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Organization

This Consultants' Meeting was sponso
Section under the ausplices of the IAE
Committee (INDC). Based ‘on INDC recon
Organizing Committee for this meeting was composed of

Cullen, TAEA/NDS (Scientific Secretary of Meeting)
Derrien, Cadarache, France

Frohner, Karlsruhe, Federal Republic of Germany

.J. Howerton, Livermore, USA

Igarasi, JAERI, Japan

Konshin, Minsk, USSR

. Menapace, Bologna, Italy

Rowlands, Winfrith, UK

Seeliger, Dresden, German Democratic Republic
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Scope

The scope of the meeting included discussicns of important areas of
data discrepancies, The paper presentations focussed particularly on
recent improvements in experimental data and calculational models which
can be used to improve the quality and reliability of evaluated data for
structural materials, The primary scope of the meeting included the
important structural materials Fe, Ni and Cr; some other structural
materials with similar general ©properties and problems were also
considered, e.g. Ti{, V, Mn, Co, Cu, Zr, Nb and Mo.

Objectives
The meeting had the following four main objectives:

(1) to identify the current accuracy requirements for structural material
evaluated data (i.e. what is required);

(2) to assess the accuracy of currently available evaluated data as well
as assess the accuracy of currently available experimental data and
nuclear model codes ({i.e. what 1s currently available);

(3) to formulate a proposed plan of action 1in order to improve existing
evaluations to meet requirements (i.e. what must be done 1in the
future);

(4) to formulate the objective and scope of a proposed IAEA-sponsored

Coordinated Research Programme (CRP) on "Methods for the Calculaticn
of Fast Neutron Nuclear Data for Structural Materials”.



The first three of these objectives were met by the presentation of
invited papers and the fourth objective was met by working group
discussions and recommendations.

Format

This three day meeting was attended by 19 scientists from nine
countries and two international organizations. The first one and a half
days were devoted to presentation of invited papers. The last one and a
half days were devoted to working group sessions with the task to review
the proposed IAEA CRP and make recommendations concerning its objective
and scope.

Programme of Invited Papers

(1) "Neutron Resolution FUﬂCtionS“ 0000000000000 000000000000000000 19

M. Moxon, AERE Harwell, UK

(2) "“Measurement and Analysis of Neutron Spectrum in
Structural Materials for Reactors”

evsccccsscscccssssssscnsssee 20
A. Hayashi, Kyoto University, Japan

(3) "The Neutron Capture Cross Sections of 56Fe from 1 to 350 keV" | 3]
F. Corvi, CBNM Geel, Belgium

(4) “"The 1.15 KeV 76Fe ResSonance” ,iesssecessccscccssscecsscoassscos 46

F.G.J. Perey, Oak Ridge National Laboratory, USA

(5) “Neutron Capture in S-wave Resonances of 56Fe, and
58,60, 64y 4"

®ecevecsesscscscsscssscescctcccessscsessocssorsess 46
K. Wisshak, Kernforschungszen;rum Karlsruhe, FRG

(6) “Model Calculations of Déuble Differential Cross Sections” ,,... 57
H. Gruppelaar, ECN Petten, Netherlands

(7) ~"Calculational Methods for Structural Materials Nuclear Data” ,, §5

E.D. Arthur, Los Alamos National Laboratory, USA

(8) "Particle and Gamma-ray Spectra Calculations in
Structural Materials"™ P - X<

G. Reffo, ENEA Bologna, Iltaly
(9) “"Re-Evaluation of the Neutron Cross Section File for Chromium”,6,6 10!

A.I. Blokhin, FEI Obninsk, USSR



(10) “"Revised Nuclear Model Calculations of Neutron Induced
Cross Sections for 93Nb"

L2 B B N BN Y N Y BC N BN BN BN U A B BN BU BN BN BN B BECBL R N B BE BN BEY B B BE NN BN Y 105

B. Strohmaier, Institut fur Radiumforschung, Vienna, Austria

(11) "Status of JENDL-2 Evaluated Data for Structural Materials” ,,,... 114

T. Asami, JAERI, Japan

(12) "Application of the Deformable Nonaxial Rotator Model for Neutron
Data Evaluation” 0 00 e 00 000000 0000000000ttt stsncsesssrnsesacsese 135§

V.A. Konshin, Minsk, USSR

(13) “"Neutron Radiative Capture and Inelastic Scattering in Chromium
and their Influence on the Calculated Characteristics of a
Reactor with Dissociating Coolant™

2000 G PO SISO NIOIDOLIOINIEINDPDPRONOIBDBPIOLOS 140

V. Korennoi, Obninsk, USSR

(14) "Revised Proposal for a Co-ordinated Research Programme (CRP) on
Methods for the Calculation of Fast Neutron Nuclear Data for
Structural Materials™

@ 00O CIPRRPO NPT NOOO PO OOOEOIPSPERNOEOPNILEOEEBTOETINDS 147

V.G. Pronyaev, TAEA

Working Groups

Following the presentation of Iinvited papers the meeting was divided
into two working groups to consider the resonance and fast energy
ranges. Each Working Group was to consider the proposed IAEA CRP on
structural materials and to make recommendations concerning the scope and
content of this CRP,
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I1I. Combined Recommendations of the twec Working Groups

on the proposed IAEA Coordinated Research Programme (CRP)

"Methods for the Calculation of Fast Neutron Nuclear Data

for Structural Materials”

Introduction

The Nuclear Data Section of the IAEA has proposed that a CRP on
"Methods for the Calculation of Fast Neutron Nuclear Data for Structural
Materials” be started in 1984, This proposal was reviewed by the
International Nuclear Data Committee (INDC) at 1ts 13th Meeting in Rio de
Janeiro, Brazil, May 1983, The Committee approved the proposal in
principle, subject to the definition of its scope and objectives by this
consultants meeting.

Recommendations

The Consultants Meeting on Nuclear Data for Structural Materials
recommends to the INDC that it approves the proposed IAEA CRP on "Methods
for the Calculation of Fast Neutron Nuclear Data for Structural
Materials”, Regarding the scope of the CRP it 1is further recommended
that this CRP only consider the fast neutron energy range, i.e. the range
above the resolved resonance region.

For the fast energy region there is significant potential for this
CRP to contribute towards the development and improvement of
calculational methods, particularly for the determination of correlated
energy-angle nuclear data. Of great interest are efforts aimed at the
formulation of unified reaction theories. s

For the resonance region the theory is well defined and experimental
measurements and analysis are complicated and expensive. Therefore it
was felt that work in this energy range is not appropriate for inclusion
within the scope of the CRP. The consultants felt that work within the
resonance energy range would be more appropriate to bte performed at
advanced laboratories where physicists from developing countries could
participate with support by the TAEA fellowship programme.

Although the consultants felt that this CRP should not deal with the
resolved resonance region they felt that the CRP could contribute toward
eliminating problems which concern the matching of resolved resonance
data to unresolved data and the handling of intermediate structure.

The continued development of current nuclear models should be pursued
within the scope of the CRP with particular emphasis on the improvement
of unified reaction models and their implementation i{into data
evaluation. Results from comparisons of nuclear model calculations such
as those recently sponsored by the NEA should be used to provide guidance
ir. the assessment of the status and applicability of currently used
nuclear models and the 1dentification of areas needing further
improvement.



Improved calculational wmodels developed under the CRP should be
adequately documented and when applicable, the resulting computer codes
and documentation should be made available by the IAEA to the NEA Data
Bank for distribution.

In parallel to, but outside of the scope of the CRP, developed

countries should host scientists from developing countries to train them
in the application of improved calculational methods for evaluation.

Revised CRP Proposal

In hight of the above recommendations, the consultants recommend to
revise the CRP proposal as follows.

14



Revised Propocsal for a Co-ordinated Research Programme (CRP) on

"Methods for the Calculation of Fast Neutron Nuclear Data

for Structural Materials”

1. Background

Fast neutron reaction data for structural materials (Fe, Ni, Cr and
some others) including the energy and angular distributions of secondary
emitted neutrons, charged particles and gamma-rays are of high importance
in neutron economy and shielding calculations and for the assessment of
nuclear safety and radiation damage in fission as well as fusion reactors.

With regard to structural materials, apart from improvements in
evaluated data for a few selected reactions in special purpose files, the
internationally available, more comprehensive evaluated neutron data
files used in fission and fusion neutronics calculations are quite old
and generally no longer reflect the present state of knowledge. Many of
these evaluations, at least partially, date back as far as 1970; since
then many new experimental data have become available, as illustrated
e.g. by the new results reported at the NEANDC Speclialists' Meeting on
Fast Neutron Capture Cross Sections held at Argonne National Laboratory
in April 1982, Also in the field of nuclear models and computer codes,
significant improvements have been made in recent years in the prediction
and interpretation of non-compound contributions in fast neutron-nucleus
reactions as reflected e.g. in the remarkable improvements achieved in
recent years in the description of the energy and angular distributions
of secondary emitted particles including consideration of compound,
direct and pre-compound emissions.

These new developments have led to the necessity to improve the
existing evaluations and perform re-evaluations with due consideration of
mcre recent experimental data and nuclear model descriptions. As a
ccnsequence, new evaluations have been started or are planned in several
cocuntries, and, as part of this overall effort, a co-ordination of the
current development and use of calculational merhods for the computation
oi fast neutron cross sections appears to be timely and desirable.

2. Scientific Scope and Proposed Programme Goals

The materials to be covered by this CRP should be the structural
elements and isotopes (Fe, Cr, Ni) most important for fission and fusion
reactors. Although not structural materials, but because of their
importance in fusion applications, 1t was felt that the CRP should also
include Li, Be and Pb. Incident energies should include the range from
the upper energy limit of the resolved resonances to 20 MeV; all neutron
reactions should be dealt with, with an emphasis on neutron elastic and
inelastic scattering, partial reaction cross sections, gamma-ray
production spectra and cross sections, as well as secondary particle
energy and angular distributions.



The objectives of the CRP are suggested to be as follows:

Discussion and intercomparison of the various calculational
methods used and/or developed by the CRP participants in dealing
with the problem areas mentioned below;

Summary of the results of these intercomparisons and, if
possible, identification of the most appropriate methods
recommended for use in calculations of neutron cross sections
and an assessment of the reliability of such calculations for
the structural materials considered under this CRP, (final goal).

Although the CRP will only deal with the calculations, experimental

measurements are also mentioned below. All such measurements are of
interest in order to verify methods, but should be performed outside of
the scope of the CRP.
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The CRP should deal with the following topics:

Comparison of secondary particle energy =- angle distributions.
Models that allow realistic calculations of these data are being
developed at a rapid rate. Such models should be considered

within the scope of the CRP, particularly those aimed at
unification of Hauser-Feshbach and pre-equilibrium theories.
The above mentioned models should be used to produce complete
energy-angle data sets suitable for inclusion in evaluations in
the ENDF/B File VI format. Realistic error estimates should
also be prepared.

To aid in development and verification of such methods, a few
experimental measurements should be made of angular distribution
of emitted particles induced by neutrons with incident energies
between 8 and 14 MeV. Materials to be investigated should
include Fe, Pb, and Li.

Two step and multi-step reactions. Modern combined Hauser-

Feshbach/pre-equilibrium calculations treat such reactions
consistently and can allow separation of spectra from processes
such as (n,np) and (n,pn). Such separations could be important
for recoil energy calculations.

Small yield cross sections (n,d), (n,t), (n, 3§g). Systematics

should be 1investigated further and combined with simplified
reaction models to provide the required quality of evaluated
data.

Consistency of discrete and continuum level description.

Continuum level densities of residual nuclei used in
Hauser-Feshbach calculations are currently normalized to
discrete level densities at low energies. Often there are
inconsistencies between the level dengities used in
Hauser-Feshbach and pre-equilibrium model calculations which
should be corrected.

The role of nuclear structure theories. Methods of calculation
of direct reaction contributions based on spectroscopical
information obtained from experiments, as well as from nuclear
structure calculations, should be implemented.




- Consistency between evaluated neutron and gamma-ray data files.
Comprehensive nuclear models can provide an accurate prediction
of the total energy release and give a realistic framework for
the evaluation of experimental data on the energzy release for a
variety of @partial reaction channels. Such techniques can
produce improved gamma-ray heating and KERMA values.

Additional gamma-ray production data measurements are needed to
verify such calculations.

Several areas exlist where calculational models should be improved.

a) Pre-equilibrium and unified reaction wmodels - iwmproved
description of exciton-dependent state/level densities, along
with incorporation of Jm effects. Additionally transition
matrix element descriptions should be improved.

b) Optical Model (OM) calculations. For phenomenological
optical models this could include the implementation, in chi
square search routines, of the constrained 1least squares
method that uses prior information as well as input parameter
uncertalnties . A parallel area of OM improvement would be
the implementation of the microscopic methods as developed by
Satchler, Vinh Mao, Lev and Beres or of the folding models of
Jeukenne, Lejeune, and Mahaux, and of Brieva and Rook.

¢) Improved methods for the description of collective effects in
nuclear level densities. Some examples are: development and
application of asymetric rotator wmodels; investigations of
the energy dependence of 1level density enhancements for
deformed nucledi.

d) Development and application of wmicroscopic nuclear level
density calculation methods, 1including those which take into
account  short-range pairing correlations and long-range
residual forces, and more advanced shell wmodel approaches
such as the moments method.

3. Benefits

Participation in this CRP and exchange of experience and results
under this CRP will be of benefit to

- developed countries, since it will assist in the development of
improved evaluated neutron data files for structural materials
needed for their nuclear power programmes; and to

~ developing countries, since it will provide an opportunity for
training and gaining experience in methods of nuclear
cross-section calculations and interpretation of experimental
results and thus help in the development of scientific
infrastructure for nuclear technology.

4. Connection with other programmes

The proposed CRP will partly complement, partly have a natural
connection with other IAEA/NDS and national programmes, for the

~J
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experimental and theoretical determination of fast neutron cross
sections, i.e. with

-~ the Workshop on Nuclear Model Computer Codes organized
Jointly by TIAEA-NDS and the International Centre for
Theoretical Physics in Trieste in January/February 1984;

- the ongoing CRP on the measurement and analysis of 14 MeV
neutron nuclear data needed for fission and fusion reactor
technology;

- the development and intercomparison of neutron cross section
files for radiation damage computation;

- the activities in the field of nuclear 1level densities
following the TIAEA Advisory Group Meeting on Basic and
Applied Problems of Nuclear Level Densities held at
Brookhaven in April 1983.

Participation

Many laboratories from different parts of the world are or may
be interested to participate in the proposed CRP:

Several U.S. and U.S.S.R. Laboratories, e.g. LANL (Los Alamos), ORNL
(Oak Ridge), FEI (Obninsk), INE (Minsk);

TUD (Dresden), GDR;

KFK (Karlsruhe) Jiilich, FRG;

ENEA (Bologna), Italy;

CEN (Saclay, Cadarache, Bruyéres-le-Chatel), France;

IRK (Vienna), Austria;

ANEB (Sofia), Bulgaria;

PFU (Bratislava), Czechoslovakia;

BARC (Bombay), India;

JAERI (Tokyo), Japan;

ECN (Petten), Netherlands

IBJ (Warsaw), Poland

IFIN and IRNE (Bucharest), Romania

AERE (Harwell), United Kingdom

CTA/1EA Nuclear Data Centre, Sao José dos Campos, Brazil.

BCMN (Geel), CEC, Belgium

This is not an exhaustive list. Of course, in view of budgetary

limitations, only a limited, carefully selected number of institutes
could participate in the CRP.

CRP start and duration

Subject to INDC and internal IAEA approval, the CRP could be
started in the course of 1984 by concluding research agreements or
contracts with several institutes for the first year of the CRP with
the possibility of renewal after the first year. In order to
accomplish the goals of this CRP as tentatively outlined under point 2
above, a total duration of at least three years, in line with the
normal duration of IAEA CRPs, is deemed necessary. The funds will be
provided from the NDS' part of the Agency's Research Contract
Programme Budget.



IV. Iovited Papers

The invited papers are presented here fn the arder in which they are
described 1n the programme (see p.6).

Neutron Resolution Functions
by
M. Moxon

AERE Harwell, United Klngdom

Paper was not sumitted for publlicatlon by

author.
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Measurement and Analysis of Neutron Spectrum in Structural
Materials for Reactors

- Iron, Nickel and Chromjum -

S.A. Hayashi, I. Kimura, K. Kobayashi, 8. Yamamoto

Research Reactor Institute, Kyoto University

Kumatori-cho, Sennan-gun, Osaka 590—0&, Japan
Hiroshi Nishihara, Satoshi Kanazawa

Department of Nuclear Engineering, Kyoto University
Yoshidahonmachi, Sakyo-ku, Kyoto 606, Japan

T. Mori and M. Nokagawa

Reactor System Laboratory, Japan Atomic Energy
Research Institute

Tokai-mura, Naka-gun, Ibaraki 319-11, Japan

ABSTRACT

In order to assess neutron cross section data and group
constants for the main constituent elements of stainless steel,
the energy spectra of the neutrons from about 1 keV to a few
MeV in sample plles of iron, nickel and chromium have been
measured by the linac time-of-flight methood.

¥We used spherical vessels in which powder of each sample
element was packed. Each pile had a lead target at the center.
To verify the spherical symmetry of neutron transport in
the pile, the spatial and angular distributions of S¥Ni(n,p) *%Co

and "TAu(n;7)"sAu reactions were measured for each plle.

Group constants were produced by SUPERTOG-JR3 from the two
nuclear data files, JENDL-2 and ENDF/B-IV, and the the one-
dimensional neutron transport calculation was carried out by
DTF-IV or ANISN. A continuous energy neutronics and photon
transport code, VIM, was used for checking of calculational
method, and the result was compared with that by DTF-IV. There
is 1little difference between the results of these two methods.
General shape of the experimental spectra agrees with the
calculated for all cases. But in detail the C/E agreement is
rather poor in the energy just below big resonances, i.e. around
the 27 keV resonance for iron, around the 15, 35 and 75 keV
resonances for nickel and around the 4 to 8 keV resonances for
chromium. The calculated spectrum for iron with JENDL-2 in the
energy less than the 27 keV resonance region is better than that
with ENDF/B-IV. For nickel the calculated spectra with JENDL-2
and ENDF/B-1V agree each other, which is supposed to be caused by
almost the same values of the group constants. In the case of
chromium the C/E agreement in the energy less than about 100 keV

region i8 rather worse with both nuclear data files.

( Neutron spectrum, time-of-flight method, neutron cross
gections, group constants, integral check, structural
materials, iron, nickel, chromium, stainless steel,
transport calculations, Monte Carlo method, spatial and
angular distributions, electron linear accelerator )

INTRODUCTION

For the purpose of safe and economical design of reactors,
the neutron cross section data for structural materials are
required with the accuracy of a few ¥ to a few ten ¥ in relevant
energy region').

At several nuclear data centers in the world the neutron
cross section data for important rector materials are collected
and evaluated systematically, and thereby large scale evaluated

nuclear files or libraries are prepared for reactor design.
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However, there frequently exist considerable large discripancies
among different evaluated nuclear data files., Even though the
values in a few datu files seem to agree satisfactorily each
other, the accuracy of these values may be beyond the requested
value.

There are several methods for the integral check of
evaluated nuclear data files. For the purpose of checking
nuclear data for such as 1nelastic scattering cross section for
structural materials, measurement of the energy spectrum of
neutruns in 8 sample piie is superior to the method of a critical
experiment with its sample, because this method has less
ambiguity because of its simple geometry and by its homogeneous
single constituent. The experimental success of this method is
mainly due to the development of electron linear accelerators as
a powerful tool of an intense pulsed neutron source for the
neutron time-of-flight spectroscopy (linac TOF method). Several
groups applied this method to the intermediate and last neutron
regions, and tried to assess nuclear data of reactor materials in
these regionZ“WK Present authors started the measurement and
analysis of neutron spectrum in reactor materials more than 16
years ago and have Investigated more than 20 samples°-n{

In this paper, the outline of our works on the linac TOF
method is presented and gome never results of ncutron spectira in
main constituent elements of stainless steel, such as iron,
nickel and chromium, are mainly presented for the integral check

of neutron cross section data for these elements.

EXPERIMENTAL ARRANGEMENT AND PROCEDURE

Sample Piles

As Lhe samples, we have mainly chosen structural materials
of fission reactors and fusion reactors, I'he sample plles
which we have experimentally and theoretically studied
at the Research Reactor Institute, Kyoto University (KURRI), are
listed in Tuble 1. The purity of sumples and the shape, and

the size of sumples are tubulated in this table.

The borated graphite pile was used as the standard neutron

field of intarmedt

o aaiib o oo
v

¢ nieution enelgy specirum in order to cali-
brate efficlencies of neutron TOF detectors'”’

Among 8 large number of the sample plles, we have recently
finished the measurement and the analysis of the neutron spectra
in three main constituents of stalnless steel, Fe, N1 and Cr,

in almost the same conditions.

Each powder sample was packed in a spherical steel vessel 60
mm in inner dlameter. Recently the hydrogen contents in these
powder samples were measured by gas chromatography and the
results were L4.73 ppm, 32.8 ppm and 88.5 ppm, for iron,
nickel and chromium, respectively. The hydrogen content for the
iron sample seems to be negligible, but those for nickel and
chromium are fairly high.

Each pile had a cylindrical or cubic lead target at the
center and a reentrant hole from which the neutron beam with
certain position and direction (r= 15 cm, P=O) was extracted to
the neutron flight path. When we measured the background counts,
a plug in the bottom of the reentrant hole was removed and then
the hole became through. In order to measure angular and
spatial distribution of neutrons around the photoneutron target,
we set radially activation nickel wires and gold foils from the

side of the target.

Pulse Neutron Source

Fast neutron pulses were generated with the .:le_tron linear
accelerator {(1linac) of the KURRI. The typlcal operating condi-

tions of the linac were as follows:

electron energy :  about 30 MeV

repetition rate : 167 or 250 pps

pulse width ;. 22, 30, 33, U7 or 100 nsec
target current : about 300 or 700 mA at peak

The spectrum of the neutrons directly emitted from the lead

targel. was measured by the Hnace time-of-f]ight method and the

41

result is shown tn elsewhere’ The nangular distribution of
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the photoneutrons was measured by making use of the ’qu(n,ﬁ)"Na

.
reaction and was seen to be isotropic as shown before ' ) .

Collimators and Flight Tube

The general configuration of the collimators and the flight
tube was almost the same as earlier works of ours and is
depicted':‘l-"ig. 1. The total flight path betyieen the electron beam
center and the front face of the °Li glass scintillator or "B-
vaseline-NaI(T1) detector was about 22 m or 2k m, respectively.

A natural uranfum plate of 2 cm thick and & cedmium plate of 0.5
cm thick were set into the neutron flight path to suppress gamma

flash and slow neutron backgrounds.

Neutron Detector and Electronics

As the neutron detector, we used a bank of three ‘Li glass
scintillation counters (NE-912, in 12.7 cm in diameter and 1.27
cm thick) and a '"B-vaseline-NaI{Tl) counter. The structure and
characteristics of these detectors were given elsewhere'? .

The significance of using these two detectors is to avoid a
systematic error which may be caused by the detector system.

The relative detection efficiencies of the both detectors
along with some correction factors such as the transmission
function through the flight tube, were experimentally determined
by wmaking use of the standard neutron pile of borated graphite'®
Recently we encased this pile in a steel frame and recalibrated

“SU fission chamber and a

the efficiencies of both detectors. A
BFy counter are used for neutron monitoring.
The electronic circuits and the computer system for the
measurement and the data analysis are shown in Fig. 2.
The neutron signels are stored in a multi-channel analyzer,
CANBERRA Series 88/MP, through a time analyzer unit, Oken S-1218.

The obtained data is processed with the PDP-11/3L computer.

Measurement of Spatial Distributions of Neutrons

Nickel wire of 1 mm in diameter and gold folls of 3 mm

in diameter or 5 mm square and 0.05 mm thick were used for the

measurement of spatial distribution of neutrons around the
photoneutron target by the "Ni(n,p)5’Co and "7Au(n,)) "$au
reactions. The lnduced activities of both "*Co and "* Au were
measured with a Ge(Li) detector and spatial distributions of
neutrons are always determined in all of the sample piles by this

activation method.

THEORETICAL CALCULATION OF NEUTRON SPECTRUM

Computer Codes and Calculational Models

19 or ANISN'“

Main calculation have been performed by DTF-IV
for all of the piles. In this calculation each pile is assumed
to be a spherically symmetric geometry with an homogeneous
isotroic neutron source in the central region.

In the typical calculation, space mesh and number of angular
quadrature points are taken to be 1 cm and, 8 or 16, respective-
ly. The scattering anisotropy of the elastic scattering kernel
was obtained by Py approximation. The neutron spectrum in the
lead target was taken from Ref. 1h.

For the calculation of neutron distribution by the Monte
Carlo method, a continuous energy neutronics and photon transport
code, VIM was used ', In this calculation the neutron flux was
obtained by a method of track length estimators in a homogeneous

medium of piles.

Cross Section Libraries and Group Constants

As shown in Fig. 3, 100 group constants were produced by the
SUPERTOG-JR3 code'® from two evaluated nuclear data files ENDF/B
-1v'"™ and JENDL-27 for DTF-IV or ANISN. In this calculation we
assumed the weighting spectrum having the 1/E type below 100 keV
and the fission neutron spectrum above 100 keV. The material
numbers in these libraries which we used in thls work are
tabulated in Table 2. The obtained group constants for iron,

nickel and chromium are shown in Figs. b, 5 and 6, respectively.
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On the other hand the self-shielding factors for elastic
scattering, abesorption and removal cross sections were calculat-
ed by the RIFF-H ccde?” | which had been prepared by one of the
authors. In this calculation, ultra fine mesh (0.0021 lethargy
width) was taken. Multiplying the above group constants by
these self-shielding factors, we obtained the self-shielded group
constants for computer input.

As the group constants for the calculation of the reaction

rate in activation foils, we took the data from the ENDF/B-1V

J

Unlike the earlier resuits which were presented at the
Antwerp Conference'?), we took Into account the hydrogen contents
of the sample powders in the calculation. The spectrum was
softened in lower energy region in all caseg, comparing with that
of the Antwerp Conference, but it i3 more noticeable for the
chromium pile than the others.

Cross gection library in VIM code was obtained from ENDF/B
-1V file and has about 10,000 pointwise cross sections in each
partial reaction for the energy region of IO{LV to 20 Mev.
Angnlar distribution of scattered neutrons are tabulated as

probabilities in center of mass system for 20 angulsr intervals.

The neutron spectra in the three main constituent elements
of stainless steel were measured with almost the same experi-

- R .
mental conditions,

The experimentally obtained angular neutron spectrum at r=
15 cm and p=0.0 for the iron pile with the calculated values by
ANIGN 1s shown in Fig., 7. The normallzation between the
measured spectrum and the calculated one was performed by the
average flux in the region of 300 keV to I MeV. In this flgure,

the ratio of the theoretically calulated spectrum to the

experimentally obtained (C/E ratio) is also depicted below. In
this case, we took the data with the SLi glass scintillation
counter bank to calculate the above ratio, because the these data
agree with those with the '°B-vaseline-Nal{(Tl) counter and have
less statistical uncertainty. )
For the spectrum in the iron pile, it can be seen that:
{1) The experimentally obtained spectrum with the ¢Li glass
gcintillation counter bunk or the '° B-vaseline-Nal{Tl) counter
comparatively agree with the calculated in general from 1 keV
to 2 MeV. (2) The C/E ratio for JENDL-2 is flatter than that
for ENDF/B-IV in the energy less than 10 keV region. (3) Most
of the measured data are larger than the calculated ones below a
few 100 keV, except around the region of a 27 keV resonance peak.
(L) As comparing with the neutron spectra in the large rectan-
gular parallelpiped pile which had been obtained by the present
authors before‘), the similar tendency of the general spectrum
shape can be seen in the experimental and the calculated ones.
Figure 8 shows the total fluxes calculated by VIM and by
DTF~IV codes with the same nuclear data file, ENDF/B-IV. 1In this
figure, the spectral shape of total fluxes {s almost the same
each other. This fact verifies that the difference between
the experimental and calculated values in Fig. 7 {s not caused by

the difference of the calculational methods.

Nickel

The experimental angular neutron spectrum in the nickel
plie is shown in Fi1g. Y, together with the calculated values by
ANISN at r=15 cm and p=0.0. The normalization procedure vas
the same as the iron pile. 1In the same figure, the C/E ratio
is also depicted below. Figure 10 shows the total fluxes
calculated by VIM and DTF-IV codes with ENDF/B-IV file.

For the spectra in the nlckel plle, it can be seen that:
(1) The agreement between the experimental and the calculated
spectra is good in genersl shapes., (2) The experimenta]l values

slightly exceed the calculational values around the resonances



U

of 15 keV, 35 keV and 75 ke¥. (3) The two spectra calculated
with the ENDF/B-1IV and JENDL-2 agree with each other better than
the cases for iron and chromium, Thias 1s due to the fact that
both group constants for nickel agree with each other in the
relevant energy region, as seen in Fig. 5. (L) The spectral
shape of total fluxes with VIM and DTF-IV codes are almost the
same each other. This means also that the differences between
the calculated spectra with different nuclear data files were
caused by the use of the difference of nuclear data themselves

but not by the use of different codes.

Chromium

The experimental angular neutron spectrum for the chromium
pile is shown in Fig. 11, together with the calculated values
of ANISN at r=15 cm and y=0.0. The normalization procedure was
the same as the others. In the ssme figure, the C/E ratio is
also depicted below. Figure 12 shows the total fluxes calculated
by VIM and DTF-IV with ENDF/B-IV file.

As the hydrogen content in the sample powder was considerd
in the present calculation, the calculated spectrum was increased
in lower energy part of less than 150 keV and considerably

approached to the experimental one.

From Figs. 11 and 12 for the chromium spectra, it can be
seen that: (1) A satisfactory agreement between the experimental
and calculated spectra can be seen in general, but in the reso-
nances from 4 keV to 8 keV the experimental values still exceed
the calculated ones noticeably. (2) The spectrum calculated
with ENDF/B-IV 1s about 30 % to 50 % higher than that with
JENDL-2 in the energy less than 40 keV and moreover it 1s more
close to the experimental values than that with JENDL-2.

(3) The calculated total fluxes with VIM and DTF-IV give almost
the same shape.

The precise cross section data for these three elements
in the energy less than 100 keV, especially around the b keV to 8

keV resonances region for chromium are required to solve the

above problems in future. Moreover not only precise cross
section data but also those with higher resolution must be
obtained for the purpose of precise prediction of neutron

spectrum in nuclear reactors, especially in fast reactors.
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Table 1 Sample plles for experimental study

(1977). S
e . N cas s Mo A e f o Pile Mfaritv Shane anl! slze
1. Klmura, et al., ibid., 15, 103 (1970}. . T -
1. Kimura, et al., NBS Sp. Publ. 598, p.265 (1980). Borated graphite 2.5% B in C Rectangular parallelepiped
I. Kimura, et al., "Nuclear Data for Science and Technology" ) 70 ¢m x 70 em x 70 cm
Iron Soft steel, S$5-h1 Rectangular parallelepiped
p-98 (1983). 100 ¢m x 90 cm x 90 cm
Iron sphere with Soft steel, SS-U41 lron: simulated sphere 35 cm
I. Kimura, et al., Nucl. Instr. Meth., 1 . P ’ !
uras al- fue nstr. Meth., 137, 85 (1976) lead reflector 99.9% Pb in diameter
S. A. Hayashi, et al., Annu. Rep. Res. Reactor Inst. Kyoto lead: cube, 7€ cm cube
Univ., 13, 23 (1980). Stainless steel SUS-30h Cube, T6 cm cuh%c
o Aluminum 99.5% A1 (A 1050 P) Cube, 70 cm cubic
K. D. Lathrop, LA-3373 (1969). Lithlum 99.8% Li Rectangular parallelepiped
W. W. Engle, Jr., K-1693 (1967). 60 cm x 50 cm x 4O cm
g€ ' 93 (1967) Barytes concrete Barytes and portland Cube, 50 c¢m cubic
R. N. Blomquist, et al., ORNL/RSIC-LY4 (1980). cement .
K. Koyama, et al., JAERI M 7155 (1977). Lead 99% Fb Cube, 70 c¢m cubic

National Neutron Cross Section Center, BNL "Evaluated Nuclear

Iron oxlide

99.2% Fe ;0,4

Powder packed into a spherical

vessel of 60 cm in diameter

Data File IV" (deta tape). Iron 99.87% Fe Same above
Nickel 99.7% Ni Same above
Nuclear Data Center, JAERI "Japanese Evaluated Nuclear Data Chromium 99.8% Cr Same above
Library” (data tape). Molybdenum 99.9% Mo Sume above
Zirconium 99.6% Zr Same above
M. Nakagawa, unpublished. Alumina 99.5% A1,0, Same above
Thoria 99.9% ThO, Same ahove
Llthium fluoride 98.1% LiF Same above
Copper 99.993% Cu Same above
Manganese 99.95% Mn Same above
Titanium 99.4% Ti 1lh-hedron, in which a sphere
104 cm in diameter inscribes
Polytetrafluoro~ 99.9% (CF, )n 14-hedron, in which a sphere
ethylene 90 cm in diameter inscribes
Niobium 99.8% Nb Powder packed into a spherical

vessel of 28 cm in diameter
Niobium: same above

Niobium sphere with 99.8% Nb

lead reflector

99.9% Pb

lead: cube, 50 cm cubic

Table 2 Llist of material numbers used in files

Flement JENDL-2 ENDF/B-1V
Fe 2260 1192
Ni 2080 1190

Cr 22ho 1191
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Fig. 1

Experimental arrangement of TOF expcriment.
(1) Semple pile, (2) Pb pre-collimator(22 mm in diemeter,
400 mm thick), (3) heavy concrete shield(400 mm thick),
(4) Pb collimator(50 mm in diameter, 200 mm thick),
(5) U filter(2 mm thick), (6) concrete wall, (7) Pb and
B,C collimators((47 mm Pb and 47 mm B C)xk, 50 mm in dia-
meter), (8) Pb collimator(100 mm in diameter, 200 mm
thick), (9) B4C collimator(160 mm in diameter ,80 mm thick
), (10) Pb collimator (160 mm in diameter,60 mm thick),
(11) concrete wall, (12) wall of hut, (13) rotery pump,
(14) Pb shield for °Li glass scintillators, (15) °Li
glass scintillation counter bank being removed when a
Yg. vaseline-Hal{T1) counter is used, (16) Pb shield (150

mm thick), {17) '*B-vaseline-NaI(T1) counter.
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Fig. 2

[———'To monitor system

Block diagram of electronic circuits and computer system

for TOF measurement: '°B-vaseline-NaI(Tl) counter system.
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Fig. 3  Flow chart of neutron spectrum calculation: production
of self-shielded group constants from evaluated nuclear

data files and neutron transport calculation.
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THE NEUTRON CAPTURE CROSS SECTION OF 56Fe FROM 1| TO 350 keV
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1. Introduction

Being the major constituent of stainless steel alloys, iron, and in particular
its most abundant jsotope 56Fe plays & key role with regards to structural
materials present in fast breeder reactors. Therefore it is no wonder that its
fast capture cross section, in the range 100 eV to | MeV neutron energy, is
required with 5 to 10X precision in the High Priority List issued by NEANDC-
NEACRP l). Capture cross sections of Cr, Fe and Ni have also received apecial
attention from the Discrepancies Subcommittee of.NEANDC, due to large diffe~
rences in resonance parameters and normalization procedures. To help solve
this last point, NEANDC has set up, in September 1982, an international Task
Force charged to solve the discrepancy of the parameters of the most important
1.15 keV resonance in 56Fe. This Task Force, which is chaired by Dr. Francis
Perey and to which participate the laboratories of Oak Ridge, Harwell, Geel
and JAERI, has already produced some results.

This paper is divided into three parts :

a) Presentation of the final Geel data. Previous 56F¢ capture data have been
reported by us at the Knoxville Conference D (Run t, range 1 to 100 keV) and
at the Antwerp Conference » (Run 2, range | to 255 keV). The resulta reported
hetre have been obtained from a careful re-analysis of the Run 2 experimental
data using improved versiona of the FANAC and TACASI programmes. Moreover the
analysed energy range was extended up to 350 keV for a total of 115 resonances.
AlSo, a new measurement of the scattered neutron sensitivity as a function of
neutron energy helped to improve the knowledge of the contribution which such
an eifect has on the areas of s-wave resonances. For ali these reasons, tLie

J3)

present results supersede those of ref. and can be considered final as far

as the Run 2 measurements campaign is concerned.

results are compared to Run | data in an effort to underatand the reason for
the systematic shift between the two sets of results. Secondly, the data are
compared to previous data sets, with special emphasis put on the most recent

works and on those performed with comparabie resolution. Conclusions about the

level of agreement of the data are drawn.
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¢) viscussion of the normalization problems for neutron capture im structural

materisls. This problem, which is the very subject of the mentioned Task Force,
is related to the discrepancy between the resonance parameters (in particular Fn)
of the |.15 keV resonance derived from transmission measurements snd those derived
from normalizing the Fe cspture data to seturated Ag or Au resonances. No convin-
cing explanation of such a discrepancy has yet been found. Some originsl pieces

of information relevant to this problem are presented here together with some
considerations on the results obtained so far by the Task Force. In line with the
scope of such a meeting, we try in particulsr to assess quantitstively the ays-

tematic errors in the final data brought about by such a discrepancy.

2. The Geel Data

After a short description of the experimental set up, the attention is focused
on sowe special topics auch es the determination of the neutron flux and of
the scattered neutron sensitivity, and on the improvements made in the deta
analysis procedure since our last paper . Pinally, the table of resonance

parameters is introduced and verious sverage values sre calculated.

2,1, Experimental Method

The measurements were performed et the 150 MeV Geel Electron Linear Accelerator
(CELINA), at a flight distance of 58 m. The linac wes operated to provide 4.4 ns
wide bursts of electrons of 100 MeV energy with e repetition frequency of 800 Hz.
Since the peak current was 10 A, the average beam power was about 3.6 kWatt.
Neutrons impinging on the sawple were only those coming from the & cm thick poly-
ethilene moderator, while neutrons and ganmas coming directly from the uranjium
tsrget were blocked by a copper and lead shadow bar. The sample, on loan from
ORNL, consisted of iron oxide enriched to 99.93% 56Fe, packed in a thin aluminium
container of 8 cm diameter. The sample thickness was 0.0!5 atoms/barn. The detec-
tors were two C6D6 liquid scintillators encepsuleted in thin aluminium conénincrs
of 10.2 cm diameter and 7.6 cm heighc. Events were weighted according to their
amplitude information in order to achieve & detector efficiency propartionel only
ta the total 7-ray energy emitted in the cepture proceass. The weighted counting
rate was sorted out as an 8K time-of-flight spectrum with 4 ns minimum channel

width, covering the energy range from | keV to about 600 keV.

2,2, Measurement of the Relative Neutron Flux

When measuring capture over such a lsrge energy range the determination of the
relative neutron flux is a problem. In fact, we don't know of any neutron detector

based on a reaction which is standard over the whole energy range under consideration

hera. Similar to what is done in other laboratories, the problem was circumvenced

by measuring the flux balow 00 keV with a 6L1~gl--l scintillator 0.5 o thick

and above 100 keV with a multi-plate 235

U fission-chamber. A description of this
chamber csn be found in rcf.‘). After correcting for the transmission of the

'OB snti~overlspping filter, of thickness 0.0129 st/b, the relstive neutron flux

OT (expressed in neutrons per time-of-flight unit) measured with the 6Li-gl-ll
was fitted from a few eV to 100 keV with the following expresaion :
a (E)
‘T (B) 4

were a(E) = 0.58154 + 0.43276-1073+ VE~ 0.50107-10"%.& , with E given in ev.

The relative flux from the fission chamber was fittedwitha polynomial in e log-
log plane in the region from 60 to 400 keV. After normalization to the above
expression in the overlapping zone from 60 to 100-keV, the expression for the\
flux above 100 keV was :

fn # = 40.798-11.374"LaE + 1.1564° (£aE)2- 0.036346° (LnE)>.

The ENDF/B-V values of the stsndard cross sections were used in the cslculations

for both 6L1 and 2350. In the fission chamber case, a possible systematic error

can be originsted by a variation of the detection efficiency following a change
with energy of the fission fragwents enisotropy. In fact, fragments emitted at
grazing angles are largely absorbed in the rather thick (E=1.18 mg/cmz) deposits
of 0308 . He hsve evaluated such an effect considering that the change in the

ratio W(0°)/W(+90°) of the angular distributions at 0° and 90° degrees is at most
5)

102 in the present energy range . To such a change corresponds a varietion of

the efficiency equal to 1.IX or leess.

It is important here to note that the same two flux runs just considered have

4) to derive averaga o, values of 235U in the range 100 eV

F
to 100 keV. The values 3o determined all lie within + 2.5 of the corresponding

been used in ref.

averages given by Bhat 6) in his evaluation for ENDF/B-V. This can be seen in
Pig. 1, where the ratios of the two data sets sre plotted. This fact is therefore
an important check of the neutron flux measured with a 6Li-glnsl scintillator
below 100 keV.

1f we normalize the neutron flux at a fixed velue at | keV, then its relarive
error is estimated to increase from 0 at | keV to 5X at {00 keV and then to stay

at a constant value of 5% above.

2.3. Determination of the Scattered Neutron Sensitivity

One type of background which is very difficult to evaluate, is that originated by
the prompt detection of scattered neutrons. For its very nature, this background

is indistinguishable from the actual capture events since it contributes directly
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to the resonance areas. Although this effect is usually very small compared to

-

capture detection efficiency, it acquires importance in the cisa of s-vaves of
structurai wmaterials where the ratio l‘n/l‘7 ranges typicaliy from IO3 to IOA.
We define here scattered neutron sensitivity lnlc7 the ratio between the prowmpt
detection efficiency of a scattered neutron and that of a capture event. In

r-f.J)

a value (nlc7 - (1.5 * 0.75)*10-4 was measured for 100 keV neutrons
because of lack of information at other neutron energies, this value was consi-
dered to hold over the whole energy range of interest. This is certainly a poor
spproximation aince all determinatione of scattered neutron sensitivity indicate
8 decrease of !BIGT with energy. To fmprove such & slivaiion, we have recently
repeated this measurement in &8 more accurate way. The counting rate of a 7 mm
thick graphite sample, which scatttera about 27X of the neutrons, was compared
to that of a 0.5 wm thick gold sample, "Black resonance" filtera of S and Na
were continuoualy kept in the beam in order to monitor the background around

102 keV and 2.85 keV. In the graphite sample run, a sizeable dip vas apparent

at about 102 keV, corresponding to a signal-to-background ratio of 1 : 1, while
practically no dip was visible at 2.85 keV. Additionally, an "oéen beam" run

was performed, always with the same filters in place : the TOF spectrum from
such a run waa then taken as a background for the other runs after having
normalized it to the same counting rate at 102 keV. The results, listed in

Table | for s number of energy intervala between 6 and 350 keV, are plotted

in Fig. 2. In this figure are also drawn the results of other detector set-ups,

7)

taken from ref. : the present data follow a trend with energy similar to

that of the C6F6 datectors of
ia probably due to the absence of fluorine in the scintillstors and of any

ak Ridge bui ihey sre a factor % to 6 lower. This

[&]

massive material in the vicinity except for a light aluminium support. The
peaks below 10 keV and sround 40 keV ahould be due to aluminfum, which is also
present in the sample holders and in the detectors canning. In view of thae
uncertainties inherent in the background aubtraction, a relative error of + 50%
in the values of ‘n/'T is still conaidered appropriate.

In order to correct the capture widths of s-wave reaonancea for such an effect,
the data of Table | ware first divided by the constant 1,17, corresponding

to the ratio between >°Fe and Au binding energies. Secondly, the shape analysis
programme FANAC was wmodified in order to subtract from the normalized capture
yield an energy variable background equal to ¢n/¢7 times the scattered neutron

probsbitity.

2.4, Data Analysie and Results

i order to evaiuate the background, the total spectrum was divided into three
energy regions : | to 35 keV, 35 to 100 keV and 100 to 350 keV. For each of

these regions, a number of energy zones in between the resonances were chosen.

The counting rate in these zones was then fitted with an expression of the

type F(T) = A + B . ‘1'c , wvhere T is the time of flight and A, B, C are constants.
While this procedure is satisfactory at low energy, e.g. below 100 keV, it becomes
rather doubtful at higher energies because of the increasing difficulty in finding
intervals far enough from nearby resonances. Moreover, these intervals, even when
avajilable, are usually not free from multiple scattering effecta, due to the

large energy range accessible after one neutron acattering in such an oxide sample.
Becaiyse of these reasons, a relative error of 57 was associated to the messured
background. After background subtraction and correction for the neutron flux the
date were normalized to the capture area of the 1,15 keV 56Fe resonance. In

2’3), we took for this resonance the parameters

8)

contrast to our previous papers
very recently determined in Oak Ridge from a set of transmission messurements
performed at both room and liquid nitrogen temperatures. These parametera are :

rn =~ 61.7 + 0.9 meV and F7 = 574 + 40 meV. We believe that this new determination
is more accurate than pour previous value of rn = 58 + 3 meV which was based
esaentially on one measurement only., In practice, the adoption of these new nor-
malization parameters is equivalent to an increase of 3.81 in the capture kernels
gF“P7/P of all 56?& resonances. After normalization, the weighted counting rate
could be reduced to capture cross section. This is shown in figs. Ja and Jb, where
o(n,7) for 56?9 is plotted va neutron energy in the range from 85 to 265 keV. It
should be noted that the plotted ¢{n,y) Is still Doppler and resolution broadened
and it is not corrected for multiple scattering and prompt background contributions.
The dats wexre analysed with the R-matrix shape fitting program FANAC. Two {mportant
operaticnal i{improvements were introduced in it elnce our last peper : flrstly,

the number of mesh points used to describe the energy region under consideration
was increased up to a maximum of 4100. This sllowed a more detailed description

of resonance shapes, particularly et higher energy. Secondly , the option allo-
wing the use of an asymmetric resolution function was implemented. In this option,
already present in the original FANAC version, the reaolution is described by a
Xz-function. We found empirically that resonance profiles were fitted best by

[] Xz-distr{bution with v = 24 degrees of freedom. This has to be compared with

2 value of v = {7 obtained by Bignami et al.g) in a simulation of the resolution

spread produced by the Geel moderator. While the shape of the resolution was kept
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fixed throughout the whols energy rangs its standard deviation was systematically
incressed with anergy as a result of empirically fitting the resonance shspes.
One example of fit {s reported in Fig. 4 for the doublat at 102.8 - 103.2 KeV.
After such improvements the data of Run 2 were completaly re-analysed. Practically
the same results were obtainad for reaonances below 100 keV, while capture areas
at higher snargy exparienced some changes, usually of only a few percent, as com-
pared to the results of ref.a). As a check, isolated p- or d-wave resonances were
also analysed with the area code TACASI : 25 resonances above 100 keV ware so
compared. The agreement was found to ba good, the TACASI capture areas being, on
average, only 3X larger than the FANAC ones. For auch resonances than tha mean

of the two results waa adopted.

The results obtained are listed in Table 2 : the columns from left to right
report for each resonance tha energy in keV, the neutron width Pn and its error,
the cspturs width P1 and its error, the values of 2J and { snd the kernel

(g Fn rj/r) and its error. The last two columns give, for sake of comparison, thes

kernsl teken from the evaluation of F. Perlylo)

1)

and based essentially on the ORNL
capturea data of Allen et al. , and the rstio of this kernel to the present one,
All widths and kernela sre given in units of eV,

It should be stressed that all veluee of widthe listed with zero errors in Table 2

10)

are not a result of the present work but wers taken from ref. and uaed as fixed

input parsmeters in the FANAC or TACASI codes. The only exceptions are the
resonances &t 341,05 and 341.98 keV whoae widths and spin were taken from rnf.lz).
It was necessary to introduce fixed parameters, at least for p~ and d-weves, since
the resolution width is normally considerably larger than the width of the Doppler
broadened resonances and therefore even the shape program FANAC provides informa-
tion about the capture areas only. The usual procedure was to fix the larger of the
two widths Fn or F1 since thet is the parameter to which the capture area is less
sensitive, When F1 hed to be fixed we conformed to the prescription of F, Pereylo)
who assumed Fj = 0,84 ¢V for d-waves and F1 = 0.54 eV for p-waves. As wve

will see later, these valuas are in good agreement with the averages derived from
our deta. In the case of the a-waves, which have widths usually larger than the
resolution width, the FANAC fit wes performed in both ways either by letting both

rn and F1 varying or by fixing Fu to the value of ref.lo)

. The result wae prac-
tically the same as far as the derived value of F1 waa concerned. As to the value
of Fn obtained from the fit, we estimate that the quality of the data is not good
enough (because of statistics, multiple scattering, prompt and delayed neutron

background) to allow & precise determination of the neutron width. Therefore these

10) are listed in Table 2. A last

Fn values are ignored and only the values of ref.

remark concerning s—waves : the resonance at 317 keV with Pu = 6500 eV was not

analysed by us because it was practically indistinguishable from the background. It

is however mantioned in Table 2 for sake of completeness. The errors on the data

vere calculated by combining quadratically the statistical error, a 5X error on the

background line and the error on the relative neutron flux. For s-—wave resonances we

considered also a 501 uncertainty in the correction for scattered neutron sensitivity.

On ths contrary, the uncertainties related to the following effects were not included:

i) data normalization. Taking into account the thickness of the sample used,

the normalization uncertainty associated to the errors in the 1.15 keV resonance

perameters given in ref.s), is not larger than 1X;

ii) anisotropy of the capture 7-ray angular distribution for resonancea with J = 3/2,

5/2. This effect is not negligible in the present e;perinental set-up since we

observe only 7-rays emitted at angles centered around 90° with respect to the

neutron direction. No attempt was made to estimate such uncertainty. 1t should

however be noted that such sn effect may influence the capture areas of individual

resonances but becomes negligible when averaging over many levels beceuse different

spins and paritiea of initiel and final stetes tend to compenaste each other ;

iii) differences in spectrum shape of individual resonances : thia point is treated

in Section 5. All values of J and £ liated in Table 2 are taken from ref.lo) H

wmost but not all of these values were determined from a measurement of the angular

distribution of scattered neutrons performed in Oak Ridge. Since the values of

F1 or Fn derived from the capture kernels depend critically on the spin J, they 10)

should be taken with some caution particularly when the J value proposed in ref.

is not based on experimental dsta. The present values of F1 and their errors are

plotted vs neutron energy in Fig. 5 and 6 for p-waves and d-waves, respectively.

One may notice that the spread of values is real since it is considerably larger than

many of the errors given. Averages and standard deviations of r1 are given in

Table 3 for s—, p- and d-waves together with the number of degrees of freedom Yoff

of the corresponding x2 distribution. This parameter is in keeping with the number

of available primary transitions knowm from the 56Pe level scheme.

In view of the interest in stellar nucleo synthesis, we give in Teble 4 the cepture

cross sections everaged over a Maxwellian distribution centered et thermal energies
between 20 and 40 keV. These values are very similar to those reported in ref.lz).

Finally, in order to investigate whether the valence neutron reaction plays a role

in " Fe neutron capture, the parameters of the 1! measured s-wave resonances were

taken and the correlation coefficient p(rn:'FT) between the reduced neutron widths
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and the corresponding capture widths was calculated. It vas found p = 0.013 + 0.34

rramefaeas
& IransioTmal

wvhere the standard davisrione uwers ohtsined from Fisher

then conclude that there is no evidence of valence neutron capture in ~ Fa.

3. Comparison of the present results to other data sets

3.1. Run | -~ Run 2 Inter-comparison

When applying the same normalization, the present captura kernela for non
s-wave resonances below 100 keV are aystematically larger than the correspon-
ding ones of Run | by an average amount which varies from 5% to 9%, depending
whether we consider all resonances or only the most intense ones. In connec-
tion also with the normalization problems treated ia Section 4, {t is a useful
exercise to try to find the reason for such a shifec.

The improvements in Run 2 sxperimental procedure as compared to Run | are listed
in the introduction of rnf.J). The wost important is probably the reduction of

the amplitude threshold from 300 keV electron energy to 150 keV. However, this
difference can't produce any sizeable effect since the contribution of the

150-300 keV energy window to the weighted counting rate of the 56Fe capture
spectrum is typically 2Z.

A more direct inter-comparison between the two data sets can be obtained by
looking, rather than at the kernels, at the integrals Y of the weighted counts

for each resonance corrected only for background and for the difference in the
relative neutron flux. This ie posaible because the two runs were performed in
very similar experimental conditions, i.e. with same sample, detectore and flight
path length. Alsc, the same "old" weighting function referred to in ref. ) was
used for both runs. The resulta are quite surprising : when plotting, as in Fig.7,
the relative difference | Y(2)-Y(1)] /Y(1) between Run 2 and Run |, normlli;ed to

2 }

zero at 1.15 keV, vs tha average weight v (taken from Table TTIT of ref. . e
notice that the two quantities are negatively correlated. In particular, a linear
fic chrough the data points gives ~ 151 difference between the resonance with

the hardest spectrum and that with the softest one |

To investigate further this effect, we have plotted in Fig.8 the high energy end
of the cumulative pulse height spectra of Run I and Run 2 together with the
calculated shape of the 56Fe thermal spectrum. How this was obtained, is explained
in detail in Section 4. The Compton ahoulder visible in the spectra is related to

the doublet at 7.663 - 7.629 MeV, whichdominates the high energy part of the

spectrum. From Fig.8 one can see that the 1/2 MAX point of the Compton shoulder

of Run | is 725 keV too low while that of Run 2 is only 225 keV too high as com-
pared to ihe caicuiated vsiue, Moreover the resolution of the Run | spectrum is
worse, which indicates a shift of the photo-multipliers gain during the measurement.
There is therefore, on average, an arror of 10Z in the amplitude calibration of

Run 1. The influence which auch an error can have on resonance parametera was

2
): they found that for a

studied for a similar situation by Kdppeler et nl.l
gain change of | MeV at 10 MeV, the variation of the relative capture areas is
at most 2X. Therefore this effect can only explain part of the discrepancy.
However, in viaw of this considerable error in amplitude calibration, Run |
should be conaidered with some suspicion and the related data should be given

less weight in any evaluation.

3.2. Inter-comparison of s-wave resonances

When comparing results, it is useful to consider s-waves separately from the
rest because their capture areas depend critically on the correct evaluation
of such effects as the multiple scattering inside the sample and the prompt
detection of scattered neutrons. In Table 5 are listed the capture widths PT

for the eleven s—wave resonances measured in the present work together with

22) 14) |2).

the corresponding values of Allen et al. , Frohner and Kippeler et al.

The widths of ref. )

1

were obtained from a re-analysis of the original Oak
Ridge data using Monte Carlo methods to account for prompt background due

to acattered neutrons. It is explicitly stated in the paper that for s-waves
these results supersede the old ones for which only crude corrections were made.
The inter-comparison of Table 5 does not pretend to be compiete: oniy reiatively
recent works providing data at least up to 100 keV have been selected. In parti-
cular, for the important 27.] keV resonance, for which many more experimental

1
determinations exist, we refer the reader to the evaluation paper of Allen 5)

6)

and tc the recent work of Wisshak et al.‘ . One way nuiice from Tabie 5 thac

the ORNL widths are on average about 60X larger than our values, the ratio
between the two data sets fluctuating widely. This is in keeping with the data
of Fig.2, discussed in sect. 2.3., pointing to a larger acattered neutron sensi-
tivity of the Oak Ridge experimental set up. When looking at the average widths
FT given in Table 3 for both data sets, we notice that the Geel F7 values for

83— and d-vaves are similar while the ORNL ones differ greatly. Now we can't

think of any reason for such a large difference unless one assumes a very strong
valence contribution which is neither theoretically expected for SﬁFe nor experi-

P 15,16
mentally verified. Also, all recent measurements of the 27 keV resonance )
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give PT values around | eV or lower, indicating, over the past few years, a trend
towards lower PT Values for s-wave resonances as a result of more careful measure-
ments and more precise evaluation af the backgrounde invalved. For sil these
reasons thera is little doubt that the reaults of the present work provide a

more faithful representation of s-wave capture than those of refa. lO.lI.ZZ).

3.3. Intercomparison of p~ and d-wave resonances

The ratios r = AT (ORNL)/AT (GEEL) between tha ORNL capture kernels and the present
ones are plotted vs resonance energy in Fig. 9 for p- and d-waves. All resonances
have baen considered except for the partially unresolved multiplets at 96, 122,
173, 209 and 306 keV where the single kernela have been replaced by their sum.
This was done in order to avoid systematic errors due to insufficient resolution.
The average valuea of the ratioa in 50 keV intervals are also plotted aa histogram
in FPig. 9 and listed, together with their standard deviacions, in Table 6.

The larger spread in data points sbove 150 keV is an indication of the increasing
difficulty in obtaining precise values of the capture areas at high &nergy because
of lower signal-to-background ratios, uncertainty in background determination and
lack of reaolution. The average ratio values, however, lie within a few percent

of unity except for a peak in the region 150~250 keV. A possible reason for such

a pesk might be an incorrect determination of the relative neutron flux in one

of the two measurements. In this respect we notice that thia region corresponds
approximately to the 250 keV 6Li resonance and that Allen et al.ll) have meagured
the neutron flux with the 6Li—gla.n all the way up to 400 keV, It is possible that
the neutron efficiency is not so precisely determined around the resonance peak.
The average of the ratios over the whole energy range ia 1,039 showing an excellent
overall agreement. The situation has even improved since our last paper N as a
result of the normalization of our data to the new 1.15 keV resonance parameters.
The comparison of our data with the recent Karlsruhe 12) resulta obtained with
c6D6 detectora is also very encouraging: the widths of the individual resonances
are in good agreement and the average ratio of the KFK capture kernels to the

Geel ones for 17 p- or d-wave resonances or multiplets below 1§5 keV is

r = 0.99 + 0.09.

4. Data Normalizatjon and the Weighting Method

The nice agreement found in Sect. 3.3 between the present results and those of

10 .
Oak Ridge ) and Karlsruhe 12) for p- and d-waves is unfortunately undermined

by normalization problems. In fact, while the present data are normalized to the

capture kernel of the 1.15 keV resonance derived from transmission measurements,
the othar two data sets are raferred to Au neutron capture, either in the 4.9 ev

saturated resonance 10)

or in the average keV region ‘1). It is now well known

that there are important discrepancies between the two methods 3'|8). The situation
up to date is summarized in the following. In Table 7 are listed the results of the
transmisaion measurements performed in Geel and Oak Pidge. Theae last ones have
been promoted by the Task Force and have only very recently been completed. The
resulta agree within the errors and, as slready stated in Sect. 2.4,, the ORNL
value haa been chosen as our new reference because of its higher precision. The
resulta of capture normalization of the !.15 keV resonance to Ag or Au r&sonances
are reported in the first three rows of Table 8 for two Ceel and one recent Oak
Ridge measurement : the quantity N ia here representing the capture kernel AT
obtained from the normalization while R ia the reference value from transmission.
The ratio ¢ = N/R, quoted in the last column is & measure of the discrepancy. It
ie extremely important to obsarve that the ORNL capture result is alaso about

20X larger than the transmisaion value, completely confirming the experimental
evidence accumulated in Gesl in these last years, The laat three rows of Table 8
concern thermal normalization: here N and R are the thermal Fe capture cross

20)

sectiona from the normalization and from the literature » respectively. These
thermal measurements, wvhich were already reported in Table | of ref.J). have
recently been re-analysed with an improved background determinatfon. The new

veluea (which therefora supersede thoae of ref.J)) show that the discrepancy ob-
served at 1{.15 keV is also reproduced at thermal energy both in sign and magnitude.
Thia is in keeping with the thermal calibration of the 1.15 keV resonance ])which
yields a value Pn = 56 + 6 meV, which agrees with the transmission data. The
obvious conclusion to be drawn from Table 8 is that normalization problems are not
only limited to the 1.15 keV resonance alone but are characteristic of 56Fe capture
in general. It should however be noted that the shape of the thermal capture 7-ray
spectrum ia very similar to that at 1.]5 keV 2'): in fact, it is not known whether
the values of ¢ given in Table 8 apply also to rasonances with much softer spectra.
It is only natural at thia point to look whether the veighting method can provide
an explanation for such a discrepancy. In Fig. 10 are plotted three weighting
functions, the OLD WF, NEW WF and EMP WF, The first two have already been dis-

cussed in the paat 2,18)

» In particular the NEW WF is the one presently in use.
It was obtained by introducing in the Monte Carlo based simulation programme
of the detection process 18) an increased (as compared to OLD WF) energy loss

of electrons in the scintillator ewploying newly evaluated data from Atomic Data.
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The EMP WF is the ons which is necessary to introduce in order to derive from the
Ag, Au normalization values 18X lower, i.e. in agreement with the transmission data
at V.15 keV or with tha knowun thermal cross section a(nth,T) ag 9.0I5 eV, it

should be etressed that EMP WP has no physical meaning since it is impossible to
produce such s drastic change in tha shape of the weighting function without sub-
stantially modifying the interaction laws of electromagnetic radiation snd/or
electrona with matter.

In order to check the programme uaed for deriving the weighting function, we have
calculated the 56Fe(nth,‘r) 7-ray spectrum exploiting the fact thet practically

all transitions {n such a nucleus are known and can be found in Nuclear Data Tahlas.
We have grouped such transitiona around 16 average energies and we have calculated
the corrasponding response functions. We have then summed them up after having
multiplied by their relative intensities, and finally convoluted with the amplitude
resolution function. The obtained spectrum, weighted over the energy for better
representation, is compared in Fig. I} with the experimental one : the sgreement
between the two curves is not too bad as can be seen also by the w valuea which
differ only by 91, At least one thing can be learned from such a comparison :

the pesk around 7.5 HMeV is not underestimated in the calculations. Only an under-
estimation of the high energy part of the spectrum could give rise to a weighting
function increaaing too steeply at high energy.

The conclusion to be drawn from such tests is that, at the present moment, we

can't find anything wrong with the weighting method which could explain the obser-
ved discrepancy. We believe however that more checks of this type should be carried
out in order to gain a deeper insight into the general valididty of the method.

The implications of this !8-20% norwaiization difference with regard to the reliabi-
lity of the daca sets presented in Section 3 are quite serious: if two dats sets
agree in spite of the fact that they are normalized in a different way, this

can only mean that there are systematic errors in one or both measurementa which
compensare for such a discrepancy. Thevefore Lhe consistent data gers ot Sect. 1.3,
can be shifted upwards or downwarde by as much as 20X depending on which normali-
zation is chosen and which measurement is considered correct. Fortunacely, the
situation ia not as bad as it appears: a transmission measurement of the 22.8 keV
resonance recently performed in Oak Ridge 8 gives a kernel grnry/r - 0.161 eV,

in agreement with all three data sets of sect. 3.3.

In order to get an idea of the gystematic errors connected with such normalization,
we have calculated the relative change 4A T/ A7 of the kernels vhen using EMP WF

instead of NEW WF while normalizing always to unity at Eo = 1.15 keV. The results

are plotted vs w in Fig. 12, together with a linear fit, for 17 p- and d-wave
resonances belouw 100 keV, The change goes fiom + 3.72 to ~ 4.iX for the two
extremes and the sverage is + 3.2X. This means that even in the extreme ecenario
of the EMP WF the increase in the average SbFe capture is very small, Lacking for
the mowment any convincing explanation of the normalization discrepancy, we should
taka this finding as a reassuring temporary conclusion: even if, for reasons which
we ignore, extreme weighting functions such as EMP WP should be applied to the

6Fe data, the net capture effect would be almost negligible as long aa the data

re normalized to the 1.15 keV resonance. We believe therefore that the present

a
dats set cznn be used with a ceiisin confidence.
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TABLE ) : Measured values of the scattered neutron sensitivity relative to

gold neutron capture cn/¢1 in the range from 6keV to 350 keV.

En.Interval ln/17 En. Interval ln/ ‘o
-4 - -4
(keV) (1o ) (kev) (10 )
6 -7 7.6 40 - 50 2.54
7-8 9.0 50 - 60 1.80
8- 10 3.85 60 - 70 1.23
10 - 12.59 2.00 70 - 80 1.00
12.5 - 15 1.52 80 - 90 0.83
15 ~ 20 1.39 120 - 150 1.07
20 - 25 1.43 150 - 200 0.64
25 - 10 1.3 200 - 250 0.56
30 - 35 2.12 250 - 300 0.38
35 - 40 2.53 300 - 350 0.35
TABLE 2. RESONANCE PARAMETERS OF  ffe
IN THE RANGE 1 TO 350 kev FROM THE PRESENT WORK
N ENERGY GN AGN GG AGG 20 L NXERNEL AK K.ORNL RAT
(kev) (av) (eV) (ev)
1 1.15  61.76-31 .00 .60 .04 1 1 55.7€-3 .00  S5.€-3 1.08
2 2.35 .21€-1 .056-3 .84 .00 3 2 .426-) .0BE-3 .40E-) .96
3 12.46 2.9€-3  .76-3 .54 .00 1 | 2.8E-3 .JE-) 2.3€-) .81
a 17.77  14.86-3 1.8E-1 .54 00 1 1 14.46-3 1.6E-1 19.€-3 1.32
s 20.19 4.26-3  .BE-) .84 .00 3 2 B.)E-3 1.8E-) 9.4E-3 1.1)
s 22.82 .251  .017 .54 00 &t 1 2171 .008 .18 1.05
7 27.7a 1520.00 .00 .95 .13 1 o .95 .11 1.40 1.47
8 3426 19 .00 Ay 0] 3 1 .61 03 .64 1.05
9 36.7% .101 .o08 .84 00 § 2 .2711  .ols .28 1.0}
10 38.as .27 020 .54 .00 31 1 J157  .0l9 .40 1.12
11 46.09 10.00 .00 .57 .03 1t .54 .03 .50 .93
12 52.18  12.00 .00 40 02 1 1 .17 .04 .81 1.05
13 51.60 1.00 .00 -61 05 1 1 18 .02 .40 1.05
14 51.72 .037 009 .54 .00 1 1 ;034 .008 .00 .00
15 59.28 a.00 .00 46 03 31 1 ‘82 .05 .87 1.06
16 61.52 .80 .00 55 .85 3 & 65 .04 65 1.00
17 73.05 20.00 .00 .15 .05 1 1 . .05 .70 .97
18 74.07 535.00 .00 .51 8 1 0 .51 08 .73 1.43
19 77.14 3.60 .00 .30 03 1 1 28 02 ‘10 1.08
20 80.9] 7.00 .00 .1 .04 5 2 2.07 L1t 2.04 .98
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Table 2 contfnued

N ENERGY
{xeV}

21 8).6)
22 90.42
2] 92.7¢6
24 92.98
25 96.27
26 96 .44
27 96 .69
28 102.78
29 101.17
10 106.0)
11 112.01
32 121.12
3) 122.70
Ja 122.92
15 124 .29
36 125.28
37 110.11
38 130.38
39 140.37
40 141 .18
41 142.56
4?2 150.01
4) 154 .09
a4 161.92
45 169.28
46 169.35
a7 173.30
a8 173.82
a9 175.94
50 179.92
51 181.34
52 187.26
53 187.56
54 188.14
55 190.15
56 193.17
57 195.95
58 20i.76
54 281.41
60 20614
61 208.20
62 209.)2
6) 210.01]
64 210.90
5 216.04
66 220.82
67 222.10
68 22) .88
69 226.07
70 230.1]

1250,
14,
1

N

.1
1]
60

.18
.10

2.50

a.

.00
.16
.80
.50
.034
.071
46
.50
10.
500.
.19
2700.
.57
.56
11
.43
.50
.00
.00
.14
.00
.07
.00
.00
.70
3600.
.066
15.
20
L1

00
00

00

00

00
00
(14

00
043

.14
.00
.14
.06
.00
.82
1150.
.00
10.
28.
.50

00

00
00

AGN
{ay)

.00
.00
.00
.08
.04
.00
.00
.00
.00
.00
.00
.028
.025
.00
.00
.00
.00
1
.00
.00
.00
.02
.05
.00
.00
.00
.03
.00
.0d
.00
.00
.00
.00
.0
.00
.00
.00
.00
.019
.00
.00
.04
.02
.00
Y
.00
.00
.00
.00
.00

.08
.0)
.07
.00
.00
17
.10
.0}
.09
.06
.04
.00
.00
.0}
.06
.08
.08
.00
.24
.20
.11
.00
.00
.05
.15
.14
.00
.0]
.00
.07
.09
.08
.25
.00
.05
.05
.08
.07
.80
.06
.09
.00
.00
.07
.80
.21
.04
.06
.06
.04

2J

et b e B e b A e U ) G e b ) b P ) U G ) W ) b e ) e e ) e ) T ) ) P ) M b bad M) P U G el ) e

e e O A A R e A AR e RI R e DAY A e e e e © R AT A e e A D A O R s e s e A R R e e e B e A e O

KERMEL

—

.50
.8)
.08
.56
.44
.56
.1
.65
.15
el
.02
.012
.12
.59
.59
.16
.54
.82
.38
.10
.60
.21
.56
1)
.87
.92
.22
.48
.13
.49
.86
.54
.82
.096
.88
1S
.54
.81
L9718
.05
.68
.22
.11
.16
.33
.59
.4}
.02
.83
-1 ]

aK
(aV)

.08
.05
.06
.04
.08
.06
12
.06
.06
.09
.07
027
.044
.07
.05
.08
.08
.12
.24
.17
.11
.03
.05
.09
.25
.14
.05
.07
.05
.07
.25
.1
.25
.053
.10
.10
.07
.14
.81
.10
.08
.07
.04
S12
.06
.21
.09
.10
1
.08

—_

——

—

.28
.89
.83
.53
.26
L]
.10
.71
.80
.55
.17
.02
15
.54
.63

27

.10
A
.19
.68
.55
.29
.56
.14
.00
.10
.56
.36
.00
.5)
.21
.60
.98
.00
.04
.13
.69
.95
.G&
.45
19
.27
.39
.13
.40
.16
.64
.32
.00
.62

A -

A —

—_

-y =

.56
.07
.88
.95
.68
.51
.53
.10
.07
.16
.14

91

.19
.91
.07
.10
.04
.97
.59
.97
.92
.39
.99
.01
.20
.20
.55
.14
.00

08

.12

.63
.00
.18
.98

1.28

—_

— e o ) S e

.20

.00
.18
.75
.21
.55
15
.23
.16
.56
.30
.12
15

Table 2 continued

71
72
1)
74
75
76
17
18
19
80
el
87
81
04
85
86
8’
(1)
89
30
91
92
9]
94
95
86
97
93
99
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243.
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25).
2568,
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261 .
LT
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267.
267 .
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J00.
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1.
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3a)
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149
350.
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52
24

.32
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»
83
99
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70
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.00
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83
05

.98

18
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20.
to.
.10
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.14
.09
20.
.00
29.
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.20

55.
12
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TABLE 3 : Average values FT and standard deviations 6?7 calculated

from the present data for s-, p—~ and d-wave resonances.

The corresponding number of degrees of freedom TR

- 2
calculated from the expression 2/v‘ff (SPT /Fv) .

In the last column the 51

for comparison.

1 4 sample f1
population
(ev)
0 ] 0.895
1 k)1 0.552
2 3 0.768

values from ref.!0) are liasted

sr
7
(av)
0.404

0.203
0.238

ueff

9.8
14.8
20.9

l‘,’ (ORNL)

(ev)

.46
0.54
0.84

TABLE & : Capture cross sectiona averaged over a Maxwellian distri-

bution for different thermal temperaturea

™l

th
(keV)

20
25
30
35
40

(mb)

13.9
14.0
13.8
13.4
13.0

TABLE 5 : Comparison of the s-wave capture widtha from the present work with

those from some recent data sets.

Eo (keV)
Present
27.74 0.95 + .
76.06 0.51 + .,
83.64 0.50 + .
129.90 0.54 + .
140.30 1.38 + .,
169.26 0.92 + .
187.56 0.82 + .,
220.80 1.59 + .
245.14 0.57 + .
277.88 0.63 + .
331.80 1.66 +

a) uncertain analysis

b) incompletely resolved

work

i3
08
[11:]
08
24
14
22
21

19
20

P1 (ev)

Allen et .1?2) Frohner et 1157) Kappeler et nl!z)
(1917 (1977) (1982)
1.6+ .40 125 .20 1.06 + . 08
0.8+ .1 0.75 + . 15 0.86 + . 08
0.9+ .12 0.58 + . 22 0.56 + . 09

0.8 + .2 1.30 + . 40
2.4+ .3 148 + . 0D

0.6 +.3
2.8¢+.6
2.8+.3
0.9+ .2
1.3+ .04
1.3+ .1



TABLE 6 :

Lab.

Year

GCeel'R2
Geel'82
Oak
Ridge'82
Geel'B2

Geel'B2

‘l Geel'82

Ref.

'8

3

19

3

3

3

Average values end etandard deviations of the ratio

1Y

kernels calculated over 50 keV intervals for p- and d-wava resonances.

A
7 {GEE
1

7A7(ORNL)

L}

beiwveen the Oak Kidge and Geel capture

Energy
Interval

(keV)

0 - 50
50 - 100
100 - 150
150 - 200
200 - 250
250 - 300
300 - 350
0 - 350

TABLE 8

Normalization

Ele-
ment
Ag
Ag

Au

Au
Au
Au

Au

sample

Thn. Energy

(mm)

H 6-71 eV
0,2 5.2 eV
0.1 4.9 eV

4.9 eV
0.1 thermal
0.1 thermal
0.1 thermal

AT(ORNL)

A_(GEEL
4 € )

Results

.04
.00
.07
13
.21
.95
0.95

.14
.06
.13
12
19
.23
.24

I+ |+ |+

I+ |+ |+ |+

.039

TABLE 7 :

Lab.

Geel
Geel
Oak Ridge

Summary of the results of transmission measurements of the

1.15 kev 0

and Oak Ridge.

Year Ref.

1979 2
1982 17
1987 .}

Thickness

(o)

Fe resonance performed in the last ydars in Ceel

rr/mr
r r L 7/
(meV) (meV) (meV)
58 + 4 610 + 60 53 +3
61 + 3 680 + 140 56 + 3
£1.7 + 0.9 S74 ¢+ 40 55.7 + 0.7

of normalization of capture in natural and enriched Fe samples relative to capture in Ag and Au at

both resonance and thermal energies. The quantity A7 indicates the capture kernel grn F7/F, the gquantity

¢ » N/R in the last column is the ratio between the value obtained from normalization and the reference value.

All Geel data have not been corrected for 7v-ray absorption in the sample.

Nucl.

aatur.

56Fe

natur.

natur.

natur.

Fe

Fe-aample

Thickn. Energy

(mom)

i.0 1.5 keV
0.5 1.15 keV
0.5 y.15 keV
0.5 thermal

1.0 thermal

0.5 thermal

r,
n

(meV)

72.8+43.2

74.34+3

77.341.7

N (result of

normalization)

b5

66.2

68.7

3.02

3.06

|+

|+

|+

3 meV A7 = 55.

2.BmeV A_ = 55.
7

R {¢

eference

value)

7 + 0.7 meV

1.5 meV A7 - 55,7 + 0.7 meV
b)
09b o =2.56 + .03b
b)
08b o -2.5 + .03b
08b o =2.59 + 4P
th —

7%

19+,

L23+
.18+
A2y

LiBr.

06

05

.03

.04

.04

07

a) assumed values

bh) values taken from Mughabghab et al.

20

)
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ABSTRACT

The neutron capture widths of s-wave resonances in 56Fe (27.7

kev), °8Ni (15.4 kev), ®ON1 (12.5 kev) and ®4Ni (13.9, 33.8 kev),
‘have been determined using a setup completely different from most
previous experiments on these isotopes. A pulsed 3-MV Van de Graaff
accelerator and a kinematically collimated neutron beam, produced
via the 7Li(p,n) reaction, was used in the experiments. Capture
gamma-rays were observed by three Moxon-Rae detectors with
graphite-, bismuth-graphite-, and bismuth-converters, respecti-
vely. The samples were positioned at neutron flight paths of

only 6 - 9 cm. Thus events due to capture of resonance scattered
neutrons in the detectors or in surrounding materials are com-
pletely discriminated by their additional time of flight. The
high neutron flux at the sample position allowed the use of

very thin samples (0.15 - 0.45 mm), avoiding large multiple scat-
tering corrections. The data obtained with the individual detec-
tors were corrected for the efficiency of the respective conver-
ter materials. For that purpose, detailed theoretical calculations
of the capture gamma-ray spectra of the measured isotopes and of
gold, which was used as a standard, were performed. The final
results are Fy(27.7 keV, 56F‘e) = 1.066% 0.05 ev, Fyiis.d kev,

Ni) = 1.53 + 0.10 eV, ry(12.5 kev, Ni) = 2.92 + 0.19 ev,

r (13.9 kev, €4N1) = 1.01 + 0.07 ev and r, (33.8 kev, 64n1) =

1.16 + 0.08 eV. The accuracy obtained with the present experimen-.
tal method fepresents an improvement of a factor 3 - 6 compared
to previous experiments. The investigated s-wave resonances
contribute 10 - 50 % to the total capture rate of the respectlve

isotopes in a typical fast reactor.
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The exact determination of the capture widths of brcad s-wave
resonances in structural materials is an important problem in
fast reactor physics because of two reasons: (i) By their large
capture area, these resonances contribute significantly to the

capture cross section averaged over the reactor spectrum.

{(11) In previous measurements their large ratio l‘n/rY L 103—104

caused severe systematic uncertainties due to capture of re-
sonance scattered neutrons. These difficulties are strikingly

illustrated at the example of rY for the 27.7 keV resonance in
56Fe where the published values vary by a factor of two’.
2,3

Recently, a careful reevaluation of the Oak Ridge data for

58’60N1 showed that the present accuracy for strong s-wave re-

sonances around ~ 10 keV 1is limited to ~ 30 % for resonances with

l‘n/l‘Y ~ 103. These uncertainties do not meet the requests for-

mulated for capture cross sections of structural materials 4.

Part of the experimental difficulties have been overcome in
LINAC experiments by the use of arrangements with very low

5’6. In the present work, which was per-

neutron sensitivity
formed at a van de Graaff accelerator, a completely different
approach was made to solve the problems. Events due to capture
of resonance scattered neutrons are discriminated compietely

by time-of-flight (TOF). This was possible using an experimen-
tal setup where the primary flight path of the neutrons 1is
shorter than the distance from sample to detector. This approach
has the additional advantage of a very high neutron flux at the
sample position thus allowing for thinner samples than were used
in any other capture measurement. In this way sample related un-
certainties were greatly reduced, e.g. due to large multiple

scattering corrections.

In the present experiment, data were taken simultaneously with
three Moxon-Rae detectors which were equipped with graphite,

bismuth-graphite and bismuth converters, respectively. The

capture width as determined with each of the three detectors

was corrected for the efficiency of the respective converter.

For this purpose detaiied theoreticai calculations were performed
in the framework of the statistical and spherical optical model

to determine the shape of the capture gamma-ray spectra for the
investigated isotopes and for gold, which was used as a standard.
These spectra together with the shape of the detector efficiencies
(evaluated from literature) allowed for a correction of the re-
sults which were obtained with the individual detectors. The

final values for I agreed within the remaining total systematic

uncertainty of 5 —'6 %.

We measured the s-wave resonance at 27.7. keV in SGFe and the

resonances at 15.4 and 12.5 keV in 58N1 and 60N1, respectively.
For each isotope three samples were used (0.15, 0.3 and 0.45 mm).
It has to be noted that the 0.15 mm sample is nearly a factor of
three thinner than the thinnest sample used up to now. The final
data have a total uncertainty of 5 - 7 % thus satisfying the

current requests

To test the potentlial of this experimental method we measured

the capture widths of two s-wave resonances in 64Ni at 13.9 and
33.8 kev. The final results shtowed that they have l‘n/[‘Y ratios

of 2900 and 7700, respectively. For such resonances accurate

ta can hardly be obtained at a LINAC. But in turn, accurate
capture widths of such resonances can be used to check and to
improve the neutron sensitivity correction of LINAC experiments.
This might help to clarify existing discrepancies for resonances
with rn/rw A~ 1U00. Due to their large neutron widths (8.9 keV

for the resonance at 33.8 keV) these resonances are spread over
many TOF channels in an actual experiment and, therefore, it is
very hard to obtain a reasonable signal to background ratio. With
the very short flight path of 6 cm and with an optimization for
further background reduction our setup allowed to detect the 33.8
keVv resonance with a signal to background ratio of one in spite
of i1ts small peak cross sectlion of only 10 mb. Thus, an overall

statistical and systematic uncertainty of 7 % was obtained even
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for this extreme case. The present results are documented in detail
in Refs. 1,7 and 8.

II. EXPERIMENTS

The experiment is an optimized version of a setup proposed by
Macklin et al. I already in 1963. A schematic drawing is shown
in Fig. 1. The measurements were performed at the Karlsruhe

3-MV pulsed Van de Graaff accelerator. A kinematically colli-
mated neutron beam is produced via the 7L1(p,n) reaction by
adjusting the proton energy just above the reaction threshold.
In this case no further collimation is required and the samples
can be placed at a flight path as short as 6 - 9 cm. The capture
detectors are arranged at backward angles completely outside

the neutron cone. The distance from sample to detector 1is

~ 16 cm. Data were taken simultaneously from three Moxon-Rae
detectors with graphite, bismuth-graphite and pure bismuth
converters, respectively. Two 6L1-glass detectors are used to
ensure that all samples are irradiated by the same neutron
fluence. A TOF-spectrum is recorded from a transmission detector
located at 0° with respect to the beam axis and a pulse height

spectrum is taken from a neutron monitor at 20°.

In each run: data were taken from the structural material under
investigation, from a gold sample as a cross section standard,
from a graphite sample as a pure scatterer and from an empty
position in the sample changer frame for background determina-
tion. Details of the experimental methods, data evaluation and
systematic uncertainties are given in Refs. 1, 7 and 8.

The main advantages of this setup are the following:

1.} The distance between samples and detectors is a factor
of two larger than the flight path of the primary neutrons.
Thus, events due to capture of scattered neutrons in the
detector or in surrounding materials are completely dis-
criminated by the additional TOF.

MOXON - RAE DETECTOR

PHOTOMULTIPLIER
MOXON RAE NE M PLASTIC
DETECTOR SCNTILLATOR (0Smm)

N Bismuth Corwerter GRAPHITE CONVERTER

\ \
TRANSMISSION DETECTOR ~N

~ LEAD SHIELDING
(at O deg.935cm tught path ) N

\\/
e {8cm fight path)

//<NEUTRON CONE BISMUTH- GRAPHITE

CONVERTER

NEUTRON FLUX MONITOR

(ot 20deg ,%60cm Flightpath) :
MOXON — RAE

DETECTOR

Fig. 1 Schematic view of the experimental setup to measure
the capture widths of s-wave resonances in structural

materials.

2.) The high neutron flux at the sample position allowed the

58’60N1 and SGF

use of very thin samples (0.15 mm for e

and 0.5 mm for 64N1).

3.) The very short flight path of 6 cm allowed for a signal-to-
background ratio of ~ 1 even for the very broad resonance
64
at 33.8 keV in Ni (r‘n/Eres = 0.26]).

4.) The limited energy range of the neutron spectrum from 10
to 60 keV avoids unwanted background from scattering re-

sonances at higher energles.
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5.} The total time resolution of 1.2 ns 18 sufficlent to sepa-

< 60 ...
{except for Nij).
In order to study the individual systematic uncertalnties in
detail several runs were made with modified experimental condi-
tions. This is possible only, because the high neutron flux at
the sample position reduces significantly the measuring time

compared to previous experiments.

The proton energy was adjusted at three different energies

(20 kev, 13 kev and 6

7Li(p,n) reaction. In

kev) above the reaction threshold of the
this way continuous neutron spectra in

90 kev, 7 to 75 kev and 10 to 60 keV were
respectively. The higher proton energy offers a higher

the energy range 5 to
obtained,
neutron flux at the resonance energy but on the dispense of a

reduced signal to background ratio.

64

For each isotope except Ni three samples were used with thick-

ness between 0.15 and 0.60 mm. Thus the correction for multiple

scattering in the investigated s-wave rescnances vary by a
56
Fe as an additional check a 2 mm thick

factor of three. For

sample was used, to demonstrate that the multiple scattering
correction of the present analysis works correctly even in such
extreme cases. This point was mainly motivated by the experiment

of Allen et al. o where a similar technique was used but where

a discrepant result was obtained with a sample of 2.4 mm thickness.

2 shows the
SB,GON1

To demonstrate the effect-to-background ratio Fig.
TOF spectra measured with the graphite converter and

samples of 0.3 mm thickness. 3 the respective spectra

as measured with the 64

In Fig.

Ni sample of 0.46 mm thickness are shown.

COUNTS PER CHANNEL x 153

10F - SPECIRA i - } I
6 | promer PROMPT
N SAMPLE Gamma- | 5B SamPLE GAMMA -
L4 123 kev RESONANCE RaY 154 keV RES RAY
l PE AK 1 PEAK
3
24
BACKGROUND od bome] BACKGROUND
. FUGHT PATH : 87 7Tmm FLIGHT PATH 87 7Tmm
SAMPLE THICKNESS : 278 10 3 A/b SAMPLE THICKNESS - 271 10 A /b
T T T T T L L T T T Al T
00 200 300 400 100 200 00 400
CHANNEL NUMBER
58,60
Fig. 2 TOF spectra of Ni samples and the corresponding

background as measured with the Moxon Rae detector with

graphite converter

path 87.8 mm).

(sample thickness 0.3 mm,

flight
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TOF- SPECTRA PROMPT
L RUN I GAMMA -
RAY
PEAK
3
¢4Ni SAMPLE
2_
b M
=
X BACKGROUND
@
z FLIGHT PATH : 80.4 mm
<
X
(&)
@ T ] 13 T 1 ¥
Y BACKGROUND
g SUBTRACTED
3 21 SPECTRUM
(&)
13.8 kev [ 33.8 keV
15+
RESONANCE ||| RES.
, '
05+
0_
t T, t T,
Li i L L) T ¥
00 200 300 400
CHANNEL NUMBER
Fig. 3 Experimental TOF spectra measured with the 64Ni sample

and with an empty position in the sample changer frame (background).
The background. subtracted spectrum shows the residual background
due to capture of scattered neutrons caused by the resonance at

33.8 kev (l‘n/l‘Y = 7700). This component was subtracted in the re-

gion of the 13.9 keV resonance as indicated by the histogramm
(lower part). Four time marks are given which illustrate the TOF
discrimination of events due to capture of scattered neutrons.

To: Position of prompt gamma-ray peak, which corresponds to the

zero point of the TOF scale.

TI: First neutrons are scattered in the 33.8 keV resonance.

T2 = 2 x TI: First of these scattered neutrons reach again the

neutron target.

T3: First of these scattered neutrons reach the detectors or

the sample changer frame.

III. DATA ANALYSIS

The data analysis is described in detail in Refs. 1,7 and 8, there

fore we enumerate only briefly the individual steps performed.

IIXI.A Evaluation of the Capture Yield

The capture yield was evaluated from the measured TOF spectra in

the following way:

a) Transformation of the individual TOF spectra of each sample
{(measuring time ~ 10 min) to a common position of the prompt
gamma ray peak.

b) Transformation of the summed TOF spectra of sample and
reference sample to a common average flight path.

c) Normalization to equal neutron fluence per sample.

d) Subtraction of time dependent and time independent back-
ground.

e) Correction for multiple scattering and self-shielding in
the gold reference sample.

f) Correction for gamma ray self-absorption in sample and
reference sample.

g) Multiplication with the gold standard cross section.



a

I11.8B Determination of the Capture Widths

g e

rescnances the capture

yleld was analyzed using the FANAC code of Frbhner". The data
measured with three different converter materials were analyzed

To determine the capture widths of s-wavse

separately. The parameters of the p-wave resonances as well as the

resonance parameters of isotopic Impurities were taken as fixed
input from literature. The analysis was performed twice, taking

Fn of the Investigated s-wave resonances as free or as fixed

parameter. Fig_ 4

cshnug
ENCWS

as an example the Fanac fits to the
58,60,64

capture yield of
2 and 3.

Nl as evaluated from the spectra given
in Figs.

I1T C Correction for Detector Efficlency

The maln systematic uncertainty in our measurements on structur-
al material isotopes relative to a gold standard is caused by
the efficiency of the Moxon-Rae detectors. It deviates from

the ideal shape, which is linearly increasing with gamma-ray
energy. Neutron capture in structural materials is characterized
by a low multiplicity of the associated gamma-ray cascades.
Consequently, the capture gyamma-ray spectrum is dominated by
omponent caused by transitions to the ground state or
rst excited levels and by a soft component from the ground
gtate decay of these low lying states. On the other hand, the
high level density in gold yields a higher multiplicity of the
cascades and thus a softer spectrum. This difference leads to

a systematic uncertainty in the measured cross sectlon ratio.

In the present experiment data were taken with three different
converter matertals and the correction was applied for each
detector separately. In this way we tried to overcome the un-
certainty which 1s caused by the fact that the efficliency of the

individual converter materials 1s not known with good accuracy.

CAPTURE YHELD (mb)

00
e + —t ——
K B 8 X n P % n Ry
: NEUTRON ENERGY (kev)
500
o !

CAPTURE YIELD (mb)

Fig.

g

w0 BNi

It
HBLkeV RESONANCE

i n 0 [

NEUTRON ENERGY (keV)

139 keV RESONANCE

10 6LNi

338keV RESONANCE

NEUTRON ENERGY (keV)
58

4 Fanac fits to the capture yleld of N1,

as evaluated from the TOF spectra shown

60

in

Ni and
Flgs.

64NL

2 and
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The evaluation of the efficiency correction, is described in
detail in Ref. 12. Two pleces of information are required: the
relative shape of the detector efficiency e(Ey) and the relative
shape of the capture gamma-ray spectrum I(Ey).

In Fig. 5 the efficlency of the individual converter materials
is displayed. Two possible shapes for the graphite converter
were used, one as evaluated from experimental data in Ref. 1
13, The effi-
cliency of the bismuth~graphite detector was taken from Ref. 9.

and the other as calculated by Malik and Majkrzak

For the bismuth converter we used the average of the calculation
in Ref. 13 and the Monte Carlo simulation by Iyengar et a1.14.

/ ——— GRAPHITE CONV. calc.
——— GRAPHITE CONV. exp.
—-— BISMUTH GRAPHITE CONV.

EFFICIENCY / Ey (rel. units)

2 ———BISMUTH CONVERTER
2 4 6 80
EleeV)
Fig. 5 The shape of the detector efficiency of Moxon Rae

detectors with different converter materials.

The capture gamma-ray spectra were calculated in the framework

of the statistical model and the spherical optical model. The
method is described in Ref. 15 where the results for gold are al-
ready published. Details of the calculations for the structural
materials are given in Refs. 7, 8 and 16. These calculations have
been performed for s-, p- and d-wave resonances and for all pos-
sible spin values, separately. As for the narrow p- and d-wave
resonances. in many cases the spin and even the parity 1s unknown
and as for a given orbital angular momentum the correction factors
are not strongly spin-dependent, only averaged values for p-

and d-wave resonances have been used for correction. The correc-
56Fe and 64Ni while they in-

3841 ana %0ni.

tion 1s ~ 5 % for measurements on

crease up to 10 % for measurements on
Iv RESULTS

The individual results for the capture widths of s-wave resonances
in 56Fe and 58'50'64N1 as obtalned from different experimental
runs, sample thickness, converter materials and evaluation methods
are compiled in full detail in Refs.? and 8. The fact that no
systematic differences are observed in the results of one detector
in the individual runs confirms that the effects of sample
thickness and neutron spectrum are accounted for correctly.
Therefore, in further evaluation averages over all runs are

used.

In Table I the final data are given. The correction for de-
tector efficiency strongly reduced the spread in the data
obtained with different detectors which now agree within their
remaining statistical and systematic uncertainty. There is an
indication that the data obtained with the bismuth graphite con-
verter are systematically higher than the results of the two
other detectors. The most probable explanation is the uncer-
tainty in the shape of the efficiency curve for this detector.
However, these differences can be tolerated in view of the

systematic uncertainty of the efficliency correction.
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In the last columns of Table I the final values for the capture
widths of the investigated s-wave resonances are given together
with their statistical and systematic uncertainties. These values
are obtained as an average of the results from the individual de-

60N1 the contribution of the two p-wave re-

tectors. In case of
sonances at 12.2 and 13.6 keV is subtracted because it could

not be separated in the fits. The individual systematic uncertain-
7 and 8. For completeness

SGFe obtained in our first

ties are discussed in detail in Refs.
we include in Table I the result for
thicknesses

but only one Moxon-Rae detector (with graphite converter, Ref. 1},

In Ref. 1 a correction for detector efficiency was not applied

as no reliable capture gamma-ray spectra were av
Lo

time. The value glven in Table T is now o

o}
]
t
[}
[p]

supersedes the earlier results.

58Ni: The final value FY = 1.53 eV + 6.6 % for the s-wave reso-

nance at 15.35 keV is in good agreement with the data of Frbhner17
and with the KEDAK-3 evaluation18 but 1s lower by ~ 35 % than the
data given in Refs.19 and 20. However, the results of Ref. 20

were not yet properly corrected for neutron sensitivity. A re-

3 T .
evaluation of these data at Oak Ridge yielded a preliminary vaiue
of IT_ = 1.3 + 0.4 eV in agreement with our value. But it has to

. be pointed out that the neutron sensitivity of the respective

58,60,64N1 56

Table I Final Results for the s-Wave Resonances in and Fe
Isotope Resonance Graphite Converter Bismuth-Graphite Bismuth Average Uncertainty (%)
Energy Converter Converter statis- sgyste- total
tical matic
FY(eV) FY(eV) FY(eV) Fy(eV)
58
NL 15.35 1.41 1.63 1.56 1.53 1.9 6.3 6.6
60 a
Ni 12.5 ; 2.88 3.07 2.88 2.92 3.5 5.6 6.6
6484 13.9 0.97 1.01 1.01 1.01 3.7 5.7 6.8
33.8 1.24 1.18 1.06 1.16 3.4 6.2 7.1
56Fe 27.1 1.07 1.14 1.06 1.09 2.1 4.6 5.1
corrected results form Ref, 1:
56
Fe 27.7 1.05 1.05 1.3 4.7 4.9
averaged value form Ref. 1 and present work
56Fe 27.7 1.06 1.1 4.7 4.8
a)

area to account for the unresolved p-wave resonances at

a value gryrn/r = 0.56 has been subtracted from the fitted resonance

12.2 and 13.6 keV



experimental setup limits the accuracy of this resonance parameter
to ~ 15 % in the tank measurement performed at KfK (Ref. 17) and
to ~ 30 8¢ in the measurement with the C6F6 detector at Oak Ridge
(Refs. 3 and 20). Compared to that the present method provides

a significant improvement.

60N1: For this isotope the two weak p-wave resonances at 12.2

and 13.6 keV could not be resolved from the area of the s-wave
resonance. Therefore, always the sum of the three resonances

was analyzed. To obtain the final value for the capture width of
the s-wave resonance the value ngrn/r = 0.56 eV of Ref.17 was sub-
tracted from the observed area. This value is in very good agree-
ment with the recent results of Perey et al.2 who quote ngrn/r =
0.554 eV. Our final value for the s-wave resonance rY = 2.92 eV

+ 6.6 % is in good agreement with data of Frbhner17, with the

KEDAK-3 evaluation 18
But, again, these data carry uncertainties of 18 % and 34 §, re-
spectively. The value in Ref. 19 which is based on the work of

Stieglitz et al. 21

and with the new results from Oak Ridge 2.

is ~ 15 % larger than the present value.
64N1: The final values are: PY = 1.01 + 0.07 eV for the resonance
at 13.9 keV and PY = 1.16 + 0.08 eV for the resonance at 33.8 keV.
If we compare the present results to the data of Beer and

Spencer 22 one has to keep in mind that these data were not cor-
rected for the neutron sensitivity of the liquid scitillator

tank. This correction can be applied according to Ref. 17 yielding
FY = 1.6 eV for both resonances which is still significantly
larger than the present values. The difference may be accounted
for by the 20 % uncertainty quoted by Beer and Spencer22 to which
an additional uncertainty of the neutron sensitivity correction
has to be added. Preliminary results from a measurement performed
at Oak Ridge at a 20 m flight path yielded even higher values for
these radiative width523. This suggests that the neutron sensiti-
vity corrections were underestimated in both cases. The present
results yield new values rn/rY of 2900 and 7740 for the reso-

nances at 13.9 and 33.8 keV, respectively. This means that this

ratio is nearly one order of magnitude larger for the resonance

at 33.8 keV than for the investigated s-wave resonances in 56Fe
and 28/60y;
56

Fe: Even with the limited resolution of the present experi-
ment, this resonance is undisturbed by any p-wave contribution.
The final result for the 27.7 keV s-wave resonance (see Table I)
agrees very well with our extensive measurements published al-
ready in Ref. 1, 1f properly corrected for the detector effi-
ciency. Thus our measurements with Moxon Rae detectors yielded
a conslistent final value of l‘Y = 1.06 + 0.05 eV for this re-
sonance using samples which differ by more than a factor of 10
in thickness. This is an impressive confirmation of the multiple
scattering correction of the FANAC code: There is also excellent
agreement with the value FY = 1.04 + 0.08 eV obtained recently

24

at Karlsruhe in a measurement using C_.D_. detectors and a

66
flight path of 60 cm. The present value is significantly lower
than all results published before 1980 (Refs. 25 to 27), except

the results of Fréhner '’ (FY = 1.25 + 0.2 eV) and Gayther et

al. 5'28(1‘V = 0.89 eV). We also agree with the result from a
measurement at Geel 6, which was analysed by Moxon using the REFIT
code 29 (rY = 1.0). Recently, a new measurement was published 30

which yielded a significantly lower value rY = 0.82. This re-
sult is correlated with a surprisingly low value for the neutron
width of this resonance (rn = 1.15 keV). Low values for l‘Y are

also reported by Allen et al. 10 (l‘Y = 0.82 + 0.11 eV).

VI FAST REACTOR SPECTRUM AVERAGED CROSS SECTIONS

To study the influence and importance of the present results for
an actual reactor we chose the core design studies for the SNR-2

power reactor by Kiefhaber 31. For the purpose of the intended
comparison a one dimensional representation seemed sufficient,

assuming a constant neutron flux for the whole core, grouped

" into 26 energy bins. About 12 % of the total capture rate

is due to capture in structural materials. The bulk of this
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rate is due to capture in iron (50 %) and nickel (22 %), while

et al.

{Ref. 19). From this Table the following conclusions can

the rest is caused by chromium, molybdenum and niocbium. In all be drawn:
invclved wmaierials neutron capture proceeds via the (n,y)-

1.)

reaction with the exception of nickel where one third of the

capture events is attributed to the (n,p) reaction because of

About 9 8 of the total
13 caused by the three

capture rate in structural materials

investigated resonances.

the low threshold energy. 2.) Using the present data the capture rate in structural
materials is reduced by more than 2 %.
in each energy group an average capture Cross section was deter-
3J.) With the tmproved accuracy of ~ 5 - 6 t of the present
determined by lumping togethers the resonance areas of the indivi-
experiment the uncertalinty in capture rate of structural
dual resonances: Here we used the data froom KEDAK 3 (Ref. 18) for ) o )
B cg oG 64 materials 1s not longer dominated by the uncertainty
“"Fe and ""Ni, from Ref. 2 for Ni and Irom Ref. 32 for Ni
cf the s~-wave resonances. The main uncertainty 13 now
and our own values for <he s-wave resonances. Above 200 keV N 56
determined by the 1.15 keV resonance in Fe, which con-
smoothed cross sectjons were taken from Ref. 33. These cross ) 56
; trioutes ~ 35 % to the capture rate 1in Fe.
sections were weighted «#ita tae neutron flux of the respective
4.} Finally, cne has to keep in mind that all other s-wave

group. This procedure ..z performed twice, with and w.tncut the
measured s-wave resonance. The resuliing ccentribucions cf the
s-wave resonances to the cocai capture rite of the respective
isotopes are given in T:-.e 11 in compariscn to %7e values

obtained with the s-wav: rescornzrce paramcters jucied by Mughabghab

resonances as measured in previous experiments have been

overestimaced, too. If this 18 corrected a further reduc-

tion of che capture rate in structural materia’s is

expected

Tabie II Contribution f the investigated s-Wave Resonances to Fast Reactor
Averaged Neutron Capture (ross Sectlons
Reiative Contritution to Total Relative Contribution to Total
Capture Rate of the Respective Capture Rate of All Structural
Regonance isotope (%) Materials (%)
' taken from I from prezgent 7 taken from [ _ from present
Ref.19 ¥ results Ref. 19 results
56 _ o " c
te (27.7 kev; 1% 8 5.1 3.7
“BN1 (15.4 ket 2c 16 2.0 (.6
ONL (12,5 keV, 46 37 1.8 1.4
A (13,9 ane 70 52 - -
33.8 keVy
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ILATIONS OF DOUBLE-DIFFERENTTAL CROSS SECTiJ

|

H. Gruppelaar

setherlands Energy Research Foundation ECN, P.0O.Box !,
1755 ZG Petten, The Netherlands

ABSTRACT

A survey 1s given of recent developments in the calculation of
angular distributions based upon the generalized master-equation approach

of the exciton model. Some comments are also made on the rviation between
the exciton mod»’ and the Hauser-Feshbach wodel.

INTRODUCTION

The underiying naive picture of the model that (s used to calculate
double~diffevential cross sections of (n,n') or (n,p) reactions at
energies from about 10 to 50 MeV is as follows. A neutcon =nters the
nucleus with a probability predicted by the reaction cross section of
the optical model. After a refraction at the nuclear surface it may
collide with 4 target nucleon. The initial neutron generally looses
energy which is transferred to the target nucleon. Next, one of the
collission partners may be emitted or further collissions may take
place until eventually a particle is emitted. It is assumed that before
emission a refraction at the nuclear surface has occured. Secondary
emissicn of a particle is described by following the collissions inside
the nucieus also after the first emission.

In tnree cases this picture leads to simple modeixn:
) equilibrium limit, (b) precompound emission after the {irst internal
1

lisgion, {c} "leading particle’ model.

(a
co
In the well-known equiltbriwm limit it is supposed th«t no particle
is emitted hefore a large number of collissions has occurred and the
initial energy of the projectile has been exchanged with most of the
target nucleons. The decay of this "compound state" is described by a
statistical model. The Hauser-Feshbacnh (YF) model is usually employed,
aithough ai hiph eiergies it Couid be aporoximated by the much simpler
Weiskonf-Ewing (WE) model, where a summation over spins and parities
has been made. Some inconsistency problems between HF and WE models have
been discussed in Refs. [1,2]. We note that the HF mocel also predicts
angular distributions, although for continuum emission usually isotropy
in the center-of-mass svstem is assumed. A useful approximation to esti-
mate the (symmetric) angular distribution of continuum reactions has
been given by fricson and Strutinsky [31. The complete expression 1s
found in Ref. * 4.

When emission occurs after the first collisasion, it is still re-
latively simple to describe the angle and energy distributions of the
emitted particle, assuming seometrical ontics for the refraction pro-
cesses and the Fikachi -Fawai (VE) expression for the scattering ot two
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nucleons inside nuclear matter [5). Since an important fraction of the
precompound emission originates from a single colliassion in the nucleus,
this deacription could be quite useful. It is the basis of a model re-
cently developed at our laboratory [6]. There is a distinct forward-
peaked angular distribution and there {8 a strong coupling between energy
and angle of the emitted particles, cf. Sect. 2.

In the "leading particle” model, developed by Mantzouranis et al.
{71 there is one "fast” particle (the projectile) that is followed on
its way through the nucleus, After each collission the direction of the
followed particle is changed according to the angular distribution of
the free nucleon-nucleon scattering cross section that is assumed to be
isotropic in the center-of-mass system of the two colliding particles.
This assumption leads to the so-called "generalized" master equation,
that {s solved most easily by the method of Akkermans (8,3]. Ue note
that in this model the angular distribution of the emitted particle
after n colligsions is independent of its energy. Recently, this model
has been refined by various authors [10,!11] and a combination with the
above-mentioned model to describe the emission after the first internal
collission has been made [6], cf. Sect. 3.

The remaining problem is to assure that the equilibrium limit of
the above-mentioned exciton model (EM) agrees with the HF model, both
with regard to the angular distribution (cf. Sect. 4) and the angle-
integrated cross section (cf. Sect. 5). This problem has also been dis-
cussed in Ref. [2].

2. PRECOMPOUND EMISSION AFTER FIRST COLLISSION

When a nucleon is emitted after the first intra-nuclear collis-
sion, its angular distribution will be a folding of three angular dis-
tribution functions corresponding with incident refraction, intra-
nuclear scattering and outgoing refraction. This "folding" is most
easily performed with the mathematical description of Akkermans et sal.
(8,9], where the angular distribution is represented by Legendre poly-
nomial coefficients. It follows from Ref. T6] that

d?a(a,b) 2: +1 KK

( s ) - a, ub(no,z)r(no)z Py (EJu " (e)p, (e)P (cos®), 1))
where p, are eigenval of the refraction operator (based upon geo-
metrical optics) and are eigenvalues of the scattering operator

(based upon the KK expression). For t=0 the eigenvalues are equal to
unity and the expression reduces to the well-known angle-integrated
cross section of the exciton model for emission from the initial exciton
state (ng=3), divided by a factor 4n. In Eq. (1) the emission rate for
emission of a particle b from n=ng to n-no_nbis indicated by wp(n,,c);
the mean life time tv(n,) equals in this case the reciprocal value of

the total emission W(ng).

From Eq. (1) it follows that the model is frece from fit parameters
and that there is a strong correlation between the angle- and energy
distributions, It is illustrative to note that in most earlier work,
corresponding to the concept of Mantzouranis et al. [7] the coefficients

py were not used (p,=1), and the gcattering kernel was taken from
free nucleon-nucleon scattering: py , independent of €. In a pre-
vious analysis of l4-MeV data we have assumed (in Ref._[9)) a maximem
refraction index of the incident beam (i.e. p,(E) = ), together with
the free scattering coefficient uf. In addition, a flt parameter c
was used to obtain optimal agreement with the measured data [9,12].

More recently, Sun Ziyang et al. [10] have ndopted a klkuchx Kawai
kernel, averaged over all possible scattering energies: u, , lL.e. in-
dependent of ¢. In a very recent paper Iwamoto et al. [117 have
used an expression, similar to Eq. (1), neglecting refraction,
cf. Sect. 3.

Without considering the contributions from further internal col-
lissions, Eq. (1) already describes the main features of the angular
distribution of emitted nucleons at the highest outgoing energies, say
at e€=E-| MeV, In Fig. | we show the results of calculations of the
reduced Legendre coefficients for the 93 Nb(n,n') reaction, using Eq.
(1). These results compare quite well with the systematics of Kalbach
and Mann [13] and with averaged experimental data, extrapolated to the
energy €=E-1 MeV (cf. Figs. 2,3). The deviating experimental value of
fy at 14.6 MeV is quite uncertain, see also the discussion in Sect. 3.
We note that in the early model of Mantzouranis et al. [7] there is no
energy dependence at all in Fig. | (£} =2/3, f3=1/4, f3=0).

In the more recent model of Sun Ziyang et al. [10] the energy dependence
is too weak. Furthermore, in the recent model of Iwamoto et al. [11]]
refraction has been neglected. It turns out that refraction effects are
quite important in neutron scattering at low energies. So far, reflect-
ion effects have been neglected in our model.

|3

3. RELAXATION TOWARDS ISOTROPY

In the previous section internal transitions after the first col-
lission were not considered. In the exciton model the probability for
such a transition is given by:

2y ———

A(nsm) = —“1 [M(n) % wp(m), 2)
where we is the density of accessible final states and IHZnilz is the
transition mattrix element, averaged over all possible internal trans-

itions n +m. Therefore, the mean life time in Eq. (!) has to be re-~
placed by

i
L (no +m) +H(n°§
m

t'(no) = (3)

with n, =3,

In order to find the remaining contributions to the double-dif~
ferential cross section we should follow each of the collission
partners on its way through the nucleus. This is not very practical.
Instead, we follow only one "leading"” particle, assuming an "average"
angular distribution after each collission. In that case the relaxation
process of the composite nucleus its described by the generalized master
equation [7) for the occupation probability q(n,2,t) of exciton state
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s oat time t. The sol.u ang 5 oas the direction of ne .e&e.ng particie,
»nat 18 changed atter -sch c.ilission, according 2o the ados:ed scat-
cering kernel with eigenvaluzs u, 243, In the model of Hantzouranis

wi al. the {ree nuciecu-nuc..on scaciering vaiuves were adcoced for My -
i5 our model we have followes the description of Sun Ziyang et al. [10],
who adopced an averuge Kikuo, i-Xuawa: scatteriunyg kevnel. Denocing the
energy-dependent eigenvaiues 3¢ .h2 LK angular distribuiion by

KK,
uy e',e0), (4)

where €' and € are the enecy es befcre and after .cattering, respecii-
vely, we may write for the z ciaye coefficients:

KK .
uy (<e'> ,<e> ). (53

-
o o

For the averaging preced.ie we e er to Ref. [10].
In our model we have used

ufK - usx(E.<€>). (6}
after a check [6] that there was not much difference in “he szngular
distributions of neutron emission spectra calcula:ed wit™s (5) and (6}.
Consequently, the solution of the generalized mast.i equation 1is as
simple as in the case of the modeil of Mantzouraniz et al., and we

find very easily the time {n.egrais cver the occusation probabilities
t(n,N) as a sum over Legenarc poiynomial terms {,.n)Pyp{cosd).

Writing Cl(n) - El(n) «(n), wnere t(n) is the mea. life time of the
angle-integrated exciton med=1 and i.icluding ref: ction, we {ind

a,bj g o2t Vo icosi)inoon 3. (13
& 9, gub(n,c, r(n)i A Tate El(n)pl(c) .l\kvbj){n )u0,~(7}

for the initial ng-contributiza we siupt Eq. (i) with vin_} according
to the solution of tie fuli .aster ecuation, Actually, the o -
entribution should be divid:u into » part Eq. {i. with Eq. {3} and 4

art Eq. (7) with 1(ng) =v(n_ : -v"{r,), because a (small} frsction of
the emission from n=n, res. s from more than one coiifssion.
Independently of the wo- x performed at our iustics e, but scill

based upon the same mathemat:cal descriptior. of Akkermans et al. [81,
the JAERI group £11) has devsioped a more peneral approach to account
for the angle-energy correlaciuns, wiihout restricting these to the
first collission. Iwamoto et al. have introduced the full KK expres-
sion into the gcattering kernezl. This leads to a further generalized
sccupation probability q(n,f.c,t}, where € is the energy at which the
leading particle will be emitfed whes no further colliissions occur.
In the solution of their zeneratized master equation energy-dependent
cigenvalues (4) occur. I ous modxi vhis energy dependerice was taken
lnto account only for the fi..¢ coilission (' =E}, that giv:s the
main contribution to the ang..ac distribution. From the arguaent (hat

the resnlts of using (5) or (b are almost the same [6] we . xpect
that the ITrprovement of Ywornre oo ab. i1s not verv larpe.

Anotoer interesting aspect of the Japanese work is their effort
to relax the assumption of the "leading" fast particle by sarittiog
collissions {(changing the exciton number) that leave :he aupular di-
rection §1 unaffected. The result of these calculations i3 rhat the
angular digizibution becomes siightly more forward-peaked, due to the
siowing down o the relaxation towards isotropy.

Finally, we present in this section some results of c:iculations
with our own model, based upon the work of Costa et ai. {67, see Figs.
2,3. The calculated data are compared to systematics [ 13] and experi-—
mental data [14,15]. No fit parameters were used in t.e caiculations,
as far as the angular distribution is concerned. The overall results
are gquite acceptable except for f at 14.6 MeV. This could be due to
the neglect of a symmetric component (included in the systematics),
as wiii ne dis-ussed iIn the next section.

4. SYMMETRIC COMPONENT

The model discussed in the previous sections leaus to isotropy in
the equilibrium i{imit. This is correct when it is assumed in the HF
model that the spin distribution of the levels in the cont.nuum is
proportional tu 2J+1, where J denotes rhe spin of the leveis [I]. For
the more realistic spin distribution

R(p) = 2221 eXP[—(giili] (8)
o? 202

with a finite value of the spin cut-off parameter o, .7e Hi model for
continuum emission {4] predicts a symmetric angular distribution. This
18 a consequenie of the conservation of angular momenium: the incoming
angular momentum is absorbed by the cowpound nucleus, lead.ng to a tvo-
tation around an axis perpendi-zular to the incoming direction. Emission
from the compound ngcleus then leads to an anisotropi. distribution,
symmetric arouad 907 ©37.

In the mocel that we have used there is angular-momenium conser-
vation {In a ciassical sense) only for the component of emission at
the first collission. After the first collission only the "leading"
fast particle i3 followed that collides with target nucleons which
are supposed to be at rest. In each collission a recoil nu-
cleus absorbs part of the energy and angular momentum. After a long
lapse of time &1l incoming angular momentum has been absorbed by the
nucteus and a sywmetric angular distribution should result, However,
also at an earlier stage, when most of the incoming angular momentum has
been exchanged, but still the energy is not yet equilibrated, a sym-
metric component has to be added. It was shown by Akkermans and Grup-
prlaar {16] that indeed the characteristic times for these nrocesses
are differeng.
Consequently one might expect that emission from already reiatively low
exciton numbers should have a symmetric component, in addition to the
forward peaked-angular distribution,

In order to estimate the symmetric component one vould start f{rom
a spin-dependent exciton model or “unified” model, using the random-



phase approximation for the (pre-)compound contributions. The resulting
expression for the double-differential cross section has been given by
Plyuiko [17] and Fu [18]. In the weak-coupling limit this expression
can be reduced to [19]: ' ’

d?(a,b) 1 <t2><td>
Y =0 Ywy(n,e)t(n) ~{1+—2—2_ P (cos8)], (9)
( dedd )qym °a %Vb mE G I20“(n’nb) 27

where <t?> is the average value of the angular momentum of the incoming
or outgoing particle (denoted by a and b respectively), weighted
with the corresponding transmission coefficients:

a?> = T adr )/t @). (10)
L L

In the equilibrium limit Eq. (9) reduces to the expression of Ericson
and Strutinsky [3]. Therefore it seems clear that for high values of
n where £,(n) =0 Eq. (9) should be inserted.

For low values of n there is a problem of how to determine the
fraction of 1(n) that contributes to the symmetric component. Denoting
this fraction by r we could use for the double-differential cross
section the expression:

d_:%%ﬁl-ca w, (n,) 1(n) % 22—:' £,(n) P, (cos8) : an
with

:o::; :El;-r(n)] (E)E, (M)py(€) + T (n) Dk (2

Ei(no)-uI:K(e). R 60 o" (n-np) 12’

Quantitatively we may say that r(n) will be large when the number
of collissions is large. Therefore r(n) could be equated with:

r(n) = I -1'(n)/1(n), (13)

where 1'(n) is the mean life time corresponding to the "never-come-
back' assumption in the formulation of the random-walk model:

A(n-2 +n)

‘I"(n) = T.(n"Z) m (”4)
m

with 1"(ng) given by Eq. (3).

This gives values of r{(n) equal to 8.1%, 39%, 67% and 96% for n=3,5, 7
and 9, respectively, in the case of 33Nb+n at 14.6 MeV. llowever, due
to the fact that o' is proportional to (n—nb)2 the symmetric component
of f2 is rather small at high exciton numbers. We expect that the main
result of adopting Eq. (3) will be a decrease of f| at low values of
outpoing energies, where in addition f3 will be somewhat increased.

Another possibility to estimate the fraction of symmetric emis-
sion comes from the work of Feshbach et al. IZO', who introduced the
distinction between multi-step-direct (MSD) and multi-step-corpound
processaes (MSC). It was postulated that these processes proceed through
unbound and bound states, respectively. For the MSC reaction mechanism
the random-phase approximation was assumed to be valid, leading to a
symmetric angular distribution; for the MSD reaction mechanism a dis-
tinct forward-peaked angular distribution was predicted. It was assumed
that the MSD and MSC branches are independent of each other.

Kalbach [21] has introduced some of these ideas in the exciton
model by defining internal transition rates from unbound to unbound,
bound to bound, unbound to bound and bound to unbound states and by
limiting the emission to unbound states only. In Kalbach's model the
MSC definition of emission is based upon the processes that have passed
through at least one bound state and eventually through one unbound
state. This refinement was made since in the exciton model emission
from a bound state requires first at least one collission to free a
particle. Kalbach has confirmed that the MSC and MSD mechanisms are
almost uncorrelated. )

In the aystematics of Kalbach and Mann {13] the fraction of (sym-
metric) MSC emission is used as follows:

£,(e) = [1 =10 (e)] f:y"(c) (odd 1),
(15)
fl(c) =- f:YSt(c) (even t),

where fsy5t(c) has been obtained from experimental data of reactions

predominated by the MSD process (cf. Figs. 1-3). At high outgoing
energies € the fraction Tysc is usually small, even at E = 14.6 MeV
(about 3% in the case of 93Nb+n); at lower outgoing energies this

fraction increases.

A rough estimate of ryge could be made by equating it with the
fraction of bound states in the composite nucleus [19,21]:
pth-1
rbound(p’h) = 1-pCl —E+B) ’ (16)

where B is the binding energy. This gives values of 10X, 40%, 647 and
807, for n=3, 5,7 and 9, respectively, in the case of 53Nb*n at

14.6 MeV, We recall that in the model of Kalbach {217 MSC
emission is only possible after the particle has made at least one
additional collission to free the particle. This leads to smaller
fractions of MSC emisgion than indicated by Eq. (16). In particular
MSC emission from the initial state ng =3 is strongly reduced.

In Fig. 4 an estimate of the symmetric component in the case of
the ?3Nb+n reaction at 14.6 MeV was made by combining Eq. (9) and
Eq. (16). The average fraction of symmetric emission is about 257
for the outgoing energies at 6 to Il MeV. This reduces the f; conm-
ponent by tlhe same amount. The symmetric angular distribution coef-
ficient was estimated to be fzym =0.06. Tt is noted that the im-
provement observed in Fig. 4 is mainly due to the reduction of fl.



bl

Io conclusion we may s&; .nad 4 Symeetric fomponent . i neeseg
10 descsibe precompound emission ai low (outgoiag) energies. The
iraction of symmetric emission depends upon the number of internal
zollissions before emissio.. he f&-t that from the closed confige
rations no emission is pos.::le needs to be acciuctew “or. tore study
i3 required to find a8 relis. : estimate of symmecric 2.uiss.on in toe
framework of the excitosn . jei, This may heip o remov: at ieast

1

part of the discrepancy between theoreticai and experirental values
N

of £, ar low incident eaergivc. ‘see Fig. 2}.

5. TONST.CENT MODELS

The exciton woudel Gesciibes In principie bcih tne pre<gquiiibrium
and equilibrium parts of the Jecay process, at ! :ast when ::e fuli mas-—
ter equation is solved. An .aportant condition iour the us. of tals
simple description of the cumplieze de-excitation process is that tie
sum over all particle-hole state densities equais the total stace density,
that in turn should agree w:.zn ¢ne measured level demsity. In the work
performed at our institute we have followed this prescription by renor—
malizing the exciton stste der:.ties to the back-shifted Fermi gas for-
mula (22), at least 1n an appruximate way {23]. Of course, this procedure
dves not change the ratios between the various particle-ho.e state den-—
aities. In future celculationz these quantities should be r2lated to re-
sults from microscopic ca: alations.
A drawback of the use of ¢z above-mentioned "cobinea pre.cuillbriwn/
aqui libimom model” (EM) iz :hat no spin-parity conservation is considered
nor discrete level =zxcizav... £t high incident energies this might not
be too serious, in particuisr wien one is not interes:ted in multi-parcicle
emiss: 'n. However, in many & :licatlons one wouid like to combine the
benefits of the preequilibr.um exc. zon model with those cof the 1HF model.
The most simpie way tc¢ obtain this "modified KE malel™ (MUF) is o
replace the level density ©. %z HF model by

(1Y, ,EY) {17)

3

o the state density in .nae final and
i) is a factor “o enhance emission of

where w{n-1,E') and W, (n,E) re*
composite nucleus, resp ectively
che projectile at low values of © axd £(I',N') is tne spin-parity distri-
bution factor that is supposed :o be the same as that of p(E',1' M%),

in most codes Eq. {i7) ig diviced into a preeg:ilibrium part (EI sum—
mation is limited to n=n) and an eguilibrium part, praporticnal o
p(E'",I'",1"). It is of inter=st <o investigate whether this model is con-
sistent with the combined slveriumfeguilibrium model. This appears
to be true under the same condition. that tead o consistency between

HF and WE models [ i), e.g. a spin-paricy destreoution P 0, e') that
is proportional to 21' + 1 {~ithout a spin cut-of. factor). iowever,
these assumplions are usuédiy not made in HF models. In Ref.

[2) we have
pointed oot that in peneral e following approximite relation exisis
hetween the two models:

(18)

ie )HHF

The ratio between the spin-parity distribution facters of the final and
compos:te auclides for the target spin and parity in Fq (18) is dif-
ferent from unity when the spin cut-off parameters o~ ‘(E') and 02(E) are
not the same. We mention that the same discrepancy is in fact also found
betwees the HF and WE model [2]; only in the latter case 't is usually
less 1mportant.

In the "unifred model"” (UM) the exciton model 1s refurmulated by
including s:in- and parity conservation in a consistuent way. Straight-
forward ger ..zxlization of the exciton model then leaus tc a set of
master equa:.ons (one for each J and M) in which all quantities depend
upon spin anc parity [2,17,24]. The solutions of these master equations
lead to mean life times tJ"(n). Formally, the following asubstitution
could be made in the HF model to obtain the unified mode.:

Jir

‘Jj*ﬁj‘l Q(n) 7 (n). (i9)

The importsnd quantities occurring in the master equations are: the
initi2! condition,

¢

Jn
Jri %a
[ 2
Vgl 04 Snng (20)

Pk ! . .. Jn
the total emigssion rates WJ (n) and the internal transition rates A~ (n-»m).
The total emission rates are easily calculated; it turns out that there

is some limitation to small spins at low n-values [2]:

Ty = £0=d) gy, (21)

fotn,J)

Assuming thar g?{n) =cn we may approximate Eq. (21) .y

3/2
Ty« 277 ex p” “’“ | w(n). (22)

n-1| B

It is more difficult to evaluate the internal transition :ates. Assuming
that the spin distribution of the level density is provortional to 2J+f
we find from the ﬁrgumen[ that there should be consistency berween the
MM and EM that > '(n-m) = A(n>m), i.e. independent from J and Il.

The same holds approximately when f is assumed to be independent from n.
Therefore, it seems that the spin-parity dependence of the average
matrix elemen: in the expression

Ji BRI PRNT ,
AJ {nm) 7;\‘ !H] (my|? nl‘f (m,J,m) (23)
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at least partly cancels against that of the levg&ndgnaity of the final
state. In Ref. [25) it is clearly atated that |[M)'(n)|2 is a "suitable
average over the possible final states", indicating that a (2J+1)~) de-
pendense of this matrix element is possible. There is an other argument
that A" cannot have a sharp spin cut-off: there is no emission possible
from high-spin states at low values of n(Eq. (22)]; firsc the exciton
number of high-spin states should increase by 'internal transitions. Conse-
quently, also t"(n) cannot have a sharp spin cut-off. Assuming spin
independence of A and W we €find (2]:

oI
M) = 2 1, (24)

a

where the spin-parity population is constantf and determined by the
formation of the composite state. This assumption leads to consistency
with the HF model when emission is allowed only from equilibrium. On the
other hand, complete consistency with the spin-independent exciton model
is not obtained:

doy, f(n-1,1) 99,
Gy * T D Cae gy (25)

However, as noted before (cf. Eq. (18)], a similar discrepancy is ob-
served between the HF and WE models. These discrepancies suggest modifi-
cations in the EM and WE models, depending upon the assumptions made for
the spin distribution of the level density and the spin population of the
exciton states during equilibration [2].

The above-mentioned "unified model" could be used to calculate
angular distributions, in the same way as the (continuum) HF model. This
leads to the symmetric component {17-191, discussed in Sect. 3. Asym-
metry in the angular distribution is obtained when the random-phase
approximation is rejected (17,18)]. However, it is not known to which
extend these assumptions are valid. Therefore the semi-classical leading-
particle model could be used to determine the angular distribution in
the precompound phase, supplemented with a fraction of symmetric emis-
sion as discussed in Sect. 3.

6. CONCLUSION

In this paper some recent improvements of the exciton model in its
master-equation formulation have been discussed. With regard to the
description of the angular distributions of emitted particles the “leading
particle" concept of Mantzouranis et al. (7], combined with the mathe-
matical work of Akkermans [8,9] has shown to be a fruitful base for fur-
ther developments. In recent work [6,10,11) the Kikuchi-Kawai expressions
are employed for the angular distribution of the intra-nuclear scattering.
In particular for the first collission it is important to include the
full angle-energy correlation of that distribution [6].

Fu [24] assumes a different spin-parity population, proportional to f.(n,J).

At lower incident energies it was shown that refraction effects are
significant [(6). Furthermore, an additional symmetric component [17-19]
might be needed to account for angular-momentum effects in '"multi-step-
compound” reaction mechanisms, Here the fraction of symmetric emission
Ccf. Eqs.(11,12)] is a quantity that is related to the number of col-
lission [(Eq. (13)Jor could be inferred from the distinction between
multi-step~direct and multi-step-compound reaction mechanisms {20,21],
Further work is needed to find a reliable estimate of symmetric emission
in the framework of the exciton model. This could help to remove at least
part of the discrepancy between theoretical and experimental values of
the second~order Legendre coefficient of the angular distribution at low
incident energies.

Part of the above-mentioned problems are due to the neglect of
angular-momentum conservation after the €irst collission and the semi-
classical description of the system of target+projectile. Therefore, it
is of interest to follow the development of the spin-parity dependent
"unified" exciton model [2,17,24]. In this paper we have restricted our-
selves to some remarks on the consistency between the unified exciton
model, the Hauser-Feshbach model, the spin-independent exciton model and
the Weisskopf-Ewing model. The requirements of consistency are easily met
when the spin distribution is proportional to 2J+l (without a spin cut-
off factor) [1,2,19). When the spin cut-off factor is a function of ex-
citon number and/or energy,discrepancies are observed between the various
spin-dependent and spin-independent models. Assuming a constant spin
population during equilibration, the discrepancies between UM and EM
are similar to those between HF and WE. More study with regard to the
spin distributions and populations is required to establish the unified
model. This holds in particular for the spin-dependence of the internal
transition rate.
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Recent efforts to improve data models are discussed, particularly
regarding techniques used to produce reslistic input parameters.
Examples of current calculations using such models fox provision
of structural materials nuclear data are given. In this context,
emphasis is placed on the use of nuclear model calculations to
correct certain fundamental problems occurring in evaluated data
files. Finally, new areas of effort involving more basic nuclear
1 models are described that may impact future applied theoretical
I 2 calculations.
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1. INTRODUCTION

The use of theoretical nuclear models in the provision of evaluated nu-

1 1 I T |

) -
0 30 60 30 120 150 180

Ocm years. Several reasons can be cited for this trend, some being the preojected

clear data for structural materials has increased significantly over recent

need for nuclear data at higher energies (En > 20 MeV), the availability of new
experimental results for reaction types where measurements were previously
Fig. 4. Angular distribution of neutrons emitted from inelastic neu-
tron scattering at JINb with incident energy E = 14,6 MeV.
The experimental data of Hermsdorf et al. [14] have been models can provide a framework for the consistent analysis of data from a
averaged over ten elements around Nb. The dotted and dashed
curves correspond to calculations accovding to the models of
Mantzouvanis et ai. {7] and Costa et al. [6], respectively, theoretical models used to provide data for energy regions above where reso-
The full curve has been obtained by replacing 252 of the
cross section by a symmetric angular distribution (dashed-
dotted curve). incident energies greater than ! HeV where the applicable models are the Hauser-

nonexistent or sparse, and the realization that a careful application of such

variety of experimental sources. [In this paper we will discuss the principal

nance effects are minimal. For structural materials, this generally means

Feshbach statistical model, along with direct-reaction and preequilibrium
wodels. We will also implicitly include discussions of the optical model
because it is used to produce theoretical predictions for quantitites such as
total cross sections as well as to provide input quantities for use jin the

other mentioned models.
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The formst of the psper will be a short overview of each model with ex-
amples of its application to the calculation of nuclesr data for structural
wmaterials. Emphasis will be placed on energy regions or reaction types in
which the use of a given model is necessary to describe experimental data or in
which a marked improvement in agreement to such data occurs. Underlying the
success that such nuclear models have enjoyed recently is a significant improve-
ment in parametera determined for use in them. Such advances will be discussed
and examples provided in which improved models or techniques have occurred.
Also, examples of recent applications of such models in the calculation of nu-
clear data will be provided. Particular emphasis will be placed on instances
where nuclear models are used to correct certain fundamental problems in eval-
uated nuclear data files. Finally, selected areas will be illustrated in which
more basic theoretical nuclear models can be expected to yield satisfactory

results.
II. THEORETICAL MODELS
A. Hauser-Feshbach Statistical Model.

Calculations using the Hauser-Feshbach statistical model generally employ

the following expression [1,2]

Jn rJN <FJ"> (rJ?>
_ ¢ c

-Jn < c [ Jn
[o] = =
cc' rJn > <rJ"> cc' ! m

where ¢ and c' represent the entrance and exit channels respectively and Jn
refers to the spin and parity of a given compound-nucleus state. The widths,
<>, are generally calculated using transmission coefficients (particle or
gamma-ray) produced from other models. In particular, for particles, such
transmission ‘coefficients can be obtained from diagonal elements of the S-
matrix resulting from optical model calculations if direct-reaction effects are

neglected.

Expression (1) is a generalization of the original Wolfenstein, Hauser,

and Feshbach expression [3] to the more universal case where the spacing of

levels in a compound nucleus is much larger than their widths. In this circum-
stance, width fluctustion and correlation corrections (represented by Hi:,)
must be applied, the general result being a significant enhancement in the
compound elaatic cross section. This enhancement (represented by wc) can be on
the order of 2-3. To evaluate V::,, two methods are principally used today.
The firat, due to Tepel, Hoffmann, and Wiedenmiilier (4] employs a form (drop-
ping the explicit notation for J and n):

v Vv T
e e f1+8 v (w =~1)]
Hcc. = Tc Tc' cc c (2)

where V is related to the transmission coefficient T through an expression

based on the unitary nature of the S-matrix

(w -1). 3)

The expressions for determination of Vcc, originating from this approach have

an advantage in terms of computational speed and simplicity.

An alternative form for Vcc, has been formulated by Moldauver [1,5]) and
involves a more rigorous and complicated expression:

1
> '(i"i+6ci+6") 26,

cl

o
W = J.dt e-try/<r) n(q + 2/v
cc 0 i

The quantity v appearing in Expression (4) and throughout both the Tepel et al.
and Moldauer formalisms represents the degree of freedom associated with an x
distribution assumed for the partial widths occurring in the compound nucleus.

It can be related to the enhancement factor w by

¢ ¥ o7 and is often assumed to have the form 1 + yT [5].

The increased complexity of the Moldauer expression is actually not a sig-
nificant hinderance to its use, particularly when Gaussian quadrature integra-

tion techniques are used [{6]. The form for Hcc, appearing in Expression (4)
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has fewer resirictions on its use (it can be used st lower energies) and gener-
ally offers a better reproduction of szimulation experiments aimed at examina-

tion of the behavior of the S matrix [7].

Figure 1 illustrates the necessity for including such wcc' corrections in
Hauser-Feshbach calculations for structural materials. The dats are those of
Smith et al.{B8} for neutron scattering from the 0.846-MeV level in 56Fe. The
solid curve represents the calculated compound nucleus cross section obtained,
incorporating such corrections [Eq. (4)), while the dashed curve results when
width fluctustion/correlation effects are ignored. Since these curves repre-
sent only compound nucleus centributions, an even greaier overprediction would
occur in the case of the dashed curve when direct-reacvion cross sections (see
following section) are included. The resulting overprediction of the inelastic
scattering excitation function principally results because of lack of enhance-
ment in the calculated compound-elastic cross section. This enhancement is
illustrated in Fig. 2 and is significant in this example (and for other similar

structural materials) for energies up to several MeV.
B. Direct Reaction Hodels

Above several MeV, neutron inelastic scattering from collective states in
structural materials is dominated by direct-reaction effects. Such contribu-
tions sre generally calculated using the vibrational or rotational form of the
coupled-channel (€C) model or the Distorted Wave Born Approximation (DWBA).

SA'SéFc {9}, by Guenther

Recent CC calculations have been made by Delaroche tor
for natural chromium {10}, and hy Korzh et al. {11} for 32Cr in the analysis of
neutron scattering from low-lying callective states. Figure 3 illustrates such
results (along with compound nucleus calculations) from the analysis of Korzh
and iliustrates the neceasity for inclusion of direct-reaction contributions at

energies abave 3-4 MeV.

Both direct-reaction models, CC and DWBA, offer certain advantages (as
well as disadvantagea) when applied to structural materials. Coupled-channel
calculations involve the coupling of several states and can represent multiple
phonon excitations. DWBA theory, on the other hand, generally involves first-
order collective form factors [12] and cannot provide p physically accurate de-

scription of scattering from states involving higher order phonon effects.

Such problems not withstznding, DWBA caiculations can be used reascnably well
for the determination of direct inelastic scattering contributions assuming ﬂ!

values from charged-particle reactions sre avsilable Figu
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ctalculation using realistic spherical opticsl model parsmeters {13) to a CC
calculation [9] made for 14-MeV peutron scattering from the 0.846-MeV 2‘ state

in 56Fe.

Reasonable agreement exists between the two calculstions.

The Distorted Wave Born Approximation can also be used to determine di-
rect-reaction contributions from higher lying collective states {n which appli-
cation of the CC formalism might be difficult. Figure 5 illustrates several
such states for 6Fc where bz values [12] are displayed at the excitation
energy appropriate to the state. Such higher lying collective states have been
measured in high resolution neutron emission experiments and must be included
in theoretical calculations in order to produc; agreement with experimental
data. Such an example appears in Figure 6 where forward angle (35°) scattering
data for natural iron measured by Kammerdienner [14] are compared to theoreti-
cal calculations [13] that included DWBA contributions for states up to Ex =
4.8 HeV.

C. Preequilibrium Models.

The use of preequilibrium models to describe nonstatistical effects in
nucleon-induced reactions has been firmly established [15], and preequilibrium
corrections are routinely applied in nuclear model calculations at incident
energies abhove about 10 MeV. However, most applications to date for data
evaluation have been aimed at preequilibrium effects on integrated cross sec-
tiona and particle emission spectra. Figure 7 presents a typical illustration
of the impact of preequilibrium corrections on the proton emission spectrum

56
calculated for the interaction of 14.6-HeV neutrons on ~ Fe. Obviously, such
corrections are necessary to produce sgreement with the high energy portion of

the experimental spectrum [16].

Recent developments in the preequilibrium formalism have concentrated on
its generalization to produce angular distribution information. One such
effort by Kalbach and Mann [17]) relied upon guidance from the multistep reac-
tion theory developed by Feshbach, Kerman, and Koonin [18] to separate the
nonstatistical contributions into multistep direct (involving unbound states)

and compound (involving bound states) processes. The resulting expression:
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Jean = ao(HSD) gfo blPl (cosB) + ao(HSC) gio bl Pl (coa®) , (5)
aAR=2

relied upon parameterizations for the Legendre coefficients, b‘, determined
from fits to a variety of particle emission data. Techniques for calculation
of multistep direct and compound procesaes have been formulated by Kalbach [19]
and have been embodied in the PRECO-D code [20]. Recently the functional form
of the b2 coefficients has been modified by Foster {21] to smoothly extrapolate
to a zero value for small secondary energies. Figure 8 compares results from

these latter systematics to 14-MeV angular distribution data for nickel.

Angular distributions for emitted particles can also be calculated using a
generalized form of the master equations exciton model developed by Mantzouranis

et al. {22}:

‘;7 q(n,0,t) = I fdq(m,@", )M (2',Q) - q(n,0,t) ijdﬂ'\im(ﬂ,ﬂ'). 6)

In this expression, q(n,{l,t) represents the probability of finding the
system in a state (n,0?) at time t. wnn(n,n') is the transition rate from
state (n,1) to (m,Q') and results from a product of transition rates, A+,Ao,
A", and an angle-dependent factor. This factor G(2,2') is then related to

the nucleon-nucleon scattering cross section.

Akkermans et al (23] were able to reduce this generalized expression to a
form aimilar to that for the standard master equation [24). This technique
thus allows a simple and fast method for the calculation of double differential
cross sections. In Ref. [23]) this formalism was applied to the calculation of
angular distributions for a variety of nuclei covering a large portion of the
periodic tsble (9 £ A 5 209). With only two adjustable parameters, satisfac-
tory agreement was achieved with sngular distributions measured for 14.6 MeV
incident neutrons. For matexials in the mass xange 40 < A < 100, Fig. 9 com-
pares calculated and experimentally determined £ = 1 Legendre coefficients for

particles having secondary energies, 6 S E' S 11 MeV.

In spite of the success of this model as originally developed, there were

problems resulting from underprediction of data at backward angles. Such

problems have been addressed recently (25] (26] through inclusion of refraction
effects and by improved treatments of the scattering kernel occurring in G(2,92').
In particular, Fermi motion and Pauli principle effects have been included.
Also, the addition of multistep compound processes to this formulation [27] has

produced improved agreement to experimental datas at back angles.

I11. MODEL PARAMETERS

A significant improvement in recent nuclear model calculations for struc-
tural materials can be largely attributed to the better determination of input
parameters used in them. Increasingly, a trend has developed in which param-
eters are developed for an extensive incident energy range, but which are valid
for a rather restricted mass region. Development of these parameter sets are
characterized by the use of a variety of independent data sources including
charged-particle reactions, to both determine and verify them. By using tech-
niques that involve a consistent analysis of numerous data types, one can
readily confirm the applicability of the models as well as provide a measure of

the reliability of the calculated results.

A. Neutron and Charged-Particle Optical Parameters.

Optical model calculations are used to provide transmission coefficients
and inverse cross sections in Hauser-Feshbach and preequilibrium calculations.
Calculation of the neutron-induced reactions of interest imposes substantial
requirements upon the neutron optical parameters to be used. They must repro-
duce or predict total and shape elastic cross sections. In Hauser-Feshbach
calculations they also must produce realistic compound-nucleus-formation cross
sections valid over the entire incident energy range of interest. Finally,
they should simultaneously produce reasonable low energy transmission coeffi-

cients important in processes such as (n,2n) or (n,np) reactions.

To ensure such capabilities, the determination of neutron opticsl param-
eters often follows the so-called "SPRT" method utilized at Bruyeres-le-Chatel
{28). 1n this technique, higher energy data (total, elastic cross sections)
are supplemented by fits to average resonance quantities at low incident ener-
gies. Further constraints on the determined neutron parameters, as well as

development of a consistent set of proton optical parameters can be achieved
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thiough a simulisnecous anaiysis of proton reaction data that employs s lane-
form of the optical potential {29). However, presently most applied calcula-
tions [13),[30] continue to determine neutron parameters separately while rely-
ing upon proton parametsrs originating from globsl parameter sets {31},(32}.

A recent example [13]) of an optical-model parameter set for neutron reac-
tions on iron resulted from a simultaneous fit to (a) total crass sections
between 2 and 40 MeV; (b) s- and p-wave strength functions, along with values
for the potential scattering radius; (c¢) elastic scattering angular distribu-
tions between 6 and 14 HeV; and (d) reaction craoss sections between 5 and 30
MeV. Figure 10 compares the total cross sectien czlculated using the resulting
parameters (see Ref. [{13]) to data available between 2 and 40 HeV. Figure 11
comparea total and reaction cross sections calculated with these optical param-
eters to similar calculations that employ the Wilmore-Hodgson global parameter
set {33). Such global parsmeters have been routinely used in the past to pro-
vide theoretical predictions. However, the figure shows that such sets cannot

adequately describe both low- and high-incident energy regions that impact

current nuclear model calculations.

The demands placed upon charged-particle transmission coefficients in the
calculation of neutron-induced reaction data are generally less than those for
neutrons. As previously noted, global parameter sets, perhaps modified for the
problem of interest, are generally employed in such calculations. Concur-
rently, there is an increasing use of charged-particle reaction data, particu-
larly that from {p,xn) asnd (o,xn) reactions, to verify the behavior and appli-
cability of such charged-particle transmission coefficients. For proton trans-
mission coefficients it is often quite important to verify their low-energy
sub-Coulomb barrier behavior for several of the structural materials. For
several compound nuclieil, the situation exists in which the proton binding
energy may be significantly less than that for neutrons. This leads to a
so-called "proton window'" where only proton and gamma-ray emission are energeti
cally allowed. Under auch circumstances, the correct description of proton
emission is particularly sepsitive to this sub-Coulomb barrier region. This
assumes, of course, that gamma-ray transmission coefficients have been deter-
mined using realistic strength functions (see Section 1I1.B). To verify this
behavior, one can calculate (p,n) cross sections for reactions having very low

threshold values. Such an example appears in Fig. 12 where a calculation for

L&
"“Sc(p,n) empleoying =2 modified form [13) of the Perey proton opiical parameters

131} is compared to data [34]. With such agreement in hand, one can proceed to
the calculation of proton emission from n+“6T1 reactions. For this system,
pioton emission dominates over neutron-emission principally because. of signi-
ficant (n,np) reactions that populate the ASSC residual nucleus. Again, this
situation arises because the proton binding energy in the 66Ti compound system
is 3 MeV less than for neutrons. Figure 13 shows the good agreement obtained
with the A6T1 proton emission spectrum measured at 14.6 MeV by Grimes et
al.[15]).

Comparison with higher energy charged-particle reaction data can also be
used to provide parameter veritication and other informstion that may not be
available for the neutron system of interest. Additionally, such comparisons
can provide data concerning level densities at high excitation energies, above
that in which neutron resonance spacing information may be available. Figure

14 shows such verification calculations performed for 51V(p,xn) cross sections

by Strohmaier et al, [30] as part of their extensive calculations on 3¢, 55Hn

56Fe, and 58'60N1.

' »

B. Gamma-Ray Strength Functions.

A trend in several recent nuclear model calculations has been use of
gamma-ray strength function data or systematics to provide reliable normaliza-
tions for gamma-ray transmission coefficients. The gamma-ray strength function

can be defined as [36]

< > B

X - ¢n 3 _
D> g lel(cy) + le(cy)] cyp(Bn CY)dCY , (7)

where <ry> and <D> are average radiation widths and spacings for s-wave reso-
nances, and p is the nuclear level density. Direct use of the strength func-
tion defined in Eq. (7) reduces or eliminates many of the problems previously
associated with the determination of the magnitude of gamma-ray transmission
coefficients. In such instances, such data were normalized at the neutron
binding energy to the ratio, 2n<" >/<D>. Although this procedure is adequate
for compound systems having rellah}e resonance data, the need to extrapolate to

less favorable situatijons generally entails use of ('y) and <> values deduced
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from systematics. In some mass regions, particularly sround shell closures,
such procedures can be unreliable because of lsrge variations occurring in <D>
between nearby nuclei. The determination of strength function systematics and
their aubsequent use in nuclear model calculations provides a reliable means
for gamma-ray tranamisaion coefficient determination asppropriate to compound
ayatems lacking the necesaary reaonance dats. This ia particularly important
for compound nuclei having proton windowa where only gamma-ray and proton
emisajon compete. Assumptions made concerning gamma-ray competition also

significantly affect calculated (n,2n) cross asection shapea, particularly

around threshold where its values may rise rapidly.

Gardner et al. {37],(38] have devoted considerable effort to the deter-
mination and parameterization of gamma-ray strength functiona sppropriate to an
extensive variety of nuclei, both spherical and deformed. To do so, they have
developed an energy-dependent Breit-Wigner form for the El1 strength func-

tion.[38) Its form, appropriate to the mass region 40 < A < 160, is given by

-1/3
-3 _ -8 ,4/3 (1.5-2.84"""7) )
fE](cy)(HeV) =3.72 x 10 ~ A ey GR(EY) ’ (8-a)
vwhere
(5+ER)2 (e -ER)Z“ -1 (Eg+S)
G (e )=]1+ X R (8-b)
Ry (e r*)2 Y 2
y R |
r ] (E_+5)
- 2 .2 e 2 | R B
=11+ (r*) (c' ER) 2 <ey < ER . (8-c)
L R -

In thia parameterization the width asaociated with the giant dipole resonance-

like shape is assumed to be energy dependent and is given by

4

€
3 (1.052 - 6.E-5 el (8-d)
R

* -1/
FR = 22.3A

These systematics allow one to parameterize the strength function with confi-
dence even for unstable compound systems. An example of the results obtained
from the above expressions is compared in Fig. 15 to f
the 65Cu nucleua [39]).

El values measured for
The dashed curve ashowa the resulta obtained when a
Lorentzian line ahape was assumed for the gamma-ray transmission coefficients,
which was aubsequently normalized to <ry> and <D>.values inferred from systema-

tics.
IV. RECENT CALCULATIONAL EXAMPLES

Several recent calculations have been made for structural materiala that
utilized the models and parameter verification techniques discussed earlier. As
noted earlier in Section II-A, Strohmaier et al.[30],{40] have calculated, using
the STAPRE code{41], cross sections for the principal isotopes of Cr, Mn, Fe,
and Ni. Calculated data included the totasl and differential elastic cross
sections; activation cross aections for specific reaction paths; production
spectra for particles and gamma rays; and total hydrogen and helium production
cross sections. As a preparatory step to such analyses, a significant effort
was directed towards parameter determination and verification, particularly

through use of charged-particle reaction data. Figure 16 shows calculated

values for the total hydrogen- and helium-production cross aection for n+58Ni

reactions up to En = 30 MeV.

The TNG code, developed at ORNL by Fu[42], has been used to upgrade ENDF/B
data for Fe and Cu and is presently being uaed in new calculations of particle
emission for Cr and Ni isotopes. Additionally, an improved unifigd-reaction
model version of this code{43] has been under development for the past several
years. Obvious resultant benefits would be incorporation of angular momentum
effecta in preequilibrium models, ao aa to obtain consistency with Hauser-
Feshbach models used for equilibrium calculations. A substantial part of this
effort is directed toward a consistent description of state densities used
presently in preequilibrium calculations and the level density (Fermi-gas
portion) description employed in Hauser-Feshbach models. Initial applications
of this model have been successful, as illustrated in Fig. 17, where a prelimi-
nary calculation by Fu[44] 1is compared with the angular distributions of

emitted neutrons resulting from 14-MeV neutron interactions with iron.
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jibl combination of codes has been aspplied in sev-
54,56

eral structural materiais caicuiations, some of which are ~ '’ "Fe for 3 ¢ E" <

40 Mev [13 }, 59Co for neutron energies between 3 and 50 HeV (47}, as well as
54,56

various calculations for V, Ti, Ni, snd Cu isctopes [48} 149}, The ' Fe

calicuiations placed considerasble emphasis on the determination of npeutron
optical parameters along with verification of these and other parametecs through
calculation of numerocus charged-particle reaction cross sections. Figure 18
provides s measure of the reliablity of such an approach, particularly where
cross sections may be predicted for regions lacking experimental data. A compar-
ison is made here with recently measured {50} neutron emission spectra pro-

56

duced by 25.8-MeV neutrons on Fe. The calculation shown was made three years

prior to publication of these data. Figure 19 illustrates another benefit
arising from consistent analyses employing the models and parameter techniques
described earlier. 1ln this instance, a GNASH calculation |49]) of the minor

reaction path, a6Ti(n,2n), is compared with data. Good agreement is obtained
without optimization to this particular channel. The agreement shown results
from the constraints introduced into the calculation through parameter determi-

nations based on numerous sources of independent data.

Results from GNASH calculations have recently been coupled with a new
code, RECOIL, |[51] for calculation of recoil energy distributions. The code
follows reaction paths in detail and allows one to compute such energy spectra
resulting not only from binary but tertiary and higher-order reactions. Such
techniques provide a reliable means of producing dats necessary for radistion
damage calculations. An example of recoil spectra calculated for 14-HeV neu-

56Fe appears in Fig. 20.

v renctionsa
tron teactions on

A\ THPROVEMENT OF EVALUATION TECHNIQUES

In the previous sections the improved predictive capabiiity of modern
nuclear model calculations has been illustrated, particularly regarding data
for minor reactions, energy regions lacking experimental measurements, or iso-
topes where data may be sparse or nonexistent. There are other evaluation
areas in which nuclear model calculations can provide gubstantial benefits.
For example, Hetrick et al. [52]) have noted that for numerous ENDE/B materials,
14-MeV neutron emission spectra are deficient, primarily because preequilibrium
effects were neglected. Model calculations using the TNG code are under way at

Oak Ridge National Laboratory to correct such problems for chromium and nickel

isolopes.

A significant evaslusticn problem is that of energy nonconservation which
results in negative gamma ray hesting and kerma [53) values. Such effects in-
troduce complications in the calculation of local heating effects and are of
particuiar concern in fusion applications. The primary cause of enecrgy non-
conservation in evaluated data files generally stems from inconsistencies be-
tween neutron and gamma-ray portions of the evaluation. The use of nuclesr
model calculations to simultaneously analyze both neutron and gamms-ray data
sutomatically ensures that overall energy conservation will occur. Addition-
ally, such an analysis method provides a framework for the concurrent analysis
of data occurring simultaneously in several reaction channels. Often dats sets
that may be in error because of their inconsistency with gther information can

be identified.

Sa'56Fe calculations [13] discussed previous-

A partial motivation of the nt
ly was the correction of the gamma-ray heating problems occurring in the ENDF/B-
V evaluation for iron. Results for the calculated neutron and gamma-ray yield,
as well as neutron and gamma-ray average energies have been compared to simifar
values resulting from the ENDF/B-V evaluation. While the average energies and
neutron yields compare well, there are significant differences in the gamma-ray
yield, as illustrated in Fig. 21. The cause of the higher ENDF/B-gamma-ray
yields arose from the use of gamma-ray production data measured by Chapman et
al.[54) However, as shown in Fig. 22-a, calculations that are consistent with
neutron reaction data cannot reproduce these results for neutron energies
around 14 MeV where largest ENDF heating problems occur. The calculations do

sgree with the Drake{55] measurements, ss indicated in Fig. 22-b.

In a recent
revision[56} to the ENDF/B-V iron evaluation, the gamma-ray yield values have
been lowered to be more consistent with the model calculations, as shown by the
squares in Fig. 21. Significant heating problems still remain for several
ENDF/B structural material evaluations, most notably those for Cr, Ni, and Mn.

»

VI. NEW DIRECTIONS IN NUCLEAR MODEL CALCULATIONS

To conclude this review, we discuss briefly some possible future improve-
ments in the nuclear models used for structural materials nuclear data. In
particular, such improvements are aimed at replacing phenomenofogical models
used in presentl calculations with more fundamental microscopic approaches. Two
areas in which significant efforts are under way involve microscopic optical

model and level density calcufations.
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Microscopic optical models use nuclear matter calculations esploying real-
istic two-nucleon interactions. These are then applied to a finite nucleus
through use of & local density approximation. Nuclear structure information
for the target nucleus is required in order to compute neutron and proton
density distributions. The principal development of such approaches have
centered about the efforts of Jeukenne, Lejeune, and Mahaux (JLM) [57],(58] and
the folding model of Brieva and Rook [59],(60}. Recent applications to the
analysis of experimental results have been made at Livermore, {61] Ohio Univer-
sity, [62] and Bruyeres-le-Chatel. [63]. 1n particular, a recent measurement
of SA'56Fe elastic cross sections in the neutron energy range from 11-26 HeV
has been analyzed in terms of both microscopic approaches. Figure 23 compares
calculations made with the JLM model with these data, as well ss lower energy
results from TUNL (64]. The agreement is remarkably good considering the basic
nature of the calculations and the local density approximation used for a
finite nucleus. Only two adjustable parameters must be applied to the results
of this model. These are the normalization parameters AV and AV’ which multi-
In this

example, the AV parameter varied little over the energy range covered, having

ply, respectively, the calculated real and imaginary potentials.

values that were consistently near 0.9-1.05. Variations for Av were slightly
larger, 0.9-1.25, but still were acceptable. The AV and Av values were very
similar to results [65]),(66] obtained for a similar analysis of proton reac-

tions on SBNI.

Such studies therefore indicate that microscopic calculations
can produce results that compare favorably with phenomenological optical model

fits and, in addition, provide an improved physical basis for data prediction.

Microscopic level density models offer the possibility for improved de-
scriptions of the nuclear level density at excitation energies where lack of
data may make parameterization of phenomenological models difficult. Applica-
tion of such models has generally been restricted to consideration of the
microscopic Fermi-gas level-density formalism, and data comparisons have gener-
ally involved calculation of s-wave neutron resonance spacings [67],{68]. In
only a relatively few instances [69],{70],{71] have nuclear model calculations
been made that employ microscopic descriptions. In such cases data comparisons
impose added constraints in that a range of excitation energies for several

residual nuclei must be described simultaneously.

The microscopic Fermi-gas model uses as input realistic single-particle
levels [72],(73], coupled with a realistic interactfon Hamiltonian, to produce
state densities, spin cutoff parameters, and parity ratios as a function of
excitation energy. The use of the superconductivity formalism [74] produces a
shape having roughly a constant temperature dependence at low excitation ener-
gies, while at higher energies, the calculated results become consistent with a
60N1 of the predictions from this model (71]

with results from two phenomenological formalisms, the Gilbert-Cameron [75]

Fermi-gas form. A comparison for
and back-shifted Fermi gas models [76], appeara in Fig. 24. Two features are
noteworthy. The first is the agreement to the data that results from a model
with few adjustable parameters. The second is the differences in shape occur-
ring between this model and the phenomenologicsl ones, particularly the Gilbert-
Cameron. Despite the success shown in this comparison, routine application of
these models in standard nuclear model calculations is still difficult, par-
tially because the level density for several residual nuclei must be described
simultaneously. Additionally, such models exhibit a lack of sensitivity to
parameter adjustments that might be employed to optimize agreement to experi-

mental data.

VII. CONCLUSIONS

The basic nuclear models used in calculations of evaluated neutron cross
sections for structural materials were developed two or more decades ago. Al-
though they have been regularly employed throughout this period for such appli-
cations, it is only relatively recently that they have been utilized in the
consistent and universesl analyses described in this paper. The success of such
calculations stems partially from new theoretical developments, particularly
those aimed at improved preequilibrium formalisms and at a unified description
of preequilibrium and equilibrium processes. Also important are new techniques
developed for parameter determination and verification, as well as improved
systematics for extrapolation to unmeasured mass or energy regions. Because of
these developments, nuclear model calculations have progressed to the point
where they play a basic role in the evaluvation process, particularly in in-
stances where they can be used to correct certain fundamental problems occur-
ring in evaluated data files. Finally, the development of more microscopfc
models offers the promise of improved physical descriptions that can readily be

used in theoretical calculations for applied purposes.
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rected MHauser-Feshbach results, the dotted curve represents coupled-
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channel results.
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PARTICLE AND Y RAY SPECTRA CALCULATIONS

IN STRUCTURAL MATERIAL

G. Reffo

ENEA, CRE "E. Clementel”, Bologna, Italy

Abstract

The models, the methods and the results obtained in
particle and ¢ ray spectra calculations for structural

material are briefly outlined.

1. y-ray emission.

1.1. The model and the code

The cascade model adopted has been illustrated in detail
in ref. 1,2 and will be described here only briefly. Conti-
nuum bands are treated like discrete levels. For each band
spin and parity dependent branching ratios are calculated
allowing for the competition of E1, Ml, E2 transition
probabilities which are estimated according to Lorentz
curve approximations to the respective giant resonances (GR)

3 (GC) level density formula,

and using a Gilbert-Cameron
as parameterized in ref. 4.
A split GR model 1is used for E1 photon absorption, the
Lorentzian parameters being taken from the systematics of
ref. 4. Parameters for Ml and E2 Lorentz formulae are also

taken from systematics(5)(6).

The experimental branching ratios are used for discrete
lavels, Missing ones are estimated assuming single particle
state transitions (with El, M1 transitions dominating) for
spherical nuclei and assuming collective transitions (with
E2 transitions dominating) for collective nuclei.

These calculations were performed with our modular master

(7). It is capable of calculating

code the IDA MODULAR SYSTEM
integrated and differential cross sections for all reactions
possible up to 50 MeV incident enérgies including most reac-
tion mechanisms, whatever the projectile. As a particular
option yv-ray cascades may be started at any step of the mul-
tiple cascading particle emission.

The main effort of the code is on organization. Cascade
events are simultaneously ordered in as many different ways
as there are purposes of the code i.e. according to a) stories
with the same number of steps in the cascade (which allows
for calculating cross sections of each y-ray multiplicity and
the corresponding partial, spectra); b) cascades feeding
levels a priori marked (for calculating excitation cross
sections of marked levels, corresponding spectra and isomeric
ratios, IR); c) emitted energy bands, where single-step
contributions are lumped according to the respective y-ray
energies (for total y-ray spectra calculations); d) initially
a), b), c} are given for any Jn couple of the initial decaying

level (this can be useful in several investigations e.g.

either to isclate a), b), c) for given incident angular



momentum, 1, when the initial level is a compound nucleus

one; or to estimate a), b), c), for a given J0 couple; etc.).

1.2. R8le of relevant parameters

a) Optical model parameters

The optical model affects especially those calculations:
(like for IR determination) where the population probability
of initial levels of given spin plays an important rdle and
may be strongly influenced by the relative magnitude of

strength functions (see ref. 2).

b) Giant resonance parameters (GRP)

GRP are involved only in the decaY of continuum levels,
where in most cases only one type (among El, M1, E2) of
transition dominates in each branching ratio. Ml or E2
transitions play their r8le when the other two types are
forbidden. As a consequence, Lorentzjan curve parameters do
not greatly influence these calculations because they all
tend to cancel out in the branching ratios, whenever y-ray
energies are smaller than the giant resonance peak energy.

For higher emitted Y-ray energies only peak energy

(which is the best known) is expected to affect calculations.

c) Level density parameters

The result of y-ray cascade calculations greatly

depends on the level density and level achemes adopted.

In spite of the encouraging success of recent investi-
gations (especially BCS), the corresponding model parametri-
zations do not yet offer the same confidence level as the

model and the systematics(4)

here adopted. The validity of
this approach has been recently discussed in ref. 8.

The effect of the spin distribution of level density
was tested on 2‘1Am cdlculations(l), by reduction of the
spin cut off factor by a factor of 2. This produced only
slight effects with a shift of the spectrum toward the soft
part. In addition an increase in IR of 5% was observed.

As far as the low energy region is concerned large
difficulties arise where discrete 1level Iinformations 1is
missing (like energy levels, their quantum characteristics
or branching ratios).

In the case of the spectrum for gold we have investig-
ated the impact of the following assumptions: (i) all known
levels (28, at all, up to .571 MeV) are neglected, and
replaced by the level density treatment; (ii) all discrete
levels have been included, but experimental branching ratios
are replaced by theoretical estimates according to sec. II.

The resulting spectra, dashed and dotted histograms,
respectively, are given in fig. 1 together with the result
of the standard calculation, ful line.

As can be observed from the figure, hypothesis 1) is

much too crude and introduced severe changes in the energy
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trend of the spectrum. On the contrary hypothesis 11i)
does not appreciably influence the final result.

The influence of the discrete level scheme on isomeric
ratio calculations (here = Uq(n,Y)/O(n,Y) has been investi-

241 Am(2)

gated in at 30 KeV, where a value IR =.75 is obtain-

ed from standard calculations.

Skipping half of the discrete levels we got IR =.,69,

while, by skipping the complete level scheme we obtained

No significant difference was observed through replacing

E2 collective transition probabilities by El, Ml single particle

transition probabilities.

d) Effect of width fluctuations

It was assumed that width fluctuations effects influence
only the primary y-ray spectrum. An investigation of the

width flectuation correction on the primary y-ray spectrum

leads to the conclusion that {exception made for very weak
transitions, which ars strongly enhanced} singie transition
probabilities are affected by correction factors very close
to that of the corresponding integral cross section.

Thus the whole primary spectrum is uniformly shifted by

width fluctuation correction factor.

e) Energy dependence of y-ray intensities
Essentially one has three types of energy dependences
for E1 transitions: '
1) Ei . according to Blatt-Weisskopf single particle tran-
sitions.

ii) Ei , according to Axel,.

(9)

1i1) EZ , according to Dover et al. , Arenhovel et ul.(lo),

Gardner et al(ll).

Recently McCullagh et al.(lz)

dence for an ES.S energy dependence, while Raman(l3)
Y

found experimental evi-
veri-
fied that the validity of the Brink-Axel hypothesis has only
a few exceptions.

The impact of the above three assumptions has been inve-
stigated in the total spectrum calculation of gold where
measurements are availlable from ref. (14). To this end fig.

20 of ref. {11) is here reproduced as fig. (2), where we have

plotted, for comparison, our results (hystograms).
The data in fig. 2 correspond to the following incident
neutron energies: the experimental ones are measured in the

interval .2:6. MeV, the two full line curves have been
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calculate at .2 and .6 MeV, respectively while the

hystograms at .4 MeV. (It should be noted that the spread

of neutron energies, AE=.4 MeV, may affect the comparison of

present calculations especially in the last hystogram step).

One observes that the spectrum from our ES ~calculation,
full line hystogram, well agrees with the Gardner et al(ll)
spectrum, except for the hard part. This seems in contradic-
tion with the wrong trend of the EZ - calcolation (dotted
hystogram) which clearly favours the hard tail against the
soft one, as expected.

Except for the hard tail of the spectrum, no remarkable
difference is observed between Ei - and Ei ~ calculations
(dashed hystogram).

On the whole, one may conclude on the better results
of the ES - law, in agreement with the mentioned experimental
investig:tions of refs (12) and (13).

As far as M1l and E2 transitions are concerned, there is
not sufficient information for a more than tentative treat-
ment.

Finally, it must he nnted that only the Brink-Axel
approach allows for absolute calculations of FY(Bn,J,“), as
shown in refs. (15}, (16), provided correct parametrization

is adopted for both the level density and Lorentz-curve.

1.3, y-decay calculations in structural material. The r8le

of E1 and Ml transitions and of Valence mechanism

In the literature, in general, one assumes that El tran-
sitions dominate the y-ray decay of composite systems. Here
we have selected some structural materials of interest in

reactor technology, where the necessity of accounting also
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for Ml transitions is shown by means of detailed model cal-

culations. The r8le of Valence reaction mechanism in alsoc
jllustrated by few examples,

We have estimated the E1 and M1l contributions té the
total and partial average radiative widths and to the average
total yv-ray spectra following s-, p~, d-wave neutron capture

58,60Ni 56

in the resonance region of and Fe.

The adopted parameterization is shown in table 1. the

level schemes adopted were taken from ref, 17, while missing
vy-ray branching ratios of discrete levels were estimated by

means of the well known Weisskopf transitions probabilities.

Level density parameterization was done according to ref. 3.

table 1

Sumzary of adopted parameters for the calculation of level dencities and
radiative widtns.

5~, p- and ¢- wave resonances cocpared to results evaluated from experimental data.

Calculated aversge Ei and M1

M1 transition probabilities were estimated in terms of
a giant resonance model the parameterization of which was

determined (see table 1) by normalization of the strength

to the systematics of ref. 6,

Calculated average total El1 and M1 radiative widths

are shown in table 2 for the various tJi quantum numbers
invelved Sg’éoNi
and 56Fe.

in th € resonance regions of
The effective number of degrees of freedom of the
lumped x2 distributions are also given in order to quantify
the size of the statistical fluctuations characterizing the

various calculated as well as measured radiative widths.

table 2

contributions to the total radiative width for

ro1 D r r E
t Poas By Ty o BT, S Ry

MeV MaV keV MeV MeV amb MeV HeV

HeV

r [
M M
MeV mb

58

N1 7.3 B.2 1.31 .17 2.3 14, 16.0 3.7 53 1B.6 5.1 75 11.8 2.36 10.6
60

N1 8.4 7.31.2 17 4.5 14, 16.03.7 55 18.4 5.1 78 11.7 2.3411.0
56 .

Fe 6.52 6.9 1.14~-.25 5.1 19. 17.5 4.8 77 21.4 4.9539 12.0 2.4 10.3

isot r 10T ey T e T Ref EX?
: I by el . Vv
1sotope Y Veft ¥ veff ¥ efl
8 1
S TR 2 22000883 12 113238 17
t
1 ;‘ 76@:2&& 20 4561:34 8
3
5 726:233 20 380:153 12
3 .
2 30 1333:602 18 106:36 18
%* 1387:44A 20 97:32 18



88 table 2 continues
I - - - EXP EXP
"1 Ref.
isotope & J TY(Ei) A TY(* ) Vatf TY e aff
60 1
ML 0 o+ 10504420 12 59+20 16 1300470  [ig]
)
1 —- 443+148 18 208+98 9 |
2. 401e132 19 190%69 15
2 = - 1200 [1g]
3
2 5+ 1109353 20 53418 17
5
S+ 8964268 22 45015 18 |
56 1
Fe 0 -+ 1070428 11 34212 15 8s0e4t0 i) 9.6
1
1 246487 16 203497 9
3 s00+180  [ug] 17.1
2. 231405 19 162+64 13
2 - - J
3 3
T2+ 900313 17 2411 18
5 7304256 Do) 18.5
I+ sz 1 2%+ 8 18
— — 7

On the whole a good agreement, within statistical fluc-~

tuations, is obtained between the calculated and experimental

quantities given in table 2.

In table 3 we quote the calculations for one well known

s-wave resonance Ex

for each isotope considered.

For each

resonance the total as well as the partial radiative width

for the transitions to the first two excited level of energy

']
Bu are given. l‘Y is the reduced neutron width.

table 3

Calculated partial and total gamma widths for s—wave resonances. Quoted
wcertainties are the standard deviation of the respective statistical x2
distributions.

.N. \} TOT EXP
E I3 SR r Ty
Isotope A A A A Ref,
(kev) (kev) (ev) (zeV) (meV) (meV) (meV)
i 15.4 9.19 22004401 62 17454502 1530+77 [20]
0 340 35 150 124417 [21]
465 305 18 176 110+19  [21]
60 R . . 5 [20]
Ni 12.3 23.98 10504402 127  1670+50% 2920+7%
0 ' 178 60 444 516472 [21]
283 150 57 380 269+46 [21]
e 21.7 8.72 1070440 145 650+502 1090+52 [10]
0 183 12 103 145+25  [21]
14 162 7 26 35+13 [21]
For the valence mechanism we found a negligible M1 con-
tribution, but an El1 contribution which seems to affect
rather significantly the total radiative width rTOT, provided

an interference term is accounted for

The valence model adopted,

(rY (r

Ap

TDT)1/2_ CN

Yau

+ (T
qu

)

)1/2 VAL 1/2

namely is the one by Lane-

-Mughabghab (22) according to the specifications in ref. 23.



Percentual error quoted with calculated quantitiea are

. el
the atandard deviations of the corresponding y “ lumped Adistri-
J—
S.D. = 2/v <T'>

v being the effective number of degrees of freedom.
As an example, in fig. 3 , the average compound nucleus
total y-ray spectrum (full line) and separately only the El

5

contribution (dashed line) are given for BNL in the reso-

nance region.
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In fig. 4 again for the same case, the different shapes
are shown of the s-{full line) and p-wave spectra (J=1/2,
=3/2 dotted and dashed line, respectively). Due to the
parity selection rules of y-ray transitions the s- and d-
spectra are dominated by E1 transitions, while the p-

spectrum by M1l ones.
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1.4. Importance of valence mechanism in neutron capture

Becouse valence mechanism mostly affect the resonance
region, the effects of valence mechanism in neutron capture

are to be considered also dealing with average cross sections.

8
In order to illustrate the subject, the case of 6Kr

has been chosen becouse, differently from the structural
materials, for this isotope one has the availability of
recent measurements for the average cross section of neutrons

with maxwellian energy distributions peaked at 30 KeV:

<o Y>=(5.6¢.7)mb‘2"; (25)

<o >=(4.6+.7)mb
n,y -

<o _>=(4.8+.1.2)mb 28
n,v -

In addition 86Kr neutron resonance characteristics are

also available from ref. 26.
All these experimental information makes possible the

study of BGKr KeV neutron capture to test the validity and



the role played by compound nucleus and valence capture
mechanisms.
In Table 4 a salection, out of ref. 26, 1is reported

for the 86l(r neutron resonances of known charactqristics.

Table 4. Experimental and calculated neutron resonance

characterisgtics in 86Kr.
EXP EXP STAT VAL TOT
" s i < rhoo«< rd, +s.0” ry rif
» Y v M1, El M1, EL Y
] 10
36.93 ; + 53 JOQIBO ZSQ:BO ZOQiBO 40 24Q130
] 6
42.91 3" 125 39Q:|00 360:]00 34Q1200 20 36Q1200
49.64 -;— + 42 200460 250480 200+80'° 15 215480
54.37 % - 402 SSQ:'SO 55Q1|50 39012008 210 60Q1200
28.86 % - 95 33Q1'20 36Q1120 34Q:2006 15 SSQIZOO

In the columns from left to right one has the resonance

energies En; the quantum characteristics an the neutron

Exp Ji
r

widths, gr,i total measured radiative widths v ! average

s-and p-wave total experimental radiative widths per spin

EXP
state < rJ>; average s-and p-wave total radiative widths per
Y
STAT .J v
spin state ¢ TPY >, * S.D. calculated in terms of Brink-

~-Axel model for compound nucleus radiative decay‘q), inclusgive

of Ml and El transitions, S.D. being the standard deviation
of the lumped xz distribution of all partial widths and "
the inherent number of degrees of freedom; total valence
VALrJ
Y
as a sum of valence

contribution as a sum of E1 and Ml contributions
707 4
r

H
total calculated radiative width
and compound nucleus contributjon (both E1 and M1 transitions
included), without interference effect.

In order to determine the expectation value of the n,~"
cross section at 30 KeV the usual Hauser-Feshbach theory
with width fluctuation correction has been used. This was
parameterized using the mean spacing of s-wave resonances,
Dyps * (40+14) KeV, deduced from the complete set of data of
ref. 26 and normalizing the calculated r:“ to the corre-
sponding average values in column 5 (see Table 4). It is
important to note here that the adopted values for DOBS is
in perfect agreement with the local systematics of the level
density parameter "a" deduced for the families of Kr, Se, Br
isotopes.

6o far the value which can be obtained in terms of

statistical model is <o {30 Kev)>= 20 mb, 4 times greater

Y
than experimental ones.
The idea to overcome the discrepancy found by assuming
a valence contribution comes from the large value p=.94
of the correlation coefficient between the measured values
for r, and rY. In particular, from the comparison of

experimental and calculated guantities in table 4 one can



EXP

see that the large I _ observed at 54.37 KeV comes from
1

the large El valence transitions correlated to the large

' values. Differently, the fluctuations observed for the
rEXP of the other quoted resonances mostly are denominat-
Y

ed by statistical fluctuations according to the very low
number of degrees of freedom characterizing the lumped
width Adiatribution in 21) cases, see Columy 6. The very good
overall agreement between columns 4 and 7 suggets that the

appropriate average ¢ rJn) values to be used in capture
Y

calculations are just the Brink-Axel model ones“’

quoted in
column 6, without any normalization to the experimental
ones,

One finds that at 30 KeV the valence contribution to
neutron capture is negligibe because it affects only a few
channels feeding the lower lying levels in 87Kr, out of the
bulk of all other innumerable statistical channels.

On the contrary the compound nucleus contributiocon
dominates and is so found to be <o {30 Kev)>= (842.7)

'y

mb, the quoted uncertainty being due to that of DOBS’

according to error propagation.

2. NEUTRON EMISSIONS

2.1. The models and the code

Careful studies of the neutron 1induced reactions at

14-15 MeV on structural material are requested as a part

56

of fusjion neutronic. A few model calculatiocns on Fe,

93Nb, 59

Co performed in this contest, are here presented.
The 1rble of equilibrium and preequilibrium emissions
and the 1limits and validity of the model are illustrated.

Our results are obtained improving the unified exci-
ton model extensively described in ref. 27,28 by the intro-
duction ot the principle of conservation of total angular |
momentum. This, also, implied the use of a suitable particle-
hole spin dependent level density.

Since one can show that the master equations as well
as the methods of ref. (27), still apply, then the new
occupation probability qJ"(n,n,t) of the composite nucleus
state (n,q.,J,n) (where n and f are the exciton number and
the direction of the projectile inside the nucleus, and J
and N denote the total angular momentum and parity of the
composite nucleus at time t) can be expressed as a Legendre

polynomial series:
Jn Jn
q (o,0,t) = Iz"z (0P (@ .

The time-integrated master equation is then given by:

Jn + Jn - Jn
- n‘: (@) = wd (r=2) 2 (a-2)+u X (ne2) 2, (ne2)

- an
My et () )+ (-p ()] 2 ()

" + -
the *» , A and A° are the intranuclear transition rates and

w 15 the total emission rate.



Here whe assume J-independent transition rates, but this
generally adpted assumption must be reconsidered.
The v, are the eigenvalues of the intranuclear scatter-

ing Kernel, n:(n) refers to the Legendre coefficients of

Jn
L
the Legendre coefficients of the mean lifetime of the nuclear

the initial (t=0) occupation probability, and 2 (n) are
state (n,q,J,n).
The double differential cross section including equili-

brium and preequilibrium emission is

2 Jn
s2o(a,b) _ Ll I @, () L e T e
sesn (e +D211) Inj 1 ti,
where T (‘a) are the optical model trasmission

1,3
ala
coefficients J and I denote the composite and target nucleus

total angular momentum respectively, ¢ s_ and ja are the

a' “a
orbital angular momentum, spin and total angular momentum of
incident particle, win(n, cb) is the probability of emission
of particle b with energy €Ep from the exciton state (E,n,J,0)
gn(n,n) is the mean lifetime of this state and n run over
all possible exciton configurations.

A particular mention must be devoted to the J dependent
p-h level density involved in the model.

Namely a Williams' formula‘zg)

was adopted, normalized
to reproduce the total level density observegd according to
ref. 30.

Following ref. (31) the distribution of the p-h gtates

on the spin projection M was assumed to be of a Gaussian

type. An exclton dependent spin cut off was found(31', °n =

=.28n A2/3ya11d through the whole periodic table.

Calculations are performed with the modular master Code
IDA above mentioned(7). Sferical optical model transmission
coefficients are used. On option, self consistent calculations
in generalized optical model approxim;tion may also be
requested. Up to four subsequent particle emissions are
allowed followed by a y-ray cascade of maximum multeplfcity
7. Integral or double differential cross sections can be
calculated for any single emission process, as well as total
spectra and angular distribution for an{ given emission type;

the unified mode1‘27)

with conservation of total angular
momentum is used for the description both of equilibrium and
prequilibrium emissions.

The master code consists of modules, one for each step

-of the calculation procedure, from neutron resonance

statistical analysis and from optical model parameter
automatic search to the more sophisticated calculations,
like isomeric cross sections in a multiple particle emission
reaction and to the data management and graphical display.

The whole calculation is completely automatitized.
Where no particular check is necessary against available
experimental data, thanks to a shared nuclear data library,
only Z,A energy and projectile are sufficient to get the
complete information allowed by the system.

Calculations were performed using the neutron optical
model of ref. 32.

In the figs.5-10, the contribution of the unified model
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to equilibrium and preequilibrium emissions (namely the

primary emissions) and of all the energetically possible
secondary equilibrium emissions according to Hauser-Feshbach
theory are the dashed and dotted hystograms respectively.
The sum of the two contributions gives the total neutron
emission spectrum, full line hystogram.

In fig. 5 the calculated total spectrum is compared to
obtained averaging

an average spectrum, full line curve,

over all experimental data available. Here the model
appears to overestimate the hard tail of the spectrum, where
lower exciton state emissions are expected to dominate.

In figs.5 to 10 che total spectrum at different angles
is given, the dots representing the measurements of ref. 33.
In these figures one observes an agreement between the
calculated and experimental spectra which is very good at
backward angles .while worsening at forward angles, again
where the lower exciton contributions are involved.

The consistent answer obtained from the comparison of
total and partial spectra, seems to suggest a wrong exciton
dependence at the adopted p-h 1level density. (Really all

statistical assumptions underlying Williams' formula break-

down at low exciton numbers, where more appropriately combina-

torial calculations should be used).

In fig.11 we show the results of the angular distribu-
tion of the neutrons with energy E = 2-3 MeV (where equili-
brium emissions dominate) and of the neutrons with energy

E=8-9 MeV {where preequilibrium emissions dominate).

Here a level density from combinatorial calculations has

been usad.

AE, =(3-2) MeV

)
. 20
>
[-+]
z -
) -
E’ B
C 15
(0]

© $° 5 o0 ©
«Q

| I I | S | i VOIS W RS NN SO S N | 1
AN .
~.§ AE,=(9-8) MeV

- N W M

T e ol SR

Eh\o‘AO/g/-
=L T T

Y p—gr— gy

50

Fig.

100
e

150




Q"0/AE, & (unly MV )

2Uk~277 INDO(dr} 2/1,
SovietJ. N.P.ﬁﬁv’g)@m)

5%6Co En= 14.600 MeV

® = 2fk-277 INDO(gdr)-2
e = Sovield. NP3 _Kg')uﬁ)

5Co En= 14.600 MeV

i
of | 1T

d'o/dEndQ {(mb/MeVxar)
y

=)
v
o
-

13

® = 7fk-277 INDC(gdr}-2/1.
e = SovietJ. N.P.34{290X1981)

¥Co En= 14600 MeV
10‘.>
*®s . AE={10-8) MeV
L * ¢
¢
,5 1 * I a »
S
:.
G AB=(6—4) MeV
Eﬂ LI Jammay
S 10 e
© : ’ = -] ’ a - ?Ti
Y Tk w0 % 80 10 120 w0 180 180



--ka—
O=Sovidz;7rml l)

8INbh  En= 14600 MeV

100

E AE={6—4) MeV
4
% 104e o © ° .
% [ ]
g
o
] - AE=(3-2) MeV
] e -

104

8 = 20k-277

e = SovietJ. &%)—(%)

9Nb  En= 14.600 MeV

d"0/dE,d0) {mby/MeVxar)

» = Marcikowski NSE. 83,13 (1983)

d"0/dE, d0) {mby/MeVxsr)

g

L

8Nb  En= 25700 MeV

[} AE=(24--23) MeV

.
(10!;
10
] L AE={21-20) Me¥
1
; .
) L ]
0.4
10
] . AB={15—14) MeV
-
1 .
] '
]
0.1 T T T T T T L
0 20 40 60 B0 100 120 140 180 18O
8.
Fig. 17



s = Marcikowski NSE 83,13 (1963 70 -

8INb  En= 25700 MeV

; _rL 8=145"

B B “ ]

d'0/dE, dn (mby/MeVxar)
o 5. 8 ¥ o =
[ ] | | (_/
d*c/dE_dQ(mb/MeVxsr)

llllllllll




Dots and open circles are the meausurements of ref. 33
and ref. 34 respectively. In the lower part of. fig.il, to
be consistent with previous results, one would expect that
the spectrum calculated at forward angles be higher than the
corresponding experimental one. This, however, is pot the
case for open circle data, neither for the data of ref. 35
(squares). This fact and the spread of points in the upper
part of the figure rise questions on a possibile rble’ of
experimental uncertainties in the discrepancies found. 1In
figs. 12. to 14 we show the results of the calculations
for 59Co at 14.5 MeV obtained using the input'36) fixed in
the frame of the international intercomparison of codes for
compound nucleus calculations, sponsored by the NEA DATA
BANK. In figs. 15 and 16 we show the results of the calcula-

tions for 23 (37)

Nb at 14.5 MeV obtained using the input
fixed in the frame of the international intercomparison of
codes for prequilibrium calculations, sponsored by NEA DATA
BANK.

In figs. 17 and 18 the, results of calculations in LRI
at 25.6 MeV are also shown, using the same input.

From all the cases here illustrated one can see that
calculations compare to experimental data substantially good
and always the same way. At 14.5 MeV we repeated the calcula-
tions after replacement of the free nucleon scattering
asgsumed in ref. 27 by the scattering of nucleons bound in a
square well and after introduction of the refraction term of

nucleons beams at the nuclear surfaces.

The calcul;tions with inclusion of the latter refinements
did not show any substantial improvement with respect to
the previous one. In particular the two effects considered
showed evidence for a reciprocal cancellation.

In fig. 19 one can see very well the physical features
of the two reaction mechanisms involved. Namely at low
emitted neutron energies one has the bulk of the spectrum
with a symmetric angular distribution carachteristic of
equilibrium emissions (dominant process) while at high
emitted neutron energies one finds forﬁ;rd peacked emissions

carachteristic of a dominant preequilibrium process.

Conclusions

spectra and IR calculations are valuable in view of the
need for them in a number of applications and of the measu-
rement diffuculty.

Recently, spectra calculations offered appreciable help
in correcting systematic errors of relative neutron radiative
capture measurements made with Moxon-Rae detectors(l)'(z)'(s).

A number of recent experiments proves the validity of
basic assumptions adopted for the energy dependence of y-ray
intensities.

A weak point of these calculations remains however the

determination of reliable level schemes and inherent y-ray

branchings when these are not measured. In fact, the consi-
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derable theoretical! efforts in this direction proved very

useful {in understanding nuclear structure, but cannot yet

replace all cases where experimental information is missing.

A possible improvement of present calculations may be obtain-
ed by the introduction of considerations of rotational bands

in order to fill the gaps in level schemes and introducing

K-gselection rules in the y-ray transitions.

In view of these difficulties, stress should be laid on
the need for experts to provide cross section evaluators
with appropriate level schemes, at least for the cases of
recognized interest.

Frome the model calculations illustrated one can realize
that Ml contributions cannot be neglected in the theoreti-
cal eastimate of any of the guantities here discussed, where
a nuclear structure which favours M1l transitions (via the
play of Jn selection rulecs) couples to Ml transition strength
comparable to that of El transitions.

Prom the example i{llustrated, one may conclude that even
if valence mechanism do not contribute appreciably to neutron
capture cross section nevertheless, in specific nuclei, it
may be of great help in explaining apparently ambiguous
situations and in determining the appropriate model parame-
terization.

The case consi:iered also gives additional evidence for
the validity of the adopted models for radiative decay of

compound nucleus and capture cross section calculations.

For the particle emissions at 14.5 Mev, one has to smay
that a considerably better result 18 obtained with the
improvements 1illustrated and introduced into the previous

(27}

version of the unified exciton model. This 1is mainly

achieved becouse

1) the unified model allcws for a consistent treatment of
both equilibrium and prequilibrium contributions.

ii} Introduction of the principle of conservation of total
angular momentum allows for a proper weighting of all
reaction channels, according to the spin distribution
of the p-h level density.

(Out of curiosity, in fig. 9 the results of calculations
are shown too, dashed curve, with no angular momentum

conservation).

=2

iii) Introduction of the appropriate distribution of p-

r

levels, according to spin, allowed for the mes

meaningful extension mentioned in ii) above.

From the sample calculations illustrated some conclusions
may be derived.

It appears very likely that the moderate discrepancies
observed are due more to the very rough total level density
adopted (expecially for lower excition numbers), than to
conceptual inadequacy of the model.

In particular to achieve the best results, the necessity

appears of a consistent tratment of equilibrium and preecqui-
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librium contributions 1like the unified model can provide
us with.

One may say that the model, even as it is, is reliable
in giving an overall picture of total and partial emission
spectra as well as of angular distributions. In addition,
becouse no free parameters were used, these results may be
regarded as a model test proving a wide prediction capability

valid also if no experimental information is available.

in general, one may conclude that considerable results

have been achieved in the calculation of total and partial

particle and y-ray emission cross sections. Namely calcula-

tions are now possible even if no experimental information
is available, becouse the degree of accuracy 1is, more or
less known, and may be estimated pretty close to usual
experimental uncertatainties for the quantities inherent to
y~ray emission and, at worse, <100% for particle spectra

emission calculations in the higher energy tails.
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Translated from Russian

RE-EVALUATION OF THE NEHTRON CROSS-SECTION FILE FOR CHROMIUM

T.S. Belanova, A.1. Blokhin, N.N. Buleeva, V.V. Vozyakov,
A.V. Tgnatyuk, V.N. Manokhin, V.P. Lunev,
A.B. Pashchenko and V.1. Popov

All the experimental and evaluated data available are analysed with
a view to drawing up a new version of the neutron cross-section

file for chromium.

The previous evaluation of neutron cross-sections for chromium was prepared
at the Centre for Nuclear Data (TsYaD) in 1977 [{)‘ That evaluation was taken
as the basis for group-averaged constants of chromium recommended for reactor
and radiation protection calculations [2]. 1In the last few years, in addition
to new experimental data, more up-to-date evaluations of neutron cross-sections
have appeared (JENDL-1 [3] and ENDF/B-V [4]). 1n view of the important part
played by chromium as a structural material in fast reactors, we have analysed
the discrepancles found between the results of different evaluations and have

drawn up a revised version of the chromium file.
In this paper we discuss the main differences in the new evaluation.

In all the evaluations the neutron energy reglon up to ~ 600 keV is repre-

sented in the form of isolated resolved resonances with the addition of a backing.

nce parameiers have been measured with sufficient reliabilfity
only for the strongest s-resonances, whereas for p-resonances the values found
for neutron and radiative widths are subject to considerable errors and relate
only to the energy range up to 100 keV [5]. All uncertainties in parametri-
zation of the iesunance struciure of neutron cross-secttons above 100 keV are

in effect transferred to the backing, and as the upper limit of the resonance
region is approached the backing accounts for between 50 and B80% of the total
cross-sections, and up to 100% of the capture cross-sections [1,],&]. Although
in this case the backing has a relatively complex and non-monotonic dependence,
given this parametrizatinn, the thin resonance structure Is completely lost.

Tha defects of this method of representing cross-sections become apparent when

calculating the selt-shielding factors of cross sections [2]. In order to
overcome these defects, for p neutvons we have used a methed of representing
fsolated untesolved reconances.  The enecgy dependence of the average neution
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and radiative widths was determined from a statistical description of averaged
neutron capture cross-sections in the energy region above 30 keV. On the basis
of an analysis of all the experimental data available, preference was given to
Ref. [6], the results of which agree relatively well with each other. 1In the
group~averaged representation the results of this average cross-section evalua-
tion do not differ from our previous evaluation [1], but the discrepancies
between other evaluations for capture cross-sections in the energy region above
10 keV are relatively large (see Fig. 1). These discrepancies are caused by the
fact that the authors drew on different experimental data, and new reliable
measurements of average neutron capture cross-sections will presumably be needed

for the differences in evaluations to be eliminated.

The discrepancies in evaluated total neutron cross-sections at energles
above 650 keV are due to the selection of different ref erence experiments: in
Ref. {1] the data of Cierjaks [7] are used, in ENDF/B-V those of Perey [8] and
in JENDL-1 the optical calculations of total cross-sections with a set of para-
meters obtained for neutrons with energies above 5 MeV. Obviously, in optical
calculations the fluctuations in cross-sections are smoothed out, and this
distorts the self-shielding factors; since the measurements of Ref. [8] were
made with a somewhat better resolution than those of Ref. [7] and in the energy
reglon 2-6 MeV they agree better with the results of other authors, in re-examining
total cross-sections we took the ENDF/B-1V evaluation in the whole range of

neutron energies from 650 keV to 20 MeV.

When comparing existing evaluations of angular distributions of elastically
scattered neutrons [3,4,9], we also gave preference to the evaluation of
ENDF/B-1V for neutron energies below 1 MeV and above 14 MeV. 1In the energy
region between 1 and 14 MeV our evaluation of angular distributions was obtained
in the context of the phenomenological approach, whereby cross-sections calcu-
lated in accordance with the optical model were later corrected on the basis of
experimental data. By virtue of this correction, a better approximation of the
angular distributions observed was achieved than those calculated by the optical
model with a single set of parameters [3,46)]. The differences in the evaluated
angular distributions can easily be seen Lf the average cosines of the scattering
angle are compared (Fig. 2), but on the whole all evaluations meet the practical

requirements of reactor calculations.

There are also significant differences in the evaluations of neutron
inelastic scattering cross-sections at isolated levels. These are particularly

marked for the firat 2 level of the isotope 2, {see Fig. 3). 1n the ENDF/B-V
evaluation, the approximation of near-threshold sectors of the excitation
functions for isolated levels was obtalned on the basis of data measured on a
(n,n'y) spectrometer [10]. These data contradict the measurements of excitation
functions of levels on time-of-flight spectrometers [11]. 1In our evaluation of
inelastic scattering cross-sections we relied mainly on the results of the latest
experiments [11] and on a theoretical description of excitation functions matched
with resonance values of neutron force functions [12]). We also took Into account
contributions from direct transitions to excitation functions of levels, which
are found to be particularly marked with neutron energies above 7 MeV (Fig. 3).
Inclusion of direct transitions is also important for a correct approximation

of neutron inelastic scattering spectra.

From a comparison of the evaluations of threshold reaction cross-sections

the following conclusions can be drawn:

(a) There are no significant discrepancles in the evaluations of (n,2n)
reaction cross-sections, since all evaluations are based on the

experimental data of Ref. [13];

(b) Evaluations of (n,p) reaction cross-sections agree relatively well
at a neutron energy of 14 MeV, but differ considerably at energles
below 10 MeV (Fig. 4). Publication of the data of Smith et al. [14]

makes it possible for the evaluation to be rendered more accurate

in the threshold reglon;

(c) The differences between evaluations of the (n,a) reaction cross-
sections are also significant, since they are all based on purely
theoretical calculations. Recent data on Integral cross-sections

of proton, deuteron and alpha-particle yields at a neutron energy

of 15 MeV {15)} make Lt possible to correct the evaluations for the

(n,xp), (n,xd) and (n,xt) reactions.

We used the relatlonships of the statistical theory of nuclear reactions
(modified STAPRE program [16]) for a slmultaneous, matched approximation of
the threshold reaction cross-sections mentioned above and the neutron Inelastic

scattering spectra observed [17). The approximation of experimental data was
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obtained by variation of level density parameters and of contributions from pre-

"

quilibrium evaporation. Calculsted neutron spectra were taken as

those recommended for the whole incident neutron energy range between 4 and 20 MeV.

On the basis of the evaluat{ions examined above at the Centre for Nuclear
Data, a new verslon of the neutron cross-section file for chromiwn was drawn up
{n ENDF/B format. Testing and verification of the consistency of the evaluations

adopted are to have been completed by the end of 1983.
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1. Introduction

The present work is a continuation of two former cross
section evaluations by means of nuclear model calculaticns, one
100} of which concerned the dosimetry reaction 93Nb(n,n')93mNb /Y/,
while the other comprised all important neutron induced reactions
which are possible at incident energies up to 20 MevV /2/ and
was based on experimental data existing in April 1981. New
measurements of neutron incduced proton production /3,4/ necessi-
tated a modification of the preequilibrium (PE) model parameters.

As a consequence, various other model parameters had to be ad-

justed in order to maintain the reproduction of the other ex-
perimental data, The physical meaning of the parameter changes
is discussed together with a comparison of calculations and

100
measurements,

2. The modelg

Uy
[=]
—

The computer codes which were used for this cross section

evaluation employ on one hand the spherical optical model, on

the other the statistical model, comprising the exciton model

for PE decay and the Hauser Feshbach ([(HF} mcdel for cguilibrium

decay of the composite system formed by projectile and target
nucleus, and the evaporation model for the decay of the further
compound nuclei /5/. Whereas in the HF and the evaporation
Fig. 4. Evaluations of the (n,p) reaction cross-sections for formula there 1s full consideration of angular momentum and
Isotopes of chromium parity conservation, the exciton model is independent of
Solid line: TsyaD-2 spin and parity. Therefore, in order to distribute the PE

Dotred line: B-5 contribution to the population of the an compound nucleus over
Dashed-dorted line: JENDL-1
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its spins and parities, an additional assumption is necessary
which in the used program STAPRE /5/ consists in attributing
each spin and parity the same weight it has in the HF part.

The description of excited states in the PE model is by
means of a particle-hole state density formula, while for the
equilibrium decay calculation the back-shifted Fermi gas level
density formula i1s applied above a region of individually con-
sidered discrete levels. In competition to each particle emission
gamma ray cascades are considered including the multipolarities
up to L = 3.,

3. Options and parameters chosen for the previous Nb evaluations

The experimental data base which served for the determination
of the model parameters is compiled in ref. 2.
Due to its good reproduction of the total and non-elastic cross
section the optical potential by Delaroche et al. /6/ for
neutrons was chosen. For charged particles, global potentials
/7.,8/ were used,

The level schemes for all relevant nuclei were taken from
93%b which had been

derived from the work of van Heerden et al. /10/ as described

"Table of Isotopes” /9/ except the one for

in ref. 1. The Fermi gas level density parameters were chosen
according to the Dilg compilation /11/ and in some cases
slightly modified for better reproduction of the cross section
data,

Regarding the exciton model,a value of 230 Mev3 was used for
the constant determining the internal transition matrix element.
For the exciton state densities, the single particle state
densities g were derived from the Fermi gas a-parameters and no
energy shifts were used.

With these parameters, a very satisfactory over-all repro-
duction of the experimental data could be achieved with the
exception of proton production at 15 MeV incident neutron energy,
where the calculation resulted in a much harder spectrum than
the experiment, indicating too high a PE portion. Rs also the

low-energy end could not be reproduced with reasonable para-

meters, the measurement was sguspected to be in error.

4., Parameter changes with respect to the previous calculations

and their effect on the resulting cross sections

The revision of the previous evaluation was motivated by
the measurement of neutron induced proton production at
14 MeV incident energy at the IRK, Vienna /4/. At the same time,
also a Japanese group published a 14 MeV neutron induced proton
emission spectrum /3/. These data clearly necessitated a re-
duction of the PE fraction and a shift of the high energy end
of the calculated spectrum to lower energies. Both these re-
quirements were satisfied by introducing an energy shift in the
particle-hole state densities which roughly accounts for pairing;
an option which in the used code STAPRE /5/ goes along with the
choice of a value of 52 % for the single particle state density g.

How the introduction of the pairing correction affects the proton
emission spectrum at 14 MeV is compared in fig. 1 to the effect
of a simple increase of the internal transition matrix element
to 400 MeV3. A comparison of the calculation with the measured
proton production at 14 and 15 MeV incident neutron energy is
displayed in figs. 2 and 3. Of course, PE neutron emission is
also decreased; nevertheless there is still consistercy with
the 14 MeV neutron production spectra (fig. 4) as well as with
the measurement at 25.7 MeV (figs. 5 and 6) by Marcinkowski

et al. /12/. Since a-particle emission leads to an odd-odd
nucleus a-particles compete much more favourably with nucleons
in the PE stage when pairing is accounted for. The resulting
increase in the a-particle emission could not be counteracted

by the use of another optical potential for creating the a-

" particle transmission coefficients; the fact experienced in

the A ~ 50 region, that the McFadden & Satchler potential /13/
reduces a-particle widths with respect to the Hulzenga & Igo
/7/ potential, does not hold true in the A ~ 90 region.
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Therefore, in order to reproduce the experimental a-spectra
(fige., 7, 8), a smaller a-cluster preformation factor ? (0.1
instead of 0.18) had to be used.

Once the emission data had been refit, there were still

problems with the reproduction of the activation cross sections.

In particular, the reduction of PE neutron emission had caused
a decrease of the (n,n")" cross section of 20% at 14 MeV.

A contribution of inelastic scattering to a collective state
does not seem to be likely., because the 10 kev igomer of

93Nb is explained as a coupling of a proton hole to a 94Mo
core in its ground state. The desired increase in the isomeric
cross section wis achleved by employing a more realistic
assumption for :he spin distribution of PE emission, i.e. by shif-
ting the population resulting from PE decay to lower spins.
This was accomplished by calculating the weights for the popu-
lation of the virious spins (cf. sec.2) by a HF calculation
using for the moments of inertia 1eff one half of the rigid

body value I while for the actual HF contribution

rigld’
Ieff = Irigid was maintained. The spin cutoff parameters

corresponding to Ieff = 0.5 # Irigid roughly agree with the
exciton number dependent spin cutoff parameters as given by

Reffo /14/ for low exciton numbers. While the shift of the

-
“Nb to lower spins brought the (n,n*)™ ex-

population of
citation function back to itg magnitude as displayed in ref. 2,
93Nb and a

Nb to lower spins and thus in-

it also caused a reduction of y-competition in

shift of the population of 92

9*™ and (n,2n)m excltation functions by

creased the (n,2n)
5-7% (figs, 9,10}.
Finally, the decrease of the (n,a)m+g and (n,u)m cross sections
at higher energies where the more favourable competition due to
the consideration of pairing is overcome by the reduction of\f,
was partly canceled by chosing Toff = 0.7% xrigid for PE a-
particle emission. This seems to be justified because a-particle
mmission populates more complex residual states than nucleon
emission does. The resulting excitation functions are shown on

figs. 11 and 12.

5. Conclusion

The parameter modifications which had been necessary in order
to describe new proton emission data could be performed in such
a way that finally the whole body of data has been reproduced
again in the frame of the optical model, the exciton FE medel
and the compound nucleus model with a unique set of parameters.
A pragmatic way of using different spin distributions for PE
and equilibrium particle emission has been found. The remaining
discrepancies between calculations and experiment are not in-
herent to a certain reaction, but can be transferred between the
reactions by small parameters changes, e.g. a reduction of the
two body matrix element would improve the fit to the (n,2n)
data, but deterjorate the reproduction of a-emission.

Finally, it should be menticned that the charged particle
emission data taken at the IRK, Vienna, also contain angular
distribution information which had not been taken advantage of.
In order to do so, they will be analyzed /15/ in the frame of
the multi-step direct reaction model by Tamura et al. /16/.

References

/1/ B. Strohmaier, S. Tagesen, H. Vonach, Physics Data 13-2 (1980)

/2/ B, Strohmater, Ann. Nucl. Energy 9 (1982) 397

/3/ N, Koori, to be puhblighed
Data displayed in M. Hanita et al., NEANDC(J)-83/U, p. 59,
JAERI Progr. Rept, July 81-June 82

/4/ G. Traxler, Thesls Univ. Vienna {1983)

/5/ M. Uhl and B. Strohmaler, Rept. IRK 76/01 and addenda to this
rept., and
B. Strohmalier and M. Uhl, Proc. Course Nucl. Theory for
Applications, Trieste, 1978, IAEA-SMR-43 (1980) 313

/6/ J.P. Delaroche, Ch. lLagrange and J. Salvy, Proc. IAER Con-
sultants' Meeting on the Use of Nuclear Theory in Neutron
Nuclear Data Evaluation, Trieste, 1975, IAEA-190(1976) 251

/7/ J.R. Hulzenga and G. Tqgo, Rept. ANL-6373 (1961)

/8/ G.S. Manl, M.A. Melkanoff and I. Tori, Fept. CEA-2379 (1963)



/9/ C.M. Lederer and V.S. Shirley (eds.), Table of Isotopes,
7th ed., Wiley, N.Y., 1978

/10/ 1.J. van Heerden and W.R. McMurray, Z. Physik 260 (1973) 9

/13/ L. McFadden and G.R. Satchler, Nucl. Phys. B4 (1966) 177
/14/ G. Reffo, Proc. IAEA Advisory Group Meeting on Basic and

Applied Problems of Nuclear Level Densities, Brookhaven,
1983, in press

/15/ M, Uhl, priv. comm.

/11/ W. Dilg, W. Schantl, H. Vonach and M. Uhl, Nucl. Phys. A217
(1973) 269
/12/ A. Marcinkowski, R.W. Finlay, G. Randers-Pehrson, C.E.

/16/ T. Udagawa, K.S. Low and T. Tamura, Phys. Rev. C28 (1983) 1033
Brient and J.E. O'Donnell, Nucl. Phys. A402(1983) 200

Gy R B A R
I -
4 -4
» ————— T ——p——r— H )
3 4 h
s 4 : ]
< >
¥ 2
x
- = I
x 1 -4
- J —
L)
!
L] % i

i "Nb+n
] | 3 E.-¥IMEV
) F P EMISSION

| E-RITNEY

o TRALLER M3
= Kook Wit
PEMSSON 2o
S S S S R
ENERGY [nev) (] t 4 3 [ » 2 7]
EMERCY (Mev)

Fig. 1. Calculated proton production ( CM system) from
93

Fig. 2. Proton production (CM system) from 93Nb+n at 141 MeV 1in-
Nb+n at 14.17 MeV incident neutron energy. Solid line:

cident neutron energy. The calculation comprises the

FM = 230 MeVJ, with pairing; dotted line: FM = 400 Meva, contributions of (n,p) and (n,n'p).

without pairing.



m‘ LRI S SRS Sese St Snsa SIS S Sl S S e o

_ “Nb+n
HLJF ﬂ'ﬁﬁ * o f“"\, E\ lﬁ SrglED\g
”Nb *N \ \.0"

' F.- I5MEV w? '
P ENISSION

W [Nyl

£ Tr/mev]

E ﬂl
o anes P
—
4 — . B T "
[} 3 4 [} 3 | ] Q “ ° Pt 2 3 4 %5 6 7 B 9 10 11 12 13 14 15
BMERGY [rev] SERSY (V)
Fig. 3. Same as Fic. 2 for 15 MeV incident neutron energy. Fig. 4. Neutron production (CM system} from 94b+n at 14 Mev in-

citdent neutron energy. The calculation comprises the

contributions of (n,n') and (n,2n).

109



Fig,

5.

+
o MIRCRIKOWSYT 943
— (g B

g [M8/ mev]

T

"Nb+n
E-25SMEV
A ENISSION

¢

Same as Fig. 4 for 25.5 MeV incident neutron energy.

ENERCY {MEv]

R R T M TR TR

A

Fig. 6.

[m8 /52 mev)
1

¢
~ iz
T
| ]
-+ 7
; i
I r'd
’
’I

Eu —\‘\
No+n A
IE,-555MEV

N EMISSION

b

! - A
o - \ 4
L LA ]
+ \\
\\
\ +
\
— \ ]
I \
\
s —_]— 4
\
A
\
\
\
it
- r,nuuxowm L4 t
- (AL 98 \

I N ETET)
ENERCY [MEV ]

Same as Fig. 5 for two angles.



Fig.

m

7.

[ I T T T L I v LS
~—
§ 4
L ]
—
2y 1
1 _?:
L

'
N |

LA S B A
i

| "Nb + DTL
- Eorey T

O EMISSION

1 .
- 3
-
[ o ICRER 1
o x WRHAN 172 '4
—ou vn |
" Aok a 4 "~ .~y P TR T S |
[} ] 1 b n 1 ] 0
ENERLY (HEV)
Alpha~-particle production (CM system) from 93Nb+n at Tig. 8.

14 MeV incident neutron energy. The calculation comprises

the contributiors of (n,a) and (n,n'a).

[8/NEY)

N}

Same as Fig.

.

Py,

"Nb+n
E.-15MEV
X EMISSION

a (RNES W]
— (A By

PRNEIFY

EMERLY [MEY]

7 for 15 MeV incident neutron energy.




n

CROSS SECTION ( 100 MB)

Fig.

'a . g v r v T L v T v T
17
16 1
15
14
13}
12 !
|
11f
10} * i
ol |
8} } :
2} {
[ 1
5t { s wrun’ 1
¢+ WX
4t 92, ::l‘b(‘:";
No(n,2n)™Nb i 5x
3 * n) n Bl -
2
1
&
0 N . . . . . . .~ . . .
10, 11 12 13 14 1§ " 16 1? 18 19 20 21
L EMERGY [HEV)
9. Cross section for the reaction 93Nb(n,2n)92Nb versus in-
cident neutron energy (lab. system).

CROSS SECTION [ 100 MB)

Fig.

10.

m—

—

—_
—_——
_._
_._
——
——
————

Nb(n,2n) ™ Nb

"

{mtrenagd (B IONIOsO

13 14 15
ENERGY {NEV)

Cross section for the reaction

cident neutron energy (lab.

93

system) .

Nb(n,2n) 2 ?™b

20 21

versus in-



D—r———T— Ty 18 (—v e iy ey e
19¢ 4
18 - an soY 3 93 90m
v b(n,a) Nb(n,a) Y
16 1 8t
15t 4
4
14 .I ? !
= i3f x wana 1 P~ X man n T
B Ol iemd 4 T S |
- —:. k‘l? -— ::b’!nlﬂ-llfln
g M = 3 w2
§ 10} § 6 = miwil .
E ol G
7] #
& et g 4
b1 ?
| ]
6f 3t
S.
4 2} :
3} 1
2} 1 1}
1t 1
0 A A A " U S GO S { " " A . s a )} — " N " " N " A A " a PO Y A -
2 3 4.5 6 72 8 9 10 11 12 13 14 15 16 12 (8 19 20 21 31 4 5 6 8 9 10 11 12 13 14. 15 16 17 18 19 20 21
ENERGY (DNEV) . ENERGY [HEV]
93 90 93 90m
Fig. 11, Cross section for the reaction Nb(n,a) Y versus in- Fig. 12. Cross section for the reaction Nb(n,a) Y versus in-
cident neu:iron energy (lab. system). cident neutron energy (lab. system)

n



L
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Abstract

Status of the evaluated nuclear data for structural materials is
outlined with emphasis on JENDL-2. The evaluated data in JENDL-2 are
reviewed mainly for Fe, Ni and Cr which are the main constituents of
stainless steel. The discussion is focussed on the cross-section data
of interest in fast breeder reactor, fusion reactor and other appli-
cation fields of atomic energy. The problems associated with the data

evaluation and the requirements for the data format are also noted.

I. Introduction

The requirement for nuclear data of astructural materials has
extended over variocus items as the application fields in atomic energy
have spread, and the requirement for their accuracy tends to become
severer. The data for structural materials are needed not only for the
development of faat breeder reactor (FBR) and fusion reactor but also
operation, maintenance and decommissioning of reactors. These data

include the cross sections for estimating induced-activities and the

hydrogen~ and helium-production cross sections for damage evaluation.

In this paper, these evaluated data in JENDL-2 are reviewed mainly for

Fe, N1 and Cr which are the main ;onatituents of stainless steel. The
discussion 18 focussed on the evaluated data for the resolved resonance
parameters and for the inelastic scattering and threshold-reaction cross
sections.

The measured and evaluated data on the neutron cross sections of
structural materials for fast reactors were widely discussed at the 1977
Geel meetlngl). At that meeting Smith et 51.2) reported the status of
the experimental data for structural materials in relation to FBR.
FroehnerJ) discussed on the neutron resonance cross sections for
structural materials at the 1978 Harwell Confer;nce. The discussion for
the neutron capture data was given at the 1982 ANL meetinga). The
topical discussion was held for the nuclear data of structural materials

at the 21st NEANDC meeting in 1979. Rowlands et 51.5)

reviewed the
gtatus of the neutron cross- gsection data for structural materials at
the 1982 Antwerp Conference. The present review will be given so as to
avoid overlap with the discussions described above. Some probiems in
data evaluation are also described.

6)

The first version ° of Japanese Evaluated Nuclear Data Library

(JENDL) was released in 1977 with the aim of being used mainly in design

N for JENDL-1

calculation of fast breeder reactor. The benchmark tests
have pointed out various problems although the tests have showed good
results as a whole. Besides, addition of some important nuclides to
JENDL has been required for use in wider fields of applications, i.e.
fusion research, radiation shielding, nuclear fuel cycle etc.

The second version (JENDL-2) has been compiled to meet most of

these requirements. The number of nuclides {n JENDI-2 was Iincreased

from 72 (including 28 FP nuclides) in JENDL-1 to about 170 (including
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albout 90 FP nuclides). The upper limit of neutron energy was extended
up to 20 MeV from 1% MeV., An outline of the data evaluation for JENDL-2

has already been described elseuhereﬂ) The benchmark teats have been

perforiedg) on the JENDL-2 data for some selected nuclides, and have

showed that JENDL-2 gives satisfactory results for fast reactor calcu-

lations. JENDL-2 contains the evaluated data for 5lV, Cr(SOCr, 52Cr,

7
SJCt and 5l.Cr). 5SHn, Fe(SAFe, 56Fe. 3 Fe and 58Fe), Ni(SBNi, 60N1.

61N1. 62N1 and 64N1), Cu(ﬁJCu and 65Cu), 93Nb and Ho(ngo, 94Mo, 95M

96Ho, 97“0, 98Ho and 100Ho) as structural materials. The whole

O,

reevaluation of the JENDL-1 data was made for most of these nuclides.

The status of the JENDL-2 data for structural materials is
discussed in comparing mainly with the data in ENDF/B-1V and KEDAK-4 for
the topical items described above. As ENDF/B-V is not generally
available except the special purpose files, we examine the old ENDF/B-1V
dasta which have been still used widely in Japan. We have not yet
examined the ENDLB2 file, the SOKRATOR file, the RCN-2 file and JEF
{Joint Evaluated File), snd have no information about the recent

gituation of the UKNDL file.

11. Status of Evaluated Data for Structural Materials

i. Neutron resonance parameters and low-energy neutron cross sections

JENDL~-2 and EMDF/B-IV give the resolved neutron resonance
parameters, instead of pointwise data, except for light nuclides. ‘In
JENDL-2 the resonance parameter sets were obtained from the experiments

before 1980. For the Fe data of ENDF/B-V a new evaluation for the
0)

1
regonance parameters has been made , while the resonance parameters of

celD 12)

and Ni in FNUDF/B-V have bLeen left as they were {in ENDF/B-1V.

Since the Geel meeting in 1977, the measurements on the neutron
resonances of {iron have been performed in Geel and KFK. However, these
data were not considered in the above data files.

Figurea 1 to 3 show the comparisons of the evaluated average
capture cross-sections for Fe, N1 and Cr, respectively, in the neutron-
energy range between 1 keV and 500 keV which 18 important for FBR. For
the raprure dars of Fe end N{ there was genevally wou large discrepancy
among the evaluated data flles. As shown in Fig.), however, the Cr data
of ENDF/B-1V deviate largely from the other evaluated data in the
energlies from 10 keV to 60 keV, {n spite of having the rescnance
parameters similar to those of JENDL-2, It is found that the Cr data of
ENDF/B-IV have a large "background" cross section for neutron capture.

3

As we pointed out elseuherel , this might cause the overestimation of
the central reactivity worth observed in the benchmark tests7).

As important data for structural materials there is the well-known
"window" cross sections of 56Fe around 24 keV, This "window" cross
section was not able to be reproduced with the regonance parameters o
the multi-level Breit-Wigner (MI.BW) formula without backgronnd creoss

13). Froehner3) showed that the

section, in both ENDF/B-1V and JENDL-1
Reich-Moore formalism was adequate to calculate these "window' cross
sections without any "background” cross section. However, the Reich-
Moore formalism have been excluded in the recent ENDF/B-V format

5)

1
rules In JENDL-2 the "window" cross sections was reproduced with
the MLBW formula by trancating the contribution from higher distant
levels. This was made by using the subsection structure i{n File 2 of

the ENDF/B format. The subsection structure in the resolved resonance

reglon 18 not allowed In the ENDF/B format. In the fiual JENDL-2 file,



therefore, the data in thia structure was altered into the ordinary one
with the "background" correction.

The shape of off-resonance cross section as well 88 the "window"
one 18 very sensitive to the effective scattering radius R'. 1In
general, however, the values of R' have not yet been investigated in
detail and older data have often been used. Table 1 lists the values of
R' used in JNEDL-2 and ENDF/B-IV and the recommended values of BNL-325

17). The R' values in the evaluated data file

3rd ed.lG) and 4th ed.
have often been taken from the recommended ones of BNL-325. For some
nuclides in JENDL-2, however, the R' values were determined so as to
provide a good fitting to the experimental data.

Unfortunately, few experimenters on neutron resonance have
generally given the R' values used (or fitted ) in a shape analysis of
resonance in their literature. On the other hand, almost all the
resonance analyses have provided a single values of R' in rather wide
neutron energies, although the R' value 1s essentially dependent on
neutron energy. As a matter of fact the energy-dependent R' values
needed for the evaluations of the Ni isotope datala) in JENDL-2 and of

56Fe datalo)

in ENDF/B-V. However, the energy-dependent R' is not
allowed in the present format of ENDF/B.

2. 1Inelastic scattering cross sections

The inelastic scattering data for structural materials are most
important for both FBR and fusion development. Although many
measurements on the inelastic scattering have been performed recently
the status of experimental data for structural materials is yet
unsatisfactory and the main part of the data evaluation for inelastic

scattering has to rely on theoretical estimation.

In JENDL-2, the evaluation of the excitation cross sections for
some low-lying levels was made based on measured data. For example, the
excitation cross section for the B45-keV of 56Fe were estimated from the
measurement on (n,n'y). The high-energy part of the inmelastic
acattering cross sections for aome levels of Cr and Ni was estimated
using the measured data. However, the inelastic scattering cross
sections for most of the discrete levels were generally estimated from
the statistical model calculations with the CASTHY codelg). In order to
make these calculations on a common base, ghe parameters for the optical
model and the level density have been studied systematically. Kauaizo)
has determined the spherical-optical model parameters for structural
materials to reproduce the experimental values of the average total
cross section in rather wide energy range of a few tens of keV to 20 MeV

22)

(SPRT method ). Figure 4 shows an example for some structure

materials. Kawal's parameters also explain well the angular distri-
butions for the elastic scattering over wider energy range as shown in
an example for chromium (Fig.5). The level density parameters have been

determined systematically by YoshidaZI)

23)

for the composite formula of
Gilbert-Cameron , which was corrected for the spin cut-off factor,
using recent data of the level spacing and low-lying levels.

The evaluated inelastic scattering cross sections for some major
levels are shown in Figs.6, 7 and 8 for Fe, N1 and Cr, respectively, in
comparing with the experimental data. These evaluated data of the
inelastic scattering cross sections are in good greement with the
experimental data below several MeV.

The sensitivity analyses have been carried out to examine the role

of the partial inelastic scattering cross sections for the Fe data of
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both JENDL~1 and ENDF/B-IV from the viewpoint of shielding applica-
:10n2h), and {r was pointed out that even the contribution from minor
diacrete levels should not be disregarded in the data evaluation of the
inelastic scattering cross section. In ENDF/B-IV the contributions from
57Fe and 5B!-‘e on the inelastic scattering cross sections of element Fe
are neglecte& while these are taken account of in JENDL-1 and -2.
However, all the Fe stable isotopes except 571-‘45 are even nuclides uich
large level-spacing compared to that of 57Fe, and all the contribution
from the levels below the first 845-keV level of 56Fe results in the
low-1lying levels of 57Fe. The sensitivity test indicated that a neutron
flux below 10 keV increased about 60 X at 30 cm from the central
0.65-MeV source when the cross sectlons for lnelastic sacttering to the
low-lying levels of 57Fe and SBFe were added {n the ENDF/B-1V data. It
also showed that t e neutron flux increased by about 20 X even for a
14-MeV neutrons. On the basis of these tests the Fe data of ENDF/B-V
have been reviged in 198225).

The analysis of the trasmitted neutron spectra below a few MeV alsn
indicates some features of the inelastic scattering cross section for
structural materfals. Kimura et 81.26) have tested the evaualted data
of Fe, Ni, Cr, Ti, Nb and Mo in JENDL-2/JENDL-1 and ENDF/B-1V through
transmitted neutron spectra, and have showed that the inelastic
scattering cross sections to discrete levels often are very important in
the prediction of spectrum.

Although JENDL-2 gave rather good results in the benchmark (estsg)
for the fast reactor systema as described above, some problems have been

pointed out in analyses of fusicn neutronics, particularly on the

fnelastic scattering crogs section for higher-energy neutrons. The

m

benchmark teat of the Fe data in JENDL-2 has heen performed for the
experiments on trasmitted spectra of the 14-MeV neutrons by Hansen et
alZB). Figure 9 shows the comparison of the experimental neutron
leakage spectrum with the calculated ones from the evaluated data. The
spectrum calculated with the JENDL-2 data deviates markedly from the
experimental one in the neutron energles of a few MeV to about 12 MeV,
he talvuaiied one from the ENDF/B-IV data are In good agreement
with the experimental data. This resulted from the fact that the
first-level crogss section of Fe in JENDL-? was underestimated by several
10 mb above a few MeV because of neglecting direct process in the data
evaluation, as shown in Fig. 6. As the JENDL-2 data for structural
materials aimed originally to be used mainly for fast reactor calcu-
lations the direct process was igonored. This drawback is very severe
for the fusion reactor applications and will be revised before the
compilation of JENDL-3.

Takahashi et 31.29) have also measured the secondary neutron

spectra scattered inelastically from astruciural materials using the

1
)
Q
3

14-MeV neutronsa, and hav mpared the measured specira with the
calcualted ones from the ENDF/B-1V data. They have showed that the
measured spectra have strong anisotropy in the neutron energles cf 5 to
14 MeV and the anisotropy should be considered correctly in the
evaluated data of the inelastfc scattering cross sections for discrete
levels.

3. Threshold reaction cross sections

As for the threshold reaction crogs sections, the evaluated data

have to be given accurately for each stable isotope. In some cases, the

threshold crosg gectfon of element 1s not usually determined by that of



major isotope. For the reactions whose experimental data were
abundant, the evaluated data of JENDL-2 were obtained by a leasst-squares
fitting to the measured valuea. For the other threshold reactiona the
cross sections were estimated from theoretical calculationa combined
with experimental data. In the theoretical calculationa the multi-step

30) and GNASHJI)

Hauser-Feshbach evaporation codes, GROGIL were often used
and the ‘calculated values were usually normalized to the so-called
14-MeV values. The parameters for the optical model and the level
density described above were uaed.

The (n,p) cross sections of element Fe above 10 MeV are governed by
the contribution from 56?3 of the major isotope. Below 6 MeV, on the
contrary, are determined by the (n,p) cross section for 54?2 with minor
abundance. The (n,p) cross section of 56Fe is as well known as it has
been utilized as a standard for dosimetry. In Fig. 10, the 5l'l"e (n,p)
croas section of JENDL-2 are compared with both the other evaluated data

and the experimental ones. The evaluated data of the 34

Fe (n,p) cross

section 1s also satisfactory below 6 MeV, while the data between 6 and

14 MeV are still uncertain. Heace, it 18 considered that the (n,p)

data of element Fe have been established. The (n,p) cross sections of

element NI and Cr are determined mainly by 58N1 and 52Cr of the major
58

isotopes, respectively. The (n,p) cross section of Ni 18 well known

as dosimetry reaction and the evaluated data are sufficient. Those of

52Cr, on the other hand, are still unstisfactory as illustrated in Fig.ll.

~ .
The measured data on the (n,n'p) cross sections for structural

materials are generally scarce and moreover are limited around 14 MeV.

* The (n,n'p) cross section meana the sum of the (n,n'p) and (n,pn')

cross sections. The (n,n’a) cross section means also like this.

The (n,n'p) cross sections for structural materials have a general trend
to be in the same order of magnitude as that of the (n,p) cross section
around 14 MeV and to increase abruptly with decreasing the (n,p) cross
section. Hence the (n,n'p) reaction significantly contributes to
hydrogen production in fusion reactors in spite of the minor effect in
FBR systems. The other hydrogen production reactions of (n,d), (n,t),
(n,2p) etc. are generally less important for structural materials in
these energies. Therefore the evaluated data file should contaln
accurate data of the (n,n'p) reaction for structural materials. As the
data evaluation for the (n,n'p) reaction has to rely fully on the
theoretical estimation in the present, a series of the recent
measurements on the charged-partice-producing reactions for structural

materials at Lawrence Livermore Laboratory32)m3a)

is very valuable for
evaluating the gas production data. Figures 12 and 13 show the
comparison of the hydrogen production {(n,p) + (n,n'p)] cross-section
for element Cr and Ni between the evaluated and experimental data.
Although the JENDL-2 data on the hydrogen production cross section for
both Cr and Ni are in good agreement with the experimental data by

32)

Grimes et al. at 15 MeV, the evaluated ones at higher energies remain
uncertain. On the other hand, the hydrogen production cross sections
for Fe in ENDF/B-1V agree with the experimental data as shown in Fig.
14. The Fe data in JENDL-2 and KEDAK-4 are insufficient for the
hydrogen production because of no data of the (n,n'p) cross section.

In general, the (n,a) and (n,n'a) cross sections for structural
materials are not well known and the requirements even for the (n,a)

cross sections have generally not been met. The status of the

experimental data on the (n,a) and (n,n'a) cross sections has not
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changed sBince the review by Smith et al.z) at the 1977 Geel meeting.

The 1ron (n,x} cross sections src largely governed by the contribu-
tion from 6Fe. However, the (n,a) cross section of 56Fe cannot be
measured with activation techniques and then has to be estimated from
theoretical calculationg. On the other hand, the SAFe (n,a) cross
section 18 rather well known, as shown in Fig.l5. The evaluated
data for the helium-production cross section of element Fe are compared
with the experimental data in Fig. 16. Although the Fe data of
ENDF/B-1V for the hellum-producing cross section 18 in a good agreement

32) 5)

with the experlmental data of Grimes et al. and Kneff et nl.] , the

JENDL-2 and KEDAK-4 data are largely overestimated. This might be due
to the overestimation of the 56Fe (n,a) cross section.

In the (n,a) cross section of element N{ the contribution from SBNi
of the major isotope is dominant. The measurements on the (n,a) cross
section of 58Ni are limited around 14 MeV, and the measurement of the
(n,n'a) cross-section has not been made. Flgure 17 shows the compariaon
of the evaluated data for the helium-production cross section of element
Ni. Both the (n,n‘a) cross-section data of JENDL-2 and the (n,a) ones
of ENDF/B-1IV seem to be overestimated. Thus the requirements for the
helium-production cross section of element Ni are not met.

The measured data on the (n,a) crogs section for stable isotopes of
Cr are available only around 14 MeV. 1n JENDL-2, therefore, the
evaluated data of the (n.a) reaction cross sectlions for the Cr {isctopes
were obtained from the theoretical calculations. 1In Fig.18 the
evaluated (n,a) and hellum-production cross sections of element Cr are
compared with the experimental data. The agreement between them {s

falrly good as compared to the cases for Fe and Ni. The evaluated (n,n)

cross section of JENDL-2 are 1n good agreement with both the measured
data by Griwmes et ui.]z) and ihe ENDF/B-1IV data of the heiium
production cross section at 15 MeV . This fact suggests that the
{n,n'a) cross sections of element Cr are less prominent for helium
production, at least below 15 MeV. The helium production cross sections
for other structural materials would be in the situation similar to
this.

The evaluated (n,2n) cross sections of JENDL-2 for Fe, Ni and Cr
are compared with the other evaluated dats and the experimental ones in
Figs. 19 to 21, respectively. No structural material except 9]Nb and Mo
acts as neutron multiplier for fast breeder reactor and fusion reactor.
However, some (n,2n) cross sections are of considerable interest in

production of activity as described below.

4. Activation cross sections

Among the reactions described above, all the reactions conducted
towards induced activity are treated as activation ones. The various
types of the activation cross sectlions are needed for estimating fnduced
activities for some structural materials. In the present the large
evaluated nuclear data files do not treat the data relevant to
activation reactions, except the special purpose files for fisslion
products, dosimetry etc. and some files have been compiled to estimate
the induced activity in connection with computer-code system (for

6) -
36),31) }. Most of these files are tentative and

example, THIDA library
the data contalned In these files avre restricted In a small number. The
needs for such data file have Increased gradually. Fortunately the

format for the fsomer-production cross section has been newly defined In

ENDF/B-V. Thevrefore, {1t would be desirable that the general purpose
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file contsins isotopic data as in JENDL and KEDAK, not only elemental

data, and gives the activation cross section for many nuclides.

111 Further Problems in Data Evaluation
The following problems are pointed out through the above
discussions on evaluated data for structural materials.
(1) Systematic study on parameters for optical model and level density
As described above, a considerable part of data evaluation has to
rely on theoretical calculations. In the calculation, plenty of
parameters, especially the parameter sets for optical model and for
level density are needed. For individual data files, it 1s necessary
that these parameter sets are determined systematically in data
evaluation. For the optical-model parameters, it 1s also desirable that
a single data-set can cover a wide energy range. Although the Gilbert-

23)

Cameron's parameters for level density have been widely used, these
parameters remain as they were obtained based on rather old data.
Therefore a whole revison for these data is required. Another approach
for level density has often employed the back-~shifted Fermi- gas

38-40) 41)

model in which Lang~Le Couteur formulation was used. Dilg et

31.42) have given the parameters for this model in the mass range from
40 to 250. Hence, it 18 desirable that nuclear model codeé can accept
these two types of the parameters for level density.
(2) Consistent nuclear model calculations
The evaluated data above about 10 MeV for structural materials are
generally insufficient except the total cross sections of elements. For

applications to fusion reactor development the improvement on the

accuracy of these data 18 required especially for the inelastic

scattering cross section. In the theoretical estimations for this data,
the direct process and the pre-equilibrium process have to be taken into
account at higher energies. The coupled-channel calculation 1s required
for the low-lying levels with collective states. Especlially these
processes should be estimated in a consistent way with the statistical-
model calculations. The parametrization for the coupled-channel
calculation 1is also required.

(3) Variety of evaluated data in general purpose file

Generally the data evaluation for general purpose file should not

be directed towards specific engineering objectives and should be done

for all the significant reactions and for all the stable isotopes
existing in element.

For gas-production estimates the data evaluations for both the
{(n,n'p) and (n,n'a) reactions are essential. Especially the data on the
(n,n'p) reaction are indispensable for hydrogen-production estimation.

Recently the evaluated data on photon production (cross section,
angular distributions and spectra of photon) are needed for the
applications to shielding calculation, gsmma~heating estimations and so
on. Nevertheless only the ENDF/B file and the ENDL file have the
evaluated data on photon production for restricted nuclides. Moreover
these photon-production data are not always enough both for accuracies
and for the number of nuclides. Some photon-production data in
ENDF/B-1IV are lacking in energy balance. This 1s because the data
evaluations for photon production (files 12 to 15) would have been made
independently of that for the other reactions. 1In the ENDF/B-V data
this point might have been fully improved, but these ENDF/B-V data are

not avallable outside U.S.A. and Canada. JENDL-3 aims to have the
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photon production data for some prominent nuclides including structural
materials. The large evaluted data files ahould have ihese data for
many nuclides.
(4) "Background" cross section

An arrificial "background” (or "smooth") cross section has often
been used unavoldably 1in the evaluation for the resonance cross section.
Since the background cross sections affect the calculations of Doppler
broadened cross section and of self-shielding factor, the backgrounds
should be given in small amount and in smooth curve without structures.
However, in the case thar the evaluated parameter set 1s obtalned by the
formula which 18 not permitted for data file, the background cross
sections have sometimes large positive or negative values and show

complex structures. In this reason it is desirable that various

resonance formula are permitted for data evaluation, as described below.

V1. Requirement for data format

In the present the ENDF/B format has been widely used in the world
and rhe number of data file which adopts the ENDF/B format has gradually
ivcreased. The JENDL-2 data have been compiled in the ENDF/B-IV format
“nad JENDL-3 intends to adopt the ENDF/B-V one. From this standpoint, we
wiuld address some requirements for the ENDF/B-V format and {ts format
rules.

Experimenters for the neutron resonances have often used the
Reich-Moore formalism in thelr analysls of the resonance parameters for
med lum-wefght nuclides. As described above, the Reich-Moore resonance
parameter representation is no longer permltted in the ENDF/B-V

5)

1 .
format . This causes the adoptlon of unreasonable "background” cross

section to use the formalism d{fferent from that of the resonance
parameters obtained orfginally. Therefore, the ENDF/B-V format would be
better to treat the Refch-Moore representation of the resonance
parameters at least in the manner similar to FNDF/B-IV.

The data evaluation for the accurate resonance cross sectionse
requires the energy-dependent effective scattering radius. The ENDF/B-V
formet hee not accepted the energy-depeundeni scaitering radius in Fiie
2. Therefore, we expect a partial revision of the format rule in

ENDF/B-V for this respect.

V. Conclusions

The JENDL-2 data for Fe, Ni and Cr are reviewed in comparing with
that those of ENDF/B-IV and KEDAK-4. The crosgs sectlons for the
resolved resonance, neutron capture, inelagtic scattering and threshold
reactions are disccused. Although these evaluated data for structural
materials are satisfactory for fast reactor cslculations some drawbacks
are observed for applicatfon to the fusion research. The further
problems on the data evaluation are pointed out throngh rheae
discussions. The requirements for ENDF/B-V format and its format rule

are also presented.
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ABSTRACT

The attempt to apply the dynamic model of the deformable rotator
for nonarigl nuclei to the neutron cross—section calculations

has been made. The parameters of nuclear softness and nonaxiality
are determined from the experimental data according to the level

schemes; then the coupled-channel method is used. The channel

coupling strengthening leads to the direct excitation growth of

inelantic levels.

Neutron Energy (MeV)

The purpose of further development of theoretical modele is
21. The (n,2n) cross section of Cr. to minimige the disagreements between theory and experiment, and

in particular to obtein the detailed description of fast neutron
scattering processes. In this context the application of dynamic
theoretical nuclear models for the evaluation and theoretical
prediction of neutron croes-sections 18 of interest.

Davydov and Pilippov /1/ postulated the existence of mnon-
axial nuclei. They calculated the energy spectra and E2-transi-
tion probabilities using the asymmetrio rotator concept. Asymmet-

ric rotator model generalization made by Davydov snd Chaban /2/,
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enabled to take into account the nuclear extension effect while
rotating and to link nuclear deformability properties relative
to longitudinal vibrat{ons with the energy of p ~vibration
spinless excitations, According to this theory the longitudinal
Y ~vibrations of nuclear surface are taken into account only by
the introduction of the effective parameter, ¥ ,,, (nonaxiality
parameter). The second parameter of the theoretical modol,)ﬁ »
is determined by the relation of the gero-point vibration ampli-
tude of the nuclear surface in its ground state to the value of
nuclear shape equilibrium deviation from the spherical state.
The value j%. = 0 corresponds to the complete exoitation expan~
sion into rotations and vibrationa (adiabatic approximation);

hence, the paremeter }1 can be termed as a nonadisbatic pare~

meter, The more jﬂ is, the larger corrections to adiabatic appro-

ximation are. The parameter|/1 describes the nuclear shape in
relation to longitudinal vibrations and is referred as a nuclear
softness parameter. The nuclei with neutron and proton numbers
far from the magio ones are the most rigid towards the longitudi-~
nal vibrations. As fast as neutronsland protons approaching the
magic numbers one can observe the cosiderable increase in nuclear
deformability relative to the longitudinal vibrations.
Por the nuclei with 50 < N < 82 the value of ¥ is near to

O.4. In this connection there is no pronounced rotational state
in this nuclear region. The excitations of nuclei with )1 and

Y ~values less than 0.2 are characterized by rotational banda.
It 18 juat these nuclei that are attributed to the non-spherical
ones ( A = 19¢28; A = 150+190; A = 222).

The nuclear shape deviation from the rotating ellipsoid

.oanses to the violation in the main rotational band of the inter-

val rule., Moreover taeking into account the effective nonaxiality
one can observe that it leads to the appearance of new anomalou:s
bands that are the composite excitations of a rotational-vibdbra --.
tional type. Within the framework of the nonaxial asymmetrio

rotator model the nucleus 56

Pe, for exmmple, has the value of
/K;—O.S and that is why it shows more deformability relative to
the longitudinal extensions and compressions (soft nucleus).

The excited states are of a very complicated nature in the soft
nuclei and therefore their division into rotational and vibra~
tional excitations ims rather relative.

The model of the asymmetric rotator gives the same energy
level behaviour both in qualitative and quantitative respect as
the vibrational and rotational model /3/. For nuclei -~ soft vib-
rators (structural materials) the predictions of the rotational-
vibrational model and of the asymmetric rotator model are simi-
lar and in a good agreement with the experimental, Both models
are equivalent in taking account of rotation and vibration
interaction at least for the loweai rotational banda.

The asymmetric rotator model proposed by Davydov and
Chaben /2/ makes use of the parameters  and ) , which should
be determined from the experimental data on energy levels.

The model permits to describe the nuclear level schemesa by their
fitting using two, parameters - the parsmeter of softness /ﬂ
and the parameter of nonaxiality x o It means that the type of
Hamiltonien which is used for the calculation of the nuclear
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levels is correct enough and for that reason it can bha used for
neutron cross—seoction oalculationa by the coupled-channel method.
The attractivenesa of the model 18 that it allows to take into
account the fact the: sometimes the energy nuclear levels ars

the mixture of diff: -ent bands that is, certainly, essentisl
while calculating murrix ocoupling elements. Thus, for instance,
tor 238y 43 Ke7 2% laevel, that ia regarded ss being bslonged to
the band of K«0 according to the traditional ocoupled-~channel
method, 1is a mixture of two states with K=0 (~ 99 per cent) and
K=2 (~ 1 per cent) ia the nonaxial rotator mcdel, Naturally, it
results in greater state coupling strengthening. Similar examples
can be given for nuclei of atruotural materials.

The asymmetric rotator model can be used for the neutron
cross-section calculation using coupled-channel method. In this
case one needs to calculate the matrix coupling element for diffe-
rent states. It can be shown that in comparison with the tradi-
;ional coupled-channel method the matrix elements in the asymmet-
7ic rotator model acguire one more factor, assocliated with shape
vibrations. This fac:or is always more or equal to unit. Por
4eT:l it is equal on sn average to 1.5 for different states; for
chromium - ~ 1.2, These values are the funotions of the nuclear
softness and noraxia’ity which are determined by the fitting of
a theoretical level ccheme to experimental data. The channel
soupling strengthening leads to the direot exoitation of inelastic
levels by the eame crder vealue., The fact that the model takes
into acoount the nuclear shape (nonaxiality) more accurately
:nables to the more correct account of angular distributiomns of

neutron scattering on nuclear levels.

8 reapsctive computer programme was writien that permits
to carry out the neutron cross-sections calculations.
Pig. 1 shows the experimental data in comparison with the '

56pe and 4811 oalcu-

theoretical values of the energy levels for
lated acoording to the asymmetric rotator model /2, 4/. One can
see the satisfactory agreement of the compared values. The values
of j” and X—-parameters and the strengthening coefficients of

:[;‘) matrix elements for nuclei of 56Pe, 48Ti, 7636 obtained
within the framework of the model under.consideration are given
in Table 1. Undoubtedly that for the application of the defor-
mable nonaxial rotator model within the framework of the coupled-
channel method there i1s the necessity of the thorough determina-
tion of nuclear potentiel paremeters as it is being generally
done in the traditional coupled-channel method. This kind of
work is carried out in our laboratory, however we haven't yet
mansged to obtain optimum potentiel parameters and to carry out
the calculations for the number of nuclei, that, certainly, doesn't
allow to draw the final conolusions concerning the place of the
model considered among the other available models. Pig.2 and 3
illustrate the calculation results of angular distributions of
elastic and inelastic neutron scattering for 4811 at En-3.9HeV
and their comparison with the experimental data /5/. The Hauser-
Peshbach formalism was used for the calculation of the compound-
nucleus oroas-sections; the direct process cross-seotions were
calculated by the strong coupled~channel method with the asymmet-
rio rotator model.

At this stage it would be premsture to draw the definite con-

clusions of asymmetric rotator model possibilities for nuclear
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data evaluation purposes. However, one can hope that the use of
more correct ideas of the type of nuclear Hamiltonian with the
possibility of its parameter determination through the experimen-
tal data on nuclear level schemes enhances the reliability of the
results being received by the coupled-channel method.

Table 1. Values of softness parameter'f% , nonaxiality
parameter ¥ and matrix element strengthening
(1
coeffioients Iﬁ ) for 56?0, 48’1‘1, 7630

Buol (€)) The type of
o-eus ]1 .K I? transitions
5650 0.689 230441 1.146  (42-0~1 —» 0¥~0-1)

(0.414) I-n-C =1 -n, 7
1.224 (2-0-1 — 2-0-1)
1.279 (2-0-1 — 2-0-1)
48py 0.903 21°30" 1.421  (2-0-1 —=0-0-1)
(0.375)
1.556 (2-0-1 —» 2-0-1)
1.636  (2-0-1—» 2-0-2)
T6g4 0.4395 24°36° 1.086  (2-0-1—= 2-0-1)
(0.429)
1.041 (-2-0-1 —> 0-0-1)
1.116 (2-0-1 — 2-0-2)
1.165  (2-0-2 — 2-0-2)
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Pigure captions
Fig.1. The combarison of the theoretical and experimental energy
level values for 56Fe and 4BTi
Fig.2. The comparison of the calculation results of elastic

neutron scattering angular distributions for 48Ti with
the experimental data /5/ at E = 3.9 MeV

Pig.3. The comparison of the calculation results of inelastic

neutron scattering angular distributions for 4BTi with
the experimental data /5/ at 3.9 MeV (1 - present
calculations, 2 - sphericel optical model, 3 - traditional

coupled-channel model)
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NEUTRON RADIATIVE CAPTURE AND INELASTIC
SCATTERING IN CHROMTUM AND THEIR INFLU-
ENCE ON THE CALCULATED CHARACTERISTICS
OP A REACTOR WITH DISSOCIATING COOLANT

V.P. Korennoy, 0.V. Khatkevich, Yu.G. Fokov,
N.M. Grusha, B.I. Popov

The Institute of Nuclear Power Engineering,
BSSR Academy of Sciences, Minsk, U.S.S5.R.

V.V. VozJjakov

The Institute of Physics and Energetics,
Obninsk, U.S.S.R.

ABSTRACT

The analysis of ( n,b’) reaction chromium cross sections
in different libraries, the calculation of average capture cross
sections and the comparison with the experimental data,obtained
on critical assemblies, have been carried out in this paper.
The derivation of the calculated values from the experimental
ones exceeds measurement errors. The best agreement with the
experimental data has been received for the library JENDL-1.
Inelastic scattering matrix for Cr with taking into account
of the last experiments and ENDF/B-V library is obtalned too.
The possibility of data corrections .’(‘01'6:1 and Gin in the
library ABBN-78 and their influence on the paraméters of
fast neutron reactor with dissociating coolant ere being

considered.



141

The crosc section investigation of fast neutron interaction
with chromium nuclel ie of greast interest as this material is
widely used in reactor construction for the radiation stability
and chemical resistance of stainlees steels and alloys. In some
variants of the fast reactors with dissociating coolant ['1_7
chromium content in an active core reaches 30 vol.%. One should
consider the element as nutl only a pure absorber but take into
account its active Influence on 2 noutron spectrum formsiion
when chromium high cuncentrations are being used in the reactor
and this requres higher accuracy of all neutron interaction
cross sections with this matter.

The representative average estimation error of the croas
+ :ctions of neutron capture by natural chromium isotope mixture
is assumed to be equal to 20% in the neutron energy renge of
1-400 koY in the last version of the home group cdnstent library
(ABBN-78) for reactor design and protection /2 7. As it is
noted in this work, the authors have considered insufficiently
reliable data, indicatipng on nesesity fall of neutron capture
cross sections of construction materials.

The inelastic scattering data in ABBN-78 are taken from
Prince estimation [-3_7 for the ENDF/B-IV microconstant library.
The appearance cf new experimental data /~4_7 wastaken into
account in Prince estimation for the fifth ENDF/B version /75 7
and in Nuclear Lata Center estimation (NDC-2) /6 7.

One of the main conclusions that could be drawn from the
results [-4-7 is 8 considerable difference between the measured
inelastic scattering cross sections at levels close to the
threshold and the statistical theory predictions. The results

0f the model calculations, fitted for the reasonable Jdescriptioun

of data at energies higher than the threshold exceed the cross
sections in a nearly threshold region.

In general inelastic scattering on natural chromium is
determined by the scattering at 2*level of “°Cr with energy of
1434 keV that makes a contribution of about 75% at 2 UeV neutron
energy, 65% - at 3 MeV and 30% - at 4 MeV in total inelastic

scattering cross section ér’ . Fig. 1 shows experimental

tot in
measurement results and estimated curves for this level. Prince
estimation /5 7 was completely rested on the data obtained in
[~8 7 that resulted in thot yp lowering 1in nearly threshold
region up to 30% in comparison with ENDF/B-IV. In the estimation
of NDC-2 the gap in this cross section in the neutron energy
region of 1,8-2.2 MeV 18 not described.

The comparison of the calculated relations according to
different constant libraries and measured ones in the Central
Institute for Huclear Reccarch at the SEG-4(P0O-2) assembly /723 7
on the spectrum given in table 1 (forth column) shows that the
deviation of calculated valuem from the experimental ones exceeds
the measurement errors (see fig.2). It being known that the
earlier libraries such as ABBN-70, JAERI-?70, KEDAK—75 give the
absorption cross sections smaller than the experimental ones,
whoreas the tendency of chromium absorption cross ssction increase
has lead to the essential overeetimatioéx(ranging from 25% for
ABBN-78 to 60% in BARC—??)[’Z_? recently. The use of the JENDI-1
library constants gives the best agreement with the experimentally
obtained data,

The 26-group cross sections of chromium neutron absorption,
including the reaction cross sections such as (n,p) and (nui)

rfor the ABBN-78 and JENDI-1 are given in table 1. Lspemcially
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ABBN-78 and JENDL~-1 estimations and neutron

Table 1., Group capture cross sections according to the

* spectrum in SEG-4(P0-2) critical assembly

Table 1. (cont.)

Energy group

ABBN-78 .JENDL~1 Neutron spectrum,
numbe, (6’9. barn <6'c>' barn relative units
1 0.0550 0.0338 0.002
2 0.0140 0.0041 0.014
3 0,0060 0.0021 0.032
4 - 0.0040 0.0034 0.080
5 0.0037 0.0050 0.095
6 0,0037 0.0043 0.132
Vi 0.0043 0.0045 0.113
8 0.0065 0.0061 0.102
9 0.0130 0.0073 0.100
10 0.0220 0.0136 0.083
1 0.0160 0.0081 0.075
12 0.0730 0.0728 0.057
13 0.0360 0.0418 0.042
14 0.1840 0.1400 0.029
15 0.0200 0.0219 0.019
16 0.0290 0.0295 0.011
17 0.0420 0.0414 0.006
18 0.0620 0.0605 0.003
19 0.0960 0.0883 0.002
20 0.1400 0.1275 0.001
21 0.1960 0.1890 -
22 0.2880 0.2775 -

23 0.4230 0.4023 -
24 0.6200 0.5971 -
25 0.9110 0.8770 -
T 3.2000 - -

strong difference is observed in the A14th energy group with
the boundaries of 1-2.15 keV. In this gréup in the capture cross
section <6’c> 14 the main contribution is produced by the strong
52cr P-resonance at Eo=1.626 keV for which the following paramet-
ers are accepted in the ENDF/B-IV microconstant library: J1r=
3/27, T 4=0.600 eV (gr‘nl‘y / " =0.0767). This value contribution
of 0.135 barn is being summed up with the smooth part (0.06 barn)
and if we consider the contributions of the resomances, occuring
above 2.15 keV we obtain <6’c)14=o.154 barn, that is by 16%
lower than the value of 0.184 barn, given by ABBN-78. It should
be noted that wﬁile estimating, the JENDI~1 library presents the
accepted parameters of J1r =3/2", [1n=0.040 eV, f;/=0.444 oV,
which give the lower valus of < ) 4,=0.140 varn and 9/, /;// =
0.0734, being correlated with that of measured by Stieglitz et al
within the error (0.080%0.012) /~18_7.

In this paper the group inelastic neutron scatterlpg cross
section and intergroup transition matrixes have been obtained
on the base of ENDF/B-V and NDC-2 estimations by the technique
in /719_7. The total cross section of inelastic scattering 1s

assumed as the sum of discrete levels contributions in the
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resonance region ranging from the threshold to 2 MeV. The scheme
of chromium isotopes levels that was made use while obtaining
inelastic transition matrix in accordance with ENDF/B-V estimat-
ion 1s given in table 2. The first 2OCr level, the first ~'Cr
level and the five of each fist levels of 52’55Cr are taken into
account in NDC-2 estimation. In the region higher 2 MeV (3Jtot in
was calculated as the difference between total non-elastic cross
sections and the sum of neutron capture reaction cross sections.
While comparing the estimated data an inelasting neutron
scattering cross section an lmportant criterion is the magnitude
2f a fission neutrons removal cross section under the fission
threshoid of 238U, which is determined by the following eguation:

& Jae' b0 6,°4c) Jae 6 (€)1~ 253
rem fa’E’(}b(EQ 6\}23‘/59

The removel cross sectlion for isotopes natural mixture turned

+ut to be 0.53 barn in accordance with ABBN-78 estimation .
iccording to our calculations ENDF/B-~V and NDC-2 estimations
glve the value of 6:!“ lower by 11 and 10 percents, respectively.
Unfortunately, there are no experimental data on thls waguitude.
The intergroup traneition matrixes dus to inelastic scat -
tering and reaction ( n, 2n ) for ENDF/B- V ( upper line ) and
ADC-2 (middle line ) estimations in comparison with ABBN-78
matrix (lower 1ina) are presented in table 3. As it's seen from
the table the matrixes, obtained on the data from / 5,6 7, predict
iower neutron energy dumping owing to inelastic scattering.
The influence of variation accounting in inelastic scattering
cross section according to YNDF/B-V and NDC-2 estimations and 1in

radietive capture cross sections in the ABBN-78 system of zroup

Table 2. Energy level schemes of chromium isotopes

Isotope and its 5OCr 52Cr 53Cr -

Cr
natural abundance 4.35% 83.79% 9.50% 2.365
Elev jﬂ‘ Elov J”r Elev Ji‘ Elav J1r
(MeV) (MeV) (MeV) (MeV)
0,000 ot 0,000 ot o.006 32 o0 o
0.78% 2t 1434 2 o.ses A/27 0,830 2F
2.379 o050 3727
2,047 »* o237 /27
2.758 0t 1.53) /27
2,65 M D U2 T Ve
3.1 JU 20321 3/
3.1,7 ¥
TV v
3.7 3T
3.9 2t
Binding energy
of last neutron 9.262 - 7.940 9.72 6.246
in compound (MeV) (MeV) (UeV) (MeV)

nucleus

neutron constant upon an integral reactor characteristics had

been investigated for a breeder reactor verslon as an example

with dissociating HPOu gas as a coolunt.[—1_7. The changes 1in
6; tot in and (;; werc compensated by according changes of

elastic ecattering group cross sections so that total crouss



Table 3. Infergroup transition matrixes due to inelastic scattering and reaction

(n,2n) according to ENDF/B-V, NDC-2 and ABBR-78 estimations

3 ) 1 2 3 4 5 6 ? 8 9 Sum

0.038 0.363 O0.449 0.3000 0.102 0.056 0.099 0.005 0.0 - 1.333
14 0,038 0.250 0.290 0.347 0.223 0.126 0.046 0.012 0.002 0.001 1.335
0.011 0.231 0.272 0.341 0.238 0.140 0.049 0.015 0.005 0.002 1.304

0,056 0.398 0,443 0,287 0,104 0,032 0,009 0.002 0,001 - 1.332
2 0.063 0.385 0,452 0.274 0,109 0.036 0.010 0,002 0.001 - 1.}}2
0.040 0.386 0,422 0,237 0.109 0.040 0.0n2 0.003 O.,001 - 1.250
0,027 0.441 0.35% 0.119 0.050 0.019 0.006 0,002 0.001 - 1.013
3 0.022 0.419 0.367 0.1M6 0.044 0,020 0.006 0.002 0.00M - 0.997
0.021 O.11 0.397 0.124 0.052 0.098 0,005 0.002 - - 1.060
0.021 0.172 0.211 0.076 0.043 07013 0.004 0.002 - - 0.542
4 0,020 0.172 0.231 0.090 0.041 0.014 0.004 0,001 - - 0.572
0.020 0.182 0.256 0.104 0.044 0.016 0.008 - - - 0.630
- 0.021 0,020 0.008 0.003 0.001 - - - - 0.053
5 - 0,022 0.02% 0,008 0.003 0.001 - - - - 0.057
- 0.022 0.024 0.009 0.004  0.001 - - - - 0.060
section of neutron-chromium nuclei interaction remained constant cal geometry is ised for difference equation solution. The 26-
in ABBN-78 library. The calculation of neutrop spectrum, breedinz group micro-sections were calculated by MIM progr?m (217 1in
coefficient (Keff)' reactor reproduction coefficient (RC) and which resonance effect consideration is being carred out appfing
other characteristics was carried out by DRZM program from NF-6 the formalism of resonance cross section aelf—shflding factors.
program complex /~20_7. Multigroup neutron transfer equations in The typical neutron spectrum of such a reactor active core has thne
DIZM are solved in diffusion approximation. The iterative net- maximum within of 5 to 10 energy groups (21.5 keV — 1.4 MeV). At

point method of variable directions in two-dimensional cylindri- the same time in spite of the small member of neutrons with 1-
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20 keV energy , the strong capture on chromium resonances in this

range leads to the 11-14th group capture fraction ammounting to
about 50%, the half of which accounts for the 14th group. The
resonanco self—shilding accounting of the 14th group capture
cross section (the dilution cross section CY’:10) decreases
this value slightly without ch;ging general conclusions. The
ABBN-78 constant system was used as a basic one in the design of
a rJ%tor. The variations associated with the correction of
resonance parameters at E,=1.626 keV result in RC increass by
2,05 in comparison with the basic calculation. The variations
attributed to the substitution of the ABBN-7/8 capture cross
sections by the group ones of the JENDI-1 library increase RC
by 0.027.
Transition to the matrix obtained from ENDF/B-V estimation

as_calculation show has led to the additional rise of K.re by

0.4% and RC by 0.013, The use of NDC-2 estimation has given the
rise of Keff by 0.2 % and RC by 0.006, respectively.

In conclusion it should be noted that the JTHDL-1 librery
with a lower cap:ure cross section in chromium gives the better
description of the integral oxperimentq[§§7'with the average
deviation of 1.4 % for the relative reactivity coefficent of
chromium samples (JpCr[f;39Pu ) that is indicative of the
possibility to use this library data for the prediction of high
content chromium reactor characteristics.

In order to nake the final choice of evalua'ed data system
on inelastic neutron acattering cross sections for chromium
it's necesséry to cacvy out the additionsl measurements of C;/

in

in the reglon near threshold and the mea-irements of sphere

transmission on chromium samples by a fission chamber with

258’0 for 6

3.

4.

6.

7-

10.

1,
12,
13,
.

rem determination.
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Fig. 1. The excitation cross section of 520r 1434 keV level
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Fig. 2. The relations of the average neutron &absorption

cross sections on chromium calculated according
to different constant 1libraries (~2,3,15,16,1?_7
and tho measured ones on the SEG-4(P0O-2) critical
assembly of CINR(GDR) which are arranged in a
chronological orders
grapfic symbols: o - ABBN-64, O - JAERI -70,

4 - INDR/B -1V (1974), @ - KEDAE-75,

® _ BARC-77, W - ABBN-78, O - JENDL-1 (1979).
The error corridor of experimental data estimated

by 15% is shown by a dash line.

Revised Proposal for a (o-ordinated Research Programme (CRP} on

"Methods for the (alculation of Fast Neutron Nuclear Data

for Structura) Materials"

J.J. Schmidt, D.E. Cullen, H.D. Lemmel, Y.G. Pronyaev
TAEA Ruclear Data Section

This 1s a working paper for use at the IAEA/NDS Consultants' Meeting
on fNuciear UData for Structural Materials, Vienna, 2-4 November 19R3. It
should be considered as a proposal to be discussed and amended during the
meeting. The conclusions and recormendations of this meeting in regard
to this CPP wil)} be submitted by JAEA/NDS to the INOC for approval,
hefore submftting 1t for internal IAEA approval.

1. Background

Fast neutron reaction data for structural materials (Fe, Ni, Cr
and some others) including the enerqy and angular distributions of
secondary emitted neutrons, charged particles and y-rays are of high
fmportance 1n neutron economy and shielding calculations and for the
assessment of nuclear safety and radiation damage in fission as well
as fusion reactors.

With regard to structural matertals, apart from improvements in
evaluated data for a few selected reactions in special purpose files,
the i{nternationally available more comprehensive evaluated neutron
data files used in fission and fusion neutronics calculations are
quite old and gqgenerally no longer reflect the present state of
knowledge. Many of these evaluations, at least partially, date bhack
as far as 1975; since then many new experimental data bhave become
availahle, as 1)lustrated, e.g. by thre many new results reported at
the MNEANDC Specialists' Meeting on Fast Neutran Capture Cross
Sections held at Argonne National Laboratory in April 1982, Also in
the fleld of nuclear models and computer codes, siagnificant
improvements have heen made in recent years in the prediction and
interpretation of non-compound contributions in fast neutron-puclear
reactions as reflected, e.g. in the remarkable improvements achieved
in recent years 1in the description of the enerqy and angular
distributions of secondary emitted particles including consideration
of direct and pre-compound emissions.

These new developments have led to the necessity to improve the
existing evaluations and perform re-evaluations with due
consideration of more recent experimental data and nuclear model
descriptions. As a consequence, new avaluations have been started or
are planned in several countries, and, as part of this overall effnrt,
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1.

a co-ordination of the current developments and uses of calculational
methods for the computation of these neutron cross sections appears
to he timely and desirahle.

Scientific scope and proposed programme goals

The materials to be covered by this CRP should be the elements
and {sotopes of the most common structural materials of fission and
fusion reactors such as Fe, Cr, Ni, which are the main constituents
of steel, inconel and other structural alloys; in additon some other
important materials will he included. The energies covered should
range from resolved resonances to 20 MeV; {in this energy range all
neutron reactions should be dealt with, with an emphasis on neutron
elastic and inelastic scattering and partial reaction cross sections
and secondary particle energy and angular distributions.

Currently recognized prohlem areas to whose solution this CRP
could contribute, are:

- calculational methods for the {nterpretation of experimental
resolved resonance data;

- consfstency problems between fluctuating cross sections of
different neutron reactions in the unresolved resonance
region;

- treatment of elastic scattering angular- distributions for
resolved resonances and {n the unresolved resonance region
(e.g. fntermediate structure);

- treatment of energy distrihutions of fnelastically scattered
neutrons in the transition from discrete to “continuously”
distributed rest nucleus levels;

- problems and methods in the calculation of (n,xn) reactions;

- problems and methods in the calculation of (n,p) and {n,a)
reactions and in the separation of {n,np), (n,pn), {n,na) and
(n,an) reactions;

- problems and methods in the calculation of “small yield"
neutron cross sections for the (n,d), (n,t) and (n,Hed)
reactions;

- problems and methods in the calculation of secondary particle
energy and anqular distributions (treatment of level
densities; transmission coefficients for the various reaction
exit channels; compound, pre-compound and direct
contributions).

Programme objectives

The objectives of the CRP are visualized to be as follows:

4.

(1) discussion and intercomparison of the varfous calculational
methods used and/or developed by the CRP participants in dealing
with the problem areas mentioned under point 2 ahove;

{2} summary of the results of these {ntercomparisons and, {Ff
possible, identification of the most appropriate methods
recommended for use {n calculatfons of neutron cross sections of
the structural materials considered under this CRP, (final goal).

Benefits

Exchange of experience and developments {in methodologies of
calculation neutron cross sections for structural materials will bhe
of bhenefit to

{1) developed countries, since it will accelerate the development of
improved evaluated neutron data files for structural materials
needed for their nuclear power programmes, and to

(2) developing countries, since it will provide an opportunity for
training and 9aining experience 1{n methods of nuclear
cross-section calculations and thus help {in the development of
scientific infrastructure for nuclear technology.

Connection with other programmes

The proposed CRP will partly complement, partly have a natural
interconnection with other IAEA/NDS programes, {.e. with

- the Workshop on Huclear Model Computer Codes organized
jointly by IAEA-NDS and the ICTP {n  Trieste in
January/February 19R4;

- the ongoing CRP on the measurement and analysis of 14 MeV
neutron nuclear data needed for fissfon and fusion reactor
technology;

- the development of an {internatfonal radiation damage neutron
cross section file; and

- the activity in the field of nuclear level densities (IAEA
Advisory Group Meeting in Brookhaven in April 1983},

Participdtion

Many laboratories from different parts of the world are or may
be interested to participate in the proposed CRP:

AML (Argonne), BNL (Brookhaven) and LLNL (Livermore) from the USA;
FEI (Obninsk) and INE (Minsk) from the USSR;

TUD (Dresden) from the GOR;

KFK (Karlsruhe) from the FRG;

ENEA (Bologna) from [taly;

CEN (Saclay, Cadarache, Bruyeres-le-Chatel)} from France;

IRK (Vienna) from Austria;
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8.

ANER (Sofig) ulgaria,

PFY {Bratisiava} from rzechosnovakla.

BARC (Bombay) from India;

JAERT (Tokyo) from Japan;

ECN (Petten) from the Metherlands

IBJ (Warsaw) from Poland

IFIN and [RME {Bucharest) from Romania

AERL (Harwell) from the United Kingdom

CTA/IEA Nuclear Data Centre (Sao Jose' dos Campos) from Brazil.

‘._—
v

EB
"l

Of course, in view of budgetary limitations, only a limited,
carefully selected number of these {nstitutes could participate in
the CRP.

CRP start and duration

Subject to INDC and internal [AEA approval, the CRP could be
started in the course of 1984 by concluding research agreements or
contracts with several {nstitutes for the Ffirst year of the CRP with
the possibility of renewal after the first year. In order to
accomplish the goals of this CRP as tentatively outlined under point
2 above, a total duration of three years, in line with the pormal
duration of [AEA (RPs, 1{s deemed npecessary. The funds will he
provided from the NOS' part of the Agency's Research Contract
Pragramme Budget.

INDC recommendation

The comments of [MDC on this suggested CRP are appended for

information.

Appendix

Comments of the INDC on this CRP
13th INDC Meeting
Rio de Janeiro, 16-20 May 1082

Proposed new CRP on methods for the calculation of fast neutron

nuclear data For structural materials

The subcommittee supported this proposal i{n principle. Proposed
ohjectives should he defined by participants during the “planned

ConsuTtants Meeting. These should he Timited to the most impnrtant
structural materfals {e.g. Fe, Cr, Ni) and the neutron cross sections
of highest Iimportance (inelastic scattering, elastic scattering
anisotropy, {n,p) and {n,a) reactions). The proposed objectives
should then he distributed hy NOS to INDC participants who should
reply saying whether they support the proposals hefore the end of the
year.



150

V. Contributed Papers

Comparison of Fe, Na and Cr Evaluated Nuclear Data

by

D.E. Cullen
Nuclear Data Section
IAEA

Introduction

One approach toward identifying problem areas in evaluated data is to
compare a number of currently used evaluations for the same materials.
By determining where these evaluations differ (i.e. in which reactions
and energy ranges) it is possible to identify where the evaluators felt
that the experimental data and nuclear models available at the ‘time of
the evaluation could be interpreted to yield. different cross sections.
As such these comparisona indicate where there is uncertainty in the
evaluated data and at least in a relative sense the order of magnitude of
the uncertainty. However, this approach does not necessarily indicate
which of the evaluation is the "beat”, nor does it give an absolute
estimate of the uncertainty in the evaluations. But, if the various
evaluations were performed during different time periods by comparing
them it is possible to see the effects of the more recently available
experimental data and nuclear models and to identify deficiences in some
of the currently used evaluations.

Comparisons

Evaluations from four evaluated data libraries have been cowmpared:
ENDF/B-IV, ENDLB2, SOKRATOR and JENDL2. Many different reactions and
types of data (e.g. angular and energy distributions) have been
compared. However, herein only a few results are presented in a compact
form in an attempt to identify the magnitude of differencea over broad
ranges.

The following tables present a cowparison of evaluations for natural
Fe, Na and Cr, total, capture and total-inelastic cross sections in a
broad group structure (the ABBN structure). In addition to group
averaged cross sections, in an attempt to clearly indicate the areas and
magnitude of differences, in each group the average value of the four
evaluations has been caiculacted and results are presenced to indicate the
per-cent deviation ot each evaluation from this average. These per-cent
differences should only be used as an indication of the magnitude of the
disagreement between evaluations; in particular it must not be
interpreted as indicating the uncertainty in any given evaluation.

Comments on differeces

Even for these broad group cross sections there are surprisiog
ditferences even in the total cross section. For all materials
differences in excess of 104 in the total cross scctlon were found in oune

of more groups.
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For the capture cross sections we see large differences over most of
the energy increasing differences toward higher energies.
However we can see that more recent evaluations have a more reasonable
high energy variation.

range and

For the total inelastic cross sections we generally see swmaller
differences, The major ditference that we g¢ee 18 that wmore recent
evalutions are using low lying inelastic levels to account for direct and
pre-compound effects.
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Internations) Nuclenr Model pnd Code Comparison

on Pre-Foufdlibrium Fffects

H. Gruppelasr, H.A.J. van der Kamp
Netherlands tneray Research Fondation,
ECN, Pctten, The Metherlends

ond

) P. Nagel
NtA Date Bonk, Gif-sur-Yvette, fronce

I. Introduction

This papor gives the spocification of an intercomparison of statisti-
cnl nuc)rar models and codes with emohasis on pre-equilibrium effects. Tt
is partly based upon the conclusjons of a meeting of an =ad-hoc working
oroup on this subject (see document MEAMDC-A-137), on some criticism by
srof. M., Qlann, communicated to the NEA Date fenk by Dr. K. Uhl, and on
some suqaestiona of the present authors. We are very grateful to Drs.
tetek, floon, fFu, Gardner, Gmuce, Cupta, tlerman, Nann, Ribanaky, Seelioecr,
sarg, Uhl and Young for their comments on the draft version of this docu-
nent . Host of the rcmecks have been included in the updated specificetions
given in this papc-. The present propoanl deviates gsom the previousgone
main]yqin the choice of a somewhat heavier nucleus : Nb instead of Co.
Using ““Mb hos several advantaqes:

. The pre-compound part of the neutron emission specctrum is more pro-
nounced than that of ““Co.

2. This nucleus is quite well atudied with respect to pre-cauilibrium
aspects, both oxpetimentally and theoreticolly; it is often wsed ss a
"semple problem" in nuclenr model celculstions to illustrsle pre-
equilibrium effects.

3. There ere experimentol date for neutron emjgssion spectra and anaular
distributions not only ot 14.6 Mev, but also at 25.7 MeV(1l). Further-

more, there ere experimentnl data for 9n2, o0d 9.3, from 4.6 ta 24

He¥(2). Proton-emisajon data including enqular distributions nre also
avoilsble at 15 Mev (13, 14).

1t is realised that the previous nucleus 59C0 is well studied in the
statistical-model cxercise ant that it reauires some additionz] effort by
the participanta to chnnge to snother nucleus. lHowever, we thiok that the
pbhove-mentjoncd sramments are convincinog, in particular point 3.

The character of this exercise differs from the equilibrjum excrcise
in that the pre-equilibrium modcls currently in use are auite different.
Therefore dt bs mure correct to epeak sbout a madel intercomparison rather
than 8 code intercomparison. Since the models differ in the modellina of
pre-equilibrium sspects, we cannot specify all the paramcters.

Therefore we restrict these to:

). Hosses, O-volucs,

2. tevel-scheme dota (discrete levels),

3. Optical-mode) porameters (olobal sphericel potential),
4, V-ray competition pasrameters,

5. totel level-density specificatjon.

The paremeters, specific for the precompound emission are not pre-
scribed. Instead it is reqguired to fit the J4a.6 MeV total neutron emission
spectrum do at € = 6 to 9 MeY, where precompound emisgion dominates.  lhe

de R
participents ehculd thercfore specify their model ond the parareters used,

To focilitote this tosk, a auestionnaire has been inciuded (Appendix A).

The main quantity ta be calculeted is the total neutron emission

spectrum do 88 o function of incoming energy E and outaoing energy €.
de

These sngle-integrated spectrs should be celculated at € = 10, 14.6, 2C and
25.7 MeV. Comparison with experimental data will be performed ot the MEA
Data Bank. If possible, 8lso the reduccd Leoendre coefficients of the
snqular distributions should be calculsted. Other important auentities to
be calculated are: [ o and their eneray spectra
nonoye y O , 0 9 Qy P
(anale-integrated). n2n npy "t onay

fFinolly, for the more sophisticated model codes, it is requested to
calculate the total eneroy-inteorated particle-production cross sections,
the isomeric state population from the (a,n') and {n,?n) reactions and the
A MeV).

populatio
total photon productiocn cross section (st 14.5

[*]

It is not necessary to include width-fluctuation corrections in the

colculotions. There is elso no peed to colculete oy, IN this excrcise,
However, F-ray competition should be included (if pouswible}) to calculate
the multi-particle emission cross sections (and isomeric-state popule-

Lionsj.

2. Masses, 0-values, etc.

The masses and 0Q-velues shauld be tsken from e recent nuclecar mass
table. Some values are provided in Table 3In(18).

3. Ltevel schemp dnta (discrete Jevels)

The level schemes of most of the residual nucled are specified in
Toble 1. These dnta nre usunlly based upon reccol issues of the Nuclear
Data Sheets, The first enciqgy of the continoum calculation, FC ia indj-

’
cated in Table 3Ja.



158 MNotes: 1. For codes that cslculate only continuum emission, these dota are

not relevent.
2. For other residuasl nuclei, the psrticipants should perform a

cont inuum calculation only, essuming E.* 0.1 Mev.

3. For 92Nb and 93Nb y-ray branchings sere given for discrete
levels.

q, Opticsl model

In this exercise, 8 sphericol optical model is used, of which the
definition of the paremeters ia given in Teble 2a. The selccted aglobel
optical-modei paraometers are given in Table 2b.

For neutrons ond protons, parsmetrisetion close to those of F.G. Perey
(e.g. (3)) have been selected. These parametrisations should work well al
energics from 0.9 to 22 MeV. Pleose indicete when the channel-snin depen-
dence of the transmission coefficients has been neglected (1, instead of

'lj)'

for neutrons, we have checked thas‘thc potential is in ressonably aood

agreement with sveileble experimental ““Mb dats for o, and og) from 1 to 15
Mev.,

For a-particles, the potentisl of Igo and Hulzengs(4) hes becn selec-
ted,

5. Gamma-ray prremeters

for the calculation of V-rey compctition the Brink-Axel ciont-dipole
made]l should be used to describe €1 transitions. For 8ll residusl nuc-
lides, the seme data are prescribed, i.e.

€, = 16.5 Mev,
I = 5.0 Mev,
o =0.162 b,

Using these psrameters, the following vsluo of tho totsl s-wave radiatjon
width is obtained for the reaction 9}Nb(n,y) b at the neutron binding
eneray:

<Mp(1=0)> = 165 meV.

The value <I'p>/Dobs emounts to C.156 x 174, af necessary, 8 normaljsation
constnnt in the Prink-Axel formuln should be used to obtain this value (the
gome normalisatjon constent should be used in each residual nucleus). ~ The
outhors should specify their formnlism uscd.

Note: 1f no P-ray competition is used, the participants should clearly
indicate this.

For P-roy cascade cealculations (isomeric state population), the M1 and

E2 electromagnetic transitions should be nllowed with the strenatha of M1
and E2 set to: strength (E1/t11) = strenath (M1/E2) =. 10, rclntiv% to the
;gtnl €, redistion width for s-wave resononces of the reaction ? Nb(n,p)

Nb ot the necutron binding energy (Fpz 165 meV) (the arme normalisetion

congtents should be used for erch residual nucleus). " For the energy depen-
dencca of the M1 nand £2 trensitiona the Weisskopf formuln should be used. .

The brenching ratios for 97Nb and 93Nb levels ore qiven in Table 1.
Use theory to obtanin branchings for other residusl nuclides (only needed
for calculation of tota) photen production),

The participant should specify the Yrast line used in the calculation
of the oomme-roy cmission dnta.

6. Totol level-density paremeters

For the calculation of the equilibrium part - or in the unified codes,
the combined pre-eouilibrium ond equilibrium parts - it is requested to fit
the totel level density (i.c. summed over a))l possible particle-hole combi-
nations) at two energies, so that:

1. the totsl number of levels cauals Nc st E=E ;

2. the level spocing of s-waw. levels eauals Dobs st the neutron
binding eneroy 1,

With these conditions, the participent ehould oreferably use the
composite Gilbert-Cemeron formuln(5). When this formula is not proarammed,

the Termi-ges formule of Dila ct e1(6) or another representetion could be
used (other formules could be important in unificd models, where it is
rcouired thet the sum of all psrticle-hole components couals the tots)
level density).

In Table 38, the values of the parsmeters reouired to calculate Nc ond
Dobs ere specified. When tha Gilbert-Cemeron formula is used, the oeirinc
encroies P of ref. (5) rre also prescribed (see Toble 3a). Tabfe b alves

the peremeters o, U, and 4 for thres possible representations:

1. Cilbert-Comeron formula with improved definition of the spin cut-
off paremcter(7):

62 = 0.166eu a 273,

2. Gilbert-Coamcron formuln with original definition of the spin cut-
of f poremcter(5):

o? = c.ea08 Vou A 273,
3. Back-shifted Fermi gas model(A) with:
Teff - lrlg}d.

The parometer n follows From the cuantity a by means of the relatjon:

2

8=zn Q.
[3



Notes:

i. ihe porticipsnt should cleerly specify the formuls used. The
Elgferred representetion is formuln §.

2. At low energies the definjtion Ofu? is not clear in the case of
Gilbert-Coameron., It is suoqersted to use a linear fnterpolation

2 2
between o - _
exp at £ = Ec and o (Ex) st the dividing encray Ex =

quP. The value of o is given in Table 3a.

exp

3. From some preliminary cslculations with the Cilbert-Cemecron formuls
end the back-shifted Fermi ges formula, it follows that the diffe-
rencea in the cross scctions due to the use of different level
density formulnas cannot be neglccted, particularly st enerqgies
ebove 10 MteV. This has to be rcgretted, but it is g besic uncer-
teinty in our model calculations, as long ogs these simple Jevel-
density formulns sre used. In some codes, different level-density
formules could be used. The participants arc invited to use these
options to study the effect of the different approaches. fur
preference for the Gilbert-Cameron formula is only based upon the
fact that this formuls is probably the most widely used.

7. Particle-hole state dengity

In most ceses it {is expected that the porticle-hole stnte densilics
are based upon the expression of Wil)iams(8), posaibly with corrections.
The exact formule used should be specificd, both for the initial and final
state densities. When the calculationa of precompound perts and compound
parts aro unified, the sum over all particle-hole Jevel densities should
sotisfy the conditions jiven in the previous section. When the precompound
celculation is used ns 8 corrcction to Lhe compound model, one could usc
the same paremeters ss used in the eauilibrium calculation, incluring encr-
3y shifis or peiring energy correctinns, This would facilitote thelln'""

- Woer-

comparison of the results. however, as it is poticed thet snother parame-
trisotion could be wore reaiistic for pre-couilibrium calculetions, devia-
tions are al)lowed, provided that they are indicoted clearly, In many codes
??;z the option g = A/)3 Mev™) gnd p-p is allowed. This should be speci-
When angular momentum is conscrved in the calculetien, the asdopted
expression for the p-h goin cut-off parometer should be specificed.

8. Precompound parnmeters

In some codes therc aro some “frce" parometers to fit the emission
spectea, such as ¥ occurrina in the expression for the average transition
matrix clements, e.g.

u? ‘: K .

ACE

This, or 8 similar expression, should be indicated, toacther with the velue
of the parnameter(s). The value(s) of the free perometer(s) shnuld be
odjusted 1n order to ohtain agreemeal with the (anale-inteqrated) totad

neutran emiscion apectrum st U 2 V4.6 MeV end €z 6 Lo 5 ey:

do (6-7 MeV) = 56.0 * 6 mb/Mev,
€

+

do (7-8 HeV) = 46.9 % 5 mb/Mev,
de

do (8-9 MoV) = 36.5 % 4 mh/Mev,

de
These date ere obtained from en analysis of the experimentol data of
Hermsdorf et 0Y{(9), performed nt ECN, Petten®, At € = 6-9 MeV, most of
the emission is duc to pre-equilibrium; et hiaher cnergies the experimentatl
data ere quite uncertain due to direct effects or uncertaintities in the
subtroction of the elsstic scattering peak.

Dther paremeters, such os R or € fnctors{10,15) should elso be speci-
fied. Gndioli et el.(11) have proposed R = nly, where the "+" and “-*

signs refer to nentron end proton emission, respectively, to account
for charge conservotion. For "unified” models it is desired that these
parsmeters apptuach unity ot couilibriom,

The treatment of the a-channel has slso to be deecribed, e.o. accor-
ding to ref. (12). When fit-parometers are used, such as form-factars,

they should be specified.

Parameters for the description of angular distribution ere not pre-
scribed. The user should specify the formalism used.

9. Reauested calculations

The incident energies for the colculaticns are E2)10, 14.6, 720" pod 25.7
MeV. For the outooing centre-of-mass encraies € the energy mesh should be
appropriate to describe the data (indicete when the spectre are ctored in e
histogram form). It is suaqrsted to use at least ] MeV bins up to 14 MeV,
if poasible amaller bhins up to 2 HeV and 2 MeV bing above
following aqunntitics need to be calculated.

9.1 Intearated crons sections at S incident encroies:

a) Ugs Tepr Or {(composite-Tormation cross section),

b) % ax (first emission of n, p, 8and a respectively),

nnx ! Urnpx ' n
L] ) 3 N
c) Y (inclastic scatteriong cross section), on20' %n3nt Yonp’ “np’

%00 “nan (other crous sections are rclatively small),

d) totsl particle (and gns-) production cross sections % nnem? Ynpem’
"na (:m.
* This nnalysis was performed by fittina the coefficients of the Tunction
A +R P (cos O)oA?P2(cns 9) throuah the ariginol data of Heymsdorf et nl.
0
(9). The reasulta sre in saicement with n o simflar analysia of Kammer-

_— [N
dicncr's date (16) and those of Selnikov el el (075,



160 Notes: 1) In ceses b) to d) it is of interest to jndicate the equi-
librium component separertely; also the full eaquilibrium
celculntion (with pre-equilibrium turned off) should be

performed {specify equilibrium definition).

2) As intermediote rcsults the transmission coefficients T,

(everaged over j) and/or the inversc reaction cross sec-
tions should be aiven at esch incident encrgy end for
each outgoing particle.

9.2 Anale-fintearated spectra ot 14.5 and 25.7 meV

8) d“'nnx, daﬁ X 9%,0x (fFirst emission of n, p and a, respectively).
de de d

€

b) Totasl neutran emission spectra (excluding elastfc scattering)

99 nem (summed over all outaoing neutrons).

de

9.3 Anqular distributions of (total) neutron emission spectre at 14.6 end
25.7 Hev

The preferred representption is aiven by reduced centre- of - mass
Legendre coefficients f, (1z1, 2, 3) where

d®o = _l do
dedf 4x de

dog (2:41) £, P, (cos0);
i

f, should be tabulated as a function of ¢ (in c.o.m.).

9.4 Y-ray emission st 14.6 HeV

8) Reaction cross section for the populetion of the jsomeric sotates
9}mNb and 92"!'\1).

b) Total photon-production cross section.

¢) Y-ray emission spectrum do.
€

The porticipants are kindly asked to send sll information on their
codes ond to enswer the questions in the qucstionnaire (Appendix A).

Plerse send your contribution oand direct any aquestions of inter-
pretotion related to the specificotions, to :

Or. Pierre Maael

NEA Dota Rank

91191 Gif-sur-Yvette CEDEX
fronce

The deadline for the solutions to reoch the obove addreas is Jst
November 1903,

1¢. References

(1) A. Marcincowski et el., Mucl. Science and Eng., €3 (1983), p. 13.

(2) L.R. Veeser, E.D. Arthur ond P.G. Young, Phys. Rev., C16 (1977), 1792.
(3) F.G. Pcrey, Phys. Rev., 131 (1963), 745,

(4) J.R. Huizenga ond G. 1go, Nucl. Phys., 29 (1962), 462.

(5) A. Gilbert and A.G.W. Comeron, Cen, J. of Phys., 43 (1965), 1446.

(6) W. Dilg ct al., Nucl. Phys. A217 (1973), 269.

(7) U.E. Focchini end E. Saetta-tienichella, qurg. Nucl., 15 (1962), S4i.
(8) F.C. Willioms, Nucl. Phys., Al66 (1971), 231.

(9) D. Hermscorf et a)., ZfK;277 (1974), Zentralinstitut fir Kernfors-
chung, Rossendorf bei Dresden Report.

(1C) €. Kalbach, Z. flr Physik A7203 (1977), a0l.

(11) E. Godioli, E. Gedioli-Erba and P.G. Sono, Nucl-Phys. A217 (1973), p.
589,

(12) L. Millazzo-Colli and G.H. Braga-Marcezzen, Mucl-Phys. A21C (1973), p.
297.

(13) S.#. Grimes et al., Phys.Rev. (17 (1978) 508.

(14) H.K. VYonach, private communication (1983).

(15) Ss.K. Gupta, Z.Phys. A3C3 (19¢1) 329.

(16) J.L. Kommerdiener, UCRL-5)232 (1972).

(17) 0.A. Selnikov et n}., Yad. Konstanty 7.(1971) 134.

(18) A.H. VWopstra and K. Bos, Atomic Datas ond Nuclear Dats Tables, l_
(1977) 177.



161

LEVELS FOR BARB

1 0.0

? 0.4081
3 0.5560
[ 0.5569
5 0.7795
6 0.0732
7 0.9705
8 1.027}
9 1.0327
10 1.0925
1} 1.1259
12 1.1220
13 1.1560
14 1.1962
15 1.2472
16 1.3050

-2.0
+1.0
-6.0
-3.0
-7.0¢
~3.0
-4.0

+ 014
LEI -

&*
CmmRmo s o sy

+ !
(R - V]
.

LEVELS FOR 895R

c.0

l.e320
1.4734
1.9402
2.0076
L0574

L0613
0790

L2001

L4516

)1 2.5701
12 2.6710

(Yole - BN W I SR

NN RN

LEVILS FOR 35IR

1 0.0
2 0.2659
3 0.9471
4 1.0k
b3 1.15;
[ 1.222
7 1.4255%
[ 1.4356
9 1.4504
10 1.4702
11 1.4717
12 1.597
13 1.600

+2.95
+1.5%
+0.5%
+0.5
+0.5
+0.5
+1.5
0.9
+1.5
+2.5
+3.5
+2.5
+1.5

Table 1}

Level scheme data

LEVELS FDR 90Y

OO0~ O WD R e

—

0.0

0.2025
n.e020
0.7768
0.9537
1.0474
1.1895

T 921247
IR Ay

1.2982
1.3710

LEVELS FOR 92Y

D NPV E N

LEVELS FOR 927R

NI D NN D NP e

6.0

.24}5
0.3100
0.4306
0.6603
r.760)
0.8924
0.9534

LEVELS FPR A9Y

)
2
3

0.0
0.9092
1.5074

.

OO DWLD

L%

+ o+ -
DN

+

+ 1
£ -
o e

-0.5
+8.5
-1.5

LEVELS FOR 91HA

— S —

VN = D 0D NN D e N -

c.e

0.1045
1.186P
1.3124
r.eele
1.6125
1.6370
1.7904
]1.e440
1.8050
1.9631
1.9044
7.U0345

+4.5
0.5
-2.5
-1.5
+3.5
-1.5
+4.5
~-4.5
-2.5
+C.5
4+2.5
-6.5
-B.S

LEVELS FOR 972NG

LEVELS FOR 938

W Do e N

r.n

0.1555
0.22%9
0.2956
0.%574
r.3p94

0.4807

+71.0
+2.C
2.0
+3.0
+9.0
-3.0

+4.0

(updated)

1 o.c +4.95
z p.uy -0
3 0.606 --1.5
4 0.7640 +3.5
S Q.e087 +42.5
6 0.810)1 -1.5
7 0.9499 +6.5
B 0.979 +5.5
9 1.0'926 +4.5
1C 1.127 +2.5
11 1.29 -1.5
12 1.2974 +4.5
13 1.31%6 -1.5
14 1.3351 40,5

LEVELS FNR 94NR

e~ BRI NV R A S

r.e
c.one
C.es87
c.or7
f.rira
M. 1404
C.3419
C.3342

Y
+3.
+4
+7.
+5
-2.
+95.
+2.

V-RAY BRALCHINGS

CANMMA: TN LEVEL

P-RAY BRAMCHINGS
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2
?
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2
3
[
4
5
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.o
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(e
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DD e AN DD e AN D e ay
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C

¢

n
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.C1)

76)
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(o

(1
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IBZ Table 2a Table 7b

Definition of Opticol Potential Optical Model Parsmeters

(according to Becchetti and Greenlcea, Phya. Rev. 182,

1190 (1969) Meutron Paramcters

Vg = 48.0 - 0.293E (E in McV-Lab)
expreasion velidity renae explonat jon fp=1.27 fm &y = 0.66 fm
Uopt(r) = —V"fR central real wsr = 9.6 MeV
- VSO g . ry = 1.27 fm 8y = 0.47 fm
e T lar fso) Mo spin orbit Vep = 7.2 MeV
Zze2 (3 (_qu) . 0 Tep = 1.27 fm Bgq = .65 fm
R ~ 'R or r & Ry Coulomb
c c
*1,..2
11%— for r 3} Rc Proton Parameters (ref. 3)
Vg = 53.3 - 0.55E 4 0.6 2/A1/7 4+ 27,0 (N-2)/8 (€ in PeV-Lab)
- 1val . imeginary volume tg = 1.25 fn sy = 0.65 fm
d : = 13.5 HeV
+ iaalwsr(a; Tl) imaginary surface . Wsp

ry = 1.25 fm ay = 0.47 fm

‘ -1
vhere f = f(r,R ,a,) = ll+exp(r-Rx)/axl Vg = 7-50 HeV
Rx = rxA1/3 _ reg = 1.25 fm Agy = C.65 fm
- rc (coulomb radius) = 1.25 fm
Rx = r,'(A]/3 + " for hesvier projectiles (such as slphas)
= Coloumb Radius Alpha Paremeters (ref. 4)

SC.0C MeY

" - - "o |
Note: Whenever e persmeter is omitled, it 1s sssumed that the corresponding rg! = 1.17 fm  8p = £.576 fm  rp" = 1.77 fm

potential is not considered. v W

13.74 MeV

rl' = 1.17 fm 8 = 0.576 fm rl" 1.77 fm
r. =z 1.17 fm
Note: If the code does not allow for the second form of the radius

expression in Table 2a, an cffective radius parsmeter hos to be
calculated for each mass number (i.e. T, = 1.5 for A = 93),



Teble Ja ' Toble 3b

ievel-denaity paramcters®)

Calculetion of level-density Qprnmotersa)

Nucleus Gilbert-Cemeron 1Y) i)bert-Comeron 7 ©) Dilg et 1.9
(compo- Meas i} h i pc) g d) ) Dobs Nucleus \ ) ]
b c e Hev™ roy" ’ ey ™ A(MeV
site (8mu) (Mev)  (torget) ”z‘p ) (Mev) (Mev) N, (ev) o (MeV7T) U, (MeV)  m (PeVTT) U (PeV) a (Me ) (KeV)
nucleus)
- PERD 10.m 4.998 9.278 S.060 9.214 ~1.P49
3 y.e8% .924 r.ap0?
86Rb £5.911  £.65C 5/2- 7.24 ) 1.309  15.5  201.4 895r 9.5C1 3.471 n.375 3.t 8 :
a9y 8.600 7.213 f.112 1.5%7 £.460 0.3116
895r RB.907  6.364 0+ 5.3 1.24  2.707  11.5 3743p
9CY 9.318 3.792 0.390 4.065 f.914 -0.7409
89Y 88.906  }1.469 a- 6.4 £.93  1.765 2.5 140.0
92Y 12.10 2.628 1n.c2 2,705 11.30 -0.5117
90y 89.907  64.057 1/2- 9.49 0 1.417 9.5 44l4
921r 11.63 8.067 10.92 3.995 10.43 0.769%
92y 91.909  6.544 1/2- 3.12 0 1.030 7.5 B69.S ) ’ 1 A% - e
927r 91.905  B.435 5/2+ 6.12 1.92  2.486 8.5  336.6 932r 12.69 4.607 11.46 -7 . -0.156
937r 92.907  6.732 0+ 2,46 3.200 1.735 12,5 3678 91N 9.400 5.132 9.415 4.407 8.1z -?-;23“
91Mb 90,907  12.r055 8+ 9,35 0.93 2.065 12.5 51.2 9§Hb 10,30 6.400 9.762 5’7)9 ﬂ'za el
92Nb 91.907 7.883 9/2+ 1.6 0 £.501 6.5 267.3 93Nb 12.58 4.678 12.39 1.270 1. -0.
93Nb 92.906  £.832 7+ 6.70 .72 1.364 135 a1 9aNb 12.51 5.707 11.86 5.603 10.65 -1.55%
94My 93.907  7.2%0 9/2+ 12.0 0 0.396 7.5 99.5

) Level-density paremcters calculated from the dates ofven in Table 3a.
a) The level density is characterised by the total number of levels M ot 2 2/3 (s)
energy [C and the s-wave level spacing Noba ot the necutron binding b) Improved Gilbert-Cemcron formuls, with o = 0.146 ol A .

energy B.
c) Griginal Gilbert-Camcron formula, with 07 = .0808 all A7/} (7).

b) Spin cut-off paresmcter uz, derived from expcrimentsl spin distribution
of levels up to [:Ec.

d) Back-shifted Fermi qes formula of Dilg et al.(6).
c) Pairing energy correction for Gilbert-Cameron formula, from (5).
d) Ec = first cnergy of continuum calculation,

e) "Average" number of levels st encrgy Ec.

13



Appendix A

Quest fonnaite on Pre-cauilibrium/Touilibrium tHodel Codes 4, Pre-equilibrium-model part

D 4,1 Full mester equation appronch (n°=3) [:] with or E]
1. Participsnt without quantum mechanicel conservation of anauler
= momentum (ond parity). '

a

4.2 Never-come bock essumption (only A*_trpnsitions starting
from n =3)

2. Code name eand references, avalilobility (nive date): 4.3 (Geometry-dependent) hybrid-model, indicste n,s 7

4.4 Two-component model (protons and neutrons sre explicitly
distinguighed as in Ref (1))).

4.5 Else, or comment:

O 000

3. Equilibrium-model part

D 3.1 Weisskopf-Ewing type (no conservetion of enquler memen-
tum; no discrete levels)

(| 3.2 Hauser-Feshbach (H.F.) type
{CJ 3.3 €lse, or comments

5. Relation of equilibrium to
pre-couilibrium ports

[J 5.1Unified model of pre-equilibrium and equilihrium
emission with conservetion of oangular momentum snd
with orD without tresatment of discrcte levels.

D 5.2 Pre-equilibrium is trented as o correction to the
statistical model (indicate relatjon below)

D 5.3 Else, or comment (qgive definition of equilibrium and/or
pre-equilibrium, if this is useful):
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[4,8
2

O oooowe

7. Totel level

6.1 Cross sections {engle snd enerqgy intearoted).

6.2 Perticle spectra (snqle— intearated),

6.3 Anaular distributions.

6,4 Multi-particle emission up to(:] outgolng perticles with

or without [:]multip]e precompound decay trestment.

6.5 Else, or comment:

density In eouilibrium part

2. 73 20 )
) 0. 0engy/ .
7.1 Glilbert-Cameron(]) E,‘,’zzn'm\m‘—”n% —1).

\
ed Fermi-gas model of Dilg et 81.(2).

7.2 Back-shift

e
-~

7.3 Modifications or comments (e.q. o2 gt Yow £):

8. Particle-bol

c tevel denajly

(J

4
0
.

8.1 Willioms state density(?) [:] with or [:] without an
encrgy shift or pairing eneray corvection (if there is
n n-dependent enerqy shift, indicate expression below).

8.2 g = A/13 MeV-1 and no peiring encroy correction.

8.3 Williems' level density with n-dependent soin distribu-
93‘ brlow.

tion, indicetc

B.A Else, or comment:

9.3 €ise, or comment (e.n. when direct models are used or
included in the madel):



10.

Internnl transition retes

O

Y4 +

10.]1 Average transition probability Atﬂ; HD> we= with o 2

sccording to:
[} williams(3)
[C] oblozinsky et al.(4)

[ else, or modifications:

and épz) according to

[0 #Dzer e with e = [

D Kalbach(5), indicete fit parsmeters below.

[[] else, or comment:

10.2 £lse, or comment:

f

11. Emjssion rotes

11.1 Uso of R- or N-factors:

Cline (without renormalisation to 1 st high values of

n(6)).

Kalbach's M-factor, normelised to 1 at high velues of
n(7). ’

[:] Gadioli, et 8l.(8).

7] Else, or comment:

11.2 Treetment of a-emission
[:] a-particle emission rste eccording to ref. (10).

[7] Form factor used P, = [:

[___] tlse, or comment (give reference):

11.3 Trensmission coefficients

[[] 1nverse reaction cross sections used in precompound
part.

Tronsmission coefficienls used in compound ond precom-
pound part, with [:] or without |1 j-dependence.

[___] Else, or comment:
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}12. Spectrum celcuiotions

V2.1 Complexity
Dnly first-emitted perticles calculated,
Total particle production spectra celculated.

Emission spectra are conlculated for every reaction, and
every outooing particle (e.q. two spectra for n,2n).

p-ray cascade celculetion possible.

g 0add

Else, or comment:

12.2 Representation

[(] Spcctrum ia resresented in energy bins of [} cauol or
[] verimble width.

D Soect rum

ia dats ot [::] equidistant or
1 non-equi

given by point
d rgies.

istent enc

12.3 Else, or commentt

13. Anaular distribution colculstion

1

O

ogg

Yo. Gomma-Bay

0l
U

0

13.1 Only in H.F,.-part, for (indelnstic neutron acettering to
discrete levels,

1Y.2 Systemnt ics of Kalbach and Menn for anoular distribu-
tiong in precompound part.

13.3 Madel of tantzouronis et o1.(10), specify version below.
13.4 DWBA-type of calculation for emission from n:nDon}y.

11.5 Other model, specify below, give refercnce.

emission

14.1 No oammo-rtay competition included.

14.2 No gamma-rny sprctrum ealculation or iscmeric-stste
populat fon calculation.

14.3 Specify Prink-Axel formula helow.
E}-normalisation constant used for all
nuclel = N

14.4 Specify Veisskopf formula for M} and €2 below.
Ml - normatisation constent used for e}})
nuclei = .
£2 - normalisaotion constant used for all
nuyclei = .

14.5 Specify expression for Yrast Jine below,

221 (eeh » nl g (12)

e.g. % ax “min.

or the Auguatyniak et at.(13) prescription,



15. Additionol commentst

Referrnces to Appendix

(1)
(2)
3)
(4)

(5)
(6)
(n
(8)

(9)

(1)
(1
(12)

13

A. Gilbert and A.G.M. Cemeron, Can. J. of Phys. 43 (1965), 1446.
W. Dilg et al., Nucl. Phys. A217 (1973), 269.
fF.C. Willioms, Nucl. Phys. Al66 (1971), 231

P. Oblozinsky, 1. Ribansky end E. Betsk, Nucl. Phys. A226 (1974),
347.

C. Kalbach, Z. fUr Physik, A287 (1978), 319.
C.X. Cline, Nucl. Phys. A193 (1972), 417.
C. Kolbach, Z. fOr Physik A283 (1977), 401,

E. Gadioli, €. Gadioli-Erba and P.G. Sona, Nucl. Phys. A217 (1973),
p.509,

L. Millazzo-Colli ond G.M. Brooe-Morcazzan, Nucl. Phys. #21C (1973),
p.297. —_—

G. Mantzourunis et el., Phys, Lett., 578 (1975), ?22C.

S.K. Gupta, Z.Phys. A303 (1981) 329.

D.G. Gardner, Proc. of NEANDC/NEACRP Specialists' mectina on frst
neutron cnpture cross sections, Arqonne, 19082; NEANDC(US)-216/\;

ANL-03-4 (1983) p.67; UCRL-87438 (1902).

W. Augustyniak and A. Marcinkowski, Acta Physica Polonica & (1979)
3517.
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Proposal of Energy Dependent Effective Scattering Radius

in the Resonance Reglon of Structural Materials

Yasuyuki KIKUCHI
Nuclear Data Center

Japan Atomic Energy Research Institute
Tokai, Ibaraki 319-11, JAPAN

ABSTRACT

Conaiderable overestimation 18 observed in the total and elastic
scattering cross sections in the higher resonance energy region, when
they are calculated from the resonance parameters. This comes from the
following two reasons : (1) The present calculation does not consider
the energy dependence of the effective scattering radius and (2) the
truncation of distant resonance level causes unbalanced contribution of
the interference effects. These (wo effecta could be compensated, if

adius 18 allowed to have a simple ener
b BY

"
tra
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®
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"
©®
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[
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r
[l
[
”
99
=]

"
"

propose that the FENDF/B format should be modified so as to sllow the

energy dependent effective scattering radius.

1. Introduction

The resonance structure remains up to a few MeV in the neutron
cross gections of structural materials. This resonance structure has an
fmportant role in the resonance self-shfielding effects for reactor

calculatfon. Hence {t is desirable to give the resonance parameters up

to the energy as high as possible. It 18 pointed out, however, that
cross gections calculated from the resonance parameters often fail to
reproduce the measured data in the high energy region. In this rote,
this problem 18 discussed in the case of nickel {sotopes for JENDL-2 aa

an example.

2. Disagreement between Calculation and Experiment in ithe Resonance
Region

The resonance parameters are given in the energy region up to 600
keV for Ni-isatapes except 61N1 in JENDL-2. The parameters were
evaluated on the basis of varfous transmission and capture measurements
as shown in Table 1.

The capture cross sections calculated from these resonance
parameters are lower than the measured deta in the energy range above
100 ~ 200 keV. This underestimation comes from the level missing of the

p-wave resonances, which 1s obvious in the staircase plotting of

regsonance levels ag ghown in Fig.l as an example. We corrected this
undereatimatiaon by asnplying a slight amooth positive background cross
section.

On the other hand, the total and elastic scattering cross sections
calculated from the present parameters are underestimated slightly in
the lower energy region and overestimated considerably in the higher
energy region above a few hundred keV. Hence we have invescigated why
this anomalous behavior of the létal and elastic gcatrering cross
dections occurs and we have found the two reasons as will he described

in the next gection.
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3. Reason of Disagreement
3.1 Energy Dependence of Effective Scattering Radius

In the ENDP/B format, the effective scattering radius R 18 required
to be constant through the resolved resonance region. For a wide energy
range such as up to 600 keV, however, the effective scattering radius is
not conastant but energy dependent. The optical model calculation shows
that the radius of Ni isotopes decreases considerably with increase of
the neutron energy as ahown in Fig.2. The radius decreases down to
factor of 0.7 at 600 keV. It is therefore evident that the constant
radius approximation causes considerable overestimate in the higher
energy region.

However, the energy dependence of the effective scattering radius
calculated with the optical model is not sufficient to explain the over-

estimate in the higher energy region.

3.2 Truncation Effect of Finite Resonances

The resonance shape of the elastic scattering crosa section is
asymmetric as ahown in Fig.3} because of the interference between the
resonance and potential scattering. Hence its contribution is positive
in the higher off-resonance energy region and negative in the lower
energy reglon. Consider an energy point. If there are many resonances
both in higher and lower energy region as in the case of actual nuclei,
the positive and negative contributions cancel out.

In the evaluated data file, however, we take a finite pumber of
resonances. Hence all the contributions of distant resonance levels are

positive near the upper boundary of the resonance region, and are

negative near the lower boundary. This situation 1s schematically shown in Fig.3.

In order to know how much this effect 18, the cross section of 58“1

wag calculated by removing the resonances below 400 keV. The results
are compared with those without removal of resonances in Fig.4. The
cross section value is reduced more than 202 at the off-resonance energy
region. 1t ia found that the truncation effect 18 as much as the effect
of the energy dependence of the effective scattering radius described in

the previous section.

4. Adoption of Energy Dependent Effective Scattering Radius

It 18 revealed from the present study that the overestimation of
the total and elastic scattering cross sections in the higher energy
region i8 inevitable with the constant scattering radius. How should
this overestimation be corrected? Applying the background cross section
is a common way. In the present case, however, the background
correction is a very difficult problem from the following reasons:

1) The overestimation becomes more than 3 barns at the off-

| resonance regions above 400 keV.

2) On the other hand, the cross section minimum due to the
interference often becomes as low as 0.5 barns.

3) Therefore a smooth negative background correction causes a
negative cross section at the energy of the cross section
minimum.

Consequently the background crosa section must have strong energy

dependence. It 18 a hard job to determine the energy dependent
background cross section, as so many resonance levels exist in the

energy region considered.



2) The truncation of resonance levelsa outside the defined resonance
To avoid this difflculty, we adopted the energy dependent effective
) ) _ Tegion causes ihe unbalanced contribution of the interference

scattering radius by moditying the ENDF/B format for internal use. We

effecta, reaulting in the overestimate in the upper energy
found that the overestimatioa could digappear with the following energy

region and the underestimace in the lower energy regfon.
dependent radius:
We faund that these two effects could be compensated, if the

R (fw) = 8.11 -~ 5.9 x E (MeV) for Ni,
effectlive scattering radius had a simple ener dependence; linear to
=7.0 -50 ~E MeV) for i, 8y dev
61 the neutron energy. However, the enerry dependent radius is not allowed
- 6.4 -8.3 x E (MeV) for Ni
fn the current ENDF/B format. Therefore we must cotrrect this over-
- 7.66 - 4.29 x E (MeV) for O’ni,
64 estimation by applylng the background cross section with a resonance~

= 7.37 - 3.7 x E (MeV) for = Ni.

llke structura. Such a background cross section might cause other
The present radlius 18 also ashown in Fig.2. The solid line In Fig.4

problems in the reactor calculation.
shows the cross section calculated with the energy dependent radius.

lence as a conclusjion, we would like to propose that the ENDF/B
As rhe energy dependent radius 138 npot allowed in the current ENDF/B

format should be wmodf{fied in future so a3 to allow the energy dependent
format, we rook the d{fference between the energy dependent and constant

effective scattering radlus.
radfus calculatfons as the background crogs section. Consequently, the

background cross section has a resonance-ljke strucrure as seen in
References
Fig.5. Such a strongly energy-dependent background cross section might
1) Perey F.G., Chapman G.T., Kinney W.E. and Perey C.M.: '"Neutron Dats
cause other problems, however, Lf the Doppler broadened crogs section ig
of Structural Materials for Fast Reactors'", Proc. Specialists’'
calculated directly from the resonance parameteras and the background
Meeting, Geel, 5-8 Dec. 1977, p.503, Pergamon Press (1979).
cross section.
2) Syme D.B., Bowen P.H. and Gadd A.D.: ibid, p.703.

3) Parrell J.A., Bilpuch E.G. and Newson H.W.: Ana. Phys. US, 37, 367
5. Concluding Remarks o
(1966) .
It was proved that the overegtimation observed in the total and
4) FrBhner F.: *"Neutron Data of Structural Materials for Fast Reactors”,
2lastic scattering cross sections in the higher energy region for the
Proc. Specialists' Meeting, Geel, 5-8 Dec. 1977, p.138, Pergamon Press
structural materlials came from the two reasona:
(1979).
1} The effective ascattering radlus s not constant through such a
5) Hockenbury R.W., Bartolome 7.M., Tatarczuk J.R., Moyer W.R. and Block
wide energy range, but decreases considerably with increase of
R.C.: Phys. Rev., 178, 1746 (1969).
the neutroan energy. o



m

6) Stieglitz R.G., Hockenbury R.W. and Block R.C.: Nucl. Phys., Al6],
592 (1971).

7) Cho M., Frthner F.H., Kazerouni M., Muller K.N. and Rohr G.: 'Nuclear
Data for Reactors', Conf. Proc., Helsinki, 15-19 June 1970, p.619,
IAEA (1970).

8) Beer H. and Spencer R.R.: Nucl. Phys., A240, 29 (1975).

Table 1 Measured data on the basis of which the evaluation
of resonance parameters was made for JENDL-2
*
Isotopes Type Measured Data
58 T Perey et al.l). Symme and Bowenz), Farrell et a1.3)
M 1 4) 5)
Cc Perey et al. °, Frfhner °, Hockenbury et al.
60 T Symme and Bowenz). Stieglitz et nl.6), Farrell et a1.3)
M 4) 6) 5)
o Frdhner ', Stieglitz et al. °, Hockenbury et al.
T Cho et a1.7)
61
Ni 4) 5)
C Frbhner *, Hockenbury et al.
62 T Beer and Spencers), Farrell et al.])
Ni
C Beer and Spencers)
64 T Beer and Spencera), Farrell et 31.3)
Ni
C Beer and Spencers)

* T denotes transmission measurements, and C capture measurements
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scattering radius and the dotted line with the constant radiua. The 5. Background cross section of ~ Ni for elastic scattering.
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