EASY Documentation Series CCFE-R (10) 05

The European
Activation File:

EAF-2010
neutron-induced

Cross section
library

J.-Ch. Sublet, L. W. Packer, J. Kopecky,
R. A. Forrest’, A. J. Koning and
D. A. Rochmar?

EURATOM/CCFE Fusion Association, Culham Scienceté@egmbingdon,
Oxfordshire, OX14 3DB, United Kingdom.

1 JUKO Research, Kalmanstraat 4, 1817 HX Alkmaar, Natherlands.

2|AEA, Nuclear Data Section, Vienna Internationah@e, A-1400 Vienna, Austria.
% Nuclear Research and Consultancy Group NRG, Pé&ttenNetherlands.

i

1SO 9001

1ISO 14001







Abstract

In the European fusion programme, safety and enmenmtal issues are of great
importance in the continuing development of powdants. In support of this
programme, a sound, complete and reliable neutrdneed cross section data library
is required. The European Activation File (EAF) jpad has been an ongoing process
performed through European and world-wide co-opanahat has led to the creation
of succeeding EAF versions. The latest release,-EHAD, includes cross section data
for deuteron- and proton-induced reactions. As \#&F-2005 and -2007 all cross
sections have an upper energy limit of 60 MeV. EARO has benefited from the
generation and maintenance of comprehensive activlles and the development of
the processing code SAFEPAQ-II. Cross section atbd exercises against both
experimental data, systematics and integral datachawvere started in 1995, enable a
comprehensive and multi-faceted assessment of d@te GAFEPAQ-II is used to
apply a series of modifications to the original meudata. A very important set of
modifications concerns renormalisation and branghinsing experimental or
systematic data. These are challenging tasks wiesdurce contains non-threshold
reactions with an energy dependent branching railthough the various EAF
libraries are certainly the most-validated actimatiransmutation libraries in the
world, currently less than 3% of all the reacti@as be compared with experimental
information, and sometimes then only for very leadlit and not always application
relevant, energy ranges.

As with EAF-2001, -2003, -2005 and -2007, resuftstegral experiments have been
used to correct, adjust and validate data. Thismamone using SAFEPAQ-II by
inputting the measured effective cross sectiondids@on and verification using
integral data has been performed by means of db@oiparison with measurements
of various materials under fusion-relevant neutspectra. Irradiations have been
carried out at ENEA FNG, FZK Isochron-cyclotronr@ev Posad SNEG-13, TUD,
ReZ and JAERI FNS and integral C/E comparisons m{@dg is the ratio of the
library to the experimental value). In addition desfale data from the literature have
been collected and used. The results of these berking exercises have indicated,
in conjunction with differential data, where moddtions to the data can be applied.

The EAF-2010 library contains 66,256 excitationdiions involving 816 different
targets from'H to 2>’Fm, atomic numbers 1 to 100, in the energy rangeel0to 60
MeV. The 3,660,206 lines that make up the pointewike are then processed into
numerous group-wise files with different micro-fluseighting spectra to meet various
user needs. Uniquely, an uncertainty file is alsavigled that quantifies the degree of
confidence placed on the data for each reactionredia
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EAF 1

Introduction

The European Activation File (EAF) is the collectiof nuclear data
that is required to carry out inventory calculatoof materials that
have been activated following exposure to neutronscharged
particles. Along with the inventory code FISPACT],[IEAF
comprises the European Activation System (EASY)clwhias been
developed for fusion activation studies.

One of the components of EAF is the collection efitnon-induced
cross section data. The present report documergsctbss section
library, detailing how the library has been develdmver a twenty-
four year period, describing the methodology emgtbyfor its

production and testing and providing an index bfte reactions. The
present report forms part of the documentation E&SY, other

reports cover the FISPACT code [1], SAFEPAQ-II [@id other
components of EAF [3,4,5,6].

The current release of the European Activation , FEAF-2010,
contains cross section data of neutron-inducediogecfor energies
between 10 eV and 60 MeV. This report covers all the reaction
The library contains data for targets up to anduiag fermium
(Z=100). A new version of the library has been pitl by the
SAFEPAQ-II tool, which uses data from various sesrand applies a
series of modifications. The choice of data soured the basis of
the modifications use the knowledge derived fromvmus EAF
libraries as a starter. For EAF-2010 this startesvdedge was taken
from the EAF-2007 file [7]. This is the sixth tintkat SAFEPAQ-II
has been wused for |library development rather thdre t
SYMPAL/SAFEPAQ tools [8,9,10] that were used forrsiens
previous to 2001. Use of SAFEPAQ-II has enabledetfieient and
comprehensive development of the new library.

The new version contains the results of a sustagfiiedt from many
laboratories and physicists world-wide. In commoithwthe EAF-

2007 library, the current library has an upper gndimit of the data
at 60 MeV. New reactions have been added to thiarly and the file
is slightly larger than the EAF-2007 release. Tlnpwise library

has increased from 264 Mb to 275 Mb and has alsoeda
considerably in quality and completeness. The weage of available
integral data has been used to improve the libedttypugh this action
will continue over the next year with the planneadidation exercise
on EAF-2010.

Neutron cross sections: Issue 1, April. 2010



EAF

EAF-2010 contains data for 99 elements from H tq But excludes
data for the short-lived radioactive element FrerEhare 816 target
isotopes, including ground, first and second is@mhich have non-
zero cross sections.d. greater than I®b) below an energy of 60
MeV. Cross sections to and from isomeric statedisted separately
in a point-wise ENDF File 3 section format. Thiade to a total of
66,256 reaction channels that contain data. Duhegereation of the
library several checks were made to monitor thdityuaf the data.
The procedures employed, forming a part of SAFERKA@re fully
described in reference 2 and are summarised inrd-iguThe entire
process is handled in an interactive fashion abhgwnew data to be
input, existing data to be examined in graphical tabular modes,
modifications to be defined and validation carroed. All changes to
data are automatically logged and this forms pdrthe quality
assurance (QA) of the library.

Evaluations Calculations Reaction list
JEFF-3.1.1 TALYS Branching ratios
EFF-3.0 NGAMMA Decay data
ENDF/B-VII MASGAM Uncertainties
JENDL/AC Experimental data
IRDF-90.2 Integral data
*~ \ Resonance integrals
-~ ~ References
=~ ~N Systematics
oy -~ ~
v =~ -~ ~ ~
— ~ ~
Master database S~ o o
° S~ v
— § -
T O Iy Para,tmeter database
..... - 7
. . ot /
v Visualisation | .-="" =~ /
R i -
Final database |-« Cro_ss _sectlons -7 .
Validation plots |  """ce-- EXFOR database
P g 7/
- /
- /
-~ /
I’ /
v

EAF pointwise file

EAF group file (11)

EAF uncertainty file

Figure 1. Flowchart of the SAFEPAQ-II processes @hrows indicate flows of data, the
dashed lines indicate that information in Paramistezquired in the conversion and dotted
lines show sources of data for visualisation.

Historical survey

EAF-2010 is the latest result of a large amounwofk on activation
data carried out world-wide. The present sections piti in its
historical context, and enables references to saittas earlier work
to be given. It is interesting that if we look bamker the last 30 years

Neutron cross sections: Issue 1, April. 2010



EAF 3

and survey the questions that were being addrelsgeithe fusion
community about activation of materials in fusioevites and the
tools available to give answers, it is evident thaile the tools are
much more extensive and sophisticated, many ofctireeerns are
rather similar.

In the UK, the data library available for activatidibraries was
UKCTRIIIA, while the inventory code used was ORIGEN].

UKCTRIIIA was produced by Jarvis [12] from the earlUKCTRIII
[13]; both these libraries were designed for fusiantivation
calculations. UKCTRIIIA was a multi-group libraryl@0 group
GAM-Il) that covered the energy range thermal - MéV. It
contained 1,477 reactions on 305 targets (notelhetd Pu isotopes
were included), some of which were radioactive (allionuclides
with T, > 10 days were considered as targets). It coverdy 10
reaction types, ((n,2p) and (rthare the ‘low-energy’ reaction types
missing). Reference 12 describes the data souocdkd library, and
while much of the library was from experimentallgsied sources,
nearly 500 reactions were calculated by the simpledel code
THRESH [14]. The library contained isomeric stasslaughters, but
no long-lived isomeric states were included asetsrg

In the early 1980s, ECN PetlefNetherlands) was involved in work,
in collaboration with JRC Ispra, on the nuclearada¢eds for fusion
activation. Collaboration between ECN and UKAEAdea a new
library UKCTRIII-AR2 [15] which contained renormaltion of a
large number of the UKCTRIIIA cross sections to exmental data
at 14.5 MeV [16] or to systematics. This librarysnssed for a series
of activation calculations, but it was recogniskdttit was far from
complete (many stable nuclides were missing, aedraéldionuclides
considered as targets was limited), based on simpledel
calculations and lacked a proper treatment of isanstates.

In 1985 Mannret al. produced a new activation library - REAC [17].
This substantially increased the number of reastimnabout 6,000
(although the number of targets remained at ab00).3This US
library was made available to ECN Petten (there wasipartite
collaboration between ECN, UKAEA and Hanford, steytin about
1986, which involved sharing of data librariesshbuld be noted that
REAC was a point-wise library and that the dataedéed to 40 MeV.
Another important difference from UKCTRIIIA was theeactions
such as (n,t) and (ngh) which produce the same daughter nuclide
were not lumped together. This is important if aatel calculations of
gas production are to be carried out.

Library development was continued at ECN by thecess of
renormalisation of REAC and the addition of data fadioactive

" The current name is NRG Petten.

Neutron cross sections: Issue 1,April. 2010
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targets. The new library was named REAC-ECN-1 [I8]e main
features of REAC-ECN-1 were:

* An additional comment line was included in REAC-ECNNote
that REAC had a single comment line; apart frons¢hnes both
files are in ENDF/B-5, MF=3 format. The MT reactiatentifiers
are adopted except that for production of isomstates, 300 (for
m) or 600 (for n) are added.

» The GAM-II group format file GREAC-ECN-1 is similéo that of
UKCTRIIIA except for the addition of the two comnielmes.
There are additional reactions so the ENDF MT nusibeve
been adopted, and then multiplied by 10 and the stue of the
daughter added.

« The aim was to include all radionuclides with, 1 day as
targets, in fact all the isomeric targets and a fpound state
targets were missing.

 Data values at 145 MeV were compared with avaslabl
experimental data, and renormalized if necessary.

» The branching ratios at 14.5 MeV were checked &nd ireliable
experimental data were available, the branching nats set to
0.5.

* Systematics at 14.5 MeV were taken from Qaim [1f] Kumabe
and Fukuda [20]. These were used to renormalized#ta from
model calculations.

Further work followed at ECN leading to the relea6&EAC-ECN-2
[21]. This corrected some errors and introduced sgstematics. The
main features are:

» The systematics of Forrest [22] were adopted fadpction of
charged daughters.

» The isomeric branching ratio was changed from 0.5 tvalue
determined by systematic formulae [23,24] that dedpen the
isomeric state spin of the daughter nuclide. Onlythe case of
(n,y) reactions did the general value of 0.5 remain.

* Isomeric targets were included; these had the saoss sections
as for the ground state.

* Some additional data sources were used for checlkind
renormalisation at 14.5 MeV.

The next library release by ECN was REAC-ECN-3 [2%his
contained 8,466 reactions in the energy range thletan20 MeV. Its
main features were:

* Checking and improvement of 51 important reactiamsich
produce long-lived radionuclides.

Neutron cross sections: Issue 1, April. 2010



EAF 5

» Addition of 6 short-lived isotopes.

At about the same time a new library, UKACT1 [2§,2Was
produced by UKAEA. This was based on the same RE#@ry, but
was only available in the GAM-II group structureused as a starter
fle GREAC-ECN-1, to which were added more targétsing
THRESH) so that all radionuclides with,, > 1 day had data (in
addition 34 nuclides with shorter half-life wereclimded where a
product formed by a single reaction is an importéng-lived
nuclide). Some features were:

* It included 49 first isomers and 4 second isomearsasgets, and
included all isomeric daughters with, ® 1s.

* All targets included capture reactions (althoughr feome
radionuclides these were estimated).

* Superelastic collisions were included (these refler (n,n)
reactions from an isomeric state to the grounct}tat

 Checks were made to ensure that none of the sthmdactions
from each target were missing.

* UKACT1 contained 8,719 reactions on 625 targets.

By 1989 it was realised that it was unnecessarysfarh parallel
library development at ECN and UKAEA to occur, sevas agreed
that UKAEA would maintain the decay data librarydahe inventory
code FISPACT, and that ECN would maintain the cresstion
library. UKAEA would continue to contribute to cmossection
development, but pass all data to ECN who wouldpsugroup
libraries to UKAEA. By such collaboration an actiea ‘package’
was developed.

This strategy led to the starter file for the Ewwap Activation File
(EAF-0) [28], although it is also referred to asAREECN-4 in some
ECN reports. Note that this was also the first digr that was
assembled by the SYMPAL processing code (albeiaty version
of SYMPAL with few of the features found in the dinversion [9]).
The main improvements in EAF-0 over REAC-ECN-3 were

» Addition of reactions on 142 targets (many of thesamers);
isomeric targets had thresholds correctly differeom ground
state target. All targets with.,I> 1 day included, giving 10,787
reactions.

* (n,n) reactions improved.
* (n,3n) cross sections near threshold adjusted.

* Renormalisation at 14.5 MeV improved.

Neutron cross sections: Issue 1,April. 2010
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EAF-1 (REAC-ECN-5) [29], was the first of the EAEres to be
widely used in activation calculations following itelease in March
1990. A clear statement of the EAF strategy is @ioed in a paper
presented in late 1989 [30], the main points are:

1.
2.
3.

Address the completeness of the library using ¥&iag tools.
Provide the library with a simple but complete utaaty file.

Carry out uncertainty estimation and sensitivitydsts which will
provide feedback on the quality of important reacsi

. Wherever possible, improve the quality in genersing more

advanced model codes.

The main features of EAF-1 were:

The number of targets was increased by demandiagy ah
radionuclides with 3, > 0.5 day had data.

Improvement of low-energy data, particularly foretlny) and
(n,n") reactions.

Inclusion of a provisional uncertainty file for irogiant reactions
covering the energy range thermal to 20 MeV.

Use of more high quality evaluated files.d. from the JEF
libraries).

Special evaluations for 101 important reactiong [g0both long-
and short-lived nuclides included.

The main emphasis for EAF-2 [31,32,33], which waleased in May
1991, was to carry forward the EAF-1 improvemenithvgpecial
emphasis on the {),reactions. The main features were:

11,855 reactions on 699 targets.
Use of some data from the international dosimelgyiRDF-90.

Use of error factors derived from systematics [RP]assess the
uncertainties for most of the reactions.

Use of new data for renormalisation at 14.5 MeV.

Group libraries in both GAM-II (100 groups) and WWIN-J
(175 groups).

EAF-3 [34,35] was released in May 1992, the maatifiees were:

12,899 reactions on 729 targets.

Addition of 60 targets in the actinide range (ACrm), the cross
section data including the fission channel.

Neutron cross sections: Issue 1, April. 2010
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v

Uncertainty file for all reactions in a 1 groupr@bkhold reactions)
and 2 groups (non-threshold reactions) structure.

(n,p) and (M) reactions with positiv-values were inspected and
revised in the thermal region.

(n,2p) reactions calculated by THRESH were inspkatel revised
in the 14.5 MeV region.

Use of more evaluated data (from EFF-2, ENDF/B-M dEF-2).

Improvements in the (y), data [36,37], including addition of the
pre-equilibrium component at high energies if absen

Use of energy dependent isomeric branching ratms (hy)
reactions.

Check of EAF values with experimental data at theeergies
(0.0253 eV, 30 keV and 14.5 MeV).

EAF-3.1 was released in mid 1993; apart from threection of minor
errors the cross section library remained the sasrteAF-3, the major
change was in the uncertainty file [38]. This wasbhstantially
improved, but the format remained the same.

EAF-4 [39] was released in March 1995, its mairidess were:

13,096 reactions on 734 targets.
Addition of 25 higher actinide targets (Ra - Fm).

Replacement of many of the data generated by THRE&H
either new evaluations or superior calculations.

Improvement of the capture reactions, especiallg #nergy
dependent isomer ratio.

Additional comparison and renormalisation to expental data at
14.5 MeV.

Branching ratio systematics were improved for thods reactions.

Use of all available evaluated data from EFF-2RDF-90, JEF-
2.2, ENDF/B-VI and JENDL-3 libraries. Use of datarh the
activation file ADL-3 [40].

Special care was taken with the reactions idedtifie particularly
important for the ITER project [41].

The uncertainty file contained more information €ory) and (n,f)
reactions. These were given in three groups raten the two
groups used previously. More experimental uncergsnwere
used to replace the generic values adopted frotaragdics.

The group-wise library was made available in twditdnal group
structures - WIMS (69 groups) and XMAS (172 groups)

Neutron cross sections: Issue 1,April. 2010
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» The ability to calculate sequential charged paticactions in
FISPACT was due to new EAF libraries developedZK.FSee the
FISPACT-2007 user manual [1] for details of thebeaties.

EAF-4.1 [42] was released in June 1995. This varsias the last
processed at ECN Petten. It corrected various eintroduced into
EAF-4.0 during processing. EAF-4.1 contained 12,8&&ctions on
736 targets. Note that for distribution to user$¢ydhe group-wise
libraries are released, these only contained dattafgets H - Cm, the
higher actinide data only appearing in the poirgenlibrary.

Work over the period 1995-1996 was devoted to tistallation of
SYMPAL at UKAEA and the further development of SYKE,
SAFEPAQ and EAF that enabled the production of tAEA
FENDL/A-2.0 [43] library.

EAF-97 [44] was released in the summer of 199¢ofitained data
for 12,469 reactions on 766 targets. Many new datarces and
experimental data [45,46,47,48,49,50,51,52,53] wesed in its
production. Special emphasis was put on improvitegactinide data
and the capture data [54]. However, erroneousgotation laws were
spotted when comparing plots of ENDF against PENIDE point-
wise data against group-wise files [55]. It wasided to modify
EAF-97 to correct the interpolation laws and EAF19%as produced
in January 1998. The corrections led to the madtion of the
interpolation law for 353 reaction channels in ploént-wise file.

During the period 1998 - 1999, extensive data walich work was
carried out. This contributed to the release of E®F[56] at the
beginning of 1999. It contained 12,468 reactions/66 targets and
while covering the same reactions as EAF-97.1 [lweefrom the
large amount of integral data generated as pdhteoEuropean Fusion
Technology programme. About 750 reactions were ifstgimtly
modified based on the integral data and experinhesdsa from
EXFOR. New data sources that were available inclindeRussian
dosimetry file (RRDF) and helium production librafidfEPRL-96)
[57], individual evaluations from IRK Vienna [58]nd data
corrections from LANL [59].

General improvements in thevlrfegion for non-threshold reactions,
additional calculations using NGAMMA, review of tkef) reactions
and improvement of the uncertainty file were alsceaa of
improvement in EAF-99.

Beginning in 1998 work started on the developmédna mew data
evaluation and processing tool. This was designedreplace
SYMPAL and SAFEPAQ and to use modern computer teiciyy.
SAFEPAQ-II [60] was designed from scratch usingatiehal
databases and interactive graphics. It runs onvén®us Windows
operating systems and thus has the advantage tdbgay (it has

Neutron cross sections: Issue 1, April. 2010
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been installed at JUKO Research and CEA Cadaraahg)of an
automatic logging system that enables good quasisprance (QA) to
be achieved. It is based on the ideas of SYMPALSABEPAQ, but
extends them and makes them more robust. A stadslgon was
available in 2000 and it was used in the produadbBAF-2001.

EAF-2001 [61,62] was produced in March 2001, altioua
maintenance release was also distributed in Decerab81. It
contained 12,470 reactions on 766 targets and ietdfom the
large amount of integral data generated as pdhteoEuropean Fusion
Technology programme. About 135 reactions were ifstgmtly
modified based on the integral data and experinhesdsa from
EXFOR. New data sources that were available incltlte IRK
evaluations of®Ni [63] and °Ni [64] and calculations by Mengoni
[65] on light nuclides. A new systematic forynat 30 keV was used.
The use of integral data to improve the activatliomaries was
becoming increasingly important. EAF-2001 was tinst to have a
formal validation report [66,67] bringing togethall the currently
available integral data in the form of effectiveoss sections and
comparing these with the library values.

New data sources, experimental and integral datae wall
incorporated in SAFEPAQ-II and the system was dgped and
tested further during 2001-2002; the outcome o work, in respect
of the neutron-induced cross section library, wesrelease of EAF-
2003 [68]. It contained 12,617 reactions on 774ets, and the most
significant improvement resulted from to the conmgar of integral
data with EAF-2001 [66]. A new systematic for (lmhwas used
[66], an improvement on the approximation usedarlier libraries.
Several new data sources [69,70,71,72,73] wereadaifor data
selection. Considerable effort was spent on the) (channel,
including the representation of missing resonanogsthe Single
Resonance Approximation (SRA) [2] for about 80 tiems.
Reactions on actinide targets was another areampfovement,
including SRA for (n,f) reactions on five targetsdachanges of data
source. About 77% of the actinide target reactioiese modified
using SAFEPAQ-II. Another innovation for EAF-200&sva Quality
score for each reaction indicating the experimestgport for the
reaction due to both differential and integral data

Although the EAF format is very convenient for useactivation
codes such as FISPACT, there are advantages tochdata in a
standard ENDF format. To answer this need EAF-2088 converted
to ENDF format and in this format was also ado@edhe activation
file for JEFF-3 [74]. The reasons for the convemsioto ENDF-6
format are threefold. First, it significantly enltas the JEFF-3
release by the addition of an activation file. S®;ao considerably
increase its usage by using a recognized, offiteaformat, allowing
use of existing processing codes and third to mtoxgards a
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universal nuclear data file in contrast to the entrseparate general
and special purpose files. The format chosen ferJBFF-3.0/A file
uses reaction cross sections (MF-3), cross sectiptiz10) and
multiplicities (MF-9). Having the data in ENDF-6rfoat allows the
ENDF suite of utilities and checker codes to bedusengside many
other utility, visualizing and processing codes. By change of
format the scope of application is widened fromidosto include
fission, dosimetry, inventories, depletion-transatioh and
geophysics. The next step is to include the EAFettamty data for
all channels into JEFF-3.0/A

All EAF libraries up to EAF-2003 have data in theesgy range up to
20 MeV. This value is sufficient for activation calations in fusion
devices, but an increasingly important concernhes design of the
IFMIF materials test facility. IFMIF [75] is an aelerator-based d-Li
neutron source that will give a neutron spectrurthwai high-energy
tail up to about 55 MeV. In order to include sucighhenergy
neutrons in activation calculations it was necesgar extend the
energy range of the EAF libraries. This was a m&gek, and prior to
the production of the EAF-2005 library, there wasst library, EAF-
2004 [76], produced to demonstrate the various ausththat was not
distributed to users. Further information on trpsoof-of-principal’
library is available in reference 77.

EAF-2005 [78,79] was released at the beginning 0052 As

mentioned above it was a significantly larger fitean previously
released as the pointwise data extended to 60 Mawl (the
groupwise data to 55 MeV). It contains data for68Z, reactions on
775 targets. The library size was 254 MB (compaced28 MB for

EAF-2003). It had been demonstrated in the prodoadf the EAF-
2004 test file that it was feasible to retain theiseng EAF

methodology. Specifically reactions continued tadlescribed by MT
numbers rather than the production of various ansooh daughter
nuclides. Additional (non-ENDF standard) MT valugere defined
with the consequence that 86 reaction types wesd us EAF-2005
compared to the 23 previously.

For reactions present in EAF-2003 it was decidedxtend the data
by using data generated with the TALYS model co8@] [by A.
Koning with global parameters. SAFEPAQ-II did thisask
automatically, renormalizing the high energy datatisat it fitted
smoothly with the EAF-2003 data at 20 MeV. In sooases the
necessary data were not available from TALYS, inciitase other
data were used. Secondly, reactions not presdeAi2003 but with
threshold below 60 MeV and values above a minimarpk) were
added to the reaction list. Another consequencedhef extended
energy was the need to extend the number of umtrigroups so
that non-threshold reactions had four while thré&sheactions had
one or two depending on the threshold energy.
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A number of new data sources were available:

» Evaluations by the CEA Bruyeres le Chatel on Ey [&id Rh
[82] isotopes’Sm and™®U [83].

» The latest release of the US library, ENDF-B/VEegse 8.

* The preliminary release of the US library, ENDF-B/V

* The intermediate energy library IEAF-2001 [84].

» The European JEFF-3.0 library [85].

* Maslov data for actinides [86].

» Calculations by V. Avrigeanet al.for Mo isotopes [87].

* The calculated library NRG-2003 prepared using TAL[88].

» The calculated library TALYS-5 prepared by A.J. kuan
covering the same range of targets as EAF.

The fivefold increase in the number of reactionsamehat it was
inevitable that some errors were present in EAPs20ese become
apparent during the integral validation and afteestigation with the
new method of statistical analysis of cross sesti@ACS) which is
described in detail in a later section. Conseqyeddta for 250
reactions were changed and a maintenance releAse2@5.1 was
distributed at the beginning of 2006. This alsotaored a preliminary
deuteron-induced cross section library [89].

EAF-2007 [7] was released at the beginning of 200Was produced
as the second generation of the high energy verdidhe activation

file, extending to 60 MeV, and so benefited frore tser feedback
from the first release. The library extension tghar energy was
tested thoroughly, demonstrating its usefulness alamving much

needed scooping studies to be carried out in thie émergy region. It
contains data for 65,565 reactions on 816 tardgje¢slibrary size was
264 MB. The new data sources available were:

e The latest beta release of the US library, ENDFB/V

* The European JEFF-3.1 library [121].

« Calculations by V.Avrigeanu et al. fdf*Ta and Hf isotopes
[177].

e The calculated libraries TALYS-6 and TALYS-6a preggh by
A.J. Koning.

e Evaluations by P. Pererslatsev et al. for W isatdp&8].

e The dosimetry library IRDF-2002 released by the ANE79].

* The JENDL high energy file [180]

* Files produced by the WPEC subgroup 23 for fisppooducts
[123].

Further discussion on the methods used to produeeEAF-2010
library are given in later sections along with dgg®n of new data
sources used in EAF-2010, such as the inclusionesi TALYS-
derived data and experimental data.
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Calculational tools

NGAMMA

The preferred source of cross section data is btleeeevaluated files.
However, for many nuclides (especially radioactomees) no such
source is available and cross sections must belletdéd. The code
THRESH [14] has been mentioned in the previousi@eand this

was widely used in earlier versions. Another simpiedel code,
suitable for mass-production runs, EXIFON [90], haen also used
in earlier EAF versions for the threshold reactigm&n), (n,3n), (n,p)
and (n¢t). Both codes are however, very unsophisticatedaanatder

range of tools are now preferred. In fact only tigactions remain
from EXIFON, the rest have been changed in EAF-2@10se data
calculated with the TALYS code.

Many of the older neutron-capture codes (FISPROSGAM [91],
MASGAM+SIG-ECN and NGAMMA [92]) are still applicabland
results from them still used for some foryjmeactions. NGAMMA
was used for many reactions in EAF-2001, -200305262007 and is
still used for some reactions in EAF-2010, althoaghmprovements
are made to the data TALYS data are being incrgbsumsed. The
NGAMMA code is described below for completeness.

Two approximations applied in the low energy resmearegion for
reactions with no threshold (such asy\n(n,f), (n,p) and (m)) are
outlined below. The Single Reaction ApproximatioBRA) is
described in an appendix of the SAFEPAQ-II man@glifs ability to
describe resonance integrals is demonstrated bdlogvLow Energy
Approximation (LEA), used for (n,p) and @), reactions is also
described.

The main calculational tool now is the code TALY&], which was
first used to a limited extent for EAF-2003, butig¥h has become of
major importance for the new high-energy data al@@evieV. For
EAF-2010 the results of global calculations with O¥S code,
labelled as the TALYS-6 and TALYS-6a data sourbase been used
by default for all threshold reactions where thare no experimental
data below 20 MeV. For such reactions renormabsaiib systematics
is only applied for a limited number of (n,p) anda( reactions. As
noted above data from these sources are used va@rdata for all
reactions with thresholds above 20 MeV. In gendoalan increasing
number of reaction channels, TALYS is now also usedlata below
20 MeV. The TALYS code is also decribed below. T#YS code
is also described below.

NGAMMA is based on the spherical optical model, tHau-
ser-Feshbach formula with width fluctuation cori@ct the exciton
model [93] and the unified model [94] in which ddarium and pre-
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equilibrium emission mechanisms are unified anduargnomentum
conservation is taken into account. This exactrmneat of pre-equili-
brium processes replaces the approximation byrsies as applied
in MASGAM. Besides the radiative capture channe& tlode also
handles the competing particle emissions, includiegtrons, protons
and alphas. The possibility to renormalize the udaton to
experimental data or to systematics is maintained.

The main input parameters are:

 EI1, M1 and E2 strength function models and giant reonance
parameters The generalized Lorentzian formulation [95] has
been adopted for the E1 resonance, except formefbnuclei in
the mass range above A = 150, for which the clak&rentzian
was used (based on conclusions in references 9@&ndThe
giant E1 resonance parameters have been taken droatent
report [98] and checked against the very recentpdation of
Varlamov [99]. If the experimental data on the Edngresonance
were missing, the value from the neighbouring tatgges been
extrapolated. The spin-flip M1 resonance has betoptad for
M1 radiation with the standard parameterization],[9be cross
section oy has been renormalized against the systematics (for
details see reference 92). The single-particle misdesed for E2
radiation.

* Optical model. Standard global neutron optical model parameters
of Moldauer [100], Wilmore-Hodgson [100], Buck-Pgre
[101,102] and Uhl [103] have been tested on sevatallei
ranging from A = 90 - 205 and the parameters of, ghling the
best results, were finally adopted for calculations

» Discrete levels and level densityDiscrete levels have been taken
from corresponding compilations published in Nucldaata
Sheets. The newly evaluated set of BSFG (backeshifermi gas)
level density model parameters of the Beijing gro(rpc-
ommended by the IAEA RIPL/CRP) [104,105] have besed. In
cases where no data were available, an extrapastedate from
systematics was applied.
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SRA

LEA

TALYS

The Single Resonance Approximation was introduce&AF-2003.
The physical idea was to represent the large tHecroas section (>
10 b) of some reactions by one strong resonancerisyposed on a
1N background. The advantage of this method is thesipoity it
gives to reproduce the resonance integral in @betay than the ¥/
component alone. A full description of the methad given in
Appendix 5 of the SAFEPAQ-II user manual [2].

The Low Energy Approximation (LEA) is a method oéiding
resonance data to (n,p) ando(nreactions based on the resonances in
the (ny) file. A full description of this method is given Appendix 6

of the SAFEPAQ-II user manual [2].

TALYS [80, 170] is a computer code system for thedgction and
analysis of nuclear reactions. TALYS simulates tieas that involve
neutrons, gamma-rays, protons, deuterons, trittveipns, alpha-
particles and fission, in the 1 keV - 200 MeV ernergnge and for
target nuclides of mass 12 and heavier. This isiesed by
implementing a suite of nuclear reaction model® iatsingle code
system. It enables the evaluation of nuclear reastifrom the
unresolved resonance region up to intermediategerserGenerally
TALYS can be used in two distinct ways:

e Carry out a very detailed calculation with varioasljusted
parameters and choices for nuclear models, so spatific
experimental data for one target nucleus are rejoextl

» For the large scale, default calculations for manglides, in which
case adjustment to experimental data is impossiblefor the
moment, not practical.

While the first method is generally used for detdilisotopic
evaluations, it is clear that for activation libesr with many
thousands of reactions the second method mustdae us

All results are created using a script which rudd YS with default

input parameters. This means that the data frorh sucalculation
have not been tested against individual experinheddta for each
isotope, therefore they are only as good as theatjlparameters
available as input to the TALYS code.

The main nuclear models and methods used in TALPéS a

Optical model calculations are performed with the optical model
potentials (OMP) of Koning and Delaroche [106]. Flompound
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nucleus reactions the model of Moldauer, i.e. the Hausshbach
model corrected for width fluctuations, is used.

Coupled-channels calculations are automatically invoked when a
coupling scheme is available. For thewel density, the composite
formula proposed by Gilbert and Cameron, consistihg@ constant
temperature law at low energies and a Fermi gasesgn at high
energies is applied.

Energy-dependent shell effects are included. Gamma-ray
transmission coefficients are generated with the Kopecky-Uhl
generalized Lorentzian for strength functions. poe-equilibrium
reactions, which become important for incident gies above about
10 MeV, the two-component exciton model is used.ltidlie pre-
equilibrium emissions up to any order of partiak@gsion is included.

Further details on TALYS and how to obtain it cam found at the
websitewww.talys.eu

The Master database

The library development tool SAFEPAQ-II containsesal relational

databases that contain data required in the caistnuof the EAF

libraries. The Master database contains data fdr e=quired reaction
taken from the original data sources, in cases evliee reaction is
split but the original data are for the total, th&al is used for each
split reaction. The data thus require many modifece to be carried
out systematically before they can be used in H2d€h original data
source was converted into a source database anthé entries in the
source databases that are selected and used iarMast

The sequence of modifications that is applied tstdiain the process
of producing the Final database is fully descritvethe SAFEPAQ-II
User manual [2]. These include the checking @fvalues and
thresholds, identification of reactions with sugpeaterpolation laws
and removal of data points above 60 MeV. The bragcland
renormalisation are largely automatic, using datshe tables of the
Parameter database. This contains all the releleaty data extracted
from the EAF decay data library such as isomeriasspSpins are
required during the branching process and SAFEP/Qtbmatically
ensures that these are consistent in the decayceos$ section
libraries.

The original data in Master are not changed in avay; all

modifications are applied to a copy held in Fiffdlis means that the
Master data are available at any time to be vised|i they can be
compared with EXFOR data, other data sources atidRinal data as
the various modifications are progressively applifda new data
source is required for a particular reaction tremetools available in

Neutron cross sections: Issue 1,April. 2010



16 EAF

SAFEPAQ:-II to change the source in Master, crdaentodifications
and apply these to generate the Final data.

The Parameter database

The Parameter database contains all the informatiandescribes a
particular version of an EAF library. The list adactions and their
sources that is included in the library, the li$t nuclides, their
sources and properties and the set of experimerftaination that
can be used to renormalize or split a particulassrsection. These
values are stored in a series of tables that aseribed fully in
reference 2, but the most important are listedvétoshow the range
of data.

* Energy boundaries of the group schemes.

» Systematic branching ratios as a function of spin.
» Decay data for all nuclides.

» Systematic error factors for reaction types.

* Experimental data at 25.3 meV, 30 keV and 14.5 MeV.
* Integral data in various neutron spectra.

* Log of all data changes.

* Pre-modifications and modifications.

» List of nuclides contained in libraries.

» List of reactions contained in libraries.

» Literature references.

* Resonance integral data.

* Neutron spectra data.

» Cross section systematics.

* Summaries of data in Final.

* Uncertainty data.

* Nuclide masses from Wapstra.

* Known biological hazard, Aand clearance values.
* Details of the progress of library processing.

Cross section systematics

Cross section systematics at various energieslgebraic formulae
derived from the analysis of experiments that pie\a type of ‘semi-
experimental’ information. They can be used to pidge quality of
calculated or evaluated excitation curves and whrperimental data
are absent can also be used for renormalizationnk Wi testing of
EAF-2007 and EAF-2010 using the SACS methodology led to

new insights on the validity of the systematicsm®oof the basic
observations and recommendations are listed below:

14.5 MeV systematics H the 14.5 MeV energy range is close to or at
the maximum of the excitation curvess can be safely used for
validation as well for the SAFEPAQ-II renormalizatimodifications
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(RN-SYS). However, for many reaction channels feexher mass
targets or for targets with large asymmetries, Y45 MeV energy
range is in the beginning of the steeply raising pathe excitation
curve and in such casesys should be used only for comparison with
the library data but never for renormalization. &hsn this argument,
the following recommendations are made concernasgrictions for
renormalization of the major reactions channels:

* (n,2n), (n,rp) and (ny) for all masses

* (n,p) and () reactions for targets withA > 130 should always be
checked against th@,.4(S) SACS analysis,

* (n,d) reaction only for targets wit< 0.1
* (n,na), (n,t), (n,h) and (n,2p) not at all.

30 keV (ny), 3 MeV (n,n") and 20 MeV systematicscan be used
only as indicative information for eventual mod#ions. The
uncertainty factors of these systematics are l1grd€0%).

Use of RN-SYS in EAF-2010- The usage of this modification for
EAF-2010 was less than in previous libraries. Itswalso used
selectively for a large number of (n,p) andx{eaction data in order
to decrease the slight systematic overestimatidadnim the TALYS
calculations. Again, this was always done in coratan with the
Omax(S) SACS analysis.

14.5 MeV systematics

(n,p)

The SAFEPAQ-II code contains information on the teysmtic
formulae at 14.5 MeV; these are listed below féenence.

In the formulae belows is the asymmetry parameter of the target
nuclide = N-2)/A and all the cross sections are in mb. Note that th
(n,2p) formula was new for EAF-2001 and the ‘@)rformula was
new for EAF-2003. Starting with EAF-2005, SAFEPAKbntains
the option to use either the standard or an alterset of systematics
for the (n,rp+d) and (n,t) reactions. This is noted below whibie
alternate formula is given. The standard formula loa found in the
EAF-2003 report [68].

The systematics of Forrest [22] and Doetzal. [107] are used:

0,, = TB5T(A" +1)” exp(-2880s— 5924s” + 0.2365A* ) Z= 40
T, = 23659 A" +1)* exp(- 230415 +5°)) Z< 40
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(n,a)

The systematic of Majdeddet al.[108] is used:

0., =150678 A" +1)? exp(2755(s + %))
(n,d+n P), (n,d) and (n,n )

The systematics of Forrest [22], Kopecky [109] &whobeyev [110]
are used:

For light nuclei: $§< 0.125)

0,4 = 994exp(-011s)
O o = 9009( A +1) ?{1- 0.4828tanh¢ +1)} exp(-523s-1357/ A)

For heavy nuclei:g> 0.125). Note that foo,q the alternate form is
shown.

0,4 = 53066 A"° +1)*A™3(-1912s+0.011134 / A"* +0.30797°
Oppra = 9009(A”® +1) {1~ 0.4828tanh§ +1)} exp(-523s-1357/ A)

¢ Is the difference between the proton and neuteparstion energies.

Finally o,,, is for both cases calculated 88, =0, .4 —0,4

If this formula has a value less than or equaket@ zhen the following
alternative is used:

Tonp = 010,

(n,9)

The systematic of Konobeyev [110] is used; noteuthies areub and
that the alternate form is shown:

o, =5306QA"° +1)°A""(-0.35627% 0.00451182A " + 0.047995+ A)*

with A =0 for even-even target nuclei,
A=477740%* —-1.0881A7Y? for oddA target nuclei and
A =9.5548A°%4 — 2.1762A7Y? for odd-odd target nuclei.

(n,n d)

An approximate value is used; note that the stahttam for (n,t) is
used:
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0,4 = 010,

Thus using the formula given in reference 68:

_ [0.1516 A +1)? exp(- 24355+ 0.2670A"?), Aeven
"] 44021exp(- 2050%%), Aodd

(n,h)
The systematic of Lishagt al.[111] is used, note the units aue:

0., = 075(A" +1)? exp(- 1133%)

(n,n)
The systematic of Vonach [24] is used. This is hatda table of

values for various isomeric spins, and no analybemula is
presented.

N,y

The systematic of Kopeclet al.[29] is used:

o,, = 118-113exp(-0.01338")

(n,2n)
The systematic of Badikost al.[114] is used, note that this is only
valid if A< 210:

0, = ATO15 AY® +1)° (1- 3.9777exp(- 241165))

(n,2p)
The systematic of Kopecky [61] is used, note thigsuarepb:

0z, = 4849eXp(=299s)

Note that recent experimental data suggests that meeviously
available data were upper estimates and thus tlséersgtic is
overestimated. Consequently it was not used foorrealisation in
EAF-2007, but was still used for validation.

(n,n"a)
The systematic of Kopecky [68] is used:
O, = 1748exp(242s)
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3.0 MeV systematics

(n,n?)
The systematic of Shimizet al.[112] is used:
o, = (A" +1)% exp0110¥° + 0.0686A + 421)

whereA is the difference between the isomer and grouat Spins
(Im —Jy). This systematic was introduced in EASY-2007.

20.0 MeV systematics

The systematics of Konobeyev [110] are used andbeaapplied for
A > 40 target nuclei. They have been obtained on kasis of
calculated cross sections for 245 stable nucldi 4t <A < 209.

(n,n p)
O = 53066 AY® +1) Y A¥3(-2.709gs+ 1.5/ A) +0.67115% +
+exp[F496.74(s+15/ A)? + 48162s+15/ A) -1.6714}
(n,p)
g, = 53066(A"° +1)? exp[- 47384(s +1/ A)® - 2.3294s+ 05/ A) -
-0.1040%2 / AV®-2.3483] if Z<50
g, = 53066(A"° +1)?(-1.2477(s+1/ A) + 0.4087)° if Z=50
(n,d)
0., = 53066 A" +1)* A"3(-1.31075+ 0.001916Z / A*° + 0.4849)°
(n,t)
Note the units argb,
o, =53066A"° +1)°A™° (-0.1506s+ 0.000306ZA"" + 0.19566+ A)*
with A =0 for even-even target nuclei,
A =0.89317A"%% - 0.10839A Y2 for oddA target nuclei and
A =1.78634A%* —0.21678A Y2 for odd-odd target nuclei.
(n,a)

o,, = 53066 A" +1)2 exp[- 37317(s+1/ A)? - 7.2027(s+ 05/ A) -
-0.2266% / AY?-2.027] if Z<50
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30.0 keV systematics

The SAFEPAQ-II code contains information on the teysmtic
formula at 30 keV for the (y), reaction, this was a new systematic for
EAF-2001 derived by Kopecky. Details of its derigatare presented
in reference 61 and 172.

N,y

The systematic of Kopecky is used:
g,, =C,(au)=

Values ofa are stored in a table in the Parameter databasafmus
values of number of neutronsl)( U is defined in terms of th&-
value and the pairing energies by=Q(n,y) —P(Z) -P(N). The
pairing energies are given in the same Paramdi&e. tealues of the
fitting parametersC; and C, depend on whether the number of
protons Z) is odd or even.

C,=8.236 x 16, C, = 4.827 Z odd

C,; =6.995 x 10, C, = 4.287 Z even

Non-elastic systematic

The SAFEPAQ-II code contains information on the teysmtic
formula for the non-elastic cross section for iecitl neutrons with
energies between 1 and 50 MeV.

In the formula belowA is the target masg is the neutron energy in
MeV and the cross section is in mb. Note that tbismula was new
for EAF-2005.

The systematic of Chatterjeeal.[113] for 1 <E <50 MeV is used:

0. = BLOSA™® - 2591)E +342A"% + 2189A%"° + (0223A*"° + 0673A%"° +6174)/ E

nonel —

Error factors

Related to the systematic formulae are values efettor factor f
which quantify how well the systematic fits the exmental data.
The error factor derived from the systematics edus the generation
of the uncertainty file if no experimental data asailable. Table 1
lists the error factors used in SAFEPAQ-II. Sevéaators have been
reduced (indicated by *) for this EAF-2010 releasecomparison
with EAF-2007.
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Table 1. Error factors derived from systematics.
Reaction Systematic Error factor f)
(n,n) Vonach [24] 2.0
(n,2n) Badikov [114] 1.4
(n,3n) Estimate 1.8*
(n,4n) Estimate 2.0*
(n,na) Estimate 2.0*
(n,d) Forrest [22] 2.0*
(n,np) 2.0
(n,t)+(n,rd) Forrest [22] 1.6
(n,n't) Estimate 3.0*
(n,nh) Estimate 3.0*
(n,f) Estimate 2.0
(ny) Kopecky [29] 1.5
(n,p) Forrest [22] 15
(n,h) Lishan [111] 1.9
(na) Madjdeddin [108] 1.6
(n,pa) Estimate 3.0
(n,2p) Estimate 3.0
(n,n2p) Estimate 3.0
(n,20) Estimate 3.0
(n,3a) Estimate 3.0
(n,2np) Estimate 3.0
(n,2nd) Estimate 3.0
(n,pd) Estimate 3.0
(n,pt) Estimate 3.0
(n,cor) Estimate 3.0
(n,3m) Estimate 3.0
(n,3rip) Estimate 3.0
(n,N2a) Estimate 3.0
(n,d2x) Estimate 3.0
(n,t20) Estimate 3.0
(n,n3a) Estimate 3.0
(n, Nd2a) Estimate 3.0
(n, nt2a) Estimate 3.0
(n,2n2x) Estimate 3.0
(n,2ra) Estimate 3.0
All remaining Estimate 3.0
‘high-energy’
reactions

*modified error factor in EAF-2010

Branching ratio

The splitting of a total cross section between ispmdaughters is a
major data adjustment task carried out by SAFEPA®-at least two
experimental values are available at 14.5 MeV (@b total of three:
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Orwt, Og andop), then the branching ratio can be deduced andeappl
to the total cross section.

Table 2. Branching ratiob(= on/(0g+ 0m)) as a function of the
isomeric state spinjg).

Single-particle| (ny) reaction| Multi-particle
Jm emission at | at 0.0253 eV| emission at
14.5 MeV 14.5 MeV
0 1.90E-01 4.20E-01 1.40E-01
0.5 2.40E-01 5.00E-01 2.00E-01
1 3.10E-01 6.00E-01 3.10E-01
15 3.90E-01 7.00E-01 4.40E-01
2 4.80E-01 8.00E-01 6.00E-01
2.5 7.50E-01 7.50E-01 7.70E-01
3 6.70E-01 6.90E-01 7.50E-01
3.5 6.70E-01 4.90E-01 7.50E-01
4 6.40E-01 3.50E-01 7.20E-01
4.5 6.00E-01 2.50E-01 6.70E-01
5 5.20E-01 1.80E-01 6.20E-01
5.5 4.40E-01 1.30E-01 5.60E-01
6 3.80E-01 9.60E-02 5.00E-01
6.5 3.00E-01 6.20E-02 4.40E-01
7 2.20E-01 4.00E-02 3.90E-01
7.5 1.60E-01 2.50E-02 3.30E-01
8 1.10E-01 1.60E-02 2.80E-01
8.5 7.50E-02 1.00E-02 2.30E-01
9 5.00E-02 6.20E-03 1.90E-01
9.5 3.40E-02 3.80E-03 1.55E-01
10 2.20E-02 2.30E-03 1.15E-01
10.5 1.40E-02 1.50E-03 9.00E-02
11 9.00E-03 9.50E-04 6.70E-02
115 6.00E-03 6.30E-04 4.80E-02
12 4.00E-03 4.00E-04 3.40E-02
125 2.60E-03 2.40E-04 2.30E-02
13 1.70E-03 1.60E-04 1.60E-02
13.5 1.10E-03 1.00E-04 1.10E-02
14 6.80E-04 6.70E-05 7.80E-03
145 4.80E-04 4.20E-05 5.00E-03
15 3.00E-04 3.00E-05 3.30E-03
15.5 1.80E-04 1.80E-05 1.90E-03
16 1.20E-04 1.20E-05 1.00E-03
16.5 7.68E-05 7.58E-06 8.03E-04
17 4.93E-05 4.99E-06 5.09E-04
17.5 3.17E-05 3.25E-06 3.19E-04
18 2.04E-05 2.13E-06 2.00E-04
18.5 1.32E-05 1.39E-06 1.26E-04
19 8.47E-06 9.14E-07 8.08E-05
19.5 5.42E-06 5.81E-07 5.12E-05
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Q-values

Single-particle| (ny) reaction| Multi-particle
Jm emission at | at 0.0253 eV| emission at
14.5 MeV 14.5 MeV
20 3.52E-06 3.83E-07 3.35E-05

In cases where no experimental information on creEsstions to
ground or isomeric state is available, branchirg reystematics are
used. The original systematics of neutron-inducedmier cross
section ratios at 14.5 MeV [23], based on simpalifi&GNASH

calculations have been revised. This revision waseth on recent
experimental data and results of model calculatj@d$,116,117]. It
is applied to all threshold reactions at 14.5 MeVhe new
recommended values are listed in columns 2 andléble 2.

In order to account more accurately for the spatyfi of the
branching ratio for radiative capture (thermal aesonance regions)
and its strong energy dependence, the followingaggih has been
adopted. Two branching ratios, one for the therara resonance
range b.) up to energyey (end of resolved resonance range) and one
for the high-energy rangéy), have been adopted.

For the low-energy range all available experimenitia at thermal
energies were used and the derived branching vedéi® assumed
representative for this energy range. Further systies have been
derived from these data by a simple eye-guide phaoee[118] and
the recommended values are given in column 3 ofeTab

For the smooth high-energy part, starting from émergyEy, the
systematics for one-particle emission in Table 2Yehaeen used. The
energy dependence of the branching ratio foy) (systematics has
been introduced in the following way. The valudpfs kept constant
up to Ey and then linear interpolation is used to conneith e by
value at 14.5 MeV. This approach has been testaihstga few
rigorously evaluated branching ratios [115,116,1fp#duced with
the code GNASH and there is reasonable agreement.

The procedure which calculates the reacti@ivalues and energy
threshold uses data from the Audi-Wapstra massssxtable [119].
This table covers 2,655 nuclei and is supplememtital the Duflo-
Zuker empirical mass formulae [120] when the nudkinot exist in
the table (for 64 nuclei). It should be noted tf#@AFEPAQ-II
generate-values and threshold energy modifications autarahyi.
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High-energy data

Introduction

Versions of EAF prior to EAF-2005 were developennarily for use
in calculations of fusion devices. For such appice the upper
energy limit of 20 MeV is sufficient. However, iah been recognised
that the materials testing that is foreseen asssacg in parallel with
ITER, using proposed devices such as IFMIF [75]ansethat this
energy limit needed to be raised — this was don&fAF-2005. The
IFMIF facility will be a d-Li device with deuterorasccelerated to 40
MeV impinging on a flowing Li target and generatiag intense
neutron field by a stripping reaction. It is exmetthat the neutron
spectrum will contain a significant number of neas above 20
MeV, probably as high as 55 MeV. To enable actoratalculations
to be carried out for IFMIF, EAF needed to be edtzhto handle
neutrons with energies > 20 MeV.

The first decision to be made was the value ofriéa@ upper energy.
By limiting this to 60 MeV it was judged possible ftetain the same
methodology as previously used. Such an energydexjuate for
IFMIF but would not be large enough for applicasosuch as
incineration of nuclear waste using acceleratorsceSIFMIF was the
primary application this limit was judged suitaldad this value is
also used within the EFDA, F4E specification of therk. At
energies above 20 MeV many new reaction types wmngl the
emission of multiple particles are possible. Enwatieg all these
explicitly becomes impractical as the energy bectoe large. It was
demonstrated with EAF-2005 that the use of a licthiteamber of new
reaction classes for EASY was feasible, and theesammat is used
for EAF-2007 and EAF-2010.

Although there are some measurements and evallibtades with
data > 20 MeV, these are rather sparse and foruecesf cross
section data at high energies it is necessarylymrecalculation. For
this we have rely on the TENDL [175] library prog@ugy the TALYS
code system [170]. This is a very versatile systemabling the
production of a wide range of data using a uniBetl of models but
also formats.

Table 3. High energy reaction type in EAF-2010

Reaction type MT number Reaction type MT number
(n,2nd) 11 (n,5nd) 170
(n,n"3a) 23 (n,6nd) 171
(n,2n2x) 30 (n,3nt) 172
(n,n'd2a) 35 (n,4nt) 173
(n,n't2a) 36 (n,5nt) 174
(n,3np) 42 (n,6nt) 175
(n,n"2p) 44 (n,2nh) 176
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Reaction type MT number Reaction type MT number
(n,n"pa) 45 (n,3nh) 177
(n,30) 109 (n,4nh) 178
(n,t20) 113 (n,3n2p) 179
(n,d2) 114 (n,3n2x) 180
(n,pd) 115 (n,3npm) 181
(n,pt) 116 (n,dt) 182
(n,da) 117 (n,ripd) 183
(n,5n) 152 (n,fpt) 184
(n,6n) 153 (n,fdt) 185
(n,2nt) 154 (n,fph) 186
(n,ta) 155 (n,ridh) 187
(n,4np) 156 (n,fth) 188
(n,3nd) 157 (n,n'ta) 189
(n,n"da) 158 (n,2n2p) 190
(n,2nm) 159 (n,ph) 191
(n,7n) 160 (n,dh) 192
(n,8n) 161 (n,ha) 193
(n,5np) 162 (n,4n2p) 194
(n,6np) 163 (n,4n2x) 195
(n,7np) 164 (n,4nm) 196
(n,4m) 165 (n,3p) 197
(n,5m1) 166 (n,A3p) 198
(n,6m) 167 (n,3n2pm) 199
(n,7m) 168 (n,5n2p) 200
(n,4nd) 169

The newly allocated MT numbers, from 151 to 20(@valdescribing
reactions with up to 8 emitted particles and cqoesl to a set of
unallocated number in the ENDF-6 format.

EAF-2010 production

Data origin

EAF-2010 was generated starting with the informmatmresent in
EAF-2007. Data were then changed based on new esurnd
experimental data. The new data sources available a

» The latest release of the US library, ENDF-B/Vlla.

* The latest European JEFF-3.1.1 library [121].

 The calculated libraries TENDL-2009 [175] and TALY%3
covering an even wider range of targets than EAF.

* The JENDL/AC and beta release of JENDL-4 [122].

» Files produced by different CRP and WPEC subgr¢iip3].
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Summary of reaction types

It is useful to show how the reactions in the ligraan be divided
into different categories; a number of relevantistias are given in
this section. Firstly, the data origin - the nentroross sections
included in EAF come from numerous sources havenying levels
of quality and formats.

Table 4. Origin of data in EAF-2010.

Data Source Number of reactions
ACTL 2
ADL-3 269
ADL-3/I 5
BRC 1
BROND-2.2 2
CRP 8
EAF-2007.0 1
EFF-2.4 56
ENDF/B-VI 26
ENDF/B-VI(MDF) 4
ENDF/B-VI.7 13
ENDF/B-VI.8 11
ENDF/B-VII 21
ENDF/B-VII.O 2
ENDF/B-VII.2 19
ENEA(MENGONI) 4
ESTIMATE 10
EXIFON 2
FEI 5
FENDL/A-1 11
FISPRO 9
HEPRL 9
IEAF-2001 41
IRDF-2002 3
IRDF-90.2 11
IRDF-P 4
IRK 32
JAERI 3
JAERI(MDF) 11
JEF-2.2 321
JEF-2.2(MDF) 5
JEFF-3.0 4
JEFF-3.1 3
JENDL-3.1 54
JENDL-3.2 72
JENDL-3.2/A 55
JENDL-3.2/A/l 1
JENDL-3.3 68
JENDL-99D 1
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Data Source Number of reactions
KOPECKY-2000 4
LANL 4
LANL(HERMAN) 7
LANL-2000 10
MASGAM 363
MASLOV 4
MENDL-2 1
NGAMMA 15
NRG-2003 1
SIG-ECN 1
SIGECN-MASGAM 68
TALYS-5 489
TALYS-5a 578
TALYS-6 — TENDL-2009 6353(
WIND 2
Total 66256

It will be noted that in Table 4 some sources don(®IDF) in the
label, e.g. JEF-2.2(MDF). Usually it is possibleréproduce data in
EAF-99 by using the original data source and thpplyeng the
standard modifications. However, in a few casesgea have been
made in previous EAF versions that are not fullcutoented. In
these cases data have been extracted from the BAFG (Master

Data File).

Table 5. Reaction types in EAF-2010.

Reaction Type

Number of reactions

(n,n)
(n,2nd)
(n,2n)
(n,3n)
(n.f)
(n,Ma)
(n,n3a)
(n,2m)
(n,3rm1)
(n,np)
(n,N2a)
(n,2n2x)
(n,nd)
(n,nt)
(n,nh)
(n,nd2a)
(n,Nt2a)
(n,4n)
(n,2np)

266
1096
1069
1092
102
1071
339
1059
1061
1090
888
998
1117
1106
1042
345
251
1028
1105
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Reaction Type Number of reactions
(n,3np) 1095
(n,N2p) 1022
(n,Npa) 989
(ny) 1064
(n,p) 1079
(n,d) 1091
(n,t) 1117
(n,h) 1031
(n,a) 1058
(n,20) 631
(n,30) 160
(n,2p) 989
(n,pa) 767
(n,t20) 184
(n,d2x) 197
(n,pd) 992
(n,pt) 571
(n,do) 736
(n,5n) 961
(n,6n) 847
(n,2nt) 1101
(n,ta) 727
(n,4np) 1084
(n,3nd) 1089
(n,nda) 977
(n,2nm) 1060
(n,7n) 551
(n,8n) 216
(n,5np) 1001
(n,6np) 740
(n,7np) 210
(n,4m1) 1004
(n,5m) 906
(n,6ro) 668
(n,7m) 249
(n,4nd) 1010
(n,5nd) 818
(n,6nd) 321
(n,3nt) 1037
(n,4nt) 948
(n,5nt) 629
(n,6nt) 182
(n,2nh) 1055
(n,3nh) 1048
(n,4nh) 990
(n,3n2p) 1051
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Reaction Type Number of reactions
(n,3n2x) 1006
(n,3nm) 1074
(n,dt) 353
(n,npd) 1028
(n,npt) 880
(n,ndt) 750
(n,nph) 499
(n,ndh) 336
(n,n'th) 216
(n,nta) 977
(n,2n2p) 1040
(n,ph) 258
(n,dh) 138
(n,ha) 266
(n,4n2p) 1001
(n,4n2x) 825
(n,4nm) 982
(n,3p) 194
(n,N3p) 324
(n,3n2m) 287
(n,5n2p) 444
Total 66256

The entire EAF-2010 reaction list is given in Apgend4. It contains
target and daughter state, data origin informatiQuoality scores,
types of modifications and the number of data goiat each reaction
stored in the EAF-2010 point-wise file.

Secondly, the reaction types - 86 different reactypes can be found
in EAF-2010 and these are listed in Table 5. Thera very large
increase over the 23 types in EAF-2003. All kineoadly allowed
reactions below 60 MeV are specified for each targetope, 691
more reaction than in EAF-2007. These include tioksreactions as
well as certain break-up channels on light nu@ab target isotopes,
for which all the major reaction types exist, aregent in the file.

If new, i.e. short-lived or exotic, isotopes are to be includsdargets,
it is important to ensure that data are included dtb the major
channels. As a general rule including data for amlgubset of the
reaction channels is of limited use, and can leadincorrect
conclusions when used for inventory calculations.

EAF-2010 (n, )) reaction

Improvements to the neutron capture data have beecentrated in
the following areas:

» Changing the data source and improviiygandEy values
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* Improved 1Y region renormalisation based on C/E data.

It is useful to show how the ), reactions can be divided into
different categories, and a number of statistios given in this

section. Firstly, the final states of the EAF-200y) reactions are

split as shown in Table 6.

Table 6. Numbers of different final states in EAFLQ.

Reaction FS=0 FS=1 FS =2 Total
(ny) 812 230 22 1064

Every target leads to an FS = O state. Note tleakthre 816 targets in
the EAF-2010 library, however there are noj\neactions forH, “He,
2’py and®’Es. Hence a total of 812 target isotopes in theatib
undergo a (1y) reaction. The (y) cross section data are from a range of
sources, and the number of reactions from eadmoars in Table 7.

Table 7. The number of capture reactions from e@tha source in EAF-2010.

(n,y) Data Source Number of Reactions
ADL-3 2
BROND-2.2 2
EFF-2.4 7
ENDF/B-VI 16
ENDF/B-VI(MDF) 2
ENDF/B-VI.7 8
ENDF/B-VI.8 4
ENDF/B-VII 19
ENDF/B-VII.2 6
ENEA(MENGONI) 4
FISPRO 9
IEAF-2001 1
IRDF-P 3
JEF-2.2 249
JEF-2.2(MDF) 3
JEFF-3.0 1
JEFF-3.1 1
JENDL-3.1 40
JENDL-3.2 30
JENDL-3.3 36
KOPECKY-2000 4
LANL 4
LANL-2000 10
MASGAM 363
NGAMMA 15
SIG-ECN 1
SIGECN-MASGAM 68
TALYS-5a,-6, -6a 155
All 1064
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EAF-2010 (n, )) evaluation tools

Different evaluation tools and model codes havenhesed to generate
the data that are lacking from the available maealuated data
libraries. They are: TALYS, FISPRO, MASGAM and MAS®E +
SIG-ECN which are described above and in more ldetegéference 54.

Several new evaluations were performed using thde &GAMMA for
EAF-2001; a few of these data are still used in 28EO. The code
NGAMMA [92] was adopted for fast calculations ofy)ncross sections
in a similar way to MASGAM. Many input parameteoptical model
parameters, level densities, gamma-ray strengtlcttibms) can be
prepared from available global systematics or amputted manually
using local parameters.

The non-threshold reactions yn,and (n,f) should contain resonance
data. While this is the case for important targetany targets do not
have this information. In cases where experimenégbnance data
exists it has been possible to add a single s-wes@ance at a suitable
energy so that the correct resonance integral emliained. This
Single Resonance Approximation (SRA) is describdealva (page 14);

it has been applied to some reactions in EAF-2010.

EAF-2010 actinide targets

The content of the EAF-2010 actinide sub-file imida 102 targets,
ranging from*'Rn up to®*'Fm. Only minor improvements have been
made in this sub-file in the production of EAF-200here are 5,936
reactions in EAF-2010 on actinide targets comp#oesl 865 in EAF-
2007.

Data sources have been changed for most targeteraly to
TALYS-6a or TENDL-2009. The data sources and reactypes for
the actinide targets are listed in Table 8. Theltieg) sub-file can be
claimed to be the most complete evaluated actidade file available.

Table 8. Origin of actinide data in EAF-2010.

Data Source Number of reactions
ENDF/B-VI 3
ENDF/B-VI.7 1
ENDF/B-VI.8 1
ENDF/B-VII.0 2
ENDF/B-VII.2 11
ESTIMATE 10
EXIFON 1
JAERI 3
JAERI(MDF) 11
JEF-2.2 22
JEF-2.2(MDF) 3
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JEFF-3.0 2
JEFF-3.1 1
JENDL-3.1 29
JENDL-3.2 13
JENDL-3.3 43
KOPECKY-2000 2
MASGAM 6
MASLOV 4
NGAMMA 10
TALYS-5,-5a,-6 323
TALYS-6a — TENDL-2009 5426
WIND 2
Total 5936

EAF-2010 reaction nomenclature

A notation is adopted for describing reactionshie EAF library, the

format of which is best illustrated by taking araeple. Consider the
(ny) reaction from a target of indium**"n, which is initially in the

first isomeric state and leads to a final firstnswic state. The
MASGAM code has been used to evaluate the cros®sec

The two EAF title lines are:

IN*114N,G* MASGAM <0>
: : : Quality score<- +
| | +- > data origin

: |+ > describes the FS

|+— > describes the IS

MASGAM,; A[l)JUST [14, 13, 4, 6, 3]

| +- > modification codes

|
|
|
| +- > first modification type
|

+

- > data origin

IS (Initial State) refers to the target nuclidetstavhile FS (Final
State) describes the state of the reaction pro@ussible notations of
the isomeric states are shown in Table 9.

Table 9. Notation of isomeric states.

Value (IS or FS) | EAF notation State
0 or 99 - Ground state or total
1 * First isomer
2 # Second isomer
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Next the data source is given, which in the aboxangle is

MASGAM. A complete list of the data origins usedbiald the EAF-

2010 library is given in Table 4, which identifieach source library
or processing code which was used to calculatertes section. The
second line repeats the data source and then appdddional text to
indicate further processing of the data. Curretitly possible strings
are:

« ;ADD ( forMod Type =1, 11, 12, 16)
e ;SYST ( for Mod Type = 2)

e EXP (  for Mod Type = 3)

* ;RN (  for Mod Type =4, 6)

« :DEL ( for Mod Type =5)

 ; QVALUE ( for Mod Type =7)

« ;NUM (  for Mod Type =8)

* ;PEQ (  for Mod Type =9)

o« INT ( for Mod Type = 10)

: MERGE ( for Mod Type =13, 18)
; ADJUST ( for Mod Type = 14, 15, 19)

The SAFEPAQ-II User manual [2] gives more detaifsttee Mod
Type. ADDindicates that one or more data points have beeed
(for example if Mod Type = 11 then avldddition has been carried
out). SYST indicates that a renormalisation to systematics lieen
carried outEXPindicates that a renormalisation to experimenshd
has been carried ouRN indicates that a renormalisation has been
carried out (for example if Mod Type = 6 then aehnly energy
dependent branching ratio has been applie&) indicates that data
points at high energy have been dele@fALUEindicates that the
Q-value has been alteretlUMindicates that the number of data
points at low energy has been chandgedQindicates that the Pre-
equilibrium component (the direct capture) has bedded to the
cross section at high energies (usually importameve > 1 MeV).
INT indicates that the interpolation law has been ghdnin an
energy rangeMERGENdicates that a second data source has been
used at high (Mod Type = 13) or low (Mod Type = &Bprgies and
ADJUSTmeans that the energy or cross section valuedata point
have been adjusted.

The Quality score is a value introduced in EAF-2@08t indicates
the agreement of the library data with availablpesimental data.
Both differential and integral data are considefidte meaning of the
scores is shown in Table 10.

Table 10. EAF-2010 Quality scores.

Score

Description

No experimental data exists
Limited differential data which disagrees witre thbrary (weak
disagreement)
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(G2 N5

51
5

53

54

Limited differential data which agrees with thibrary (weak
agreement)

Differential data which disagrees with the lilyrafstrong
disagreement)

Differential data which agrees with the librasyréng agreement)
Both differential and integral data exist or omyegral data exig
and these are not in agreement with the library
Differential data are missing and unsatisfactogyeament with
integral data

Unsatisfactory agreement with differential aneégral data
Satisfactory agreement with differential and uiséattory
agreement with integral data

Differential data are missing and satisfactory eagrent with
integral data
Unsatisfactory agreement with differential datad esatisfactory
agreement with integral data
Both differential and integral data exist andythee in agreemer
with the library (validation)

—

~—+

EAF-2010 modifications

SAFEPAQ-II carries out a large number of modifioa (and pre-
modifications), most automatically (dependent amthrious flags set
up in the Parameter database) but some througHeshegction

processing. There were 36,010 modifications madeprioducing

EAF-2010. The procedures carried out for branclairegcomplex and
are described in detail in the SAFEPAQ-II User nadrf].

Table 11. EAF-2010 modifications classes.

Reactions Number
Pre-modifications only 2125
Modifications only 36010
Neither 28121
Total 66256

Table 11 shows that 28,121 reactions, about 4@&#bain identical to
the EAF-2007 library. These represent mostly higkghold reactions
for which there are no experimental data or systes)and where the
data are taken from the most recent TALYS. For riegority of
remaining reactions some modification has been rmadeAFEPAQ-
Il to improve the data that exist in the variousrse libraries, making
it more suitable for activation and transmutatielated applications.

EAF-2010 validation

EAF-2010 can be tested by the validation optionSAFrEPAQ-II for
consistency against the available experimentalbdat or against
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predictions from systematics. Two main validationgesses can be
performed; one internal where comparison is peréatragainst the
database stored in the Parameter database andthtee external
where EAF-2010 excitation functions are comparetheei with
EXFOR experimental data or other evaluated daga.fil

The EXFOR CD-ROMs are used by SAFEPAQ-II; datasslected

from these and placed in the SAFEPAQ-II databas&@X It is

from the latter that datasets can be displayednduvisualisation.
Considerable efforts have been to ensure that tKEOR data

selected are both correct (daughter isomeric statk cross section
units are two examples of checks) and completeckdhbave been
made to ensure that all the available experimefatd above 20 MeV
have been selected to cover and improve the highggmegion of the
library. Some recent experimental data sets areyabtpresent in
EXFOR. To allow these data to be used for the gecaploomparisons
a recently introduced feature of SAFEPAQ-II wasdusEhis allows

experimental data to be entered into the Privaté-@X database,
once entered these data are automatically includ#éee graphs along
with the existing EXFOR data.

The very significant increase in the number of tieas compared to
EAF-2003 or JEFF-3/1/A (factor 5) has not been imadcby the
increase in EXFOR available data (factor 1.04 iases in data sets,
but only 1.01 increases in number of reactions)agequently only
about 2.5% of the EAF-2010 library has been visuadllidated by
comparing the excitation function with the expenma EXFOR
database over parts of their energy radgeenthe EXFOR validation
indicated reactions which required revisions, twffecent ways of
correcting the data have been applied:

* Replacement by a new evaluation (either from amatbarce or a
new calculation), in particular for cases with sh@poblems in the
excitation function.

* Renormalisation of the whole or part of the exmiatfunction
through the interactive options available in SAFERA

The results of integral experiments have also lsed to adjust data.
Validation of activation code predictions, and #i®r of the cross
section and decay data, has been carried out bysnef direct
comparison with measurements of various materialdeu fusion-
relevant neutron spectra. Having access to a yaoksources has
allowed the energy dependence of the analysis teebe complete.
Since the EASY-2005 validation [124] integral dagcame available
at energies above 20 MeV. The feedbacks from tlakdation
exercise have been used in the generation of EAB-2Materials
samples were irradiated in a wide range of simdlddeT neutron
fields at JAERI FNS, Sergiev Posad SNEG-13, FZKchson-
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cyclotron, ENEA FNG and thReZ cyclotron, and different responses
such as neutron spectra, emission spectra, kemtigittaand decay
heat have been measured, allowing direct compamstinthe code
predictions[125,126,127,128,129,130,131,132,133113%}136,137,
138,139,140,141,142,143,144,145,146,147,148,149,55(1 52,153,
154,155,156,157,158,159,160,161,162,163,164].hallatest integral
validation reports [168,169] can be found on theSKFAweb site
http://www.ccfe.ac.uk/EASY.aspx

The results of the different validation exercisemnbined with other

sources of information, led to a set of correcaegions to be carried
out on some important reactions. These have beptemented in

EAF-2010, and include cross section renormalisati@hape

correction in a given energy range, threshold @nadalue correction,

partial cross section adjustment and some new wuEEendent

isomeric branching ratios. The fact that these beracks were

performed by several research institutions usirifpréint activation

codes and decay data has allowed clarificatioh@féasons for many
discrepancies. These have been found to be pardytal inaccurate
decay data, partly to inaccurate cross section, datd partly to a
variety of inadequate calculational processes.

Experimental validation — C/E

The experimental data available for selected csestion channels at
three energy ranges, 14.5 MeV, 30 keV (fory)Xrreactions) and
0.0253 eV held in the Parameter tables can be camdpaith the

values in Final leading to the corresponding C/REies (C refers to
the library value and E to the experimental dathgse are plotted for
the various reaction channels. This process isitnactive one, thus
the data in the file have been corrected usingbiaekl from the early
comparisons. This method presents clear advantagésyia can be
set to decide when to apply a renormalisation E®and detailed
inspection indicates deficiencies that can be ttaoeeither the raw
data or to their treatment in SAFEPAQ-II.

The (ny) experimental validation results are presentedusaely due
to their importance and specificity. Such comparss@re made at
thermal energy, 30 keV and at about 14.5 MeV amdbased on a
compilation of many references [10,36,47,49,59,166,167]. An

ideal C/E ratio would clearly be 1, but in practiteere is a
distribution of C/E about this value. The number OfE ratios

available (the individual experimental results Hagged to show if
they are to be used for validation) for testing EARO.

Another validation tool, traditionally used in tlEAF project, is the
comparison of cross section values at a distinetgn(usually with
neutron energies around 14 MeV) with the correspundelected
(recommended) experimental cross section. This eosgn is
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(n,2n) reaction

Number of Reactions

10 +
99 +
88 +
i+
66
95 T

33 +

2 1
11+

represented by a C/E ratio. The database of sutfe®rhas been
generated and stored in the parameter.mdb of SAEEPAode [2],
which is continuously updated with new measuremetsvever, for
reaction channels with the threshold values clased4 MeV the
comparison constitutes a large uncertainty becthusecross section
energy lies in a steep raising part of the exatatiurve and should be
used with a special attention and care. The sameagh can also be
applied with the cross section systematic at 148VMin detail
described again in [2]. C/S gives either additiomdbrmation for
special individual cases, where C/E is sometimesomtradiction or
can be used as general information of the trenghptementary to the
SACS results. In all C/E histograms discussed laee the data
outside 0.5 < C/E < 2 uncertainty margin been imftiglly examined.

., 237 F5=99 values

2 |

1E-03

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 2. C/E plot for 14.5 MeV experimental dat®2() reactions

This C/E histogram demonstrates a concistent bebawaf the 14.5
MeV (n,2n) cross sections for which we can concltitet a very
good agrement with experimental measurement exist.
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(n,3n) reaction

N\, 15F3=99 values

Number of Reactions

G| |

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 3. C/E plot for 14.5 MeV experimental daig() reactions

The outlier examplify a rather poor experimental ergy
caracterization, usually very close to the reactivashold that induce
large and questionable C/E values.

(n,n'p) reaction

. 15 FS=99 values

Number of Reactions

2+
T _‘
0 - - :

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 4. C/E plot for 14.5 MeV experimental dataip) reactions

This reaction channel C/E show an excellent agreeme outlaying
data. However, only a limited number of experimemata (only
charge particle detection have been used, no #otvalata) are
considered.
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(n,n'a) reaction

Number of Reactions

. 30 F5=99 values

10 T

o Dol

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 5. C/E plot for 14.5 MeV experimental datai@x) reactions.

The majority of the experimental data are consdie¢ceclose to the
reaction threshold and so have a limited impact Vafidation
purposes

(n,p) reaction

Number of Reactions

N\, 302 F5=99 values

120 +
108 + J_
96 +
84 +
72 +
60 +
48 -
36 T

. .jlul_

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 6. C/E plot for 14.5 MeV experimental daig] reactions

All C/E around 14.5 MeV are in a good agreement@ase to unity, a small
number of disagreements came either from unreliédld measurements,
some of them close to the threshold energy.

Neutron cross sections: Issue 1, April. 2010



EAF 41

. 20 F3=99 values

Number of Reactions

0 t t t t t {
1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 7. C/E plot for 0.0253 eV experimental dat@) reactions

. 7 FS5=99values

Number of Reactions

0 t t } t t {
1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 8. C/E plot for resonance integral experitaletata (n,p) reactions

For the thermal cross sections and resonance aht€ge, all data are
considered as in good agreement, that is assumbg @C/E < 2
uncertainty margin.
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(n,d) reaction

N\, 30F3=99 values

Number of Reactions

0 t t + f + t f {
1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03

C/E value

Figure 9. C/E plot for 14.5 MeV experimental data] reactions.

The limited amount (30) of experimental data (odharge particle
measurements have been considered) gives a reés@mbement,
with 7 outlaying cases. However, the better teshésanalysis of the
summed (n,d + n;p) cross section, which lead to a much better
comparisons than the results per reaction.
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Figure 10. C/E plot for 14.5 MeV experimental d@td) reactions

(n,h) reaction

All outlaying reactions have the experimental dadant too close to
the threshold energy to bear any significance, remdenormalisation
are adviseable.

There are no reliable experimental data, all ceestion data can be
considered as upper limits. The reason for thisason is two fold,
the data are usually measured at energies arouiMe¥4close to the
reaction threshold were the cross section values vary small.
Second, the measurement of such small cross seeti@omplicated
by the competition of other raction channels frone telemental
and/or isotopic impurities, which mask the reahjngross section.
Further complications derive from the energy shuft calculated
excitation curves and the small millibarn expectedues. All this
seems to indicate some inconsistences in the Opftitadel
parameters. More studies are needed to clarify giiigation along
side more and better experimental data.
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(n,a) reaction

N\, 212 FS=99 values

100 +

Number of Reactions

o gh

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 11. C/E plot for 14.5 MeV experimental dat@) reactions

The (ng) reactions are in a good agreement with both éxmatal
and systematic predictions at 14.5 MeV. The smalusSian
deviating data can be explained by the scattehefexperimental
information has the energies are too close to imathreshold.

In addition very satisfactory results are obtairied non-threshold
(n,a) reactions, as demonstrated by the two followiggres.
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Figure 12. C/E plot for 0.0253 eV experimental date) reactions.
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Figure 13. C/E plot for resonance integral expentakdata (ny) reactions
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(n,y) reaction

N\, 597 FS=99 values

350
315 +
280 +
245 +
210 +
175 +
140 +
105 +
70+

Number of Reactions

35+

B

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 14. C/E plot for 0.0253 eV experimental datg) reactions

M. 342 FS=99 values
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17 4 1l
104 +
91 +
78 |
65 +
52 +
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Number of Reactions

Figure 15. C/E plot for 30 keV experimental datg)(reactions
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. 505 F3=99 values
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Number of Reactions

Figure 16. C/E plot for resonance integral expentakdata (nj) reactions.

™. 67 F5=99 values

Number of Reactions

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 17. C/E plot for 14.5 MeV experimental d@at®) reactions.

The Thermal cross sections deviate only for twetreas from a 50%
uncertainty margin, namefKr(n,y) and**Mo(n,y) with C/E = 0.29
and 0.26, respectively. Fof°Kr(nyy) the recent ENDF/B-VII
evaluation has been adopted, which is in the thlerregion
reasonably close to thevlitomponent. Since the new resonance
parameters form the basis of the low energy poisewlata, this
evaluation has been adopted without any modificatithe second
reaction is thé?Mo capture for which the same type of explanation
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exists, the ENDF/B-VII evaluation fits another rewnended
experimentaby, value.

All other histograms (e, = 30 keV, 14.5 MeV and RI) are discussed
in detail in [171] with explanations for outlayil@/E values.

(n,f) reaction

Number of Reactions

. 958 FS=99 values

0 . N l'.—l 1

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 18. C/E plot for 0.0253 eV experimental dat® reactions
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Figure 19. C/E plot for resonance integral expentalkedata (n,f) reactions.
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All thermal and ¥ components of the (n,f) reactions are in a good
agreement with the experimental data and their ntmogy and
deviation. More problems exist in the C/E for remace integrals,
where few but noticeable deviations occur, howeseme Resonance
Integral measurements seems very uncertain andiopegsle.

Resonance Integral

270
243
216
189 -+
162 -
135 -
108 +

81 4

Number of Reactions

54+
27 1

Another very important experimental validation psg can be
carried out on the resonance integrals of cereaction channels. To
calculate the resonance integral the EAF-2010 dathich are
Doppler broadened to 294 K) are integrated frome¥50 100 keV.
Such a validation allows a clear assessment ojulaéity of the cross
sections profile over a wide energy range. The exygntal data base
combines both real experimental data with resonamtegrals
derived from measured resonance parameters. FRfurghows the
C/E distribution for resonance integrals for ak tlesonant reactions

(ny), (n,p), (ner) and (n,f).

There have been some updates in the resonancefatatdl the
reactions, and this reflects the slight improvemarthe C/E plot in
EAF-2010 compared to the earlier EAF-2007.

., 774 FS=99 values

|

1E-03

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 20. C/E distribution of resonance integnalg AF-2010.
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Summary of C/E analysis

The results of the C/E histograms analysis show ttlemajority of
the tested EAF-2010 point-wise data are in a gag@ement with
experimental differential cross sections g®0253 eV, 30 keV (for
capture reaction) and at 14.5 MeV. The deviating €alues have
been tabulated and discussed and for many, imprentsnihave been
found. This has often been done by selecting mecent updated
EXFOR entries as recommended experimental crosi®se@lues. In
addition, the experimental resonance integral \®hgve been used
for the C/E analysis for the {), (n,p), (na) and (n,f) reactions.

The differential validation of the EAF-2010 pointse data has been
completed. It consists of a detailed comparisonalbfreactions,
supported with the experimental data (Score 1-@tims), with
EXFOR and other experimental data. This informatias been used
in choosing the best excitation curve (either daked or evaluated)
as the data source in the master database.

Systematic validation — C/S

The predictions from systematics available for &el@ cross section
channels at 14.5 and 20 MeV can be compared wihvilues
contained in the library leading to correspondiri§ €alues (C refers
to the library value and S to the systematics ptexh). Figures 21 to
37 present the results of the comparison for EAE20The same
analysis of the individual reaction channels thaswearried out for
the experimental validation can be applied herem@arison with
systematic predictions can be carried out for marmannels.
However, certain limitations do apply: the energyimited to 14.5
and 20 MeV, with the exception of 30 keV informatifor each
capture channel, and only total cross section Cdftieg can be
compared. The validity of the formulae used may oover the
complete mass range and systematic formulae dalwalys account
for competing reactions.

This single-energy feature of systematic predidiordicates that if
one wants to use the C/S validation, say for reatisation, then one
has to proceed with caution. This information caidently be used
as additional information in individual cases. Heee it makes its
general implementation, as proposed and partiabduwearlier, very
difficult.

From Figure 21, where all the C/S values are pteserone can
immediately notice the broad coverage, with 35%th&f reactions
with data at 14.5 MeV compared. This in itself isitg an
achievement and tends to demonstrate the rathasfasabry
behaviour of the systematic formulae. It is impottt keep in mind
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here that the same data, but in lesser number, lb@ee previously
compared with experimental information.

Figure 24 shows the C/S values for the (n,d) reacit 14.5 MeV. It
is important to note that the peak of the histogianmow centred
around unity rather than the value of 10 found E&-2005. This
improvement in the predictive power of TALYS is fhardue to
active feedback of this problem to the code authors

A similar remark applies to the (n,t) histogram whan Figure 28.
However, for (n,2n), () and (n,p) the histograms (Figure 22, 23 and
26) show only a slight improvement over EAF-2007.

Figure 29 and 30 representing the C/S values fer(thria), and

(n,np) reactions, clearly demonstrate the difficultesountered in
applying systematic formulae for these reactionse Of the reasons
for the broad C/S distribution is the even/odd @ffehich is not

considered in the systematics. Differences of aleutorder of
magnitude can commonly be spotted that highlighgs lehan

satisfactory library contents. However, those arvemajor reactions
and it has been shown by inventory calculationg thay are of
importance only in a small number of particularesas

Figure 33 to 37 illustrate the C/S histograms fatadat 20 MeV, and
while in all cases the peak is reasonably shaspauld also be noted
that in all cases the peak is centred slightly abawity. This is
particularly evident in the (n,t) and (fphreactions.

At this stage it is important to keep in mind tleaen if certain cross
sections are known to high accuracy within a paldicenergy range
then it is not uncommon to find discrepancies &rgies outside this
range when comparing data in evaluated files, ex@stal values or
systematic information.

A comparison can be made at 14.5 MeV againg} @ystematics. At
this energy systematic formulae can be applied wiime success,
which is fortunate in view of the lack of data smes that exist in the
experimental database. Figure 34 clearly demomestrdtat when a
histogram of C/S values is plotted for all the §h3/) total cross
sections, 80% of the data are within the range A.25. The second
peak at around 2 to 3 on the abscissa present 207, (~90
reactions), has been removed. These ratios oreginfiom older
evaluations, which are generally of reasonableityyaxcept in the
pre-equilibrium range, where an approximate treatmeas applied.
These data sources have been replaced or PEQ temrepplied.
The small number of reactions with very small vale¢ C/S are all
for very low mass targets for which the systemadiesnot applicable.
Figure 35 shows C/S values for theyfmeaction at 30 keV. A rather
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Number of Reactions

Number of Reactions

good agreement, centred around unity, is obtaifted eorrecting the
basic formula, as discussed in detail in [172].
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Figure 21. C/S distribution at 14.5 MeV for all cdans in EAF-2010
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Figure 22. C/S at 14.5 MeV for (n,2n) in EAF-2010
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Figure 23. C/S distribution at 14.5 MeV fordhijn EAF-2010
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Figure 24. C/S distribution at 14.5 MeV for (n,d)BAF-2010, alternate formula used.
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Figure 25. C/S distribution at 14.5 MeV for (n,h)EAF-2010.
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Figure 26. C/S distribution at 14.5 MeV for (n,p)EAF-2010.
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Figure 27. C/S distribution at 14.5 MeV for (n,p)EAF-2010
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Figure 28. C/S distribution at 14.5 MeV for (nfi)EAF-2010, alternate formula used
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Figure 29. C/S distribution at 14.5 MeV for (fohin EAF-2010.
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Figure 30. C/S distribution at 14.5 MeV for (iphin EAF-2010
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Figure 31. C/S distribution at 14.5 MeV forynin EAF-2010.
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Figure 32. C/S distribution at 30 keV forynin EAF-2010.
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Figure 33. C/S distribution at 20.0 MeV for (n,p)EAF-2010
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Figure 34. C/S distribution at 20.0 MeV for (n,d)EAF-2010
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Figure 35. C/S distribution at 20.0 MeV for (nf))EAF-2010
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Figure 36. C/S distribution at 20.0 MeV fordh,in EAF-2010.
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Figure 37. C/S distribution at 20.0 MeV for (imhin EAF-2010.

SACS validation

(n,2n) reaction

Standard quantities investigated in the SACS me{i@8] areomax
Emax the full width at half maximum (FWHM)A, and a recently
added parameter called skewneks,defined ask = (Ar - 4.) /
A. WhereAr andA, are left- and right widths at half maximum from
the Enax €nergy point, respectively, such that their sumaé\. For
the majority of reaction®\ < 20 data and actinide targets are not
considered. The reason is that for l|Awitargets the reaction
mechanism is often of a non-statistical charaetbrch may result in
a strong influence on the behaviour of the shaplenaagnitude of the
excitation curve. Further the actinide targets @retted, where the
competition of fission with all the particle emigsichannels strongly
influences the magnitude of cross sections, whiaks tmay again
cause a deviation from the trend.

The (n,2n) cross section data have been correcdedcdmpeting
(n,np) cross sections fos < 0.1. The eye guiding trends are also
plotted in order to demonstrate the smooth trenBACS parameters
as a function of asymmetry. The omitted targetany, are also given
in the plots, below the heading.
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Figure 38. (n,2n) + (njp) SACS plot: maximum cross section versus asynymauttinides
andA<20 data points are excluded.
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Figure 39. (n,2n) SACS plot: energy at maximum €ection versus asymmetry. Actinides
andA<20 data points are excluded.
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Figure 40. (n,2n) SACS plot: width at half-maximgnoss section versus asymmetry.
Actinides andA<20 data points are excluded. Deviating pointswele 0.05 are neutron
deficient target§'Ne, *°Ti, *°Cr, >Mn, >*Fe,>'Ni, *°Co and®®Ge.
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Figure 41 (n,2n) SACS plot: skewness parameteuseasymmetry. Actinides amdk20

data points are excluded

It can be concluded that the (n,2n) data are ina gagreement with
the expected smooth behaviour of studied SACS diemt The
deviating data belong to neutron deficient targletd are away from
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Max cross section (b)

63

the stability line, where probably the global inparameters do not
properly describe the neutron emission.

In the actinides range mass region the (n,2n) afigghannels are the
two dominating reactions of the inelastic crosstisacbelow 20
MeV. Their sum is slowly increasing with and the asymmetry,
similarly to theo inelastic increase. In two following plots tbgan+
or value for EAF-2007 and EAF-2010 have been plott€te
improvement in EAF-2010 is visible for data poimtgh s > 0.20,
with much a more smooth data distribution. This hasn achieved
by individual corrections applied tmyax of (n,2n) reaction bearing in
mind largeao; uncertainty for minor actinides. The larger scafter
targets withs < 0.1 is due to (n;p) competition, which in these plots
has not been corrected for.

* NO A<20

1E+01

1E+00

1E-01

1E-02

1E-03

1E-04 | | | | |
0.00

Asymmetry (S)

Figure 42. (n,2n) + (n,f) SACS plot using EAF-20fata: maximum cross section versus

asymmetryA<20 data points are excluded

Neutron cross sections: Issue 1,April. 2010



64 EAF

- NO A<20
1E+01 +
. 1E+00 +
=2
C
L
B 1E-01 +
@
w
w
w
E 1E-02
o
>
=
1E-03 +
1E-04 t ; + } i
0.00 0.05 0.10 0.15 0.20 0.25

Asymmetry (s)

Figure 43. (n,2n) + (n,f) SACS plot using EAF-20ddia: maximum cross section versus
asymmetryA<20 data points are excluded.

(n,3n) reaction

. NO Act + NO A<20
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Figure 44. (n,3n) SACS plot: maximum cross sectiersus asymmetry. Actinides and
A<20 data points are excluded.
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Figure 45. (n,3n) SACS plot: energy at maximum €&ection versus asymmetry. Actinides
andA<20 data points are excluded.

The deviating points close tgna= 60 MeV belong to neutron
deficient targets, where apparently a large unigyteexist in all
neutron emission data, as an example’tAr data can be mentioned
(s=0.03). The other outlaying pointst 0.1 belongs t8*™Mo.

Model (TALYS) calculations can lead to significagifferences in
profile and this is mainly due to differences i timput parameters
used, in particular the level densities. Howeviee, (n,3n) modelled
data remain unaffected.
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Figure 46. (n,3n) SACS plot: width at half-maximgnoss section versus asymmetry.
Actinides andA<20 data points are excluded.
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Figure 47. (n,3n) SACS plot: skewness parameteugeasymmetry. Actinides ar&20
data points are excluded.

The majority of targets with asymmetriess 0.1 are mainly neutron
deficient targets, where the emission of 4 neutisngery weak, and
the (n,3n) reaction often dominates the neutronssiom above the
(n,2n) range and up to 60 MeV. This explains theatdlening ofA
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and the negative skewness values, explained byfattethat the
excitation curve exceeds the 60 MeV energy limit.

(n,p) reaction

- NO Act + NO A<20
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Figure 48. (n,p) SACS plot: maximum cross sectiersus asymmetry. Actinides aA¢20
data points are excluded.
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Figure 49. (n,p) SACS plot: energy at maximum cs®Egion versus asymmetry. Actinides
andA<20 data points are excluded.

Points withEnax close to zero belong to non-threshold reactionth wi
a large estimated cross section from TALYS calootatbased on the
assumption o&(n,y)/a(n,p)=const at low energies [170].
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Figure 50. (n,p) SACS plot: width at half-maximunogs section versus asymmetry.

The outlaying point above = 0.2 belongs to isomeric targefr.
The step-wise shape of the curve is discussedtail de[173,174].

& NO A<20 + NO s=0

20 1

Skewness parameter

4.0 4

0.00 0.05 0.10 015 0.20 0.25
Asymmetry (s)

Figure 51. (n,p) SACS plot: skewness parameteuugessymmetryA<20 data points are
excluded.

The skewness parameter should be clode=® for targets witts <
0.1, based on FWHM behaviour. This is nicely shawrthe last
figure for Score > 0 targets, three outlaying poiats = 0 belong to
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?Na, ®si and?®Al targets, while the other two belas\= 0.1 are’’Ar
and "®Br. All of them are threshold reactions with a sanishape as
8Y(n,p) above and thus the shape deviates from wmrastric bell
form. The other outlaying data point belongs 4Si and has a
pronounced low-energy resonance structure.

For the (n,p) reaction the data can be considesad a good shape,
However, a strong competition exists between neutemission
(n,2n) and (n,p) and (n,p) channels for targets with a neutron
deficiency and asymmetries < 0.1.

(n,n'p) reaction

- NO Act + NO A<20
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Figure 52. (n,ip) SACS plot: maximum cross section versus asynymauttinides and
A<20 data points are excluded.

The experimentally observed dominas(n,np) (with cross section
values close to 1b [171]) for targets with S(rpp) and |Qnp| < |Q
n2l @ands < 0. 1 is nicely demonstrated in the SACS datatep in
Omax for targets witrs < 0.1.
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Figure 53. (n,ip) SACS plot: energy at maximum cross section \weasymmetry.
Actinides andA<20 data points are excluded.

The number of points witEmax close to 10 MeV with 0.05 < 0.13
belong to targets from the transitional region imak the competition
between (n,p) and (fp) takes place and the FWHM of these reaction
is changing from narrow to broad [174]. The possilohcertainty of
the input parameters may be also the reason oflévigtion.
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Figure 54. (n,ip) SACS plot: width at half-maximum cross secti@nsus asymmetry.
Actinides andA<20 data points are excluded.
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The step-like trend of the excitation curve widgdnilar to (n,p),
verifies the observed competition of these two tieas for targets
with asymmetries below 0.1. The strongly deviatiognt at abous =
0.12 belongs t8°% for which some strange profiles are examplified
in model but also evaluated data files.

@ NO Act + NO A<20
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Figure 55. (n,ip) SACS plot: skewness parameter versus asymnigttinides andA<20
data points are excluded. The two deviating paihtie end of the data belong’t8Pt and
202pt targets.

For the (n,fp) cross sections that follows a step-like behavioun
targets left from the stability line, with asymme$ < 0.1, where the
competition between the neutron (n,2n) emission #red proton
emission is strong more theoretical works are ne@dteng side some
experimental effort.
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(n,d) reaction
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Figure 56. (n,d) SACS plot: maximum cross sectiersus asymmetnA<20 data points are
excluded.
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Figure 57. (n,d) SACS plot: energy at maximum cgeEgion versus asymmetAs20 data
points are excluded.
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Figure 58. (n,d) SACS plot: width at half-maximunoss versus section asymme#y20
data points are excluded
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Figure 59. (n,d) SACS plot: skewness parameteuugeisymmetry.

With only a few deviating points abowe = 0.15, the (n,d) data
demonstrates a rather uniform behaviour and a rratin@oth trends
on a wide assymetry range.
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(n,t) and (n,h) reactions

The (n,t) and (n,h) reactions belong to chargeipartemission
reactions with threshold close to 14.5 MeV and thusere the
experimental information is rather scarce and oftent reliable,

mostly due to very small cross sections. Howewvesgems that the
situation with the (n,t) reactions, based on aWéélaEXFOR

experimental data is rather sound and the predistedelled data
rather uniform. Concerning the (n,h) reactions sanwnsistency
have been noted particularly near the threshold.
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Figure 60. (n,t) SACS plot: maximum cross sectiersus asymmetry. Actinides aAg20
data points are excluded.
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Figure 61. (n,t) SACS plot: energy at maximum ciEsgion versus asymmetry. Actinides
andA<20 data points are excluded.

The strongly deviating point aboge= 2.0 belongs to the high-energy
second isomer target of**r, for which obviously the input
parameters are not realistic. The lowest poirgt=ai0 belong td“Na,
where some nonstatistical behaviour cannot be léd

@ NO Act + NO A<20

BE+07 -+
SE+07 +

AE+0T +

3E+07 4 b .

Width at half-max XS (eV)

1E+07 &

0.00 0.05 0.10 0.13 0.20 0.25
Asymmetry (s)

Figure 62. (n,t) SACS plot: width at half-maximunogs section versus asymmetry.
Actinides andA<20 data points are excluded.
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Figure 63. (n,t) SACS plot: skewness parameterugeasymmetry. Actinides ak20 data
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Figure 64. (n,h) SACS plot: maximum cross sectiersus asymmetnA<20 data points are

excluded.
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Figure 65. (n,h) SACS plot: energy at maximum csEsgion versus asymmetAs20 data
points are excluded.
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Figure 66. (n,h) SACS plot: width at half-maximunoss section versus asymmeiy20
data points are excluded.
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Figure 67. (n,h) SACS plot: skewness parameteiugeasymmetry.

(n,a) reaction

- NO Act + NO A<20

1E+01 ¢

1E+00

-
c
il
] 1E-01
@
w
w
w
E 1E-02 %+
o
>
=
1E-03 %
1E-04 } + + f {
0.00 0.05 0.10 0.15 0.20 0.25

Asymmetry (s)

Figure 68. (my) SACS plot: maximum cross section versus asymmaAtimides andA<20
data points are excluded
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Figure 69. () SACS plot: energy at maximum cross section veasysmimetry. Actinides
andA<20 data points are excluded.
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Figure 70. (mg) SACS plot: width at half-maximum cross sectionsus asymmetry.
Actinides andA<20 data points are excluded.

The isomeric targét*Ir is again well above the trend line.
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Figure 71. () SACS plot: skewness parameter versus asymmettinides andA<20

(n,n'a) reaction
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data points are excluded.

A very consistent behaviour of all SACS parametsrsusually
observed for the (o) channel.
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Figure 72. (n,jm) SACS plot: maximum cross section versus asymmaAtgnides and

A<20 data points are excluded
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Figure 73. (n,jo) SACS plot: energy at maximum Ccross section veasymmetry.
Actinides andA<20 data points are excluded.
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Figure 74. (n,ja) SACS plot: width at half-maximum cross sectionsus asymmetry.
Actinides andA<20 data points are excluded.
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Figure 75. (n,ja) SACS plot: skewness parameter versus asymmettinides andA<20

data points are excluded

The obtained trend dependence of SACS parametersatiger
satisfactory, small deviations of theand skewness parameters have
been observed for seven Score = 0 targets. No roatiiins for these
reactions are needed.
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(n,2p) reaction
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Figure 76. (n,2p) SACS plot: maximum cross secti@rsus asymmetry. Actinides and

A<20 data points are excluded.
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Figure 77. (n,2p) SACS plot: energy at maximum €ection versus asymmetry. Actinides
andA<20 data points are excluded.
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Figure 78. (n,2p) SACS plot: width at half-maximgnoss section versus asymmetry.
Actinides andA<20 data points are excluded
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Figure 79. (n,2p) SACS plot: skewness parametesugeasymmetry. Actinides ar&20
data points are excluded.

The (n,2p) reaction SACS parameter exhibit two ematdistinct
regions, demonstrated by a steplike behaviouEgf, 21>, and the
skewness parameters. The first region belongs tget& with
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asymmetries smaller < 0.15 where the threshold lsveer energies
and the emission of two protons enters the comgetitvith other

proton emission channels, such as (n,p) andpn,fors > 0.15

targets increases the threshold rapidly and omydtv energy part of
the bell shaped excitation function lies below 66\ The EXFOR
data are rather uncertain (complication with imjes) and thus the
data rely only on calculations.

(n,y) reaction at E, = 14.5 MeV
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0 50 100 150 200 250 300
Atomic Mass (A)

Figure 80. (ny) SACS plot: cross section at 14.5 MeV versus Atolass.

For capture data, a particularly relevant validai®the cross section
around 14.5 MeV, where the compound nucleus compdaealmost
negligible and the pre-equilibrium process is danin The well
established systematic in [2] predici@.y) at 14.5 MeV to be around
1 millibarn with a slightly increasing dependenae A& The figure
above shows the cross section as a functioA ahd reveals only a
few outlying values from the general trend. Thee¢hmost outlying
points above the trend belongttCs, *°’Pb and®**Bi targets, while
those below the trend curve df&Cs,*’"™Lu and actinidé>*Cf, **’Es
and *’Es targets. This result confirms the usefulness and
effectiveness of the capture data revision fron®[16r cross sections
with |C/S| > 2.

SACS validation summary

The results of the SACS analysis proved that thgnta of EAF-
2010 point-wise data are satisfactory and follow #mooth trend
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dependence of SACS parameters. These featuresegrenyportant
and support our trust in the profile of the caltedbexcitation curves.

The outlying data points (the vast majority of thara for data with a
guality score which has been set to 0) often betonguclides with a
large neutron deficiency, i.e. far from the stapiline, for which the
input parameters used in TALYS calculations mall seed some
further improvements. Therefore, actions to rewsd study how the
nuclear reaction modelling input parameters chanvgd be
considered for the future.

The results for targets with small asymmetses0.1 (which are also
neutron deficient targets) show that the competitbetween the
neutron and proton emission channels is strong. Béteviour of

EAF-2010 data indicates that, in general, this aetitipn is globally

taken care of both in the model calculations andewaluations.

However, some particular target and reactions eammipacted by the
quality of the global input parameters. This isezsally noticeable
for the high-energy range of the (n,p) excitatiamve that carries a
high degree of uncertainty.

EAF-2010 uncertainty file

A complete uncertainty file is generated by SAFEPWQor the
EAF-2010 cross section data library. The file ishe ENDF-6 MF =
33 format, and contains uncertainty data in a twesg format for
threshold reactions from the threshold to 20 Med &om 20 to 60
MeV. A four group format is adopted for the nonetinold reactions:
from 10° eV toEy (the end of the U/region),Ey to Ey (the end of the
resonance regionky to 20 MeV and 20 to 60 MeV. The uncertainty
values adopted correspond to the error faictor

f=1+A

whereA is the relative error/¢ is actually stored in the file) in the
cross sectioro. In this case the best estimate of the crossosecti
uncertainty is:

olf <o <of

The emphasis for EAF-2010 uncertainties has beemdode, as
much as is possible, the experimental informatinfgrmation from
TALYS model calculations and SACS analysis. Foreshiold
reactions, experimental variance information atMeV is available
for 1,085 reactions. These uncertainties have betmated from the
data scatter around the library excitation curveEXFOR plots or
from the now growing data base of experimental daion [125-
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164]. This 14 MeV experimental variance is usedlierenergy range
of the excitation function up to 20 MeV, and be@us information
on uncertainties at other energies has been usaghcertainty value
of Ao = 3A0ex, has been adopted. This represents a 99.9% cooéiden
limit. For non-threshold reactions, thermal crossction and
resonance integral information are used for thet fitwo energy
ranges. For the smooth statistical range, the teiogy factor is
usually estimated from the scatter of EXFOR dataumd the
evaluated curve and, for the high-energy rangeutieertainty value
from the third range is generally assumed.

In the numerous cases where no experimental vaheegvailable, the
uncertainty is extracted from systematics, resufs graphical

information or estimates. Depending on the readiype, data origin
and energy range the uncertainty value may vam fess than a few
percent to a factor of five in exceptional caseke bulk of the

uncertainties however, range from a few perceatftctor of two.

Another important aspect of the uncertainty treafim@ccurs when
the cross section is split. In general for uncaties of cross sections
to ground and isomeric states an uncertainty faatdhe branching
ration {,) of 1.3 has been adopted when the branching igedefrom
systematics.

By definition o, =bo and o, = (L-b)o. Thus the uncertainty io,,
is given by:

GEGEG

andAc/c = f -1 andAb/b = f, 1. Thus:

fo=f, =14y £2+ £2-2(f + f, -1) @)

If experimental values of partial cross sections &nown their
uncertainties are adopted, although this is ratehSa method of
uncertainty propagation to the partial cross sestigs certainly
pessimistic although if no experimental data efastthe branching
ratio their generation using systematics is nohaut error and an
uncertainty of 30% is considered as sound pendinghdr
investigation.

An example of the EAF uncertainty file format ivgn in Appendix
1. Further details of the uncertainties and theg in FISPACT are
presented in reference 1.
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Uncertainty assignments for total threshold cross-s

Cross Section (h)

155400 +

Q0E+M

As the starter file for extensions and improvemént€£AF-2010 the

EAF-2007 uncertainty file [3] has been chosen. tdeo to make

theAo assignment in a consistent manner, new rules feir th
determination have been put into place and areuslssd here. All

previous assignments have been reviewed and ifedeetianged

following these new rules.

ections

In cases where differential experimental data exike relative
uncertainty error is related to the position ofsthelata and the energy
range they cover on the excitation curve. In gdnaraell shaped
excitation function is assumed and the followindgesuhave been
adopted. The position of energy ranges on the atiait curve is
categorized in figure 81.

Regions 1,2: Weak arguments
Regions 3 4 5 Strong arguments for &

EF=0 ] |szeaT 28840 aTerar Loz ssE+ar

Energy (eV)

Figure 81. Position of experimental data on antakon curve.

Regions 1 and 2 are located on the rising slofgkeo&xcitation curve
(often close to the reaction threshold) and theesrpental data
represent a weak argument for the validation of whwle curve,

especially as the data do not directly addressthgvalue. However,

if the predictability of the whole excitation cur¢iés shape) is good,
these data offer reasonable support for the unogrtestimate of the
whole excitation curve.

Regions 3 and consequently 4 and 5 are regionsewdgerimental
information can be used both for validation andiggssaent of the
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uncertainty errors. Region 3 covers tbg.x and verifies also the
position of E.x Regions 4, 5 cover the descending slope of the
excitation curve towards the higher energies, wtibee competing
reactions start to play an important role (oftensel or above 20
MeV) and were any experimental information are veatuable.
Unfortunately, in practice such experimental da&aveery scarce.

Based on experience from visual analysis of libramgss sections
against EXFOR, the following rules for relative erainty errors
have been proposed for different energy regiongyTepresent the
lower limit of the estimated uncertainty.

Table 12. Rules for the determination/ofor different regions

Region =1 A=0.3
Region = 2 A=0.2
Regions =1+ 2 A=0.2
Region =3 A=0.1
Region = 3 + others A=0.1
Region =4 A=0.2
Region =5 A=0.3

In cases where the uncertainty is estimated by athor of an
evaluation, it is used. However, such informatientyipically made
more challenging by the evaluation processes, nglyalso on
calculation and usually carrying systematic error.

The following remarks can be made on the predittabof the
excitation curves adopted in EAF-2010:

For neutron emission channels: (,i(n,xn), (n,rp), (n,rfa) reaction

cross section curve, the shape of the calculatesiscsections is in
good agreement with the trend derived from exparntaledata and is
considered to be well identified.

For charge particle emission channels: (n,p), (rfrdX) cross section
curves are also believed to have a well describages However, two
caveats exist that require special treatment. Taey the width
dependence of (n,p) reaction in the transitionahgea with
asymmetries 0.08 < 0.12 [173], in which range a broadening of the
excitation curve with energy takes place. The séeotception is for
(n,a) reaction, wheres,,,, has been checked with SACS analysis. It
was noted that, for targets with> 100, the calculated value is too
large. For the remaining reactions, (n,t) data amaosv in good
agreement. A problematic situation still exists farth) and (n,2p)
reactions. Their experimental data (especially vatitn
measurements) are often overestimated due to tieefarence of
competing reactions from elemental or isotopic intms. The
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comparison between experimental data and calculatetitation
curves is usually meaningless. For targets withorgmt (n,rp) or
(n,d) reactions, an additional test can be applisohg the visual
analysis of (n,fp) + (n,d) data against many available activation
experiments.

Non-threshold (n,p) and @) reactions, for which a Low Energy
Approximation (LEA) below the effective thresholels has been
applied, are treated as non-threshold reactiors chath four energy
groups. Where a LEA approximation could not uses & the small
calculated cross section at 1 keV (TALYS calculatiwith o < 10*°
b), they remain in the threshold section with tweergy groups,
usually with energies 10eV —Eg andEe — 60 MeV and with an
uncertainty below gEwith an error factor set by default to 10.

In cases where no experimental information is aWbédl, the
uncertainty is, as in the previous EAF-2007 unaetydile, extracted
from systematics, results of graphical informatanfrom estimates.
The extensive experience, capitalised from graphtoanparisons,
best estimates based on analyses of the scaitatooflated data from
different libraries with different codes, has beelded to estimates of
those error factors. Furthermore, experience froavipus exercises
and performance tests performed on several TALY&utions and
validation exercises have also been accountedrfahis library the
results of SACS analysis [173] have also been endmkdlhe results
have shown that the error factors adopted in EABF20ere, for
some reactions unnecessarily conservative and neve mealistic
values are proposed and listed in Table 13 (arlceear Table 1) for
important major reactions.

Table 13 Error factors derived frora4 5 systematic or estimates based on EAF validations

Reaction Systematic Error factor (f
(n,n) Vonach 2.0
(n,2n) Badikov 1.4
(n,3n) Estimate 391.8°
(n,4n) Estimate 392.0°
(n,na) Estimate 3.82.0%
(n,d) Forrest 392.0°
(n,n'p) Kopecky 2.0
(n,t)+(n,rid) Forrest 1.6
(n,n't) Estimate 5.83.0°
(n,nh) Estimate 5.83.0%
(n,f) Estimate 2.0

(ny) Kopecky 2.015°
(n,p) Forrest 15

(n,h) Lishan 1.9
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Reaction Systematic Error factor (f
(n,a) Madjdeddin 1.6
(n,2p) Estimate 3.0
Other reactions Estimate 3.0

=» Indicates differences between EAF-2007 and EAFR3201

% Neutron emission channels have been shown to beoid
agreement with the experimental data and therefooee accurate
estimates are proposed for (n,xn) reactions.

®For (n,d) reactions with targets where asymmetry0.1, the results
are in reasonable agreement with experiments withelh defined
systematic formula. For heavier targets>(0.1) the accuracy is less
good. However, the (nm reaction becomes dominant and
(n,Np)+(n,d) can be used as an additional check.

“This is extensively discussed in [172].

Uncertainty assignments for partial threshold cross -sections

For a consistent treatment of uncertainties foit gplctions with
experimental values of partial cross sectionsfalewing rules have
been adopted, as described in Table 14. Since lhoof ahese
uncertainties are often experimentally known, weehadopted the
rule to apply them only iAoy and/orAcy, are not available.

Table 14. Rules for targets with cross sectionsdmeric states

Oy gy Om Uncertainty assignment
A(exp) - - g andA, calculated from eq. (1)
A(exp) - - if eithera, or om are close ta;
=>A(g,m) =A(exp)

A(exp) - A(exp) | Larger ofA(exp) is adopted
A(exp) A(exp) - Larger ofA(exp) is adopted

- - A(exp) | A =A(sys)

- A(exp) - g or Ay, calculated from eg. (1)

Uncertainty assignments for total cross-sections

As the starter file for extensions and improvemeritthe EAF-2010
uncertainties, the EAF-2007 uncertainty file for nrtbreshold
reactions has been chosen. In order to ensurenassig of error
factors is carried out in a consistent manner, ngl@s have been
developed and are discussed here. The new apptuashbeen
implemented to account for a more quantitative nestie of
uncertainties for the ¥/component and the resolved and unresolved
resonance region below 100 keV (the upper enengyt lof the
resonance integral). This approach employs expetahe/alues of
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(n,y) reactions

650 +
585 +

Number of Reactions

65 1+

1E-03

520 +
455 1
390 +
323 1
260 1
195 +
130 +

thermal cross sections and resonance integralsudimg the
corresponding C/E values. All previous assignmendése been
reviewed and, if required, have been changed fatigwhese new
rules. New data are listed in Appendix 2 and ineluall non-
threshold reactions.

1N energy region — The error factor is estimated ftbenuncertainty
of the experimental value of the thermal crossigectypically from
the recommended experimental value. If no experiatetiata are
available, the cross section estimate [34] is a&pphnd the default
value off = 10 is used. This large value acts as a warnanghfe
crudeness of this approach.

For reactions with experimental thermal cross eadati(thermal) we
define the error factor of the\v1(10° eV - E,) region, based ooy
(thermal) validation, as

f(Ev-Ex) — 1 = SQRT ((1 - C/E)® + Ac,)) 2)

in which C/Ef) represents the fit of the adopted EAF data whin t
thermal cross section values @flexp.) and its erroAc,. A default
value of 1.1 is used if the error factbris below 1.1. If the
experimental thermal cross section is given witheruerror, then the
error factor is set tb= 1.5 (50% uncertainty). The agreement of the
resonance integral data with experimental dateh@sva in Fig. 82
and demonstrates a good agreement.

N, 1157 FS=99 values

o~ 4

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 82. C/E of the thermal cross section foy)(rin,f), (n,p) and () reactions.
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Resolved resonance region RRR (& Eu)

270 +
243 +

Number of Reactions

27T +

1E-03

216 1
189 +
162 +
135 +
108 +
81
M+

The B/ or B in ENDF-6 and E values are either taken from the data
source or estimated visually from the adopted csession curve. In
cases of a PENDF file (generated from resonancanpsers) is
available, a default value 6& 1.5 is adopted. This value can become
smaller or larger, depending on the resonancergt€yE value. The
agreement of the resonance integral data with erpetal data is
shown in Fig. 83 and demonstrates again a goodelgmat. The
reactions with C/E values with large deviationsnirainity are
discussed in Appendix 3.

N, 774 F5=99 values

|

_ M

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 83. C/E of the resonance integral foy)(r(n,f), (n,p) and (m) reactions

The procedure used to treat the experimental reseniategrals,lis

as follows: assuming that the main contributionthe resonance
integral comes from the resolved resonance regigappropriate to
use theAly and |1-C/E()| values as a combined source of uncertainty
which can be included as an error factor. The gnéngits of the
resonance integral is between 0.5 eV and 100 keMtlaa following
rules have been adopted with(Exp) as the upper energy point of the
resolved resonance region:

For all reactions with experimentgldata the values of\E= 0.5 eV
and of k = 100 keV adopted, even if the Eexp) value is < 100
keV. If E4 (exp) is larger then 100 keV then this value isdudf the
whole region (i — B,) is above 100 keV, then/,&= 0.5 eV and =
100 keV are used. This often occurs for very lightlei and | for
these cases, information on the extended tail ®flth component is
given.

Neutron cross sections: Issue 1,April. 2010



94 EAF

For reactions with the Single Resonance Approxiom{iSRA), the
assigned resonance is included in the {(Hgy) region as a single
resonance withh = 2 for the region.

It has been found that the C/E ratio pfslan important validation
guantity from low energies up to 100 keV.

We define the error factor of the resolved resoadbg — B4) region,
based onylvalidation, as:

f(Ey-En) — 1 = SQRT ((1 - C/IE()2 +Aly2)) (3)

in which C/E(}) represents the fit of the adopted EAF data whih t
resonance integral values qfeixp) andAl,. A default uncertainty
value of 1.1 is used if the experimental valuesbatew 1.1.

If the cross section in the resonance region isdam statistical
calculations only, extends down to 1 keV and thg(l) value exists,
this value is used. In cases where no experimentaimation is
available for this energy regiony s as used and set equal t¢ &hd
f (Ev-EH) =2.0.

The statistical region (g — 20 MeV)

This region is composed from the statistical Hatssshbach region
and the pre-equilibrium component, the latter tgfyc starting at
about 8 MeV. The statistical region is usually wellidated up to 10
MeV. The error factor is estimated from the visagteement with
experimental data. In cases of good agreerhentl.5 is used as a
default value to cover a rather steep decreasdisfcross section
down to several mb typical of the pre-equilibriuongonent. Only in
cases when an excellent agreement exist lower yglusually 1.3)
are used. The single 30 keV data point is counted aufficient
experimental support, based on the results in [172] no
experimental data exist then €80 keV) cross-section systematic is
consulted and used for a judgment of the fit and,cases of
reasonable agreement, the default values betiveeh8 and 2.0 are
used. There are strong arguments from the EAF ahldY® data
validations that the 30 keV experimental and syateamcross
sections can be used to estimate the error fadtdheo statistical
component [172] and Figs. 84 and 85.
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130 +
"7 +

Number of Reactions

1E-03

200——

150——

100——

Number of reactions

50—

104 +
91 T
78 1
65 T
52 1
39 T
26 1

. 342 F5=99 values

1]

b

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
C/E value

Figure 84. C/E of 30 keV (y), cross section

/ 776 FS=99 values

I L I y et e
= — = - — t i
1E-02 1E-01 1E+00 1E+01 1E+02 1E+03

C/S value

Figure 85. C/S of 30 keV (y),cross section data in EAF-2007

Ratios far below unity are usually from reactionseve the 30 keV
energy point lies within the resolved resonanceioregThe pre-
equilibrium process dominates the region above BY Mndoy45is
an important test point. This value is validatethei against the
experimental data or tha 4 5 cross section systematic, which is rather
accurate with values around 1 mb. The C/E and G#®drams,
shown in Figures 86 and 87, again demonstrateuitabdity of this
approach to estimate the uncertainty in this regibime statistical
contribution, however, dominates the group crossi@e in this
region and therefore is used as main informatioritfe whole region
(f = 1.5 or better, it wag = 2.0 in EAF-2007). For a detailed
description of 30 keV and 14.5 MeV data and thealygsis see [172].
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/ 810 FS=99 values

5001

400

300~

200~

Number of reactions

100—

1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03

C/S value

Figure 86. C/S of 14.5 MeV (y),cross section data in EAF-2007.
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1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03
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Figure 87. C/E of 14.5 MeV (y), cross section data in EAF-2007

For the high-energy region, 20 to 60 MeV, prachcaho
experimental information are available and therelotor has usually
been kept the same as for the previous region b2abMeV region.

Uncertainty assignments for non-threshold cross-sec tions

(n,f) reaction

For the 1¥ energy region the same rules as fow)(nlata are also
applied here. The only difference is that thesystematic of Behrens
is considered as more accurate and therefore ttoe &actor for
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reactions without experimental thermal cross sadtiata is set tb=
5.0.

For the resolved resonance region {E5,) the same rules as for ¥,
data are also applied. The conservative f vélee?) is recommended
when for the data source is estimated.

For the statistical region (E— 20 MeV) and contrary to the ¢,

reaction this region is a transition from the reswme region,
decreasing via the unresolved resonance compowernlet multi

chanced fission region. These two regions are adadevith a rapid
cross-section increase from about 100 keV up to €V Mfission

threshold), where the n-chance fission starts. fdggon up to 25
MeV includes the first-, second-, third- and fouctiance fission and
is often supported by a large number of experimedtda with

reasonably predictable tends. The error factorstsmated from the
visual agreement with experimental data while factions with no
experimental dath= 2.0 has been adopted.

For the high energy region, 20 to 60 MeV only ayMeanited set of
experimental information are available and the refagtor is set by
default tof = 2.0, in order to cover the uncertainty of addpte
calculations.

All these rules are summarized in Tables 15 antbd f,y) and (n,f)
reactions.

Table 15. Rules for error factors forynand (n,f) for regions with experimental data.

Reaction Region Error factor (f)

(ny) v derived fromAo (0.0253 eV)
in Eqg. (2)

(ny) Ev-E4 = 1.5 if only resolved resonance data arg
available and no resonance integrals

(ny) Ev—E4 >1.1 based oAlr taken from Eq. (3)

(ny) Ey — 20 MeV < 1.5 estimated from xEverage EXFOR]
data and/or fromo(sys) at 14.5 MeV

(ny) 20 — 60 MeV =f(g— 20 MeV)

(n,f) v derived fromAg (0.0253 eV)
in Eqg. (2)

(n,f) By - B4 1.5 if experimental resolved resonance dpta
available

(n,f) E; — 20 MeV > 1.5 dependent on the agreement with
EXFOR data

(n,f) 20 — 60 MeV =f (| — 20 MeV)
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Table16. Rules for error factors for gh,and (n,f) for regions with no experimental data.

Reaction Region Error factor (f)
(ny) In? 10.0

(ny) Ev — By 2.0

(ny) Eq— 20 MeV >2.0

(ny) 20 — 60 MeV >2.0

(n.f) NP 5.0

(n,f) By - B 3.0

(n,f) Eq — 20 MeV 2.0

(n,f) 20 — 60 MeV 2.0

@ Based oro(th) =f(aU) crude systematic from [34]
P Based on systematic of Behrens from [52)].

(n,p) and (na) reactions

Two groups of data are included in this sectiorsthy, reactions with
experimentally determined resonance parameterspfar a exit
channels and secondly reactions treated with Lowerdsn
Approximation (LEA), where the resolved resonanagiaon is
approximated by the data from y¥nhreaction, assuming a constant
ratio of cross sections(n,p)/o(n,y) or a(n,a)/a(ny) at low incident
energies in the keV region.

The LEA component is generated from thedrid resolved resonance
regions taken from the correspondingy(meaction and normalized to
the thermal cross section reaction value of the) (or, (n) reaction.
These thermal values are either taken from expeatsner if no
experiment are available, the TALYS calculatedora(in,p)/o(n.y) or
o(n,a)/a(ny) at 1 keV is used.

Table 17. Rules for error factors for (n,p) anaxfrregions with LEA data.

RN of 1& to o(th.) Error factor (f) Error factor (f)
1 (Ev—E)

a(n,p) ora(n,a) exp. Ao (0.0253eV) used 2.0

a(nyy) exp. 2.0 2.0

a(nyy) estimated 10.0 10.0

Secondly, the (n,p) and (), reactions with a ¥/component directly
coupled to a statistical calculation, and havingr@gonance regions;
are treated as model derived channel and associatieconly two-
group uncertainty data set.
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Uncertainty assignments for branched cross-sections

The same rules as for the threshold branched osactare also
applied to the non-threshold branched channels.

EAF data formats

Point-wise data formats

The format of the EAF-2010 file is essentially tbathe MF = 3 file
of ENDF-5 format with the following deviations (tlhesulting format
is usually referred to as the EAF format):

« Two comment lines have been added at an earlige s&ating
the origin of data, the SAFEPAQ-II modificationsdate Quality
score.

* The material number MAT consists Hfand the two last digits of
A. To describe isomeric targefshas been increased by 50 or 70
(m or n, respectively). Consequently, the ordertlod cross
sections (according to increasing MAT numbers)asaiways in
accordance with increasing and A. This applies only to the
point-wise format data, not to the multi-group dans library, for
which another MAT number with more digits is used.

* The identifiers LIS and LFS are used to indicate isomeric)
states of the target and final nucleus, respegtitéére we have
adopted the convention that LFS = 99 means totadlymtion
cross section; LFS = 0, 1, or 2 means productiogroéind state,
first and second isomeric state, respectively.

* The reaction nomenclature is as defined by ENDIEgpix that
reaction numbers leading to isomeric states haea lbecreased
by 300 or 600 (for m and n, respectively). The sresctions for
one material number are ordered according to isargaMT
numbers, except that cross sections leading to @sonstates
follow immediately after the cross section leadingthe ground
state.

The composition of the comment lines has been fidigcribed in an
earlier section. An example of the EAF point-wige format is given
in Appendix 2.

Group-wise data formats

SAFEPAQ:-II calculates the multi-group file usingp@cedure which
is fully described in reference 2. The format o€ thulti-group
library, GXS_EAF, is the LIBOUT format of the co#®UR ACES
(ENEA Bologna), again with two additional commeninek
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(modification data and Quality score are shown be first, the
second is blank) for each reaction. For reactiomimers the ENDF-
reaction number MT multiplied by 10 has been adbpteith the
convention that for the excitation of each isometite the reaction
number is increased by one. The material numberEAF _GXS
consist ofZ, A and an identifier to indicate ground or isomesaget
(MAT = Z x 10000 +A x 10 + LIS). The order of the cross sections
on the EAF_GXS file is in accordance with incregsthA, LIS, LFS
and MT.

The multi-group file is produced in one of sevewuy-structures:
that of GAM-2 (100 groups), VITAMIN-J (175 groups)NIMS (69

groups), XMAS (172 groups), VITAMIN-J+ (211 group3)RIPOLI

(315 groups) and TRIPOLI+ (351 groups) with apprater flux-

weighting spectra. However, if required the grotnocture could be
changed into any other energy group structure ogitiag function
with a small amount of effort.

The accuracy of a set of multi-group constantseteminined by the
group structure and the weight function. This idipalarly true when
either the group structure is coarseg(&/ITAMIN-J in the thermal
range) or when the flux varies strongly betweelfied#int regions of
the device. Historically all of the weighting furais included a
fission spectrum but that is not appropriate whendevice is a fusion
plant. Similarly having a fusion peak in the weifimction used for a
fission plant is not correct. Three distinct weifimctions have been
used to process the group-wise files. They areteeras:

* FLA or FLT: a flat or constant weight function (reftown).

* FIS: this weight function combines a thermal MaXwael at low
energies, a FH function at intermediate energies, and a fission
spectrum T = 1.3539 MeV) with a fast dropping tail at higher
energies shown in 87.

» FUS: this weight function combines a thermal Maxiaal at low
energies, a FH function at intermediate energies, and a velocity
exponential fusion peak spectrum with a peak @d71MeV shown
in Figure 88.

An example of the EAF group-wise file format is givin Appendix
3.
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Conclusions

The neutron-induced cross section data includedomprehensive
activation files such as EAF-2010 come from sout@esng varying
degrees of quality. The processing code SAFEPAEnr#bles all the
necessary modifications to be performed in a wefingéd and quality
assured manner. This leads to the creation of @ma#ion file that
can claim a much higher degree of quality thanahginal sources.
The validation of the processed data, in variowesgynranges, allows
the correctness of the data treatments to be ieertit the processing
stage.

However, it is important to note that although fie is probably as
complete as required for magnetic fusion applicegio the
experimental database that allows internal valhaby C/E analysis
is far from complete and contains many deficienciaghough
systematic comparisons can be made at high engtiesderived
uncertainty margins are higher and rely more omadgton than on an
experimental comparison. This introduces highercuational
uncertainties and so forces wider safety margingpplications that
rely on 14 MeV data. A greater range of experimem@asurements
is therefore urgently required.

In EAF-2010 results of a wide range of integral exxments have
been used to adjust data. Validation of activatode predictions,
and thereby of cross section and decay data, has performed by
means of direct comparison with measurements abwsrmaterials
under fusion-relevant neutron spectra. Integrakerments are a rich
source of information with which a wide range oflidation and
comparison exercises can be made in the activalata field. The
broad trends of the time dependent values of tHeuleded-to-
experimental ratios represent the best estimatabeofuncertainties
that should be applied to predictions made withvatibn codes.

Neutron cross sections: Issue 1, April. 2010



EAF

103

References
[1]
[2]
[3]
[4]
[5]

[6]
[7]

[8]

[9]

[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]

[18]

RA Forrest,FISPACT-2007: User manualUKAEA FUS 534,
2007.

LW Packer and RA ForrestSAFEPAQ-II: User manua)
CCFE-R (10) 03 2010.

RA Forrest, ‘The European Activation System: EASY-2007
overview, UKAEA FUS 533, 2007.

LW Packer and J-Ch SublefThe European Activation File:
EAF-2010 decay data libraryCCFE-R (10) 02 2010.

LW Packer and J-Ch SublefThe European Activation File:
EAF-2010 biological, clearance and transport
libraries’,CCFE-R (10) 04 2010.

RA Forrest, ‘The European Activation File: EAF-2007
deuteron- and proton-induced cross section libralli& KAEA
FUS 536 2007.

RA Forrest, J Kopecky and J-Ch SubléThe European
Activation File: EAF-2007 cross section libranfJKAEA FUS
535 2007.

RA Forrest and JA SimpsonSAFEPAQ: User manual’
UKAEA FUS 355, 1997.

JA Simpson, J-Ch Sublet and D Nier@pY MPAL: User guide’
UKAEA FUS 356, 1997.

JA Simpson and J-Ch SubletSYMPAL: Utilities guide’
UKAEA FUS 357, 1997.

MJ Bell, ‘'ORIGEN - The ORNL isotope generation and
depletion code’'ORNL-4628, 1973.

ON Jarvis, ‘Description of the transmutation and activation
data library UKCTRIIIA, AERE-R 9601 (rev) 1980.

ON Jarvis, ‘Description of the transmutation and activation
data library UKCTRIII', AERE-R 9601, 1979.

S Pearlstein, ‘Neutron-induced reactions indmm mass
nuclei’, J. Nucl. Energy27, 81, 1973.

H Gruppelaar, ‘UKCTRII-AR2 modification of the
transmutation and activation data library UKCTRHAI
unpublished, ECN Petten, 1981.

SM Qaim, ‘14 MeV neutron activation cross-sections’
Handbook of Spectroscopy, Vol 1, CRC Press InccaBeaton,
Florida, 1981.

FM Mann, DE Lessor and JS PintleREAC nuclear data
libraries’, Int. Conf. on nuclear data for basic and applied
science’, May 1985, Santa Fe, NM (Gordon and Bre4a8B6),
207.

H Gruppelaar, HAJ van der Kamp, J Kopecky @&ndNierop,
‘The REAC-ECN data library with activation and teamutation

Neutron cross sections: Issue 1,April. 2010



104

EAF

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

cross-sections for use in fusion reactor technol@ggrsion
1986)', ECN-87-12Q 1987.

SM Qaim, ‘A systematic study of (n,d), (lph and (n,pn)
reactions at 14.7 MeVNucl. PhysA382, 255, 1982.

| Kumabe and K Fukud&:mpirical formulae for the (n,p) and
(n,a) reactions for 14 MeV neutrond?rogress Report (July 77 -
June 78) of the JAERNEANDC(J)-65-U(1978) 45.

H Gruppelaar, HAJ van der Kamp, J Kopecky @&nhdlierop,
‘The REAC-ECN-2 data library with activation and
transmutation cross-sections for use in fusion teac
technology (version 1987ECN-87-161 1987.

RA Forrest,Systematics of neutron-induced threshold reactions
with charged products at about 14.5 MeWWERE-R-12419
1986.

J Kopecky and H GruppeladBystematics of neutron-induced
isomeric cross-section ratios at 14.5 MeECN-200, 1987.

HK Vonach, ‘Excitation of isomeric states in (n)rreactions,
Nuclear data for fusion reactor technolo¢fEA-TECDOC-
457,127, 1988.

J Kopecky and H Gruppeladihe REAC-ECN-3 data library
with activation and transmutation cross-sectiong fse in
fusion reactor technology’ Nuclear data for science and
technology (1988 MITO), 245.

RA Forrest, MG Sowerby, BH Patrick and DAJ Bodtt,'The
data library UKACT1 and the inventory code FISPACT
Nuclear data for science and technology (1988 M|TIOB1.

RA Forrest, The activation cross section library UKACT1 and
the inventory code FISPACT Proceedings of the IAEA
Specialists’ meeting on FENDL, Vienna May 1989,
INDC(NDS)-223/GF, 254, 1989.

J Kopecky, ‘European activation library for fusion reactor
technology, Proceedings of the IAEA Specialists’ meeting on
FENDL, Vienna May 1989NDC(NDS)-223/GF, 62, 1989.

J Kopecky, HAJ van der Kamp, H Gruppelaar &ndierop,
‘Development of a European Activation File by egiag and
updating the REAC-ECN data fil&€CN-89-75 1989.

J Kopecky and HAJ van der KamfEvaluation of cross-
sections and uncertainties for important reactions a
supplement to the REAC-ECN-5 data fieECN-89-181 1989.

J Kopecky, HAJ van der Kamp, H Gruppelaar &ndNierop,
‘The European Activation File EAF-2 with neutrontigation
and transmutation cross-sectiongCN-C-91-073 1991.

J Kopecky and D NieropContents of EAF-2 - a supplement to
the EAF-2 data file’ECN-1-91-053 1991.

J Kopecky, H Gruppelaar and RA ForréByropean Activation
File for fusion’, SM Qaim (Ed.), Proc. Int. Conf. Nuc. Data Sci.
Tech., Julich, May 1991, 828, 1992.

Neutron cross sections: Issue 1, April. 2010



EAF

105

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

J Kopecky, HAJ van der Kamp, H Gruppelaar &ndNierop,
‘The European Activation File EAF-3 with neutrontigation
and transmutation cross sectionECN-C-92-058 1992.

J Kopecky and D NieropContents of EAF-3 - a supplement to
the EAF-3 data file with 14.5 MeV cross-sectiorueal ECN-
1-92-023 1992.

J Kopecky, MG Delfini, HAJ van der Kamp and Merop,
‘Revisions and extensions of neutron capture cses$tons in
the European Activation File EAF-EZCN-C-92-051 1992.

J Kopecky, MG Delfini, HAJ van der Kamp, H Gpelaar and
D Nierop,‘Neutron capture cross-sections of fission produicts
the European Activation File EAF-ECN-RX-92-022 1992.

J Kopecky, D Nierop and RA Forrest)ncertainties in the
European Activation File EAF-3.1 - subfile EAF/UN:3
ECN-C-94-015 1994.

J Kopecky and D NieropThe European Activation File EAF-4
- summary documentatigrECN-C-95-072 1995.

OT Grudzevic, AV Zelenskij, AV Ignatchuk and BA
PashchenkoCatalogue of ADL-3 Library Voprosy Atomnoj
Nauki | Techniki, No. 3-4, 1993. (In Russian).

ET Cheng, RA Forrest, J Kopecky and FM Marinst of
neutron activation reactions important for fusioower plant
technology, EAF-Doc-004 1994.

J-Ch Sublet and J Kopecky, ‘SYMPAL: The Eurape
Activation File processing codeFus. Eng. Design37, 159-
165, 1997.

AB Pashchenko, H Wienke, J Kopecky, J-Ch Subled RA
Forrest,'FENDL/A-2.0 Neutron activation cross- section data
library for fusion applications’lAEA-NDS-173, 1997.

J-Ch Sublet, J Kopecky and RA Forresthe European
Activation File: EAF-97 cross section librapyUKAEA FUS
351, 1997.

AB PashchenkodActivation cross sections for the generation of
long-lived radionuclides of importance in fusion acéor
technology; INDC (NDS)-342 1996.

VA Konshin, ‘Consistent calculations of fast neutron induced
fission, (n,2n) and (n,3n) cross sections for tapes of Th,
Pa, U, Np, Pu, Am, Cm, Bk and CFAERI-Research 95-010
1995.

Zhao Zhixiang and Zhou Delin, ‘Systematics excitation
functions for (ny) reactions above 4 MeVChin. J. Nucl. Phys.
13, 139, 1991.

M Uhl and B Strohmaier,STAPRE - A computer code for
particle induced activation cross sections and tedh
guantities; IRK-76/01, 1976.

SF Mughabghab, M Divadeenam and NE Hold@&gutron
cross-sections, Vols. 1 A,B: Neutron resonanceampaters

Neutron cross sections: Issue 1,April. 2010



106

EAF

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]
[61]

[62]

[63]

[64]

[65]

[66]

and thermal cross-sectionsAcademic Press, Orlando, Florida,
1981; 1984.

NE Holden,'‘Review of thermal neutron cross sectioriNL-
45255 1991.

NE Holden ‘Neutron scattering and absorption properties’
(Revised 1993)BNL-49710 1994.

JW Behrens,'Systematics of neutron-induced fission cross-
sections over the energy range 0.1 - 15 MeV, artdiG#253 eV,
UCID-17509-2 1977.

JW Behrens, ‘Systematics of neutron-induceskifin cross
sections in the MeV rangePhys. Rev. Lett39, 68, 1977.

J-Ch Sublet, J Kopecky and RA Forresthe European
Activation File: EAF-97 Cross section library - ¢hyeactions;
UKAEA FUS 352, 1997.

J-Ch Sublet and M DetotEAF-97 Revision 1: interpolation
law correction;, JEFF/DOC-718 1998.

J-Ch Sublet, J Kopecky and RA Forresthe European
Activation File: EAF-99 Cross section librartyUKAEA FUS
408 1998.

Kl Zolotarev, VN Manokhin, MV Scripova and ABaschenko,
'‘Neutron induced helium production cross sectiotaddorary’,
Proceedings of the 9th International Symposiun aadior
Dosimetry, Prague, September 2-6, 1966.

V Pronyaev, S Tagesen and H Vonadhyaluation of all
important cross section for Be-9 in the energy efigm 10°
eV - 20 MeV,EFF-Doc-552 1998.

M Herman,LANL Update Il of the ECNSAF Neutron Activation
Cross-Section Libraryprivate communication, 1997.

RA Forrest, ‘SAFEPAQ-II, a new tool for thegauction of
activation data librarieskus. Eng. Desigrb4, 387-395, 2001.
RA Forrest and J KopeckyThe European Activation File:
EAF-2001 cross section librarylUKAEA FUS 451, 2001.

RA Forrest, J Kopecky and J-Ch Sublet, ‘Depetent of the
European Activation SystemJ. Nuc. Sci. TechSupp. 2 96-
99, 2002.

S Tagesen, H Vonach and A Walln&tyaluation of the fast
neutron cross sections 6fNi including complete covariance
information’, INDC(AUS)-016, 2002.

S Tagesen, H Vonach and A Walln&tyaluation of the fast
neutron cross sections 8fNi including complete covariance
information’, INDC(AUS)-017, 2002.

A Mengoni, Neutron capture in light nuclei’ ENEA, EFF-
DOC-767, 2000.

RA Forrest, M Pillon, U von Mollendor and K ifel,
‘Validation of EASY-2001 using integral measuremsent
UKAEA FUS 467, 2001.

Neutron cross sections: Issue 1, April. 2010



EAF 107

[67] RA Forrest, M Pillon, U von Modllendor and K ifel,
‘Validation of the EASY-2001 activation systenfus. Eng.
Design 63-64 295-302, 2002.

[68] RA Forrest, J Kopecky and J-Ch Subléthe European
Activation File: EAF-2003 cross section libraryJKAEA FUS
486, 2002.

[69] P Romain, P Dos-Santos Uzarralde, S Hilaire & Delaroche,
CEA Bruyere le Chatel, Private communication, 2002.

[70] ‘A brief description of the second version of Ckmé&valuated
Nuclear Data library CENDL-2'INDC(CRP)-025/L, 4, 1991.

[71] AJM Plompen et al, ‘Measurements of neutron-induced
reaction cross sections fiNi, °®Cu and®®Co from threshold to
20 MeV’; Proc. PHYSOR 2002, Oct 2002, Korea, to be
published.

[72] K Shibata, T Kawano, T Nakagawa al, ‘Japanese Evaluated
Nuclear Data Library Version 3 Revision-3: JENDI3'3.J.
Nucl. Sci. TechnoB9, 1125, 2002.

[73] AJ Koning, unpublished results.

[74] J-Ch Sublet, AJ Koning, RA Forrest and J Kdgye€The JEFF-
3.0/A Neutron Activation File — New features, vatidn, and
usage, Int. Conf. Nuc. Data Sci. TechAlP CP769, 203-206,
2005.

[75] IFMIF International Team,IFMIF Key Element Technical
Phase Report’JAERI-Tech 2003-005 2003.

[76] RA Forrest, ‘EASY-2004 Summary repartF/PL/WPL3.1a
/IRAF, 2004.

[77] RA Forrest ‘Extending the energy range of materials activation
modelling’,J. Nuc. Materials329-333 1633-1637, 2004.

[78] RA Forrest, J Kopecky and J-Ch Subléthe European
Activation File: EAF-2005 cross section librafyJKAEA FUS
515 2005.

[79] RA Forrest,'The European Activation File, EAF-20Q5Int.
Conf. Nuc. Data Sci. TechAIP CP769, 157-160, 2005.

[80] AJ Koning, S Hilaire, M Duijvestin and JP [Reoche,
Proceedings of the 2002 Frederic Joliot/Otto Hahmrmer
school in reactor physics: Modern reactor physicsl d@he
modelling of complex systems, Aug. 21-30, 2002, &adhe,
France, in preparation.

[81] E Bauge,'Microscopic evaluation of Eu isotopesIEF/DOC-
951, 2003.

[82] E Dupont, E Bauge, S. Hilaire and A Konirijeutron data
evaluation of RhodiumJEF/DOC-1004 2004.

[83] MJ Lopez Jiménez, B Morillon and P Romain,iple-humped
fission barrier model for a ne®*®U neutron cross-section
evaluation and first validationsAnn. Nuc. Energy32, 195-213,
2005.

Neutron cross sections: Issue 1,April. 2010



108

EAF

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[97]
[98]

[99]

Y Korovin, AY Konobeev et al, ‘Intermediate Energy
Activation File IEAF-2001 Int. Conf. Nucl. Data for Science
and Technology (ND2001), Oct. 2001, Tsukuba, Japan.

AJ Koning, R Jacgmin, R Forrest, O BersilléhRullhusen, A
Nouri and M Kellett,'Status of the JEFF nuclear data library’
Int. Conf. Nuc. Data Sci. TectAJP CP769, 157-160, 2005.

VM Maslov et al, ‘Evaluated neutron reaction data for Th-232,
U, Np, Pu, Am and Cm isotopedAEA-NDS-164, Rev. 5,
2003.

M Avrigeanu, W von Oertzen, AJM Plompen andivrigeanu,
‘Optical model potentials foo-particles scattering around the
Coulomb barrier o®~100 nuclei’,Nucl. Phys.A723, 104-126,
2003.

MC Duijvestijn and AJ Koning;NRG-2003: new evaluations
for all Ca and Ge isotopesJEF/DOC-1016 2004.

RA Forrest,Deuteron-induced activation in the IFMIF lithium
loop’, UKAEA report on work performed for EFDA ta3RV5-
TTMI-004 , November 2005

H Kalka, M Torjman and D Seeliger, ‘Statisticanultistep
reactions: Application’Phys. Rey.C40, 1619, 1989.

J Kopecky, GM Delfini and M UhlProceedings of specialist
meeting on neutron activation cross-sections fesiéin and
fusion energy applicationsSNEANDC-259 U, 201, 1990.

Shi Xiangjun, J Kopecky and H Gruppela@rescription of the
NGAMMA code and user manualECN-NFA-FUS-90-05
1990.

JJ Griffin, ‘Statistical model of intermediatdructure’, Phys.
Rev. Let.17, 478, 1966.

Shi Xiangjun, H Gruppelaar and JM Akkermangffécts of
angular-momentum conservation in unified pre-efdiim and
equilibrium reaction modelsNucl. Phys.A466, 333, 1987.

J Kopecky and M Uhl, ‘Test of gamma-ray strémfynctions in
nuclear reaction model calculation®hys. Rev. C41, 1941,
1990.

J Kopecky, M Uhl and RE Chrien, ‘Radiativeestgth in the
compound nucleuS’Gd’, Phys. Rev. (47, 312, 1993.

M Uhl and J Kopecky,Gamma-ray strength function models
and their parameterizationINDC(NDS)-355 157, 1955.

SS Dietrich and BL Bermarit. Data Nucl. Data Tables38,
199, 1988.

AV Varlamov et al ‘Atlas of Giant Dipole Resonances’
INDC(NDS)-394, 157, 1999.

[100] PG Young, ‘Global and Local Optical Model Bareterization’

in “Proc. Specialists’ Meeting on the Use of thetiCgd Model
for the Calculation of Neutron Cross Sections bekiivMeV”,
Paris 13-15 November 1985, OECD/NEA ReddBEANDC —
222'U’, 127, 1986.

Neutron cross sections: Issue 1, April. 2010



EAF 109

[101] B Buck and F Perey, ‘Effect of nuclear cotiee motions on s-
and p-wave strength function®hys. Rev. Lett8, 444, 1962.

[102] B Buck and F Perey, ‘A non-local potential aebd for the
scattering of neutrons by nucleNuc. Phys.32, 353, 1962.

[103] M Uhl, code Maurina, unpublished.

[104] ‘Handbook for calculations of nuclear reaction datkeference
Input Parameter Library’ IAEA-TECDOC-1034,
IAEA,Vienna, 1998.

[105]‘Handbook for calculations of nuclear reaction daRlIPL-2’,
IAEA-TECDOC , to be published, IAEA,Vienna, 2004.

[106] AJ Koning and JP Delaroche, ‘Local and globatleon optical
models from 1 keV to 200 MeVNucl. Phys.A713, 231-310,
2003.

[107] R Doczi, V Semkova, AD Majdeddin, CM Buczkadal Csikai,
IEP Debrecenlnvestigations on (n,p) cross sections in the 14
MeV region, INDC(HUN)-032, 1997.

[108] AD Majdeddin, V Semkova, R Doczi, CM Buczkadal Csikai,
IEP Debrecenilnvestigations on (1) cross sections in the 14
MeV region, INDC(HUN)-031, 1997.

[109] J Kopecky, unpublished systematic developedEAF-2001.

[110] AYu Konobeyev and YuA Korovin, ‘Use of systatits to
estimate neutron reaction cross sectioddggmic Energy 85,
556, 1998.

[111] Y Lishan and J Yuling, ‘Systematics of the’(e) reaction
cross sections at 14 Me\Ghin. J. Nucl. Phys14, 95, 1992.

[112] T Shimizu, | Miyazaki, K Arakita, M Shibat&, Kawade, J Hori
and T Nishitani, ‘Measurement of (f),meaction cross-sections
of Br, *zr, **’Au and?*’Pb with pulsed d-D neutronsAnn.
Nuc. Energy32, 949-963, 2005.

[113] A Chatterjee, KHM Murthy and SK Gupta, ‘Ogal reaction
cross sections for light projectile$NNDC(IND) - 27/GJ, 1980.

[114] SA Badikov, OT Grudzevich, AV Ignatyuk, AB $tachenko,
AV Zelenetsky and Kl ZolotarevCross-section evaluations for
activation data library;, SM Qaim (Ed.), Proc. Int. Conf. Nuc.
Data Sci. Tech., Julich, May 1991, 930, 1992.

[115] MB Chadwick and PG Young, ‘Calculations ottproduction
cross sections of high-spin isomeric states in Hafiy Nucl.
Sci. Eng, 108 117, 1991.

[116] MB Chadwick and PG Youn{;alculation of long-lived isomer
production in neutron reactionsd. A-UR-91-3454, 1991.

[117] P Younget al, unpublished survey of branching ratios.

[118] J Kopecky and D NieropThe European Activation File EAF-4
- progress report’EAF-Doc-007, 1994.

[119] G Audi and AH Wapstra, ‘The 1995 update te #iomic mass
evaluations’Nucl. Phys.A595, 409, 1995.

[120] P Moeller (DW Muir summary documentationfNuclear
Masses (RNPL-A)IAEA-NDS-146, 1991.

Neutron cross sections: Issue 1,April. 2010



110 EAF

[121]'The JEFF-3.1 Nuclear Data LibraryJEFF Report 21, OECD
NEA, 2006.

[122]'‘JENDL Actinoid File 2008 (JENDL/AC-2008) and JEN&L
nuclear data libraries’ JAEA nuclear data centre web site,
http://wwwndc.jaea.go.jp/jendl/jendl.html

[123] P Oblozinsky, M Herman, S Mughabghab, | Singkl Chang, T
Nakagawa, K Shibata, M Kawai, AV Ignatyuk, VG Praay, V
Zerkin, S Qingbiao and Z YouxiantdReview of neutron cross-
section evaluations for fission productét. Conf. Nuc. Data
Sci. Tech.,AIP CP769, 438-441, 2005 and the web site
http://www.nndc.bnl.gov/sg23/

[124] RA Forrest, J Kopecky, M Pillon, K Seidel, SSmakov, P
Bém, M Honusek and E Simeckov¥alidation of EASY-2005
using integral measurement§JKAEA FUS 526, 2006.

[125] J-Ch Sublet,'Experimental validation of the decay power
calculation code and nuclear databases - FISPACTa9d
EAF-97 & FENDL/A-2.0; UKAEA FUS 390, 1998.

[126] F Maekawa, M Wada and Y IkedBecay heat measurements’
ITER task repor681TT16F] JAERI, 1998.

[127] M Pillon, ‘Irradiation of F82H steel;, ENEA, EFF-DOC-609
1998.

[128] M Pillon, ‘Irradiation of advanced vanadium alloy, V-4Cr-4TV
ENEA, EFF-DOC-610, 1998.

[129] U von Mdllendorff, H Giese, Y Ikeda, H TsiJeumirat and P
Wilson, ‘Improved activation tests of fusion stuetl materials
with a deuterium-beryllium neutron sourcé:,Nuc. Mat,. 258-
263 1143, 1998.

[130] K Seidel et al ‘Measurement and analysis of radioactivity
induced in vanadium alloys by 14 MeV Neutroisoceedings
of the 20th SOFT, 1361, 1998.

[131] U von Mdllendorff, H Giese and H Tsige-Tanbjréctivation
test of vanadium alloys with a deuterium-berylliurautron
source, Proceedings of the 20th SOFT, 1449, 1998.

[132] F Maekawa, U von Mdllendorff, M Wada, H Tsigiamirat and
Y lkeda, ‘Integral activation experiment on SS-316LN and
F82H steel irradiated with d-Be neutron sourdetroceedings of
the 20th SOFT, 1465, 1998.

[133] H Freieslebert al ‘Activation of steels and vanadium-allays’
Technical university of DresdeBFF-DOC-617, 1998.

[134] F Maekawa and U von MoéllendotEZK experiment with D-Be
and D-Li sources’ IAE Workshop on fusion neutronics,
Marseille, 1998.

[135] F Maekawaet al, ‘Benchmark experiment on vanadium-alloy
assembly with D-T neutrons - in-situ measuremergchnical
meeting on the US-Japan cooperation on experimental
verification of activation characteristics of vanad alloys,
Nashville, 1998.

Neutron cross sections: Issue 1, April. 2010



EAF 111

[136] W Mannhart;Measurement of th&Cr(n,py?V, >2Cr(n,2ny'Cr,
*2/(n,py*Ti and **V(n,0)**Sc cross sections between 7.9 and
14.4 MeV,; JEFF/DOC-688, 1998.

[137] DV Markovskij, RA Forrest, H Freiesleben, \WMbvalchuk, D
Richter, K Seidel, VI Tereshkin and S Unholzer, pexmental
investigation of radioactivities induced in fusioreactor
structural materials by 14 MeV neutronSys. Eng. Desigrb1-
52, 695, 2000.

[138] D Richter, RA Forrest, H Freiesleben, VD Kk, VD
Kovalchuk, DV Markovskij, K Seidel, VI Tereshkin, S
Unholzer, ‘Measurement and analysis of radioagtivitluced in
steels and in a vanadium alloy by 14-MeV neutrods’Nuc.
Mat., 283-287 1434, 2000.

[139] K Seidel, RA Forrest, H Freiesleben, VD Kalalk, DV
Markovskij, D Richter, VI Tereshkin, S Unholzer,
‘Experimental investigation of radioactivity indwtein the
fusion power plant structural material SiC and Ine toreeder
material LySiO; by 14-MeV neutrons’Fus. Eng. Design58-
59, 585-590, 2001.

[140] M Pillon, M Angelone, P Batistoni, RA Forrest-Ch Sublet,
‘Benchmark experiments of fusion neutron inducechiga-ray
radioactivity in various structural materiald:,Radioanal. Nucl.
Chem, 244, 441-445, 2000.

[141] F Maekawa and Y Ikeda, ‘Decay heat experingnthirty-two
fusion relevant materials irradiated by 14 MeV neuns$’, Fus.
Eng. Design47, 377-388, 2000.

[142] F Maekawa, K Shibata, M Wada, Y lkeda and &kduchi,
‘Comprehensive activation experiment with 14 Me\Wtnens
covering most of naturally occurring elements — 5nm
irradiation experiment’J. Nuc. Sci. TechSupp. 2 990-993,
2002.

[143] M Pillon, ‘Measurement and analysis of nuclear decay heat in
CuCrZr’, ENEA, EFF-DOC-838, 2002.

[144] R Eichin, RA Forrest, H Freiesleben, SA Gaav, VD
Kovalchuk, DV Markovskij, DV Maximov, K Seidel an&
Unholzer,'Measurement and analysis of induced activation in
CuCrZr irradiated in fusion peak neutron fieJdTechnical
University of DresdenzFF-DOC-858 2003.

[145] K Seidel, RA Forrest, H Freiesleben, SA Garow, VD
Kovalchuk, DV Markovskij, DV Maximov, S Unholzer drR
Weigel, ‘Activation experiment with tungsten in fusion peak
neutron field, Technical University of DresdersFF-DOC-
821, 2002.

[146] M Pillon, M Angelone and RA Forrest, ‘Developnt of a
spectrometer to measure photon and electron deeaty flom
radionuclides’J. Nuc. Sci. TechSupp. 2 649-652, 2002.

Neutron cross sections: Issue 1,April. 2010



112

EAF

[147]M Pillon, ‘Measurements of nuclear decay heat and gamma
activation in hafnium samplesEENEA, EFF-DOC-794, 2001.

[148] M Pillon, M Angelone and RA Forrest, ‘Measoments of decay
heat and validation of the European activation cexltem for
fusion power plant applicationgus. Eng. Design63-64 101-
106, 2002.

[149] M Pillon, ‘Preliminary measurements and analysis of nuclear
decay heat in Ac, Sm, Gd and D¥NEA, EFF-DOC-862
2003.

[150] J-Ch Sublet and F Maekawew FNS experimental validation
of the decay power calculational code and nucleatalases —
FISPACT-2001 and EAF-99 & EAF-2001 & EAF-2001 decay
libraries — 5 minutes irradiation’CEA, EFF-DOC-839, 2002.

[151] J-Ch Sublet and F Maekawew FNS experimental validation
of the decay power calculational code and nucleatalases —
FISPACT-2001 and EAF-99 & EAF-2001 & EAF-2001 decay
libraries — 7 hours irradiation’ CEA, EFF-DOC-840, 2002.

[152] K Seidel, R Eichin, RA Forrest, H Freieslepb&A Goncharov,
VD Kovalchuk, DV Markovskij, DV Maximov and S Unlwsr,
‘Activation experiment with tungsten in fusion peakutron
field’, J. Nuc. Mat, 329-333 1629-1632, 2004.

[153] R Eichin, C Adelhelm, Al Blokhin, RA Forredt Freiesleben,
VD Kovalchuk, DV Markovskij, K Seidel and S Unhoize
‘Measurement and analysis of radioactivity indugedCuCrZr
by D-T neutrons’J. Nuc. Mat.329-333 1638-1642, 2004.

[154] U von Modllendorff and S SimakovRroduction of Co-62m in
copper irradiated in the Karlsruhe d-Be neutronldie FZK,
EFF-DOC-869 2003.

[155] R Eichin, RA Forrest, H Freiesleben, K Seidetl S Unholzer,
‘Validation experiment of gamma activities of yitn irradiated
in fusion peak neutron fieldTechnical University of Dresden,
EFF-DOC-883 2003.

[156] M Pillon, ‘Nuclear decay heat in Yttrium, revised measuresient
and analysis’ ENEA, EFF-DOC-903 2003.

[157] R Eichin, RA Forrest, H Freiesleben, K Seidetl S Unholzer,
‘Validation experiment of gamma activities of Pbadiated in
fusion peak neutron field’TUD Report, TUD-IKTP/02-03,
2003.

[158] U von Mdllendorff, F Maekawa, H Giese and EuErstein,A
nuclear simulation experiment for the Internationglsion
Materials Irradiation Facility (IFMIF)’, FZKA 6764, 2002.

[159] M Pillon, ‘Decay heat in Molybdenum irradiated in a first-wal
like neutro