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Abstract: Graphs of neutron cross section data relevant to fusion reactor

development are presented. Nuclides and reaction types in the present compilation
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FOREWORD

In 1975, Working Group on Nuclear Data for Fusion , one of the working groups under

Japanese Nuclear Data Committee (JNDC), received requests for nuclear data from Japanese re-

searchers in the field of fusion reactor engineering. After screening work for these requests

had been done by the working group, the requests were sent to CCDN (presently NEA Data Bank)

at Saclay, and compiled in Request List for Fusion Reactor Development of WRENDA 76/77

[INDC(SEC)-55/URSF].

The plan of the nuclear data evaluation works in the working group has been based on the

above requests. Since plotting of the available experimental data was requisite for any

evaluation work, the working group decided to make a compilation which contains an overall

plotting of the experimental data in the range of the above requests; and such a compilation

was expected to be useful also for other researchers than in the working group. A preliminary

compilation prepared by the end of 1976 was not satisfactory because of the large missing of

the available data in the plotting, and the compilation work was resumed in July 1977. The

work consisted of requesting for the most recent data in NEUDADA from NEA Data Bank at Saclay,

surveying for and adding missing data in .the compilation with reference to CINDA, correction

The name was changed to "Working Group on Light- and Medium-Nuclide Nuclear Data" in April

1977.
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of erroneous data in the NEUDADA file and plotting graphs using a computer code, SPLINT . To

serve the convenience of users of the present compilation, two kinds of evaluated data, JENDL-1

and ENDF/B-IV are also plotted with the experimental data.

INTRODUCTION

Data Plotting

The experimental data plotted in the graphs have been taken mainly from NEUDADA (Neutron

Data Direct Access) file, the data of which the authors received from NEA Data Bank at Saclay in

July 1977 in the form of magnetic tapes. These data were stored in and retrieved from NESTOR

(Neutron Data Storage and Retrival) System at JAERI Nuclear Data Center to be plotted by the

computer code SPLINT. The NEUDADA data were checked with reference to CINDA 76/77 and CINDA

73 (Supplement 4 to CINDA 76/77), and the data lacking in NEUDADA were added in the data

plotting. A few erroneous data in NEUDADA were corrected by referring to original papers.

*) Erroneous data found in the course of the present work are to be informed to NEA Data Bank

at Saclay.

$) SPLINT was improved in some parts for the present work. As for the original SPLINT, refer

to T. Narita, T. Nakagawa, Y. Kanemori and H. Yamakoshi, JAERI-M 5769 (1974).
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Symbols for reaction types, etc. used in the present graphs and NEUDADA are listed in the

following:

Present NEUDADA

radiative capture (n,y) NG

elastic scattering (n,n) SEL

inelastic scattering (n,n') SIN

level energy excited through

inelastic scattering E L,Q
.A.

y-ray emission from inelastic scatt. (n,n'y) NNG

y-ray production except for radiative

capture (n,xy) NEG

energy of y-ray emitted E X,L

(n,2n) reaction (n,2n) N2N

(n,p) reaction (n,p) NP

(n,d) reaction Cn>d) ND

(n,n'd) reaction (n,n'd) NND

(n,t) reaction (n,t) NT

(n,n't) reaction (n,n't) NNT

(n,a) reaction (n,a) NA

(n,n'a) reaction (n,n'a) NNA

(n,n'3a) reaction (n,n'3a) NN3

fission (n,f) NF

Among the NEUDADA data, the data with STATUS=1 (preliminary) and 2 (superseded) are

(5)
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omitted from the plotting, and some of the data with STATUS=3 (calculated) and 4 (normalization

outdated) are added to the plotting after original papers being surveyed. The cross sections

averaged over particular energy bands and over some neutron spectra such as fission spectra are

removed from the plotting. The values averaged for thermal neutron spectra, however, are

adopted, and they are plotted at E = 0.0253 eV.

Due to some differences in classifications between the reaction types in the original

request list and those in NEUDADA, the following changes on the reaction types have been made

(when a reaction type in quotation marks is requested, the data of reaction type(s) shown

after arrow are plotted):

1) "Total photon production" > (n,y) and (n,n'y); the others being neglected.

2) "Absorption" v (n,y), (n,p), (n,a),

3) "Spectrum" y omitted.

4) "Inelastic" > graphs are only given for the (n,n') reactions leading

to a few final levels of excitation and for the

(n,n'y) reactions with a few transition gamma rays.

If there are only few data points for a given reaction, and if no relevant evaluated data are

available, they were omitted from the graphic presentation. Moreover, to draw a boundary to

the present compilation, the authors confined themselves only to integrated cross sections.

Therefore, some quantities such as "angular distributions" are not filed, though a few angular

distributions are contained in the original WRENDA request list.
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In order to give a guide to the shapes of the experimental data and to make a comparison

with them, the evaluated data in JENDL-1 and ENDF/B-IV are also plotted, if there are the

corresponding data in these files.

The symbols used in the graphs are tagged by the first Author's Name, followed by Year,

Month, Laboratory and Reference. This tagging is the same as that in the comment file of

NEUDADA, except for Author's Name. In the case of plural authors, a symbol "+" follows the

first Author's Name.

Graphs

The graphs are arranged in ascending order of atomic number Z and mass number A. Within

each Z and A, they are presented in the order of increasing mass of the emitted particle in

the reactions.

The graphic layout are in log-log scale for the (n,Y)> (n,n) and (n,f) reactions, and in

linear-linear scale for the threshold reactions. The data ranging from 10 eV to 20 MeV are

considered as the subject of the present plotting. The energy range of the graphs is so

selected that at least the experimental data may be contained in it, and is usually set to an

extent wider than the region of the experimental data. This may enable us to see the trend of

excitation curve more easily. In case where a set of data covers only a narrow energy region,

a small energy range is taken in the graph to save the total volume of the graphs. The sizes

of graphs are reduced to a half or a quarter of one page, when only a few data are plotted.
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On the other hand, those with dense data points are plotted in two to four separate pages

depending on their degree of crowdedness, in particular for the (n,y) and (n,f) reactions.

The data are usually plotted with error bars for the cross section and the neutron energy, when

they are available. When it is hard to distinguish the individual data points, the error bars

are omitted. Furthermore, in case where the data are densely presented, the symbols overlapping

within the same reference are changed to small dots.
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CONTENTS

Element or
Nuclide

Qantity Energy Range
in Graph

10~2 eV

1 keV

0

0

1 keV

10~2 eV

1 keV

0

0

0

10

0

0

10"2 eV

0

0

10

0

0

7

- 20 MeV

- 20 MeV

-20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

-20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

page

1

2

3

6

4-5

7

8

9

10

11

11

12

13

14

15

16

17

18

19

20

'Li

Li

Be

12,

(n,Y)

(n,n)

(r^n1)

(n,n'd)

(n,t)

(n,y)

(n,n)

(n,n')

(n,n'), E =0.478 MeV

E =4.63 MeVx
(n,n'v),E =0.478 MeV

Y
(n,2n)
(n,n't)

(n,y)

(n,n'), Ex=2.43 MeV

(n,2n)

(n,t)

(n,a)

(n,n'), E =4.44 MeV

E =7.65,9.6 MeV
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Element or
Nuclide

Qantity Energy Range
in Graph

0

10

10

0

lO"2

0

0

0

0

lO"2

0

0

0

0

0

0

0

0

0

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

eV - 20 MeV

- 5 MeV

5 MeV

5 MeV

- 5 MeV

eV - 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 15 MeV

- 15 MeV

- 15 MeV

- 15 MeV

page

21

22

23

24

25

26

27

28

29

30-31

32

33

34-35

36

37

38

39

40

41

42

43

44

16
O

19,

27Al

(n,n'y), E^=4.44 MeV

(n,n'3a)
y

(n,a)

(n,Y)

(n,n')

(n,n*), E =0.1099 MeV

E =0.197 MeVx

(n,n'y),E =1.24,1.36 MeV

(n,2n)

(n,p)

(n,a)

(n,Y)

(n,n*), E =0.842 MeV
.X.

E =1.013 MeVx
E =2.21 MeVx
E =2.73 MeVx

(n,n'y),E =0.842 MeV

E =1.013 MeV
Y

E =1.72 MeV
Y

E =2.21 MeV
Y
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Element or
Nuclide

27A1

20Ca

40Ca

42Ca

43Ca

44Ca

22Ti

46Ti

Qantity

(n,2n)

(n,p)

(n,a)

(n,Y)

(n,n)

(n,n'),

(n,Y)

(n,n'),

(n,n'Y)

(n,Y)

(n,Y)

(n,Y)

(n,Y)

(n,n')

(n,n'),

(n,n'Y)

(n,2n)

(n,n'),

(n,2n)

E =3.35,3.73,3.90

E =3.348 MeVx
,E =3.35,3.73,3.90

E =0.98 MeV

E =0.89,2.89,3.38

,E =0.99,1.38,1.56
I

E =0.89 MeVx

MeV

MeV

MeV

MeV

Energy Range
in Graph

10

0

0

10-2

0.5

0

10-2

3

3

ID"2

ID"2

ID"2

ID"2

0

0

0

0

10

0

0

eV

eV

eV

eV

eV

eV

- 20

- 20

- 20

- 20

- 20

- 15

- 20

- 10

- 10

- 20

- 20

- 20

- 20

- 15

- 15

- 15

- 20

- 5

- 20

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

page

45

46-47

48-49

50

51

52

53

54

54

55

56

57

58

59

60

61

61

62

63

64

( 1 1 )



J A E R I - M 8 1 3 6

Element or
Nuclide

46Ti

47Ti

48Ti

49Ti

50Ti

5 0v
5 1v

Qantity

(n,p)

(n,Y)

(n,p)

(n,n'), E =0.98 MeV

(n,p)

(n,p)

(n/Y)

(n,p)

(n,Y)

(n.v)

Energy Range
in Graph

0

10-2

0

0

0

5

ID"2

0

ID"2

ID"2

0

0

0

0

8

0

5

12

ID"2

0

eV

eV

eV

eV

eV

- 20

- 20

- 20

- 5

- 20

- 20

- 20

- 20

- 20

- 20

- 10

- 10

- 10

- 10

- 20

- 20

- 20

- 20

- 20

- 20

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

(10)MeV

page

65

66

67

68

69

70

71

72

73

74-75

76

77

78

79

80

81

82

83

84-85

86

( n , n ' ) , E = 0 . 3 1 9 8 MeV

E = 0 . 9 3 0 MeV

E = 1 . 6 0 9 MeV

E = 1 . 8 1 MeVx

( n , 2 n )

( n , p )

( n , a )

(n , n ' a )

( n , Y )

( n , n ' ) ( E =A11 L e v e l s , 1 . 4 3 , 2 . 3 7 ,
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Element or
Nuclide

Qantity Energy Range
in Graph

10"2 eV

0

12

10"2 eV

0

0

12

3

10"2 eV

0

0

3

0

10~2 eV

0

0

0

5

1 keV

0

- 20 MeV

- 20(15) MeV

- 20 MeV

- 20 MeV

- 25(15) MeV

- 15 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 15 MeV

- 15 MeV

- 20 MeV

- 20(15) MeV

- 20 MeV

- 20 MeV

- 2 0 MeV

- 1 5 MeV

- 20 MeV

- 2 0 MeV

- 1 5 MeV

page

87

88

89

90

91

92

93

94

95

96

97

98

99

100-102

103

104

105

106

107

108

50Cr

52Cr

53
Cr

54

26

Cr

Fe

54
Fe

(n,n'), E =All Levels, 0.783 MeV

(n,2n)

(n,Y)

(n,n'), E =A11 Levels, 1.434,
X 2.369, 2.648 MeV

E =2.766, 2.965,3.16 MeV

(n,2n)

(n,p)

(n,nf), E =0.563,1.01,1.29,1.54 MeV 0
X

(n,n'), Ex=1.97,2.32 MeV

(n,p)
(n,n'), E X

= A 1 1 Levels, 0.835 MeV

(n,Y)

(n,n')

(n,n*), Ex=0.845 MeV

Ex=2.08 MeV

(n,2n)

(n,Y)

(n,n*), E =1.41,2.96 MeV
X
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Element or
Nuclide

54Fe

56Fe

57Fe

58Fe

28 N i

Qantity

(n,n'y)

(n,2n)

(n,p)

(n,a)

(n,Y)

(n,n')

(n,n'),

(n,n'Y)

(n,2n)

(n,p)

(n,Y)

(n,Y)

(n,Y)

(n,n'),

1

E =0.x
E =2.x
E -2.x
,E =0.
YE -1.
YE =1.
YE =2.
vi

E =A11

.41 MeV

84 5 MeV

08 MeV

65 MeV

845 MeV

24 MeV

81 MeV

085,2.27,2.60 MeV

Levels, 1.15,1.32

0

13

0

0

1

0

0

0

0

0

0

0

0

10

0

1

10

10

0

Energy Range
in Graph

keV

keV

" 2 eV

" 2 eV

- 20 MeV

- 2 0 MeV

- 20 MeV

-20 MeV

- 20 MeV

-20 MeV

- 15 MeV

- 15 MeV

-15 MeV

-20 MeV

- 20 MeV

- 20 MeV

- 20(10) MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 15 MeV

page

108

109

110-111

112

113

114

115

116

117

118

119

120

121

124

122-123

125

126

127-129

130-131
1 . 4 4 , 2 . 1 4 MeV
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Element or
Nuclide

Qantity Energy Range
in Graph

0

0

0

1 keV -

0

0

10

0

ID"2

0

0

0

ID"2

0

ID-2

0

0

10

ID-2

ID"2

eV -

eV -

eV -

eV -

eV -

• 1 0

• 1 0

• 2 0

• 2 0

- 15

• 20

• 20

- 20

- 20

- 15

- 20

- 20

- 20

- 20

- 20

- 10

- 10

- 20

- 20

- 20

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

page

131

132

133

134

135

136

137

138-139

140

141

141

142

143

144

145

146

146

146

147

148-149

28
Ni

58...
Ni

6O.T.Ni

61.T.Ni

Nl

6 4Ni

29Cu

(n,n'y),E =0.86,1.00,1.17 MeV
Y

E =1.332,1.45,1.795,
Y 2.15 MeV

(n,2n)

(n,y)

(n,n'), E =1.452 MeV

(n,n'y),E =1.452 MeV

(n,2n)

(n,p)

(n,Y)

(n,n'), E =1.333,2.16 MeV
A

(n,n'y),E =1.332 MeV

(n,p)

(n,y)

(n,p)

(n,y)

(n,n'), E =1.17 MeV

(n,n'Y),E =1.17 MeV

(n,p)

(n,Y)

(n,Y)
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Element or Qantity Energy Range page
Nuclide in Graph

2gCu (n,n') 0 - 20 MeV 150

(n,n!), E =0.67,0.77,0.97,1.11 MeV 0 - 10 MeV 151

(n,2n) 10 - 20 MeV 152

63Cu (n,y) 10~2 eV - 20 MeV 153-154

(n,n'), E =0.669,0.962 MeV 0 - 10 MeV 155

(n,n'y),E =0.668,0.961,1.33 MeV 0 - 5 MeV 156

(n,2n) 10 - 20 MeV 156-157

65Cu (n,y) 10"2 eV - 20 MeV 158-159

(n,n'), E =0.770,1.115 MeV 0 - 10 MeV 160

(n,n'Y),E =0.770,1.114 MeV 10 - 20 MeV 161

(n,2n) 10 - 20 MeV 162-163

93Nb (n,Y) 10~2 eV - 20 MeV 164-165

0 - 20 MeV 166

0 - 10 MeV 167

0 - 10 MeV 168

E =0.96 MeV 0 - 10 MeV 169

E =1.08 MeV 0 - 10 MeV 170x
(n,n'Y),E =0.74,0.81,0.96,1.08 MeV 0 - 5 MeV 171

(n,2n) 5 - 20 MeV 172

(n,2n) 92mNb(10.16d) 5 - 20 MeV 173

(n,a) 5 - 20 MeV 174

(n,a)90gY(64h),90mY(3.1h) 10 - 20 MeV 175

(16)

(n,
(n,

(n,

Y)

n1)

n ' ) , E = 0 .
X

E = 0 .

74

81

MeV

MeV
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Element or
Nuclide

Qantity Energy Range
in Graph

10"

10

0

0

0

0

5

1

10

10

12

12

0

12

1

10

0

0

10"

10"

"2 eV

keV

keV

keV

keV

keV

"2 eV

"2 eV

- 20 MeV

- 20 MeV

- 20 MeV

- 5 MeV

- 5 MeV

- 5(3) MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 20 MeV

- 2 0 MeV

- 20 MeV

- 20 MeV

- 17 MeV

- 20 MeV

- 20 MeV

- 1 0 MeV

- 3 MeV

- 20 MeV

- 2 0 MeV

page

176-177

178

179

180

181

181

182

183

184

185

186

187

188

189

190

191

192

192

193-194

195

4 2Mo

92
Mo

94
Mo

95
Mo

96

(n,n)

( n , n ! ) , E =0.2,0.5,0.68,0.78,
X 0.87,1.045 MeV

(n,n'), E =1.27,1.41,1.5,1.6 MeV

(n,n'y),E =0.74,1.06 MeV

(n,2n)

(n,y)

(n,n)

(n,2n)

(n,2n) 9 1 gMo(15.5 m)
91mMo(66 s)

(n,p)

(n,a) 8 9 gZr(78.4 h), 8 9 mZr(4.18 m)

(n,n)

(n,n'), E =0.88 MeV

(n,n'Y)/E =0.874 MeV
Y

Mo

(n,Y)

(n,Y)
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Element or
Nuclide

96MO

97MO

98MO

10°MO

82 P b

204Pb

206Pb

Qantity

(n,n)

(n,n')

(n,p)

(n,Y)

(n,p)

(n,Y)

(n,n)

(n,p),

(n,Y)

(n,n)

(n,n')

(n,2n)

(n,Y)

(n,n')

(n,Y)

(n,n')

(n,Y)

(n,n')

, Ex=0.78,

(n,a)

, Ex=0.5,0

,(n,a)

204mPb(66

, E =0.803

E =1.34.

1.15 MeV

.7,1.07 MeV

.9 m)

,1.17 MeV

1.4 7 MeV

Energy Range
in Graph

10 keV -

0

13

10~2 eV -

13

10 keV -

10 keV -

13

10"2 eV -

10 keV -

0

13

10~2 eV -

0

10"2 eV -

0

10"2 eV -

0

0

20 MeV

5 MeV

16 MeV

20 MeV

16 MeV

20 MeV

20 MeV

16 MeV

20 MeV

20 MeV

5 MeV

16 MeV

20 MeV

20 MeV

20 MeV

20 MeV

20 MeV

5 MeV

5 MeV

page

196

197

197

198-199

200

201-202

203

204

205-206

207

208

208

209

210

211

212

213

214

215
x
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Element or Qantity
Nuclide

Energy Range
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. DOK 128 1157

. AE 9 399

. AE 14 177

. SAL 14 D ~

. EAN(UK) 77S ]

. NSE 30 39

. H P 14 595

. 69R00R2 289

. NP AI56 609

. BAP 16 1181

.NSE 48 412

. KOBAYAS HI

. 75KIEV SAC
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Neutron Energy ( eV)

-227 -




