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Programme

the Consultants' Mee

Nuclear Data for Structui

Vienna, Austri
2 - 4 November ]

Organization

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

D. Cullen, IAEA/NDS (Scientific Secretary of Meeting)
H. Derrien, Cadarache, France
F. Frohner, Karlsruhe, Federal Republic of Germany
R.J. Howerton, Livertnore, USA
S. Igarasi, JAERI, Japan
V. Konshin, Minsk, USSR
E. Memapace, Bologna, Italy
J. Rowlands, Winfrith, UK
D. Seeliger, Dresden, German Democratic Republic

Scope

The scope of the meeting included discussions 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 is currently available);

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

(4) to formulate the objective and scope of a proposed IAEA-sponsored
Coordinated Research Programme (CRP) on "Methods for che Calculation
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 Functions'* •«...» 19

M. Moxon, AERE Harwell, UK

(2) "Measurement and Analysis of Neutron Spectrum in

Structural Materials for Reactors" 20

A. Hayashi, Kyoto University, Japan

(3) "The Neutron Capture Cross Sections of 56Fe from 1 to 350 keV".. 31
F. Corvi, CBNM Geel, Belgium

(4) "The 1.15 KeV 56Fe Resonance" 46

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

(5) "Neutron Capture in S-wave Resonances of ^"Fe, and
58,60,64N1« 46

K. Wisshak, Kernforschungszentrum Karlsruhe, FRG

(6) "Model Calculations of Double Differential Cross Sections" 57

H. Gruppelaar, ECN Petten, Netherlands

(7) "Calculational Methods for Structural Materials Nuclear Data" .. 65

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

(8) "Particle and Gamma-ray Spectra Calculations in

Structural Materials" 83

G. Reffo, ENEA Bologna, Italy

(9) "Re-Evaluation of the Neutron Cross Section File for Chromium"..101

A.I. Blokhin, FEI Obninsk, USSR



(10) "Revised Nuclear Model Calculations of Neutron Induced
Cross Sections for ^Nb" 105

B. Strohmaier, Institut fur Radiumforschung, Vienna, Austria

(11) "Status of JENDL-2 Evaluated Data for Structural Materials" | 1 4

T. Asami, JAERI, Japan

(12) "Application of the Defonnable Nonaxial Rotator Model for Neutron

Data Evaluation" 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" .,...,.. 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" 147

V.G. Pronyaev, IAEA

Working Groups

Following the presentation of invited 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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III. Combined Recommendations of the two 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 its 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
cansultants 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 is 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.

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 be performed at
advanced laboratories where physicists from developing countries could
participate with support by the IAEA 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 into data
evaluation. Results from comparisons of nuclear model calculations such
as those recently sponsored by the NEA should be used to provide guidance
in the assessment of the status and applicability of currently used
nuclear models and the Identification of areas needing further
improvement.



Improved calculational models 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.
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Revised Proposal for a Co-ordinated Research Programme (CRP) on

"Methods for the Calculation of Fast Neutron Nuclear Data

for Structural Materials;'1

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
f:L3.es 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 Specialists' 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
more recent experimental data and nuclear model descriptions. As a
consequence, new evaluations have been started or are planned in several
countries, and, as part of this overall effort, a co-ordination of the
current development: and use of calculational methods for the computation
of fast neutron cross sections appears to be time.ly 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, it 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.
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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.

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, ^He). Systematics
should be investigated 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 densities 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.
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- 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 energy 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 exist where calculational models should be improved.

a) Pre-equilibrium and unified reaction models - improved
description of exciton-dependent state/level densities, along
with Incorporation of JTT 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 least squares
method that uses prior information as well as input parameter
uncertainties . 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.

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

d) Development and application of microscopic nuclear level
density calculation methods, including those which take into
account short-range pairing correlations and long-range
residual forces, and more advanced shell model 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
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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 IAEA-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 level densities
following the IAEA Advisory Group Meeting on Basic and
Applied Problems of Nuclear Level Densities held at
Brookhaven in April 1983.

5. 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) Julich, FRG;
ENEA (Bologna), Italy;
CEN (Saclay, Cadarache, Bruyeres-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/IEA Nuclear Data Centre, Sao Jose 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.

6. 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.
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Neutron Resolution Functions

by

M. Moxon

AERE Harwell, United Kingdom

IV. Invited Papers
Paper vas not sumltted for publication by author.

The invited papers are presented here In the order In whlcti they are
described in the programme (see p.6).
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20 Measurement and Analysis of Neutron Spectrum in Structural

Materials for Reactors

- Iron, Nickel and Chromium -

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

Research Reactor Institute, Kyoto University

Kumatori-cho, Sennan-gun, Osaka 590-OU, Japan

Hiroshi Nishihara, Satoshi Kanazawa

Department of Nuclear Engineering, Kyoto University

Yoshidahonmachi, Sakyo-ku, Kyoto 606, Japan

T. Mori and M. Nakagawa

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 piles of iron, nickel and chromium have been

measured by the llnac 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 5INi(n,p) !lCo

and mAu(n,"V) "* Au reactions were measured for each pile.

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 neutronlcs and photon

transport code, VIM, was uaed for checking of calculational

method, and the result was compared with that by DTF-IV. There

is little 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 U 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-IV 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 is rather worse with both nuclear data files.

( Neutron spectrum, time-of-flight method, neutron cross
sections, 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.



However, there frequently exist considerable large diacripancle3

among different evaluated nuclear data files. Even though the

values In a few data 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 Inelastic scattering cross section for

structural materials, measurement of the energy spectrum of

iieulruim in a sample pile is superior to the method of a critical

experiment with its sample, because this method has leaB

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 fast neutron

regions, and tried to assess nuclear datu of reactor materials in

these region2 "". 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

In this paper, the outline of our works on the linac TOF

method is presented and some newer results of neutron spectra 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.
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EXPERIMENTAL ARRANGEMENT AND PROCEDURE

Sample Piles

As the samples, we have mainly chosen structural materials

of fission reactors and fusion reactors. The sample piles

which we have experimentally and theoretically studied

at the Research Reactor Institute, Kyoto University (KlIRRI), are

listed in TFtble 1. The purity of :,ample;; and the shape, and

the size of 'wimples are tabulated in this table.

The borated graphite pile was used as the standard neutron

field of interisedistc neutron cucigy apcclrura in order to cali-

brate efficiencies of neutron TOF detectors'" .

Among a large number of the sample piles, we have recently

finished the measurement and the analysis of the neutron spectra

in three main constituents of stainless steel, Fe, Ni and Cr,

in almost the same conditions.

Each powder sample was packed In a spherical steel vessel 60

nm In Inner diameter. Recently the hydrogen contents In these

powder samples were measured by gas chromatography and the

results were U.73 ppm, 32.8 ppra arid 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, u=0) 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 (linac) of the KURRI. The typical operating condi-

tions of the linac were as follows:

electron energy : about 30 MeV

repetition rate : 167 or 250 pps

pulse width : 2?, 30, 33, U7 or 100 nsec

target current : about 300 or 700 mA at peak

The spectrum of the neutrons direct, ly emitted from the lead

target wan measured by the linnc t, i me-of - f 1 i ght method and the

result is shown in e) sewhrr*1' . The angular ilistribut Ion of



" the photoneutrons was measured by making use of the llrAl(n,«)1 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
in

depicted^Fig. 1. The total flight path between the electron beam

center and the front face of the *Li glass scintillator or IOB-

vaseline-Nal(Tl) detector was about 22 m or 2*« m, respectively.

A natural uranium plate of 2 cm thick and a cadmium 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-Nal(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 making use of the standard neutron pile of borated graphite11'.

Recently we encased this pile in a steel frame and recalibrated

the efficiencies of both detectors. A *' U fission chamber and a

BFj 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 signals are stored in a multi-channel analyzer,

CANBERRA Series Bb/MP, through ft time analyzer unit, Oken S-121U.

The obtained data is processed with the PDP-11/31* computer.

Measurement of Spatial Distributions of Neutrons

Nickel wire of 1 mm in diameter and gold foils 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 5lNi(n,p) 5*Co and mAu(n,>) 'MAu

reactions. The induced 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 Calculatlonal Models

Main calculation have been performed by DTK-IV1" or ANISN1"

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 Pt approximation. The neutron spectrum in the

lead target was taken from Ref. 1 It.

For the calculation of neutron distribution by the Monte

Carlo method, a continuous energy neutronicSand photon transport

code, VIM was used17'. 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 Constanta

A3 shown in Fig. 3, 100 group constants were produced by the

SUPERT0G-JR3 code1" from two evaluated nuclear data files ENDF/B

-IVlM and JENDL-22"' 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 this work are

tabulated in Table 2. The obtained group constants for iron,

nickel and chromium are shown in Figs, h, 5 and 6, respectively.



On the other hand the self-shielding factors for elastic

scattering, absorption and removal cross Bections were calculat-

ed by the RIFF-H code 2" , which had been prepared by one of the

authors. In this calculation, ultra fine mesh (O.0O21 lethargy

width) was taken. Multiplying the above group constants by

theae 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-IV

dosisctry file.

Unlike the earlier results which were presented at the

Antwerp ConferenceIJ), we took into account the hydrogen contents

of the sample powders in the calculation. The spectrum was

softened in lower energy region in all cases, comparing with that

of the Antwerp Conference, but it is more noticeable for the

chromium pile than the others.

Cross section library in VIM code was obtained from ENDF/B

-IV file and has about 10,000 pointwise cross sections In each

partial reaction for the energy region of 10 eV to 20 MeV.

Angular distribution of scattered neutrons are tabulated as

probabilities in center of mass system for 20 angular intervals.

RESULTS AMD DISCUSSION

The neutron spectra in the three main constituent elements

of stainles3 eteel were measured with almost the same experi-

sr.er.tal lOiid'tioua.
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Iron

The experimentally obtained angular neutron spectrum at r=

15 cm and u=0.0 for the Iron pile with the calculated values by

ANtCiN is shown in Fig. T • The normalization between the

measured 3pectrum and the calculated one was performed by the

average flux in the. rep.iun of J00 ke.V to 1 MeV. In thin figure,

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 6L1 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:

(l) The experimentally obtained spectrum with the 'l,i glass

scintillation counter batik or the l0 B-vaseline-NaI(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 ETOF/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.

(U) As comparing with the neutron spectra in the large rectan-

gular parallelpiped pile which had been obtained by the present

authors before'1, 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. In this

figure, the spectral shape of total fluxes Is almost the same

each other. This fact verifies that the difference between

the experimental and calculated values in Fig. 7 is not caused by

the difference of the calculational methods.

Nickel

The experimental angular neutron spectrum in the nickel

pile is shown in Klg. V, together with the calculated values by

AHISN at r=15 cm and ji=0.0. The normalization procedure U H S

the same as the iron pile. In 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 nickel pile, it can be seen that:

(l) The agreement between the experimental and the calculated

spectra is good in general shapes. {'?) The ex|>er f mental values

slightly exceed the cal nil at 1ona1 values around the resonances



24 of 15 keV, 35 keV and 75 keV. (3) The two spectra calculated

with the ENDF/B-IV and JENDL-2 agree with each other better than

the cases for Iron and chromium. This is due to the fact that

both group constants for nickel agree with each other in the

relevant energy region, as seen in Fig. 5. CO 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 u=0.0. The normalization procedure was

the same as the others. In the same figure, the C/E ratio is

also depicted below. Figure 12 shows the total fluxes calculated

by VIM and DTF-IV with EMDF/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: (l) A satisfactory agreement between the experimental

and calculated spectra can be seen in general, but in the reso-

nances from U keV to 8 keV the experimental values still exceed

the calculated ones noticeably. (2) The spectrum calculated

with ENDF/B-IV is about 30 % to 50 % higher than that with

JENDL-2 in the energy less than I4Q keV and moreover it is 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 I) 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 piles for experimental study

Pile Purity Shape HUJ s!ze

Borated graphite

Iron

Iron sphere with
lead reflector

Stainless steel
A1 um i n urn
Lithium

Barytes concrete

Lead
Iron oxide

Iron
Nickel
Chromium
Molybdenum
Z irconium
Alumina
Thorla
Lithium fluoride
Copper
Manganese
Titanium

Polytetrafluoro-
ethylene

Niobium

Niobium sphere with
lead reflector

2.5* B In C

Soft s t e e l , SS-Ul

Soft 3teel , SS-I*1
99.9* Pb

SUS-30'4
99.5* Al (A 1050 P)
99.8J Li

Barytea and portland
cement

99* Pb
99. 2* Fez03

99-87* Fe
99.7* Nl
99.8* Cr
99.9* Mo
99.6% Zr
99.5* Al,0,
99.9* ThOj
98.1* LiF
99-993* Cu
99-95* Mr,
99-1'* Ti

99-9* (CF, )„

99-8* Nb

99-8* Nb

99-9* Pb

Rectangular parallelepiped

70 cm x 70 era x 70 cm
Rectangular parallelepiped

100 cm x 90 cm x 90 cm
Iron: simulated sphere 35 cm

in di anieter

lead: cube, If cm cube
Cube, 76 cm cubic
Cube, 70 cm cubic
Rectangular parallelepiped

60 cm x 50 cm x 'tO cm
Cube, 50 cm cubic

Cube, 70 cm cubic
Powder packed into a spherical
vessel of 60 cm in diameter

Same above
Same above
Same above
Same above
Same above
Same above
Same above
Same above
Same above
Same above
llt-hedron, in which a sphere
10'i cm in diameter inscribes

lb-hedron, in which a sphere
90 cm in diameter inscribes

Powder packed into a spherical
vessel of 28 cm in diameter

Niobium: same above

lead: cube, 50 cm cubic

Table 2 List of material numbers used in files

Element

Fe
Ni

Cr

JENDL-2

;>26o

;vflo

F.NDF/B-IV

1 1 9?
1 190

1 191
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Fig. 1 Experimental arrangement of TOF experiment.

(I) Sample pile, (2) Pb pre-collimator(22 mm in diameter,

llOO mm thick), (3) heavy concrete shieldfbOO mm thick),

(I4) Pb collimator(50 mm in diameter, 200 mm thick),

(5) U filter(2 mm thick), (6) concrete wall, (7) Pb and

B4C collimators((lt7 nun Pb and Uj nun B C)xl«, 50 mm in dia-

meter), (8) Pb collimator(lOO mm in diameter, 200 mm

thick), (9) B4C collimator(l60 mm in diameter,80 mm thick

), (10) Pb collimator (160 ram in diameter,60 mm thick),

(II) concrete wall, (12) wall of hut, (13) rotery pump,

(lit) Pb shield for *Li glass scintillators, (15) 'Li

glass scintillation counter bank being removed when a

"B-vasellne-HaKTl) counter is used, (16) Pb shield (150

mm thick), (17) '*B-va3eline-Nal(Tl) counter.

®
NaKTI) D.

TAMP

AMP

lln tea
SC

lln. out

coin

Timing
SCA

FD

stop
V
-lOOmV

TA

8K
OKEN

LINAC Beam start

e , ^target current.
50ft

ATT|—* FD

PHA
in

MCPHA

I6K
CANBERRA

V
-lOOmV

Computer
for data
processing

POP/I I

-•-To monitor system

Fig. 2 Block diagram of electronic circuits and computer system

for TOF measurement: "lB-vaseline-Nal(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.

Fe group constants

Neutron energy ( k e V )

Pig. l» Comparison of the group constants for Iron produced by

SUPERT0G-JR3. —i—JENDL-2, ..,-•— ENDF/B-IV.

tft : total cross section, C, : elastic scattering cross

section, o;, : Inelastic scattering cross section, oj :

rnptiir* cross section.
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Nl group constants

10 10 IOT I03

Neutron energy (keV)

Fig. 5 Comparison of the group constants for nickel produced by

SUPERTOG-JR3. All symbols are the same as in Fig. I4.

Cr group constants

10 I02 I03

Neutron energy (keV)
\(f

Fig. 6 Comparison of the group constants for chromium produced

by SUPERTOG-JR3. All symbols are the same aa in Fig. U.
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Fig. 7 Angular neutron spectrum at r= 15 cm and yt- 0.0 in the

iron pile: top.

Ratio of the calculated to the experimental result ( Li

glass): bottom.

••• measured ( 4Li glass), •«« measured ( B-V-Nal),

r— JENDL-2, -•-''" ENDF/B-IV.
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Fig. 8 Total neutron fluxes calculated by VIM and DTF-IV with

EiJDF, B-IV.
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Fig. 9 Angular neutron spectrum at r* 15 cia and y= 0,0 in the

nickel pile: top.

Ratio of the calculated to the experimental result (*L1

glass): bottom.

All symbol a are the stum? as In KIR. 7-
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Fig.10 Total neutron fluxes calculated by VIM and DTF-IV with

ENDF/B-IV.

All symbols are the same aa in Fig. 8.
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Fig.11 Angular neutron spectrum at r= 15 cm and )i= 0.0 in the

chromium pile: top.

Ratio of the calculated to the experimental result (6Li

glass): bottom.

All symbols are the same as in Fig. 7.
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THE NEUTRON CAPTURE CROSS SECTION OF Pe FROM I TO 350 keV

F. Corvi, A. Brusegsn, R. Buyl, G. Rohr

CEC-JRC, Central Bureau for Nuclear Measurements, B-2440 Geel, Belgium

I • Introduction

Being tha major constituent of stainless steel alloy*, iron, and in particular

its most abundant isotope Fe plays a 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 I MeV neutron energy, is

required with 5 to 101 precision in the High Priority List issued by NEANDC-

NEACRP . Capture cross sections of Cr, Fe and Ni have also received special

attention froa 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 Fe. 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) Presentatlonof thefinalGeel data. Previous Fe capture data have been

reported by us at the Knoxville Conference (Run I, range 1 to 100 keV) and

at the Antwerp Conference ' (Run 2, range 1 to 255 keV). The results reported

here have been obtained from a careful re-analysis of the Run 2 experimental

data using improved versions of the FAMAC 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 effect has on the areas of s-wave resonances. For all these reasons, the

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

as the Run 2 measurements campaign is concerned.

b) Comgarisonof the present resultstogrevious data_sets. First of all, these

results are compared to Run 1 data in an effort to understand 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 comparable resolution. Conclusions about the

level of agreement of the data are drawn.
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C) Discussion of the norBalizatloa_groblcaa_for_neutron_cagtur«_in_itructural

materials. Thia problem, which it the vecy aubject of the mentioned Taak Fore*,

ia related to the diacrepancy between the reaonanca parameters (in particular r )

of the I.IS keV caaonance derived from transmission naaaurementa and tboae derived

from normalizing the Fe capture data to aaturated Ag or Au reaonancea. No convin-

cing explanation of auch a diacrepancy haa yet been found. Some original piecea

of information relevant to thia problem are presented hare together with some

coniiderationa on the reaulta obtained ao far by the Taak Force. In line with the

acope of auch a meeting, we try in particular to aaaeaa quantitatively the aya-

tematic errora in the final data brought about by auch a diacrepancy.

2. The Ceel Data

After a ahort deacription of the experimental aet up, the attention ia focused

on aome apecial topics such aa the determination of the neutron flux and of

the scattered neutron sensitivity, and on the improvements made in the data

analyaia procedure aince our laat paper . Finally, the table of resonance

parameters ia introduced and varioua average values are calculated.

2,1. Experimental Method

The neasurements were performed at the 150 MeV Geel Electron Linear Accelerator

(GELINA), at a flight distance of 58 m. The linac waa operated to provide 4.4 ns

wide bursts of electrons of 100 MeV energy with a repetition frequency of 800 Hz.

Since the peak current waa 10 A, the average beam power waa about 3.6 kUatt.

Neutrona impinging on the sample were only thoee coming from the 4 cm thick poly-

ethilene moderator, while neutrona and gammas coming directly from the uranium

target were blocked by a copper and lead shadow bar. The sample, on loan from

ORNL, consisted of iron oxide enriched to 99.93X Fe, packed in a thin aluminium

container of B cm diameter. The sample thickneas waa 0.015 atoms/barn. The detec-

tors were two C,D, liquid sclnti.lla.tori encapsulated in thin aluminium containers

of 10.2 cm diameter and 7,6 cm height. Evcnta were weighted according to their

amplitude Information in order to achieve a detector efficiency proportional only

to the total 7-ray energy emitted in the capture proceaa. The weighted counting

rate waa aorted out aa an 8K time-of-flight spectrum with 4 na minimum channel

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

here. Similar to what is dona in other laboratoriea, the problem waa circumvented

by measuring the flux below 100 keV with a Li-glass acintillator 0.5 mm thick

and above 100 keV with a multl-plata 2 3 5U fission-chamber. A description of this

chamber can be found in raf. . After correcting for the transmission of the

B anti-overlapping filter, of thlcknesa 0.0129 at/b, the relative neutron flux

•_ (expressed in neutrons per time-of-flight unit) measured with the Li-glass

waa fitted from a few eV to 100 keV with the following expression :

were a(E) - 0.58154 • 0.43276-IO~3' >/E - 0.50107-10 6-E , with E given in eV.

The relative flux from the fission chamber waa fittedwitha polynomial in a 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 :

la • - 40.798-11.374'inE + I.l564-(£nE)2- 0.036346*(/nE)3.

The ENDF/B-V values of the standard cross sections were used in the calculations

for both Li and U. In the fiasion chamber case, a poasible systematic error

can be originated by a variation of the detection efficiency following a change

with energy of the fission fragments anisotropy. In fact, fragments emitted at

grazing anglea are largely abaorbed in the rather thick (t - 1.18 mg/cm ) deposits

of U,0. . We have evaluated auch an effect conaiderlng that the change in the

ratio W(0*)/W(+90*) of the angular diatributiona at 0* and 90* degrees is at most

10Z in the present energy range . To such a change corresponds a variation of

the efficiency equal to I.IZ or leaa.

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

been used in ref. to derive average o p valuea of U in the range 100 eV

to 100 keV. The values ao determined all lie within *_ 2.5Z of the corresponding

averages given by Bhat in hia evaluation for ENDF/B-V. This can be seen in

Pig. I, where the ratloa of the two data sets are plotted. Thia fact ia therefore

an important check of the neutron flux measured with a Li-glass scintillator

below 100 keV.

If we normalize the neutron flux at a fixed value at I keV, then ita relative

error is estimated to increase from 0 at I keV to 51 at 100 keV and then to atay

at a constant value of 5X above.

2.2. Measurement of the Relative Neutron Flux

When measuring capture over auch a large 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

2.3. Determination of the Scattered Neutron Sensitivity

One type of background which is very difficult to evaluate, ia 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



to the rfioainci areas. Although this effect ia uaually vary snail coapared to

capture detection efficiency. It acquire" laportxncs in ths csss of «-w«v«* uf
3 4

atructuiai materials where the ratio P /P rangai typically from 10 to 10 .
a i

We define here scattered neutron aenaltlvlty • /« the ratio between the prompt

detection efficiency of a acattered neutron and that of a capture event. In
3) -4

raf. a value « /« - (1.5 • 0.75)-10 waa measured for 100 keV neutrona t
n T —

becauac of lack of information at other neutron energies, thl» value waa consl-

dered to hold over the whole energy range of interest. Thla ia certainly a poor

approximation aince all determinations of acattered neutron aenaitivlty indicate

a decreaaa of c It with energy. To isprovs such • sii.uai.ion, we have recently

repeated this measurement in a more accurate way. The counting rate of a ? ma

chick graphite sample, which acatttera about 27Z of the neutrona, waa compared

Co that of a 0.5 mm 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 waa apparent

at about 102 keV, correaponding to a signal-to-background ratio of I 1 1, while

practically no dip waa visible at 2.85 keV. Additionally, an "open beam" run

waa performed, alwaya with the tame filtera in place : the TOP spectrum from

such a run waa then taken aa a background for the other runa after having

normalized it to the same counting rate at 102 keV. The reaulta, listed in

Table 1 for a number of energy intervala between 6 and 350 keV, are plotted

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

taken from ref. : the present data follow a trend with energy similar to
that of the C P detectors of Oak SLUH« but they are a factor 2 to 6 lower. Thia

o b

ia probably due to the absence of fluorine in the eclntlllatora and of any

massive material in the vicinity except for a light aluminium support. The

peaks below 10 keV and around 40 keV ahould be due to aluminium., which it also

preaent in the sample holders and in the detectora canning. In view of tha

uncertainties Inherent in the background subtraction, a relative error of *_ 50Z

in the values of < ft it still considered appropriate.

In order to correct tha capture widtha of s-wave resonancea for such an effect,

the data of Table I were first divided by the constant 1.17, corresponding

to the ratio between Fe and Au binding energiea. Secondly, the shape analysis

programme FAHAC was modified in order to subtract from the normalized capture

yield an energy variable background equal to < /* times the scattered neutron

probability.
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2.4. Data Analysis and Reaulta

Iu ordet to evaluate the background, the total spectrun waa divided into three

energy regiona : I to 35 keV, 35 to 100 kaV and 100 to 350 k«V, For each of

theaa regiona, a nuabar of energy cones in between the resonancea were choaen.

The counting rate in theae zonea waa then fitted with an expression of the

type F(T) - A • B • T , where T ia the tima of flight and A, B, C are conatanta.

While thia procedure ia aatisfactory at low energy, e.g. below 100 keV, it becomes

rather doubtful at higher energies because of the increaaing difficulty in finding

intervala far enough from nearby reaonancea. Moreover, theae intervals, aven when

available, are uaually not free from multiple acattering effecta, due to the

large energy range acceaaibla after one neutron acattering in such an oxide sample.

Because of these reasons, a relative error of 5Z was associated to the measured

background. After background subtraction and correction for the neutron flux the

data were normalized to the capture area of the I.IS keV "Fe resonance. In

contrast to our previous papers ' , we took for this resonance the parameters
8\

very recently determined in Oak Ridge from a set of transmission measurements

performed at both rooa and liquid nitrogen temperatures. Theae parameters are :

r - 61.7 • 0.9 meV and P - 574 • 40 mr.V. We believe that thia new determination
n - i r -
is store accurate than pour previous value of P - 5 8 + 3 «eV which waa baaed

n —

essentially on one measurement only. In practice, the adoption of theae new nor-

malization parameters is equivalent to an increase of 3.8Z in the capture kernela

gP P /r of all Fe resonances. After normalization, the weighted counting rate

could be reduced to capture cross section. Thla is shown in figs. 3a and 3b, where

o(n,7) for J"Fe ia plotted va neutron energy in ths range froa 35 to 265 ke". It

ahouid be noted that the plotted s(n,f) i* atill Doppler and resolution broadened

and it is not corrected for multiple scattering and prompt background contributions.

The data were analysed with the R-matrlx shape fitting program FANAC. Two important

operational improvements were introduced \n ir ilnce our last paper : firstly,

the number of mesh points used to describe the energy region under consideration

was increased up to a maximum of 4100. Thia allowed a Bora detailed description

of resonance ahapea, particularly at higher energy. Secondly , the option allo-

wing the uae of an asymmetric resolution function was implemented. In this option,

already preaent in the original FANAC version, the resolution is described by a

X -function. We found empirically that resonance profiles were fitted best by

a X -distribution with u - 24 degrees of freedom. Tliis has to be compared with
9)a value of u - 17 obtained by Bignami et al. in a simulation of the resolution

spread produced by the Geel moderator. While the shape of the resolution was kept



34 fixed throughout the whole energy rang* it* standard deviation vat systematically

increased with energy ai a reault of empirically fitting the resonance shapes.

One example of fit is reported in Fig. 4 for the doublet at 102.8 - 103.2 KeV.

After such inproveaents the data of Run 2 were completely re-analysed. Practically

the same results were obtained for resonsnees below 100 keV, whils capture areas

at higher energy experienced some changes, usually of only a few percent, as com-

pared to the results of ref. . As a check, isolated p- or d-wave resonances were

also analysed with the area code TACASI : 25 resonances above 100 keV were so

compered. The agreement was found to be good, the TACASI capture areas being, on

average, only 3X larger than the FANAC ones. For such resonances then the 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 the energy in keV, the neutron width P and its error,

tbe capture width P and its error, the vslues of 2J and I and the kernel

(g P T /P) and its error. The laat two columns give,for sake of comparison, the
10)

kernel taken from the evaluation of F. Perey and based essentially on the ORNL

capture data of Allen et al. , and the ratio of this kernel to the present one.

All widths and kernels are given in units of eV.

It should be stressed that all valuea of widtha liated with zero errors in Table 2

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

input parameters in the FANAC or TACASI codes. The only exceptions are the

resonances at 341.05 and 341.98 keV whose widtha and spin were taken from ref. .

It waa necessary to introduce fixed parameters, at least for p- and d-waves, 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 waa to fix the larger of the

two widtha T or P since that ia the parameter to which the capture area la less
10)

sensitive. When P had to be fixed we conformed to the prescription of F. Perey

who assumed P^ - 0.84 eV for d-waves and P - 0.54 aV for p-waves. As we

will see later, these values are In good agreement with the averages derived from

our dsta. In the case of the s-waves, which have widths usually larger than the

resolution width, the FANAC fit was performed in both ways either by letting both

P and P varying or by fixing P to the value of ref. . The result waa prac-

tically the same as far as the derived value of P was concerned. As to the value

of P 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 a precise determination of the neutron width. Therefore these

r^ valuea are Ignored and only the valuea of ref. are liated In Table 2. A last

remark concerning s-waves : the resonance at 317 keV with P - 6500 eV was not
n

analysed by us becauae it waa practically indistinguishable from the background. It

Is however mentioned in Table 2 for saka of completeness. The errors on the data

were calculated by combining quadratlcally the statistical error, a 5Z error on the

background line and the error on the relative neutron flux. For a-wave reaonances we

considered also a 50Z uncertainty in the correction for scattered neutron sensitivity.

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

i) data normal!tation. Taking Into account the thickness of the sample used,

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

parameters given in ref. , is not larger than IX;

li) anisotropy of the capture T-ray angular distribution for resonancea with J - 3/2,

3/2. This effect is not negligible in the present experimental set-up since we

observe only T-rays emitted at angles centered around 90* with reapect to the

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

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

reaonances but becomes negligible when averaging over many levels becauae different

(pins and parities of initial and final states tend to compensate each other ;

111) differences in spectrum shape of individual resonancea : this point is treated

in Section 5. All values of J and I listed in Table 2 are taken from ref. l 0 ) :

most but not all of these valuea were determined from a measurement of the angular

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

T or P derived from the capture kernels depend critically on the spin J, they
n 10)

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

is not based on experimental data. The present values of P 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 apread of values is real since it is considerably larger than

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

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

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

of available primary tranaitiona known from the Fe level scheme.

In view of the interest in stellar nucleo synthesis, w« give in Table 4 the capture

cross sections averaged over a Maxwellian distribution centered at thermal energiea

between 20 and 40 keV. These values are very similar to those reported In ref.

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

in Fe neutron capture, the parameters of the II measured s-wave resonances were

taken and the correlation coefficient P (P * P ) between the reduced neutron widths
n T
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and the corresponding capture widths wit calculated. It wai found P - 0.013 ^ 0.34

where the itandard deviations were obtained froa Fisher's transformation. Wa can

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

3. Comparison of the present reiulta to other data «et«

3.1. Run I - Run 2 Inter-comparison

When applying the saow normalization, the praaent capture kerne la for non

a-wave reaonancea below 100 keV are ayatematically larger than the correapon-

ding ones of Run I by an average amount which varies fron 5X to 91, depending

whether we consider all resonances or only the most intense ones. In connec-

tion also with the normalization problems treated in Section A, it is a useful

exercise to try to find the reason for such a shift.

The improvements in Run 2 experimental procedure aa compared to Hun I are listed

in the introduction of ref. . The most 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 Fe capture

spectrum is typically 21.

A more direct inter-comparison between the two data sets can be obtained by

looking, rather than at the kernela, at the integrals ¥ of the weighted counts

for each resonance corrected only for background and for the difference in the

relative neutron flux. This ia possible because the two runs were performed in

very similar experimental conditions, i.e. with lame sample, detectors sr.d flight
2)

path length. Also, the same "old" -weighting function tefeired to in ref. was

used for both runs. The results are quite surprising : when plotting, as in Fig.7,

the relative difference | Y(2)-Y(I)| /Y(I) between Run 2 and Run I, normalized to

zero at 1.15 keV, vs tha average weight w (taken from Table TTT of ref. '), we

notice that the two quantities are negatively correlated. In particular, a linear

fit through the data points givea ~ 151 difference between the reaonance with

the hardest spectrum and that with the aoftest one 1

To investigate further this effect, we have plotted in Fig.B the high energy end

of the cumulative pulse height spectra of Run I and Run 2 together with the

calculated shape of the Fe thermal spectrum. How this was obtained, is explained

in detail in Section 4. The Compton shoulder visible in the spectra is related to

the doublet at 7.643 - 7.629 MeV, wYn ch dominates 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 I la 725 keV too low while that of Run 2 is only 225 keV too high as com-

pared to thai calculated vaiua. Moreover tha resolution of tha Run I spectrum is

worse, which indicatas a shift of the photo-miltiplitrs gain during tha measurement.

There is therefore, on average, an error of I0Z in the amplitude calibration of

Run I. The influence which auch an error can have on resonance parametera wa<

studied for a similar situation by Kappeler et al. : they found that for a

gain change of I MeV at 10 MeV, tha variation of the relative capture areas is

at most 2X. Therefore this affect can only explain part of the diacrepancy.

However, in view of this considerable error in amplitude calibration. Run I

should be considered with some suspicion and the related data should be given

less weight in any evaluation.

3.2. Inter-comparison of s-wav< 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 aa the multiple scattering inside the sample and the prompt

detection of scattered neutrons. In Table 5 are listed the capture widths r

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

the corresponding valuea of Allen et al. , Frohner and Kappeler et al .

The widths of ref. were obtained from a re-analysis of the original Oak

Ridge data using Monte Carlo methods to account for prompt background dua

to scattered 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 complete: only relatively

recent works providing data at least up to 100 keV have been selected. In parti-

cular, for the important 27.7 keV resonance, for which many more experimental

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

and to the recent work of Wisshak et al. . One may notice from Tabie 5 cnac

the ORNL widths are on average about 601 larger than our valuea, the ratio

between the two data sets fluctuating widely. This it in keeping with the data

of Fig.2, discussed in sect. 2.3., pointing to a larger scattered neutron sensi-

tivity of the Oak Ridge experimental set up. When looking at the average widths

i given in Table 3 for both data Bets, we notice that the Geel P values for

s- and d-waves 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 Fe nor experi-

mentally verified. Also, all recent measurements of the 27 keV resonance '
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give T T values around I eV or lower, indicating, over the pait few yeare, a trend

toward* lower 1^ values for s-wave resonance! as a result of store careful measure-

aunts and more precise evaluation at the. backgrounds. Involved. Fot sll these

reasons there is little doubt that the reaults of the present work provide a

more faithful representation of s-w»ve capture than those of refs. l 0«"' 2 2> #

3.3. Intercompariaon of p- and drwava resonances

The ratios r - A^ (ORNL)/AT (CEEL) between the ORHL capture kernels and the present

one* are plotted vs resonance energy in Fig. 9 for p- and d-waves. All resonances

hav« been considered except for the partially unresolved multiplets at 96, 122,

173, 209 and 306 keV where the single kernels have been replaced by their turn.

This was done in order to avoid systematic errors due to insufficient resolution.

The average values of the ratioa in 50 keV intervals are also plotted aa histogram

in ?ig. 9 and listed, together with their standard deviations, io Table 6.

The larger spread in data points above 150 keV is an indication of the increasing

difficulty in obtaining precise values of the capture areas at high energy because

of lower signal-to-background ratios, uncertainty in background determination and

lack of resolution. 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 peak might be an incorrect determination of the relative neutron flux in one

of the two measurements. In this respect we notice that this region corresponds

approximately to the 250 keV 6Ll resonance and that Allen et a l . M ) have measured

the neutron flux with the Li-glass 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 is 1.039 showing an excellent

overall agreement. The situation has even improved since our last paper 3 ) 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 l 2 ) results obtained with

C6 D6 d e t e c t o r » *« «1»° very encouraging: the widths of the individual resonances

are in good agreement and the average ratio of the KFK capture kernels to the

Ceel ones for 17 p- or d-wave resonances or ntultlplets below 115 keV is

r - 0.99 *_ 0.09.

*• Data Normal!tat ion and the Weighting Method

The nice agreement found in Sect. 3.3 between the present results and those of
10)

Oak Ridge and Karlsruhe 2 ) 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 other two data sets are referred to Au neutron capture, either in the 4.9 eV

saturated resonance l 0 ) or in the average keV region ll>. It is now well known

that there are important discrepsneies between the two methods 3 > l 8 ) , The situation

up to data is summarized in the following. In Table 7 are listed the results of the

transmission measurements performed in Ceel and Oak Ridge. Theae last ones have

been promoted by the Task Force and have only very recently been completed. The

results agree within the errors and, as already stated in Sect. 2.4., the ORNL

value has been chosen as our new reference because of its higher precision. The

results of capture normalization of the 1.15 keV resonance to Ag or Au resonances

are reported in the first three rows of Table 8 for two Ceel and one recent Oak

Ridge measurement J the quantity N is here representing the capture kernel A

obtained from the normalization while R is the reference value from transmission.

The ratio t - N/R, quoted in the last column is a measure of the discrepancy. It

is extremely important to observe that the ORNL capture result is also about

20X larger than the transmission value, completely confirming the experimental

evidence accumulated in Ceel in these last years. The last three rows of Table 8

concern thermal normalization: here N and R are the thermal Fe capture cross

sections from the normalization and from the literature 2 0 ), respectively. These

thermal measurements, which were already reported in Table I of ref.3), have

recently been re-analysed with an improved background determination. The new

values (which therefore supersede those of ref.3)) show that the discrepancy ob-

served at 1.15 keV is also reproduced it thermal energy both in «lgn and magnitude.

This is in keeping with the thermal calibration of the 1.15 keV resonance 3)which

yields a value ^ - 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 is very similar to that at 1.15 keV Z l ): in fact, it is not known whether

the values of e given in Table 8 apply also to resonances with much softer spectra.

It is only natural at this point to look whether the weighting method can provide

an explanation for such a discrepancy. In Fig. 10 are plotted three weighting

functions, the OLD WT, NEW WF and EMP WF. The first two have already been dis-

cussed in the past 2 > l 8 ), ln 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 l 8 ) an increased (as compared to OLD WF) energy loss

of electrons in the scintillator employing ueuly evaluated data from Atomic Data.
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The EMP WF la th« on* which is nectaitty to introduce in ordar to derive from the

Ag, Au normalization valuea I8X lower, i.e. in agreement with the transmission data

at 1.15 keV or with the known therssl cross section o{o ,y) at 0.025 aV". It
th

ahoutd ba stressed that EMP WF has no physical meaning sinca it is iaipossibla to

produce inch a drastic change in tha shape of the weighting function without sub-

stantially modifying the interaction laws of electromagnetic radiation and/or

electrons with matter.

In order to check tha programme used for deriving the weighting function, we have

calculated tha Fe(n , ,T) T~ray spectrum exploiting the fact that practically

all transitions in such a nucleus are known and can be found in Nuclear Data Tebles.

We have grouped such transitions around 16 average energies and we have calculated

the corresponding response functions. We have then summed them up after having

multiplied by their relative intensitiea, and finally convoluted with the amplitude

resolution function. The obtained spectrum, weighted over the energy for better

representation, is compared in Fig. II with the experimental one : the agreement

between the two curvea is not too bad as can be seen also by the w values which

differ only by 91. At least one thing can be learned from such a comparison :

the peak around 7.5 HeV is not underestimated in the calculations. Only an under-

estimation of tht high energy part of tha spectrum could give rise to a weighting

function increasing too steeply at high energy.

The conclusion to be drawn from such testa ia that, at the present moment, we

can't find anything wrong with the weighting method which could explain the obser-

ved discrepancy. Ue believe however that more checka of this type should be carried

out in order to gain a deeper insight into the general valididty of the method,

Th« implications of this 18-20* normalization difference with regard to the reliabi-

lity uf the data sets presented in Section 3 are quite serious: if two data 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 measurements which

compensare for such a discrepancy. Therefore Ilia consistent data sets ot Sect. 3.3.

can be shifted upwards or downwards by as much as 201 depending on which normali-

zation is chosen and which measurement ia considered correct. Fortunately, the

situstion is not aa bad as it appears: a transmission measurement of the 22.8 keV

resonance recently performed in Oak Ridge 8^ gives a kernel gP T /r - 0.161 eV,

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

In order to get an idea of the systematic errors connected with such normalization,

we have calculated the relative change AA / A of the kernels when using EMP WF

instead of NEW WF while normalizing always to unity at E - 1.15 keV. The results

are plotted vs w in Fig. 12, together with a linear fit, for 17 p- and d-wave

resonances h«low 100 keV. The change goes fro™ * 9.71 to - 4.i% tor the two

extremes and the average is + 3.2Z. This means that even in the extreme acenario

of the EMP WF the increase in the average Fe capture ia very small. Lacking for

tha moment any convincing explanation of the normalization discrepancy, we should

taka this finding as a reassuring temporary conclusion: even if, for reasons which

w* ignore, extreme weighting functions such as EMP WF should be applied to the

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

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

date set can be used with « CeLiain confidence.
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TABLE 1 I Measured values of the scattered neutron sensitivity relative to

gold neutron capture t /< in the range from 6keV to 350 keV.
n 7

En.Interval

(keV)

6-7

7-8

8 - 1 0

10 - 12.5

12.5 - 15

1 5 - 2 0

20 - 25

25 - 30

30 - 35

35 - 40

fn / f7

(io"S

7.6

9.0

3.85

2.00

1.52

1.39

1.43

».3<t

2.12

2.53

En. Interval

(keV)

40 - 50

50 - 60

60 - 70

70 - 80

80 - 90

120 - 150

150 - 200

200 - 250

250 - 300

300 - 350

n 'y

eo-S

2.54

1.80

1.23

1.00

0.83

1.07

0.64

0.56

0.38

0.35

56,TABLE 2. RESONANCE PARAMETERS OF "Fe
IN THE RANGE 1 TO 350 keV FROM THE PRESENT WORK

N

1
7
3
4
5
6
l
a
9
10
11
1?
13
14
15
16
17
18
19
20

CNCRGY
(keV)

1.15
7.35
12.46
17.77
20.lt
27.82
27.74
34.76
36.75
3«.45
46.09
57.11
53.CO
53.7?
59.78
63.5?
73.05
74.07
77 14
80.91

GN

61.7E-3
.21E-3
2.9E-3
14.8E-3
4.2E-3
.751

1570.00
.79
.101
.267

10.00
17.00
1.00
.037

4.00
.80

70.00
535.00

3.60
7.00

AGN
(eV)

.00

.05E-3
.7E-3

1.6E-3
.8E-3
.017
.00
.00
.006
.020
.00
.00
.00
.009
.00
.00
.00
.00
.00
.00

GG

.60

.84

.54

.54

.84

.54

.95

.49

.84

.54

.57

.40
61
.54
.46
.55
.75
51
.30
.77

AGG ?J I
(eV)

.04

.00

.00

.00

.00 :

.00

.13

.01

.00 '

.00

.03

.0?

.05

.00 ]

.03

.05 ]

.05 j

.08 1

.03 1

.04 5

1
C
1
2

KERNEL

55.7E-3
! .47E-3

7.8E-3
14.4E-3

( 8.3E-3
.171

> .95
.61

1 .271
.357
.54
.77
.38
.034

.8?

.65

.73

.51

.28
2 .07

flK
(eV)

.00
08E-3
.7E-3

1.6E-3
1.8E-3
.008
.11
.03
.015
.019
.01
.04
.0?
.008
.05
.04
.05
.08
.02
.11

k.ORNL

55.€-3
40E-3
7.3E-3
19.E-3
9.4E-3
.18

1.40
.64
.78
.40
.50 '
.81
.40
.00
.87
.65
.70
.73
. 30

7.04

RAT

.00

.96

.81

.3?

.13
L.05
1 .47

1.05
.03
.1?
.91

1 .05

.05

.00

.06

.00

.97

.13

.08

.98



Table 2 continued

N

21
22
21
24
25
26
77
28
29
10
)l
1?
11
3«
15
16
17
It
19
40
41
42
41
44
45
46
47
48
49
50
51
57
51
54
55
56
s;
58
59
60
61
62
61
64
65
66
67
68
69
70

ENERGY
<tc«V)

81 6)
90.47
92.76
92.98
96.27
96 44
96.69
102 78
101.17
106.01
112 81
121.12
122.70
127.92
174.29
125.28
110.11
110.18
140.17
14! 18
142.56
150.01
154 09
161.9?
169.28
169.15
171.10
17} 8?
17 5.94
179.9?
181.14
187 26
187 56
188.14
ISO 15
19)17
195 95
701.76
70) 41
206.14
708.20
709.1?
210.01
210.90
216 04
270.87
777.10
721 88
776 07
730.13

ON

1250 00
14 00
1 60
.58
.18

1 10
2 50
21.00

76
7 80
5.50
.014
.071

46.00
7.50
10 00

500.00
.79

7/00 00
.57
.56
.11
.41

6 50
6.00

1000.00
.14

42.00
.07

11.00
17.00
1 70

1600 00
.066

15.00
70.00
66.00
74.00

041
1.14

22.00
.14
06

9.00
.82

1150.00
8.00
10.00
28.00
7.50

ACN
{•VI

.00

.00

.00

.08

.04

.00

.00

.00

.00

.00

.00

.028

.025

.00

.00

.00

.00

.11

.00

.00

.00

.0?

.05

.00

.00

.oo

.0)

.00

.01

.00
00
.00
.00
.0)
.00
.00
.00

.00

.019

.00
00
.04
.02
.00
.11
.00
.00
.00
.00
.00

.50

.43

.79

.54

.84

.99

.90

.11

.74
88
.56
.54
.54
.10
.64
.62
.54
.84

J. 18
.86
65
.54
84
.62
.97

0.9?
.54
.24
.54
.51

1.01
.12
.82
.54
.46
.59
.54
.84
.84
.51
.70
.54
.84
.62
.54

1.59
.21
.51
.45
.28

ACG
(•V)

.08

.01

.07

.00

.00

.17

.10

.01

.09

.06

.04

.00

.00

.01

.06

.04

.08

.00

.74

.20
11
.00
.00
.05
.15
.14
.00
.0)
.00
.0/
.09
.06
.25
.00
.05
.05
.08
.07
.59
.06
.09
.00
.00
.07
.00
.21
.04
.06
06
.04

2J 1

1 <
1
3
1
5
1
1
1
j ;
3 ;
) ;

1
1
)
1
i ;
i i
i ;

i c
i <
) i
i i
1 2
1 3
1 2

t
1 1
1 1
1 1

1

11 1

2

i
1
1
2
I
1
0

i l
i l
3 1
] 1

. KERNCL

1

1

[
> 1
I 1

» 1

)

1
1
0

2

1

1

1

1

1

1

.50

.8)

.06

.56

.44

.56

.31

.65

.75

.34

.02

.01?

.126

.59

.59

.16

.54

.8?

.31

.70

.60

.21

.56

. 11

.67

.92

.22

.48

. 13

.49

.86

.54

.82

.096

.88

.15

.54

.63

.078

.05

.68

.22

.11

.16

.11
59
41
.02
89
.54

(av>

.08

.05

.06

.04

.08
06
12
.06
.06
.09
.07
O?7
.044

.07

.05

.08

.08

.12
74
.17
.11
.01
.05
.09
25
.14
.05
.07
.05^
.07
.75
.13
.75
.053
.10
.10
.07
.14
.831
.10
.08
.07
.04
.12
.06
.71
.09
.10
. 11
.08

K OPNL

I 28
89
93
51

1 26
.30
. 70
.71
.80

1 55
1.17

01

.15

.54

.61
1 27
1.10
.79

7 19
68
.55
29
.56

1.14
2 00
1 10
56
.16
.00

.51
1 21

.60
7.98

.00
1.04

111
69

1 95

.00
1.45

1)9
.77
.19

1 11
.40

2 16

.64
1 32
1 00

.6?

7
1

2

1
1
1
1

1

1
1
7

1

1

1
1
1
7

1
1
1
3

1

1
1

1
1
1
1
1
1
1
1
1
1
1

RAT

56
.07
88
.95
.88
.5)
.51
.10
07
16

. 14
0]

.19

.91
07
. 10
04
.97
.59
.97
.9?
.19
.99
.01
20
70
55
74
00
08
.1?
11
61
.00
.18
.98
78
.70
00
38
.75
23
55
15
71
36
56
10
.12
15

39

Table 2 continued

pi

71
7?
7)
74
75
76
77
78
79
80
• 1
S?
81
84
85
86
87
88
89
90
91
9?
91
94
95
96
97
98
99
100
101
102
10)
104
105
106
107
108
109
110
111
117
11)
114
115

ENERCT
{*#¥>

7)7.77
2)5 09
741.86
243.63
245.71
746.54
257.70
253 83
256 4|
260.18
261.14
264.02
264.71
267.11
267.89
270.16
275.06
276.52
771.24
281.12
28).62
284.17
285 81
288.99
290.86
291.54
296.07
300.28
30).31
104.77
106.70
107.1)
111 19
111 78
115.07
317.00
37! 99
174.18
3)1.87
114.81
141.05
141.98
345 18
349 1?
350.67

CH

70.00
70 00
10.00

.10
415.00

.14

.09
28.00
6.00
29.00

09
i'O.oo

.20
55.00

.72
144.00

.48
85.00

4000 00
8.00
. 77

12.00
15.00
12.00
11.00
1)0 00

.29
23.00

.14
19.00
.28

1.04
38.00
.27

28.00
5500.05

7.50
.73

370.00
1.70

110.00
77 00
47.00
!?0 00
77.00

flbN

(eVi

.00

.00

.00

.04

.00

.09

.05

.00

.00

.00

.04

.00

.08

.00

.27

.00

.25

.00

.00

.00

.37

.00

.00

.00

.00
.00
. 10
.00
.07
.00
.19
.42
.00
.08
.00
.00
.00
.11
.00

.oo

.00

.oo

.00

.00

.oo

1

1

1

1

1

bb
1

.18

.81

.30

.54

.57

.54

.54

.59

.60

.70

.84

.56

.54

.31

.84
41
.54
.26
.63
.95
.54
.74
.16
.73
.82
.69
.54
.78
.54
.4)
.54
.54
.60
.84
.17
.00
.8?
.54
.44
.90
.9)
.6)
.8)
.62
.67

AGG
•V)

.10

.06

.10

.00

.10

.00

.00

.06

.07

.10

.00

.11

.00

.06

.00

.11

.00

.06
19
.10
.00
. 10
.11
.09
.09
.11
.00
.09
.00
.07
.00
.00
.08
.00
.10
.03
.15
.00
.20
.15
.14
.11
.11
.OS
.09

2J 1

J ,

5 ;

5
)
1
1
3
5 ;

3
1
j ;
1
3
5 ;
) ;

1
1
3
1 i
3 ;
3
3 ;
3 2
1 2
1 1

1
3
3
3
3
1
3
3
3
5
i
3
1
1
5
3
3
3
1
5

. KERNEL

> 2
> 2
> ]

]
]

1

1
2
1
1

[

2
2
2
a
2
i
9
I
I
I

?

.72

. 38

.46

.17

.57

. 11

.16

. 74

.08

.68

.16

.56

.29

.98

.77

.41

.25

.52
63
. 70
.64
.40
.15
.38
.55
.69
.18

1.51
.22
.81
.19
.71
.18
.41
1)6
.00
.2)
12
.44
.77
.85
24
.6)
23
.96

(•V)

.19

.18

.26

.06

. 10
07
.08
.19
.12
.10
.07
.11
.12
19
. 10
.11
.14
.11
.19
19
.12
.19
.21
.17
.17
.11
.11
.18
.11
.14
.12
.10
.16
.11
.29
.00
.22
16
.20
.20
.27
.22
.22
. 19
.25

K

2
2
)

1
1

1

1
1

1
1
1
1

1

2
1
i

1
1
2

1
i
1

67
51
84
. 14
80
.00
.24
5)
.08
.54
.00
.68
.26
.00
.58
)0
.20
. )2

.01

.69

.47

.54

.79

.86

. )2

.60

.47

.46

.)0

.65
30
40
.85
.00
.60
.70
.26
.1?
.27
.68
.68
.00
. 17
.10

45

1
|
1

1

1

1

1

1

i
1

1

1

I

1

1

1
]

1

RM

.20
05
. 11
8)
.40
.00
.51
.88
.00

.79

.00
71
.89
.0?
.75
. 7)

.79

.62

.60

.00

.74

. 10

.8)
)5
85
.87

. 12

.97

. 16

.81

.61

.56

.72

.00

. 77

.00

.0?

. 14

.88

.95

.45

.00
69
. 96
. 74



40 TABLE 3 : Average values f and standard deviations if calculated

from the present data for •-, p- and d-vave resonances.

The corresponding niunber of degrees of freedom " «f w a i

calculated from the expression 2f"ett
 m (srT / F ) 2 -

In the last column the f values from ref.'O) are listed

for comparison.

•aspic er (ORNL)

0

1

2

population

II

35

31

7

(•V)

0.895

0.552

0.768

7

(eV)

0.404

0.203

0.238

e

9

14

20

it

.8

.8

.9

7

(eV)

1.46

0.54

0.84

TABLE 4 i Capture cross sections averaged over a Maxwellian distri-

bution for different thermal temperatures

th

(keV)

20

25

30

35

40

7

(mb)

13.9

14.0

13.8

13.4

13.0

TABLE 5 : Coaparison of the a-vave capture widths from the present work with

those from some recent data sets.

Eo (keV)

27.74

74.06

83.64

129.90

140.30

169.26

187.56

220.80

245.14

277.88

331.80

Present

0.95 _* .

0.51 *_ .

0.50 •_ .

0.54 j» .

1.38 *_ .

0.92 _• .

0.82 _• .

1.59 ± .

0.57 +_ .

0.63 *_ .

1.44 + .

work

13

08

08

08

24

14

22

21

10

19

20

r (eV)

Allen et al? 2 )

1.6

0.8

0.9

0.8

2.4

0.6

2.8

2.8

0.9

1.3

1.3

(1977)

1- «*>
i • '
i • 2

i • 2

1 • 3

± • 3

± • 6

1 • 3

± • 2

i • 4

+ . i

Frohner

1.

0.

0.

1.

1.

«t al! 7 )

(1977)

25 ^

75 +

58 *_

30 *_

48 _•

. 20

. 15

. 22

. 40b>

. 3l b )

Kappeler et

(1982)

1.04 • . 08

0.86 •_ . 08

0.54 *_ . 09

,12)

a) uncertain analysis

b) incompletely resolved



TABLE 6 : Aver«R« values and standard deviation! of th« ratio

bstveen the Oak Ridge and lieel capture
A (ORNL)

T(GEEL)

kernela calculated over 50 keV interval! for p- and d-wava reionancei.

Energy

Interval
(keV)

0 - 5 0

50 - 100

100 - 150

150 - 200

200 - 250

250 - 300

300 - 350

A (ORHL)

"TTCEEIT

I .04 j* .14

I .00 *_ .06

1.07 j* .13

1 . I 3 j* .12

1.21 • .19

0.95 *_ .23

0.95 + .24

TABLE 7 : Sumaary of the reiults of trananiaaion measurements of the

1.15 keV Fe resonance performed in thi> la*r y«ar« in C-eel

and Oak Ridge.

(meV) (meV)

610 *_ 60 53 *_ 3

680 * 140 56 *_ 3

574 * 40 55.7 * 0.

Lab.

Ceel

Geel

Oak Ridse

Year

1979

1982

1983

Ref.

2

17

8

Thickness

(m»)

2

1

• 5 - 25

r
(I(oieV)

58 +

61 +

6! .7 +

4

3

0.9

0 - 350 1.039

TABLE 8 : Results 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 A indicates the capture kernel gP P /P, the quantity

i <• 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 7-ray absorption in the sample.

Lab.

Year

Geel'

Geel1

Oak
Ridge

Geel1

Ceel1

Geel1

82

82

"82

82

82

82

Ref.

•8

3

19

3

3

3

Normalization

Ele-
ment

Ag

Au

Au

Au

Au

Au

sample

Thn.
(ma)

1

0.2

0. 1

0. 1

0. 1

0. 1

Energy

16 7i «V

5.2 «V

4.9 tV

4.9 eV

thermal

thermal

the rma I

Nucl

uatur

5 6Fe

natur

natur

natur

5 6Fe

Fe—sample

. Thickn.
(mm)

. i .0

0.5

. 0.5

. 0.5

1 .0

0.5

Energy

t.15 keV

1.15 keV

1.15 keV

thermal

thermal

thermal

(meV) (meV)

M (result of

normalization)

R (reference

value)

t - N/R

72.8+3.2 6108 ' A -

74 .3+3 610 a ) A
7 -

bb +_ 3 meV A^ - 55.7 *_ 0.7 meV I.I7+.O6

66.2 + 2.8meV A - 55.7 + 0.7 meV I.I9+.O5

77.3+1.7 615 a ) A - 68.7 +_ I .5 meV A - 55.7 +0.7 meV 1.23+.03
1 ' ~

- 2.56 + .03 b b ) I .18+.04o - 3.02 + .09 b
th —

o - 2 . 8 7 + . 0 8 b
tn —

t h
3.06 + .08 b

t h

a - 2.56 + .03 b
tn —

0 - 2 . 5 9 _• . 14 b

b)

b)

I.

1 . 18*^.07 a ) assumed values

h) values taken from Mu^tiab^hab et al .
20)
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1.2 H

I.I

1.0-

0.9-

0.8
10'

Op-(present)

" aF(ENDF/B-V>
normalized to I at 7.8-11 eV

io3
10* 10s

Fig. I. Average a values obtained uaing the neutron f lux from the L i - g l a s s ,

compared to ENDF/B-V values . Our data have been normalized Co the

weighted mean of the low energy f i s s i o n integral I ' ' e ^ - 241.2 b-eV.

'Fe(n.Y)

^..JLILfJl. J JLjII...-. H- - ..^Jlllll .A. ^
•s is »» in HI us us ns *> in

Enlk.V|

F i g . 3a . The r e s o l u t i o n broadened Fe c a p t u r e c r o s s s e c t i o n from 85 t o 175 keV.

HARWELL 270L
LIQUID SCINTILLATION
TANK

10° 10'

OAK RIDGE
TOTAL ENERGY DETECTOR

KARLSRUHE BOOL
LIQUID SCINTILLATION
TANK

10'

Fe(n.Y)

NEUTRON ENERGY (ktV)

Fig. 2. Scattered neutron sensitivity of the Geel scintillators compared to

that of other detector systems. Fug. 3b. The resolution broadened Fe capture cross section from 175 to 260 keV.
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Fig. 4. Example of fit of the IO2.8-IO3.2 keV doublet using an asymmetric resolution

function .
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p -waves
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I » 1

— I —
100

— I —
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En(keV)
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1.0

02 -

d-waves

il.

! I I !
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I • I • I • > ' I
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En(keVJ

Fig. 6. Plot of r values of d-wave resonances vs neutron energy.

Y!!]

0 . 2 -

0 . 1 5 -

0.1-

o.os

Y(!) = "welghted"area of Run I
Y(2) = "weighted" area of Run 2
W = average weight

linear fit

15
—T~
20

—r~
25

30 35

W

Fig. 5. Plot of F values of p-wave resonances va neutron energy. On the right

is plotted the cumulative distribution.

Fig. 7. Relative difference of the resonance yields of Run 2 and Run I plotted

vs the average we i ght u (old we i ght i ng f uric t i on) .
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Fig. 8. Comparison of the high energy part of the amplitude spectra of Run

and Run 2 with the calculated spectrum.
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tit. 9. Ratio of the capture kernel* of QRNL and Geel plotted vs energy for p-

and d-wavea only. The histogram indicates the averages over 50 keV intervals.
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Fig. 10. Plot of three different weighting functions. The energy scale corresponds

to 50 keV/channel.



100000

EXPERIMENTAL
"Ft ln l h .v) SPECTRUM

5 *
CALCULATED
ssF«(nlh,ylSPECIRUM

CALC W«2?.*

•—1—•

•oo

-0.05

W

Fig. II. Conpariion of on« experimental thermal capture T-ray «pectrua of

with the calculated one.

56
Fe Fig. 12. Relative difference bpruoon (lie kernels obtained using the EHP WF and

those obtained vith the NEW WF, plotted vs w.

45



46 The 1.15 keV 36Fe Resonance

by

P. G. J . Percy

Oak. Ridge National Laboratory, U. S. A.

Paper was not submitted for publication by author.

Neutron Capture In s-Wave Resonances
of 5 6Fe and 5 8 ' 6 ° . 6 4 N 1

K. Wisshak and F. KHppeler
Kernforschungszentrum Karlsruhe, I n s t l t u t fUr Kernphysik III

P.O.B. 3640, D-7500 Karlsruhe, Federal Republic of Germany

ABSTRACT

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

keV), 58Ni (15.4 keV), 60Ni (12.5 keV) and 64Ni (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 Li(p,n) reaction, was used in the experiments. Capture

gamma-rays were observed by three Hoxon-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 r (27.7 keV, 56Fe) = 1.06 + 0.05 eV, r (15.4 keV,
58 n

UNi) » 2.92 + 0.19 eV,
Ni) = 1.53 • 0.10 eV, r (12.5 keV, _

r (13.9 keV, ^4Ni) = 1.01 jf 0.07 eV and r (33.8 keV, 64Ni) =

1.16 *_ 0.08 eV. The accuracy obtained with the present experimen-

tal method represents 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 respective

isotopes in a typical fast reactor.



I. INTRODUCTION

The exact determination of the capture widths of broad 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.
3 4

(11) In previous measurements their large ratio r /r ^ 10 -10

caused severe systematic uncertainties due to capture of re-

sonance scattered neutrons. These difficulties are strikingly

illustrated at the example of r for the 27.7 keV resonance in

Fe where the published values vary by a factor of two
2,3 forRecently, a careful reevaluatlon of the Oak Ridge data

' Ni showed that the present accuracy for strong s-wave re-

sonances around -v 10 keV is limited to ^ 30 % for resonances with

r /r ^ 10 . These uncertainties do not meet the requests for-

mulated for capture cross sections of structural materials

Part of the experimental difficulties have been overcome in

LINAC experiments by the use of arrangements with very low

neutron sensitivity ' . In the present work, which was per-

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 completely

by time-of-flight (TOF). This was possible using an experimen-

tal setup where the primary flight path of the neutrons is

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 detailed theoretical 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 ry agreed within the remaining total systematic

uncertainty of 5 - 6 %.

We measured the s-wave resonance at 27.7.keV In Fe and the

resonances at 15.4 and 12.5 keV in Ni and Ni, 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
4

current requests

To test the potential of this experimental method we measured

the capture widths of two s-wave resonances In Ni at 13.9 and

33.8 keV. The final results showed that they have r /r ratios

of 2900 and 7700, respectively. For such resonances accurate

data 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 [• / r "» 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

keV resonance with a signal to background ratio of one in spite

of its small peak cross section of only 10 mb. Thus, an overall

statistical and systematic uncertainty of 7 % was obtained even



48 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. 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 Li(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 is

•^ 16 cm. Data were taken simultaneously from three Moxon-Rae

detectors with graphite, bismuth-graphite and pure bismuth

converters, respectively. Two Li-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 B.

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

PHOTOMULTPLER

NE HI PLASTIC
SCNTILLATOR 105mm)

GRAPHITE CONVERTER

TRANSMISSON DETECTOR

lot 0 dag, 93.5cm light path I

MOXON RAE

DETECTOR

Bismuth Converter

BISMUTH-GRAPHITE

CONVERTER

NEUTRON FLUX MONITOR

(at 20deg. 160cm Flightpoth)
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

use of very thin samples (0.15 mm for ' Ni and Fe

and 0.5 mm for
64Ni) .

3.)

4.)

The very short flight path of 6 cm allowed for a signal-to-

background ratio of -\. 1 even for the very broad resonance

64.
Si i| , _

n res

at 33.8 keV in 4Ni 0.26).

The limited energy range of the neutron spectrum from 10

to 60 keV avoids unwanted background from scattering re-

sonances at higher energies.



5.) The total time resolution of 1.2 ns is sufficient to sepa-

rate the o-wavea from neighbouring p-wave resonances

(except for Nil.

In order to study the individual systematic uncertainties 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 keV) above the reaction threshold of the

Li(p,n) reaction. In this way continuous neutron spectra in

the energy range 5 to 90 keV, 7 to 75 keV and 10 to 60 keV were

obtained, respectively. The higher proton energy offers a higher

neutron flux at the resonance energy but on the dispense of a

reduced signal to background ratio.

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 resonances vary by a

factor of three. For ~" Fe as an additional check a 2 mm thick

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. where a similar technique was used but where

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

To demonstrate the effect-to-background ratio Fig. 2 shows the

TOF spectra measured with the graphite converter and ' Ni

samples of 0.3 mm thickness. In Fig. 3 the respective spectra

as measured with the Ni sample of 0.46 mm thickness are shown.

4 -

5 2-
UJ
CL

N
TS

6
o

10F -SPECTRA

^'Ni SAMPLE

12 3 keV RESONANCE

A Iffy

PROMPT
GAMMA -
RAY
PEAI(

BACKGROUND ^ J U*h~

FLGHT PATH :87 7mm

SAMPLE THICKNESS : 278 W~3A/b

^ N i SAMPLE I I 1
IS4 keV RES 1 N

| | | 1/
BACKGROUNO

FLIGHT PATH :87 7mm

PROMPT
GAMMA-
RAY
PEAf<

1—

SAMPIE THICKNESS : 2 71 X)" JA/b

WO

Fig. 2

200 300 «x) no
CHANNEL NUMBER

200 300 400

TOF spectra of ' Ni samples and the corresponding

background as measured with the Moxon Rae detector with

graphite converter (sample thickness 0.3 mm, flight

path 87.8 mm).
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64.Fig. 3 Experimental TOF spectra measured with the " N 1 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 (r /r = 7700). This component was subtracted in the re-

gion of the 13.9 keV resonance as indicated by the hlstogramm

(lower part). Four time marks are given which illustrate the TOF

discrimination of events due to capture of scattered neutrons.

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

zero point of the TOF scale.

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

T 2 * 2 x T1: 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.

III.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.

Transformation of the summed TOF spectra of sample and

reference sample to a common average flight path.

Normalization to equal neutron fluence per sample.

Subtraction of time dependent and time independent back-

ground.

Correction for multiple scattering and self-shielding in

the gold reference sample.

Correction for gamma ray self-absorption in sample and

reference sample.

Multiplication with the gold standard cross section.

b)

c)

d)

e)

f)



III.B Determination of the Capture Widths
_ _ _ _ _ _ _»— _ „ , _„

To determine the capture widths of s-wave resonances the capture

yield was analyzed using the FANAC code of Frflhner11. The data

measured with three different converter materials were analyzed

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

Tn of the investigated s-wave resonances as free or as fixed

parameter. Fig. 4 shov»s as an example the Fanac fits to the
58,60,64.

capture yield of

in Figs. 2 and 3.

Ni as evaluated from the spectra given

51

III C Correction for Detector Efficiency

The main 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 garasna-ray cascades.

Consequently, the capture yaffinia-ray spectrum is dominated by

a hard component caused by transitions to the ground state or

the first excited levels and by a soft component from the ground

state 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 section ratio.

In the present experiment data were taken with three different

converter materials and the correction was applied for each

detector separately. In this way we tried to overcome the un-

certainty which is caused by the fact that the efficiency of the

individual converter materials is not known with good accuracy.

139 keV RESONANCE

33 8keV RESONANCE

NEUTRON ENERGY(keV)

Fig. 4 Fanac fits to the capture yield of NI, Ni and Ni

as evaluated from the TOF spectra shown in Figs. 2 and 3.



52 The evaluation of the efficiency correction, is described in

detail in Ref. 12. Two pieces of information are required! the

relative shape of the detector efficiency e (E ) and the relative

shape of the capture gamma-ray spectrum I(E ).

In Fig. 5 the efficiency 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

and the other as calculated by Malik and Majkrzak . The effi-

ciency of the bismuth-graphite detector was taken from Ref. 9.

For the bismuth converter we used the average of the calculation

in Ref. 13 and the Monte Carlo simulation by Iyengar et al.

GRAPHITE CONV. calc.

GRAPHITE CONV. exp.

BISMUTH GRAPHITE CONV.

BISMUTH CONVERTER

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 is 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-

tion is "v. 5 % for measurements on Fe and Ni while they in-

crease up to 10 % for measurements on Ni and Ni.

IV RESULTS

Fig. 5 The shape of the detector efficiency of Moxon Rae

detectors with different converter materials.

The individual results for the capture widths of s-wave resonances

in 56Fe and 5 8' 6 0' 6 4Ni as obtained from different experimental

runs, sample thickness, converter materials and evaluation methods

are compiled in full detail in Refs.1 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 efficiency correction.



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-

tectors. In case of Ni the contribution of the two p-wave re-

sonances at 12.2 and 13.6 keV is subtracted because it could

not be separated In the fits. The individual systematic uncertain-

ties are discussed in detail in Refs. 7 and 8. For completeness

we include in Table I the result for Fe obtained in our first

experiment where we used three different sample 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 available at that

time. The value given in Table T la now corrected and thus

supersedes the earlier results.

58.Ni: The final value r 1.53 eV + 6.6 % for the s-wave reso-
17nance at 15.35 keV 1B in good agreement with the data of Frohner

1 ft

and with the KEDAK-3 evaluation but Is 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-

evaluation of these data at Oak Ridge yielded a preliminary value

of r = 1.3 *_ 0.4 eV in agreement with our value. But it has to

be pointed out that the neutron sensitivity of the respective

Table I Final Results for the s-Wave Resonances in 5 8 > 6 0 < 6 4
N i a n d

 5 6
F e

Isotope Resonance Graphite Converter Bismuth-Graphite Bismuth Average Uncertainty (»)
Energy Converter Converter statis- syste- total

rT(eV) rY(ev) rY(ev) r>(ev)
 t l c a l m a t l c

5 8Ni

6 0 N i a

64
Ni

56
Fe

15.35

12.5

13.9
33.8

27.7

1.41

2.88

0.97
1 .24

1 .07

1 .63

3.07

1 .01
1 . 18

1 .56

2 .88

1 . 01
1 .06

1 .53

2 .92

1 . 01
1 . 16

1 .9

3 .5

3.7
3.4

6 . 3

5.6

5 .7
6 . 2

6 .6

6 .6

6 . 8
7 . 1

1 . 14 1 -06 1 .09 2. 1 4 .6 5. 1

corrected results Cuim Ref. 1:

56
Fe 27.7 1 .05

averaged value form Ref. 1 and present work

56.
Fe 27.7

1 .05

1 .06

1 .3

1 . 1

4.7

4 . 7

4 .9

4.8

53
a)

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

area to account for the unresolved p-wave resonances at 12.2 and 13.6 keV



54 experimental setup limits the accuracy of this resonance parameter

to i 15 % in the tank measurement performed at KfK (Ref. 17) and

to i. 30 I in the measurement with the CgFg detector at Oak Ridge

(Refs. 3 and 20). Compared to that the present method provides

a significant improvement.

Ni: 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 gr r /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. who quote gr r /r =•

0.554 eV. Our final value for the s-wave resonance r « 2.92 eV
17 Y

_• 6.6 % is in good agreement with data of Frtthner , with the
18 2

KEDAK-3 evaluation and with the new results from Oak Ridge

But, again, these data carry uncertainties of 18 % and 34 %, re-

spectively. The value in Ref. 19 which is based on the work of

Stieglltz et al. is •v 15 % larger than the present value.

64
Ni: The final values are: r 1.01 + 0.07 eV for the resonance

at 13.9 keV and r =• 1.16 + O.OB eV for the resonance at 33.8 keV.

If we compare the present results to the data of Beer and

Spencer 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

r =• 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 Spencer 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 widths23. This suggests that the neutron sensiti-

vity corrections were underestimated in both cases. The present

results yield new values T /r 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 Fe

and 5 8' 6 0Ni.

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, if properly corrected for the detector effi-

ciency. Thus our measurements with Moxon Rae detectors yielded

a consistent final value of r « 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 1B also excellent

agreement with the value r = 1.04 ^ 0.08 eV obtained recently
24 Y

at Karlsruhe in a measurement using C,D, detectors and ao o

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 FrOhner (r 1.25 +_ 0.2 eV) and Gayther et

al. 5'28(r * 0.89 eV). We also agree with the result from a

measurement at Geel , which was analysed by Moxon using the REFIT

code (r = 1.0). Recently, a new measurement was published

which yielded a significantly lower value r = 0.82. This re-

sult is correlated with a surprisingly low value for the neutron

width of this resonance (r =1.15 keV). Low values for r are
n 10 Y

also reported by Allen et al. (r = 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 . 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



rate is due to capture in iron (50 I) and nickel (22 I), while

the rest is caused by chromium, molybdenum and niobium. In all

involved materials neutron capture proceeds via the (n,y)-

reaction with the exception of nickel where one third of the

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

the low threshold energy.

In each energy group an average capture cross section was detei-

determined by lumping together the resonance areas of the indivi-

dual resonances: Here we used the data from KEDAK 3 (Ref. 18) for

"Fe and ""Ni, from Ref. 2 for DUNi and from Ref. 32 for Ni

and our own values for cr.e s-wave resonances. Above 200 keV

smoothed cross sections were taken from Ref. 33. These cross

sections were weighted rfit.i t.ie neutron flux of tne respective

group. This procedure „.is performed twice, with ar.d w,tr.out the

measured s-wave resonance. The resulting contributions of the

a-wave resonances to the coca! capture r;*te oi the respective

isotopes are given in ?.;. "...e II in comparison to tie values

obtained with the s-wav: reso.iar.ce parameters -uotad by Mughabghab

et al. (Ref. 19). From this Table the following conclusions can

be drawn:

1.)

2.)

3.)

4.)

About 9 * of the total capture rate in etructural materials

is caused by the three investigated resonances.

Using the present data the capture rate in structural

materials is reduced by more than 2 %.

With the improved accuracy of -\. 5 - 6 % of the present

experiment the uncertainty in capture rate of structural

materials is not longer dominated by the uncertainty

of the s-wave resonances. The main uncertainty is now

determined by the 1.15 keV resonance in Fe, which con-

trioutes 35 % to the capture rate in 56Fe

Finally, c.-<e has to keep in mind that all other s-wave

resonances as measured in previous experiments have been

overestimated, too. If this is corrected a further reduc-

tion of the capture rate ln structural materials is

expected

Table II Contribution of the investigated s-Wave Resonances to Fast Reactor

Averaged Neutron Capture Cross Sections

Resonance

55

Fe (27.7 key,

58Ni (15.4 keV

:OK, (12.5 keV,

'*!•< (13.9 anc

J3.8 keVi

Relative Contribution to Total
Capture Rate of the Respective

isotope (%)

Relative Contribution to Total
Capture Rate of Al] Structural

Materials (%i

P takpn
Y Ref.

1 ",

2C

46

7 0

f'rnm

19
r from p

resu

8

16

37
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resent
Its
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Ref.

5. 1

2.0

1 .8
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ABSTRACT

A survey is 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 Lhe n.-iation between
the excitorv sno<l*' and the Hauser-Feshbach model.

INTRODUCTION

The underlying naive picture of the model that is used to calculate
double-differential cross sections of (n.n1) or (n,p) -eacfions at
energies from about 10 to 30 MeV is aa follows. A neutron enters the
nucleus with a probability predicted by the reaction cross section of
the optical model. After a refraction at the nuclear t :rface it may
collide with u target nucleon. The initial neutron generally looses
energy which is transferred to the target nucleon. Next, one of the
colKssion partners may be emitted or further collissions may take
place until eventually a particle is emitted. It is ajsumed that before
emission a refraction at the nuclear surface has occu.ed. Secondary
emission of a particle is described by following the collissions inside
the nucleus also after the first emission.

In tnree cas.es this picture leads to simple modeis:
(a) equilibrium limit, (b) precomuound emission after die urst internal
collission, (c) "leading particle" model.

In the well-known equilibrium limit it is supposed th,.c no particle
is emitted before a large number of col 1issions has occurred and the
initial energy of the projectile has been exchanged with most of the
target nucleon?. The decay of this "compound state" is described by a
statistical model. The Hauser-Feshbach (HF) model is usually employed,
u i l i i w u ^ i i c a t i i i t ^ i i m c l ( ; i c b i t c u u i l i u f e d p p I O X i H i d I E i l b y i . ! i € H ' v i L i i j i l T l p i C r

W e i s k o p f - E w i n g (WE) m o d e l , w h e r e a summation over spir.s and parities
has been m a d e . Sone inconsistency problems between HF and WE mode l s have
been discussed in Refs. [1,2 1. We note that the HF moi.'el also p r e d i c t s
angular d i s t r i b u t i o n s , although for conti n u u m emission usually isotropy
in the cen t e r - o f - m a s s system is assumed. A useful a p p r o x i m a t i o n to e s t i -
m a t e the (symmetric) angular d i s t r i b u t i o n of con t i n u u m r e a c t i o n s has
been given by rricson and Strutinsky f ) ! . The conpletc e x p r e s s i o n is
found in Ref . •'< S .

W h e n e m i s s i o n o c c u r s ,i'~tcr the first c a l l i i\:\inn, it it, t r i l l r e -
l a t i v e l y s i m p l e t o d e s c r i b e t h e a n g l e a n d e n e r g y d i s t r i b u t i o n s o f t h e
e m i t t e d p a r t i c l e , a s s u m i n ) ; i ; e n n e t r n a l o u t i ' s f o r t h e t e f i a c t i o n p r o -
c e s s e s a n d ( h i : ¥. i \- n r h i -K.iw.i i U K ) e x p r e s s i o n f o r t h e se . i t t--r i n;> o f t w o



jjfl nucleons Inside nuclear matter [5]. Since an important fraction of the
precompound emission originates from a single collission in the nucleus,
this description 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 is a strong coupling between energy
and angle of the emitted particles, cf. Sect. 2.

In the "leading particle" model, developed by Mantzouranis et al.
C7] 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 is solved moat easily by the method of Akkermans [8,9]. Vie note
that in this model the angular distribution of the emitted particle
after n collissions 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. A) and the angle-
integrated cross section (cf. Sect. 5). This problem has also been dis-
cussed in Ref. [23.

2. PRECOMPOUNP 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 al.
[8,9], where the angular distribution is represented by Legendre poly-
nomial coefficients. It follows from Ref. [6] that

(I)

where p t are eigenvalues of the refraction operator (based upon geo-
metrical optics) and ujr ar« eigenvalues of the scattering operator
(based upon the KK expression). For 1-0 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 (n o-3), divided by a factor 4n. In Eq. (I) the emission rate for
emission of a particle b from n-no to n"no-nj, is indicated by w^(n o,c);
the mean life time 1(nQ) equals in this case the reciprocal value of
the total emission W(n o).

From Eq. (I) it follows that the model is free from fit parameters
and that there is a strong correlation betueen the angle- and energy
distributions. It is illustrative to note that in most earlier work,
corresponding to the concept of Mantzouranis et al. [71 the coefficients

Pj were not used (p,"l), and the scattering kernel was taken from
free nucleon-nucleon scattering: p t , independent of e. In a pre-
vious analysis of 14-MeV data we have assumed (in Ref. [9]) a maximum
refraction index of the incident beam (i.e. p (E) -u ), together with
the free scattering coefficient \>i • In addition, a fit parameter c
was used to obtain optimal agreement with the measured data [9,12].

More recently, Sun Ziyang et al. [10] have adopted a Kikuchi-Kawai
kernel, averaged over all possible scattering energies: p, , i.e. in-
dependent of c. In a very recent paper Iwamoto et al. [Ill have
used an expression, similar to Eq. (I), neglecting refraction,
cf. Sect. 3.

Without considering the contributions from further internal col-
lissions, Eq. (I) already describes the main features of the angular
distribution of emitted nucleons at the highest outgoing energies, say
at t-E-l MeV. In Fig. I we show the results of calculations of the
reduced Legendre coefficients for the 93Nb(n,n') reaction, using Eq.
(I). These results compare quite well with the systematics of Kalbach
and Mann [13] and with averaged experimental data, extrapolated to the
energy e-E-l MeV (cf. Figs. 2,3). The deviating experimental value of
f2 at tA.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. I (f) — 2/3, £2-1/4, f 3 ~ 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. [II]
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. 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:

, , . 2»
X(n-Mn) - -^ M(n) (2)

where u>j is the density of accessible final states and |M(n) | 2 is the
transition matrix element, averaged over all possible internal trans-
itions n -*m. Therefore, the mean life time in Eq. (I) has to be re-
placed by

(3)

with n o - 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, assuning an "average"
angular distribution after each collission. In that case the relaxation
process of the composite nucleus is described by the generalized master
equation [7] for the occupation probability q(n,!2,t) of exciton state



.i at time t. The sol .„

,-.at is changed after

AH t h e d i r e c t i o n oi a t . e & Q * . i g p a r t i c l e .

M i s s i o n , a c c o r d i n g : o t h e a d o p e d s c a t -

iering kernel with eigenvalues u IH1. In the model of Hantzourasiis

<si al. the free nuc ieor<-niic. on scattering values were adopted iror us-

i.'i our model we have follower the description of Sun Zjyang at al. I 10),

who adopced an average Kiku<, i"Xawai scattering kernel. iJenocinfe the

energy-dependent eigenvalue oi. ,.:,i .<K angular di tribt:.£. nii. by

C ( (4 )

where e' and c are the ene.j es before and after scattering, respecti

vely, we may write for the ,v-ri3u. coefficients:

KK; (Vj

Kor the averaging proced.

In our model we have used

-KK

,<e :e,:er to Ref. [ 101.

(6)

after a check T6] that there was fioc much difference in ?.he sngular

distributions of neutron emission spectra calculated wi<:'i (5) and (6).

Consequently, the solution of the generalized mast.i equation is as

simple as in the case of the atodel of Mantzouranis et al . , and we

find very easily the time ir.-.egrr-is over the occupation probabilities,

t(n,Q) as a sum over Legendrfc polynomial terms t n) Pj; (cosO).

Writing C,(n) - 4^(n) ;(n), wnere r(r.) is the mea . life cime of the

angle-integrated exciton model and including refr ction, we iitid

2 / b)

"dldST " " a ' 1 T(n) I -
.-. f + t

i'~'i C t (n) P t ( c ') e ̂ ice s 5 ) {n > HQ ) • (7 )
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For the initial n 0 cout-riuut; ;a we u ;upt Et^. (i) with i\n )

to the solution of the fuii iscer e- -jatlon. Actually, the £,. -

contribution should be dlvid.:-.j into » part Eq. (i. with Eq. T J ) and

part Eq. (7) with T(n o) » i ( n c : -v'(r. o), because a (small) fraction of

ithe emission from n • n o ftooi more than one coil

perft;^rTied at our l- Stic*

sstoa.

Independently of the wo x perft;^rTied at our l- Stic* e, but strill

based upon the same mathemst cal descript ior. of Ak»<eriu«,os et al . [ 8 ] ,

the JAEKI group LI IJ has developed a more general approach to account

foe the angle-energy correlation&, without restricting these to the

first collission. Iwamoto et al. have introduced the full KK expres-

sion into the scattering kernel. This leads to a further generalized

occupation probability q(n,f( t , t ) , where c is the energy at which tl.e

leading partible will be emitted -viici no further collissions occur.

In the solution of their general i zed roastei equation eiicrgy-drpt'iideuL

eigenvalues (^) occu" - ii- ow- rtm'. ~-1 -!iis energy dependerice was taken

into jircuinu only for the f t , , co i 1 i s s i on f» ' =» E / , that g i v ^ t h^

main contribution to the ang...ac distribution. Fr im the ar|;i.,,it'nt (hat

the results of using ( j) or (U) .ire almost the same [ fi 1 we - xpert

tli.it t h e i Pip I o ve n u - l l t o i ! w , ' i > : i ; < » .|j . i s n o t v e t " l . l r f .

Another interesting aspect of the Japanese work is their effort

to relax the assumption of the "leading" fast particle by iutuitting

collissions (changing the exciton number) that leave ;ne o.vr.ular di-

rection (1 unaffected. The result of these calculations is rhat the

angular distribution becomes slightly more forward-peaked, due to the

slowing dowr, ol the relaxation towards isotropy.

Finally, we present in this section some results of calculations

with our own model, based upon the work of Costa et ai. [ 6 j , see Figs.

2,3. The calculated data are compared to systematics [13] and experi-

mental data ri4,!51. No fit parameters were used in t ;e calculations,

as far as t lie angular distribution is concerned. The overall results

are quite acceptable except for f2 at 14.6 MeV. This could be due to

the neglect of a symmetric component (included in the systematics),

as will be dis-ussed in the next section.

4. SYMMETRIC COMPONENT

The raodel discussed in the previous sections lea^s to igotropy in

the equilibrium limit. This is correct when it is assumed in the HF

model rhat the spin distribution of the levels in the cont.nuum is

proportional to 2.J+I, where .1 denotes the spin of the levels [ I ] . For

the more realistic spin distribution

(8)
2o

with a finite value of the spin cut-off parameter o, jie !!;• model for

continuum emission [4] predicts a symmetric angular distribution. This

is a consequen. e of the conservation of angular momentum: the incoming

angular momentum is absorbed by the compound nucleus, leading to a ro-

tation around an axis perpendicular to the incoraini; direction. Emission

from the compound nucleus then leads to an anisotropi. distribution,

symmetric arouiid 90" [31.

In the moi.el that we have used there is angular-f'iomem urn conser-

vation (in a classical sense) only for the component ot emission at

the first collission. After the first collission only the "leading"

fast particle is followed that collides with target n'jcleor.s 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 all incoming angular momentum has been absorbed by the

nucleus and a symmetric angular distribution should result. However,

also at an earlier stage, when niost 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 Crup-

pelaar [161 thftt indeed the characteristic times for these processes

are d if f e r e m .

Consequently one might expect that emission from already relatively low

exciton numbers should have a symmetric component , in .uid i [ ion to t he

forward peaked-angular distribution.

in osder to estimate the symmetric rnmponent one rould start from

a sp i n-depende:L t exriton mode! or "tin i f i rd" inod'-l, usin;', the random-



CQ 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]:

syra I2o"(n-nb)
P2(cos8)], (9)

where <tz> 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:

<t2> tT t(E). (10)

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 x(n) that contributes to the symmetric component. Denoting
this fraction by r we could use for the double-differential cross
section the expression:

d2o(a,b) , . , . v 21+1 . . . „
-IHu1 «.Vn'e)t(n) \ T7- ft(n) V (H)

Another possibility to estimate the fraction of symmetric emis-
sion comes from the work of Feshbach et al. |20|t who introduced the
distinction between multi-Btep-direat (MSD) and multi-step-aonpound
processes (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 syatematiaa of Kalbach and Mann [13] the fraction of (sym-
metric) MSC emission is used as follows:

f t ( E ) Cl " r M S C ( e ) ]

ft(e) - f[
ySt(e)

(odd l K

(even I ) ,
(15)

with

f (n) « I,
o ' ' ><lf>

a bft(n) -[l-r(n)]p (EK,(n)pt(c)+r(n)
 a b 6

* , KK, , * l 60a"(n-nb)
 l 2

(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) * 1 -T'(n)/T(n), (13)

where t'(n) is the mean life time corresponding to the "never-come-
back" assumption in the formulation of the random-walk model:

t'(n) - r'(n-2)
X(n-2

E X(n +W(n)
(14)

with T'(no) given by Eq. (3).
This gives values of r(n) equal to 8.IZ, 39X, 67Z and 96Z for n- 3,5, 7
and 9, respectively, in the case of 93Nb+n at 14.6 MeV. However, due
to the fact that o is proportional to (n-n b)

2 the synmetric 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
outgoing energies, where in addition f2 will be somewhat increased.

where f'y (e) has been obtained from experimental data of reactions
predominated by the MSD process (cf. Figs. 1-3). At high outgoing
energies £ the fraction r is usually small, even at E"I4.6 HeV
(about 3X in the case of 9 3Nb+n); at lower outgoing energies this
fraction increases.

A rough estimate of r^sc could be made by equating it with the
fraction of bound states in the composite nucleus [19,21]:

rbound ( p > h )
B

E+B

p+h-l
(16)

where B is the binding energy. This gives values of I0Z, 40X, 64" and
80Z, for n - 3 , 5,7 and 9, respectively, in the case of *3Nb+n at
14.6 MeV. We recall that in the model of Kalbach [21] 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 emission than indicated by Eq. (16). In particular
MSC emission from the initial state no - 3 is strongly reduced.

In Fig. 4 an estimate of the symmetric component in the case of
the 93Nb+n reaction at 14.6 MeV was made by combining Eq. (9) and
Eq. (16). The average fraction of symmetric emission is about 25"
for the outgoing energies at 6 to I I MeV. This reduces the f| com-
ponent by the same amount. The symmetric angular distribution coef-
ficient was estimated to be i-^ -0.06. It is noted that the im-
provement observed in Fig. 4 is mainly due to the reduction of f..



In conclusion we may si) ;..at i synmetric •• oaponetn ; neeae^

to desc;ibe precompound ers.ssion at low (outgoing) energies. The

traction of symmetric emission depends upon the number of xnteraaL

-olIissions before eoiissio. Y/.e i'krt thai, fron- the closet configr

rations no emission is pos . •,', le needs to be ace unte.. ror t[oce study

is requited to find a reli;,.. : estimate ot symmetric emission in tiie

framework of the exciton » . i t ; , This may help to removr-. at ieasc

part of the discrepancy betwear* theoretical and exper:renta! value"

of If at low incident ev.-ra.ii-. see Fig. 2 ) .

I-TENT MODELS

The excicoti uuucl uest; ibes in principle bcth cne. p r e ^ u i i ibr iiira

and equilibrium parts of the- decay process, at 1 -ast when :e full m a s -

ter equation is solved. An .jjortant condition *.oir the ut*. of tbiis

simple description of the complete de-excitation process is that Cue

sura over all par t icle-hole st:it.* densities equals the total state density,

that in turn should agree ».tn tee measured level density. In the work

petformed at our institute we hive followed this prescription by renor-

oializing the exciton state de.;^ties to the back-shifted Fermi gas for-

mula [ 2 2 ) , at least in an approximate way [23.1. Of course, this procedure

cjoes not change the ratios b<iiw^^a the various part ic! e-i;C'-e state den-

sities. In future calculation:; these quantities dhouVJ be .- elated to re-

sults from microscopic c a t a i i t i o n s .

A drawback of the use of t.,a above-ment ioned "c. ibinea pre -,juil ibrxum/

i/qui libinvn model" (EM) is that no spin-parity conservation is considered

nor discrete level &>:<• i "at .-..;. Pt high incident energies this mighc not

be too serious, in particular v.ven one is not interested ic, multi-particle

etniss • n. However, in many &, ideations one would I ik^ to combine the

benefits of the prgequi 1 ib't . uia sxc ion mociel witt, those of the HF model.

The most simple way U obtiir. this "modifie ! «.'•' mo lei'' (HHF) is to

replace the level density . i "...•.- UK model by

v.ic Mllr
(18)

The ratio between the spin-parity distribution factors of Che final and

composite nuclides for the target spin and parity in E<|. (18) is dif-

ferent from unity when the spin cut-off parameters o~'(E') and o J ( E ) are

not Che same. Ue mention that Che same discrepancy is in fact also found

between the HF and UE model f 21; only in the latter case t is usually

less import a:, t.

In the "unified model" (LTM) the exciton nodel is refjrmulated by

including :.,;in- and parity conserv.it ion in a consistent way- Straight-

forward get . 'slization of the exciton model then lea^s to a set of

master equi-. HIS (one for each J and n ) in which all quantities depend

upon spin ant parity [2,17,241. The solutions of these master equations

lead to mean life times T J ( n ) . Formally, the follouinp, substitution

cou'.J be made in the HF model to obtain the unified mode.:

(19)

The important quantities occurring in the master equations are: the

initial cond i t ion.

Jfl
(20)

Xthe total emission rates W (n) and the internal transition rates X (n-^n) .

The total emission rates are easily calculated; it turns out that there

is some limitation to small spins at low n-values [2 1:

f(n-l,J)
(n) : -—i VT— W(n).

i c v ii, J )
i ?n

• n ' ) - I (17) Assuming that o?(n) -en we may approximate Eq. (21) . y
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w h e r e w ( n - | , E ' ) a n d u ( n , E ) r s ' s : o t h e s t a t e d e n s i t y i n . - l e f i n a l a n d

c o m p o s i t e n u c l e u s , r e s p e c t i v e l y . 0 •' n ) i s A f a c t o ' _ o e n h a r i ' if p r r t s s w i n n f

: h e p r o j e c t i l e a t l o w v a l u e t o v x: A . i d f ( I ' , n ' ) i .J l a e s p i n - p a r i t y d i s t r i -

b u r i o n f a c t o r t h a t i s s u p p o s e d > G o e t h e s a m e a s t h a t o f p t E ^ I ' . n ' } .

i n m o s t c o d e s E q . ( 1 7 ) i s d i v . u c . j i n t o a p r e e q i l i b r i u m p a r t ( t h e s u n -

r t i a t i o n i s l i m i t e d t o n - n ) a n d s : ~ e q u i l i b r i ^ n p a r t , p r o p o r t i o n a l t o

p ( E ' , I ' , I ! ' ) . I t i s o f i n t e r ° s t t o i n v e s t i g a t e w h e t h e r t h i s t o o d e S i s c o n -

s i s t e n t w i t h t h e c o m b i n e d p - . e t - , . I •, - . r i u m / e ' j u i 1 i b r i u m m o d e l . T h i s a p p e a r s

t o b e t r u e u n d e r t h e s a m e c o n d i t i o n , t h a t l e a d ' > c o n s i s t e n c y b c - t w r . ^ n

H F a n d W E m o d e l s [ i 1 , e . g . a s p i n - p a r i t y I I I I U M I U I I I B I i ( I ' , H ' , r . ' ) t h . u

i s p r o p o r t i o n a l t o 2 1 1 + 1 { . j t h o i i t a s p i n c w t - o f > b i : t n r ) . i t o w c v t ' r ,

t h e s e a s s u m p t i o n s a r e u s u a l l y n o t r n . i d e i n H F n i o d r l s . I n R e t . ( ; j W ( , | , ; l v e

p o i n t p d o i , i l l i . i t i n g f n c r . i l i i i e f o l l o w i n g . - j p p r o x i m . i l e r c K u i o n c r i s i s

' i f t u e e u t h e t w o m o d e l s :

H (n; • I exp - ^•1 W(n). (22)

It is more difficult to evaluate the internal transition ^ites. Assuming

that the spin distribution of the level density is proportional to 2 J M

we find from the argument that there should be consistency between the

UM and EM that v '(n-m) • A ( n - m ) , i.e. independent from j and II.

The same holds approximately when f is assumed to be independent from n.

Therefore, it seems that the sp in-pnr i t y dependence <-f t tie average

ma t r i x element in t lit1 express ion

I'1
\ ' {n in) l" (n) \> p f (m.J.Ti) (23)



Q2 at least partly cancels against that of the level density of the final
state. In Ref. [25] it is clearly stated that |MJll(n)|2 is a "suitable
average over the possible final states", indicating that a (2J+1)~' de-
pendence of this matrix element is possible. There is an other argument
that XJn cannot have a sharp spin cut-off: there is no emission possible
from high-spin states at low values of n[Eq- (22)]; first the exciton
number of high-spin states should increase by 'internal transitions. Conse-
quently, also TJ"(n) cannot have a sharp spin cut-off. Assuming spin
independence of X and W we find [2]:

jn
(n) - -f- T(n), (24)

where the spin-parity population is constant 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:

do.(" f(n-l,I),don

UM
) (25)

However, as noted before Ccf. 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 C17— 193, 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 fc(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
[cf. Eqs. (11,12)] is a quantity that is related to the number of col-
lission [Eq. (I3)]or 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 sy rune trie 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 Legend re 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 first 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+I (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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Fig. 2. Reduced Legendre coefficients for neutron emission from the
reaction 93Nb+n at incident energy E - 14.6 MeV, as a function
of emission energy e. The full curve has been calculated by
Costa et al. [6], Eq«. (1,7); the dashed curve represents the
systematics of Kalbach and Mann CI3]. The experimental points
are from Herrasdorf et al. and Kammerdiener [14],
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Fig. 3. Reduced Legendre coefficients for neutron emission from the
reaction 93Nb+n at incident energy E-25.7 MeV. See further
caption of Fig. 2. The experimental data are from Marcinkowski
et al. [15].
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I.

ABSTRACT

The nuclear models applicable to the evaluation of neutiuu
cross sections for structural materials are briefly reviewed.
Recent efforts to improve data models ire discussed, particularly
regarding techniques used to produce realistic input parameters.
Examples of current calculations using such models for 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
nodels are described that may impact future applied theoretical
calculations.

INTRODUCTION

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

clear data for structural materials has increased significantly over recent

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

need for nuclear data at higher energies (E > 20 MeV), the availability of new

experimental results for reaction types where measurements were previously

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

models can provide a framework for the consistent analysis of data from a

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

theoretical models used to provide data for energy regions above where reso-

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

incident energies greater than 1 MeV where the applicable models are the Hauser-

Feshbach statistical model, along with direct-reaction and preequi1ibrium

models. 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 in the

other mentioned models.



The format of the paper will be a ihort overview of each model with ex-

amples of itf applicatioa to the calculation of nuclear data for atructural

•ateriala. 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 narked improvement in agreement to such data occurs. Underlying the

success that such nuclear models have enjoyed recently is a significant improve-

ment in parameters determined for use in then. 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

levels in a compound nucleus is much larger than their widths. In this circum-

stance, width fluctuation and correlation corrections (represented by VT^, )

must be applied, the general result being a significant enhancement in the

compound elastic cross section. This enhancement (represented by ui ) can be on

the order of 2-3. To evaluate W ", , two methods are principally used today.

The first, due to Tepel, Hoffmann, and Wiedenraiiller [4J employs a form (drop-

ping the explicit notation for J and n):

• « • V v
(2)

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

based on the unitary nature of the S-matrix

V 2

Tc = Vc • f- (u,c - 1) . (3)

A. Hauser-Feshbach Statistical Model.

Calculations using the Hauser-Feshbach statistical model generally employ

the following expression |1,2]

rJn _Jn
c c \ ^ c<rJn> <rJ?> f

<rJn> cc1
(1)

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

an advantage in terms of computational speed and simplicity.

An alternative form for W , has been formulated by Moldauer [1,5] and

involves a more rigorous and complicated expression:

<f > -f—v •*• 6 + 6 . ) 26 ,

where c 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,

<T>, 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

The quantity \> appearing in Expression (It) and throughout both the Tepel et al.
2

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 u> by

v =£ — = — r
c iu - 1

and is often assumed to have the form 1 + /T [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 (61. The form for W^, appearing in Expression (4)



iiai fewer restrictions on iti use (it can be usrrt it lower energies) and gcncr

ally often a better reproduction of simulation experiment* aimed at examina-

tion of the behavior of the S aatrix |7|.

Figure 1 illustrates the necessity for including such W , corrections in

Hauser-Feshbach calculations for structural naterials. The data are those of

Smith et al.|8) for neutron scattering from the 0.846-MeV level in Fe. The

solid curve represents the calculated compound nucleus cross section obtained,

incorporating such corrections (Eq. (4)), while the dashed curve results when

width fluctuation/correlation effects are ignored. Since these curves repre-

sent only roMnmind nucleus contributions, an even greater overprediction would

occur in the case of the dashed curve when direct-reaction 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 Models

67

Above several HeV, neutron inelastic scattering from collective states in

structural naterials is dominated by direct-reaction effects. Such contribu-

tions are generally calculated using the vibrational or rotational form of the

coupled-channel (CC) model or the Distorted Wave Born Approximation (DWRA).

Recent CC calculations have been made by Delaroche for " '""Fe |9), by Guenther

for natural chromium (10], and by Korzh et al. (11) for D Cr in the analysis of

neutron scattering from low-lying collective states. Figure 3 illustrates such

results (along with compound nucleus calculations) from the analysis of Korzh

and illustrates the necessity for inclusion of direct-reaction contributions at

energies above 3-4 MeV.

Both direct-reaction models, CC and DWBA, offer certain advantages (as

well as disadvantages) when applied to structural materials. Coupled-channel

calculations involve the coupling of several states and can represent multiple

phonon excitations. DWBA theory, on tile other hand, generally involves tirsl-

order collective form factors (12) and cannot provide a physically accurate de-

scription of scattering from states involving higher order phonon effects.

Such probleas not withstanding, CWBA calculations can be used reasonably well

for the determination of direct inelastic scattering contributions assuming B

values fron charged-particle reactions are available. Figure 4 cssipares • CWBA

calculation using realistic spherical opticsl model parameters |13) to a CC

calculation (9] made for 14-MeV neutron scattering from the 0.846-HeV 2 state

in Fe. Reasonable agreement exists between the two calculations.

The Distorted Wave Born Approximation can also be used to determine di-

rect-reaction contributions from higher lying collective states in which appli-

cation of the CC formalism might be difficult. Figure 5 illustrates several

such stiles for Fe where f) 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 produce 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 E =

4.8 MeV.

C. Preequilibrlum 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 above about !Q MeV. However, most applications to date for data

evaluation have been aimed at preequilibrium effects on Integrated cross sec-

tions and particle emission spectra. Figure 7 presents a typical illustration

of the impact of preequilibrium corrections on the proton emission spectrum

calculated for the interaction of J4.o-MeV neutrons on "" Fe. Obviously, such

corrections are necessary to produce agreement with the high energy portion of

the experimental spectrum (16).

Recent developments in the preequi1ibrium 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

nonstatislical contributions into multistep direct (involving unbound states)

and compound (involving bound states) processes The resulting expression.
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relied upon parameterization! for the Legend re coefficients, bj, determined

from fits to a variety of particle emission data. Techniques for calculation

of multistep direct and compound processes have been formulated by Kalbach (19)

and have been embodied in the PRECO-D code [20]. Recently the functional form

of the b. coefficients bas been modified by Foster |21] to smoothly extrapolate

to a zero value for small secondary energies. Figure B compares results from

these latter systematic* 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):

— q(n,n,t) = i - qU.n.t) z (6)

In this expression, q(n,0,t) represents the probability of finding the

system in a state (n,O) at time t. W (0,0') is the transition rate from

state (n,0) to (m,0') and results from a product of transition rates, A ,K ,

A , and an angle-dependent factor. This factor G(fl,fl') is then related to

the nucleon-nucleon scattering cross section.

Akkennans et al (23) were able to reduce this generalized expression to a

form similar 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 table (9 i A i 209). With only two adjustable parameters, satisfac-

tory agreement was achieved with angular distributions measured for 14.6 HeV

incident neutrons. For materials in the mass range 40 < A < 100, Fig. 9 com-

pares calculated and experimentally determined < = 1 Legend re coefficients for

particles having secondary energies, 6 S E' £11 HeV.

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(Q,W).

In particular, Fermi motion and Paull principle effects have been included.

Also, the addition of multistep compound processes to this formulation (27) has

produced Improved agreement to experimental data at back angles.

III. 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 optical param-

eters often follows the so-called "SPRT" method utilized at Bruyeres-le-Chatel

(28]. In 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



through a • iaiui linrous analysis of proton reaction data that employs a I.anr-

form of the optical potential J29) However, presently «toit applied calcula-

tiooi 113],J 30] continue to determine neutron parameters aeparately while rely-

ing upon proton p i r i K t m originating fioa global parameter sets 131|,132|.

A recent example (13] of an optical-model parameter »et for neutron reac-

tioni on iron resulted from a simul taneous fit to (a) total crosi sections

between 2 and 40 MeV; (b) *- and p-wave strength functions, along with values

for the potential scattering radius; (c) elastic scattering angular distribu-

tions between 6 and 14 MeV; and (d) reaction cross sections between 5 and 30

MeV. Figure 10 coaparri the total cross section calculated using the resulting

parameter! (see Ref. fl3]) to data available between 2 and 40 MeV. Figure 11

compares total and reaction cross sections calculated with these optical param-

eters to similar calculations that employ the Wi laore-Hodgson global parameter

set (33). Such global parameters 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) and (a,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

• eve m i compound nuclei, 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 such circumstances, the correct description of proton

emission is particularly sensitive 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 III.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 tor

^JSr(nin) employing a modified form [13} of the Petty proton optical parameters

[31J is compared to data [34]. With such agreement in hand, one can proceed to

the calculation of proton emission from n+ Ti reactions. For this lytirn,

proton emission dominates over neutron-emission principally because- of aigni-

45
ficant (n,np) reactions that populate the Sc residual nucleus. Again, this

46
situation arises because the proton binding energy in the Ti compound system

is 3 MeV less than for neutrons. Figure 13 shows the good agreement obtained
46

with the Ti proton emission spectrum measured at 14.6 MeV by Grimes et

al.(15].

Comparison with higher energy charged-particle reaction data can also be

uicu Lo provide parameter verification and other information 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 V(p,xn) cross sections
52 55

by Strohmaier et al.|30) as part of their extensive calculations on Cr, Mn,
56r 58,60u,

Fe, and Ni.

B. Gamma-Ray Strength Functions.

A trend in several recent nuclear model calculations has been use of

gamma-ray strength function data or systeraatics to provide reliable normaliza-

tions for gamma-ray transmission coefficients. The gamma-ray strength function

can be defined as j161

<r
(7)

where <F > 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<f >/<D>- Although this procedure is adequate

for compound systems having reliable resonance data, trip need to extrapolate to

less favorable situations generally entails use of <f -> ami <!)> values deduced



in from systematic*. In some mass regions, particularly around shell closures,

sucb procedures can be unreliable because of large variations occurring in <D>

between nearby nuclei. Tbe determination of strength function systematic* and

their aubsequent use in nuclear model calculations provides a reliable Means

for gamma-ray transmission coefficient determination appropriate to compound

systems lacking the necessary resonance data. This is particularly important

for compound nuclei having proton windows where only ganma-ray and proton

emission compete. Assumptions made concerning gamma-ray competition also

significantly affect calculated (n,2n) cross section shapes, 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 functions appropriate to an

extensive variety of nuclei, both spherical and deformed. To do so, they have

developed an energy-dependent Breit-Wigner form for the El strength func-

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

f (e )(MeV)"3 = 3.72 .4/3 (1.5-2.8A " J ) . .
A J ;: L G

B(
E
VJ i

where

(5+E ) 2 (£ -E ) 2 1 ' '
e <

(ER+5)

Y 2

(ER+5)

(8-a)

(8-b)

(8-c)

In this parameterization the width associated with the giant dipole resonance-

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

* -1/3
rD = 22.3A ' (1.052 - 6.E-5
K

(8-d)

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. IS to f_, values measured for
6S

the Cu nucleus [39]. The dashed curve shows the results obtained when a

Lorentzian line shape was assumed for the gamma-ray transmission coefficients,

which was subsequently normalized to <f > and <D>.values inferred from systema-

tics.

IV. RECENT CALCULATIONAL EXAMPLES

Several recent calculations have been made for structural materials that

utilized the models and parameter verification techniques discussed earlier. As

noted earlier in Section II-A, Strohmaier et al.[30),[A0| have calculated, using

the STAPRE code[41], cross sections for the principal isotopes of Cr, Mn, Fe,

and Ni. Calculated data included the total and differential elastic cross

sections; activation cross sections 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
CO

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

reactions up to E = 30 MeV.

The TNG code, developed at ORNL by Fu(A2], has been used to upgrade ENDF/B

data for Fe and Cu and is presently being used in new calculations of particle

emission for Cr snd Ni isotopes. Additionally, an improved unifijsd-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

effects in preequilibrium models, so as 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(4A] is compared with the angular distributions of

emitted neutrons resulting from 14-MeV neutron interactions with iron.
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The COMNUC-GNASH [451 .146{ combination of code* iv.i been applied in sev-

sr*l structural Materials caicuiations, some of which are "•'""Fe for 3 < t^ <

40 HeV [13 j, Co for neutron energies between 3 and 50 MeV |47], as well as

various calculations for V. Ti. Ni , and Cu isotopes !&8],{49}. The ' Fe

calculations placed considerable emphasis on the determination of neutron

optical parameters along with verification of these and other parameters through

calculation of numerous charged-particle reaction cross sections. Figure 18

provides a 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 (SO) neutron emission spectra pro-

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 frota consistent analyses employing the models and parameter techniques

described earlier. In this instance, a GNASH calculation |49) of the minor
46

reaction path, Ti(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, |511 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 scant of producing data necessary for radiation

damage calculations. An example of recoil spectra calculated for !4-HeV neu-

tron reactions on Fe appears in Fig. 20.

V. IMPROVEMENT OF EVALUATION TECHNIQUES

In thff previous sections the improved predictive capability oi 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 substantial benefits.

For example, Hetrick et al. |S2| have noted that for numerous ENDF/B materials,

14-MeV neutron emission spectra are deficient, primarily because preequi1ibrium

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

i sotopes .

A significant evsluatisn problea is that of energy nonconservation which

results in negative gamma ray heating and kerma |53] values. Such effects in-

troduce complications in the calculation of local heating effects and are of

particular concern in fusion applications. The primary cause of energy non-

conservation in evaluated data files generally stems from inconsistencies be-

tween neutron and gamma-ray portions of the evaluation. The use of nuclear

model calculations to simultaneously snalyze both neutron and gamma-ray data

automatically 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 data sets

that may be in error because of their inrnnnl stency vith other infonnation can

be Identified.

A partial motivation of the n+ ' Fe calculations (13) discussed previous-

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 similar

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-gaiwna-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

agree with the Diake[55j measurements, as indicated in Fig. 22-b. In a recent

revision|56| to the ENDF/B-V iron evaluation, the gamraa-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 thos? for Cr, Ni, ar.d Mr..

VI. NEW DIRECTIONS IN NUCLEAR MODEL CALCULATIONS

To c o n c l u d e this review, we d i s c u s s b r i e f l y some p o s s i b l e future i m p r o v e -

m e n t s in the n u c l e a r m o d e l s used for struc t u r a l m a t e r i a l s n u c l e a r d a t a . In

p a r t i c u l a r , such i m p r o v e m e n t s are aimed at repla c i n g p h e n o m e n o l o g i c a 1 m o d e l s

used in present c a l c u l a t i o n s w i t h m o r e fundamental m i c r o s c o p i c a p p r o a c h e s . Two

areas in which s i g n i f i c a n t e f f o r t s are under way involve m i c r o s i o p i c o p t i c a l

model and level d e n s i t y c a l c u l a t i o n s



II Microicoplc optical models use nuclear Batter calculations employing real-

istic two-nucleon interactions. These are then applied to a finite nucleus

through use of a 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) 157J,158] and

the folding Model of Brieva and Rook |59),|60). Recent applications to the

analysis of experimental results have been made at Live more, (61] Ohio Univer-

sity, |62) and Bruyeres-le-Chatel. [63]. In particular, a recent measurement

of ' Fe 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 as lower energy

results from TUNL (641. 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 Ay and K,, which multi-

ply, respectively, the calculated real and imaginary potentials. In this

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

values that were consistently near 0.9-1.05. Variations for K, were slightly

larger, 0.9-1.25, but still were acceptable. The Ay and A^ values were very

similar to results |65),|66J obtained for a similar analysis of proton reac-

tions on Ni. 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 haa 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 (691,(70] , 1711 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 1721,(73), coupled with a realistic interaction 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

Fermi-gas form. A comparison for Ni of the predictions from this model (71)

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

and back-shifted Fermi gas models [76], appears 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 phenomenological 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 baaic 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 universal analyses described in this paper. The success of such

calculations stems partially from new theoretical developments, particularly

those aimed at improved preequilibriura formalisms and at a unified description

of preequilibriura 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 evaluation 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 microscopic

models offers the promise of improved physical descriptions that can readily be

used in theoretical calculations for applied purposes.
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Fig. 4. Calculations of the angular distribution produced by H.I-MeV in-
elastic neutron scattering from the 0.847-MeV 56Fe level. The solid curve
represents DWBA calculations, while the dashed curve illustrates coupled-
channel results.
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Fig. 5. The distribution of p. values determined |12) for excited levels
of 66Fe. *

EN = 14 93 MEV THETA = 33 DEC

0.0 2 0 4.0 SO 8 0 100 120 1 4 0 ISO
NEUTRON ENERGY (MEV)

Fig . 6. The c a l c u l a t e d (131 neutron emiss ion spectrum produced by 14 .9 -
HeV inc ident neutrons at an angle of 35° i s compared with the Kammerdiener
data .
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Fig. 7. The calculated proton emission spectrum induced by 15-MeV neutrons
on s 6Fe is compared with data |16|. The solid curve represents the total
emission spectra, while the dashed curve represents preequi1ibriura contri-
butions .
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Fig. 11. A comparison of 56Fe total and reaction cross sections calculated
using the parameters of Ref. |13) (solid curve) and the Wi Imore-Hodgson
global optical parameters |33) (dashed curve).
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Fig. 12. Verification of the sub-Coulomb behavior of proton optical
parameters used in n+46Ti calculations |49] through comparisons with
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Fig. 13. Com p a r i s o n of the calculated (49] proton emission spectrum in-
duced by 15-MeV neutrons on < e T i with datd measured by Grimes et a l . | 351.

Fig. 14. C a l c u l a t i o n s of s l V ( p , x n ) cross sections performed by Strohmaier
et a l . I TO | to verify model p.i ramc t ers used l n neutron ir»ss section c a l -
cul a t i o n s .



CUflS GAMMA STRENGTH

80

00 £0 *O 6.0 AO

GAMMA-RAY ENERGY (MeV)
Fig. IS. The gana-ray strength function (solid curve) calculated using
the Gardner energy-dependent Breit-Wigner expressions is compared with
Measured data (391. The dashed curve is the strength function normalized
to fit a 2n <P >/<D> value inferred from systematic*.

1000

«NUn
H production

I
b

KX>

K)

to1-

10"

I I
M-M«V
F* (n,«n)

• AHERMSDOflF
OAKAMMEROIENEft

I I J I
30 60 90 120 150 180

Fig, 17. Angular distributions calculated by Fu using an improved version
of the TNG code are compared with data.

8 12 16 20 24

Nculron Entrqy (MtV)

28

Fig. 16. An example of hydrogen and helium production cross sections
calculated by Strohraaier et al. 1301 for n+58Ni reactions.



FE NEUTRON EMISS EN=25.7 MsV 25 DEO

B

io to IMJB tto mo ua tro
NEUTRON ENERGY ( M e V )

F i g . 18 . The c a l c u l a t e d 2 5 ° - n e u t r o a e m i s s i o n s p e c t r u m ( 1 3 ) p r o d u c e d by
25 .7 -MeV n e u t r o n s on i r o n i s c o m p a r e d w i t h r e c e n t m e a s u r e m e n t s | 5 0 | .

TU6<N.2N)

oo ai 02
ENERGY (MEV)

Fig. 20. The recoil energy spectrum calculated for 14-MeV neutrons on

iron using the RECOIL code. The solid curve represents elastic and in-

elastic neutron reactions, while the dashed curve results from the (n,2n)

reaction.

3.
3

^ • ?

P
h

o
to

i
i.

O
 

2

en

o

i J — _

. . . , , ,

o Q

\^ D

GNASHX

1 1

\ ENDF/B-

' " • • ' ' " " • • - ,

o

o o

V

10.0 12.0 14.0 10 0 18.0 20.0

UO ISO
NEUTRON ENERGY (MeV)

Energy (MeV)

81
F i g . 1 9 . A n e x a m p l e o f a G N A S H c a l c u l a t i o n | A ' J ) f o r a m i n o r r e a c t i o n p a t h ,
< 6 T i ( n , 2 n ) , u s i n g t h e p a r a m e l n d e t e r m i n a t i o n a n d v e r i i n a t i o n I r i h n i i | u e s
d e s c r I l i e d i n t h e t e x t .

F i g . 2 1 . A c o m p a r i s o n o f t h e t o t a l g a m m a - r a y y i e l d a p p e a r i n g i n t h e E N I ) f / R -
V e v a l u a t i o n f o r i r o n w i t h r e s u l t s c a l c u l a t e d i n K e f | 1 ) | T h e s c j n a i e s
i n d i c a t e y i e l d s a p p e a r i n g i n R e v i s i o n 2 o l F . N O r / B - V \'>(>\



82 EN - 14.0-13.1 MEV THETA - 12S DEC

ao za *a to to ion
GAMMA HAY ENERGY (MEV)

i to

Fig. 22-a. Comparison of the calculated gamma-ray production ipectrum
induced by 14.5-MeV neutrons on iron with data measured in Ref. |54)

FbXN.XGAKIMA) E = 14 2 MEV 00 DECHL'O'

"fCCN.N) JIM MICROSCOPIC MOOCL
T ^ S 1— 1 1 1 r

0 10 40 (0 (0 100 120 140 1(0 ISO

C M . ANGLE (DECREES)

Fig. 23. Comparison of results calculated (62] using the JLM microscopic
optical model (5?) to data measured at Ohio University (62] and TUNL (6A1.

NI80 RATIO TO MICRO LO

I-
M

E
V

)

W O .

pa •

S
IG

M
A

?
o

i l l

00 10 2 0

« DRAKE, 1973

w

30 4 0 SO 6 0 7 0 8.0 SO 10

GAMMA ENERGY (MEV)

Fig. 22-b. Similar to Fig. 22-a, but here the calculations are compared
to data measured by Drake (55].

ao 40 a.o i£o tao zoo 24 o z&o
EXCITATION ENERGY(MeV)

Fig. 24. Level densities calculated with the Gilbert-Cameron (dashed curve)
»nd the back-shifted Fermi gas (dotted curve) phenomenological models are
compared to microscopic level density results [71] and data available for
60Ni.



PARTICLE AND 1 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 T ray spectra calculations for structural

material are briefly outlined.

1. y-ray emission.
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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 El, Ml, E2 transition

probabilities which are estimated according to Lorentz

curve approximations to the respective giant resonances (GR)

and using a Gilbert-Cameron (GC) level density formula,

as parameterized in ref. 4.

A split GR model is used for El photon absorption, the

Lorentzian parameters being taken from the aystematics of

ref. 4. Parameters for Ml and E2 Lorentz formulae are also

taken from systematics

The experimental branching ratios are used for discrete

levels. Missing ones are estimated assuming single particle

state transitions (with El, Ml transitions dominating) for

spherical nuclei and assuming collective transitions (with

E2 transitions dominating) for collective nuclei.

These calculations were performed with our modular master

code the IDA MODULAR SYSTEM*7'. It is capable of calculating

integrated and differential cross sections for all reactions

possible up to 50 MeV incident energies including most reac-

tion mechanisms, whatever the projectile. As a particular

option T-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 T-ray multiplicity and

the corresponding partial^ spectra); b) cascades feeding

levels a priori marked (for calculating excitation cross

aections 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 f-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 isolate a), b), c) for given incident angular



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

one; or to estimate a), b), c), for a given JK couplej etc.).

1.2. Role 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 role 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, Ml, E2) of

transition dominates in each branching ratio. Ml or E2

transitions play their role when the other two types are

forbidden. As a consequence, Lorentzian 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 schemes 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

(4)model and the systematics 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 Am calculations , 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 level informations is

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 i) is

much too crude and introduced severe changes in the energy
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trend of the spectrum. On the contrary hypothesis ii)

does not appreciably influence the final result.

The influence of the discrete level scheme on isomeric

ratio calculations (here » ° (n,Y)/°(n,Y ) has been investi-

gated in Am 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 ievei scheme we obtained

IR=.5.

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-tay spectrum

leads to the conclusion that {exception made for very weak

transitions, which are strongly enhanced) single 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 El transitions:

i) E , according to Blatt-Weisskopf single particle tran-

sitions.

ii) E , according to Axel.

iii) E , according to Dover et al. , Arenhovel et al. ,

Gardner et al ( 1 1 ).

Recently McCullagh et al. (12) found experimental evi-

dence for an F ' energy dependence, while Raman 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 available 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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Fig. 2

calculated* ' 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 hystogratn step).

One observes that the spectrum from our E -calculation,

full line hystograra, well agrees with the Gardner et al

spectrum, except for the hard part. This seems in contradic-

tion with the wrong trend of the E - calcolation (dotted
Y

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 E - and E - calculations

Y Y

(dashed hystogram).

On the whole, one may conclude on the better results

of the E - law, in agreement with the mentioned experimental

Y
investigations of refs (12) and (13).

As far as Ml and E2 transitions are concerned, there is

not sufficient information for a more than tentative treat-

ment.

Finally, it must be noted that only the Brink-Axel

approach allows for absolute calculations of r (B ,J,n), 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 r61e

of El 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



for Ml transitions is shown by means of detailed model cal-

culations. The role of Valence reaction mechanism in also

illustrated by few examples.

He have estimated the El and Ml contributions to the

total and partial average radiative widths and to the average

total Y-ray spectra following S-, p-, d-wave neutron capture

in the resonance region of ' Ni and Fe.

The adopted parameterization is shown in table 1. the

level schemes adopted were taken from ref. 17, while missing

T-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.

Ml 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 Bystematica of ref. 6.

Calculated average total El and Ml radiative widths

are shown in table 2 for the various Ui7 quantum numbers

involved in the respective resonance regions of
58 60Ni

56,and Fe. The effective number of degrees of freedom of the

lumped x distributions are also given in order to quantify

the size of the statistical fluctuations characterizing the

various calculated as well as measured radiative widths.
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table 1

Suacary of adopted parameters for the calculation of level densi t ies sad
radiative widths.

table 2

Calculated overage Ei and Ml contributions to the total radiat ive width for
i - f p- and c- wave resonances cocpared to results evaluated from experimental data.

\Hodel
\paraa.

Isctap>.

_. 1
H.V '

,,
X

HeV

_

HeV
6

n
OBS

keV

1

HeV

r

1

MeV

1 2

MeV

r

2
HeV

2

mb

F
Ml

MeV

Ml

MeV

Ml

mb

58N
58

6 0 ,

Fe

7 . 3 2 8 . 2 t . 3 1 . 1 7 7 . 3 1 4 . 1 6 . 0 3 . 7 5 3 1 8 . 6 5 . 1 7 5 1 1 . 8 2 . 3 6 1 0 . 6

8 . 4 7 . 3 1 . 2 . 1 7 4 . 5 1 4 . 1 6 . 0 3 . 7 5 5 1 6 . 4 5 . 1 7 8 1 1 . 7 2 . 3 4 1 1 . 0

8 . 5 2 6 . 9 1 . 1 4 - . 2 5 5 . 1 1 9 . 1 7 . 5 4 . 8 7 7 2 1 . 4 4 . 9 5 3 9 1 2 . 0 2 . 4 1 0 . 3

V M 1 ) - EXP
Fef .

EX?
til

8Ni 0 - • 22O0j>883 12

\ - - 76o_*244 20

726^230 20

2 - • 18:'3j>60: 18

- • 1387 + 444 20
2

113OB 17

456O34 8

380+153 12

106^36 18

97+32 18



table 2 continues table 3

n — —
Isotopa t J r (El) v „ r (Ml) v

60
Ni

56
F«

— EXP
r Ref.

0

1

2

2*

2

I"
2
2 *

| +

1050+420

443+148

401+132

1109^353

896+268

12

18

19

20

22

59*71

208+98

190^69

53+18

45+15

16

9

15

17

18

1300+70

1200

0 - • 1070+^428

1 - - 246+^87

- - 231_+75

I - • 900+313

j + 652+;224

11 34+J2 15 850+410

16 203+97 9

19 162+44 13

17 32+11 18

17 25+ 8 18

500+180

730+250

M

[19]

[19]

EXP
eif

9.6

17.1

16.5

Calculated partial and total gamaa vidths foi a-wave resonances. Quoted
tncertaiotiei are the standard deviation of the respective statistical X2

distributions.

Isotope

58
Ni

60
Ni

56

(kev) (keV) (eV)

15.4

12.3

27.7

0

465

0

283

0

14

9.19

23.98

8.72

(iieV)

2200+^402

340

305

1050*;40:

178

150

1070+401

183

182

(neV)

62

35

18

127

60

57

145

12

71

rT0T

(meV)

1745+^501

150

176

1670+50"

444

380

650+50Z

103

26

(neV)

1530+72

124_+17

110+19

2920WZ

5 1 W 2

269+46

1090+5Z

145+^25

35+13

Ref.

[20]

[21]

[21]

[20]

[21]

[21]

[10]

[21]

[21]

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 E 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
0

E are given, r is the reduced neutron width.

For the valence mechanism we found a negligible Ml con-

tribution, but an El contribution which seems to affect

TOT , providedrather significantly the total radiative width r

an interference term is accounted for

(rTOT)1/2_ ( r C N } 1 / 2 + (rVAL}1/2

The valence model adopted, namely is the one by Lane-

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



Percentual error quoted with calculated quantities are

the standard deviations or the corresponding x *" lumped distri-

bution.

S.D. «/ 2/v' < r >

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

58.
contribution (dashed line) are given for

nance region.

Ni in the reso-
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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=l/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 El transitions, while the p-

spectrum by Ml 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.

In order to illustrate the subject, the case of Kr

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 >=(5.6+.7)mb(24); <o >» (4.6+.7)mb'25';

< o > « ( 4 . 8 + . 1 . 2 ) mb
n , T

8 6 ,

( 2 6 )

In addition Kr neutron resonance characteristics are

also available from ref. 26.

All these experimental information makes possible the

R 6
study of Kr KeV neutron capture to teat the validity and



90 the role played by compound nucleus and valence capture

mechanisms.

In Table 4 a selection, out of ref. 26, is reported

for the Kr neutron resonances of known characteristics.

Table 4 . Experimental and calculated neutron resonance

characteristics in Kr.

E
n

36.93

42.91

49.64

54.37

28.86

1

2

1~
— +

2 _
2 "

7"

""a

53

125

42

402

95

300+BO

390+100

200+60

550+150

330+120

EXP ,

< rJ> <

250+80

360+100

250+80

55O+J5O

360+120

r^>t +S.D. W

Mt,Et

2OO_+8O10

34O+2OO6

10
200+^80

390*2008

340+7006

Via j

Ml,El

40

20

15

210

15

T0T
rjn

T

240+80

360+200

215+80

600+200

355+200

In the columns from left to right one has the resonance

energies En; the quantum characteristics J j the neutron

widths, gr_? total measured radiative widths r J average

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

state < r" >; average s-and p-wave total radiative widths per
T STAJ j v

spin state < r
T >t ± S.D. calculated in terms of Brink-

(4)-Axel model for compound nucleus radiative decay , inclusive

of HI and El transitions, S.D. being the standard deviation

of the lumped x distribution of all partial widths and v

the inherent number of degrees of freedom; total valence

contribution as a sum of El and Ml contributions r ;
Y

total calculated radiative width r as a sum of valence
y

and compound nucleus contribution (both El and Ml 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,
D. n. • (40+14) KeV, deduced from the complete set of data ofUBS —

jn

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 D O B S is

in perfect agreement with the local systematics of the level

density parameter "a" deduced for the families of Kr, Se, Br

isotopes.

So far the value which can be obtained in terms of

statistical model is <a (30 KeV)>- 20 mb, 4 times greater

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 r • In particular, from the comparison ofn y

experimental and calculated quantities in table 4 one can



EXP
see that the large r observed at 54.37 KeV comes from

the large El valence transitions correlated to the large

r values. Differently, the fluctuations observed for the
pyp

p of the other quoted resonances mostly are denominat-
T

ed by statistical fluctuations according to the very low

number of degrees of freedom characterizing the lumped

vidth distribution ir. all esses, see Column 6. The veiy good

overall agreement between columns 4 and 7 suggets that the

appropriate average < r > values to be used in capture

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
8 7

channels feeding the lower lying levels in Kr, out of the

bulk of all other innumerable statistical channels.

On the contrary the compound nucleus contribution

dominates and is so found to be <o 130 KeV)>= (H + 2,7)

rob, the quoted uncertainty being due to that of D
O B S«

according to error propagation.

2. NEUTRON EMISSIONS

2.1. The models and the code

Careful studies of the neutron induced reactions at

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

of fusion nnut-ronic. A few rcodel calculations on Fe,

93 59

Nb, Co performed in this contest, are here presented.

The role of equilibrium and preequilibrium emissions

and the limits 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 of 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 (f (n,n,t) of the composite nucleus

state (n,n,J,n) (where n and ft 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;

q
Jn(n.n,t) -

The time-integrated master equation is then given by:

the * , * and X° are the intranuclear transition rates and

w is the total emission rate.



92 Here whe assume J-independent transition rates, but this

generally adpted assumption must be reconsidered.

The M are the eigenvalues of the intranuclear scatter-

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

the initial (t-0) occupation probability, and ZJ" (n) are

the Legendre coefficients of the mean lifetime of the nuclear

state (n,n,J,n).

The double differential cross section including equili-

brium and preequilibrium emission is

i2o(«,b) -*•" y (2J+D T . (t ) V w^n(n,n) T (n,n)
5fl (2i +0(21 + 1) 'Jfij 1 l J • *T» b

where T . (t.) are the optical model trasmission
laJa a

coefficients J and I denote the composite and target nucleus

total angular momentum respectively, t , s and j are the
a a a

orbital angular momentum, spin and total angular momentum of

incident particle, W7 (n, e. ) is the probability of emission

of particle b with energy £. from the exciton state (E,n,J,nj

1 (n,Q) 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.
I 29)

Namely a Williams' formula ' was adopted, normalized

to reproduce the total level density observed according to

ref. 30.

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

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

type. An exciton dependent spin cut off was found , " =

2/3
•.28n A valid through the whole periodic table.

Calculations are performed with the modular master Code

IDA above mentioned . Sferical optical model transmission

coefficients are used. On option, self consistent calculations

in generalized optical model approximation may also be

requested. Up to four subsequent particle emissions are

allowed followed by a r-ray cascade of maximum multeplicity

7. Integral or double differential cross sections can be

calculated for any single emission process, as well aa total

spectra and angular distribution for any given emission type^

the unified model 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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94 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

an average spectrum, full line curve, obtained averaging

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 level 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 used.

(0

>
o
2

Si

C
111

-5"

25

20

19

4

3

2

1

\

\
V
\

\

x̂ \

1
_

1 1 1 * 1

i ~i ~ i"~ r- -r

\

\

\

\

\

s.x

I 1 1

" ^

•—• —1 —1

\

\ 1

T

0

i i

AEN-

=(3-2) MeV

^- —
^ "* ^

J
O °

i i i i i i i

=(9-8) MeV

50 100 150

e
fig. 11



• = ZTk-277 INHCkdi*-2/L
• = SovieU. N.P.34pWXt981)

• = Zfk-277 INOC(ed
• = SovieU. NJU

» Zfk-277
= SovieU. N.P.:

J 30

eo

to

30

En= 14.600 MeV

• m m

e=2o*

• 8 12 15

I

•0

30

En= 14.600 MeV

6=175"

e=i50*

»=«0*

F i g . 1?

= 14.600 MeV

1 \—•—I—•—r—'—I—'—I—'—I—'—I—'—I"—1—I—
0 20 40 60 BO 100 120 140 ISO 180

95



96

• - Zfk-277 lNDC(gd^-2/L
• = SovieU. RP.34(299Xl90O

10:

100

10

loo

10

«>Nb En= 14.600 MeV

AE=(10~0)UeV

o 2 0 4 o a o a o i o o i 2 0 M O M o i a o

Fig. 15

• = Zfk-277
• = SovieU.

f

• = Marcikcmski N.S.E. 8343 (1983)

10

1
"O

10

w

10

OJ

En= 25.700 MeV

_• „ AJH34-23) lleV

0 20 40 80 80 100 120 140 180 1B0

9'

Fig. 17

Fig . 16



• = Manikowski N.SIL 83J3 (1963)

O a 4 6 8 10 12 14 1« IB 20 22 24 2»

F i g . II F i g . 19

97



98 Dots and open circles are the meauBurements of ref. 33

and ref. 34 respectively. In the lower part of fig. 11 , 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 not 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 °f the figure rise questions on a possibile rfile'of

experimental uncertainties in the discrepancies found. In

figs. 12. to 14. we show the results of the calculations

for 59Co at 14.5 MeV obtained using the input136' 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 93Nb at 14.5 MeV obtained using the input'37'

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 Nb

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

assumed 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 calculations 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 forward 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

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-



derable theoretical efforts in this direction proved very

useful in understanding nuclear structure, but cannot yet

replace all casea where experimental information ia 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-selection rules in the f-ray transitions.

In view of these difficulties, stress should be laid on

the need for experts to provide cross section evaluators

with appropriate level BChemes, 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 estimate of any of the quantities here discussed, where

a nuclear structure which favours Ml transitions (via the

play of Jn selection rules) couples to Ml transition strength

comparable to that of El transitions.

From the example illustrated, one may conclude that even

if valence mechanisri do not contribute appreciably to neutron

capture cross section nevertheless, in specific nuclei, it

•nay be of great help in explaining apparently ambiguous

situations and in determining the appropriate model parame-

terization.

The case considered 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 say

that a considerably better result is obtained with the

improvements illustrated and introduced into the previous

version of the unified exciton model. This is mainly

achieved becouse

99

i) the unified model allows for s 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).

iii) Introduction of the appropriate distribution of p-h

levels, according to spin, allowed for the most

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 preoqui-



100 librium contributions like 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 B I B O 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 -j--ray emission cross sections. Namely calcula-

tions are now possible even if no experimental information

is available, becouse the degree of accuracy is, 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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o n l y f o r t h e s t r o n g e s t s - r e s o n a n c e s , w h e r e a s f o r p - r e s o n a n c e s t h e v a l u e s f o u n d

f o r n e u t r o n a n d r a d i a t i v e w i d t h s a r e s u b j e c t t o c o n s i d e r a b l e e r r o r s a n d r e l a t e

o n l y t o t h e e n e r g y r a n g e u p t o 1 0 0 k e V [ 5 ] . A l l u n c e r t a i n t i e s i n p a r a m e t r l -

z a t l o r , L,t t h e i c s u n a m e s t i u u u r e o f n e u t r o n c r o s s - s e c t i o n s a b o v e 1 0 0 k e V a r e

i n e f f e c t t r a n s f e r r e d t o t h e b a c k i n g , a n d a s t h e u p p e r l i m i t o f t h e r e s o n a n c e

r e g i o n i s a p p r o a c h e d t h e b a c k i n g a c c o u n t s f o r b e t w e e n 5 0 a n d 8 0 7 . o f t h e t o t a l

c r o s s - s e c t i o n s , a n d u p t o 1 0 0 7 . o f t h e c a p t u r e c r o s s - s e c t i o n s f 1 , 3 , i ] . A l t h o u g h

i n t h i s c a s e t h e b a c k i n g h a s a r e l a t i v e l y c o m p l e x a n d n o n - m o n o t o n l c d e p e n d e n c e ,

g i v e n t h i s p a r a m p t r I z a t t o n , t h e t h i n r e s o n a n c e s t r u c t u r e i s c o m p l e t e l y l o s t .

T h a d e f e c t s o f t h i s ITH1 t h o d o f r e p r e s e n t i n g ( r n s s - s e c f I o n s b e c o m e a p p a r e n t w h e n

c a l c u l a t i n g t h e s e 1 1 - s h i e I d f r i g I a< t o t s o f c r o s s s e t i I o n s [ 7 ] . I n n r i l r i t o

o v e r c o m e t h e s e d e f e c t s , f o r p I I C M I I I C I U S w e h . j v e u s e d a m e t h o d n f i e j > r e s c 1 n t i n g

I s o l a t e d u n r e s o l v e d r e M i i i r i n c t > s . I l i e e n e c y . y d e p e n c l e c u e o f t h e ; I U I M . I J ^ C n e u t i u n



102 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. In the

group-averaged representation the results of this average cross-section evalua-

tion do not differ from our previous evaluation [l], 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 energies

above 630 keV are due to the selection of different reference experiments: in

Ref. [l] the data of Clerjaks [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

region 2-6 MeV they agree better with the results of other authors, in re-examining

total cross-sections we took the ENDF/B-IV evaluation in the whole range of

neutron energies from 650 keV to 20 MeV.

When comparing existing evaluations of angular distributions of elastlcally

scattered neutrons [3,4,9], we also gave preference to the evaluation of

ENDF/B-IV for neutron energies below 1 MeV and above 14 MeV. In the energy

region between 1 and 14 MeV our evaluation of angular distributions was obtained

in the context of the phenomenologlcal 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 [3,4]. The differences In the evaluated

angular distributions can easily be seen if 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 first 2* level of the isotope Cr (see Fig. 3). In the ENDF/B-V

evaluation, the approximation of near-threshold sectors of the excitation

functions for isolated levels was obtained on the basis of data measured on a

(n,n'Tr) spectrometer [10]. These data contradict the measurements of excitation

functions of levels on tlme-of-fIIght spectrometers [ll]. In our evaluation of

inelastic scattering cross-sections we relied mainly on the results of the latest

experiments [ll] 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 discrepancies 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 energies

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 region;

(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 it possible to correct the evaluations for the

(n,xp), (n,xd) and (n.xt) reactions.

We used the relationships of the statistical theory of nuclear reactions

(modified STAPRE program [16]) for a simultaneous, 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-

•quiI!br!ura partlc!? evaporation. Calculated neutron spectra were taken as

those recommended for the whole Incident neutron energy range between <* and 20 MeV.

On the basis of the evaluations examined above at the Centre for Nuclear

Data, a new version of the neutron cross-section file for chromium was drawn up

in 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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Revised nuclear model calculations nf neutron induced cross

sections for Nb

Brigitte Strohmaler, Instltut fHr Fadiumforschung und Kernphysik

der Universitat Wien, Vienna, Austria

1 . Introduction

The present work is a continuation of two former cross

section evaluations by means of nuclear model calculations, one

of which concerned the doslmetry reaction Nb(n,n') "Vlb /I/,

while the other comprised all important neutron Induced reactions

which are possible at incident energies up to 20 MeV 17/ and

was based on experimental data existing in April 1981. New

measurements of neutron induced 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

measurements.

2, The models

The computer codes which were used for tills cross section

evaluation employ on one hand the Bpherical optical model, on

the other the statistical model, comprising the exciton model

for PE decay and the Hauser FPsVib*ch !HF) model for equilibrium

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

formula there is full consideration of angular momentum and

parity conservation, the exciton model Is independent of

spin and parity. Therefore, in order to distribute the PE
rid

contribution to the population of the 2 ' compound nucleus ovor



106 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 is 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

"Table of Isotopes" /9/ except the one for Nb which had been

derived from the work of van Heerden et al. /1O/ as described

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. As also the

low-energy end could not be reproduced with reasonable para-

meters, the measurement was suspected 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 ~ 2 ^ 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 MeV . 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 consistency 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 1 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

(figs. I, 0), a smaller a-cluster preformatlon factor ll 10,!!

instead of 0.181 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 2o% at 14 MeV.

A contribution of inelastic scattering to a collective state

does not seem to be likely, berause the 30 key iscmer of
9 3 ' 94

Nb is explained as a coupling of a proton hole to a Mo

core in its ground state. The desired increase in the isomerlc

cross section v is achieved 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 various spins (cf. sec.2) by a HF calculation

using for the moments of Inertia 1 ,f one half of the rigid

body value I J_IJ» while for the actual HF contribution

I_«f - I , , . was maintained. The spin cutoff parameters

corresponding to I ,, « 0.5 I I , , . roughly agree with the

exciton number dependent spin cutoff parameters as given by

Reffo /14/ for low exciton numbers. While the shift of the

population of ''Nb to lower spins brought the (n,. n1) ex-

citation function back to its magnitude as displayed in ref. 2,
9 3it also caused a reduction of y-competition in Nb and a

9 2

shift of the population of Nb to lower spins and thus in-

creased the (n,2n) m and (n,2n)m pxcltatlnn functions by

5-7» (figs. 9,1O).

Finally, the decrease of the (n,a)m g and (n,a)m cross sections

at higher energies where the more favourable competition due to

the consideration of pairing is overcome by the reduction of t«,

was partly canceled by choslng I ,, = O.7 * I . ,. for PE a-

particle emission. This seems to be justified because a-particle

emission populates more complex residual states than nucleon

emission doi;g. The resulting excitation functions are shown on

figs. 11 and 12.

5. Conclusion

The parameter modifications which had been necessaiy 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 model

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 tne fit to the (n,2n)

data, but deteriorate the reproduction of a-emlsslon.

Finally, it should be mentioned 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/.
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Fig. 1. Calculated proton production ( CM system) from

Nb+n at 14.17 MeV incident neutron energy. Solid line:

FM = 230 MeV3, with pairing; dotted line: FM = 400 MeV3,

without pairing.
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Fig. 2. Proton production (CM system) from Nb+n at 14.1 MeV in-

cident neutron energy. The calculation comprises the

contributions of (n,p) and (n,n'p).
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Fig. 4. Neutron production (CM system) from Nb^n at 14 MeV in-

cident neutron energy. The calculation comprises the

contributions of (n,n') and (n,2n).
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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, Nl 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 structural materials has

extended over various Itens 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 fast 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, Nl and Cr which are the main constituents of stainless steel. The

discussion Is 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 meeting . At that meeting Smith et al. reported the status of

the experimental data for structural materials in relation to FBR.

Froehner discussed on the neutron resonance cross sections for

structural materials at the 1978 Harwell Conference. The discussion for

the neutron capture data was given at the 1982 ANL meeting . The

topical discussion was held for the nuclear data of structural materials

at the 21st NEANDC meeting in 1979. Rowlands et al. reviewed the

status of the neutron cross- section 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 problems in

data evaluation are also described.

The first version of Japanese Evaluated Nuclear Data Library

(JENDL) was released in 1977 with the aim of being used mainly In design

calculation of fast breeder reactor. The benchmark tests for JENDL-1

have pointed out various problems although the tests have showed good

results as a whole. Besides, addition of some important nuciides 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 nuciides In JENDL-2 was increased

from 72 (including 28 FP nuclldes) In JENDL-1 to about 170 (including



albout 90 FP nuclldes). The upper liait of neutron energy was extended

up to 20 MeV from !5 MeV. An outline of the data evaluation for JENDI.-2

81
has already been described elsewhere • The benchmark teats have been

9)
performed on the JENDL-2 data for some selected nuclldes, and have

showed that JENDL-2 gives satisfactory results for fast reactor calcu-

lations. JENDL-2 contains the evaluated data for V, Cr( Cr, Cr,

53Cr and and 5 8Fe), H1( 5 8
N1,

 6°N1,

6 1N1, 6 2N1 and 6 4 N 1 ) , Cu(63Cu and 6 5 C u ) , 9 \ b and Mo(92Mo, 9AMo, 9 5Mo,

Qt Q1 QQ 100

Mo, Mo, Mo and Mo) as structural materials. The whole

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-IV 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-IV

data which have been still used widely In Japan. We have not yet

examined the ENDL82 file, the SOKRATOR file, the RCN-2 file and JEF

(Joint Evaluated File), and have no information about the recent

situation of the UKNDL file.

II. Status of Evaluated Data for Structural Materials

i . Neut^ron resonance jiajaaetera and low-energy neutron cross sectlons

JENDL-2 snd E?'DF/B-IV give the resolved neutron resonance

parameters, Instead of polntwise data, except for light nuclldes. 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

resonance parameters has been matte , while the resonance parameters of

115 Cr ' and Ni' 2 ) in F.NDF/B-V have been left as they were in ENDF/B-IV.

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.

Figures 1 to 3 show the comparisons of the evaluated average

capture cross-sections for Fe, Nl and Cr, respectively, In the neutron-

energy range between 1 keV and 500 keV which is important for FBR. For

the r»nriir» data of Fe and Ni there was generally nu large discrepancy

among the evaluated data files. As shown in Fig.3, however, the Cr data

of ENDF/B-IV deviate largely from the other evaluated data in the

energies from 10 keV to 60 keV, In spite of having the reaonance

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.

As we pointed out elsewhere , this might cause the overestimatIon of

the central reactivity worth observed in the benchmark tests .

As important data for structural materials there is the well-known

"window" cross sections of Fe around 24 keV. This "window" cross

section was not able to be reproduced with the resonance paraseters of

the multi-level Brei t-Wlgner (Ml.BU) formula without background cross

section, in both ENDF/B-IV and JENDL-1 . Froehner showed that the

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

rules . In JENDL-2 the "window" cross sections was reproduced with

the Ml.BW formula by trancating the contribution from higher distant

levelB. This waa made by using the subsection structure in File 2 of

the ENDF/B format. The subsettIon structure in the resolved resonance

region is not allowed in the KNIX-7B format. In the final JENDL-2 file,



116 therefore, the data In this structure was altered into the ordinary one

with the "background" correction.

The shape of off-resonance cross section as well as the "window"

one Is very sensitive to the effective scattering radius R'. In

general, however, the values of R1 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

3rd ed.16* and 4th ed.17*. The R1 values in the evaluated data file

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 is essentially dependent on

neutron energy. As a matter of fact the energy-dependent R1 values

needed for the evaluations of the Nl Isotope data in JENDL-2 and of

Fe data In ENDF/B-V. However, the energy-dependent R' is not

allowed in the present format of ENDF/B.

2. Inelastic 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 845-keV of Fe were estimated from the

measurement on (n,n'r). The high-energy part of the inelastic

scattering cross sections for some 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

19)
the statistical model calculations with the CASTHY code . In order to

make these calculations on a common base, the parameters for the optical

20)
model and the level density have been studied systematically. Kawai

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

21)
determined systematically by Yoshlda for the composite formula of

23)
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, Ni 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



both JENDL-1 and ENDF/B-IV fro* the viewpoint of shielding appltca-

tlon , and It wa3 pointed out that even the contribution from minor

discrete levels should not be disregarded In Che data evaluation of the

inelastic scattering cross section. In ENDF/B-IV the contributions from

57 58

Fe and Fe on the inelastic scattering croas sections of element Fe

are neglected while these are taken account of in JENDL-1 and -2.

However, all the Fe stable lsotopeB except Fe are even hurl idea vith

large level-spacing compared to that of Fe, and all the contribution

frou the levels below the first 845-keV level of Fe results in the

low-lying levels of Fe. The sensitivity test indicated that a neutron

flux below 10 keV increased about 60 % at 30 cm from the central

0.65-MeV source when the crosa sections for Inelastic sacttering to the

low-lying levels of Fe and Fe were added In the ENDF/B-IV 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 revised in 1982 .

The analysis of the trasraitted neutron spectra below a few MeV also
indicates some features of the inelastic scattering cross section for

structural materials. Klmura et al. have tested the evaualted data

of Fe, Ni, Cr, Tl, Nb and Ho in JENDL-2/JENDL-1 and ENDF/B-IV through

transmitted neutron spectra, and have showed that the inelastic

scattering cross sections to discrete levels often are very important in

the prediction of spectrua.

9)
Although JENDI-2 gave rather good results in the benchmark tests

for the fast reactor systems as described above, some problems have been

pointed out In analyses of fusion neutroutes, particularly on the

11/ Inelastic: scattering crosa sort ion for higher-energy neutrons. The

benchmark teat of the Fe data in JENDL-2 h«« been performed for the

experiments on trasmitted spectra of the H-MeV neutrons by Hansen et

al . 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 energies of a few MeV to about 12 MeV,

vhcreas the calnuulteii one from the KNDf/B-IV data are In good agreement

with the experimental data. This resulted from the fact that the

first-level cross section of Fe in JENDL-2 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.

29)
Takahashi et al. have also measured the secondary neutron

spertra scattered inelasticai ly froni structural materials using the

14-MeV neutrons, and have compared the measured syeulra with the

calcualted ones froro the ENDF/B-IV data. They have showed that the

measured spectra have strong anisotropy in the neutron energies of 5 to

14 MeV and the anisotropy should be considered correctly in the

evaluated data of the inelastic scattering cross sections for discrete

]evels.

3. Threshold reaction cross sections

As for the threshold react Ion cross sections, the evaluated data

have to be given accurately for each stable isotope. In some canes, the

threshold cross section of element Is not uwually (let er ni 1 nt'*l by that of



118 major Isotope. For the reactions whose experimental data were

abundant, the evaluated data of JENDL-2 were obtained by a least-squares

fitting to the measured values. For the other threshold reactions the

cross sections were estimated from theoretical calculations combined

with experimental data. In the theoretical calculations the multi-step

Hauaer-Feshbach evaporation codes, GROG I and GNASH 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 used.

The (n,p) cross sections of element Fe above 10 MeV are governed by

the contribution from Fe of the major Isotope. Below 6 MeV, on the

W
contrary, are determined by the (n.p) cross section for Fe with minor

abundance. The (n,p) cross section of Fe Is as well known as it has

54
been utilized as a standard for doslmetry. In Fig. 10, the Fe (n.p)

cross section of JENDL-2 are compared with both the other evaluated data

54
and the experimental ones. The evaluated data of the Fe (n,p) cross

section Is also satisfactory below 6 MeV, while the data between 6 and

14 MeV are still uncertain. Hence, It Is considered that the (n,p)

data of element Fe have been established. The (n.p) cross sections of

58 52
element Nl and Cr are determined mainly by Nl and Cr of the major

58
isotopes, respectively. The (n,p) cross section of Nl Is well known

as doslmetry reaction and the evaluated data are sufficient. Those of

Cr, on the other hand, are still unstisfactory as illustrated in Fig.11.

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 means the sura of the (n.n'p) and (n.pn1)

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 contain

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-partlce-produclng reactions for structural

32)^34)
materials at Lawrence Livermore Laboratory 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 Nl between the evaluated and experimental data.

Although the JENDL-2 data on the hydrogen production cross section for

both Cr and Nl 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-IV 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 since the review by Smith et al. at the 1977 Geel meeting.

The iron (n,a) cross sections arc largely governed by the contribu-

tion from Fe. However, the (n,a) cross section of Fe cannot be

measured with activation techniques and then has to be estimated from

54
theoretical calculations. On the other hand, the Fe (n,a) cross

section is rather well known, as shown in Fig.15. 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-IV for the helium-producing cross section is in a good agreement

with the experimental data of Grimes et al. and Kneff et al. , the

JENDL-2 and KEDAK-4 data are largely overestimated. This might be due

to the overestimation of the Fe (n,a) cross section.

In the (n,a) cross section of element Ni the contribution from Ni

of the major isotope is dominant. The measurements on the (n,a) cross

C Q

section of Ni are limited around 14 MeV, and the measurement of the

(n,n'a) cross-section has not been made. Figure 17 shows the comparison

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-IV seem Co be overestimated. Thus the requirements for the

helium-production cross section of element NI are not met.

The measured data on the (n,a) cross section for stable isotopes of

Cr are available only around 14 MeV. In JENDL-2, therefore, the

evaluated data of the (n,a) reaction cross sections for the Cr isotopes

were obtained from the theoretical calculations. In Fig.18 the

evaluated (n,a) and hel lura-pro<luc t ion cross sections of element Cr are

compared with the experimental data. The agreement between them Is

fairly good as compared to the rasea for Fe and NI. The evaluated (n,rj)

cross section of JENDL-2 are in good agreement with both the measured

data by Gi lines et al . and the ENDF/B-IV data of the helium

production cross section at 15 MeV . This fact suggests that the

(n,n'ct) 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 data and the experimental ones In

9 3
Figs. 19 to 21, respectively. No structural material except 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 sections are needed for estimating induced

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 fission

products, dosiraetry etc. and some files have been compiled to estimate

the induced activity in connection with computer-code system (for

example, TH1DA library ). Most of these files are tentative and

the data contained In these files are restricted in a small number. The

needs for such data file have Increased gradually. Fortunately the

format for the i somer-prodm t I on cnifia section has been newly defined in

ENDF/B-V. Therefore, it would be desirable tlint the general purpose



120 file contains lsotoplc data as in JENDL and KEDAK, not only elemental

data, and gives the activation cross section for many nuclldes.

Ill 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 is necessary

that these parameter sets are determined systematically in data

evaluation. For the optical-model parameters, it Is also desirable that

a single data-set can cover a wide energy range. Although the Gilbert-

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 revlson for these data Is required. Another approach

for level density has often employed the back-shifted Fermi- gas

model In which Lang-Le Couteur formulation was used. Dllg et

42)
al. have given the parameters for this model In the mass range from

40 to 250. Hence, it Is desirable that nuclear model codes 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 Is required especially for the Inelastic

scattering cross section. In the theoretical estimations for this data,

the direct process and the pre-equilibrlum process have to be taken into

account at higher energies. The coupled-channel calculation Is required

for the low-lying levels with collective states. Especially these

processes should be estimated in a consistent way with the statistical-

model calculations. The parametrlzatlon for the coupled-channel

calculation is 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, gamma-heating estimations and so

on. Nevertheless only the ENDF/B file and the ENDL file have the

evaluated data on photon production for restricted nuclldes. Moreover

these photon-production data are not always enough both for accuracies

and for the number of nuclldes. Some photon-production data In

ENDF/B-IV are lacking in energy balance. This Is because the data

evaluations for photon production (files 12 to 15) would have been made

independently of that for the other reactions. In the ENDF/B-V data

this point might have been fully improved, but these ENDF/B-V data are

not available outside U.S.A. and Canada. JENDL-3 aims to have the



photon production data for some prominent nuclides Including structural

materials. The large evaluted data files should liave these data for

many nuclides.

(4) "Background" cross section

An artificial "background" (or "smooth") cross section has often

been used unavoidably In the evaluation for the resonance cross section.

Since the background cross sections affect the calculations of Doppler

broadened cros9 section and of self-shielding factor, the backgrounds

should be given in small amount and In smooth curve without structures.

However, In the case thap the evaluated parameter set is obtained by the

formula which is 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.

VI. Requirement for data format

In the present the ENDF/B format has been widely used in the world

and the number of data file which adopts the ENDF/B format has gradually

increased. The JENDI.-2 data have been compiled in the EliDF/B-IV format

-id JENDL-3 Intends to adopt the ENDF/B-V one. From this standpoint, we

would address some requirements for the ENDF/B-V format and its format

rules.

Experimenters for the neutron resonances have often used the

Reich-Moore formalism in their analysis of the resonance parameters for

medium-weight nuclides. As described above, the Reich-Moore resonance

parameter representation Is no longer permitted in the ENDF/B-V

l/l format . This causes the adoption of unreasonable "backgroiinn ci oss

section to use the formalism different froa that of the resonance

parameters obtained originally. Therefore, the ENDF/B-V format would be

better to treat the Reich-Moore representation of the resonance

parameters at least in the manner similar to ENDF/B-IV.

The data evaluation for the accurate resonance cross sections

requires the energy-dependent effective scattering radius. The ENDF/B-V

fortsat has not accepted the energy-ue^eiiueul scattering radius in file

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, Nl and Cr are reviewed In comparing with

that those of ENDF/B-IV and KEDAK-4. The cross sections for the

resolved resonance, neutron capture, inelastic scattering and threshold

reactions are dlsccused. Although these evaluated data for structural

materials are satisfactory for fast reactor calculations some drawbacks

are observed for application to the fu<Hnn research. The further

problems on the data evaluation are pointed out through thpsp

discussions. The requirements for ENDF/B-V format and Its format rule

are also presented.
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Table 1 Recommended and Evaluated Values of Effective Scattering Radius, R'(fm)

5lv
5 0 Cr
5 2 Cr
5 3 Cr
5 4 Cr

55Mn

5 AFe
5 6 F e
5 7 F e
5 8 F e

5 9Co

58N1
6 0 N l
6 1N1
6 2 N i
6 ANi

6 3Cu
6 5Cu

93Nb

92Mo
94Mo
9 5 M O

96Mo
97Mo
98Mo

100Mo

BNL-325

3rd ed l 6 >

6.9 + 0 .2

5.4 + 0 .4

5.7 + 0 .3

6.9 + 0.3

4.8 + 0.2

3.6 + 0.4

5.6 + 0.6

6.1 + 0.7

6.5 + 0.7

5.3 + 0.4

7.3 + 0.4

6.7 + 0.3

6.4 + 0.3

6.2 + 0.3

6.4 + 0.1

7.1 + 0.2

7.1 + 0.2

7.0 + 0.2

6.4 + 0.8

6.5 + 1.3

7.1 + 1.4

6.6 + 1.3

6.6 + 1.3

7.0 + 1.4

6.5 + 1.3

BNL-325

4th ed

6.9 +

5.0 +

5.2 +

5.4 +

5.3 +

5.0 +

6.1 +

5.9 +

6.80 +

8.0 +

6.7 +

6.5 +

6.2 +

7.55 +

6.7 +

6.7 +

6.9 +

7.0 +

7.2 +

7.0 +

7.0 +

6.9 +

6.9 +

6.9 +

17)

0 .2

0 .3

0.4

0 .3

0 .3

0 .3

0 . 3

0 .3

0.70

0 .5

0 .3

0 .3

0 .3

0 .3

0 .3

0 . 3

0.1

0 .2

0.2

0 .2

0 .2

0 .2

0. 2

0.2

ENDF/B-IV

6.308

4.95

5.9

6.9

6 .5

4.54

4 . 6

4 . 6

4 . 6

6 .8

7 .5

6 . 5

6.9

7 .5

7.302

7.302

7.024

6.0944

6.1382

6.1599

6.1815

6.2028

6.2240

6.2662

JENDL-2

5.0

5.4

5.1

6.9

4 . 8

5.3

5.6

5.4

6 .5

5.9

6 .8

7 .5

6 .5

6.4

6.2

6.4

6.7

6.56

7.1

7.0

7.2

7 .0

7.0

6 .9

6.9

6.9



10'

Neutron Energy f eV)

!. Coreparison of the evaluated average capture cross section nf JENDL-2

for Fe with those of ENDF/B-IV and KEDAK-4.

!25

10°

a
-O

c
o

to
in

o

10 '

10"

10'

Neutron Energy ( eV )

2. Comparison of the evaluated average capture cross section of JF.NDL-2

for Nl with those of ENDF.B-IV and KEDAK-4.



126

10* I01

Neutron Energy ( aV)

3. Comparison of the evaluated average capture cross section of JENDI.-2

for Cr with those of ENDF/B-1V and KEDAK-A.

I05 7To» En(tV)

The calculated total cross sections for some structural materials

compared with the experimental data. Ref(20)



127

u
CO ' 0 '

IO J rw l f l )
O

o

\0*

l-l I I I | I I I I I | I I I
O. 5 M«V

H©

- L i". I
60

Degree

120 ISO

JQ
G

u
<u

CO

If)
V)
o
c

C_3

I 0 1

10'

10°

10s

I0 1

10'

10°

I I I I H M- t l l H I I -+•

• • , t 1 • I
60 120 180

Degree

5. The c a l c u l a t e d angu la r d i s t r i b u t i o n s f o r Cr .

1 .0 -

o

C
O

U
(U

VI
in

5 . 0 10 ,0

Neutron Energy ( MeV)
i s .o

is .o

0.00
0.0

0.30

0.20

0.10

0.00
0.0

10.0 15.0

/ • i

1 r- —\—<-
' ^ =

—J L-

-

15.0

6 . I n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s ( i f F e f o r t f i e l o w

l e v e l s . T l i e e v n l \ i ; U f i t i l i i l i i o f I F N I I 1 . - 2 a r e c o m p . i r <•<! w i f f i t h o s e o f

K N D F / B - I V a n d K F . D A K A . - i n ' l u l t l i t t i e , . y , , , . r I m o . , i , ! • ! . . ! . . .



0.10

128
-,—• • i

ooo°

M
c
Ca
J3
c
o

o
o
to

M
0)
o
L.

0.0

0.10

0.20

0.10

0.00
0.0

O.IOr—

0.00

- 2 fcl M»V

S.O 10.0 15.0

IS.O

IS.O

S.O 10.0 IS.O

1 1 1 r-

- l.3Z(1ev~

S.O

—t—

T--I---V*
10.0

-i—i—tr-*-

15.0

0-0 IS.OS.O 10.0

Neutron Energy (MeV)

7. Inelastic scatterihg cross sections of Ni for the low-lying discrete

levels. The evaluated data of JENDL-2 are compared with those of

ENDF/B-IV and KEDAK-4 and with the experimental data.

0.I0-

0.00

0.I0 -

0.00

5.0 I0.0 IS.O

I0.0 I5.0

u
c
•

c
o

u
o
to

c*
u
o
I.
o

5.0 10.0

Neutron Energy (MeV)

IS.O

8. Inelastic scattering cross sections of Cr for the low-lying discrete

levels. The evaluated data of JENDL-2 are compared with those of

ENDF/B-IV and KEDAK-4 and with the experimental data.



lo-'f

U -I

o
•2

Ul

.d"
0

NEUTRON
CO

\

EXPERIMENT

* v V EN0F/

' i .

JENOL-2

1 k

1
\J 1

f
^ :
'1 :

l t ;

= 1 : "

2O

9. Neutron leakage spectra at 120 deg. for iron. The calculated

27)
spectra from the evaluated data of JENDL-2 and ENDF/B-1V are

a l

mpared ulth the pjtperJmental spectrum obtained by Uansen el

28)

129

a.io

0.80

— 0.50
V)

c

Jo 0.40

._ 0.30

u
to

in o . 2 0

en
to

° 0.10
CJ

0.00
00.0 5.0 10.0 15.0

Neutron Energy (MeV )

20.0

10. The (n,p) cross section of " Fe.



130

0.20

2
a

c
o

u
a>
to
n
M
o
u

0.10 -

10.0 IS.O

Neutron Energy (UeV )

20.0

0.80

O.SO

0)

L. 0.40
O

C 0.30
o

0>
01

° 0.10
O

o.ooi—i

JEH01-I

KEDAK-4

O I.D.HIMIi

Cr H ~ f ro ctMct»'o n

0.0 5.0 10.0 IS.O

Neutron Energy (MeV 1

20.0

11. The (n,p) cross section of Cr 12. The hydrogen-production cross section of Cr.



-1—1—1-

<n
c

u

CO

(A

o

5.0 10.0

Neutron Energy ( MeV)

15.0 20.0

0.30

in
t_

o
f 0.20
c
o

4—<

u
03

to
0.10

O
S

S

0.00

J E M O l - 2

f N O f ' t - I

K E O A K - I

H - fro du

0.0 5.0 10.0

Neutron Energy (MeV)

15.0 20.0

13. The hydrogen-produc t ion c r o s s s e c t i o n of Ni. . the hydrogen -p roduc t i on c ross s e c t i o n of Fe.

131



132

0.40

C 0 > 3 °
(_
a

o 0.20

u
a

to

0.10

o
c .

o

0.00
0.0

• .« •»
5.0 tO.O 15.0

Neutron Energy ( MeV)

20.0

M
C
co

C

o
u
d)
co

M
(a
o
t.

0.10 -

°-°o°o

F e H

JENDl-l
ENOF/B-IV
KEOM-4

0 T8 SHIUES.
* So »KEff»

•

•

/

. ...1 1 1 1 f\ i«

• * -

/

=e£rj i L

*

A''

i

V

• < •5.0 tO.O 15.0

Neutron Energy (MeV)

20.0

15. The (n,a) cross section of Fe. 16. The helium-production cross section of Fe.



10

c
o
w. 0.10-

c
o

u
CO

CO

»

O

c
o

Nt He Production

S.O 10.0

Neutron Energy (MeV)

15.0 20.0

8. IB -

o

c
o

o
<u
to

01
(A
O
l_

0.00
0.0

c

o

o

T . , . . . T

Y He

11H01-2

ENQF/t- l

T GHIUf5.

SO fAUlStN.

' ' '

FrodMct

"I 1 T—I 1 1 1—> , , . . . , . —

«'ov\ j

V^-'A

i \ i i i i 1 i t i i

5.0 10.0 IS.O

Neutron Energy ( MaV)

20.0

17. The helium-production cross section of Ni. IS. The (n,a) cross section of Cr.

133



134

0.80

o.ro

{5 0.60
u
a

-a 0.50

O 0.40

g 0.30
to
» 0.20
m
o

O 0.10

0.0
.0 10.0 15.0

Neutron Energy ( MeV)

20.0

in

c

C

o

u
<o

to
en
M
o
c

0.40

0.30

0.20

0.10

0.0 0

Ni

JEHOL-2

ENDF/B-Y

KEOAK-4
O V.J.A5HB». (1151)

10.0 15 .0

Neutron Energy (MeV)

20.0

19. The (n,2n) cross section of Fe. 20. The (n,2n) cross section of Ni.



0.60

0.50

C 0.40

O
J3

C
o

0.30

0.20

w
to
O 0.10
c_

O

0.0 0
10.0 15.0

Neutron Energy (MeV)

21. The (n,2n) cross section of Cr.

20.0

135

APPLICATION OP THE DBPORMABLE HONAXIAL

ROTATOR MODEL TO THB NEUTROIf CRO33-

3ECTI0H KVALUATIOH

E.3. SukhovltakiJ, V.A. Konohln, A.B. Klepatsklj

The Institute of Nuolear Power Kagineering,
BSSR Academy of Sciences, Minsk, U.S.3.R.

ABSTRACT

The attempt to apply the dynamic model of the deforxaabla rotator

for nonaxial 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

Bchemes; then the coupled-ohannel method is used. The channel

coupling strengthening leads to the direct excitation growth of

inelastio levels.

The purpose of further development of theoretical models is

to minimi re the disagreements between theory and experiment, and

in particular to obtain the detailed description of fast neutron

scattering processes. In this context the application of dynamic

theoretical nuclear models for the evaluation and theoretioal

prediction of neutron cross-sections Is of interest.

Davydov and Pilippov /1/ postulated the existence of non-

axial nuclei. They calculated the energy spectra and E2-transl-

tion probabilities using the aaynnnetrio rotator concept. Asymmet-

ric rotator model generalization made by Davydov and Chaban /2/,



136 enabled to take Into acoount the nuclear extension effeot while

rotating and to link nuolear deformability properties relative

to longitudinal vibrations with the energy of fj -vibration

splnless excitations. Aocording to this theory the longitudinal

"Jf -vibrations Of nuolear surface are taken Into account only by

the introduction of the effective parameter, ~tf e-- (nonaxLality

parameter). The second parameter of the theoretical model, M ,

is determined by the relation of the zero-point vibration ampli-

tude of the nuclear surface In its ground state to the value of

nuclear shape equilibrium deviation from the spherioal state.

The value M. * 0 corresponds to the complete exoltatlon expan-

sion Into rotations and vibrations (adiabatio approximation)j

hence, the parameter Pi can be termed as a nonadlabatlo para-

meter* The more Ji is, the larger corrections to adiabatic appro-

ximation are. The parameter M. describes the nuolear shape in

relation to longitudinal vibrations and is referred as a nuclear

softness parameter. The nuclei with neutron and proton numbers

far from the magic ones are the most rigid towards the longitudi-

nal vibrations. As fast as neutrons and protons approaching the

magic numbers one oan observe the cosiderable increase in nuclear

deformabllity relative to the longitudinal vibrations.

For the nuolei with 50 < H < 82 the value of f is near to

0.4* In this connection there is no pronounced rotational state

in this nuclear region. The excitations of nuclei with M. and

Y -values less than 0*2 are characterized by rotational bands.

It is just these nuclei that are attributed to the non-spherical

ones ( A - 19*28; A - 15O*19Oj A > 222).

The nuolear shape deviation from the rotating ellipsoid

oauses to the violation in the main rotational band of the inter-

val rule. Moreover taking Into acoount the effective nonaxlalitv

one*oan observe that it leads to the appearance of new anomalous

bands that are the composite excitations of a rotational-vibra •- -

tlonal type. Within the framework of the nonaxlal asymmetrio

rotator model the nucleus ?e, for example, has the value of

H^-0,5 and that Is why it shows more deformabllity 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 vlbra-

tional excitations is rather relative.

The model of the asymmetric rotator gives the same energy

level behaviour both in qualitative and quantitative respect as

the vlbrational and rotational model /3/> For nuolei - 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 lowest rotational bands.

The asymmetrio rotator model proposed by Davydov and

Chaban /2/ makes use of the parameters Ji and )f , which should

be determined from the experimental data on energy levels.

The model permits to describe the nuclear level schemes by their

fitting using two, parameters - the parameter of softness M.

and the parameter of nonaxiality Jf . It means that the type of

Hamilton!an which is used for the calculation of the nuclear



levels is correct enough and for that reason it nan b« used for

neutron cross-seotion calculations by the ooupled-channel method.

The attractiveness of the model is that It allows to take into

aocount the fact the; sometimes the energy nuclear levels are

the mixture of cliff_ ent bands that la, certainly, essential

while calculating matrix coupling elements. Thus, for instance,

for 2^8U 43 Ke7 2* level, that is regarded ss being belonged to

the band of K»O according to the traditional coupled-channel

mat hod, la a mixture of two states with K-0 (~99 per cent) and

K«2 (~1 per cent) ia the n on axial rotator model. Naturally, it

results In greater state coupling strengthening. Similar examples

can be given for nuclei of structural materials.

The asymmetrio rotator model can be used for the neutron

cross-section calculation using coupled-channel method. In this

oase one needs to oalculate the matrix coupling element for diffe-

rent states. It can be shown that In comparison with the tradi-

tional coupled-channel method the matrix elements In the asymmet-

ric rotator model acquire one more factor, associated with shape

vibrations, this factor is always more or equal to unit. For

' Ti It Is equal on sa average to 1.5 for different states} for

chromium - «-* 1.2. These values are the functions of the nuclear

softness and nor axial ity which are determined by the fitting of

a theoretical level foheme to experimental data. The channel

coupling strengthening leads to the direct excitation of Inelastic

levels by the same order value. The fact that the model takes

into account the nuclear shape (nonaxlality) more accurately

enables to the more correct account of angular distributions of

)37 aeutron scattering on nuclear levels.

Ths rssp8ctiT6 computer programme was written that permits

to carry out the neutron cross-sections calculations.

Pig. 1 shows the experimental data In comparison with the

theoretical values of the energy levels for Pe and s Ti calcu-

lated according to the asymmetrio rotator model /2, 4/. One can

see the satisfactory agreement of the compared values. The values

of p and Jf- parameters and the strengthening coefficients of

(1) 56.. 48,.. 76_c±p matrix elements for nuclei of ? Pe, * Ti, Se obtained

within the framework of the model under.consideration are given

in Table 1. Undoubtedly that for the application of the defor-

mable nonaxlal rotator model within the framework of the coupled-

channel method there is the necessity of the thorough determina-

tion of nuclear potential parameters 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

managed to obtain optimum potential parameters and to carry out

the calculations for the number of nuclei,that, certainly, doeanM

allow to draw the final conclusions 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 48Ii at Bn«3.9MeV

and their comparison with the experimental data /5/. The Hauser-

Feshbaoh formalism was used for the calculation of the compound-

nucleus cross-sections; the direct process croBB-eeotionB were

calculated by the strong coupled-channel method with the aaymmet-

rio rotator model.

At this stage it would be premature to draw the definite con-

clusions of asymmetric rotator model poaBibilities for nuclear



138 data •valuation purposes. However, one can hope that the uae of

•ore oorreot 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 reoeived by the coupled-channel method.

Table 1.

Huoleus

48Ti

Values of Boftnesa parameter p. , nonaxiality

parameter and matrix element strengthening

coefficients Ip for ' ] 48Ti, 76Se

fl V* The type of

transitions

0.689 23°44«
(0.414)

1.146 (+2-0-1 -*• 0+-0-1)

1.224 (2-0-1 —* 2-0-1)

1.279 (2-0-1 - • 2-0-1)

0.903 210301

(0.375)

1.421 (2-0-1 -*- 0-0-1)

1.556 (2-0-1 -*• 2-0-1)

1.636 (2-0-1 — * 2-0-2)

0.4395 24°36«
(0.429)

1.086 (2-0-1 -*• 2-0-1)

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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Figure captions

Fig.1. The comparison of the theoretical and experimental energy

level values for Pe and * Ti

Pig.2. The comparison of the calculation results of elastic

neutron scattering angular distributions for 4 Ti with

the experimental data /5/ at B ^ 3.9 MeV

Pig.3. The comparison of the calculation results of inelastic

neutron scattering angular distributions for Ti with

the experimental data /5/ at 3*9 MeV (1 - present

calculations, 2 - spherical optical model, 3 - traditional

coupled-channel model)
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OP A REACTOR WITH DISSOCIATING COOLANT

V.P . Korennoy, O.V. Khatkev ich , Yu.G. Fokov,

N.M. Grusha, B . I . Popov

The I n s t i t u t e of Nuclear Power E n g i n e e r i n g ,

BSSR Academy of S c i e n c e s , Minsk, U .S .S .R .

V.V. Vozjakov

The Institute of Physics and Energetics,

Obninsk, U.S.S.R.

ABSTRACT

The analysis of ( n,^) reaction chromium cross sections

in different libraries, the calculation of average capture cros3

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 JEHDL-1.

Inelastic scattering matrix for Cr with taking into account

of the last experiments and ENDF/B-V library is obtained too.

The possibility of data corrections for 6*a and 6^ in the

library ABBN-78 and their influence on the parameters of

fast neutron reactor with dissociating coolant are being

considered.



The cro8G section investigation of fast neutron interaction

with chromium nuclei is of great interest as this material in

widely used in reactor construction for the radiation stability

and chemical rasistance 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 nut only a pure absorber but take into

account its active influence on a neutron spectrum formation

when chromium high concentrations 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 cross

' ctions of neutron capture by natural chromium isotope mixture

is assumed to be equal to 2O5t in the neutron energy range of

1-400 keY in the last version of the home group cdnstant library

(ABBN-78) for reactor design and protection /f 2_7. As it is

noted in this work, the authors have considered insufficiently

reliable data, Indicating 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 £~'i_? wastaken into

account in Prince estimation for the fifth ENDF/B version ̂ ~5_7

and in Nuclear tata Center estimation (NDC-2) ̂ ~6 7«

One of the main conclusions that could be drar/n from the

results £~H- 7 is a considerable difference between the measured

inelastic scattering cross sections at levels close to the

threshold and the statistical theory predictions. The results

14! of the model calculations, fitted for the reasonable description

of data at energies higher than the threshold exceed the cross

Bectiona 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 MeV neutron

energy, 65% - at 3 MeV and 305 - at 4 MeV in total inelastic

scattering cross section O *. •- < • Fig. 1 shows experimental

measurement results and estimated curves for this level. Prince

estimation ^~5 7 was completely rested on the data obtained in

/~4 7 that resulted in 6~. . , lowering in nearly threshold
*~ — HOC ID

region up to 30% in comparison with ETOF/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 is not described.

The comparison of the calculated relations according to

different constant libraries and measured ones In the Central

Institute for Huclonr ^ecoarch at the SEG-4(P0-2) assembly ^~23_7

on the spectrum given in table 1 (forth column) shows that the

deviation of calculated value* 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,

whereas the tendency of chromium absorption cross section increase

has lead to the essential overeetimation (ranging from 25% for
ABBN-78 to 6O% in BARC-77)^~2 7 recently. The use of the JE

library constants gives the best agreement with the experimentally

obtained data.

The 26-group crooe sections of chromium neutron absorption,

including the reaction cross sections such OB (n,p) and (n,o(.)

for the ABBN-78 and JENDT-1 are Kiven in table 1. Especially



142 Table 1. Group capture cross sections according to the

ABBN-78 and JSNDL-1 estimations and neutron

• spectrum in SSG-4(PO-2) critical assembly

Energy group

number

1

2

3
4

5
6

7
8

9
10

11

12

13

14

15

16

17

18

19

20

21

22

ABBN-78

< 6 > barn

0.0550

0.0140

0.0060

0.0040

0.0037

0.0037

0.0043

0.0065

0.0130

0.0220

0.0160

0.0730

0.0360

0.1840

0.0200

0.0290

0.0420

0.0620

0.0960

0.1400

0.1960

0.2880

JENDL-1

\ 0 c / i barn

O.O338

0.0041

0.0021

0.0034

O.OO50

0.0043

0.0045

0.0061

0.0073

0.0136

0.0081

0.0728

0.0418

0.1400

0.0219

0.0295

0.0414

0.0605

0.0883

0.1275

0.1890

0.2775

Neutron spectrum,

relative units

0.002

0.014

0.032

0.080

0.095

0.132

0.113

0.102

0.100

0.083

0.075

0.057

0.042

0.029

0.019

O.O11

0.006

0.003

0.002

0.001

-

Table 1. (cont.)

23

24

25

T

0.4230
0.6200

0.9110

3.2000

0.4023

0.5971

0.8770

strong difference is observed in the 14th energy group MdLth

the boundaries of 1-2.15 koV. In thia group in the capture cross

section ^6V>- -j/j. the main contribution is produced by the strong

^2Cr P-resonance at EO=1.626 keV for which the following paramet-

ers are accepted in the ENDF/B-IV microconstant libraryi J =

3/2", P £=0.600 eV (.QV^/P =0.0767). Thia 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 resonances, occurlng

above 2.15 keV we obtain ^6'c^i/f=°'
154 barn, that la by 16#

lower than the value of 0.184 barn, given by ABBN-78. It Bhould

be noted that while estimating, the JENDL-1 library presents the
-if ^ r>

accepted parameters of J =3/2 , /^=0.040 eV, / y =0.444 eV,

which give the lower value of K6 ^f -,^=0.140 barn and 9^nf\/^ -

0.0734, being correlated with that of measured by Stieglitz et al

within the error (0.08O±O.CH2) ^~18_7.

In this paper the group inelastic neutron scattering cross

section and intergroup transition matrixes have been obtained

on the base of ENDF/B-V and NDC-2 estimations by the technique

in ̂ "19 7» The total cross section of inelastic scattering is

assumed as the sum of discrete levels contributions in the



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 ENDP/B-V estimat-

ion 1B given In table 2. The first -* Cr level, the first -^Cr

level and the five of each fist levels of ' '-> Ĉr are taken into

account in KDC-2 estimation. In the region higher 2 MeV Q . fc ,

was calculated as the difference between total non-elastic cross

flections and the sum of neutron capture reaction cross sections.

While comparing the estimated data an inelastiny neutron

scattering cross section an important criterion is the magnitude

jf a fission neutrons removal cross section undar the fission

Table 2. Energy level schemes of chromium isotopes

threshold of

ren

, which ie determined by the following equation:

143

Tha removel cross section for isotopes naturnl mixture turned

•;ut to be 0.53 barn in accordance with JLBBN-78 estimation .

iccording to our calculations ENDF/B-V and NDC-2 estimations

give the value of 0f-^M lower by 11 and 10 percents, respectively.

tinfortimately, there are no experimental data on this magnitude.

The inter^roup transition matrixes due to Inelastic scat -

tering and reaction ( n, 2n ) for ENDF/D- V ( upper line ) and

.fDC-2 (middle line ) estimations in comparison with ABBK-78

natrix (lower Una) are presented in table 3« As it's seen from

the table the matrixes, obtained on the data from ^ 5,6 7, predict

lower neutron energy dumping owing to inelastic scattering.

The influence of variation accounting in Inelastic scattering

cross section according to KNDF/B-V and NDC-2 estimations and in

radiative capture cross sections in the ABBU-78 By3tem of 3roup

Isotope

natural

and i t s

abundance

"lev

(MeV)

0.000

0.783

5°Cr

4.35%

0 *

2 +

52Cr

83.79%

Klev ^
(MeV)

0.000 0+

1.434 2+

2.370 %*.

2.647 3 +

2.763 4+

9

E

5?cr

.50,"

l e v

(MeV)

0 .

1 .

1 .

1 .

1 .

000

564

DOo

237

539

3/2"

V2~

5/2"

7/2"

7/2"

i/?r

5'»cr

2 . 3f:,r.

E l e v "

(MeV)

0.OQO 0*

O.B34-1 2'

3.1,2

3.771

3+

Binding energy

of last neutron

in compound

nucleus

9.262

(MeV) (MeV)

9-72

(UeV)

6.246

(MeV)

neutron constant upon an integral roactor characteristics had

been investigated for a breeder reactor version as an example

with dinsociating Hp°/+ G
as a3 a coolant.(/~1_7. The changes in

O -̂0̂  ̂ n and O c were compenonted by according changes of

elastic scattering group croas auctions so that total crcrsa



144 Table 3. Intergroup transition matrixes due to inelastic scattering and reaction

(n,2n) according to ENDF/B-V, NDC-2 and ABBN-78 estimations

k
j

1

2

3

4

5

0

O.O38

0.038

0.011

0.056

0.063

0.040

0.027

0.022

0.021

0.021

0.020

0.020

-

_

-

1

0.363

0.250

0,231

0.398

0.385

0.386

0.441

0.419

0.441

0.172

0.172

0.182

0.021

0.022
0.022

2

0.449

0.290

0.272

0.443

0.452

0,422

0.354

0.367

0.397

0.211

0.231

0.256

0.020

0.023
0.024

3

O.3000

0.347

0.341

0.287

0.274

0.237

0.119

0.116

0.124

0.076

0.090

0.104

0.008

0.008
O.OO9

4

0.102

0.223

0.238

0.104

0.109

0.109

0.050

0.044

0.052

0.043

0.041

0.044

0.003

0.003
0.004

5

O.056

0.126

0.140

0.032

0.036

0.040

0.019

0.020

0.018

0.013

0.O14

0.016

0.0O1

0.001
0.001

6

0.019

0.046

0.049

O.OO9

0.010

0.012

0.006

0.006

0.005

0.004

0.004

0.008

-

-

7

0.005

0.012

0.015

0.002

0.002

0.003

0.002

0.002

0.002

0.002

0.001

-

-

_

-

8 9

0.001

0.002 0.001

0.005 0.002

0.001

0.001

0.001

0.001

0.001

-

-

-

-

-

— _

-

Sum

1.333

1.335

1.304

1.332

1.33a

1.250

1.013

0.997
1.060

0.542

0.572

0.630

0.053

0.057
0.060

section of neutron-chromium nuclei interaction remained constant

in ABBN-78 library. The calculation of neutron spectrum, breeding

coefficient ( K e f f ) , reactor reproduction coefficient (EC) and

other characteristics was carried out by DRZM program from NF-6

program complex ^~2O_7. Multigroup neutron transfer equations in

L)32M are solved in diffusion approximation. The iterative net-

point method of variable directions in two-dimensional cylindri-

cal geometry is ised for difference equation solution. The 26-

group micro-sections were calculated by MIM program (_ 21_7 in

which resonanco effect consideration is being carred out appling

the formalism of resonance cross section self-shildlng factors.

The typical neutron spectrum of such a reactor active core has the

maximum within of 5 to 10 energy groups (21.5 keV -1.4 MeV). At

the same time in spite of the small member of neutrons *>ith 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 ammountlng to

about 50%, the half of which accounts for the 14th group. The
e

resonance aelf-shildlng accounting of the 14th group capture

cross section (the dilution cross section G^IO) decreases
a

this value slightly without chnglng general conclusions. The

ABBN-78 constant system was used as a basic one in the design of

a rector. The variations associated with the correction of

resonance parameters at EO=1.626 keV result in RC increase by

O.O5 in comparison with the basic calculation. The variations

attributed to the substitution of the ABBN-78 capture cross

sections by the group ones of the JENDL-1 library increase RC

by 0.027.

Transition to th« matrix obtained from ENDF/B-V estimation

as calculation show has led to the additional rise of K -. by

0.4* and RC by O.O13. The use of RDC-2 estimation has given the

rise of K -. by 0.2 % and RC by 0.006, reepectively.

In conclusion it should be noted that the J2NDL-1 library

%ith a lower capture cross section in chromium glvea the better

description of the integral experiments^;^/ with the average

deviation of 1.4 % for the relative reactivity coefficent of

chromium samples (_/rrJjn-ia ) that is indicative of the
-'"pu

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 scattering cross sections for chromium

it's necessary to cuivy out the ;\Jditior,;l measurements of O in

in the region near threshold and the mea-ji rement3 of sphere

traneaiission on chromium samples by a fission chajnber with

2 5 8U for 6\.em determination.
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Fig. 1. The excitation cross section of -* Cr 14J4 keV level

(brought into accord with isotope content in a

natural mixture).

Estimations: - ENDF/B-V, • NDC-2,

- ENDF/B-IV,

Experimental data: • - fij, • - /.~7_7, * - CQJ<

0 - f9j. 4 -

a - /~13 7, o -



J

1,5

OO

0,5

€Q /

,

o

exp

•

— ~ — — —

D

0

— __ —

Ul

Fig. 2. Tho relations of tha average neutron absorption

cross sections on chromium calculated according

to different constant libraries ^~2,3,15,16,17_7

and tho measured one3 on the S£G-4(PO-2) critical

assembly of CINH(GDH) which are arranged in a

chronological order*

grapfic symbolB: o - ABBN-M-, a - JAERI -70,

• - EKDP/B -IV (197*0, 0 - KEDAK-75,

• - BARC-77, • - ABBN-78, O - JENDI^I (1979).

The error corridor of experimental data estimated

by 15% is shoTm by a daah l ine .

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

for the Calculat ion of Fast Neutron Hwclear Data

for Structural Mater ia ls"

J . J . Schmidt, D.E. Cullen, H.O. Lemmel, V.G. Pronyaev
IAEA Nuclear Data Section

This Is a working paper for use at the IAEA/NDS Consultants' Meeting
on Nuclear Data for Structural Mater ia ls , Vienna, 2-i November 19P3. I t
should be considered as a proposal to be discussed and amended during the
meeting. The conclusions and recornendations of th i s meeting In regard
to th is CRP w i l l be submitted by IAEA/NDS to the INOC for approval,
before submitt ing I t for Internal IAEA approval.

1. Background

Fast neutron react ion data for s t ruc tura l mater ia ls (Fe, Ml , f r
and sone others) Including the energy and angular d i s t r i bu t i ons of
secondary emitted neutrons, charged par t ic les and r-rays are of high
Importance In neutron economy and shielding calcu lat ions and for the
assessment of nuclear safety and radiat ion damage In f i ss ion as well
as fusion reactors.

U1th regard to st ructura l mater ia ls , apart from Improvements In
evaluated data for a few selected reactions in special purpose f i l e s ,
the In te rna t iona l l y avai lable more comprehensive evaluated neutron
data f i l e s used In f i ss ion and fusion neutronics ca lcu lat ions are
quite old and generally no longer re f l pc t the present state of
knowledge. Many of these evaluat ions, at least p a r t i a l l y , <*ste back
as far as 1Q75; since then many new experimental data have become
ava i lab le , as I l l u s t r a t e d , e .g. by the many new resul ts reported at
the NEANDC Spec ia l i s ts ' Meeting on East Neutron Capture Cross
Sections held at Argonne National Laboratory In Apr i l ]?R2. Also 1n
the f i e l d of nuclear models and computer codes, s ign i f i can t
Improvements havp hepn mad? in. recent years In the predic t ion ami
In terpre ta t ion of non-compound contr ibut ions 1n fast neutron-nuclear
reactions as re f l ec ted , e.g. 1n the remarkable Improvements achieved
In recent years In the descr ip t ion of the energy and angular
d i s t r i bu t i ons of secondary emitted par t i c les Including consideration
of d i rec t and pre-compound emissions.

These new developments have led to the necessity to Improve the
ex is t ing evaluations and perform re-evaluations with <^ue
consideration of more recent experimental data and nuclear model
descr ipt ions. As a consequence, new evaluations have been started or
are planned In several countr ies, and, as part of th is overal l e f f o r t ,



148 a co-ordination of the current developments and uses of caiculationai
methods for the computation of these neutron cross sections appears
to he timely and desirable.

2. Scientific scope and proposed programme goals

The materials to he covered by this rRP should be the elements
and Isotopes of the most common structural materials of fission and
fusion reactors such as Fe, Cr, Ni, which are the main constituents
of steel, Inconei 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 problem areas to whose solution this CRP
could contribute, are:

- caiculational methods for the interpretation of experimental
resolved resonance data;

- consistency problems between fluctuating cross sections of
different neutron reactions In the unresolved resonance
region;

- treatment of elastic scattering angular distributions for
resolved resonances and in the unresolved resonance region
(e.g. intermediate structure);

- treatment of energy distributions of inelasticaily 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,n<>) and
(n.an) reactions;

- problems and methods In the calculation of "small yield"
neutron cross sections for the (n,d), (n.t) and (n.He3)
reactions;

- problems and methods In the calculation of secondary particle
energy and angular distributions (treatment of level
densities; transmission coefficients for the various reaction
exit channels; compound, pre-compound and direct
contributions).

3. Prograntne objectives

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

(1) discussion and Inter-comparison of the various calculation^
methods used and/or developed by the CRP participants in dealing
with the problem areas mentioned under point 2 above;

(2) 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 of
the structural materials considered under this CRP, (final goal).

4. Benefits

Exchange of experience and developments In methodologies of
calculation neutron cross sections for structural materials will be
of benefit 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 gaining experience in methods of nuclear
cross-section calculations and thus help in the development of
scientific Infrastructure for nuclear technology.

5. Connection with other programmes

The proposed CRP will partly complement, partly have a natural
Interconnection with other IAEA/NDS programes. I.e. with

- the Workshop on Nuclear Model Computer Codes organized
jointly by IAEA-NOS and the ICTP in Trieste 1n
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 of an International radiation danage neutron
cross section file; and

- the activity in the field of nuclear level densities (IAEA
Advisory Group Meeting in Brookhaven In April 19H3).

6. Participation

Many laboratories from dif ferent parts of the world are or nay
be interested to participate in the proposed CRP:

AHL (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 I ta ly ;
CEN (Saclay, Cadarache, Bruyeres-le-Chatel) from France;
IRK (Vienna) from Austria;



A N ™ (Sofia) froBi Bulgaria;
PFU (Bratislava) from Czechoslovakia;
BARC (Bombay) from India;
JAERI (Tokyo) from Japan;
ECN (Petten) from the Netherlands
IBJ (Warsaw) from Poland
IFIN and IRNE (Bucharest) from Romania
AEPa (Harwell) from the Uni tedj<1ngdom
CTA/IEA Nuclear Data Centre (Sa"o Josa dos Campos) from Brazil.

Of course, in view of budgetary limitations, only a limited,
carefully selected number of these institutes could participate 1n
the CRP.

7. CRP start and duration

Subject to INDC and internal IAEA approval, the CRP could he
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 three years. In line with the normal
duration of IAEA CRPs, is deemed necessary. The funds will he
provided from the NDS1 part of the Agency's Research Contract
Programme Budget.

8. INDC recoimiendation

The comments of INDC on th is suggested CRP are appended for
in format ion.

Comments of the INDC on th is CRP

13th INDC Meeting

Rio de Janeiro, lfi-?0 May

Proposed new_CRP_on^ mejthods for the ca lcu la t ion of fast neutron
nuclear natlTTor s t ruc tura l naterfaTs"

The subcommittee supported th is proposal in p r i n c i p l e . Proposed
object ives should be defined by par t ic ipants during the ~~p~Tanne<T
Consultants Meeting. TTiese should he l im i ted to the most Important
sTructural mater ials (e .g . Fe, Cr, N1) and the neutron cross sections
of highest importance ( Ine las t i c sca t te r ing , e las t ic scat ter ing
anisotropy, (n,p) and in,a) react ions) . The proposed object ives
should then be d is t r ibu ted by NDS to INDC par t ic ipants who should
reply saying whether they support the proposals before the end of the
year.
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by

D.E. Cullen
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IAEA

V. Contributed Papers

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 comparisons 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 "best", 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 compared:
ENDF/B-IV, ENDL82, 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 differences over broad
ranges.

The following tables present a comparison 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 calculated and results are presented to indicate the
per-cent deviation of each evaluation from this average. These pcr-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 surprising

ditferences even in the total cross section. For all materials

difforences in excess of 10* in the toLal cross section were found in one

of more gioups.



For Che capture cron tectiom we lee large differences over mo it of

the energy range and increasing differences Coward higher energies,

however we can aee thac more recent evaluation* have a more reasonable

high energy variation.

For the Cotal inelastic cross sections we generally see smaller

differences. The major difference that we see is that more recent

evalutious are using Low lying inelastic levels Co account for direct and

pre-compound effects.
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Intrrnnt ions] Nurlr-nr Model rnd Cede, rompnrlson

on Prr-Foul! ibrium Frfect3

H. Gruppelaor, H.A.J. vBn der Ksmn
Netherlands tneroy Research Fondntion,

ECN, Petten, Ihe r'etherlonds

ond

P. Nugel
NtA Dete Eonk, Gif-sur-Yvette, Pruncc

I. Introduction

This pnnor gives the specification of on intercompnrison of statisti-
cnl nuclrnr models nnd codes with eraohasis on pre-equll ibrlum effects. It
la partly based upon tho conclusions of a meetinq of an Rd-hoc working
jroup on this subject (see document f-'EAMDC-A-M7), on some criticism by
"Jrof. M. Dlenn, communicated to the NEA Data Bpnk by Dr. 11. U M , nnd on
;̂ome sunqestiona of the present authors. We ere very grateful to Drs.
etak, Olonn, Fu, Gardner, Cmuca, f-upta, Herman, Mono, Ribanaky, ^eelioer,
jarq, Uhl and Young for their comments on the droft version of this docu-
went. Host of the remarks hove been included in the updated specifications
jiven in thi3 pope;. The present proposal deviates from the previous one
mainly in (he choice of a somewhat heavier nucleus : Nb instead of Co.
Using M) has several odvantaqes:

!. The pie-compound pnrt of the neutron emission opcetrum is moro pro-
nounced than that of -"Co.

2. This nucleus in quite well studied with respect to prc-cquilibriura
Bsriccts, both experimentally and t heoret icnl ly j it is often used ao n
"sample problem" in nuclear model calculations to illustrate pre-
equi1ibrium efforts.

3. There pre experimental data for neutron emission spectra and ancnilar
diwtrlbutions not only pt 14.6 MeV, but alco nt 25.7 MeV(l). further-
more, there ere experimeritnl data for o

n2n end from l'i.6 to

157

H e V ( 2 ) . Proton-emls3ion dnta including annular d i s t r i b u t i o n s nre also
ovoiloble at 15 tieV ( U , 1 4 ) .

It is realised ttmt the pre v i o u s nucleus Co is well studied in the
tat i'.;t iri\l-model exercise and that it requires fomc additional effort by

the participants to rhnnqo to mint her n u c l e u s . H o w e v e r , we thicik that the
nbovn- mci it i uncd J*I niin»fnt s nre cftnv inc i n o , in pnrt icul ;>r point 3.

The character of this exorcise differ9 from the equilibrium rxcrrtse
in thnt the pre-eciui 1 ibrium models currently in vac nre Quito different.
Therefore it ia mure correct to Bpenk shout a mode) int rrrompnr iaon rnthrr
than e code interenmparison. Slnco thrr models difTcr in the mudellino of
pre-enui1ibrium aspects, we ennnot specify all the pnrnmctors.

Ihcrrfors we restrict these to:

J. Mosoea, O-vnluos,
2. tcvel-scriemc dota (discrete Irvcls),
3. Ppt ical-modc) pnrametrrs (nlobal tsphericpl potentiel),
ft. y~rny compi-t i t ion por^mct crs ,
5. totol level-density specification.

Tho psrnmeters, specific for the precompnund emission nrn not pre-
scribed. Instead it is required to fit the l'i.6 MrV total neutron emission
spectrum du pt < - 6 to 9 McV, wticre precompound fminsion dominntes. Ihc

porticippnts ehculd therefore specify their mt'del nnd the parcfet
To facilitate this tosk, a ouesT ionnaire has been Included1 (Append

etrrs used.

ix Al .

The main qunntity to be calculnted is the total neutron emission
spectrum do ss o function of incoming energy E BTKI outooinq energy i .

•J7

Thssc Bngle-intecjrated spectra should be calculated at E = IP, lfi.6, ?V and
25.7 MeV. Comparison with experimental dnta will be performed at the K'EA
Data Bank. If possible, also the reduced tenendre coefficients of the
anqular distributions should be calculated. Other importpnt oupntities to
bo calculcted arc:

(anole-integrated).
nn y < npy ' n a y

end their energy spectra

Tinolly, for the more sophisticated node) codes, it is requested to
calculate the total eneroy-inteorated perticle-productinn cross sections,
the isomerie state population from the {n,n') snd (;.,?r,1 reactions and \UK
total photon production cross section (at IS.6 MeV).

It is not necessnry to include width-fluctuation corrections in the

calculations. There is plso no need to ealculpte «n., '" this exercise.

However, ('-ray competition should be included (if possible) to calculate

the multi-particle emission cross sprHong (and isomrr i c-st P! e ponulf1-

Liu(is) .

2 . M a s s e s , O - v n l u e g , e t c .

The m!>nsrs nnd 0 - V H 1 U O B s h o u l d be t n k e n f r o m B r e c e n t n u c l e a r manB
t n t > l e . ?omc v n l u e s o r e p r o v l t ' e d i n T u b l e 5 n ( 1 0 ) .

3 . L e v e l _arhpn«o d n l n ( d i s c r e t e l e v e l s )

The l e v e l o c h r m p s o f mnr.t o f t h e r c s i d u f i l n u c l r i a r e s p e c i f i e d i n
Tn t ) l e 1 . Those d n t n n r i ; u s u . - i l l y b u s e d i i i i on r e c e n t i s s u e s ( i f t h e N u r l e n r
D a i s S h e e t s . The f i r s t ene i< |y o f t h e c o n t i n u u m cf i I c u l at i ( i n , F i j n j n d i -
c n t c d i n T a b l e 3 a .



158 Notest 1. for codes that calculate only continuum emission, these data are
not relevont.

7. For othor residual nuclei, the participants should perform a

continuum calculntion only, assuming Ec=
 p-! ftev-

3. For 92Nb
levels.

Optical model

ond Nb f'-ray branchings are given for discrete

In this exercise, a sphericol optical model is used, of which the
definition of the parameters io given in Table 2a. The selected global
optical-model parameters arc given in Table 2b.

For neutrons ond protons, pnrametriaetlon close to those of F.G. Perny
(e.g. (3)) have been selected. These pBrnmetrisations should work well at
energies from 0.9 to ?? MeV. Plense indicote when the channel-spin depen-
dence of the transmission coefficients has been neolccted (T| instead of
T,j).

For neutrons, we have checked that the potential ia in reasonably good
agreement with aveileble experimental Nb data for a. and a_« from 1 to 15
McV fc elg
McV.

For p-perticlea, the pntcntiol of Ino pnd Huizcnqa(4) has been selec-
ted;

5. Gamma-ray pprpmeters

For the calculation of V-tay competition the Brink-Axel oiont-dipole
model should be uned to describe El transitions. For ell residual nuc-
lides, the same data are prescribed, i.e.

Ef = 16.5 MeV,

Tr = 5.P MeV,

"r = P.162 b.

Using these parameters, the following vniuo of tho total s-wave radiation

width is obtained for tho reaction

energy:

QA
Nb(n,p) Nb at the neutron binding

<f>(l=C)> = 165 meV.

The value <ry>/Qobs nmounto to P.156 x IP . If nccesonry, a normalisation
constnnt in the Drink-Axel formula should be used to obtain this value (the
B<nme normalisation congtnnt should be uned in each residual nucleus). The
puthors should specify their formnli3m usod.

Note: If no K-ray competition is used, the participants should clearly
indicate this.

For K-ray cascade calculations (isomorlc state population), the Ml nnd
E2 electrooagnetlc transitions should bo allowcH with the strennths of Ml
and E2 sot toi strength (El/lll) = strength (Ml/E?) = 10, relative, to the
tptol Ej radiation width for s-wnve retiononccs of the reaction Nb(n,p)
Nb at the neutron binding energy (fy- 165 meV) (the flpme normalisation

constants should be uped for each residual nucleus). For tho ennrgy depen-
dences of the Ml and E2 transitions the Woisskopf formula should bo used. .

The branching rntios for fib end Nb levels ore given in Table 1.
Use theory to obtoln branchings for other residual nuclidea (only needed
for calculation of totnl photon production).

The participant should specify the Yrast line U9ed in the calculntion
of the gomma-roy emission data.

6. Total level-rims!ty parameters

For the calculation of the equilibrium par\ - or in the unified codes,
the combined pre-eouilibrium ond equilibrium parts - it is requested to fit
the total level density (i.e. summed over all possible particle-hole combi-
nations) at two energies, so that:

1. the total number of levels eouals N E=E

2. the level spacing of s-wewr levels eouals Dobs at the neutron
binding energy 0.

With these conditions, the portlrippnt should orrfgrnhly USP thp
composite Gilbert-Cannron formu1n(5). When this formula is not pronranmed,
the Formi-g.TS formula of Dilo ct al(6) or another representation could be
used (other formulas could be important in unified models, where it is
reouired that the sum of oil psrticle-holc components equals tho total
level density).

In Table 3a, the values of the parameters reouired to calculate N and
Dobs are specified. Wh»?n rha Gilbert-Cameron formula is used, the opirinn
enemies P of ref. C>) nre also prescribed (see Table 3a). Tablci ?b oives
the parameters e, II nnd A for three possible representations:

1. Pilbert-Cameron formula with improved definiHon of the spin cut-
off paremcter(7):

a7 -
2/3

2. Gilbert-Cameron formula with oriqlno! definit ion of the spin cut-
off pnrpmctcr(5)i

? / 7/3
a - P.PPflO VaU A " .

3. Back-shifted Fermi gas model(6) with:

Jeff = ' r i g i d .

The pnrnmotcr n follows from thp ouantity a by means of thp relation:

a = n n.
6



Not OBI da (6 -7 HeV) = 56.0 ± 6 mh/l 'eV,
1̂7
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1. The participant should clearly specify the formula used. The
preferred representption is formuln 1.

2. At low energies the definition of a is not clear In the case of

Gilbert-Comoron. It is suogested to use a linear interpolation

between o at E r E and o2(E ) at the dividing energy I =
cxp c x • • x

U +P. Tho vnlue of a la given in Table 7a.

3. From some preliminary calculations with the Ci lbert-Cpmcron formulo
Bnd the bnck-shifted Fermi gas formula, it follows that the diffe-
rences in the cross sections ^uc to the use of different IPVPI
density formulas cannot be neglected, particularly nt energies
ebovo IP MeV. This has to be regretted, but it is o basic uncer-
tainty in our model calculations, as long us these simple level-
density formulns are used. In some codes, different level-density
formulas could be used. Tho participants arc invited to use thece
options to study the effect of the different approaches. Pur
preference for th» Gilbert-Cameron fornuln is only bosed upon the
fact that this formula is probably the most widely used.

7. Particle-hole state density

In moat cases it is expected that the porticJe-holc slnte densities
are based upon the expression of Willinms(O), possibly with corrections.
The exact formula used should be specified, both for the initial and final
state densities. When the calculations of precompound perts and compound
parts are unified, the sum over all particle-hole level densities should
satisfy the conditions given in the previous section. When the precompound
calculation is used 03 a correction to the compound model, one could use
the same parpmeters as used in the enuilibrium calculation, including enor-
gy shifts ur pairing energy corrections. This would facilitnte the inter-
comparison of tho results. however, an it is noticed that another parame-
trisation could be mure realistic for pre-eouj1ihriim calculetions, devia-
tions are allowed, provided thpt they are indicated clearly. In many codco
w l y the option g = A/13 HcV"1 and P,0 is ollowcd. This should be speci-
fied.

Mien angular momentmn in conserved in the cnlculation, ! he adopted
expression for the p-h spin cut-off parameter should be specified.

8. Pt ecompoiind parameters

In some codes there oro some "free" parameters to fit the emission
spectra, such us K occurrinn in the expression for the average transition
matrix elements, e.g.

*>
K .

T h i n , or a s i m i l a r e x p r e s s i o n , should he. i n d i c a t e d , t o q e t h e r w i t h the vp l im
of Ih r pnrnni ' l I T ( S ) . The vn |u r ( r , ) nf I h r f ren nernmet e r ( : ; ) should hn
ad jus ted in n r d r r to n h t i i i n nc|t ncnif-nt w i t h thn (anti I c- i n l enrnt ed) I n t n l
neu t ron f n i r . r i n n p.pectruro at t - I •'*. 6 Ili.-V mid «= 6 i n 9 I W :

da (7 -8 MeV) = 46.9 1
df

mb/HeV.da (fl-9 HoV) = ^6.5

"(17
These data Bro obtained from sn analysis of the experimental data of
HermsriorT et ol(9), performed nt FCN, (Mien". At t - 6-9 MeV, mor.t of
the emission is due to pre-eoui1ibrium; pt hioher energies Hie experimentnl
data are ouite uncertain <ii>e to direct effects or uncertaint it ies in the
subtroction of the elastic scattering peak.

Other parameters, such as R or 0 fnctors(IP,15) should also be speci-

fied. Cndioli et al.(ll) have proposed R - f-1, where the "+" and "-"

signs rcTcr to neutron end proton emission, "• respectively, to nccount
for charge conservation. for "unified" models it i3 desired that these
parameters appiouch unity at eoui1ibrium.

The treatment of the a_chnnnel han also to he depcribed, r.o. accor-
ding to rr;f. (12). When fit-norfimctcrs nve used, such as forro-fnctorr>,
they should be specified.

Parameters for the description of angular distribution arc not pre-

scribed. Ihc user should specify the formalism used.

9. Renuentcd calculations

The Incident energies for the colculntions nre F=1P, 14.6, 7P rnd 25.7
MeV. For the oulooing cent re-of-mar.s encraies f the energy mesh should be
appropriate to describe the data (indicote when the spectra ore ctored in p
histogram form). It is suonefited to use nt least ! MeV bins up to )'• H»;V,
if pofisihle snallpr hins up »o ? MeV and ? MeV bins shove !& MpV. The
following ounntities need to be calculated.

9.1 Intenrnted crnnp sections nt 5 incident pnernies:

7 (composite-formation cross section),

c) i/fln' (inelastic scattering cross sect ion), o n2n' "nin' "nnp' % p '

(other crots sections are relatively small),

o , o (firot emioaion of n, p, and a respectively),

ripn' Don

d) t o t a l p a r t i c l e (and gnn-) product ion cross sect ions a

°n a em *
npf m

• This nna)y3is wnn performed by fittlnn the coeffiripnts of t ho function
A +A I' ( C O G 0)tA I>?(cos 0 ) throuoh the ori()innl data of Ki'imsdorf rt nl.

(9). The rer.ultn nrr in r»(]f ermrnt with t* simfl.'tr anrilysin nf Knmfrier-

dii-r.nr'a dot.-- (16) mid thu:,c uf Srlnilov i.t H I . (17).
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Not ent 1) In coses b) to d) it is of interest to indicntn the equi-

librium component Bepnrptelyj nlso I he full eouilibrium
cplculntion (with pre-equilibrium turned off) should be
performed (specify equilibrium definition).

7) As intermediate results the transmission coefficients T,
(avorsged over J) and/or the inverse reaction cros3 sec-
tions should be given at each incident energy and for
each outgoing particle.

9.2 Angle-integrated spectra at 14.6 and 25.7 meV

e) nnx ,
 d"npx, d qnax (first emission of n, p and a, respectively).
3 T ^ di

b) Total neutron emission spectra (excluding elastic scattering)

"''nnem (summed over all outgoing neutrons).
df

9.3 Anoular distributions of (totnl) neutron emission spectra at 14.6 and
25.7 HeV

The preferred representation is given by reduced centre - of-mnss
Legendre coefficients f| (i=l, 2, 3) where

d2o = _ i l £ £ (2i*l) f, P, (cosfl);
dcdO 4* dc i

f, should be tabulated as a function of t (in c.o.m.).

9.4 K-ray rmission nt 16.6 HeV

a) Reaction cross section for the population of the isomeric states

93mNb end 9 2 r o^.

b) Total photon-production cross section.

c) Y-tny emission spectrum da.

"Si

The participants arc kindly asked to send all information on their

codes and to answer the questions in the questionnaire (Appendix A).

PICPQC send your contribution nnd direct any questions of intcr-
pretotion related to the specifications, to :

Or. Pierre f'anel
NEA Dntn Hank
91191 Cir-sur-Yvcttc CEDEX
Frtinco

The deadline for the solutions to rcDch the obove flddres3 is 1st
November 19(!3.
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Tflblc 1

Level sclmme data

LEVELS FOR 86RB IEVELS FOR 9OY

161

1
2
J
6
5
6
7
D

9
10
11
12
13
14
15
16

0 .0
0.4M1
0.5560
0.5569
0.7795
0.0732
0.97P5

1.(1327
1.0925
1.1059
1.1220
1.1560
1.1962
1.2472
1.3050

-2.0
+ 1.0
-6.0
- V 0
-7 .0
-3 .0
-4.0
. t n

-3.0
-4.0
+2.0
+ 1.0
+0.0
-3.0
-4 .0
+ 3.0

LEVELS FOR 895R

1
2
3
4
5
6
7

e
9

10
11
12

0.0
1.0320
1.4734
1.9402
2.0076
2.0574
2.0613
2.0790
2.ZOO)
7.4516
2.5701
2.6710

+2.5
+0.5
+3.5
+ 2.5
+ 1.5
-1.5
+4.5

5.5
+0.5
+ 1.5
-1.5
+ 3.5

LEVELS FDR 93ZR

1
2
3
4
5
6
7
e
9

in
11
12
13

0.0 +2.5
P.2669 +1.5
0.9471 +0.">

OK +0.5

.222
+n
+ 0

. 4 2 5 5 + 1 . 5

+ P . 5
+ 1 . 5

. 4 3 5 6

. 4 5 0 4

. 6 7 0 2 + 2 . 5

. 4 7 7 + 3 . 5

. 5 9 7
) .6'i(I

+ 2 . 5
+ 1 .5

1
2
3
4
5
6
7
8
9

10

0 .0
0.7075
O.6P7O
P.776B
P.9537
1.0474
1.1095
).?!4?
1.2962
1.3710

-2.0
-3.0
+7.0
+ 2.0
+ 3.C
+ 5.0
+4.0
-P.P
+6.0
-1.0

LEVELS FOR 92Y

1
2
3
4
5
6
7
8

0 . 0
0.2415
0.3100
P.4306
0.4403
P.7RP1
P.P924
0.9534

-2 .0
+0.C
-2 .0
+ 1.0
-3.0
-0 .0
+ 1.0
-4 .0

LEVELS FOR 927R

1
2
3
4
5
6
7
8
9

LFVELS

1
?
3

D.P
0.9345
1.3020
1.4954
1.P473
2.P667
2.1500
2.3397
2.39P3

FOR P9Y

0.0
0.9092
1.5074

+O.0
. o n

T * . . VJ

+O.0
IU.V

+ 2.0
+ 2.0
+4.0
- 3 . 0
+4.0

- 0 . 5
• 4 .5
- 1 . 5

LEVELS FOR 91f.'H LEVEL?

)
2
3
4
5
6
7
e
9

IP
11
12
13

I EVFI S

1
2
3
4
5
6

7

(\ P
P.1O65

.1P6P

.3176

.5P1P

.6175

.6370

. 7<7(>4

.P44fl

.PP5P
1.9631
1.9P44
X.P545

FOR 9?K

P.P
P.1355
0.7259
0.2"56
P.^574
P.3P9H

P.4P,r7

• 4 . 5
-P.5
- 7 . 5
- 1 . 5
• 3 . 5

- 1 .5
+4.5
- 4 . 5
- 2 . 5
+P.5
+2.5
- 6 . 5
-8 .5

n

+7.0
+ 2.0
-2 .P
+ 3.P
+ 5.P
- 3 . 0

+4.0

1
7
3
4
5
6
7
P

P C
P. 0410
0.P5R7
P.O7P7
0.1 H'4
P.1404
P . T1 1 9
P. 3 34?

I'-RAY ORAf.THING

CAI1MA: TO LEVEL 7
7
1
2
3
4
4
5

+ 6.P
+ T.P
+ 4.P
+ 7.P
+5.P
- 7 . 0
+ 5.0
+ 2.P

S

o.n)
( 1 . 0 )
O . P )
(P .P 1 )
(P.96)

(o.n)
(0 .76 )
(0 .74)

LEVELS FOR 93
(updated)

1
2
3
4
5

6
7

e
9

IP
1)
12

13
14

O.P
O.UM'U
P.6P.6
P.74 4P
0.PPP.7

p.eioi
0.94 99
0.9791
I.PO76

1.127
1.79
1.2974

1.3156
1.3^51

+4.5
- P . 5
- 1 . 5
+ 3.5
+ 2 .5

- 1 . 5
•A. 5
+ 5 .5
+ 4 . 5

+ 2 .5
- 1 . 5
+ 4 . 5

- 1 . 5
^ . 5

K-RAY ORAf'CMTK'GS

HAHMA: TO LEVfL 2
1
!
4
2
7
1
I
4
8
5
j

1
4
P
4
7

( 1 . 0 )
( 1 . 0 )
(O .9P77)
( P . P 1 7 ? )
( 1 . 0 )
n .r)
( ) . n )
(0 .765)
(P. ',63)
(P.07?)
(1 .0 )
( i . o ) •>
(0 .53 )
( n . 3 )
(0 .17)
(1 .0 )
O . P )



162 Table ?a

Definition of Optlcol Potential

(according to Oocchettl ond Greenlcoa, Phya. Rev. 18?,
1190 (1969)

expression

hi2

2R
c

hi
r

- iWf.
v I

where f = f(r,R ,n ) = (l+exp(r-R )/a 1
X A A XX

Rx , r A 1 / 3

fso> '

L) 2)
c

validity rnnae

l-a

for r ̂

for r :

^Rc

I R

explanation

central real

spin orbit

Coulomb

-1

imaginary volume

imaginary surface

R s r'A + rH for heavier projectiles (such as alphas)

Table ?h

Optical Model Parpmeters

Meutron PnrBmetprs

VR = 4B.0 - 0.293E (E in MeV-Lab)

rR = 1.27 fm aR = P.66 fm

WS(- = 9.6 MeV

r, = 1.27 fm

V S Q = 7.2 HeV

= 0.47 fm

s 1.27 fm a ™ = 0.66 fm

Proton Parameters (rcf. 3)

VD = 53.3 - P.55E + O.ft Z/A
1/3 + 77.r (N-7)/» (E in MeV-Lab)

n

rR = 1.25 fm aR = P.65 fm

H S F = 13.5 HeV

r. r 1.25 fm a. r 0.47 fm

V S Q = 7.5C MeV

t50 = 1.25 fm = C.65 fm

r (coulomb rndius) = 1.25 fm
c

r = Coloumb Radius

Note: Whenever a paroroetcr is omitted, it ia assumed that the corresponding
potential is not considered.

Alpha Porptnetcrs (ref. 4)

VR = 50.0 MeV

rR" = 1.77 fmrR« = 1.17 fm aR r 0.576

Wy = 13.74 MeV

r,1 = 1.17 fm a, = 0.576 fm r," = 1.77 fm

rc = 1.17 fm

Note: If the codo does not ollow for the second form of the radius
expression in Table ?a, an effective rediii3 parpmetrr hps to be
calculated for each moss number (i.e. r : 1.56 for A = 93).



Nucleus
(compo-

site
nucleus)

B6Rb
895r
89Y
90Y
92Y
927r
93Zr
91fJb
92Mb
93Nb
94M,

Haas

(emu)

P5
PB
B8
89
91
91
92
90
91
92
93

.911

.907

.906

.907

.909

.905

.907

.907

.907

.906

.907

Celculot

B

(HeV)

e.65P
6.364

11.469
6.P57
6.544
8.635
6.732

12.055
7.0R3
e.B32
7.230

TPMO

ion of level-('

3 "

(target)

5/2-
0+
4 -
1/2-
1/2-
5/2+
P+
8+
9/2+
7+
9/2+

a

7
5
6
9
3
6
2
9

11
6

12

3B

rnslty

2 b)
GX p

.24

.31

.47

.49

.12

.12

.46
.36
.6
.70
.0

pnrpmeters

P c )

(HeV)

C
1.24
0.93
0
0
1.92
1.20
0.93
0
0.72
0

E d )

(MeV)

1.309
2.707
1.745
1.417
1.030
2.4H6
1.735
2.065
0.501
1.364
0.396

NC
C )

15.5
11.5

7.5
9 .5
7.5
8.5

12.5
12.5
6.5

13.5
7.5

Dobs
(eV)

201 .4
3743P

140.0
4414
869.5
T36.6

367B
51.2

267.3
41.5
99.6

Tnble 3b

a) The level density is characterised by the totnl number of levels Up °t
energy l^. and the 8-wave level spacing Oobs ot the neutron binding
energy B.

o

b) Spin cut-off parameter u , derived from experimental spin distribution
of levels up to E = Ep.

c) Pairing energy correction for Gilbert-Cameron formula, from (5).

d) Ep = first energy of continuum calculation.

e) "Average" number of levels at energy Cp.

Nucleus

R6Rb
B95r
B9Y
9CY
92Y
92Zr
937r
9)Nb
92Nb
93Nb
94 Nb

Level-denni iy onrnmr

Cl lber t -Cemeron 1 b 5

a (MeV~ l)

) f l .01
9.501
e.60"
9.31 n

12.10
11.P3
12.69
9.400

10.30
12.58
12.51

Ux (MeV)

4,99fl
3.477
?.2\3
3.792
2.62B
4.047
4.607
5.132
6.400
4.67P
5.707

tc rs R )

nilbert-PBmeron 7 c^

a (I'eV"1)

9.778
n.375
P.U2
P. 390

11.02
10.92
11 .46
9.415
9.762

12.39
11.86

Ux (I'eV)

5.060
3.GP3
V.S37
4.066

.2.7(15
3.995
4.774
4.407
6.259
4.270
5.603

D i lg et
*

B (MeV"1)

9.234
8.974
V,. 460
P.914

11.30
10.43
10.63
8.725
8.923

11.24
10.65

e l . d )

d(McV)

-1.069
0.4P0?
0.3116

-0.7409
-0.5117
0.7695

-0.1563
-0.7954
-1.747
-0.4636
-1 .553

e) Level-density parameters calculated from the data oiven in Table 3a.

b) Improved Gi Ibcrt-remeron formula, with o 2 = 0.146 -/oil A? (*)•

c) Original Gi Ibert-Cnmeron formula, with o = 0.0P88 V B I I A (7).

d) Bock-shifted Fermi qns formula of Dilg et nl.(6).

1S3



164 Appendix A

Questionnaire on Pre-cqull lbrlum/Fnull ibrlum Model Codes

K Participant

2. Code name and references, avBilobillty (oivc dote);

4. Pre-cquilibrium-model part

•
•

4.1 Full master equation approach (nQ="') Q with or Q
without quantum mechanical conservation of anoulsr
momentum (and parity).

4.2 Never-come bock assumption (only A+-tronsitions starting
from n =3)

4.3 (Geometry-dependent) hybrid-model, indicate nQ- | |

4.4 Two-component model (protons and neutrons are explicitly
distinguished as in Ref (1))).

[~] 4.5 Else, or comment:

3. Equilibrium-model part

3.1 Weisskopf-Ewing type (no conservation of annular momen-
tum; no discrete levels)

3.2 Hauser-Feshbach (H.F.) typo

3«3 Else, or coramentj

5. Relation of equilibrium to
pre-rouilihriun pprts

{ | 5.1 Unified model of pre-nqui1ibriun and equilibrium
emission with conservation of angular momentum and | [
with or Q ] without treatment of discrete levels.

f~l 5.2 Pre-equilibriuoi is treated as a correction to the
statistical model (indicate relntion below)

I | 5.3 Else, or comment (give definition of equilibrium and/or
prc-equilibrium, if this is useful):



B. Part ic!r"-hnlc !rvp*

j I 6.1 Crosa sections (angle Bnd energy intearoted) .

| | 6.2 Pprticle spertro (nnqle—intenrntod).

| | 6.3 Annular distributions.

| | 6,ft Mul 11-part irle emission up to | | oiitoolnq pprtlcles with
[ | or without [ | mult iple preronpound decay treetment.

| | 6.5 Cise, or comment:

(~~] 0. ! WtllinmB stnte denoity( M Q wl th o r Q w i t h o u t an
energy s h i f t or p n i r l n r j enemy c o r r e c t i o n f i f there ia
an n-Hrprnrient cnorqy s h i f t , i n d i c p t e p*prnB3ion be low) .

I [ 8.Z q z A/11 HeV"1 tmd no p n i r i n a pnerny c o r r o c t i o n .

( | 8.3 W i l l i a m s ' I r v e ] d e n s i t y w i t h n-depenrient sn in d l g t r i h u -

t ! o n , i n d i c a t e o- n h r l n w .

I ] B.4 E l s e , or comment:

7. Totol level density in eoui1ibrium D?rt

îlbcrt-Ca.eron(]) fXSn", ̂ .Trr.?/" • !."

1.7 nnck-shifted Fermi-qas mode! of Oilg et el.(2).

7.3 Modi ficet ions or comments (e.rj. a at Invi E ) :

9. Discrete

[ I 9.1 Included in eouiiibrium cnli:ul nt Ion only.

| [ 9.2 Not considnrprt, F -0.1 HeV.

[23 9.3 E) se, or crwrnent (e.n- when dirpct models nre used or
included in the model):

165
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]P. Ioternnl truns it Ion retea

10.1 AvDrepe transition probnbil ity j^-2jj<tr> "»fi with <of-
sccordlng to: ^>

11. Emission rotes

according to:

WillionisO)

Oblozinsky et al.(A)

else, or modificotions:

11.1 Uso of R- or 0-rectors:

| | Cllne (without renormallaation to 1 at high values of
(6))

I I Kalbach's O-factor, normalised to 1 at hlqh values of
n(7).

• Cndioli, et 8l.(B).

| | Else, or comment:

and <M^ according to

Q <M 2>=CA"'E" 1 with c = | |

|~~| Kalbach(^), indicate fit paremeters below.

[ | else, or comment:

11.2 Treatment of a-emission

| | a-particle emission rate according to ref. (IP).

| | Form foctor used ^a = | J.

P ] Else, or comment (give reference):

(~j 10.2 Eloe, or comment:

11.3 Transmission coefficients

| | Inverse renction cross sections used in precompound
part.

| | Transmission coefficients used in compound ond precom-
pound part, with Q or without £U j-dcpcnc'cncc.

| | Else, or comment:



52. Spectrum epici'lat ions

12.i Complexity

P~) Only first-emitted pprlicles calculated.

| | Total pnrticle production spectra calculator*.

| ] emission spectre are calculated for every reaction, nnd

every outooing particle (e.g. two spectra for n,2n).

| | K-ray cascade calculation possible.

I | Else, or comment:

distribution calculation

Q 13.1 Only in H.f.-pnrt, for (in)elastic neutron scfttterinq to
discrete levels.

Q ] 13.2 Syotemntics of Knlbnch and Cpnn for annular distribu-
tions in preepmpound part.

I [ 13.3 Model of I'antzournnis et ol.(lO), specify version bt^low.

j j J3.1 UHOA-type of celctiletion for emission from n m only.

| I 13.5 Other model, specify below, give reference.

12.2 Representation

[ [ Spectrum La represented in energy bins of ( ) eouol or
I I variable width.

[~~| Spectrum >3 given by point dots at j | equidistflnt or
r^J non-equidistant Energies.

cmiscion

12.3 Else, or commenti

| | 14.1 No oamma-ray competi t ion inc luded.

j j JO.Z No gamma-ray spectrum c a l c u l a t i o n or i e o m c r 5 c - s ( a t e
populat ion c a l c u l a t i o n .

Q 1A.3 Specify ( i r ink- f lxc l formula helnw.
E J-rtormnl isnt ion constant u:icd for a l l
nuclei =

£]] J4.4 Specify WpiasUopf formula for M| end E? below.
HI - normalisation constant used for »1)
nuclei =

E2 - normalisation constant used for »11
nuclei -

| | 14.5 Specify expression for Yrant line below,

e.g. n7 J7 = 2 1
' max

,1?,n (12)mtn.

167 or t hie Aurjiint y t i i nk vX a l . ( M ) p r e s c r i p t i o n .
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ABSTRACT

Considerable overestlmatlon is observed In the total and elastic

scattering cross sections in the higher resonance energy region, when

they are calculated from the resonance parameters. This cooes 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 two effects could be compensated, if

the effective scattering radius is allowed to have a simple enecgy

dependence. In order to avoid tha troublesome background correction, we

propose that the ENDF/B format should be modified so as to allow the

energy dependent effective scattering radius.

1 . Introduction

The resonance structure remains up to a few MeV in the neutron

cross sections of structural materials. This resonance structure has an

important role in the resonance self-shielding effects for reactor

calculation. Hence it is desirable to give the resonance parameters up

to the energy as high as possible. It is pointed out, however, that

cross sections calculated from the resonance parameters often fail to

reproduce the measured data in the high energy region. In this note,

this problen is discussed in the case of nickel isotopes for JENDL-2 as

an example.

2. Disagreement between Calculation anil Experiment in the Resonance

Region

The resonance parameters are given In the energy region up to 600

keV for Ni-isocopes except Ni in JENDL-2. The parameters were

evaluated on the basis of various transmission and capture measurements

as shown in Table 1.

The capture cross sections calculated from these resonance

parameters are lower than the measured data in the energy range above

100 "v 200 keV. This underestimation comes from the level missing of the

p-wave resonances, which is obvious in the staircase plotting of

resonance leyela ss shown In FIg.l as an example. We corrected this

underent ima t ton by applying a slight smooth positive background cross

sect ion.

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 Investigated why

this anomalous behavior of the total and elastic sratrerfng cross

sections occurs and we have found the two reasons as will be described

in the next section.



170 3. Reason of Disagreement

3.1 Energy Dependence of Effective Scattering Radius

In the ENDP/B format, the effective scattering radius R Is 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 constant but energy dependent. The optical nodel calculation shows

that the radius of Nl Isotopes decreases considerably with Increase of

the neutron energy as shown 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 cross section Is

asymmetric as shown 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 region. 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 number 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 1B schematically shown in Fig.3.

CO

In order to know how much this effect Is, the cross section of Ni

was calculated by removing the resonances below 400 keV. The results

are compared with those without removal of resonances in Fig.A. The

cross section value Is reduced more than 20X at the off-resonance energy

region. It Is found that the truncation effect is as much as Che effect

of the energy dependence of the effective scattering radius described in

the previous section.

A. Adoption of Energy Dependent Effective Scattering Radius

It Is revealed from the present study that the overestimation of

the total and elastic scattering cross sections In the higher energy

region is 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 cross section must have strong energy

dependence. It Is a hard job to determine the energy dependent

background cross section, as so many resonance levels exist In the

energy region considered.



To avoid this difficulty, we adopted the energy dependent effective

scattering radius by »o(litying tVie ENDF/B format for Internal use. We

found that the overeattmatIon could disappear with the following energy

dependent radius:

R (fm) - 8.U - 5.9 * E (MeV) for 5 8Ni,

- 7.0 - 5.0 x E (MeV) for 6°N1,

- 6.4 - 8.3 » E (MeV) fnr Hi,

- 7.66 - 4.29 x E (MeV) for 6 2N1,

- 7.37 - 3.7 * E (MeV) for 6 4N1.

The present radius Is also shown in Fig. 2. The solid line in Fig. 4

shows the cross section calculated with the energy dependent radius.

As the energy dependent radius is not allowed in the current ENDF/B

format, we took the difference between the energy dependent and constant

radius calculations as the background cross section. Consequently, the

background cross section has a resonance-like structure as seen In

Fig.5. Such a strongly energy-dependent background cross section might

cause other problems, however. If the Doppler broadened rroes section is

calculated directly from the resonance parameters and the background

cross section.

m

5. Concluding Reaarka

It was proved that the overestlmatIon observed in the total and

elastic scattering cross sections in the higher energy region for the

structural materials came from the two reasons:

I) The effective scattering radius la not constant through such a

wide energy range, but decreases considerably with Increase of

the neutroft energy.

2) The truncation of resonance levels outside the defined resonance

region causes the unbalanced contribution of the Interference

effects, resulting in the overestimate in the upper energy

region and the underestimate in the lower energy region.

We found that these two effects could be compensated, if the

effective scattering radius had a simple energy dependence; linear to

the neutron energy. However, the energy dependent radius 1B not allowed

in the current ENDF/B format. Therefore we must correct this over-

estimation by applying the background cross section with a resonance-

U k e structure. Such a background cross section might cause other

problems in the reactor calculation.

Hence as a conclusion, we would like to propose that the ENDF/B

format should be modified in future so as to allow the energy dependent

effective scattering radius.
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Table 1 Measured data on the basis of which the evaluation

of resonance parameters was nade for JENDL-2

Isotopes

58Ni

60Ni

61
Nl

62Ni

64

*
Type

T

C

T

C

T

C

T

C

T

C

Measured Data

Perey et a l . , Symme and Bowen , Far re l l et a l .

Perey e t a l . , FrOhner , Hockenbury et a l .

Syrae and Bowen , S t l e g l l t z et a l . , Fa r r e l l et a l .

FrBhner4*, S t l e g l l t z et a l . 6 * , Hockenbury et a l . 5 *

Cho et a l . 7 *

FrBhner**, Hockenbury et a l . 5 *

81 11
Beer and Spencer , Far re l l et a l .

8)Beer and Spencer

81 11
Beer and Spencer . Fa r re l l et a l .
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1. Staircase plotting of resonance levels of Nl

T denotes transmission measurements, and C capture measurements
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2. Energy dependence of the effective scattering radius of J"N1. The solid
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3. Shape of elastic scattering cross section (upper) and schematic view

of the contribution fron distant levels (lower).
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Total cross sections of Nl.

The solid line Is calculated with the energy dependent effective

scattering radius and the dotted line with the constant radiua. The

dashed line is calculated with the constant radius by removing the

resonances below 400 KeV In order to know the truncation effect.
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5. Background cross section of Nl for elastic scattering.


