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Neutron capture cross-sections of fission products in 

the European activation file EAF - 3 

J. Kopecky, M.G. Delfini, H.A.J, van der Kamp. 

H. Gruppelaar and D. Nierop 

Netherlands Energy Research Foundation ECN, 

P.O. Box 1. Petten, The Netherlands 

This paper contains a description of the work performed to extend 

and revise the neutron capture data in the European Activation File 

(EAF-3) with emphasis on nuclides in the fission-product mass range. The 

starter was the EAF-1 data file from 1989. The present version. EAF/NG-3. 

contains (r,T) excitation, functions for all nuclides (729 targets) with 

half-lifes exceeding 1/2 day in the mass range from H-i to Cm-248. The 

data file is equipped with a preliminary uncertainty file, that will be 

improved in the near future. 

1. Introduction 

The development of the large European Activation data File has 

brought several new aspects into the evaluation of radiative capture cross 

sections. Firstly, there was the need for a code suitable for mass produc

tion of data with minimum input requirements. Secondly, since for many 

radioactive targets no experimental information is available, the reliabi

lity of present calculations without the possibility of parameter ad

justment has been tested and the adopted assumptions were inspected. 

Further, there was a strong need to improve the capability of codes to 

compute cross sections of reactions leading to metastable states. 

The European Activation File (EAF) was originally made to serve the 

development of low activation materials for fusion reactor design pur

poses. However, its scope has been widened and the data file might be of 

interest also for other applications. In particular, since the latest 

version, there is a very complete set of neutron-induced reaction cross-

sections for fission-product nuclides, including many short-lived targets 

and metastable states. 
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In this paper we present an extensive description o'. the work and 

methods in assembling and evaluating the (n.T) subfile of the European 

Activation File (E/F-3). containing neutron capture cross-sections for 

neutron-incident energies below 20 MeV, including all stable and unstable 

targets (tj ,- > 0-5 d) upto Am. If the reaction produces isomers the 

cross-sections for the ground- and isomeric states are given separately. 

If resolved-resonance parameters are available, the point-wise cross-sec

tions have been generated and included. 

2. Objectives and means of revisions 

The early EAF-1 (or REAC-ECN-5) library ' served as a starter for the 

present study with the goal to extend and improve this library. One of the 

main goals of this activity, in the frame of the European Fusion Technolo

gy Programme, was a complete ^vision, re-evaluation and extension of ra

diative neutron cross-sections and their isomeric branchings. In this re

valuation the targets were categorized in three groups: 

1. Complete evaluation is available, often including resolved-resonance 

parameters, in existing recent libraries such as JEF-2, ENDF/B-VI and 

JENDL-3-

2. No evaluation is available but experimental information on cross-sec

tions exists. 

3- No experimental information exists on cross-sections. 

In the first group the best possible existing evaluations were se

lected to replace the old or missing data. These evaluations have usually 

been tested against the experimental data and often include a resolved-

resonance region. Thus they belong to the category with the highest accu

racy. However, seme do not have a proper pre-equilibrium {or direct/semi-

direct) component. This omission resulted in a 14.5 MeV value well below 

the value from systematics and this has been corrected in the final phase 

(EAF-3) of the present revision. For the remaining targets (groups 2 and 

3) new calculations have been performed with ECN codes (see Sect. 3)-

The whole revision was performed in two phases, resulting in two succes-

sive files, namely EAF-2 (released in July 1991J and EAF-3 (released in 

April 1992 ). The sources of data used in the EAF-3 (n.T) subfile are 

summarized in Table 1. 
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3- ECN codes for calculation of excitation functions 

3-1. ECN fission-product evaluation system 

This evaluation system, traditionally used at ECN for JEF-1 and JEF-2 

fission-product files, uses improved versions of the codes SASSI**' and 

FISPRO (originating from ENEA Bologna), which are statistical-model 

codes with a direct-semidirect component. It also allows to calculate 

smooth background cross-sections due to missed resonances (code FISGIN . 

Available information on the resolved-resonance region is reconstructed 

and included in the point-wise file by means of the code SIG-ECN. This 

approach has been applied for several important reactions. 

3-2. Code MASGAM 

We have developed a new fast code to calculate (n.T) cross-sections, 

MASGAM . This code calculates the cross-section, which consists of 

three components, namely the 1/v component, the statistical part and the 

pre-equilibrium contribution. The resolved-resonance region is not in

cluded and the smooth statistical part is extended down to the energy R. e 

0-5 Dn and discontinuously coupled to the 1/v-torm. The above choice of 

the energy E u is rather arbitrary. However, inspection of existing data in 

Ref. suggests that this value is an acceptable choice. The pre-equi

librium component, contrary to SASSI-ECN and FISPRO-ECN codes which use 

the direct-semidirect formalism of Lane, Lynn and Brown , is based on 

the systematics for the excitation function of the pre-equilibrium capture 

process . This rather empirical systematics, despite several simple 

assumptions, fits the experimental data reasonably well. Contrary to the 

original approach, where this constant was globally adjusted to experi

mental data to reproduce absolute cross-section values, we applied the 

systematics at l1*.^ MeV. 

Each of the above-mentioned three components (see Fig.l), separately 

calculated, can be examined at a typical energy (see Table 2) and renor-

malized either to an experimental value or to a value from systematics. 

The pre-equilibrium component is optionally normalized to the 1^.5 MeV 

systematics. Comparison of MASGAM results with those of a full-scale 
1^2 

evaluation is presented in Fig. 2 for Nd (n,Y) reaction. 

MASGAM consists of two subprograms. The program PR1M0 prepares and 

organizes the input for the calculation with the statistical-model code 
7) 

FISGIN . FISGIN is an extended and improved version of the above-men
tioned code FISPRO-ECN, based upcn the Hauser-Feshbach formula with width 
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fluctuation correction, a correction term for missed resonances and the 

above-mentioned empirical pre-equilibrium formula. In order to speed up 

and simplify the calculation, many input parameters (global optical model, 

level density, gamma-ray strength functions) are prepared from available 

global systematics or calculated from tables (reaction Q-values). Thus the 

input contains only the proton number Z, the mass A and the level scheme 

information of the target nucleus. This last information was retrieved 
12) 

from Nuclear Data Sheets or from ref. and stored in a special data 

base. 

3.3. Combination of codes HASGAM and SIG-ECN 
9) 

If experimental information on the resolved-resonance region exists 

the code SIG-ECN has been used to generate a point-wise file based on 

resolved-resonance parameters. These data are merged with MASGAM results. 

The energy E„ at which both data are joint, is determined in the following 

way. Both data files have been processed into the VITAMIN-J 175 group 

structure and were graphically compared to identify the energy at which 

evidently resonances start missing, as compared to the calculated smooth 

part. The group boundary prior to this energy has been chosen as E„. This 

rather simple and quick procedure has been tested against some existing 

evaluations and turned out to be reasonably good 

3.M. Renormalizations to experiment or systematics 

If experimental information on cross-sections is available, it is 

used to renormalize the calculated component of the excitation curve 

separately. The 1/v-component is adjusted to agree at 0.0253 eV with the 
9) 

thermal cross-section value and the smooth statistical component is 

renormalized at 30 keV, where a large amount of experimental cross-section 
13) 

values exists compiled for astrophysics studies . The compilation of 
14) Wagner and Warhanek was used for the pre-equilibrium component at 

1^.5 MeV. The total excitation curve, renormalized in this way, has the 

largest uncertainty at low energies, if resolved resonance data are not 

available and if the cross-section is represented only by smooth parts of 

1/v and statistical components. 

In order to provide another possibility for renormalization, if no 

experimental information is available, e.g. for radioactive targets, an 

attempt has been made to develop systematics both for thermal- and 30 keV 

data (see Figs. 3.^ and Tables 2,3). The prediction of thermal cross sec-



- 5 -

tions is almost impossible, due to the fact that only a very limitted num

ber of resonances determine these values and thus no statistical assump

tion can be applied. However, in spite of the expected very large uncer

tainty in these "predictions", they account at least fo- the global trend. 

U. Branching ratio to isomeric states 

The systematics of neutron-induced isomeric cross-section ratios at 

14.5 MeV has been studied by Kopecky and Gruppelaar . They used the 

GNASH code with a rather simplified input to determine the ratio of the 

isomeric- and ground state in (n.n'). (n.p), (n.t), (n.a) and (n,2n) reac

tions and compared the calculations to available experimental data. The 

results were rather satisfactory and these systematics have then been ap

plied to all reactions, categorized as one- and two-step reactions. 

In the absence of any systematics of isomer ratios for the (n,T) 

reaction, a very crude approach has been applied in the EAF-1 file, namely 

to assume the branching ratio b = 0.5 to all targets except for a few 

important ones. In the recent EAF-2 file, the more realistic systematics 

15) 

of Ref. has been applied for the whole energy range of incident neu

trons. Although the (n.T) reaction can be considered to proceed through a 

one-step reaction mechanism followed by a Y-ray de-excitation, the appli

cation of this systematics is rather uncertain in the thermal and reso

nance regions, mainly due to the possible strong dependence of the isomer 

ratio OP structural effects. This is demonstrated in Fig. 5t where the 

experimental thermal branching ratios, derived from the compilation of 
9) 

thermal cross-sections in Ref. . are plotted against the spin J of the 
m 

isomeric state. Although a similar bell-shaped dependence on the isomeric 
15) spin is seen as for other reactions , the dispersion of data, however, 

makes any fitting very difficult. First in the statistical region the one-

step reaction systematics may be a reasonable assumption for the (n,T) 

reaction. 

In order to account for this situation more accuratelyp two branching 

ratios, one for the thermal and resolved resonance range upto energy EL 

and one for the high energy range, have been adopted. For the low-energy 

range all available experimental data at thermal energies from the com-
Q) 

pilation of Ref. were used and the derived branching ratio was assumed 

representative for that energy range. For the smooth high energy part, 
15) 

starting from the energy E„, the systematics of Ref. has been used. 

Only if no experimental data were available, the one-step reaction syste-
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matics has been applied for the whole energy range. 

for values of J > I'*, upper limits of the branching ratios had been 
* 15) adopted already in Ref. for two reasons. Firstly, no experimental data 

were available to 'adjust* the calculations and secondly, the calculations 

itself started to indicate a strong influence of some other parameters 

than J . The branching ratios for nuclides with extremely high spins, as 
ID 

e .g . Hf-178 and 179 (J = 16, 25/2). predicted from the systematics, were 

recent ly supported by model calculations of Chadwick and Young * and 

by the preliminary resu l t s of recent, s t i l l in progress, i r r ad ia t ion 
l8) experiments at AEA Harwell on branchings for several long-lived Hf 

i sotopes . 

5- Inspection of evaluated data 

In order to carry out a continuous "horizontal" inspection of the 

evaluated or adopted data, the F.CN processing code SYMPAL has been ex

tended by veral options to facilitate these inspections. SYMPAL enables 

the following checks: 

1) Against formatting errors. 

2) The cross-section values are compared with available systematics or 

experimental data at three typical energie;.: E = 0.0253 eV. 30 keV and 

14.5 MeV at which systematics and the majority of the experimental in

formation is available. 

3) Several important physical parameters are inspected, such as the exist

ence of isomeric states and their nuclear parameters, applied branching 

ratios and reaction Q-values. 

k) Finally, a graphical display of excitation curves is possible. 

6. Uncertainty file 

One of the options of the European Activation System (EASY) in the 

near future will be a possibility to carry out a sensitivity study to de

tect contaminants leading to long-lived radioactivity. In this study un

certainty estimates of the induced activation are required. For that cal

culation a complete uncertainty file to the EAF-3 library is needed. This 

file cculd also be of interest to predict uncertainties in radioactivity 

for fission products produced by fission-reactor waste. In view of the 

huge amount of data to be treated, we have cnosen to start with a produc

tion of a simple file in a two-group structure for the (n,T) reactions and 

a one-group structure for the threshold reactions. For the (n,T) reaction 



the whole energy region is devided into two groups. The low energy group, 

covers the energy range from 10 eV upto thf» end of the resolved reso

nance region E„. and the high energy group runs from the energy E^ upto 20 

HeV and contains the smooth statistical and preequilibrium components. The 

energies at which the crr^s-section is inspected and used for the determi

nations of uncertainties are 0.0253 eV and 14.5 MeV for the low- and high-

energy group, respectively. If the 30 keV energy point falls in the high-

energy group it is considered as well. The uncertainties are exactly valid 

only at the particular energies. However, at this stage we assuce them re

presentative for the whole energy group. Thus the uncertainty for the low* 

energy group is exclusively determined by the thermal cross-section value 

and for the high-energy group the larger uncertainty at two energies, 30 

keV and 1*4-5 MeV is adopted. 

6.1. Rules for determination of uncertainty in total cross-sections 

1) If there is an experimental value, its corresponding uncertainty is 

used directly or after evaluation of a recommended value. The lateer 

one 

13) 

one refers only to 0.0253 eV or 30 keV data. The data of Refs. and 

were used as main sources of information. 

2) If no experimental value is available, the uncertainty is taken from 

systeciatics. The corresponding values are quoted in Table 2 and for 

HASGAM calculations with renormalizations in Table 3-

3) If the data are adopted from an external evaluation, based on model 

calculations, the quoted uncertainty is used. If the data are not pro

vided with an uncertainty file, an overall uncertainty of ^0% is adop

ted for the higher energy group. This value is a safe estimate based on 

the experience from intercomparisons of data originating from different 

libraries and taking into account the presently applied correction {see 

Sect. 3-^) if the pre-equilibrium component was missing. 

6.2. Rules for determination of uncertainties in cross-sections to ground 

and tnetastable states 

1) If experimental values of partial cross-sections are known their uncer

tainties are adopted. If the total cross-section and the cross-section 

to either the ground or metastable state is known, the error propaga

tion law is used for the uncertainty of the unknown cross-section. 

2) If the cross-sections to ground and metastable states are not known 
15) 

from experiments, the isomer ratios are used from systematics with 
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an uncertainty of 60S (uncertainty factor 1.6). The uncertainty factor 

of the fotal cross-section is then multiplied with f. . However, it is 
b 

required that o f. and o f. are always smaller than o f . 
^ g b u b t t 

6.3- Format of the uncertainty data 

The uncertainty data are stored in a supplementary file, EAF/NGUN-3. 

in the ENDF-6 format for file MF33 with NI=1 and LB=1 type subsection for 

MTI02. No comment lines have been added. 

7- Discussion and future plans 

For the original application (low activation materials for fusion 

reactor design studies) we consider the contents of the EAF-3 complete 

with no need for extensions and additions. The data file should be in

spected whether the information could be used for other applications, e.g. 

to serve as a data base for fission product cross-sections in burn-up cal

culations of fission reactors. In the future further improvements of data 

quality should be considered both for the cross-section and uncertainty 

file. Three major categories of further improvements - the quality of 
19) 

cross-sections, branching ratios and uncertainties - are discussed in . 

8. Conclusions 

We have produced a data base of neutron capture cross-section and 

uncertainty data in two subfiles of the European Activation File EAF-3- An 
19) 

extensive description of both files and used methods is given in Ref. . 

The EAF-3 file is the largest source of neutron capture data at this 

moment, with the following characteristics: 

(a) It contains all stable nuclides and all nuclides with t. ,? > 0.5 day 

including metastable targets. 

(b) All available information on resolved resonance parameters has been 

considered, which guarantees a maximum quality of data at low 

energies. 

(c) If the reaction may excite an isomeric state, a branching ratio for 

the ground and isomeric state has been applied based upon experimental 

data or systematics. 

(d) All data have been inspected at 0.0253 eV, 30 keV and 1^-5 M«v ener

gies and renormalised to experimental data or to systematics. 

(e) A complete uncertainty file has been generated in a two-group struc-
-5 

ture (10 eV - EL - 20 MeV) based on experimental information or 
n 

estimated uncertainty of model calculation or used systetnatics. 



Further improvements of the EAF-3 data file, as mentioned in Sect. 7. are 

foreseen within the development of next versions of the European Activa

tion Files. EAF-<4 and EAF-5. during 1993-I991*-

It is recommended to consider the present EAF-3 data file as a pos

sible supplementary source for working libraries in burn-up and activation 

codes such as ORIGEN or FISPIN. The development of uncertainty files for 

EAF-3 should be encouraged not only for the developm3nt of low activation 

materials, but also to assess the uncertainty in the radioactivity of fis

sion reactor waste. 
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Table 1. List of sources for (n.T) data in EAF-3 

Data source Number of targets 

JEF-1 238 

JEF-2 (actinides) 40 

ENDF/B-V.VI 23 

JENDL-3 44 

ACTL 3 

FISPRO-ECN 6 

MASGAM + SIG-ECN 58 

MASGAH 317 

Total 729 

Table 2. Derived systematics of (n,T) cross-sections at three 

incident neutron energies used to renormalize the MASGAM 

calculations. 

ov (E ) LSQ - FIT fa) 

T n 

oY (0.0253 eV) = 1.5E-6 (aU)3'5 100. 

a) 

oT (30 keV) 

Odd - 2 = 3-346E-6 (aU) 4' 0 2 5 1.5 

Even -Z = 2.461E-7 (aU) /*,/|1° 2. 

oy (14.5 MeV) - 1.18 - 1.13 exP(-0.0133A) 1.5 

The rounded-off uncertainty factor has been derived from an 

error treatment in the least-square procedure and from the 

dispersion of data. It approximately represents one standard 

deviation and the va'ue of oT can vary from -o /f to *fo . 
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Table 3- The estimated uncertainty factors of the MASGAM calculations 

MASGAM Energy component 

Renormalization 1/v Stat. Pre-equil. 

Experiment 

Systematics 

Except for the energy region between Dn/2 and several tens of D_, 

where the unknown resonance character of the cross-section introduces 

a large uncertainty. 

Includes also the guessed uncertainty of the model in the 

energy ranges considered; the experimental errors are 

usually smaller. 

Includes uncertainties of applied systematics. 

Aor 

100 

1.5 

3-3 

a,b 

b.c 

1.5' 

1.5' b.c 
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(q)uopoas SSOJD 

1 Three components of the (nfT) excitation curve as calculated with 

the code MASGAM for an even target with A=150. The three com

ponents are displayed separately with their normalization points. 
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2 A comparison of MASGAM and JEF-1 data for the Nd(n,T) react ion 

before renormalization at 0.253 eV and 30 keV. The reasonable 

agreement of the 1/v components i s accidental. Mind the D-SD com

ponent in JEF-1, which i s somewhat large as compared to the 

systematics (used in MASGAM). 



aU 

9) 
Fig. 3 Thermal capture cross-seci"ions (taken from Ref. ) plotted 

against aU together with tiie fitted curve given in Table 2. 

The uncertainty band with f*50 is indicated. 
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Fig. 4 Average capture cross-sections at neutron energy of 30 keV (adopt

ed from Tef. ) for odd- and even- Z targets, respectively, 

plotted against aU. Corresponding LSQ-fits (see Table 2) are dis

played together with their uncertainties of f=l .5 and f=2, 

respectively. 
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- 1 G 7 8 9 10 11 12 13 14 

5 Experimental branching r a t ios a t E = 0.0253 eV, deduced from da t a 
9) " 

in Ref. , p lo t ted against the spin of the isomeric s t a t e . The 
p l o t t e d curve displays the adopted systematics a t lU-5 MeV. 


