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Abstract

This report describes neutron capture cross sections in the range 107 eV - 20 MeV

as evaluated and compiled in recent activation libraries. The selected subset comprises the
(n,v) cross sections for a total of 739 targets for the elements H (Z=1, A=1) to Cm (Z=96,
A=248) totalling 972 reactions. Plots of the point-wise data are shown and comparisons are
made with the available experimental values at thermal energy, 30 keV and 14.5 MeV.
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INTRODUCTION

This work has been initiated within the IAEA Research Co-ordination (RC) Programme on
Measurement, Calculation and Evaluation of Photon Production Data. During the two RC
Meetings (Bologna -11/1994 and Vienna - 5/1996) the participants acknowledged the high
practical value of a comprehensive compilation of (n,y) cross sections for a complete set of
targets in the whole energy range and recommended it for publication. The best sources of
such data can be found among the recent activation libraries for fusion applications, such
as ADL-3, EAF-4.1, JENDL/A-3 and FENDL/A-2, because they contain the largest
number of target materials.

This report gives a detailed description of the data base of neutron capture cross sections
for neutron energies in the 0-20 MeV range selected for this compilation. The recently
released European Activation File, EAF-4.1 [1], has been chosen as the main source of
data presented in this atlas. Further, some improved and newly evaluated data have been
included. This report presents a graphical description of the selected (n,y) reactions
including comparisons against available experimental data.

The Atlas of Neutron Capture Cross Sections (NGATLAS) contains cross sections data of
neutron induced reactions for targets up to, and including, curium (Z=96). It comprises
739 target isotopes with half-lives above 0.5 day. Cross sections to ground, first and
second isomers are listed separately. This gives a total of 972 reaction channels, with data
available in point-wise format. Energy dependent isomeric branching ratios are based on a
combination of experimental information and data based on systematics at thermal and
14.5 MeV neutron energies.

During the creation of the NGATLAS several checks were made to monitor the quality of
the selected data (from other libraries). In particular a large number of new evaluations
have been performed in EAF-4.1 for target nuclides not considered in other libraries, such
as radioactive targets. These procedures include:

e general accounting of the different reaction channels,

e cross section renormalisation to experiment (l/v region) or systematics (pre-
equilibrium component around 14 MeV),

e energy dependent library to experimental (C/E) and library to systematics (C/S)
comparisons [2],

e itemized parameter reporting for each reaction,

e visualisation of the data by plotting.

All procedures for monitoring, data evaluations and renormalizations are described in
Refs. [1,3,10].
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2.1

2.2

NGATLAS FILE OF (n, vY) REACTIONS

Reaction nomenclature

A notation is adopted for describing reactions in this report, the format of which is best
illustrated by taking an example. Consider the (n,y) reaction from a target of Ag (A = 108)
which is initially in the first metastable state and leads to a final first metastable state. The
MASGAM code has been used to evaluate the cross section. The title line contains all this
information, and is written as;

AG*108N,G* MASGAM; RN - ---/SYS

I
| +-> jndicates renormalisation

|
|
| +-> data origin
I

l

|

I

|

, +-> describes the FS state
+ -

> describes the IS state

IS (Initial State) refers to the target nuclide state, and FS (Final State) describes the
reaction product. Possible notations of the isomeric states are shown in Table 1.

Table 1: Possible notations of isomeric states.

Value (IS or FS) | NGATLAS notation State
0 - Ground state
1 * First isomer
2 # Second isomer

Next the data source is given, which in the above example is MASGAM. A complete list
of the data origins used to build the NGATLAS file is given in Appendix B, which
explains the nature of each source library or processing code that was used to calculate the
Cross section.

Finally, the flag RN displays information for experimental or systematic renormalisation at
14.5 MeV. These are shown as ; RN - XXX/YYY appended to the data source. The
first item is used for the total cross-section, while the second applies to the isomeric
branching. Values of EXP or SYS represent Experimental and Systematic renormalisation

respectively.

Summary of (n,y) reaction types and data sources

It is useful to show how the (n,y) reactions can be divided into different categories, and a
number of statistics are given in this section. Firstly, the final states of the (n,y) reactions
can be split as shown in Table 2,
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Table 2: Numbers of different final states in the NGATLAS file.

Reaction FS=0 FS=1 FS=2 Total
(n,y) 738 216 18 972

with every target leading to an FS=0 state. Note that there are 739 targets in the EAF-4.1
library, however there is no (n,Yy) reaction for H (A=3). Hence a total of 738 target isotopes
in the library undergo (n,y) reactions.

The (n,y) cross-section data are from a range of sources, and the number of reactions from
each source is shown by the following table. The entries up to the ADL-3 refer to
evaluated libraries. The remainder were calculated and evaluated with model codes such as
FISPRO, MASGAM, SIG-ECN and NGAMMA within the EAF programme. Details on
these calculations, renormalisations, data corrections and generation of point-wise files can
be found in Refs. [1,3].

Table 3: The number of capture reactions from each data source in the NGATLAS file.
The source name refers to the library or processing code used to calculate the cross
section, and a full description of each one can be found from Ref. [1].

(n,y) Data Source Number of Reactions
JEF-2.2 390
EFF-2.4 11
ENDF/B-VI 16
JENDL-3.1 38
JENDL-3.2 3
LANL 9
ADL-3 7
FISPRO 9
SIGECN-MASGAM 73
MASGAM 411
NGAMMA 1
SIG-ECN 1
ESTIMATE 3
Total 972

All renormalisations made by SYMPAL [4] for (n,y) reactions concern isomeric branching
ratio and are made according to systematics (the title line will therefore contain RN - -~
-/SYS). Detailed description of the adopted branching-ratio systematics can be found in
Ref. [1]. These renormalised reactions are split between the different data sources as
shown in Table 4,



2.3

Table 4: Data origins of the renormalised reactions.

Data Source Number
JEF-2.2 203
ENDF/B-VI 6
JENDL-3.1 2
ADL-3 2
FISPRO 8
SIGECN-MASGAM 37
MASGAM 183
Total 441

and between the final states as shown in Table 5.

Table 5: Distribution of final states of the renormalised reactions.

State Number
FS=0 212
FS=1 212
FS=2 17
Total 441

Thus 212 targets (which initially had data for the total cross section) have been
renormalised according to systematics into appropriate final state branches. Of these 17
lead to FS=0, FS=1 and FS=2 while 195 ( =212 - 17) produce FS=0 and FS=1 only.

Experimental validation

Experimental data at three distinct energies are particularly useful for the validation of
data. Such comparisons are made at thermal energy, 30 keV and close to 14.5 MeV and
are based on a compilation of Refs. [5-10]. The number of experimental values available
are shown in the following table, together with the appropriate references.

Table 6: Number of experimental values available at
specific energies with their references.

Energy Number of experimental | References
measurements

Thermal (0.0253 ev) 617 [5], [6], [7].[8]

30 keV 336 [9]

14.5 MeV 72 [10]

Total 1025




The experimental data are used for validation purposes in the NGATLAS file by
calculating the ratio of the cross section to the experimental value (the C/E value). An
ideal C/E ratio would clearly be 1, but in practice there is a distribution of C/E about this
value. The number of C/E ratios available in NGATLAS is shown in Table 7.

Table 7: Number of experimental values available for each
final state. FS=99 indicates that the value is for the total cross section.

FS Thermal | 30keV 14.5MeV | Total
99 409 326 47 782
0 96 9 0 105

1 7 0 0 7

2 0 0 0 0
Total 512 335 47 894

A histogram may be formed from the distribution of C/E values, and plots at each energy
for the (n,y) reactions are shown in Appendix A. Note that the total number of reactions
for which C/E ratios can be calculated is less than the number of experimental values
available (by approximately 100 cross sections) due to a certain amount of repeated
experimental information. Table 7 gives the number of experimental data points used for
comparisons, whereas the Table 6 (giving the total numbers of experimental data) lists all
data currently available.

The experimental data, adopted for validation in Appendix A, are compiled in a tabular
form in Ref. [2]. These data are also plotted on the cross section graphs in Appendix B
(using a diamond symbol) and are shown together with the available uncertainties. This
allows comparison between the adopted data and experimental values to be made directly.

The graphs in Appendix B show close agreeement between the experimental values and

the point-wise data, with most C/E values found close to a value of 1. This confirms the
high quality of the (n,y) cross-section data available from the EAF-4.1 library.

Data availability

Cross section data in point-wise ENDF-5 format, with EAF extensions (see Ref. [1]), are
available from the IAEA Nuclear Data Section. The data can also be retrieved online through
the World Wide Web using

http://www-nds. iaea. or.at/ngatlas/main. htm
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Appendix A  Validation plots

This appendix shows the distribution of evaluation to experiment (C/E) ratios for the (n,Y)
reactions of the NGATLAS file. The graphs show the number of C/E values in a particular
range. C/E values are available for energies of:

e thermal (0.0253eV)

e 30keV

e 145MeV

Most C/E ratios lie close to the ideal value of 1, indicating the consistency between the
point-wise data and the available experimental information.
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Appendix B: Plots of NGATLAS cross sections

This appendix shows graphs of each cross section as a function of incident neutron energy,
one for each target isotope which undergoes a (n,y) reaction. Thus 738 graphs are plotted.
Data for excited final states of a particular target are shown on the same graph where
appropriate. The plots also show the number of points in the point-wise data for the ground
state product. An index of the reactions and their data origin is provided for quick

reference.

Number Target Reaction Origin
1 H-1 N,G JEF-2.2 Page 1
2 H-2 N,G JEF-2.2
3 HE-3 N,.G JENDL-3.2 Page 2
4 LI-6 N, G JEF-2.2
5 LI-7 N,G EFF-2.4 Page 3
6 BE-7 N, G JEF-2.2
7 BE-9 N, G EFF-2.4 Page 4
8 BE-10 N,G ESTIMATE, BEY9 REVISED
9 B-10 N.G JEF-2.2 Page 5
10 B-11 N,G JEF-2.2
11 Cc-12 N.G ENDF/B-VI Page 6
12 c-13 N,G SIG-ECN
13 C-14 N,G ESTIMATE, Cl2 REVISED Page 7
14 N-14 N.G JEF-2.2
1S N-15 N,G JENDL-3.2 Page 8
16 0-16 N,G JENDL-3.2
17 0-17 N, G ENDF/B-VI Page 9
18 0-18 N,G ESTIMATE, 0Ol6
19 F-19 N.G JEF-2. Page 10
20 NE-20 N,G SIGECN-MASGAM
21 NE-21 N,G SIGECN-MASGAM Page 11
22 NE-22 N.G SIGECN-MASGAM
23 NA-22 N.G JEF-2.2 Page 12
24 NA-23 N,G JEF-2.2; RN - ---/SYS
25 NA-24 N.,G MASGAM Page 13
26 MG-24 N,G JENDL-3.1
27 MG-25 N,G JENDL-3.1 Page 14
28 MG-26 N,G JENDL-3.1
29 MG-28 N.G MASGAM Page 15
30 AL-26 N.G MASGAM
31 AL-27 N.G JEF-2.2 Page 16
32 SI1-28 N,G JENDL-3.1
33 S1-29 N.,G JENDL-3.1 Page 17
34 SI-30 N,G JENDL-3.1
35 S$I-31 N,G MASGAM Page 18
36 SI-32 N,G MASGAM
37 P-31 N,G JEF-2.2 Page 19
38 P-32 N,G MASGAM
39 P-33 N,G MASGAM Page 20
40 5-32 N,G JEF-2.2
41 5-33 N,G JEF-2.2 Page 21
42 S-34 N,G JEF-2.2
43 5-35 N,G MAS Page 22
44 S-36 N,G JEF-2.2
45 CL-35 N,G SIGECN-MASGAM Page 23
46 CL-36 N,G MASGAM
47 CcL-37 N,G SIGECN-MASGAM; RN ~ ~---/SYS Page 24
48 AR-36 N.,G JEF-2.2
49 AR-37 N,G MASGAM Page 25
50 AR-18 N,G JEF~2.2
51 AR-39 N,G MASGAM Page 26
52 AR-40 N.G JEF-2.2
53 AR-41 N,G MASGAM Page 27
54 AR-42 N,G MASGAM
55 K-39 N,.G JENDL-3.1 Page 28
56 K-40 N,G MASGAM
57 K-41 N,G JENDL-3.1 Page 29
58 K-42 N,.G MASGAM
59 K-43 N.G MASGAM Page 30
60 CA-40 N,G JENDL-3.1
61 Ca-41 N,G MASGAM Page 31
62 CA-42 N,G JENDL-3.1
63 CA-43 N,G JENDL~3.1 Page 32
64 CA-44 N,G JENDL~3.1
65 CA-45 N,G MASGAM Page 33
66 CA-46 N.G L-3.1
67 CA-47 N, G MASGAM Page 34
68 CA-48 N,G JENDL-3 .1
69 SC-44-IS=1 N,G MASGAM; RN - ---/SYS Page 35
70 SC-45 N, G ENDF/B-VI; RN - ---/SYS
71 SC-46 N.G MASGAM Page 36
72 sSC-47 N.G MASGAM
73 SC-48 N,G MASGAM Page 37
74 TI-44 N.G MASGAM
75 TI-45 N,G MASGAM Page 38
76 TI-46 N,G JENDL-3.1
77 TI-47 N.,G JENDL-3.1 Page 39
78 TI-48 N,G JENDL-3.1
79 TI-49 N,G JENDL-3.1 Page 40
80 TI-50 N,G JENDL-3.1
81 v-48 N,G MASGAM Page 41
82 v-49 N,G MASGAM
83 v-50 N, G SIGECN-MASGAM Page 42
84 Vv-51 N,G JENDL-3.1
85 CR-48 N,G ADL-3 Page 43
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RN - ---/8YS

GAM
SIGECN-MASGAM
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SIGECN-MASGAM; RN - ---/SYS
MASGAM
SIGECN-MASGAM; RN - ---/SYS

MASGAM; RN - ---/SYS
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SIGECN-MASGAM
MASGAM

MASGAM

MASGAM

SIGECN-MASGAM

MASGAM

JEF-2.2; RN - ---/SYS

JEF-2.

JEF-2.2; RN - ---/SYS

JEF-2.2: RN - ---/S5Y§

MASGAM
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MASGAM; RN - ---/SYS
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MASG

JEF-2.2; RN - ---/SYS

JEF-2.2

JEF-2.2; RN - ---/SYS
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JEF-2.2; RN - ---/S¥S

JEF-2.2; RN ~ ---/SYS

MASGAM; RN - ---/SY§

MASGAM

JEF-2.2; RN - ---/SYS

JEF-2.2; RN - ---/8YS
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JEF-2.2; RN - ---/5YS
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JEF-2.2; RN - ---/SYS

MASGAM

JEF-2.2; RN - ---/SYS

JEF-2.2

JEF-2.2; RN - ---/SYS
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JEF-2.2

MASGAM; RN - ---/SYS

MASG,

JEF-2.2; RN - ---/SYS

JEF -
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MASGAM; RN - ---/SYS

MASGAM

JEF-2.2; RN - ---/SYS

MASGAM

JEF-2.2; RN - ---/SYS

JEF-2.2

JEF-2.2
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MASGAM; RN - ---/SYS
SGAM

MASGAM; RN - ---/SYS
F-2.2; RN - ---/8YS

JEF-2.2; RN - ---/5YS

JEF-2.2

ADL-3; RN - ---/SYS

MASGAM; RN - ---/SYS
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ZR-89 N, G MASGAM; RN - ---/SYS
ZR-90 N.G JEF-2.2 Page 100
ZR-91 N.G JEF-2.2
ZR-52 N.G JEF-2.2 Page 101
ZR-93 N.G JEF-2.2
ZR-94 N.,G JEF-2.2 Page 102
ZR-85 N, G JEF-2.2
ZR-96 N,G JEF-2.2 Page 103
ZR-97 N, G MASGAM
NB-90 N.G MASGAM; RN - ---/SY¥YS Page 104
NB-31 N.G MASGAM; RN - ---/SYS
NB-91-1Is5=1 N, G MASGAM; RN - ---/S¥S Page 105
NB-92 N,G MASGAM; RN - ---/SYS
NB-92-1IS=1 N, G MASGAM; RN - ---/SYS Page 106
NB-93 N, G JEF-2.2; RN - ---/8Yg
NB-93-1s8=1 N.G ENDF/B-VI; RN - ---/SYS Page 107
NB-94 N,G JEF-2.2; RN - ---/SYS
NB-§5 N.G JEF-2.2 Page 108
NB-95-15=1 N, G JEF-2.2
NB-96 N.G MASGAM; RN - ---/SYS Page 109
MO-92 N.G JEF-2.2; RN - ---/SYS
MO-93 N.G MASGAM Page 110
MO-94 N.G JEF-2.2
MO-95 N.G JEF-2.2 Page 111
MO-96 N,G JEF-2.2
MO-97 N, G JEF-2.2 Page 112
MO-98 N.G JEF-2.2
MO-99 N.G JEF-2.2 Page 113
MO-100 N,G JEF-2.2
TC-95 N.G MASGAM; RN - ---/SYS pPage 114
TC~95-185=1 N.G MASGAM; RN - ---/SYS
TC-98 N,G MASGAM; RN - ---/SYS pPage 115
TC-97 N.G MASGAM
TC-97-1Is=1 N, G MASGAM Page 116
TC-98 N.G MASGAM; RN - ---/SYS
TC-99 N.G JEF-2.2 Page 117
RU-96 N.G JEF-2.2
RU-97 N.G MASGAM Page 118
RU-98 N.G JEF-2.2
RU-99 N.G JEF-2.2 Page 119
RU-100 N.G JEF-2.2
RU-101 N.G JEF-2.2 Page 120
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