of the measurements by Bolotin and Chrien84'. Recently, however, Priesmeyer and Jung7"

pointed out that this level belonged to m R u , and they gave the neutron widths to three new levels at 165. 3,

415. 2 and 1, 296 eV. BNL-325 3rd edition recommends their parameters. After its publication, Macklin and

Halperin76-1 gave the resonance parameters in the energy range from 2. 66 to 12 keV.

The capture cross section was measured at 24 keV by Macklin et al.S5) and by Murty et al.te>, and at

190 keV by Lyon and Macklin87' at the time of the evaluation. Recently Hockenbury et al.in measured the

capture cross section between 20 eV "and 150 keV and Macklin and Halperin76' between 3 and 600 keV. No

experimental data are available on the elastic and inelastic scattering cross sections.
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3. 7. 2 Evaluation

The neutron widths obtained by Priesmeyer and Jung755 were adopted for the three resonances with

assuming .T7 = 165meV, which was assumed by Priesmeyer and Jung in their deducing the neutron widths.

All the three levels were assumed to be s-wave resonances.

The thermal capture cross section calculated from these parameters becomes 0. 0104 barns which is much

smaller than the smallest measured value of Lantz805. We assumed the value of 1. 3 barns according to BNL-

325 3rd edition and corrected the difference by applying the Ijv type background cross section. The thermal

elastic scattering cross section was calculated with the effective radius of 6. 6 fm.

The resonance cross section was calculated up to 1, 450 eV corresponding to £maX + .Dobs/2, where the mean

level spacing Dots was obtained in the statistical model calculation as described below.

The cross sections were calculated with the optical and statistical models in the energy range above 1, 450

eV. Thirteen discrete levels were considered up to 2. 37 MeV and levels were assumed to be overlapping above

2. 4 MeV. It was found that the energy dependence of the calculated capture cross section was considerably

different from that of the measured data at ihe time of the evaluation as shown in Fig. 3.7.2. Hence we took

the data of Macklin et «Z.85> and of Murty et al.s(° at 24 keV, which agree with each other, but abandoned

the datum of Lyon and Macklin875 at 190 keV. The 7-ray strength function was so determined that the

calculated capture cross section became 350 millibarns at 24 keV. From the 7-ray strength function thus

obtained, the mean level spacing was deduced to be 290. 5 eV with assuming i~"7 = 165meV.

3. 7. 3 Discussion

The total, capture and inelastic scattering cross sections are compared with the other evaluated data and

the experimental data in Figs. 3. 7.1 ~ 3 . 7. 3, respectively.

As to the total cross section, the JENDL-1 and RCN-2 ^evaluations, which used the same optical potential

parameters, give the highest values, while the ENDF/B-IV evaluation gives the lowest value. The cross section

of CNEN-2 is as low as that of ENDF/B-IV in the unresolved resonance region below 50 keV and becomes

as high as that of JENDL-1 above 1 MeV. The smaller value of ENDF/B-IV in the resonance region is

evidently caused by its smaller effective scattering radius as shown in TABLE 2.7.

The thermal capture cross section calculated with the resonance parameters is less than 1/100 of the measured

value as seen in TABLE 2. 9. Such a large discrepancy may be more reasonably explained by ignorance of

negative resonances, though all the evaluations except CNEN-2 apply the 1/v background cross section. The

capture resonance integral calculated from the resonance parameters and the background cross section agrees

witn the measured data within quoted errors. In the energy region above 2 keV, all the evaluations seem to

rely on the measured data of Macklin et aLsi> and of Murty et al.s6:> at 24keV and to abandon the data of
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Lyon and Mackliri870 at 190 keV. However, recent measurements by Hockenbury et a/.77) and by Macklin and

Halperin76) give lower values than the evaluated curves : The data of JENDL-1 are about 30% larger than

those of Macklin and Halperin. These new measurements should be considered in future work. Above 1 MeV

the data of ENDF/B-IV are the largest and those of CNEN-2 the smallest. This is probably due to the

competition with the inelastic scattering process.

As to the inelastic scattering cross section, ENDF/B-IV gives the smallest values, CNEN-2 the largest,

and the values of JENDL-1 and RCN-2 lie between these two extreme values. The difference might be

mostly caused by the difference of the optical potential as seen in the total cross section, since little discrepancies

are observed in the level scheme shown in TABLE 2. 12. 7.

3. 8 Rhodium-103

3. 8. 1 Status of experimental data

Experimental data are numerous for this nuclide. The thermal capture cross sections were measured by

several experiments for production of 4. 35 min 1(MmRh and 42 sec 104BRh. BNL-325 recommends ffn,7
th = 150
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± 5 barns O»,,/h(1M'nRh) = l l ± l barns and ff«,r
tlI(1048Rh) = 139±7 barns] in both 2nd33> and 3 r d w editions.

After its 3rd edition was published, Dilg and Mannhart885 deduced trB,7
tu = 144. 8+0 , 5 barns from their mea-

surements of the total cross section with the ultracold TOF spectrometer. The total cross section in the thermal

energy region is also given by Dilg and Mannhart crT(£) = (22.17+0.10)/^E (ev) + l. 3 barns.

The resonance capture integral has been measured since 1950. Walker and Copley89' gave R. I.(IOj|mRh)

= 8 1 + 8 barns and R. I.(msRh) = l, 094+60 barns, and Kohler and Schneider905 R. L(lMmRh) = 78+7 barns and

R. I.(10*sRh) = l, 054±74 barns. BNL-325 3rd edition recommends R. I. = l, 100±50 barns. Recently, however,

Huttel90 and Van der Linden et al.ei} recported R. I.( IMmRh)=610~650 barns, which is not consistent with

the old measurements.

As to the resonance parameters, BNL-325 2nd edition recommended the values for 47 levels up to 1, 270

eV on the basis of measurements before 1967. In 1969 Ribon et al,m deduced the parameters for 273 levels

up to 4,140 eV. Taking account of these new data, BNL-325 3rd edition recommends the parameters for 276

resonances. After BNL-325 3rd edition was published, Carlson and Fricke935 and Haste and Thomas90 made

spin assignments, and Macklein and Halperin765 gave the resonance parameters between 2, 644 and 4, 263 eV.

The measured capture data cover almost all the energy range above resolved resonances. The ratio of
!0<mRh production to 10*Rhg production cross sections were also measured. The measured data agree fairly well

with one another except near 14. 5 MeV; where the discrepancy of a factor of 20 was reported among the

measured data as seen in Fig. 3.8. 2. The total cross section was measured by several experimenters below

600 keV and above 2. 6 MeV, but the measured data show the; discrepancy of 10% b^Iow 600 keV. As to the

inelastic scattering, tb.3 differential cross section and 103mRh production cross ssction have basn measured, but

the measurements of ths excitation function of total inslastic scattering have not so far bsen reported except

the cross section at 6 MeV measured by Wilenzick et at.ir>

3. 8. 2 Evaluation

The resonance parameters were taken from the recommended values in BNL-325 3rd edition. For the

levels whose radiation width was not given, it was assumed to ba 164 meV for s-wave rssonancss and 159 meV

for p-wave ones, according to the evaluation by Zakharova et a/.96) The s- and p-wave assignment was made

with the method described in section 2. 3. 1. Thus 87 levels were assigned as s-wave resonances and 188 levels

as p-wave ones.

The thermal capture cross section calculated from thess parameters is 146 barns which agrees with the

recommended value of BNL-325 within the quoted error. Hence no background correction was applied. The

effective scattering radius of 6. 56 fm was taken from the recommendation of BNL-325. The statistical exami-

nation suggested that levels were missing above 3. 6 keV, and the connecting energy was set at 3. 6 keV.
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The cross sections were calculated with the optical and statistical models in the energy range above 3. 6

keV. The 7-ray strength function was determined so that the calculated value at 140 keV might be 0. 44

barns based on the measurements of Cox97-1. Fourteen discrete levels were adopted and levels were assumed to

be overlapping above 1. 3 MeV.

3. 8. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with the other evaluated data as well

as the selected measured data in Figs. 3.8. \^>i. 8. 3, respectively.

The total cross sections of JENDL-1 and RCN-2 are larger than the measured data by 10~20% between

50keV and 1 MeV, while those of CNEN-2 and ENDF/B-IV agree with the data of Divadeenam10" which

are higher than those of Seth9W.

The capture resonance integral calculated from the resonance parameters is 1, 034 barns which is a little

smaller than the recommended value of BNL-325. In the [energy region between 10 keV and 1 MeV the

evaluated capture cross sections agree with each other within scatters of the measured data. The mean level

spacing .Dobs falls between 16 and 35 eV in the various evaluations, when it is deduced from the 7-ray strength

function used in the statistical model calculation and the radiation width assumed in the resolved resonances.

These values are much larger than the recommended valus Dobs = 12±1 eV in BNL-325. However we suspect

that the recommeded value of BNL-325 may be too small, because all the levels seem to be assumed as s-wave

ones. If the present s- and p-wave assigenments are assumed, the mean level spacing becomes 47. 5 eV. There-

fore we conclude that the value of 16~35 eV is reasonable, taking in into account that the present s- and

p-wave assigenments may assume too many p-wave resonamces in spite of their larger probability of missing.

The discrepancy of capture cross section above 1 MeV may be partly due to difference in the inelastic scattering

cross section.

As to the inelastic scattering, the cross sections of JENDL-1 and RCN-2 are lower than those of ENDF/B-

IV and CNEN-2 which agree with the measured datum of Wilenzik et «/.95) at 6 MeV. The energy depend-

ence of the JENDL-1 cross section is different from the others above 500 keV. This is due to difference in

the level scheme as seen in TABLE 2. 12.8. Recently Matsumoto et al.m revised the level scheme. It was

reported22-1 that the inelastic scattering cross section is increased by 4% at 1 MeV with this new level scheme.

3.9 Rethenium-104

3. 9. 1 Status of experimental data

Two experiments115'11" have been reported on the thermal activation cross section and the resonance integral.
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BNL-325 adopted (Tn,7
th = 0. 47±0.20 barns and R. 1 = 4. 6 barns in both 2nd33) and 3rd29) editions on the

basis of the experimental data of Lantz.116)

The resonance parameters were measured by Priesmeyer and Jung7" with 'the natural and isotopic Ru

samples. They reported the resonance parameters for 4 levels up to the energy of 1, 055 eV on the basis of

isotope assignment of resonances by Coceva et al.7A:> BNL-325 3rd edition adopted these parameters with

modifying the resonance energies on the basis of the data of Coceva et al. After its release, Macklin and

Halperin76) gave the resonance parameters between 2. 66 and 12 keV.

The capture cross section had been measured by 7 authors at 4 energy points by the time of the present

work. Evident discrepancy is observed at 24. 5 keV as shown in Fig. 3. 9. 2 : One trend is represented by higher

values of Macklin et al.S5:> and of Murty et al.m, and the other by lower value of Chaubey and Sehgal.n7>

After the present evaluation, data of Anand et al.ns:>, of Hockenbury et al.in and of Macklin and Halperin7C>

became available. All of them support the higher value at 24. 5 keV. No available experimental data exist

for other cross sections except for the (n, 2n) reaction cross section near 14 MeV.

3. 9. 2 Evaluation

The resonance parameters reported by Priesmeyer and Jung75> were adopted* with /7
7 = 165meV which

was assumed by them in deducing the neutron widths. The thermal capture cross section calculated from these

parameters is 0. I l l barns, which is smaller than the value recommended in BNL-325 2nd and 3rd editions. The

difference was corrected by applying the 1/v type background cross section. The thermal elastic scattering

cross section was also calculated from these parameters with the effective scattering radius of 6. 6843 fm. The

connecting energy point with the smooth cross sections was set at l ,290eV which is higher than the highest

resonance energy by nearly a half of mean level spacing used in the statistical model calculations.

The cross sections were calculated in the energy region above 1. 29 keV with the statistical and optical

models. The 7-ray strength function was adjusted so that the calculated capture cross section might reproduce

the experimental data of Murty et a/.865 at 24. 5 keV. The lower value reported by Chaubey and Sehgalu7)

was abandoned. Four discrete levels were taken into account up to 0. 983 MeV and the levels were assumed

to be continuum above 1. 1 MeV.

3. 9. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with the measured and the other

evaluated data in Figs. 3. 9. 1~3. 9. 3, respectively.
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Fig. 3.9.1 Total cross sections of 104Ru.
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* The resonance energies were taken from their preliminary report785.
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As to the total cross section in the energy region above 1. 5 keV, the values of JENDL-1 and RCN-2,

which were calculated with the same optical potential parameters, are the highest, the ENDF/B-IV evaluation

gives the lowest value and the curve of CNEN-2 lies between the two extremes. The lowest value of

ENDF/B-IV bslow 200 eV is evidently caused by their adopting a smaller effective scattering radius.

The thermal capture cross section becomes much smaller than the experimental values as seen in TABLE 2. 9,

when it is calculated from the resolved resonance parameters. All the evaluations except CNEN-2 applied the

1/v type background cross section, though such a large discrepancy may be caused by ignoring negative

resonances. The calculated values of capture resonance integral are considerably larger than the measured ones

for all the evaluations. More precise measurements are required for the resonance parameters of this nuclide.

In the energy region above resolved resonances, the evaluated cross sections are considerably discrepant

among themselves. The data of JENDL-1 excellently reproduce the recent experimental data of Macklin and

Halperin76> which were not available at the time of the present evaluation. The data of RCN-2, CNEN-2

and CEA take a little higher values and those of ENDF/B-IV lower value than those of JENDL-1. All the

evaluations abondoned the datum of Chaubsy and Sehgal.11" None of the evaluated data can reproduce the

measured data of Lyon and Macklins7> at 195 keV. In MeV region, the lowest value of ENDF/B-IV agree
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with the measured datum of Petd et a/.121' within its quoted error, while all the other evaluations give con-

siderably highsr values.

In the prssint JENDL-1 evaluation, ths msan lavsl spacing becames 588 eV from the value of the 7-ray

strength function used in the statistical calculation, if we take F 7 =165meV. This value of the mean level

spacing is about twice as large as that expected from the spacings of the resolved resonances. It should be

noted, however, that recent measurements by Hockenbury et al?n reported / r
v =60meV, with which the mean

level spacing becomes 214 eV.

The inelastic scattering cross sections are also discrepant among the various evaluations. The JENDL-1

and ENDF/B-IV evaluations assume 4 and 2 discrete levels, respectively, while RCN-2 and CNEN-2 adopted

much more discrete levels, some of which must be hypothetical. This difference may cause the difference of

the cross ssction shape above 980 keV. The lowest value of ENDF/B-IV is probably attributed to its optical

potential which gives the lowest total cross section. The difference bslow 900 keV between JENDL-1 and

RCN-2, which adopted the same potential parameters, may be caussd by the difference of the 7~ray strength

function as seen in TABLE 2. 5,

3.10 Pallidum-105

3. 10. 1 Status of experimental data

No experimental data are available either on the thermal cross sections or the resonance integral, though

considerable number of experiments have been reported on the resonance parameters. BNL-325 3rd edition29'

recommended ffn,T
th = 14 barns and R.I. = 90 + 10 barns on the basis of some calculation.

As to the resonance parameters, BNL-325 2nd edition33^ recommended the neutron width for 14 levels,

for 5 of which the capture width was also recommended, on the basis of several experiments made until 1965.

Since then only one experiment by Yamamuro et al.'zn has been reported on the resonance parameters. On

the other hand, Coceva et alji:i and Wetzel and Thomas123' made spin assignment for many levels but did not

give the resonance parameters. Consequently BNL-325 3rd edition gave the resonance energies and their spin

for more than 50 levels up to 800 eV mainly based on the work by Coceva et al. but gave the resonance

parameters only for II levels up to 141 eV. ENDF/B-IV took these recommended paramsters. Very recently

Macklin et aLLU) gave the values og QptiFyir in the energy range between 2.6 and 3. 6keV.

At the time of the present work no experimental data were available in the energy range above resonance

region. After that, two new experiments were reported on the capture cross section in keV region by Macklin

et al}uy and by Hockenbury et al.lin
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3. 10. 2 Evaluation

We compared the resonance parameters recommended in BNL-325 2nd edition with the new experimental

results by Yamamuro et al.122^, and found good agreement. For 9 resonances to which Yamamuro et al. gave

the parameters, their deduced parameters were adopted. The parameters recommended in BNL-325 2nd edition

were adopted for the remaining 5 resonances. The radiation widths were assumed to be 155 meV to the levels

whose radiation width is not known experimentally. Thus the parameters were determined to 14 resonances

up to 150 eV.

The thermal capture cross setion calculated from the present parameters is 2. 49 barns. This value seems

to be too small considering the cross sections of natural palladium and the other Pd isotopes, though no experi-

mental data exist for this isotope. We assumed the thermal capture cross section of 14 barns according to the

recommendation in BNL-325 3rd edition, and applied the 1/v type correction. The elastic scattering cross

section was calculated with the effective scattering radius of 6. 4 fm. The connecting energy was set at 150 eV.

The cross sections were calculated with the optical and statistical models in the energy range above 150

eV. Fifteen discrete levels were considered up to] 1. 0878 MeV and levels were assumed to be overlapping

above 1. 12 MeV. As no experimental data existed at the time of the present evaluation, the y-ray strength

function was obtained from the radiation width and the mean level spacing of the resolved resonances.

3. 10. 3 Discussion

The total, capture and inelastic scattering cross sections are compared with the measured data and the

other evaluated curves in Figs. 3. ]0. T~3. 10. 3, respectively. As is evident from TABLE 2. 8, the CNEN-2

evaluation adopted the resolved resonance parameters for 61 levels up to 808 eV, for most of which the para-

meters have not been given experimentally as mentioned in section 3. 10.1.

The energy dependences of the total cross section are fairly discrepant among the various evaluations.

The CNEN-2 value is the highest in the unresolved resonance region below 50 keV and becomes the lowest

in the energy region above 100 keV. The cross section of ENDF/B-IV shows a strange structure between

300 keV and 1 MeV. The value of JENDL-1 is the highest above 100 keV.

The thermal capture cross sections seem to be too small for all the evaluations, when they are calculated

from the resonance parameters of positive resonances. As no measured data exist for this nuclide, the uncer-

tainties of the 1/v correction or negative resonance parameters must be large. The calculated capture resonance

integrals agree with the measured data of natural palladium.

In the energy region above resolved resonances, the capture cross sections of all the evaluations agree very

well with the recent measurements of Hockenbury et <zZ.n3> and Macklin et «Z.I2°, though these data were

not available for most of evaluations including JENDL-1. The y-ray strength function was determined from
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Fig. 3.10.3 Inelastic scattering cross sections of 105Pd.

the resolved resonance parameters as seen in TABLE 2.5. Therefore the excellent agreements between the

calculated and measured values suggest that the resonance parameters are also reliable. The lowest value of

the RCN-2 evaluation above 1 MeV was explained by Gruppelaar et al.w that the low spin cut off parameters

adopted in RCN-2 enhanced the inelastic scattering cross section in the continuum region and decreased the

capture cross section for a nuclide of a low target spin (5/2 for 105Pd). However, no such enhancement is

observed in the inelastic scattering cross section of RCN-2 as will be discussed later.

The inelastic scattering cross sections of JENDL-1, RCN-2 and CNEN-2 agree with one another in the

energy up to 600 keV, where nearly the same level schemes are assumed in these three evaluations as seen in

TABLE 2. 12. 10. Above 650 keV, the JENDL-1 evaluation misses some discrete levels and gives lower cross

section. Matsumoto et al.i6:> added some levels in this energy region in their revised level scheme, and the

cross section is expected to increase with this new level scheme. Above 1. 25 MeV, no special enhancement

is observed in the cross section of RCN-2 as is seen Fig. 3. 10.3.
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3. 11 Ruthenium-106

3. 11. 1 Status of experimental data

Two experiment125'126:) on the thermal capture cross section and the resonance integral are the only available

data. BNL-325 2nd33:i and 3rd295 editions recommended un,7
th = 0. 146±0. 045 barns on the basis of the newer

experiment by Werner and Eastwood1255. As to the resonance integral BNL-325 3rd edition recommends R. I.

= 2.6 ± 0 . 6 barns, while the measured datum of "Werner and Eastwood is R.I. = 2.0 ± 0 . 6 barns. Neither

resonance parameters nor smooth cross sections have been measured.

3. 11.2 Evaluation

As for the thermal capture cross section, the measured value of Werner and Eastwood12" was adopted.

As no resonance parameters are known, the 1/v type cross section was assumed for the capture cross section

in the energy range up to 500 eV which corresponds to a half of the mean level spacing used in the statistical

model calculation. The elastic scattering cross section was calculated with the effective scattering radius of 6. 4

fm.

The cross sections were calculated with the optical and statistical models in the energy range above 500 eV.

The 7-ray strenglh function was estimated from the trends of. neighboring nuclides. Six discrete levels were

considered in the energy region up to 1.888" MeV and levels were assumed to be continuum above 1.91MeV.

3. 11.3 Discussion

The total, capture and inelastic scattering cross sections are compared with the values of ENDF/B-IV and

CNEN-2 in Figs. 3. 11. 1~3. 11. 3, respectively. The CNEN-2 evaluation adopts 6 hypothetical resonances

between 630 eV and 11. 13 keV as seen in TABLE 2. 8.

The total cross sections of JENDL-1 and CNEN-2 agree with each other in the energy above 12 keV,

while the value of ENDF/B-IV is lower in this energy region.

As to the capture cross section, the value of the resonance integral is 2. 09 barns in JENDL-1, when

calculated from the 1/v cross section and the smooth cross section obtained by the statistical model. This value

agrees very well with the measured value of Werner and Eastwood.1253 This suggests that no resonance exists

at some low energy and that reasonable values are adopted in JENDL-1 for the parameters used in the statistical

model, such as the mean level spacing and the radiation width. On the other hand, the ENDF/B-IV evaluation

applies the 1/v cross section up to 1, 230 eV corresponding to .Dobs, not l/2DObs, and gives some structure below

5 keV probably to reproduce the resonance integral. The increase of the capture cross section of JENDL-1
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between 1 and 2 MeV can be explained as competition with the inelastic scattering.

The energy dependences of the inelastic scattering cross section are analogous among the three evaluations

in the energy region up to 1 MeV where the same level schemes are assumed. Above 1 MeV, the treatment

of levels is different as seen in TABLE 2. 12. 11: JENDL-1 assumes only two discrete levels at 1. 77 and 1. 89 MeV,

while CNEN-2 and ENDF/B-IV assumes the continuum levels above 1. 16 and 0. 99 MeV, respectively. It is

probable that some levels are missed in JENDL-1 between 1 and 1. 77 MeV. This may decrease the inelastic

scattering cross section and enhance the capture cross section between 1 and 2 MeV for JENDL-1.

3.12 Palladium-107

3. 12. 1 Status of experimental data

At the time of the present evaluation, no experimental data were available on the thermal capture cross

sections, resonance integrals, resonance parameters and the smooth cross sections. Very recently Singh et al.m'>

made neutron capture and transmission measurements and gave the resonance parameters for 34 levels up to

645 eV. Their deduced average parameters are :



JAERI 1268 3. Discussion on Each Nuclide

Z)Obs=10. 7 + 1.5 eV, / \ = 125±1.5meV, 50=(o. 56+°- ]fj x lO"4.
\ — U. 16 j

75

3. 12. 2 Evaluation

As no experimental data exist on the thermal cross sections, the thermal capture cross section was assumed

to be 10 barns according to the estimation by Garrison and Roos12" and the 1/v type cross section was applied

up to 5 eV corresponding to a half of the mean level spacing used in the statistical model calculation. The

elastic scattering cross section was calculated with the effective scattering radius of 6. 35 fm.

The cross sections were calculated with the optical and statistical models above 5 eV. Nineteen discrete

levels were taken into account up to 1. 023 MeV and the levels were assumed to be continiuum above 1. 07 MeV.

The -y-ray strength function was estimated by study the systematic trends of the neighboring nuclides.

3. 12. 3 Discussion

The total, capture and inelastic scattering cross sections of the various evaluations are compared with one

another in Figs. 3. 12. W 3 . 12.3, respectively. As is seen in TABLE 2. 8, the CNEN-2 and RCN-2 evaluations
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adopted hypothetical resonances.

As to the total cross section, the JENDL-1 evaluation gives the highest values in the energy region above

100 keV. The ENDF/B-IV values are the lowest in all the energy region. This may be due to their adopting

Moldauer potential25-1 which gives the smallest s-wave strength function in this mass region as is evident in

TABLE 2.4. The cross section of CNEN-2 is the highest in the unresolved resonance region below 100 keV

where the CNEN-2 evaluation adopted the largest s-wave and p-wave strength functions as seen in TABLE 2. 4,

but becomes the lowest above 100 keV.

The value of the thermal capture cross section was estimated to be about 10 barns for all the evaluations

except CNEN-2 which assumed 20. 8 barns. However, the thermal capture cross section becomes about 1. 8

barns when it is calculated from the resonance parameters recently obtained by Singh et al}m The resonance

capture cross section calculated from their parameters is compared with that from the hypothetical parameters

of CNEN-2 and with the smooth cross section of JENDL-1 in Fig. 3. 12.4. Singh et al. deduced the capture

resonance integral of 87 barns for 34 resonances, which agrees fairly well with the value of JENDL-1.

The <y-ray strength functions adopted in JENDL-1, CNEN-2 and ENDF/B-IV agree fairly well with the

value of 1. 17xlO~4 obtained from / \ and Dobs of Singh et al., while the CEA and RCN-2 evaluations assume
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higher values as shown in TABLE 2. 5. This difference of ^-values can explain the discrepancies in the capture

cross section below 1 MeV. The lowest value of ENDF/B-IV may be attributed to its low neutron strength

function. The evident increase of the JENDL-1 and CNEN-2 above 1 MeV may be caused by their adopting

large spin cut-off parameters for nuclides of low target spin (5/2+) as pointed out by Gruppelaar et al.2ly

The inelastic scattering cross section is small below 0. 3 MeV because of large difference between the spins

of low lying excited states and the target spin. The cross sections of JENDL-1, RCN-2 and CNEN-2 agree

well with one another in the energy region up to 0. 5 MeV where nearly the same level schemes were assumed

for the three evaluations. Above 0. 5 MeV the CNEN-2 and RNC-2 evaluations adopted some hypothetical

discrete levels as seen in TABLE 2. 12. 12, and consequently give higher values than that of JENDL-1. The

ENDF/B-IV evaluation adopted smaller number of the discrete levels and give the lowest value. The structure

of the ENDF/B-IV cross section above 1. 5 MeV cannot be understood.

3.13 Silver-109

3. 13. J status of experimental data

A considerable number of experiments have been reported on the thermal capture cross section for both

24 sec n°sAg and 290 day l l omAg production. BNL-325 3rd edition295 recommends an,7
th = 91±3 barns [ff,aT

th

(n°sAg) = 89±4 barns and <7^,r
tll(11OmAg) = 4. 5±0 . 2 barns] on the basis of the experimental data. Experimental

data are scarce for the resonance integral. Tattersall et al.*n and Van der Linden et al.s3} gave R. I. = 1, 870

±200 barns and 1,161+70 barns, respectively. BNL-325 3rd edition recammends R. I. = l, 450±40 barns which

agrees with the recommended value by Walker.425

Experimental data are numerous on the resonance parameters. BNL-325 2nd edition recommended the

parameters of 34 resonances up to 622 eV on the basis of 16 sets of experimental data measured till 1966.

After that a few new experiments have been reported. Particularly Pattenden and Joly129) extended the upper

energy of resolved resonances up to 2, 600 eV. Based on these new experimental data, BNL-325 3rd edition

recommends the parameters of 81 resonances, only 21 of which the radiation width is given.

Experimental data are available in the energy range above resonances. However, obvious systematic

discrepancies are observed among them as shown in Fig. 3. 13. 2. The data of Weston et el.l3n are by about

two times higher than those of Kononov and Stavisskii.1315 The datum of Furr132) agrees with the data of

Weston et al., while the datum of Chaubey and Sehgal1173 supports the data of Kononov and Stavisskii.

The total coss section was measured below 30 keV by Chrien1335 and at 14 MeV by Dukarevich et aZ.1345

As to the inelastic scattering, Augustyniak et a/.135> measured the 11OmAg production cross section.

3. 13. 2 Evaluation

The resonance parameters recommended in BNL-325 3rd edition were adopted for 81 levels up to 2, 506

eV. For the levels whose capture width is not given, we assumed the value of 130 meV which was obtained

by averaging the capture widths of 21 levels recommended in BNL-325.

The value of thermal capture cross section calculated from these resonance parameters is 91 barns which

agrees quite well with the value of 91 + 3 barns recommended in BNL-325. Hence no background cross section

was applied. The thermal elastic scattering cross section was calculated with the effective scattering radius of

6. 3 fm.

The resonance capture cross section decreases with increasing energy above 1 keV more abruptly than

expected from the statistical theory. After the statistical examination mentioned in section 2. 4, it was assumed

that some levels were missing above 1 keV, and the connecting energy was determined to be 1 keV.

The cross sections above 1 keV were obtained by the optical and statistical model calculations. Seventeen

discrete levels were considered up to 1.4 MeV and the levels were assumed to be continuum above 1.45 MeV.

The 7-ray strength function was determined so that the calculated capture cross section might reproduce the

experimental data. However, there are obvious systematic discrepancies among the existing experimental data

as described in the previous section. We adopted the data of Weston et al.nn, since these data join smoothly

with the cross section in the resolved resonance region.
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3. 13. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with the measured data as well as the

other evaluated data in Figs. 3. 13. 1~3. 13. 3, respectively.

The energy dependece of the total cross section is very different from one another among the four evalua-

tions. None of the evaluated curves reproduce the measured data of Chrien133) below 30 keV, though all the

evaluated values agree with the measured datum of Dukarevich et al.l2° at 14 MeV. The value of JENDL-1

seems to be a little too low in the energy range below 100 keV from the view point of connection with the

resonance cross section. This low value is caused by underestimation of the s-wave strength function as seen

in TABLE 2. 4.

The measured values of the thermal capture cross section and the resonance capture integral are quite well

reproduced by the calculation with the resonance parameters in all the evaluations as seen in TABLES 2. 9 and

2. 10.

As to the capture cross section above resonance region, there exist large discrepancies among the evaluated

data: The JENDL-1 evaluation relied on the high values of Weston et al.un and ENDF/B-IV adopted the

low value of Kononov and Stavisskii.13" The RCN-2, CNEN-2 and CEATevaluations probably relied on the
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values of Kononov and Stavisskii renormalized by Ribon et al?n and gave the middle values. The value

of ENDF/B-IV must be too low, because, as its evaluators admitted1365 by themselves, the capture cross section

of natural silver cannot be reproduced with such a low capture value of !03Ag. Gruppelaar et al.2n argued

from the integral measurements in STEK that the values of JENDL-1 were too high.

The discrepancies are also large in the inelastic scattering cross sections. The value of JENDL-1 is the

smallest particularly in the energy range where the levels are assumed as overlapping. As pointed out by

Gruppelaar et al?xi, this might be caused by our adopting a high spin cut-off parameter which decreases the

population of low spin states relatively and therefore decreases the inelastic scattering cross section for nuclides

of low target spin (1/2" for I0gAg).

3.14 Iodine-129

3. 14. 1 Status of experimental data

The thermal capture cross section was measured by Purkayastha and Martin1375, by Roy and Wuschke1385

and by Eastwood et alPn The experimental values scatter between 26. 7 barnsI38> and 35 barns.I3T> BNL-

325 2nd edition33' recommended 28 ± 3 barns. After that Wilkey and Willard1405 found the existence of a

metastable state in yv>\ and measured the branching ratio of the activation cross section. Based on this result,

BNL-325 3rd edition2" recommends ff«,y
th=27±3 barns [pn,^ (9 min 130mI) = 18±2 barns and <7*,7

th (12. 4 hr
139sI) = 9 ± l barns]. The absorption resonance integral was reported to be 36±4 barns by Roy and Wuschke.13s)

The total cross section was measured in the low energy region by Harvey et aLl4X), by Block et a/.1425

and by Pattenden.U3) The resonance parameters were deduced for 5 levels between 72. 4 eV and 154 eV by

Harvey et al. and by Pattenden. No experimental works have so far been reported in the fast neutron range

except on the («, 2n) reaction cross section at 15 MeV.

3. 14. 2 Evaluotion

The resonance parameters were determined for 5 levels from 72. 4 eV to 153 eV by averaging the experi-

mental data of Fn reported by Harvey et al.im and by Pattenden1435 with the assumption of 7^ = 100 meV.

These parameters are nearly the same as those recommended in BNL-325 3rd edition.

This set of parameters gives the thermal capture cross section of 0. 135 barns which is mucn lower than

the experimental values (26. 7±35 barns). This discrepancy was corrected by adding the 1/v type background

cross section so that the capture cross section at 0. 0253 eV might be 27 barns as recommended in BNL-325

3rd edition. The connecting energy was determined to be 166 eV according to the relation £c=-Em

as described in section 2. 4. The effective scattering radius was assumed to be 5, 65 fm.



Neutron Cross Sections of 28 Fission Product Nuclides Adopted in JENDL-1 JAERI 1268

The cross sections were calculated with the optical and statistical models in the energy region above 166

eV. Seventeen discrete levels were adopted up to 1.4 MeV and the continuum levels were applied above

1. 45 MeV. The 7-ray strength function was obtained from the resolved resonance parameters.

3. 14. 3 Discussion

The total, capture and inelastic scattering cross sections are compared with the other calculated data in

Figs. 3. 14. 1~3. 14. 3, respectively.

The total cross section of JENDL-1 is the highest particularly in the energy range below 60 keV, since

the largest s-wave strength function was used in the JENDEL-1 evaluation as seen in TABLE 2.4. This value

of 1. 06xl0~4 may be too large, taking it into account that the value of So is recommended as 0. 6xlO~4 for
127I in BNL-325 3rd edition. The RCN-2 evaluation adopted the same optical potential parameters as JENDL-1

above 60 keV, but used the lower value as the s-wave strength function below 60 keV, which agrees with that

of ENDF/B-1V.

The thermal capture cross section is less than 1/100 of the experimental value for all the evaluations, when

it is calculated from the resonance parameters. This discrepancy is probably caused by missing of some levels
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located below the lowest level of 72. 4 eV presently adopted, because it is hardly expected from the statistical

ditribution of resonance energies that there exists no level up to 72. 4 eV and do exist 5 levels between 72. 4 eV

and 153 eV. Nevertheless, the \\v correction was applied in the JENDL-1 and ENDF/B-IV evaluations, and

a negative resonance was assumed in the RCN-2 evaluation. The calculated resonance integral for capture of

JENDL-1 is a little larger than the measured value of Roy and Wuschke133', while the calculated values of

the other evaluations show good agreement with the measured value.

As to the capture cross section above resonance region, the values of JENDL-1 and ENDF/B-IV are the

highest, the cross section of CEA is the lowest and the RCN-2 evaluation gives the middle value. Gruppelaar

et al.n> concluded from their integral tests at STEK facilities that even the RCN-2 cross section was too high.

If that is the case, it might be necessary to decrease the 7-ray strength function which was obtained from the

resolved resonance parameters of only 6 levels.

The inelastic scattering cross sections are analogous to one another among all the evaluations. The rapid

increase in the value of JENDL-1 above 280 keV is caused by spin and parity assignment of 5/2+ to 0. 278

MeV level, while the RCN-2 evaluation assigned 3/2+ to this level. It is to be noted, however, that Matsumoto

et al. assigned 3/2+ to this level in their revised evaluation46'. Therefore it is expected that the discrepancy

of the inelastic scattering cross section between 280 an 550 keV will disappear, if the revised level scheme is

used.

3.15 Xenon-131

3. 15. 1 Status of experimental data

The thermal capture cross section was measured in the pile spectrum by Eastwood and Brown144) and by

MacNamara and Thode.14" BNL-325 2nd edition recommended 110±20 barns on the basis of these experimental

data. BNL-325 3rd edition recommends 90 ±10 barns which is lower than both of the experimental results.

The reason of this change is not clear. The resonance integral has not so far been measured.

The resonance parameters were obtained by Mann et al.im and by Ribon."7) Particularly Ribon gave

the parameters for 39 levels up to 4 keV. BNL-325 3rd edition seems to have taken the experimental data of

Ribon. However, BNL-325 gives F values for 27 levels and /% values only for 7 levels, while Ribon gave

the former for 30 levels and the latter for 23 levels.

No experimental data are available in the fast neutron region except on (n, 2n) and (ft, p) reaction cross

sections near 14 MeV.
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3. 15 .2 Evaluation

The resonance parameters recommended in BNL-325 3rd edition were adopted in the present work. For

the levels whose radiation width is not given, the average value of 114 meV was assumed. The s-and p-wave

assignment was made with the method described in section 2. 3, and 15 levels were assigned as s-wave resonances

and the remaining 24 levels as p-wave resonances.

As for the thermal capture cross section, the value of 90 barns recommended in BNL-325 3rd edition was

tentatively assumed in the present work, though its experimental basis is not clear. The thermal capture cross

section is 68 barns, when it is calculated from the resonance parameters. The difference was corrected by

appyling the 1/v type background cross section. The effective scattering radius of 5. 5 fm was assumed in

calculating the elastic scattering cross section.

The results of the statistical examination suggest that some levels are missing in the energy region above

800 eV. The connecting energy was thus determined to be 773 eV.

The cross sections above 773 eV were obtained by the optical and statistical model calculations. Seven

discreate levels were considered up to 723 keV and the continuum levels were assumed above 950 keV. The

7-ray strength function was determined so that the calculated capture cross section might join the average

resonance cross section smoothly at 773 eV.

3. 15. 3 Discussion

The total, capture and inelastic scattering cross sections of JENDL-1 are compared with those of ENDF/B-

IV in Figs. 3. 15. 1~3. 15. 3, respectively. The ENDF/B-IV evaluation adopted the resonances up to 4 keV,

while we assumed level missing in the enengy rarge above 773 eV.

The resonance cross sections of ENDF/B-IV are much smaller than those of JENDL-1. The resonance

parameters of ENDF/B-IV are reported143' to have been taken from the measurements by RibonH7>, but the

correction due to isotopic abundance was not made. Hence the neutron widths are underestimated in ENDF/B-

IV by a factor of 4. 72, i. e., an inverse of the isotopic abundance of 131Xe (21. 18%). As a result of the

present s- and p-wave assignment of resonances, the level spacing of the assigned s-wave resonances becomes

very odd : For example, there are 6 levels below 300 eV and no levels between 800 and 1, 500 eV. This may

suggest that the present s- and p-wave assignment is in error.

The total cross sections of both evaluations agree with each other in the energy range above 500 keV,

while the values of ENDF/B-IV are higher below 500 keV because of larger s- and p-wave strength functions

as seen in TABLE 2.4.

The capture cross section of JENDL-1 is much higher than that of ENDF/B-IV above resonance region.

This is caused by our adopting a larger value of the 7-ray strength function than that of ENDF/B-IV as seen
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in TABLE 2. 5. The present 7-ray strength function gives L>Obs = 33eV by assuming /n
7 = 114meV. This value

of Dobs is consistent with that obtained from the lowest four levels, but is too small if we take account of all

the levels up to 800 eV. Hence the 7-ray strength function may be overestimated in JENDL-1. The DOb&

value of ENDF/B-IV is consistent with that recommended in BNL-325 3rd edition. Gruppelaar et al.2u argued

from the integral measurements at STEK facilities that the preferable capture cross section lies between both

extremes of JENDL-1 and ENDF/B-IV.

The inelastic scattering cross section of JENDL-1 is lower than that of ENDF/B-IV below 500 keV. This

is partly caused by the difference of the neutron strength functions as mentioned above.

3.16 Cesium-133

3. 16. 1 Status of experimental data

Experimental data are numerous for this nuclide. The thermal capture cross section has been measured

by more than 10 experimenters. The measured values scatter between 26 and 47 barns. BNL-325 recommends

(7«,Y
th = 29. 0 + 1. 5 barns in both 2nd33> and 3rd29) editions. The recently measured data by SteinnesH9> and by
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Widder150) agree with this recommended value within the quoted errors. The cross section of 2. 9 hr 134mCs

production was also measured. BNL-325 3rd edition recommends ff«,,.th(134mCs) = 2. 5 + 0. 2 barns on the basis

of the measured data. The capture resonance integral has been measured by about 10 experimenters. The

measured values lie in the range from 320 to 500 barns, and BNL-325 3rd edition recommends R. I. =415± 15

barns. The recently measured data by Steinnes1'19-', by Alian150 and by Van der Linden et al.loZ) agree with

this value within the quoted errors. The measured values of the resonance integral for 13*mCs production are

between 29 and 35 barns. The total cross section in the thermal energy range was measured only by Hickman153)

who reported the cross section curve up to 4 eV and gave ffTth = 3 3 ± l barns.

The resonance parameters were deduced by several experimenters. BNL-325 2nd edition recommended

the parameters up to 3. 5 keV on the basis of the data of Landon and Sailor154), of Harvey et czZ.15H and of

Garg et a/.156) Particularly Gerg et al. gave the neutron widths in the energy range between 126 eV and 3, 500 eV.

Since then Jung and Priesmeyer157-1 deduced the parameters for 21 resonances in the energy range from 5. 9

to 591 eV with the area analysis method. Thomas et al.i5t:> assigned the resonance spins for 12 resonances

between 5. 90 eV and 359 eV. Taking account of these measurements, BNL-325 3rd edition recommends the

neutron widths for 160 resonances, but gives the capture widths only for 5 resonances. After publication of

BNL-325 3rd edition, Riehs and Thomas159' assigned the spin values for 29 resonances between 22. 6 eV and

795. 7 eV. Hockenbury et al}ly recently reported the parameters for 7 levels between 47. 5 eV and 295. 5 eV.

There are more than 10 measurements on the capture cross section in the energy range from 1 keV to

15 MeV. However, there exist two different trends in the experimental data as shown in Fig. 3.16.2. The

data of Popov and Shapiro1055 are by about 20% lower than those of Kompe1605 in the energy range between

13 and 40 keV. The datum of Yamamuro et al.l6i:> at 24 keV supports the data of Popov and Shapiro, while

the datum of Booth et al.162) gives even a higher value than those of Kompe. Recently Yamamuro and Asami163)

reported the measured data between 3 and 240 keV, which agree very well with those of Popov and Shapiro.

The total cross section was measured by Dilg and Vonach101) at 2. 7 keV, by Barnard et a'..1M) between

250 keV and 1.2 MeV, by Foster and Glasgow7" between 2. 5 and 15 MeV and by Angeli et ai.165-1665 at 14. 5

MeV. As to the inelastic scattering cross section, Kikuchi167-1 measured the excitation functions in the energy

range from 550 to 970 keV for 6 excited levels, the energies of which are 633, 641, 768, 787, 819 and 873 keV.

Some experimental data are also available for the differential inelastic scattering cross section. Two sets of

experiments were reported on the elastic scattering cross section.

3. 16 .2 Evaluation

The resonance parameters recommended in BNL-325 3rd edition were adopted in the present work. For

the levels whose radiation width is not given, we assumed / \ . = 118meV which was derived by averaging the

values of 5 levels given in BNL-325 taking account of the quoted errors. We assigned 61 levels as the s-wave

resonances and the remaining 99 levels as the p-wave ones with the method described in section 2. 3.

The thermal capture cross section calculated from these parameters is 17. 0 barns which is smaller than the

value of 29. 0 barns recommended in BNL-325 3rd edition. The difference was corrected by the 1/v type back-

ground cross section. The elastic scattering cross section was calculated with the effective scattering radius of

5. 2 fm. The result of the statistical examination suggests that some levels are missing above 1. 3 keV. The

connecting energy was thus set at 1. 3 keV.

The smooth cross sections were obtained by the spherical' optical and statistical model calculations. The

y-ray strength function was adjusted so that the calculated capture cross section might reproduce the trend of

the experimental data of Popov and Shapiro105), which were adopted in the present work because of their

smooth connection with the resonance cross sections as seen in Fig. 3. 16.2.

3. 16. 3 Discussion

The total, capture and inelastic scattering cross sections are illustrated with the other evaluated data and

selected measured data in Figs. 3. 16.1~3.16. 3, respectively.

The present optical potential reproduces very well the measured total cross sections of Barnard et al.m)

and of Foster and Glasgow703, while the potentials of ENDF/B-IV and RCN-2 overestimate the total cross section
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below 1 MeV.

The capture resonance integral calculated from the resonance parameters and the 1/v background cross

section is 398 barns, which falls within the] uncertainty of the measured data. As is mentioned in section

3. 16.1, two trends of the measured data exist in the capture cross section below 100 keV. The present JENDL-1

evaluation is based on the lower values of Popov and Shapiro10" and of Yamamuro et a/.160, while the ENDF/B-

IV, CNEN-2 and RCN-2 evaluations are based on the higher values of Kompe16". The values of CEA agree

with the data of Popov and Shapiro below 10 keV and with those of Kompe above 30 keV. The recent data

of Yamamuro and Asami1633 agree very well with the curve of JENDL-1. The difference between ENDF/B-

IV and the other evaluations above 650 keV is probably caused by the different treatment of the inelastic

scattering in this energy region, as pointed out by Gruppelarr et al?n The difference between JENDL-1 and

CNEN-2 above 1 MeV is difficult to be understood, because both the evaluations use the same optical potential

and give very similar inelastic scattering cross section as seen in Fig. 3.16.3.

As to the inelastic scattering cross section, the RCN-2 and ENDF/B-IV evaluations give higher values

below 600 keV. This may be reflection of their larger total cross section in this energy region. As also

pointed out by Gruppelaar et al., 133Cs has a high ground state spin (7/2+), but has excited states of rather low
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spin up to 600 keV. Therefore the inelastic scattering is rather suppressed below 600 keV. On the other hand,

many high spin states exist above 600 keV and the inelastic scattering is enhanced. In ENDF/B-IV, the levels

above 645 keV are treated as continuum, and the fluctuation of population of the high spin states is ignored.

Hence the increase of the inelastic scattering cross section above 600 keV is rather moderate and this affects

also the energy dependence of the capture cross section.

The excitation functions of the inelastic scattering to the 633, 641, 768, 787, 819 and 873 keV levels are

shown in Fig. 3.16.4 with the measured data by Kikuchi167'. Agreement between JENDL-1 and the measured

data is fairly satisfactory except for the 787 keV level, where the evaluated data of JENDL-1 are much

lower.
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3.17 Cesium-135

3. 17. 1 Status of experimental data

The experimental data are very scarce. The thermal capture cross section and the resonance integral

measured by Baerg et al}in are the only practically available experimental data. Jung et a/.172) tried to measure

the resonance parameters using the mixture sample of 133Cs, I35Cs and I37Cs but failed to distinguish the resonances

of 135Cs from those of 137Cs. No other experimental data are available.

3.17.2 Evaluation

The value of thermal capture cross section was taken from the experimental data of Baerg et al}ln, i. e.,

Oti,y
th = 8.7 barns. As no resonance parameters are known, the 1/v type cross section was applied for the

capture cross section up to 30 eV, which corresponds to a half of the level spacing used in the statistical model

calculation. The elastic scattering cross section was calculated with the effective scattering radius of 5. 2 fm.

The cross sections were calculated with the optical and statistical models in the energy range above 30 eV.

The radiation width and the mean level spacing were estimated from the trends of neighboring nuclides. We

took 6 discrete levels up to 1.06MeV and assumed the continuum levels above 1.2MeV.

3.17.3 Discussion

The total, capture and inelastic scattering cross sections are shown with the ENDF/B-IV and CNEN-2

data in Figs. 3. 17. 1<~3. 17.3, respectively. The CNEN-2 evaluation assumed hypothetical resonance levels

below 460 eV.

As to the total cross section, the results of the present potential (JENDL-1 and CNEN-2) are a little

higher than the result of Moldauer potential2" (ENDF/B-IV) in the high energy region. The structure in

ENDF/B-IV between 10 and 100 eV is caused by that of the capture cross section.

The value of the capture resonance integral calculated from the JENDL-1 cross section is 62. 02 barns

which agrees well with 61. 7+2 . 3 barns obtained by Baerg et a/.17I) This may suggest the reasonable connec-

tion between the 1/v and the smooth cross section. The ENDF/B-IV evaluation seems to have adjusted the

cross section value between 10 and 100 eV so as to obtain the reasonable value of the resonance integral.

Above 100 eV, the ENDF/B-IV gives very low capture cross section, by assuming much larger value of Dobs

than the other evaluations. Gruppelaar et al}n pointed out that the value of £ W in ENDF/B-IV must be

too large comparing with Dobs of A^-magic nuclide 136Cs.

As to the inelastic scattering cross section, the ENDF/B-IV gives the lowest value in the continuum region.

Neutron Cross Section '»Cs TOTAL

10

_ 10 2
r

10 1 -

is
j | \ . ENDF/B-IV

i ' f" L - ^ v s / JENDL-1

i CNEN"2 N_-^-

10" 102 103 10' 10s

Neutron Energy I eV)

Fig. 3 .17 .1 T o t a l cross sections of 135Cs.

106 10'



Neutron Cross Sections of 28 Fission Product Nuclides Adopted in JENDL-1 JAERI 1268

Neutron Cross Section '»Cs CAPTURE
103

2.0

o 1.0

0.0

101 10s102 103 10'
Neutron Energy ( eV)

Fig. 3.17.2 Capture cross sections of 135Cs.

N e u t r o n C r o s s S e c t i o n " s Cs INELASTIC

10s 107

JENDL-I

CNEN-2

10s 10'
Neutron Energy t eV)

Fig. 3.17.3 Inelastic scattering cross sections of 135Cs.

On the other hand, the value of CNEN-2 is a little larger than that of JENDL-1 probably due to assuming

some hypothetical discrete levels.

3.18 Cesium-137

3. 18. 1 Status of experimental data

The experimental data are very scarce. The thermal capture cross section measured by Stupegia1733 is the

only practically available experimental datum. The recommendation of BNL-325 is based on this datum in both

2nd3J) and 3rd293 editions. The resonance parameters measured by Jung et al."2:> were not distinguished from

those of 135Cs and could not be used in the present work. No other experimental data have been reported.

3. 18.2 Evaluation

The value of thermal capture cross section was taken as 0. 11 barns on the basis of the experimental datum

of Stupegia.1735 As no resonance parameters are known, the 1/v type cross section was applied to the capture

cross section up to 550 eV which corresponds to a half of the mean level spacing used in the statistical model
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calculation. The elastic scattering cross section was calculated with the effective scattering radius of 5. 05 fm.

The cross sections were calculated in the energy range above 550 eV with the optical and statistical models.

The mean level spacing and the radiation width were estimated from the trends of neighboring nuclides. Seven

discrete levels were adopted and the levels were assumed to be continuum above 2.15 MeV.

3.18.3 Discussion

The total, capture and inelastic scattering cross sections are shown with the other evaluated data in Figs.

3. 18.1~3.18.3, respectively. The CNEN-2 evaluation adopted 11 resolved resonances which are probably

hypothetical ones.

The total cross sections of the three evaluations agree well with one another in the energy region above

100 keV. The total cross section of CNEN-2 is very low in the unresolved resonance region between 10 and

100 keV because of the very low s-wave strength function as seen in TABLE 2.4.

The capture cross sections of JENDL-1 and CNEN-2 agree fairly well with each other in the energy

region above 10 keV, while ENDF/B-IV gives much lower values between 10 keV and 3 MeV and shows strange

energy dependence below 5 keV and above 1 MeV.
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As to the inelastic scattering cross section, the JENDL-1 and CNEN-2 evaluations give very analogous

results, while the values of ENDF/B-IV are different. The decrease of the JENDL-1 values above 2 MeV is

caused by our adopting two levels which are hardly excited because of their large difference of spin values

(3/2* and l/2+) from that of the ground state (7/2+). . •

3. 19 Nsodymium-143

3.19.1 Status of experimental data i

A considerable number of experiments have been reported on the thermal capture cross section. BNL-325

2nd edition33' recommended <7n,7
th = 335±10 barns on the basis.of 4 experiments made by 1960. BNL-325 3rd

edition29' recommends 325±10 barns, possibly based on the recommendation by Walker425 who took account of a

new datum of Cabell and Wilkins.1745 Recently, however, Vertebny et al}7S> gave 338 + 8 barns. The capture

resonance integral was measured by Tattersall et al.m who reported R. I.<50 barns. The thermal scattering

cross section was reported to be 80 barns by Vertebny et al. The total cross section at the thermal neutron

energy was measured by Hay176) and by Vertebny et al. but the results are very discrepant.

Experimental data are numerous for resonance parameters. BNL-325 2nd edition recommended the para-

meters for 7 levels up to 190 eV on the basis of 5 experiments made by 1963. Since then Karzhavina et al."7y,

Migneco et al.un, Rohr et aZ.179) and Tellier180) gave the parameters in higher energy region. The resonance

spins have been assigned by Alves et al}iv>, by Cauvin et a/.182', and by Stolovy et al.ls3:> Based on these

new experimental data, BNL-325 3rd edition recommends the neutron widths for 112 levels up to 5, 503 eV,

39 of which are given the radiation widths. After the present evaluation, Musgrove el a/.194' gave the radiation

widths for many resonances in keV region, most of which are p-wave ones, from their capture measurements.

Several measurements have been made on the a-emission widths.

At the time of the present evaluation, no experimental data were available for total, capture, elasitc and

inelastic scattering cross sections above resonance region. Recently the capture cross section was measured by

Musgrove et a/.1845 in the energy range between 2.5 and 25 keV and by Nakajima et al.l>5) from 5 to 400

keV. These two sets of data agree fairly well with each other. It was also reported that the total and capture

cross sections had been measured by Hockenbury et al.57:>* up to 100 keV.

3.19.2 Evaluation

As to the resonance parameters, we compared the experimental data of Tellier,1805 Rohr et al."n and the

* Numerical results of these measurements were not published.
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data adopted in ENDF/B-H with one another. We mainly adopted the neutron widths of Tellier, but added

two levels including a negative resonance appeared in the other experiments. As the result, the adopted data

agree with those recommended in BNL-325 3rd edition which was not published at the time of the present

decision. For the levels whose radiation width is not given, the value of 85 meV was assumed according to the

evaluation of ENDF/B-III. The s-wave and p-wave assignment was made by considering the magnitude of the

reduced neutron width and theoretically expected distribution of levels as described in section 2. 3. 1. Thus the

resonance parameters were determined, for 111 levels, 51 of which were assigned as s-wave resonances.

The thermal capture cross section calculated from the resonance parameters is 305 barns which is a little

lower than the recommended value of 325 + 10 barns in BNL-325 3rd edition. The difference was corrected

by applying the 1/v type cross section. The elastic scattering cross section was calculated with the effective

scattering radius of 4. 65 fm. The (n, a) cross section was ignored in the present work.

According to the statistical examination described in section 2.4, some levels seem to be missing above

4. 7 keV, and the connecting energy was set at 4. 65 keV.

The cross sections were calculated in the energy region above 4. 65 keV with the optical and statistical

models. The-y-ray strength function was determined so that the calculated capture cross section might connect

smoothly with the resonance cross section. Fourteen discrete levels were taken into account up to the energy

of 2. 37 MeV and levels were assumed to be continuum in the energy region above 2. 45 MeV.

3. 19. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with the other evaluated data and the

experimental data in Figs. 3. 19. 1 •—-3. 19. 3, respectively.

The total cross sections of JENDL-1, RCN-2 and CNEN-2 are slightly lower than that of ENDF/B-IV

in the energy region above 100 keV. Below 100 keV, the values of JENDL-1 and RCN-2 are about 40%

lower than the others. This reflects the difference of the strength function. The present optical potential gives

£o = 2. 8xlO~", while the CNEN-2 adopted So = 3. 3xlO~4 in the unresolved resonance region below 100 keV.

The thermal capture cross section calculated from the resonance parameters is a little too low in JENDL-1,

even though a negative resonance was taken into account. Though the 1/v background cross section was

applied, it may be preferable to adjust the parameters of the negative resonance. The capture resonance integral

calculated from the resonance parameters is considerably higher than the measured value of Tattersall et al.m

in each of the four evaluations.

The capture cross section of JENDL-1 in the energy region above 4. 5 keV is 20% lower than the recently

measured data ofiMusgrove et al.m) and of Nakajima et al.n*>, with which the evaluated values of RCN-2,

CNEN-2 and ENDF/B-IV agree very well. The 7-ray strength function was so determined in the present
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107

work that the calculated capture cross section connected smoothly to the resonance cross section based on the

parameters of Tallier180). Recently, however, Musgrove et al. deduced the parameters from their capture

measurements for many p-wave resonances which were not found by Tellier in his transmission measurements.

Therefore the capture cross section calculated from Tellier's parameters must be too low, resulting underestimation

of the present 7-ray strength function. The present /-assignment of the resonance levels must be also in error

and all the levels must be reassigned as s-wave resonances. After reassignment of I, the staircase plot of the

levels gives Z)Obs = 35eV, which will give more appropriate value of Sy. The difference among the evaluations

above 1 MeV may be attributed to the different calculation models.

As to the inelastic scattering, the value of JENDL-1 agrees fairly well with those of RCN-2 and CNEN-2

up to 1.5 MeV. RCN-2 and CNEN-2 adopted more discrete levels and give higher value in the energy range

above 1. 5 MeV. On the other hand, ENDF/B-IV gives much higher value below 1. 5 MeV, probably due to

coupled channel effects.
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3.20 Cerium-144

3.20.1 Status of experimental data

The thermal capture cross section and the resonance integral were measured by Lantz187>. BNL-325

adopted the data of Lantz in both 2nd33) and 3rd29> editions. No other experimental data are available.

3. 20. 2 Evaluation

For the thermal capture cross section, we adopted the data of Lantz18" which gives On.y
th = l. 0 + 0. 1 barns.

Since no resonance parameters are known, the 1/v law was assumed for the capture cross section up to 500 eV,

which corresponds to a half of the mean level spacing used in the statistical model calculation. The elastic

scattering cross section was calculated by assuming the effective scattering radius of 4. 6 fm.

The cross sections were calculated in the energy range above 500 keV with the optical and statistical models.

Two discrete levels were adopted and the [levels were assumed to be continuum in the energy range above

1 MeV. The level spacing and the radiation width were determined by taking account of the trends of neigh-
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boring nuclides.

Neutron Cross Sections of 28 Fission Product Nuclides Adopted in JENDL-1 JAERI 1268

N e u t r o n C r o s s S e c t i o n ' " C e I N E L A S T I C

2.0-

J5 1 . 0 -

0.0'

, , 1 1 1 1 . , , , T - , . . . , . , • , , - , , - -

CNEN-2

J 1

1 1 1 • •

10s 106

Neutron Energy I eV I

Fig. 3.20.3 Inelastic scattering cross sections of 144Ce.

10'

3. 20. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with those of ENDF/B-IV and CNEN-2

in Figs. 3. 20. 1 ~ 3 . 20. 3, respectively. The CNEN-2 evaluation adopted resolved resonance parameters for 13

levels which are probably hypothetical ones.

The total cross sections of the three evaluations agree fairly well with one another in the energy region

above lOkeV.

As to the capture cross section, discrepancies are large among the three evaluations. The difference of the

structure above a few hundred keV may be caused by the difference in the inelastic scattering cross section.

The capture resonance integral of JENDL-1 is 1.55 barns which is smaller than the measured value by

Lantz l8n (2. 6 ±0 .26 barns). The CNEN-2 evaluation gives 2.72 barns by introducing hypothetical resonances.

As to the inelastic scattering cross section, even the threshold energies are different among the three. The

level of 398 keV in JENDL-1 is based on experiments and that of 800 keV was assumed from the statistical

trends. On the other hand, the CNEN-2 evaluation adopted 18 discrete levels for which no experimental

evidences were found. The ENDF/B-IV evaluation did not take any discrete level and gives much different

energy dependence from those of the other evaluations.

3. 21 Neodymium-l44

3.21.1 Status of experimental data

The thermal capture cross section has been measured by Pomerance,53:> by Walker and Thode168> and by

Cabell and Wilkins.174' The experimental values scatter between 0 and 4. 8 barns. BNL-325 3rd edition295

recommends c?n,7
th = 3. 6±0 . 3 barns on the basis of the newest experiment by Cabell and Wilkins. The thermal

scattering cross section was measured by Koehler and Wollan189' and by Vertebny et al.i7s> Both authors

gave 1. 0±0 . 2 barns. No resonance integral has so far been measured.

As for the resonance parameters, the neutron widths were obtained for 20 resonances up to 13. 5keV by

Karzhavina et al.177:> and for 35 resonances up to 19. 4 keV by Tellier.18(0 BNL-325 3rd edition recommends

the neutron widths for 35 resonances mainly on. the basis of the measurements by Tellier, but gives the radiation

widths only for two resonances on the basis of the data of Karzhavina et al. After the present evaluation

Musgrove et ai.XM') deduced the radiation widths for many levels including p-wave resonances from their capture

measurements.

At the time of the present evaluation, no experimental data were available on the capture cross section



JAERI1268 3. Discussion on Each Nuclide 95

above the resonance region. Recently the capture cross section was measured in the energy range from 3 to

70keV by Musgrove et al.im and from 5 to 350 keV by Kononov et al.im The total cross section was

measured by Pineo et a/.191) between 3 and 650 keV. Some experiments have been reported on the differential

elastic and inelastic scattering cross sections in MeV region, but the numerical results are not yet available.

3.21.2 Evaluation

The resonance parameters were taken for 35 levels from BNL-325 3rd edition. For the resonance whose
radiation width is not given, .T7 = 80 meV was assumed by averaging the values of two resonances given by
Karzhavina et al.un With the method described in section 2. 3, 20 resonances were assigned as the p-wave
ones.

The thermal capture cross section calculated from these parameters is 2. 26 barns and is a little lower than
3. 6 ± 0. 3 barns recommended in BNL-325 3rd edition. The difference was corrected by applying the 1/v type
background cross section. The effective scattering radius was assumed to be 4. 6 fm. As described in section
2. 4, the statistical examination suggests that some resonance levels might be missing above 8 keV. The con-
necting energy was set at 7. 73 keV.

The cross sections were calculated with the optical and statistical models in the energy range from 7. 73
keV to 15 MeV. Eleven discrete levels were considered in the energy up to 2. 37 MeV and the continuum
levels were assumed above 2. 5 MeV. The 7-ray strength function was determined so that the calculated cross
section might join smoothly to the resonance cross section at 7. 73 keV.

3 . 2 1 . 3 Discussion

The total, capture and inelastic scattering cross sections of JENDL-1, RCN-2, CNEN-2 and ENDF/B-IV are
compared with one another as well as with the experimentlal data in Figs. 3. 21. 1~3. 21. 3, respectively.

All the evaluated total cross sections are considerably lower than the measured data of Pineo et aZ.191>

The total cross sections of JENDL-1, RCN-2 and CNEN-2, calculated with the present optical potential are
a little higher in the energy region above 500 keV than that of ENDF/B-IV.

As to the capture cross section, the values of JENDL-1 agree fairly well with the recently measured data
of Musgrove et al.iw and of Kononov et alPn, though the present evaluation was made before publication
of these measured data. In contrast with cases of 14iNd and 145Nd, p-wave level missing in Tellier's data1803

little affects the present determination of the 7-ray strength function, because the connecting energy was set
as low as 7. 73 keV. However, the present p-wave assignment must be in error, as the levels detected by Tellier
are s-wave resonances accoding to the analysis of Musgrove et a/.1845

The inelastic scattering cross sections of JENDL-1, RCN-2 and CNEN-2 agree fairly well with one another

Neutron Cross Section

I 101

'"Nd TOTAL

\

"\
RCN-2

CNEN-2

ENDF/B-IV JENDL-1

A

O
PINEO+ / I 9 1 /
DJUMIN* / 1 8 6 /

103 101 10s

Neutron Energy ( eV)

Fig. 3 .21 .1 T o t a l cross sect ions of I M N d .

10s 10'



96 Neutron Cross Sections of 28 Fission Product Nuclides Adopted in JENDL-1

N e u t r o n C r o s s S e c t i o n "'Nd CAPTURE

JAERI 1268

10'

10°

ilO"1

•£10-

' 1 0 -

ENDF/B-IV

O MUSGROVE+ / 1 8 4 /

•*> KONONOV+ / 190/

10' 103 104 10s

Neutron Energy ( eV I

Fig. 3 .21 .2 Captu re cross sections of 1 4 4 Nd.

Neutron Cross Section "'Nd INELASTIC

2.0

CO

z
3
a

c
o

S 1.0
0)
O

o

n.n

: 1 . 1—ii i i i |

-

-

i !• ,t...-I i t i . . 1

JENOL-1

1

\

• • * • I ' •

i-| 1 1 1—i i i i i | :

CNEN-2 -^<f^ >

/
'/ENDF/B-IV

\
\

\

! ^

/ ',
t
I

\

J 1 ^
10= 106 107-

Neutron Energy I eV)

Fig. 3.21.3 Inelastic scattering cross sections of 14llNd.

up to 1.5 MeV, but RCN-2 and CNEN-2 assumed more discrete levels above 2 MeV and gives a little higher

values. The values of ENDF/B-IV are much lower probably due to the optical potential parameters, and these

lowest values of inelastic scattering cross section are reflected on the capture cross section above 1 MeV as seen

in Fig. 3.21.2.

3.22 Neodymium-145

3. 22. 1 Status of experimental data

Several experiments have been reported on the thermal capture cross section. BNL-325 2nd edition335

recommended ff«,7
tl' = 53 + 2 barns on the basis of the experimental data measured by 1960. After that two

experiments have been reported by Cabell and Wilkins174' and Vertebny et al."5'' BNL-325 3rd edition295

recommends ffn,7
th = 42±2 barns possibly taking account of the low value by CabeH and Wilkins. The thermal

scattering cross section was measured by Vertebny et al. The total cross section in the thermal neutron energy

was measured by Hay and Pattenden015 and Vertebny et a/.175) Some measurements have been reported on the

(n, a) reaction cross section in the thermal energy region. The capture resonance integral was reported to be

130±15 barns by Tattersall et al.sn BNL-325 3rd edition recommends 240+35 barns possibly deriving from
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the experimental data of Cabell and Wilkins.1745

The resonance parameters have been reported by more than ten authors. BNL-325 2nd edition recommended

the parameters for only 6 levels up to 103. 6 eV on the basis of the experiments made by 1963. After that

Karzhavina et al}ln, Migneco et al."s:>, Rohr et a/.179) and Tellier180) extended the number of resolved resonances.

Particularly Tellier gave the parameters in the energy up to 4. 6 keV from his transmission measurements.

Works have been made also on J-assignment by Alves et al.im, by Cauvin et al.im and by Stolovy18". On

the basis of these new experiments, BNL-325 3rd edition recommends the neutron widths for 191 resonances

up to 4, 637 keV, but gives the radiation widths for only 34 resonances. Recently Musgrove et al.1M) deduced

the radiation widths for many resonances beween 2. 5 and 4 keV from their capture measurements.

At the time of the present evaluation, no experimental data were available on the smooth cross sections in

the energy range above resolved resonances except near 14 MeV. After that the capture cross section was

mesured by Musgrove et al.xm from 3 to 500 keV and by Nakajima et aZ.185) from 5 to 400 keV. The total

and capture cross sections were measured by Hockenbury et aUn below 150 keV.

3. 22. 2 Evaluation

As to the resonance parameters, the experimental data of Rohr et al.i73) and of Tellier1803 were compared

with each other and with those recommended in ENDF/B-III. We mainly adopted the neutron widths of Tellier,

but added the lowest 4. 04 eV level, which was not reported by Tellier nor by Rohr et al., taking account of

other experiments. The present parameters agree fairly well with those recommended in BNL-325 3rd edition

which was not available at the time of the present work. The s-wave and p-wave assignment was carried out

with the method described in section 2. 3. The radiation width of 60 meV was assumed for the levels whose

value was not experimentally known. The parameters of 177 levels were thus determined up to 4, 637 eV, 76

of which were assigned as the s-wave resonances.

The thermal capture cross section calculated from these parameters is 7. 85 barns which is much smaller

than the experimental values. We adopted the value of 42 barns recommended in BNL-325 3rd edition and

the difference was corrected by applying the 1/v type background cross section. The elastic scattering cross

section was calculated with effective scattering radius of 4. 55'fm. The statistical examination mentioned in section

2.4 suggests that some levels may be missing in the energy range above 3.6 keV. The connecting energy

was thus set at 3. 6 keV.

The cross sections between 3. 6 keV and 15 MeV were calculated with the optical and statistical models.

Seven discrete levels were considered up to 1.39 MeV and levels were assumed to be overlapping above 1.4

MeV. As no capture data existed at the time of the present calculation, the 7-ray strength function was

determined so that the calculated capture cross section might connect smoothly with the resonance cross section.
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3. 22. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with curves of the other evaluations

and with the measured data in Figs. 3. 22. 1~3. 22. 3, respectively.

The total cross section of JENDL-2 is lower than that of ENDF/B-IV, which is calculated with the coupled

channel optical model, in the energy range below a few MeV. The present optical potential gives the s-wave

strength function So = 3. 19xlO"4, which is smaller than the measured values. Therefore the total cross section

of JENDL-1 may be too small particularly below 50 keV.

The capture resonance integral calculated from the resonance parameters and the 1/v background cross

section is 266. 3 barns, which is larger than the measured value of Tattersall et al?v> but agrees fairly well

with the recommended value in BNL-325 3rd edition. The capture cross sections of all the evaluations except

RCN-2 agree with one another in the energy region from 5 keV to 1 MeV but are 30% lower than the

recently measured data by Hockenbury et al.17\ Musgrove et al.im and Nakajima et al.wn, which agree well

with one another. The most recent evaluation of RCN-2195 took account of these measurements. As in the

case of 143Nd, the underestimation of JENDL-1 is caused by its smooth connection to the resonance cross section

which is also underestimated by considerable p-wave level missing in the resonance parameters deduced by
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Tellier1805 in the energy above 2 keV. The present p-wave assignment must be also in error and all the

resonances should be assigned as s-wave ones. The discrepancy of the capture cross section among the evalua-

tions above 1 MeV cannot be explained by the competition with the inelastic scattering, and is probably due

to some different models used in the calculalion. However, no detailed information is available on the other

evaluations.

As to the inelastic scattering cross section, the RCN-2 and CNEN-2 evaluations assumed much more discrete

levels than JENDL-i in the energy range above 500 keV and give higher values. The decrease of ENDF/B-

IV cross section above 1 MeV is difficult to be understood, since more discrete levels were assumed than JENDL-1.

3.23 Promethium-147

3. 23. 1 Status of experimental data

All the measurements on the capture cross section have been made in the thermal neutron energy region.

BNL-325 2nd edition3" recommended on the basis of the measurements by 1962: ffn,r
th = 200±50 barns

[crB,,.th (5.4-day 14SgPm) = 124+13 barns and <Jn.y
th (41-day 148mPrn) = l l l ± l l barns], which are obviously

inconsistent with each other. Since then three measurements have been reported by Fenner and Large1935, by

Cabell1945 and by Mowatt and Walker.19" BNL-325 3rd edition21" recommends an,y
th = 181±7 barns [ff*,,."1

(»«gpm) = 96. 0 + 1. 8 barns and an,y
th ( " 8 m Pm)=85±5 barns], possibly based on the absolute value of 148gPm

production cross section by Cabell and the ratio of an.v
xt> ("acPm)/(7,,,,th (14SmPm) by Fenner and Large. The

total cross section in the thermal energy region has been reported by Harvey et al.uv>, by Codding et aZ.1965,

by Kirouac et al}m and by Belanova et aZ.1985

The capture resonance integral has been measured by Schuman and Berreth,'995 by Fenner and Large19"

and by Cabell.1945 The data of Schuman and Berreth are more than twice of those of Fenner and Large. BNL-

325 3rd edition recommends R. I. (148sPm) = l, 274±66 barns on the basis of measurements by Cabell and R.I.

(148mPm) = l, 026 + 280 barns whose experimental basis is not clear.

The resonance parameters were obtained from the total cross section measurements by Harvey et al.ui:>,

Codding et aZ.1965, Kirouac et al.l9i:> and Belanova et aZ.1985 No works have so far been made on the spin

assignment. BNL-325 3rd edition recommends the neutron widths for 39 resonances up to 317 eV including

one negative resonance, but gives the radiation widths for only 5 levels.

The total cross section was measured by Codding et aZ.1965 up to 1 keV and by Foster and Glasgow705 in

MeV region. No other data are available on the cross sections in the energy range above resolved resonances.

3. 23. 2 Evaluation

The resonance parameters recommended in BNL-325 3rd edition were adopted for 39 levels including a

negative resonance. For the levels whose radiation width is not given, the value of 68 meV was assumed by

averaging the values of 5 levels given in BNL-325. However, with some careless mistake, the value of 63 meV

was actually adopted in the JENDL-1 file.

The thermal capture cross section calculated from these parameters is 182 barns which agrees very well

with the value of 181 ± 7 barns recommended in BNL-325 3rd edition. Hence no background correction were

required. The elastic scattering cross section was calculated by assuming the effective scattering radius of

4. 45 fm.

The statistical examination suggests that some levels may be missing in the energy range above 200 eV.

It should be noted, however, that the resonance parameters are the only reliable experimental data for this

nuclide in the epithermal energy region, and therefore cannot be ingnored. Taking account of the above

situation, the connecting energy was tentatively set at 300 eV.

The cross sections were calculated in the energy range above 300 eV with the optical and statistical models.

Six discrete levels were taken into account up to 686 keV and the overlapping levels were assumed above 720

keV. The 7-ray strength function was obtained from the resolved resonance parameters.
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3. 23. 3 Discussion

The total, capture and inelastic scattering cross sections are shown in Figs. 3. 23. 1~3. 23. 3 with the

measured data as well as data of the other evaluations.

In the mass region of A=145~150, the s-wave strength function and the effective scattering radius are

very sensitive to the nuclear mass, and it was found very difficult to fit these values with a single set of the

optical potential parameters. Hence the potential parameters were changed at A = 147 as seen in Eq. (1) of

section 2.2. 1. The effective scattering radius was also discontinuously changed at A=147 as seen in Fig. 2.7.

For '47Pm and 147Sm, the small values are assumed for the effective scattering radius as in the case of lighter

nuclides, though the optical potential parameters are those for heavier nuclides. It is probable that the effective

scattering radius is underestimated for these nuclides.

The total cross section of JENDL-1 is lower than those of the other evaluations in the resonance region.

This might be caused by our adopting much smaller effective scattering radius as mentioned above. The RCN-2

and CNEN-2 evaluations adopted the same optical potential parameters as JENDL-1, while the ENDF/B-IV

adopted the coupled channel model and gives higher values below a few MeV, although both potentials reproduce

the measured data of Foster and Glasgow705 in the higher energy region.

The capture resonance integral calculated from the resonance parameters is 2, 206 barns which agree well
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with the value recommended in BNL-325 3rd edition within the quoted error. In the energy region above
resonances, the differences of the capture cross section among the various evaluations are 50% at most.

As to the inelastic scattering cross section, the curves of JENDL-1, RCN-2 and CNEN-2 agree fairly
well with one another below 450 keV, while the values of ENDF/B-IV are slightly higher. This difference
may be caused by the difference of the optical potential parameters. The total cross section is also higher in
ENDF/B-IV. The rapid increase of the RCN-2 and CNEN-2 values above 500 keV can probably attributed
to their adopting more discrete levels as seen in TABLE 2.12. 23.

3,24 Samarium-147

3. 24. 1 Status of experimental data

The thermal capture cross section has been measured by several experimenters and the reported values
scatter between 50 and 87 barns. BNL-325 2nd edition333 recommended <Tn,./

h=87±60 barns on the basis of
measurements by Tattersall et al.ss:> However, newer measurements gave lower values than those of Tattersall
et al., and BNL-325 recommends crn,Y

tll = 64±5 barns in the 3rd edition235 on the basis of the measurements
by Dobrozemsky et al.Mn The total cross section was measured by Eiland et al.2on in the energy range
between 0. 025 eV and 1. 2keV. They gave ffTl)1=75±6 barns and BNL-325 3rd edition adopts this value. The
capture resonance integral was measured by Fenner and Large1935 and by Dobrozemsky et al. Their results
agree well with each other and lie near 640 barns. However, BNL-325 3rd edition recommends R. I. = 714±50
barns, based on the calculation with the resonance parameters obtained by Eiland et al. from their transmission
measurements.

The resonance parameters have been deduced from more than ten measurements. BNL-325 2nd edition
recommended the parameters for 13 resonances up to 100 eV on the basis of 9 measurements made by 1965.
After that several new measurements have been made. Particularly Eiland et al.zo° extended the upper limit
of the resolved resonances up to 1,161 eV. Resonance spins were assigned by Cauvin et al.liZ:> and by
Karzhavina et a/.202' up to 400 eV. Taking account of these new measurements, BNL-325 3rd edition recommends
the neutron widths for 132 resonances including a negative resonance up to 1,161 eV, but gives the radiation
widths for only 6 resonances. Very recently Mizumoto et al.im obtained the resonance parameters up to 2 keV
from their capture and transmission measurements. The a-widths have been reported by several authors.

At the time of the present evaluation, the capture cross section had been measured only by Macklin et

al.iw at 30 keV. Recently it was measured by Kononov et al.205:> in the energy range from 5. 5 to 350 keV
and by Mizumoto et al.2™ from 3. 3 to 300 keV. As is evident from Fig. 3. 24. 2, the data of Kononov et al.

are much higher than those of Mizumoto et al. and of Macklin et al. which agree with each other. Neither
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elastic nor inelastic scattering cross sections have so far been measured.
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3. 24. 2 Evaluation

The resonance parameters recommended in BNL-325 3rd edition were adopted except for the negative

resonance for which the parameters deduced by Codding et al.lni were adopted. For the levels whose radiation

width is not given, the average value of 67 meV was assumed. The s-wave and p-wave assignment was made

by considering the magnitude of the neutron widths as described in section 2. 3. 1. Thus the resonance para-

meters were determined for 132 levels, 81 of which were assigned as p-wave resonances.

The thermal capture cross section calculated from the resonance parameters is 68. 2 barns which lies within

the scatter of the experimental data. Therefore no background correction was applied. The thermal elastic

scattering cross section was calculated with the effective scattering radius of 4. 45 fm. The statistical examination

suggests that some levels are missing in the high energy region. The connecting energy was thus set at

750 keV.

The cross sections were calculated with the optical and statistical models in the energy range between

750 keV and 15 MeV. Fourteen discrete levels were taken into account up to 1.18 MeV and levels above

1. 2 MeV were assumed to be overlapping. The 7-ray strength function was so adjusted that the calculated

capture cross section became 1. 0 barns at 30 keV, i. e., agreed with the daum of Macklin et al.20i:> within the

quoted error.

3. 24. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with the measured and the other evaluated

data in Fig. 3. 24. 1 ~ 3 . 2 4 . 3, respectively.

The total cross section of JENDL-1 is the lowest below 1 MeV. The s-wave strength function may be a

little underestimated with the present optical potential as seen in TABLE 2.4. The ENDF/B-IV evaluation

adopted the coupled channel optical model and gives the largest total cross section.

The present resonance parameters well reproduce the thermal 'capture cross section. The calculated capture

resonance integral is 763. 3 barns which agrees with the recommended value in BNL-325 3rd edition within

the quoted error but is a little larger than the measured data of Dobrozemsky et al.2001 and Fenner and

Large193>.

As to the capture cross section above resonance energy region, the datum of Macklin et al.zm was the

only available one at the times of all the four evaluations. The values of JENDL-1 and RCN-2 agree with

this value within the quoted error but the JENDL-1 gives a little lower values than RCN-2. The values of

CNEN-2 are a little lower than those of JENDL-1 in the unresolved resonance region below 70 keV but agree
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with the JENDL-l values between 100 keV and 1 MeV. The ENDF/B-IV evaluation gives the lowest values

in the energy range up to 2 MeV. After these works were made, the measured data were reported by Kononov

et al.20^ and Mizumoto et aZ.203> The data of Mizumoto et al. are a little higher than the values of JENDL-l

and agree well with those of RCN-2 in the energy region below 100 keV. The energy dependence of the data

by Kononov et al. is very different from those of the data by Mizumoto et al. and of the existing evaluated

data. It may be quite difficult to reproduce the energy dependence of the data of Kononov et al. with the

statistical model calculation. Furthermore, the extrapolation of their data gives much larger cross section in

the resonance region than that obtained from the resonance parameters. Abandoning the data of Kononov et

al. on the basis of the arguments above mentioned, we believe that the data of RCN-2 are reasonable and that

the JENDL-l values should be slightly increased below 100 keV.

As seen in TABLE 2.5, the 7-ray strength function of ENDF/B-IV agrees- with that obtained from the

resolved resonance parameters, but is about one half of those adopted in the other evaluations. The JENDL-l,

CNEN-2 and RCN-2 evaluations applied the spherical optical model to very deformed nucleus such as H7Sm

and may underestimate the neutron strength function as is suspected from the small total cross section shown
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in Fig. 3.24.1. The large value of the 7-ray strength function may have been required to compensate the

underestimation of the neutron strength function. This problem should be further investigated.

As to the inelastic scattering cross section, the values of RCN-2 and ENDF/B-IV are larger than those of

JENDL-1 and CNEN-2. This may be caused by the difference of the optical potential parameters, as the same

tendency is observed in the total cross section. It should be noted that an apparent discrepancy between RCN-2

and the others near the threshold energy is not substantial but is caused by the difference of the energy mesh

points.

3.25 Samarium-149

3. 25. 1 Status of experimental data

Much experimental works have been made in the thermal energy region, since this nuclide is a famous

poison for thermal reactors. The measured values of the thermal capture cross section scatter between 41, 000

barns and 49, 000 barns. BNL-325 recommends the lowest value of ff,,,7
th=41, 000±2, 000 barns in both 2nd3"

and 3rd2W editions. This recommended value is, however, still higher than the measured values of the total

cross section by Pattenden63' and by Asami et al.2m, who gave ffTth = 39, 900 ±600 barns and 37,000 + 1,000

barns, respectively. The resonance integral is very difficult to be measured because of its large resonance near

0. 1 eV, and was measured only by Aitken and Cornish207-1 who reported R.I. = 4,400 barns.

The resonance parameters have been measured by more than 20 experimenters. BNL-325 2nd edition

recommended the parameters for 29 resonances up to 99 eV on the basis of measurements by 1965. Since then

a lot of measurements have been made. Particularly Karzhavina and Popov2085 deduced the neutron widths

for the resonances up to 248 eV. The resonance spins were assigned for 41 resonances up to 185 eV by Cauvin

et <z/.182) and for 84 resonances up to 259 eV by Karzhavina et al.202:> The a-widths have also been measured.

Based on these measurements, BNL-325 3rd edition recommends the neutron widths for 88 resonances up to

250 eV including a bound state, but gives the radiation widths for only 4 lowlying levels. BNL-325 gives the

resonance spins for 41 levels up to 140 eV. Very recently Mizumoto et al.2t>3} deduced the resonance parameters

up to 520 eV. :

As to the capture cross section above resonance region, the experimental datum of Macklin et aZ.204> at

30 keV was the only available one at the time of the present evaluation. After that, three sets of measured

data have been reported, i. e., the data of Kononov et al.20S> between 5. 5 and 342. 5 keV, of Hockenbury et

alP~> below 70 keV and of Mizumoto et al.2m from 3. 3 to 300 keV. These three recent data agree fairly

well with one another in the energy region above 20 keV but are about 60% larger than the datum of Macklin

et al. at 30 keV.

The total cross section was measured by Pineo et a/.190 in the energy range from 15 to 600 keV, the data

being in fair agreement with the measured total cross section of natural Sm element. Recently it was reported

that Hockenbury et al?n measured the total cross section between 20 eV and 150 keV*. No experimental

data have so far been reported on the elastic and inelastic scattering cross sections.

3. 25. 2 Evaluation

We adopted the resonance parameters recommended in BNL-325 3rd edition up to 250 eV with modifying

the resonance spins according to the work of Karzhavina et al.2m For the levels whose radiation width was

not reported, the average value of 61 meV was assumed. We assigned 34 resonances as the s-wave ones and

the remaining 52 resonances as the p-wave ones with the method described in section 2. 3. 1.

The thermal capture cross section becomes 41, 500 barns when calculated with these parameters. The value

falls within the scatter of the experimental data, and no background correction was applied. The elastic scattering

cross section was calculated with the effective scattering radius of 8. 4 fm. The cross section was calculated

with these parameters up to 150 eV, above which it was judged that a significant number of levels were

missing according to the statistical examination mentioned in section 2. 4.

* Their numerical data were not published.
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Above 150 eV, the cross sections were calculated with the optical and statistical models. Ten discrete levels

were adopted up to 640 keV, and the continuum levels were assumed above 650 keV. The calculated capture

cross section was normalized to the datum of Macklin et al.20i:> at 30 keV, by adjusting the 7-ray strength

function.

3. 25. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with the other evaluated data as well

as the measured data in Figs. 3. 25. 1 ~ 3 . 25. 3, respectively.

As to the total cress section above a few tens of keV, the values of JENDL-1 and CNEN-2, calculated

with the present potential, are considerably lower than those of RCN-2 and ENDF/B-IV and the measured

data of Pineo et «Z.19° below 1 MeV. The present optical potential parameters underpredict the s-wave strength

function as seen in TABLE 2 . 3 : 3. 88 x lO"4 compared with the measured value of (5. 1 ± 0. 9) X 10*4. The calculated

scattering radius is 6 fm, while the value u;;ed in the resonance region is 8.4 fm, which was obtained by

interpolation of the measured values. These facts suggest that the present global optical potential is not quite

appropriate in this mass region. The total cross section must be underestimated below" 1 MeV in JENDL-1 and

CNEN-2.

The calculated thermal capture cross section agrees with the measured values within the quoted error.

The calculated value of resonance capture integral is 3, 454 barns, which is a littles lower than 4, 400 barns

reported by Aitken and Cornish20".

As to the capture cross section above the resonance energy region, all the evaluated data seem to be

normalized to the datum of Macklin et al.2W at 30 keV, and therefore are about 60% lower than the recent by

measured data77i203'205). In the present evaluation, the average level spacing Dobs was adjusted to be 1. 63 eV so as

to meet with the datum of Macklin et al., while the recommended value in BNL-325 is 2. 3±0 . 3 eV. This

disagreement of Dobs may be caused by the present optical potential parameters, which give low s-wave strength

function as mentioned above, since no such disagreement is observed in the RCN-2 and ENDF/B-IV evaluations

as seen in TABLE 2. 5. In order to meet with the higher values of the recent data, the radiation width should

be also increased.. Obvious discrepancies are observed among the evaluated data in the energy , range above a

few hundred keV. This may reflect the differences in the inelastic scattering cross section as discussed below.

As to the inelastic scattering cross section, the values of JENDL-1 are in fair agreement with those of

RCN-2 and CNEN-2 up to about 300 keV, above which the JENDL-1 value becomes much lower than those

of the others. This may be caused by the different spin assignment of the second excited level of 277 keV.

We assumed 3/2~ for this level, while 5/2" is adopted in RCN-2, 7/2' in CNEN-2 and CEA. The inelastic

scattering is enhanced for higher spin states since the ground state spin is 7/2". Above 1 MeV, the cross section
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of JENDL-1 continues to increase, while those of the other evaluations decrease. This may be caused by our

adopting a large spin cut-off parameter in this energy range as mentioned in section 2.2. 3. The energy

dependence of ENDF/B-IV is very different from the other evaluations. The reason is not clear, since no

precise information is available.

3.26 Samarium-151

3. 26. 1 Status of experimental data

The experimental data are scarce for this nuclide. The thermal capture cross section was measured by a

few experimenters only in 1950's, and the results scatter between 7, 200 and 13, 000 barns. The total cross

section in the thermal energy was measured by Pattenden1435, who reported Ojth = 15, 000 + 1, 800 barns and

R. I. = 3, 300±700 barns. BNL-325 recommends the value of Pattenden as the thermal capture cross section

in both 2nd33) and 3rd29' editions. Recently Kirouac and Eiland2095 measured the total cross section in the

energy range between 0. 01 eV and 2. 3 keV. They reported <7T
th= 15, 200 + 300 barns and R. I. = 3, 520±160

barns which agree with the values of Pattenden within the quoted errors.

The resonance parameters were deduced by Harvey et aZ.I41> up to 6. 3 eV and by Pattenden1435 up to

12. 75 eV. BNL-325 3rd edition recommends 2gVn° values for 11 levels including a negative resonance mostly

on the basis of the measurements of Pattenden, but gives the radiation widths only for 3 lowlying levels.

After that, Kirouac anp Eiland20W deduced the 2gFn values for 120 levels up to 300 eV and the radiation

widths for 13 lowlying levels from their measurements of the total cross section.

As to the cross sections above resonance region, the total cross section values measured by Kirouac and

Eiland2095 are the only experimental data at the present time.

3. 26. 2 Evaluation

The resonance parameters recommended in BNL-325 3rd edition were adopted, since the data of Kirouac and

Eiland2095 were not available at the time of the present evaluation. For the levels whose radiation width was

not known, the average value of 74. 5 meV was assumed.

The calculated thermal capture cross section from these parameters is 12, 600 barns, which lies within the

the scatter of the old experimental data but is lower than the recommended value of 15, 000 ± 1 , 8000 barns in

BNL-325. The difference was compensated by adding the 1/v type background cross section. The elastic

scattering cross section was calculated with the effective scattering radius of 8. 35 fm. The upper bound of the

resolved resonance region was taken as 13. 4 eV, i.e., £max+-Dobs/2.

Above 13. 4 eV, all the cross sections were calculated with the optical and statistical models. The 7-ray

strength function was determined from the resolved resonance parameters. We adopted 12 discrete levels up

to 345 keV and assumed continuum levels above 350 keV. It should be noted that the spin of the ground

state was assumed to be 5/2" according to the evaluation by Nakasima and Murata12>, while BNL-325 3rd

edition recommeds 7/2".

3. 26. 3 Discussion

The total, capture and inelastic scattering cross sections are shown with the other evaluations in Figs. 3. 26. 1

~ 3 . 26. 3, respectively. The JENDL-1 evaluation adopted the resonance parameters up to 13. 4 eV, while the

RCN-2 and CNEN-2 evaluations took the parameters of Kirouac and Eiland2095 up to more than one hundred

eV.

As is the case of the other Sm isotopes, the total cross section calculated from the present optical potential

parameters is considerably lower than that of RCN-2 and ENDF/B-IV in the energy range between 10 keV

and 1 MeV. The present optical potential parameters predict the s-wave strength function fairly well: 3. 80

X 10"4 compared with the measured value of (4. 0 ± l . 8)xlO"4 , but underpredict the effective scattering radius.

Though no measured data exist for the total cross section of 151Sm, the calculated total cross section might be

too low, if we assume that the total cross section of 151Sm is [approximately the same as that of natural

samarium.
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The 1/v correction was applied for the thermal capture cross section so as to reproduce the 2,200 m/s

value of 15, 000 barns. With including this background cross section, the calculated capture resonance integral

is 4, 039 barns which is a little higher than the measured value. Taking it into consideration that the RCN-2

and CNEN-2 evaluations give appropriate values on both the thermal cross section and resonance integral

without applying any background cross section, the resonance parameters of Kirouac and Eiland2095 should be

taken.

As no experimental data exist in the capture cross section above resonance region, the y-ray strength

function was determined from the resolved resonances. The values of Sy agree with one another among all

the evaluations except CEA which assumes somewhat higher value. Hence the calculated capture cross sections

are analogous among all the evaluations except CEA below 100 keV. Above 100 keV, considerable discrepancies

appear, probably caused by the differences in the inelastic scattering.

As to the inelastic scattering, 151Sm is a very characteristic nuclide. This nuclide has the first excited

state at very low energy (4. 8 keV) and has large capture cross section. This makes the calculated inelastic

scattering cross section very sensitive to the calculation model. For example, as shown in TABLE 3. 2, the effect

of the statistical fluctuation of the neutron width is essential: Hauser-Feschbach theory with and without
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TABLE 3.2 Effect of calculational

H-F theory without statistical fluctuation
H-F theory with statistical fluctuation

method on 151Sm

Capture
(b)

5.2
4. 1

cross sections at 10 keV

Compound Elastic
(b)

6.7
8.7

Inelastic
(b)

2.3
1.4

statistical fluctuation gives a difference of a factor 2 at 10 keV. It is also seen from the table that the capture

cross section is large compared with the inelastic scattering cross section at this energy, suggesting that the

competition due to capture reaction should be treated accurately.

The energy dependence of the inelastic scattering cross section is similar up to 100 keV among JENDL-1,

RCN-2 and CNEN-2. Above 100 keV, the RCN-2 and CNEN-2 cross sections increase more rapidly than

JENDL-1. This may be attributed to their adopting more discrete levels as seen in TABLE 2. 12.26. The

inelastic scattering cross section of ENDF/B-IV is very different from the other evaluations particularly from

the threshold energy to 100 keV. The reason of this difference is unclear, as no precise information is available

for ENDF/B-IV on this nuclide.

3.27 Europium-153

3. 27. 1 Status of experimental data

Considerable number of experiments have been reported for this nuclide. The thermal capture cross section

has been measured by several experimenters, but the reported values scatter between 274 and 639 barns possibly

due to existence of 151Eu which has a large thermal capture cross section of about 9, 200 barns. BNL-325

2nd edition335 recommended crMi1,"
l = 390±80 barns, while its 3rd edition295 gives 390 ±30 barns which agrees

with the recent result of Widder2105 but is a little higher than that of Moxon et al.2W The total and scattering

cross sections in the thermal energy range were measured by Vertebny et a/.212'2135 who gave ffei"1 = 8±0 . 3

barns2125 and 0r'h = 282±lO barns2135, which are evidently lower than the recommended values in BNL-325.

To resolve these uncertainties, Razbudey et al.2W made precise measurements on the total cross section and

recommended (7Tth = 308±10 barns and ffn,7
th=300±15 barns, which are still lower than those of BNL-325

but agree fairly well with the data of Moxon et al. being cr«,T
th = 317±15 barns.

The capture resonance integral has also been measured by several experimenters and the reported values

scatter between 1,280 and 3, 887 barns. BNL-325 3rd edition recommends R. I. = l, 635 + 200 barns, probably

on the basis of measurements by Rahn et a/.2155 Two recent measurements by Van der Linden et «Z.1525 and

by Kim et a/.2165, however, gave higher values of 1, 829 and 3, 414 barns, respectively.
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As to the resonance parameters, BNL-325 2nd edition recommended the parameters for 18 levels up to

24. 1 eV, while its 3rd edition gives the neutron widths for 76 levels up to 97 eV mainly based on the measure-

ments by Rahn et <zZ.217) but gives the radiation widths for 48 levels. After that, Vertebny et a£.218> gave

only the resonance energies up to 659 eV.

The experimental data are considerably numerous for the capture cross section in the fast energy region.

At the time of the present evaluation, available were data of Konks and Fenin219-1, Konks et al.2in and Harlow

et al.22° After that, four measurements have been made. The data of Kononov et aZ.205' are 10% higher

than those of Konks and Fenin between 5 and 350 keV. These high values of Kononov et al. are supported

by the data of Czirr2225 which were deduced from his measurements of natural Europium and 151Eu. On the

other hand, the other new data of Moxon et al.2n}, Hockenbury et a/.113' and Mizumoto et al.223:> agree with

those of Konks and Fenin in the energy region below 10 keV but support the higher value of Kononov et al.

above 50 keV. Thus three different trends exist in the capture cross section of 153Eu as seen in Fig. 3.27.2.

No experimental data are available for the total, elastic and inelastic scattering cross sections in the fast energy

region.

3. 27. 2 Evaluation

Resonance parameters were adopted from BNL-325 3rd edition. For levels whose radiation width was not

given, the value of 94 meV was assumed on the basis of the measurements by Rahn et al.zi7>

The thermal capture cress section is calculated from the resonance parameters. The result is 71. 7 barns

which is in a large underestimation compared with the measured data. Though the uncertainties are still large

on the thermal capture cross section, we adopted the value of 390 barns on the basis of the recommendation

of BNL-325 3rd edition, and corrected the difference from the calculated value by applying the 1/v background

cross section. The elastic scattering cross section was calculated with the effective scattering radius of 8. 8fm.

No obvious level missing was found up to 97 eV from the statistical examination and from the staircase

plotting of resonances. Hence the connecting energy was determined to be 98 eV, i.e., Emax + DObs/2.

The cross sections were calculated in the energy region above 98 eV with the optical and statistical models.

Twelve discrete levels were adopted up to 706. 4 keV and continuum levels were assumed above 710 keV. The

Y-ray strength function was adjusted so that the calculated capture cross section might agree with the data of

Konks and Fenin2193 at 10 keV. At the final stage of evaluation, the calculated capture cross section was

further modified by the eye-guide method to fit the gross structure observed in the data of Konks and Fenin

in the energy range from 100 eV to 40keV as seen in Fig. 3.27.2.

3. 27. 3 Discussion

The total, capture and inelastic scattering cross sections among JENDL-1, CNEN-2 and ENDF/B-IV are

compared with one another and with the measured data in Figs. 3.27.1—3.27.3, respectively.

The total cross sections of JENDL-1 and CNEN-2 are lower than that of ENDF/B-IV between 100 and

500 keV. No experimental data exist in this energy range even for natural Europium. However, the total

cross section is probably underestimated in JENDL-1 and CNEN-2, if we estimate it roughly by interpolation

from the data of natural Samarium and Dysprosium. This may be caused by our underestimation of the shape

elastic scattering cross section, because the present optical potential parameter set gives the effective scattering

radius of 6. 5 fm compared with the experimental value of 8. 8 fm.

As mentioned in the previous subsection, the measured value of thermal capture cross section cannot be

reproduced by calculation from the resonance parameters. Takahashi220 argued that two resonances should be

added at - 0 . 0 0 7 and 0. 457 eV to those given in BNL-325. The recent measurements by Widder210) from

0. 01 to 9.8 eV denied the existence of 0.457 eV level but seems to suggest the existence of bound levels.

The calculated capture resonance integral is 1, 529 barns, including the contribution from the added 1/v cross

section, and is in fair agreement with the experimental value of 1, 635±200 barns.

There exist three trends of measured data in the capture cross section above resonance region. The data

of all the evaluations reproduce the trend of Konks and Fenin219' and are lower than the recent measured data

in the energy region above 50 keV. The 7-ray strength function adopted in the JENDL-1 evaluation gives
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Fig. 3.27.3 Inelastic scattering cross sections of 153Eu.

Z)Obs = l. 46 eV, assuming .TT = 94meV, which agrees well with the measured value of 1.3 + 0. 2 eV. Furthermore,

it is seen that the calculated resonance cross section below 100 eV reproduces the data of Konks and Fenin.

Therefore the present evaluation seems to be reasonable below 10 keV. Further work should be required in

the energy region above 50 keV.

As to the inelastic scattering cross section, the ENDF/B-IV values are the largest probably due to the

optical potential which gives also a large total cross section. The cross sections of JENDL-1 and CNEN-2

agree fairly well up to 400 keV except near 150 keV where an obvious discrepancy exists. In JENDL-1 and

ENDF/B-IV no level exists between 270 and 630 keV, while CNEN-2 assumed continuum levels above 400

keV. The discrepancy between JENDL-1 and CNEN-2 near 150 keV cannot be understood, because both of

them use the same optical potential and the same level scheme in this energy range.

3.28 Europium-155

3. 28. 1 Status of experimental data

Experimental data are scarce for this nuclide. The thermal capture cross section was measured in pile

spectrum by Hayden et al.225> and by Mowatt.2265 BNL-325 3rd edition2" recommends a*,7
th = 4, 040±125

barns on the basis of the measurements of Mowatt. No other experimental data are available at the present

time.

3. 28. 2 Evaluation

Since no resonance parameters are available for this nuclide, the average parameters were inferred from

those of neighboring nuclides. The average level spacing was assumed to be 2. 5 eV, roughly extrapolated

from A,bs = 0. 7 + 0. 2eV for 151Eu and £ W = 1. 3 + 0. 2 eV for 153Eu. T r was assumed to be 100 meV.

The thermal capture cross section was taken from recommendation in BNL-325 3rd edition, and the 1/v

behavior was assumed up to 1. 25 eV, i.e., .Dobs/2. Above 1.25eV, all the cross sections were calculated with

the optical and statistical models. Adopted level scheme contains 8 discrete levels up to 1. 27 MeV and continuum

levels above 1. 45 MeV.

3. 28. 3 Discussion

The total, capture and inelastic scattering cross sections are compared with those of CNEN-2 and ENDF/B-

IV in Figs. 3.28. 1~3. 28. 3, respectively. The CNEN-2 evaluation assumed 5 hypothetical resonances.

The total cross section calculated from the present optical potential parameters shows an energy dependence

more enhanced than that of ENDF/B-IV. The present optical model calculation results in the s-wave strength
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function So — A. 13x10 1 and the effective scattering radius i? = 6. l fm. The inferred values from the experi-

mental data of the neighboring nuclides are 5 o = 2xl0~'1 and i? = 8~9fm. The enhanced energy dependence

of the present total cross section may reflect the large So and small R values. It should be noted, however,

that careful investigation is required on local systematics of all the parameters, since Europium isotopes are

highly deformed nuclei.

The capture cross sections of JENDL-1 and ENDF/B-IV agree fairly well with each other below 500 keV.

Cn the other hand, CNEN-2 assumed a small value of Z)Obs and gives a higher capture cross section between

50 and 500 keV. A rapid decrease of CNEN-2 capture cross section above 500 keV is caused by the competition

with the inelastic scattering.

Discrepancies are large in the inelastic scattering cross section. The large value of ENDF/B-IV is probably

due to its optical potential. As is the case of 151Sm, 155Eu has a large capture cross section and its competition

affects the inelastic scattering cross section particularly below a few hundred keV. The smallest value of CNEN-2

below 500 keV is the reflection of its large capture cross section. A rapid increase of the CNEN-2 cross

section above 450 keV may be due to its adopting continuum levels, while the JENDL-1 and ENDF/B-IV

adopted 4 discrete levels up to 1.27MeV.
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4. Summary and Discussion

4. 1 Discrepancies among the Evaluated Data

Discrepancies among the evaluated data are considerably large as seen in the previous chapter. In order

to know how discrepant the evaluted data are, we compare here the evaluated total and capture cross sections

at 30keV and 2MeV. The values at 30keV correspond very roughly to the average cross ssctions over typical

neutron spectra in large fast reactors. The values at 2MeV are chosen to see how strongly the cross sections

are dependent on the models and approximations adopted in the calculation. The evaluated inelastic scattering

cross sections are compared as the averaged values over a neutron spectrum of a typical large fast reactor and

over a fission spectrum.

4. 1. 1 Total cross section

The total cross sections of the various evaluations at 30keV and 2MeV are compared with each other in

TABLES 4. 1 and 4. 2, respectively.

Agreement is satisfactory at 2 MeV. The discrepancies are 9 % at maximum and less than 5 % in most

cases. This means that any set of optical potential parameters produces the very similar total cross section at

this energy.

On the other hand, discrepancies become large at 30 keV and reach 80% at maximum. The cross sections

TABLE 4.1 Comparison of total cross sections (barns) at 30 keV among the various
evaluations. The value in parenthesis is the ratio to the JENDL-1 value.

Nuclide

90Sr
93Zr
95Mo

"Mo
99T c

10IRu
I02Ru
I03Rh

™Ru
105P(J

J06R u

I 0 7Pd
109Ag

129J

1 3 1Xe

133Cs

«5Cs
137Cs
1 4 3Nd

»4Ce

" 4 N d
M5N(J

147Pm
147Sm
l w Sm

>51Sm
153Eu
155Eu

ENDF/B-IV

8. 20 (0. 98)

8.07 (0.95)

8.01 (0.94)

7.93 (0.93)

7.80 (0.91)

7.70 (0.91)

7.64 (0.91)

7.79 (0.95)

7.48 (0.90)

7.40 (0.90)

7. 32 (0. 90)

7.23 (0.90)

9. 12 (1. 17)

6.23 (0.92)
8.71 (1.26)
8.93 (1.25)
6.88 (0.94)
7.25 (0.95)

13. 6 (1. 48)
9.13 (0. 96)
9.20 (0.97)

16. 7 (1. 69)
19.7 (1.79)
19.1 (1. 58)
13.3 (1.13)
13.9 (1.19)
14. 1 (1.12)
12. 5 (1. 00)

CNEN-2

9. 57 (1. 13)
8.27 (0.97)
9.18 (1.07)
8.21 (0.96)
9. 56 (1. 14)
7.57 (0.90)
7.91 (0.95)
7.95 (0.96)
8.79 (1.07)
8.23 (1.02)
8. 94 (1.11)
8.06 (1.03)

6.38 (0.89)
7.20 (0.98)
6. 34 (0. 83)

13. 8 (1. 50)
10.7 (1.13)
13. 2 (1. 39)
14. 6 (1. 48)
13.6 (1. 24)
14.1 (1.17)
12. 0 (1. 02)
11.8 (1.01)
13. 9 (1.10)
12. 2 (0. 98)

RCN-2

8. 53 (1. 00)
8.43 (0.99)
8.79 (1.03)
8.46 (1.00)
8.41 (1.00)
8.71 (1.04)
8.27 (1.00)
7.79 (0.95)

7.47 (0.93)
8. 15 (1. 04)
5.87 (0.87)

7.03 (0.99)

9.23 (1.00)

9.54 (1.01)
10.1 (1. 02)
9.85 (0.90)

15. 0 (1. 24)
16.6 (1.41)
14. 6 (1. 25)

JENDL-1

8.39
8.46
8.51
8.55
8.53
8.47
8.42
8.35
8.27
8.20
8.10
8.02
7.80
6.78
6.91
7.13
7.34
7.65
9.21
9.49
9.49
9.87

11.0
12.1
11.8
11.7
12.6
12.5
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at this energy is sensitive to the local systematics of s- and p-wave neutron strength functions and of the

effective scattering radius. Particularly, the values of JENDL-1, calculated from the global optical potential,

seem to be lower than the other evaluated values in -i4 = 143~149 region.

4 . 1 . 2 Capture cross section

The capture cross sections are compared at 30 keV and 2 MeV in TABLES 4. 3 and 4. 4, respectively.

Agreement at 30 keV is fairly satisfactory for nuclides whose capture cross sections were measured above

1 keV except for 109Ag and U3Cs where more than one trend exists in the measured data. On the other hand,

large discrepancies, a factor of 4 at maximum, are often observed for nuclides for which no measured data are

available. It is noted that the ENDF/B-IV values are generally lower than the other evaluations.

Discrepancies at 2 MeV are very large, i. e., one order of magnitude at maximum. The capture cross

section is very sensitive to the competing inelastic scattering, and therefore much affected by the level scheme

and the level density parameters adopted in each evaluation.

4. 1. 3 Inelastic scattering cross section

The inelastic scattering cross sections are averaged over a neutron spectrum of a typical large fast reactor227'

and over a fission spectrum, and are given in TABLES 4. 5 and 4. 6. For both averages, discrepancies lie within

15% in most cases. Generally CNEN-2 gives larger values than JENDL-1. On the other hand, the values of

ENDF/B-IV are lower than those of JENDL-1 for lighter FP nuclides but are larger for nuclides whose mass

number exceeds 147. RCN-2 gives smaller values than JENDL-1 for neutron spectrum averages but larger

ones for fission spectrum averages.

TABLE 4.2 Comparison of total cross sections (barns) at 2 MeV among the various
evaluations. The value in parenthesis is the ratio to the JENDL-1 value.

Nuclide

S0Sr
93Zr
95Mo
97Mo

" T c
101Ru
102Ru
103Rh
10"Ru
I05Pd
106Ru

io7P d

">9Ag

I29J

131Xe

«3Cs
135Cs
137Cs
143Nd
UiCe
UiNd
U 5 N d
1 4 7Pm
I 4 7Sm
1 J 9Sm
151Sm
153Eu
i 5 5 E u

ENDF/B-IV

4.25 (0.97)
4.41 (0.97)
4.50 (0.96)
4.58 (0.96)
5.31 (1.09)
4.71 (0.94)
4.74 (0.94)
5.45 (1.07)
4.81 (0.94)
4.84 (0.94)
4.87 (0.94)
4.90 (0.94)
5.28 (0.99)
5.94 (0.96)
6.17 (0. 98)
6.34 (0.99)
6.27 (0.96)
6.37 (0.96)
7.34 (1.06)
6.66 (0.96)
6.66 (0.96)
7.47 (1.07)
7.39 (1.05)
7.44 (1.05)
7.00 (0.99)
7.18 (1.01)
6.56 (0.91)
6.84 (0.95)

CNEN-2

4.57 (1.00)
4.69 (1.00)
4.80 (1.00)
5.07 (1.04)
5.15 (1. 03)
5. 19 (1. 03)
5.22 (1.03)
5.25 (1.03)
5.27 (1.02)
5.20 (1.00)
5.34 (1.02)
5.43 (1.02)

6.41 (1.00)
6.52 (1.00)
6.63 (1.00)
6.92 (1.00)
6.96 (1.00)
6.96 (1.00)
6.99 (1.00)
7.05 (1.00)
7.08 (1.00)
7.11 (1.00)
7.14 (1.00)
7.18 (1. 00)
7.22 (1.00)

RCN-2

4.47 (0.96)
4.66 (0.97)
4.90 (1.00)
4.99 (1.00)
5.04 (1.00)
5.08 (1.00)
5.12 (1. 00)
5.22 (1.01)

5.28 (1.01)
5.67 (1.07)
6.17 (1.00)

6.40 (1.00)

6.92 (1.00)

6.95 (1.00)
6.99 (1.00)
7.05 (1.00)
7.21 (1.02)
7.23 (1.02)
7.23 (1.01)

JENDL-1

4.38
4.45
4.67
4.79
4.89
4.99
5.03
5.08
5. 12
5. 16
5.20
5.23
5.31
6.18
6.29
6.42
6.52
6.63
6.92
6.95
6.95
6.99
7.05
7.08
7.10
7. 14
7.18
7.23
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As described before, discrepancies are large among the existing evaluations, and more efforts are required

to improve the neutron data of fission products. Summarizing the discussions in Chapter 3, the future im-

provement will be directed to the following items. These suggestions were taken into account in the reevalua-

tion work for JENDL-2, which is now in progress.

4. 2. 1 Adoption of negative resonances

The l/v type background correction was adopted in the present work, when the thermal capture cross section

was not reproduced by the calculation from the resonance parameters. This assumes that the difference is

caused by the contribution from tails of resonances standing far away where resonance parameters are not

given. It is more probable, however, that difference is caused by the contribution from some negative reso-

nances, particularly when the difference is very large, for example, in the cases of 9SMo, 97Mo, 102Ru, 104Ru,
105Pd, H5Nd and 153Eu. Negative resonances should be considered in these cases.

4. 2. 2 Determination of optical potential parameters

The present evaluation used the global optical potential. Though the present potential reproduces the global

trends of Cx, SO, S I and R very well, it does not reproduce the individual values of these quantities. As seen

in TABLE 2. 4, the present potential considerably overestimates the s-wave strength function for 13JCs and 153Eu

and underestimates it for I01Ru, 103Rh, 109Ag, H5Nd and 149Sm. The discontinuity of the effective scattering

radius R at A = 147 causes some errors in the total and elastic scattering cross sections. To avoid this unrea-

TABLE 4.3 Comparison of capture cross sections (millibarns) at 30 keV among the various evaluations.
The value in parenthesis is the ratio to the JENDL-1 value.

Nuclide

9°Sr
93Zr
9 5Mo
9 7Mo
"Tc
101Ru
102Ru
103Rh
104Ru
105pd

106Ru

107pd

109Ag
129J

131Xe

135CS

137Cs

"'Nd
UiCe
144^" A

145^" J

147Pm
147Sm
149Sm
151Sm

'"Eu
155Eu

ENDF/B-IV

20.5
73.2

393
372

688
851

244

944

161

1230
77.4
895
624

460

300

626
64.5

8.30

277
35
95

305

1300
776

1620
1967

2430

2163

(1.37)

(0. 41)
(1. 02)
(1. 04)

(0. 90)

(0.78)

(0.78)

(0. 96)
(0. 91)

(1. 04)
(0.74)
(0.77)

(0. 51)
(0. 94)

(0.71)
(1.21)

(0.23)
(0. 37)

(1.14)
(0. 54)
(1.24)

(1. 02)
(1. 39)
(0.77)

(0. 98)

(1. 08)

(0. 95)
(1.15)

CEA*

386
389

745

1000
255

890

207
1215

1384
854
264

616
335

242

314

817

1496

2457

(1.01)

(1. 08)
(0. 98)

(0. 91)

(0. 81)

(0. 90)
(1.17)

(1. 03)

(1.19)

(0. 70)
(0. 54)

(1.19)
(1.22)

(1. 00)

(1. 05)
(0. 87)

(0. 91)

(1. 35)

CNEN-2

108

355
349

720

1140

330
940

205

1246
63.0

1199
834

668

218

29.2

296
45.4
107

317

925
848

1310

2011
2674

2556

(0. 61)
(0. 92)

(0. 97)
(0. 95)

(1. 04)

(1. 05)

(0. 96)
(1.16)

(1. 06)
(0. 61)
(1. 03)
(0. 69)

(1. 29)

(0. 79)

(1. 32)
(1-22)

(0.70)
(1.39)
(1. 06)

(0. 99)

(0. 84)

(0. 80)
(1.10)

(1. 04)

(1. 36)

RCN-2

396

396
726

970

273
927

210
1164

1416

891
372

680

307

68.9
447

905
1221

1947
2062

(1. 03)

(1.10)
(0. 95)

(0. 88)

(0. 87)

(0. 94)

(1.19)
(0. 99)

(1. 22)

(0. 73)

(0. 76)

(1.31)

(1. 26)

(0. 90)
(1.49)

(0. 96)
(1.21)

(1.18)

(1.13)

JENDL-1

15
177

384

359
761

1097

314

984

177
1178
104
1165

1215
490

424

518

275
22.2

243
65. 1
76.8

300
938

1005

1645

1825

2566

1885

* Values are read from figures in CEA-N-1832.



118 Neutron Cross Sections of 28 Fission Product Nuclides Adopted in JENDL-1 JAERI 1268

sonableness, CNEN-2 often adopts the unresolved resonance parameter representation below 100 keV and RCN-

2 uses the strength function model below a few hundred keV. Recently Delaroche et al.2m developed the

SPRT method, which deduces the optical potential parameters from the individual values of So, Si, R and Oj.

This method was found22" successful when applied to Nd isotopes by some of the present authors. This method

should be taken into consideration.

4. 2. 3 Use of recent capture data

At the time of the present evaluation, the capture data above 1 keV were not available for 17 nuclides

as shown in TABLE 2. 2. Since then the capture cross sections have been measured extensively for fission product

nuclides. Among the seventeen nuclides, the measured capture data are now available for I01Ru, 105Pd, 143Nd,
l u Nd and 145Nd. On the other hand, newly measured data show significant discrepancies from the old data,

particularly for 102Ru, 149Sm and 153Eu. For these nuclides, reevaluation work is required by taking account

of these new measurements.

4. 2. 4 Revision of level schemes

Level schemes adopted in the present work were evaluated by Nakasima and Murata12) in 1973. After

that, Matumoto et al.in revised the level schemes by using new experimental data. Iijima22:i pointed out

that the capture cross section of 103Rh changed by 14% at 1 MeV with the revised level scheme. The calcula-

tion should be made with these new level schemes.

4. 2. 5 Determination of level density parameters

The level density parameters were taken from the work of Gilbert and Camern38-1. These parameters

TABLE 4.4 Comparison of capture cross sections (millibarns) at 2 MeV among the various
evaluations. The value in parenthesis is the ratio to the JENDL-1 value.

Nuclide

"Sr
MZr
9 5 M o

9 7Mo
99 T c

101Ru
102Ru
103Rh
104Ru
105Pd

106Ru

1O7PJ

1MAg
129J

13IXe

»3Cs
135Cs
137Cs
143Nd
144Ce
144Nd

" 5 Nd
1 «Pm
147Sm

'«Sm
l s ISm
I53Eu

«»Eu

ENDF/B-IV

5.3

26.5

28.4

18.7
35.3
24.9
85.6
40.5
31.9
84.4
8.23

64.7
51.1
44.2
10.4
44.7
2.73
1.26

71.8
13. 1
50. 1
86.3

124.6
103.3
40.0

233. 1
216.0
886.5

(0.87)
(0.48)
(0. 87)
(0. 78)
(0. 43)
(0. 37)
(1. 16)
(0. 64)
(0. 85)
(1.04)
(0. 30)
(0. 83)
(0. 46)
(0. 78)
(0. 36)
(1.49)
(0.15)
(0.12)
(0. 60)
(0. 84)
(1. 46)
(3. 61)
(1. 76)
(1. 25)
(0. 17)
(0. 94)
(0. 72)
(3. 34)

CNEN-2

16.0
19.0
14.3
63.8
40.4
56.7
49. 1
48.1
82.6
3.89

71.2
65.6

46. 1
14.7
11.8

123.4
4.96

29.2
65.8

102.8
155.7
149.0
124.5
193.0
84.5

(0. 29)
(0. 58)
(0. 60)
(0. 78)
(0. 60)
(0. 77)
(0. 78)
(1. 28)
(1. 02)
(0.14)
(0. 91)
(0. 58)

(1. 53)
(0.81)
(1.13)
(1. 02)
(0. 32)
(0. 85)
(2. 75)
(1. 45)
(1.88)
(0. 63)
(0. 50)
(0. 64)
(0. 32)

RCN-2

24.7
14.9
52.6
37.6
53.0
47.6
44.4
47.0

75.3
74.5
21.2

32. 1

115.8

30.5
42.6
88.7

145.7
141.0
53.7

(0. 76)
(0. 62)
(0. 64)
(0. 56)
(0. 72)
(0. 75)
(1.18)
(0. 58)

(0. 96)
(0. 66)
(0. 37)

(1. 07)

(0. 96)

(0. 89)
(1. 78)
(1. 25)
(1. 76)
(0. 59)
(0. 22)

JENDL-1

6.1

55.6
32.7
24.0
82.2
67. 1
73.5
63.3
37.5
80.8
27.0
78.1

112.2
56.7
28.7
30.1
18.1
10.4

120.5
15.6
34.2
23.9
70.7
82.7

238. 1
249.1
300.0
265.8
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should be updated by using more recent data of average s-wave resonance spacing and level scheme. The spin

cut-off parameter 0M1 is better calculated with Eq. (12) not with Eq. (6 ) , because Eq. ( 6 ) is in error.

Further study should be made on the energy dependence of the spin cut-off parameter in the constant tem-

perature model.

4. 2. 6 Inclusion of direct capture effect

The statistical model calculation was made in the present work, and therefore only the compound capture

reaction was taken into account. The present capture cross section must be in considerable underestimation

in the energy range above a few MeV, where the direct capture process becomes predominant.

It is now well recognized that the nonstatistical capture process cannot be neglected for some of fission

product nuclides such as Sr, Zr, Mo, Ba and Nd. The correlation between the radiation and neutron widths

must be treated appropriately for these cases in the capture cross section calculation.

4. 2. 7 Inclusion of threshold reactions

The threshold reactions except the inelastic scattering were ignored in the present work, since these

reactions have minor effects on the fast reactor. However, some nuclides in the fission product mass region are

used as the structural or superconductive materials in fusion reactors. The threshold reaction cross sections

should be carefully evaluated for these cases.

4. 2. 8 Feedback from benchmark tests

Thus so far we have discussed solely on the basis of differential data. On the other hand, the present

TABLE 4.5 Comparison of inelastic scattering cross sections (barns) averaged over a
typical neutron spectrum of large fast reactor among the various evalua-
tions. The value in parenthesis is the ratio to the JENDL-1 value.

Nuclide

90Sr
93Zr
35Mo
97Mo

" T c
1(>1Ru
102Ru
1()3Rh
l t MRu
105pd

106Ru

107pd

109 Ag
129J

131Xe

133Cs

>35Cs
I37Cs

»3Nd

' " C e
144Nd

" 5 N d

" 7 P m

"'Sin
H»Sm
151Sm
I53Eu
I55Eu

ENDF/B-IV

1.062 (0.74)

1.072 (0.79)

1.355 (0.82)

1.375 (0.82)

1.775 (1.09)

1.491 (0.84)

1.191 (0. 74)

2.115 (1.21)

1.113 (0.67)

1.414 (0.80)

1.296 (0.78)

1.745 (0.97)

1. 956 (1.13)

1.573 (0.83)

2.062 (1.05)

2.212 (1.11)

1.467 (0.77)

1.415 (0.87)

1.341 (0.80)

0. 142 (0. 07)

1.364 (0.74)

1.824 (0.90)

2.192 (1.03)

2.041 (0.98)

2.152 (1.03)

2.049 (0.94)

2. 530 (1.18)

2.288 (1.08)

CNEN-2

1.543 (1.14)

1.643 (0.99)

1.601 (0.96)

1.973 (1.21)

1. 987 (1. 12)

1.824 (1.14)

2. 034 (1.16)

1.906 (1.16)

1.962 (1.11)

1.643 (0.99)

1.992 (1.11)

2.088 (1.20)

1.992 (1.00)

1.958 (1.02)

1.711 (1.05)

1.534 (0.92)

2.017 (1.04)

1.869 (1.02)

1.748 (0.86)

2.127 (1. 00)

1.930 (0.93)

1.956 (0.94)

2. 112 (0. 97)

2.232 (1.04)

2.283 (1.08)

RCN-2

1.615 (0.98)

1.614 (0.97)

1.570 (0.97)

1.630 (0.92)

1.502 (0.94)

1.663 (0.95)

1.523 (0.92)

1. 608 (0. 91)

1.521 (0.85)

2. 035 (1. 17)

1.768 (0.94)

1.912 (0.96)

1.345 (0.80)

1.656 (0.90)

1.706 (0.84)

2.002 (0.94)

2.016 (0.97)

2. 197 (1. 05)

2.324 (1.07)

JENDL-1

1.427

1.356

1.655

1.671

1.626

1.779

1.600

1.753

1.649

1.761

1.660

1.791

1.736

1.888

1.970

1.994

1.917

1.632

1.673

1.944

1.837

2.036

2.128

2.074

2.086

2. 177

2. 141

2.121
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evaluated data have been tested by using the integral measurements made at STEK230> and CFRMF231) in

the same working group of JNDC. The sample reactivity worths in various STEK cores and the capture

rates in CFRMF were calculated with taking account of the self-shielding effect in small samples and were

compared with the measured results. The results of this test were recently published229-1.

Satisfactory agreement was observed as a whole between the calculated and measured data. For 102Ru,
14JNd and 145Nd, the integral test suggests that the agreement will be improved if reevaluation is made on the

basis of the recent experimental capture data. On the other hand, however, the integral data seem to be in-

consistent with the recent differential data for I05Pd and 149Sm. Besides the strong core dependence was observed

in the case of I03Rh, indicating that more careful self-shielding corrections are required.

The integral data should be taken into consideration as one of measured data in the evaluation. In fact,

the integral data are only available measured data for 107Pd, 129I and I31Xe. However, we will not rely com-

pletely on the integral data by mechanically adjusting the cross section data with them.

TABLE 4.6 Comparison of inelastic scattering cross sections (barns) averaged over
a fission spectrum among the various evaluations. The value in
parenthesis is the ratio to the JENDL-1 value.

Nuclide

9°Sr
93Zr
95Mo

" M o
9 3 T c

101Ru
102Ru
I03Rh
10"Ru
106Ru
105p(J

107Pd

>09 A g

129J

131Xe

133Cs
135Cs
137Cs
H3Nd

1MCe

H 5 N d

117Pm

' " S m
l w Sm
151Sm

*«Eu

155Eu

ENDF/B-IV

0.659 (0.74)
0.714 (.0.80)
1.092 (0.84)
1.104 (0.86)
1.337 (1.05)
1.500 (0.92)
0.906 (0.77)
1.784 (1.20)
0.844 (0.66)
1.051 (0.80)
1.311 (0.85)
1.626 (1.02)
1.576 (1.12)
1.223 (0.85)
1.761 (1.11)
1.746 (1.09)
1.094 (0.80)
0.962 (1.00)
0.912 (1.02)
0.450 (0.31)
0.940 (0.77)
1.483 (0.93)
1,880 (1.06)
1.795 (1.10)
2.397 (1.35)
2.300 (1.10)
2.377 (1.23)
2.036 (1.14)

CNEN-2

1.039 (1.16)
1.335 (1.03)
1.311 (1.02)
1.754 (1.38)
1.944 (1.19)
1.342 (1.14)
1.742 (1.17)
1.446 (1.13)
1.311 (1.00)
1.775 (1.15)
1.845 (1.16)
1.732 (1.23)

1.592 (0.99)
1.433 (1.04)
0.968 (1.01)
0.966 (1.08)
1. 797 (1. 24)
1.221 (1.00)
1.629 (1.03)
1.870 (1.06)
1.489 (0.92)
1.937 (1.09)
2.306 (1.11)
2. 121 (1.10)
2.116 (1. 19)

RCN-2

1.380 (1.06)
1.436 (1.12)
1.288 (1.01)
1.678 (1.03)
1.129 (0.96)
1.479 (1.00)
1.212 (0.95)

1.620 (1.05)
1.618 (1.02)
1.765 (1.26)
1.477 (1.02)

1.776 (1.11)

0.903 (1.01)

1.197 (0.98)
1.641 (1.03)
1.777 (1.01)
1. 902 (1. 17)
2.294 (1.29)
2.833 (1.36)

JENDL-1

0.895
0.896
1.300
1.283
1.270
1.632
1.179
1.483
1.279
1.312
1.541
1.593
1.405
1.441
1.585
1.606
1.373
0.958
0.898
1.454
1.217
1.586
1.766
1.626
1.778
2.084
1.934
1.777
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Appendix

Tables of cross sections and JIL averaged over appropriate energy intervals
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