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I. Programme
of

Consultants Meeting on
Uranium and Plutonium Isotope Resonance Parameters

with the cooperation of the
OECD Nuclear Energy Agency Nuclear Data Committee (NEANDC)

28 September - 2 October, 1981
Vienna, Austria

Organization

This Consultants Meeting was sponsored by the IAEA Nuclear Data
Section under the auspices of the IAEA International Nuclear Data
Committee (INDC), with the cooperation of the OECD Nuclear Energy Agency
Nuclear Data Committee (NEANDC). It was held at IAEA Headquarters in
Vienna from 28 September - 2 October 1981. The Scientific Secretary of
the meeting was Mr. D.E. Cullen from the IAEA Nuclear Data Section. He
was assisted by Mr. C. Nordberg from the OECD NEA Data Bank for making
contacts for participation from NEA member countries.

This meeting considered resolved and unresolved resonance parameters
for the major isotopes of uranium and plutonium, namely: 235^ 238^
239PUj 240PUj 241Pu a n d 242Pu.

Objective

The meeting first reviewed the accuracy requirements of resonance
parameters for reactor applications for the above mentioned isotopes with
an emphasis on nuclear safety coefficients. Next, the meeting focussed
on the current status of resonance parameters with regard to these
accuracy requirements and identified outstanding problem areas. Then,
there was an intercomparison of currently used major evaluated resonance
parameter sets, with the aim of reconciling discrepancies and assigning
realistic error estimates. Finally, the meeting addressed the problem of
future work that should be performed to eliminate the remaining
discrepancies.

Organizing Committee

The international organizing committee for this meeting consisted of
the follwing ten members:

H. Derrien, CEN Cadarache, France
G. de Saussure, ORNL, USA
D.E. Cullen IAEA, Nuclear Data Section
F. Froehner KFZ Karlsruhe, Fed. Rep. of Germany
Y. Gur Soreq Nuclear Research Centre, Yavne, Israel
S. Igarasi JAERI, Japan
C. Nordborg OECD/NEA Data Bank, Saclay, France
V. Konshin Institute of Heat & Mass Transfer, Minsk, USSR
E. Menapace CNEN Contro di Calcolo, Bologna, Italy

M. Sowerby AERE Harwell, UK



Format

The first two days of the meeting were devoted to presentations of
review papers on the requirements, current status and intercomparison of
resonance parameters. The remaining three days were devoted to working
groups on:

(1) Requirements for nuclear applications
(2) Fissile isotopes
(3) Fertile isotopes.

Location

The meeting was held at the IAEA headquarters located in the Vienna
International Center (VIC).

Organization of sessions

Session chairmen organized individual sessions. The
sessions include

various

Meeting Chairmen:

Mon. a.m.

Mon. p.m.

Tues. a.m.

Tues. p.m.

G. de Saussure/F. Froehner

J. Rowlands
"Accuracy requirements of uranium and plutonium
isotope resonance parameters for reactor applications"

This session was devoted to paper presentations
detailing the accuracy requirements of resonance
parameters for actual applications: nuclear safety
(e.g. Doppler coefficients), fuel cycle, etc. in order
to provide background material to Working Group 1 to
arrive at a realistic estimate of requirements.

H. Derrien
"Current status and outstanding problem areas
associated with fissile uranium and plutonium isotope
resonance parameters".

G. DeSaussure/F. Froehner
"Current status and outstanding problem areas
associated with fertile uranium and plutonium isotope
resonance parameters".

These two sessions were devoted to presentations of
recent experimental work and of the current status of
the evaluated resonance parameter sets currently used
in major evaluated data libraries and individual
evaluators1 estimates of outstanding problem areas and
uncertainties.

V. Pronyaev/O. Schwerer
"Intercomparison of current uranium and plutonium
isotope resonance parameters".



This session was devoted to a comparison of the
resonance parameter sets, presented in the two
preceding sessions with emphasis on quantifying the
impact of differences in resonance parameters for
specific applications and attempting to reconcile
differences.

Wed. a.m. J. Rowlands
"Working group on accuracy requirements of uranium and
plutonium resonance parameters for reactor
applications".

This working group synthesized the various
contributions presented at the Monday morning session
on accuracy requirements, with the objective of
recommending a consistent set of accuracy requirements
for resolved and unresolved resonance parameters for
all of the isotopes covered by this meeting.

Wed. p.m. ~
Fri. a.m. H. Derrien F. Froehner/G. deSaussure

Working group on Working group on
fissile isotopes. fertile isotopes.

These two working groups met in parallel with the
objective of reconciling discrepancies between
existing evaluated resonance parameter sets and of
recommending future work that should be performed in
order to eliminate remaining discrepancies.

Fri. p.m. G. DeSaussure/F. Froehner
Discussion and approval of working group reports
Summary of meeting conclusions and recommendations.

Because of the last minute cancellation of several papers that were
to be delivered, several papers were moved from one section to another to
balance the length of sections. Therefore in several instances papers on
fertile isotopes were presented during the session on fissile isotopes.
This did not create any problems since the full meeting participated in
both fertile and fissile sessions.

PROGRAMME

Mon. a.m. 9:00 Opening Remarks
G. deSaussure, ORNL

Mon. a.m. J. Rowlands
"Accuracy Requirements of Uranium and Plutonium
Isotope Resonance Parameters for Reactor Applications"

9:20 a.m. Some Views on Cross Section Requirements for Uranium
and Plutonium Isotopes in the Resolved and Unresolved
Resonance Region.

J. Rowlands, Winfrith.



10:30 a.m. Resonance Parameter Data Uncertainty Effects on
Integral Parameters of Fast Reactors.

M. Salvatores, CEN Cadarache.

11:10 a.m. Effective Integral and Reactivity Effects of 2 3 8U
and 240pu Resonance Parameter Uncertainties.

H. Tellier, Saclay.

11:50 a.m. 238JJ Resonance Self-Indication Capture Measurements.
R.C. Block, RPI.

Mon. p.m. H. Derrien
"Current Status and Outstanding Problem Areas
Associated with Fissile Uranium and Plutonium Isotope
Resonance Parameters".

2:00 p.m. Problems and Progress regarding Resonance
Parametrization of 23^u an<j 239pu for ENDF/B.

M.S. Moore, LANL.

2:40 p.m. Review of ^41pu Resonance Parameters.
H. Derrien, CEN Cadarache.

3:20 p.m. Level Density Estimation with Account of Unresolved
Multiplets Applied to Uranium and Plutonium Resonance
Data.

F. Froehner, KFZ Karlsruhe.

4:00 p.m. Resonance Parameters of 238y b ei o w 4.2 keV.
H. Weigmann, BCMN.

Tues. a.m. G. DeSaussure/F. Froehner
"Current Status and Outstanding Problem Areas
associated with Fertile Uranium and Plutonium Isotope
Resonance Parameters"

9:00 a.m. The Neutron Capture Cross Section of 2 3 8U from 0.01
to 10 eV.

M.C. Moxon and J.E. Jolly, Harwell.

9:40 a.m. 238JJ Unresolved Resonance Parameters.
M. Sowerby and N.J. Bee, Harwell.

11:00 Parity Assignment of the Pronounced Structure in the
Radiative Capture of Neutrons by 2 3 8U below 100 keV.

M.S. Moore, LANL.

11:40 Review of 240Pu and 2^2Pu Resolved Resonance
Parameters.

H. Weigmann, BCMN.



Tues. p.m. V. Pronyaev/O. Schwerer
"Intercomparison of Current Uranium and Plutonium
Isotope Resonance Parameters".

2:00 Review of 240pu an(j 242pu Unresolved Resonance
Region.

K. Wisshak, KFK.

2:30 p.m. Temperature Dependent Transmission: Comparison of
Measurements to Calculations.

N. Bee, AERE Harwell.

3:00 p.m. Comparison of Uranium and Plutonium Group Averaged
Cross Sections and Staircase Plots.

D.E. Cullen, IAEA.

3:30 p.m. Comparison of the ENDF/B and SOKRATOR evaluations of
235Us 239pUj 240Pu a n d 241Pu a t L o w Neutron

Energies.
G. deSaussure, ORNL.

4:00 p.m. Comparison of Strength Functions and Average Level
Spacing for U and Pu Isotopes.

V. Pronyaev, IAEA.

4:30 p.m. Intercomparison of Methods Used to Determine Average
Parameters from Sets of Resonance Parameters.

N. Tubbs, C. Nordborg, NEA.





II. Working Group Reports

1. Accuracy Requirements
J.L. Rowlands, Winfrith

2. Fissile Isotopes
H. Derrien, Cadarache

3. Fertile Isotopes
F. Froehner, Karlsruhe



Working Group on Accuracy Requirements of Uranium and Plutonium
Resonance Parameters for Reactor Applications

by

J.L. Rowlands, Winfrith

Introduction

There are requirements for files of evaluated resolved and
unresolved resonance region data (and associated uncertainty estimates)
for all the uranium and plutonium isotopes. For some of the isotopes,
resonance shielding effects and temperature dependent effects are small
(in reactor applications) and the required information on resonance
structure is not stringent (except for the few lowest energy
resonances). For these isotopes a resonance parameter analysis serves to
apply the constraints of nuclear theory in the evaluation of the measured
data and makes possible a simultaneous evaluation of all the partial and
total cross-section meausrements. The discussion on accuracy
requirements concentrated on the principal isotopes, for which resonance
shielding and Doppler effects are particularly important.

The following topics were discussed:

1. Ways of specifying accuracy requirements.

2. Requirements for the principal isotopes.

2.1. Thermal region cross-section shapes
2.2. Lowest energy resonances (for thermal reactor applications)
2.3. Fast reactor requirements

3. The representation of resonance region data in files of evaluated
nuclear data.

4. Specification of uncertainties in evaluated data.

5. Measurements suitable for testing evaluations.

6. Crystalline binding effects.

1. Specification of accuracy requirements

Specification of accuracy requirements for resonance parameters is
complicated by the covariance relationships between the different
parameters of each resonance and between the parameters of different
resonances. These covariance relations have not in the past been
predicted in advance of measurements being made and analyses being
completed, although it should be possible to give some guidance on the
probable form of the covariance relationships. Measurers and evaluators
are asked to formulate such guidance. Calculated values of reactor
parameters are sensitive to particular groupings of resonance parameters
(such as those determining capture areas or shielding effects), and
reactor physicists should be encouraged to specify what the required
resonance characteristics are.



Because of the covariance relations in the uncertainties in measured
and evaluated resonance parameters and the effect that these could have
on the uncertainties in calculated reactor properties alternative ways of
specifying the requirements were discussed. A recommended alternative way
is to specify the accuracies required in the following average properties
for an energy range:

(i) The average infinitely dilute cross sections for
reaction r in isotope I,

• • • J -< * „ , ! = l a J ( E > 4> ( E ) d E / j (J) ( E ) d E

(ii) The average shielding factor for a specified
dilution, G~o and temp, T

f (T,0 o) =
T

a t
I(E) +a o

(iii) The Doppler change in the average shielding factor

(3f(T, 0 Q) / 3 T ) Q T

The weighting spectra, $(£), would take a simple form through the
resonance region in these specifications

$ (E) = 1 /E for thermal reactor requirements and
low energy resonances.

(j, (£) ~ \ for fast reactors.

The energy range for fast reactors might, for example be a decade in
energy and the values of a 0 = 30 b for 2 3 8U and 300 b for 2 3 9Pu.
(Alternatively, the fully shielded values, ^o = 0 might be chosen).

It was emphasized that these are not the nuclear data requirements,
but only a possible way of specifying the accuracy requirements. To
evaluate the resonance shielding uncertainties in a partial cross section
(fission, capture or scattering) it is necessary to have data for both
the partial cross section and a consistent total cross section.
Consequently, it might not be a form of specification convenient for
capture or fission cross-section measurers to use, but only for use by
evaluators (and measurers of total cross sections). However, it is
thought that the selection of total cross section parameters, used to
evaluate a capture or fission cross section measurement resonance
shielding accuracy, will not be critical, provided that it is consistent
with the capture or fission cross section measurement (i.e. resonance
energies the same).



2. Accuracy requirements

2.1 The thermal energy region

Or. Lemmel described the current status of thermal region
data. There is now consistency between the 2200 m/sec and thermal
Maxwellian values for ^39pu but a 2% discrepancy for 235JJ

fission. This could possibly be due to an error in the shape of the
fission cross section at thermal energies or to an error in the
assumed shape of the thermal spectrum. Dr. Leonard has carried out
a resonance parameter analysis of the 235JJ thermal data and has
obtained a fit consistent with the currently adopted cross section
shapes. His resonance parameter analysis for 239pu requires
further work to resolve some problems.

In the UK, thermal reactor physicists have adjusted the shape
of the U thermal eta curve to improve predictions of moderator
temperature coefficients. However, French reactor physicists
resolve the temperature coefficient problem by adjusting the shape
of the 238u capture cross section at thermal energies. They also
increase the 235JJ thermal eta value uniformly (relative to the
1975 IAEA evaluation) to reproduce integral measurements of lattice
reactivity.

Work is required to resolve the discrepancies for 235y and
cross sections at thermal energies, consistently with a

resonance parameter analysis of measured data. A resonance
parameter analysis for 239pu should be completed to give
confidence in the consistency of the data.

2.2 Low energy resonance data for thermal reactors

Dr. Tellier specified the requirements for the three lowest
energy s-wave resonances in 238JJ an(j for ^e 1 eV resonance in

Pu.

238U: fy - 1 MeV: P n = 2 %, 3 %, and 5 %

for the first, second and third resonances.

Dr. Tellier said that he considered this requirement to be met
noting that there is now consistency between thermal reactor lattice
measurements of 23ou capture and calculated values in the
resonance region.

__ For the 1 eV 240pu resonance the requirements are \ y" _+ 1
meV, j n + 3 L Dr. Tellier pointed out that although it appears
that this requirement is met in current evaluations there are
indications in French studies of a discrepancy in isotopic
composition predictions for irradiated fuel. For fissile isotopes
the resonance shielding and Doppler effects are much smaller and it
is considered that the existing data meet the requirements (the
accuracy requirements for the parameters being about +_ 20 % ) .
However, there are more stringent requirements for the infinite
dilute cross sections and eta values in the resolved resonance range
(~3%) up to 100 eV.

10



2.3 Fast reactor requirements

Dr. Salvatores had made sensitivity studies for fast reactor
values, Doppler effects, sodium voiding effects and control rod

worths. He explained that the resonance parameter accuracy requirements
are strongly dependent on the energy correlation assumed. To give a
rough guide he proposed an accuracy requirement of +_ 5 % in the
systematic, or average uncertainty in all averaged resonance
parameters,fy, So, S]_, and D for

 2 3 8U and 239Pu ( Pf also).

Rowlands also made estimates of the cross section
requirements based on broad judgements of the reactor property
requirements. For the energy range 100 eV to 100 keV the following
requirements were proposed:

<5^> f

239Pu fission 3 % 0.5 % 20 %
capture 10 % 2 % 20 %

2 3 8U capture 3 % 1 % 5 %
240Pu capture 10 % 5 % 30 %

The requirements for 235u are similar to those for 239Pu
but have a lower priority.

The values of f and ^ f / ^ T are to be calculated for values
G~o of 30 b for 2 3 8U, 300 b for 239Pu and 1,000 b for
'Pu. A temperature of T = 300 K is suggested.

3. Representation of resonance region data

The reactor physics codes used in some countries require the
provision of resonance parameters, with individual values being given in
the resolved resonance range and point values of average resonance
parameters and distributions in the unresolved range. It was agreed that
the resonance formalism used should be such that any background cross
section to be added is smooth. Some evaluations use energy point
tabulations both in the resolved resonance range and in the unresolved
region up to about 25 keV, with a single ladder of resonances in the
unresolved region. The data can be provided either as the resonance
parameters or as the energy point tabulation. The ladder in the
unresolved region should give the best possible fit to all the relevant
data, including approximately resolved data (large resonance) broad
resolution and thick sample transmission and self-indication
measurements. Above 25 keV statistical resonance parameters are required
up to about 300 keV.

It is required that the resolved resonance ranges should be extended
to as high an energy as possible, particularly for 2J8JJ an(j 239pu#

11



4. Uncertainty information

The provision of uncertainty information was considered to be
possibly the highest priority requirement. This should take the form of
covariance data on the individual parameters of the few lowest energy
resonances (for example 3 in 238^ i £n 240pu) atl(j uncertainties in
the parameters averaged over broad energy ranges, e.g. inZ_V^n over a
range (or in the values of <3^o, f and 5 f /d T ) at higher energies.

It might be necessary to develop computer formats to represent the
uncertainty data. However, documented data could suffice for the present.

5. Data for testing resonance region cross sections

It was considered important that the thick sample transmission and
self indication measurements should be compiled in a form convenient for
testing resonance region data and that evaluators should test their
evaluations using them.

6. Crystalline binding effects

Several recent studies have indicated significant crystalline
binding effects on the Doppler broadening of resonances, in uranium
compounds. There is a need for the different results to be resolved.
Some studies indicate an effective Debye temperature of about 250°K for
UO2 and other studies a Debye temperature of about 600°K.
Experiments performed at Dresden show a more complicated (two component
oscillator) dependence and an asymmetrical effect on the resonance shape.

12



Working Group on Fissile Isotopes

by
H. Derrien, Cadarache

General recommendations

1. - The use of non-smooth background should be avoided for the
cross-sections in the resonance region. The multilevel formalism
should be used if a single level formalism cannot reproduce
experimentally measured data without a non-smooth background.

2. - The shape analysis should be performed simultaneously on
transmission, fission and capture experimental data, bearing in mind
that the best values for I n , P f and P y should come respectively
from transmission data, transmission and fission data, transmission
and capture data.

3. - The shape analysis method could be applied to total cross sections
derived from transmission measurements of different sample
thicknesses only if the experimental resolution is good enough, i.e.
resolution width much smaller than the Doppler width.
Experimentalists should give as much information as possible to
describe how the total cross sections have been obtained from the
different sample thicknesses transmission measurements.

4. - It is recommended to experimentalists that they send their
transmission data to the data centres. These data should be stored
in the EXFOR format and all relevant information (original report,
detailed information on error evaluations, background,
normalization, etc..) should be kept in the data centres and should
be available upon request to the evaluators.

5. - New measurements should be made; some important total cross-section
data are more than 15 years old. With present day intense pulsed
neutron sources background problems are greatly reduced and much
higher accuracy is possible.

6. - Even the presently available fission cross-section data, and in
particular, the best multilevel resonance parameter sets are not
used in some of the most recent evaluations. It is urgent that this
backlog be eliminated and evaluations be brought up-to-date as soon
as possible.

13



Specific Recommendations for Individual Isotopes

235U

1. In the thermal region there is still a 2 % discrepancy between the
measured Maxwellian average fission cross section and that evaluated from
the recommmended 2200 m/s value and the Westcott g-factor representing
the shape. There is a need for new fission measurements down to below
room thermal (down to at least 10 meV) to remove this discrepancy.

2. In the resonance region, most of the evaluations do not use the
spin-separated fission cross sections of Moore et al. New evaluations
are needed and new total cross-section measurements would be most useful
(see general recommendation no. 5).

239Pu

1. Continuation of Leonard's least square adjustment of the cross
sections below 1 eV is considered to be of importance.

2. Multilevel resonance parameter sets that are available since many
years are not incorporated in most files. Such incorporation is
recommended. New total cross-section measurements in the resonance
region are also recommended (see general recommendation no. 5).

3. The most stringent accuracy requirement on self-shielding factors is
0.5 % for 239pu fission (review paper by Rowlands). It is recommended
that calculations be done in order to assess the accuracy requirement on
resonance parameters which follows from the above request.

4. It should further be assessed whether the inclusion of intermediate
structure in the 1 + fission channel in the unresolved region influences
the self-shielding factor to more than the above 0.5%.

5. The evaluation of 239pu i n the unresolved region is unsatisfactory.

241Pu

1. Same as " 9 p u first recommendation.

2. General recommendations concerning this nucleus are found in the
review paper by H. Derrien.

14



Working Group on Fertile Isotopes
Conclusions and Recommendations for Fertile Nuclei

by
F. Froehner, Karlsruhe

1. The thermal region

238U

The good agreement between the various newer evaluations seems to
indicate that an accuracy of about 3% is achieved for the neutron widths
and about 0.8 meV for the radiation widths of the first four resonances
of 238u. This would satisfy the needs for thermal reactor
calculations. A number of problems persists, however. The participants
agreed on the following recommendations.

(1) Crystal effects in Doppler broadening of low-energy
resonances can lead to errors in \y of several percent if
not properly taken into account. Average radiation widths
deduced mainly from the first few resonances could therefore
differ from the true average. This question should be
investigated.

(2) The shape of tfy below 6 eV should be remeasured to see
whether a suspected p-wave level is present there or not.
The use of a Ge(Li) detector with a thick sample could
alleviate the high-purity requirements imposed by the low
cross section. In this context it should be noted that the
moderator temperature coefficient discrepancy still seems to
require modifications to the 238JJ (n,Y ) cross section
shape.

2. The resolved resonance region

Generally valid recommendations for the resolved resonance region
concern a universally adopted energy scale and resonance analysis
techniques:

(3) The energy scale recommended by James, Symposium on Neutron
Standards and Applications, NBS SP493 (1977) 493. (reproduced
in the INDC(NEANDC Standards File, INDC-36/LN) should be used
in all evaluations, in particular for 238u.

(4) Backgrounds, normalization constants and other experimental
characteristics should be adjusted in resonance fits
simultaneously with the resonance parameters. Total
(transmission) and partial cross section data (capture yields
etc.) should be fitted simultaneously.

238U

(5) A covariance matrix should be established for the first three
resonances (plus the bound level). More general covariance
information from resonance fits would be useful and resonance
analysts are urged to supply such information to the data
centres.

15



(6)

(7)

It is recommended to extend the resolved-resonance region to
10 keV. At least the stronger s-wave levels should be
analyzed for In* This would put calculations of
self-shielding and Doppler effect on a firm basis as about
90% of it are due to energies below 10 keV.

Since no direct measurement of any p-wave radiation width is
available .Jor 238u a fresh attempt should be made to
determine I X f°r one or more suitable p~wave levels, with
cooled samples.

240Pu

(8) No measurements are requested before those of Liou and Chrien
and of Weston et. al. have been assessed.

(9) Covariance information on the parameters of the first
resonance (plus possibly a bound level) is to be included in
evaluated files.

(10) An extension of the resolved-resonance region to 10 keV is
desirable but has lower priority than for ^38u.

242Pu

(11) The same recommendation concerning covariance information for
the first resonance (plus possibly a bound level) as for
240pu applies also to

 2^2Pu.

(12) Conflicting evidence as to the presence or absence of p-wave
levels among presently known 242pu resonances should be
clarified.

3. The unresolved resonance region

238U

The capture cross section for infinite dilution is estimated to be
known with an accuracy of 3-5% below 50 keV and 5% above. The
fast-reactor requirements (3% or better) are therefore not quite met and
further experimental effort would be very useful provided a significant
improvement in accuracy could be achieved. In contrast to
infinite-dilution cross sections the accuracy of self-shielding factors
calculated from average resonance parameters is quite difficult to assess
without suitable benchmark data.

(13) An accurate set of benchmark data for the testing of
self-shielding calculations should be established with high
priority. It should comprise broad-group, thick sample
transmission data (e.g. ORNL data), capture self-indication
data (e.g. RPI, Van'kov et al.) and temperature-dependent
thick sample transmission data (e.g. Haste + Sowerby,
Brugger). The benchmark data must be extensively documented
and be available at the data centres.

16



240Pu

(14) There seems to be no stringent needs for new measurements
from a reactor physics viewpoint.

242Pu

(15) Although not needed directly for reactor calculations the
insufficiently known total cross section below 200 keV should
be remeasured with about 3-4% accuracy. This would define
the strength functions for =0 and 1 which are needed for
level-statistical and optical-model calculations of capture
and inelastic scattering.

(16) Above about 100 eV error files should contain broad-group
information on the variances of, and covariances between, the
average resonance parameters (Sn, Dj, pLr» f~LQ . . . ) .

Because of the fact that essentially the same total cross
sections can be obtained with quite different pairs of So

and R the covariances are essential.

A very general final recommendation was agreed upon:

(17) Evaluators should make full use of rection theory and nuclear
models. Theoretical methods should be adequately
documented. At the same time it should be kept in mind that
theory can never be a substitute for good data.

17



III. List of Working Papers

The working papers used at this meeting may be divided into three
general categories: invited (I), contributed (C), background (B).
Besides the invited and contributed papers a selection of recently
published material on the subject of uranium and/or plutonium
isotopes was also used as background reference material. As each
paper was received it was assigned a paper number. In this section
a list of the titles and authors of all three types of papers is
enclosed. In the following sections of these proceedings the full
text of invited and contributed papers are enclosed. The text of
background papers is not enclosed in these proceedings, since all of
this material has already been published in the literature. In the
following list papers are identified as: invited (I), contributed
(C), or background (B).

Working Papers
for

IAEA Consultants Meeting on U/Pu Resonance Parameters

</..-• C (1) '/:'''\, Differences in the Doppler Broadening of Neutron Resonances

;••..-,:> „ in Crystals and Gas studied at the 6.7 eV Resonance of 23°U.
.•'•"• "•"••'• \''-"\\ '" A. Meister, D. Pabst +, L.B. Pikelner +, W. P i l z + , D.

•--.I V" '! Seeliger, K. Seidel, R. Tschammer+ - Dresden, DDR + Dubna,
USSR.

\ C (2) ';« Estimate of Average Level Spacing and S-Wave Neutron Strength
Functions for 2 -̂"-Pu Resonance Data.
C. Bonifazzi and e. Menapace, Bologna.

'/? C (3) £ 7 [ Doppler Measurements of 2 3 8U.
R.M. Brugger and H. Aminfar, University of Missouri, Columbia.

y I (4) p~x Review of 241pu Resonance Parameters.
H. Derrien, Cadarache.

7 C (5) ^ ̂  Evaluation of Resonance Parameters of 23&U, 240pu an(j

T. Nakagowa, JAERI, A. Zukeran, Hitschi, M. Kawai, NAIGL.

' C (6) T ? 5 Evaluation of Resonance Parameters of 2 3 3U, 2 3 5U, 239Pu
and 2 4 1Pu.
Y. Kikuchi, JAERI, A. Asami, NLHEP, T. Yoshida, NAIGL.

B (7) Resonance Shielding in Thermal Reactor Lattices.
W. Rothenstein, Technion, Haifa.

B (8) Self-shielding Fission Rates for Uranium-235.
J.B. Czirr, Livermore.

\/ I (9) 3-Ci Problems and Progress Regarding Resonance Parameterization of
/ ' 2 3 5U and 2 39p u for ENDF/B.

M.S. Moore, G. deSaussure and J. Richard Smith.

18



'/ I (10) K i Parity Assignment of the Pronounced Structure in the
Radiative Capture of Neutrons by 2 3 8U below 100 keV.
M.S. Moore, F. Carvi, L. Mewisson and F. Poortmans.

B (11) Simultaneous Evaluation of the Nuclear Data for Heavy
Nuclides.
H. Matsunobu, Y. Kanda, M. Kawai,T. Murata and Y.K. Kuchi.

B (12) Transmission and self-indication measurements with U-235 and
Pu-239 in the 2 eV - 20 keV energy region.
T. Bakalov, G. Ilchev, S. Toshkov, Trankhanh Mai, N. Janeva.

B (13) Evaluation of the Fission and Capture Cross Sections of
240Pu and 241Pu for ENDF/B-V.
L.W. Weston and R.Q. Wright.

B (14) Measurement and Resonance Analysis of Neutron Transmission
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Some views on cross section requirements for uranium and plutonium isotopes

in the resolved and unresolved resonance regions

John L ROWLANDS

United Kingdom Atomic Energy Authority

Winfrith, Dorchester, Dorset

1 Introduction

It is necessary to take account of the detailed resonance structure of

the cross sections of a substance in reactor calculations when this structure

produces a corresponding fine structure in the neutron flux or when the resonance

structure of a second substance produces a flux fine structure which overlaps with

the resonance structure of the first substance. The first effect is called

resonance self-shielding and the second is called the internuclide resonance

interference or overlap effect or the mutual shielding effect.

Reactor neutronics calculations involve the calculation of the neutron

flux, (ji(E)jand relative reaction rates. The reaction rate,R ,for reaction r,isotope
I r I

I,is a flux integral of the cross section, a
r (

E ) , : R = / a (E) <(>(E) dE.

The flux is a function of the cross sections of all the isotopes in the reactor

and of the geometry, or heterogeneity. This functional form depends on the

relationship between the widths and spacings of resonances and the energy loss in

scattering. For resonances which are narrow or wide compared with this energy

loss simplifying approximations can be made.

The degree of detailed information required about the resonance structure

for an isotope in a particular energy range depends on the possible strength of

resonance shielding effects and on the simplifying approximations which can

be made in the dependence of the neutron flux on the resonance structure.

When certain approximations, such as the narrow resonance approximation , are

valid it is sufficient to know the probability distribution of cross-section

values or, alternatively , measures of the probability distributions such as

cross section shielding factors as a function of the concentration of a diluent

25 material or of sample thickness. The dependence of these on nuclide temperature

is also required. For some applications, when the variation of temperature

across a fuel element must be taken into account, the probability distributions

must be formulated to represent the inter-relationship of cross section values

at different temperatures. However, for many applications this temperature

correlation information is not required.

Resonance parameters are not required explicitly for reactor calculations,

although some processing systems used to generate group averaged cross sections

do require them. Energy point representations of resonance cross sections in both

the resolved and unresolved energy ranges can be used as the basis for reactor

physics calculations (with a single representative ladder of resonances in the

unresolved range). When a uniform energy grid is used in order to simplify the

neutron flux calculation (as in the GENEX-SRD system of Brissenden and Durston

(1)) of the order of 10 energy points are needed to represent the cross sections

of the principal actinide isotopes up to about 25 keV. These representations

form the basis for the derivation of simpler representations used in more routine

reactor calculations. The GENEX tabulations were used directly to derive the

fine group plus resonance sub-group (or probability table) data of the fine group

libraries, FGL4 (2) and FGL5 (3). The 150,000 point values of the GENEX tabulation

are reduced to about 5,000 fine group plus resonance sub-group values. SDR neutron

flux calculations in simple cell geometries were used with the GENEX point cross

section data to validate the fine group library. SDR flux calculations and GENEX

cross section data were also used to derive the resonance shielding factors and

sub-group data used in the WIMS cross section library (4).

However, resonance parameter analyses play a most important part in the

generation of the energy point representations both in the resolved and

unresolved energy ranges. A resonance parameter analysis supplements the measured

data in the resolved energy range by applying nuclear theory constraints when

correcting for the effects of resolution broadening and other measurement errors.

It also makes possible the simultaneous evaluation of different partial and

total cross section measurements for a nuclide (such as capture plus transmission

measurements). Clearly, the resonance formula used must be capable of accurately

representing the resonance structure and be consistent with nuclear theory. In

the unresolved resonance region a ladder of resonances must be constructed



2|) which is consistent with the broad resolution infinite dilution cross section

measurements, with thick sample transmission and self-indication measurements

and also with the average resonance characteristics (and their statistical

distributions) determined for the resolved resonance region. It is sufficient

to generate a single ladder in the unresolved resonance region for use in reactor

flux calculations. However, to evaluate uncertainties, a range of ladders which

satisfy the constraints (and take into account the uncertainties in the constraints)

can be used. Alternatively, a simpler method of estimating uncertainties from the

ranges of resonance parameters which would satisfy the constraints in each energy

interval could be used. An example of the generation of resonance ladders to

meet the constraints of broad resolution capture and fission cross section

measurements is the work of Ishiguro et al(5). The constraints provided by

broad resolution infinite dilution cross section measurements, temperature

dependent thick sample transmission measurements (6) and self-indication

measurements (7) are also available for U238 for future evaluations in the

unresolved resonance region. The statistical basis for the construction of a

resonance ladder in the unresolved resonance region is complicated by the forced

sampling to fit the braod resolution measurements and could well be a subject

requiring more detailed study.

The adjustment of cross sections to take account of integral measurements

has a more satisfactory physical basis when the adjustments are made to

resonance parameters, either to parameters of individual resonances or to average

resonance parameters. This has been described, for example, by Gandini and Salvatores

(8), (9). In the adjustment of U238 capture at thermal energies to improve

agreement between calculated and measured moderator temperature coefficients

(10), parameters of negative energy resonances were changed and the cross section

curves calculated.

Doppler broadened crosssections can be calculated either directly from the

resonance parameters or by broadening an energy point tabulation at a reference

temperature (usually either 0°K or 300°K) to a higher temperature. The latter

approach is adopted, for example, in the MLBW-TEMPO code (11), the SIGAR-DOPCUB

code (12) and the SIGMA1 code (13). The TEMPO and SIGMA1 codes assume linear

interpolation whereas the DOPCUB code uses a cubic spline fit to the energy

points. In broadening from an intermediate temperature to a higher temperature

the gas model is assumed (14).

The effective Debye temperatures characterising the thermal motion of

uranium and plutonium nuclei in the crystal lattices of metal and oxide are

still not generally agreed. Broad resolution integral Doppler experiments give

high values for oxides. Golinelli et al (15) concluded that using a Debye

temperature of 620 K for U02 improves the interpretation of thermal reactor

lattice Doppler experiments made in MINERVE. Brugger and co-workers (16) have

also deduced values of about 600 K for uranium oxide Doppler effect measurements

made at KeV energies. Earlier studies by Butland (17) and Uillis et al (18),

based on neutron scattering measurements, had derived much lower equivalent Debye

temperatures. Butland derived values of 250°K for D and 749 K for 0 in UO, at

a thermodynamic temperature of 293.6 K. The equivalent Debye temperatures depend

on the thermodynamic temperature but are calculated to have negligible effect on

the effective temperature for the uranium nuclei at temperatures above about

500°K. The Debye temperature calculated for the UO. lattice as a whole is 630°K

at a thermodynamic temperature of 293.6 K. Debye temperatures have also been

deduced from an analysis of the dependence of the shapes of uranium

resonances on the sample temperature and the uranium compound (19).

The analysis of the temperature dependent thick sample transmission measurements

of Haste and Sowerby (6) was consistent with the low value derived by Butland.

There is,therefore, a discrepancy between the values derived from recent measure-

ments of integral capture Doppler effects and other measurements.

Uncertainty information on cross sections in resonance regions is needed

to enable the broad energy group infinite dilution cross sections, resonance

shielding factors and Doppler effect changes to be calculated, and hence the

reactor spectrum averaged values to be derived.

2 Approximations in the representation of resonances

An accurate representation of the energy positions of resonances is required

when the mutual shielding effects between substances could depend on the relative

positions of the resonances in the two substances. This is of importance at

lower energies, below about 300 eV, to treat the mutual resonance shielding between

different uranium and plutonium isotopes. (Calculations made by Haggblom (20)

show that a statistical treatment of the interaction effect between U238 and Pu239

resonances below 240 eV can be in error by a few percent). At higher energies



a statistical treatment is probably adequate to treat the mutual shielding

effect between uranium and plutonium isotopes. However, there are important

resonances at higher energies for which a statistical treatment would be un-

satisfactory. One possible example is the 1.15 KeV resonance in iron which

makes a major contribution to capture in fast reactor structural materials.

The relative position of this resonance and U238 resonances could be important.

In our data files there are large U238 resonances at 1.140 and 1.167 KeV.

The relative positions of the different resonances in a substance can be

of significance if the spacing correlates with the fluctuations in the collision

' density (the source of scattered neutrons) caused by the resonances. When there

are many resonances in an interval from E to 2E a statistical treatment of the

spacing is satisfactory. A sub-group or probability table approach is acceptable

for the representation of a number of resonances in an energy region when the

collision density can be treated as constant through each resonance and the

same in each resonance, (the maximum energy loss for scattering by U235 being

0.017E). This approximation can be used more generally to represent the

variation of cross sections in an energy interval which is small compared with

the maximum energy loss in scattering by uranium and plutonium isotopes. This

is the approach adopted in the fine group libraries, FGL4 and FGL5, the fine

group being sufficiently narrow compared with 0.017E for the within fine group

cross sections to be regrouped into sub-group data (with up to 50 sub-groups per

fine group in FGL5). It is necessary to take into account the temperature

correlation in the sub-group data in order to treat a range of temperatures in

a fuel element, although, for most applications, this temperature correlation

is not required. In order to generate this probability table or sub-group data

it is necessary to have energy point tabulations at a range of temperatures.

Although probability table data can be derived from shielding factor measurements

made for a range of material thicknesses it is better to derive an energy point

representation first (via a resonance parameter analysis) because this can be

Doppler broadened and the temperature correlations can be calculated.

Shielding factor representations of resonance structure,f(T, a ) (in terms

of temperature Tand background cross section , a ) have a wide range of

_ applications,.but these are limited in the geometrical heterogeneity which they

11 can treat by the available equivalence relationships and can only treat mutual

shielding effects via average cross sections. Probability table data can be

used in calculations for quite general geometries, as in the Monte Carlo code

VIM (21).

It is considered preferable, therefore, to derive resonance parameter

ladders and, from these, energy point tabulations, up to about 25 KeV,for the

principal uranium and plutonium isotopes. Sub-group data can be derived from

such energy point tabulations for use in more general geometry calculations and

validated against the detailed representation in simple geometry reaction rate

calculations.

3 Energy ranges for which resonance data are required

In the UK fast reactor cross section sets .resonance shielding is treated up

to 300 KeV. This range was chosen to cover hard spectrum systems (such as metal

fuelled and gas cooled fast reactors) and thick samples in which shielding effects

are stronger than in normal compositions. For a typical sodium cooled fast

reactor composition resonance shielding effects are calculated to be less than 1%

at 300°K above the following energies:

U238

Pu239

Pu239

Pu240

capture

capture

fission

capture

75

15

3

3

Kev

KeV

KeV

KeV

The contributions to the individual reaction Doppler effects are calculated

to be less than 1% and 5% respectively, above the following energies:

1%

U238

Pu239

Pu239

Pu240

capture

capture

fission

capture

50KeV

15KeV

200KeV

20KeV

25Kev

3KeV

40KeV

3KeV

The Pu239 and Pu240 Doppler effects are smaller than the U238 effect and so

the significant energy range is below the 5% level for the plutonium isotopes.



2J In U238 85% of the fast reactor Doppler effect is calculated to come from

energies below 5 KeV and so it is most important for the resolved resonance

region data to be accurate. The Doppler effect is sensitive to the division of the

total capture between s-wave and p-wave resonances ( 22 ) the main contribution

coming from the s-wave resonances.

The Pu239 Doppler effect is a balance between the fission and capture terms,

the net capture effect being about 70% of the fission effect. There is a difference

between the energy dependences of the two components, as is shown in Table 1. Below

750 eV, (the energy range which contributes 75% of the capture component and 50%

of the fission component) the two components are approximately equal. The net

Pu239 Doppler effect is only about 5% of the U238 effect.

The Pu240 contribution to the fast reactor Doppler effect depends on the

Plutonium isotopic composition and is typically about 1% of the U238 Doppler effect.

4 Resonance shielding in fissile nuclides in thermal reactors

The resonance shielding factors in the three lowest energy s-wave resonances

of U238 have values of about 0.06 in a PWR spectrum. The average resonance

shielding factor in U235, however, is about 0.90 in the capture cross section and

0.96 in the fission cross section, the shielding being greatest in the energy

range 5 - 25 eV where the shielding factor averages about 0.8 for the capture

cross section and 0.9 for the fission cross section.

The shielding in Pu239 in a uranium fuelled thermal reactor depends on the

fuel burnup and can be similar in magnitude to the shielding in U235. The

mutual resonance shielding effects between U238 resonances and fission and

capture in the fissile isotopes are typically about 20%.

For the fissile isotopes most capture and fission reactions occur in the

thermal energy region, with about 10% in the resonance region. The resonance

self-shielding and mutual shielding effects are of significance but an accuracy

of about 10% in the prediction of these is probably adequate. The resonance

parameters, must, of course, reproduce the average cross sections and eta values

accurately in the resonance region.

5 Conclusions

The form in which data are required for reactor calculations in the resolved

resonance regions and the more important energy ranges of the unresolved regions,

(typically up to about 25 KeV) is either a single energy point tabulation or a

single set of resonance parameters from which such a tabulation can be generated.

In the unresolved resonance region this single set of parameters should be chosen

to fit broad resolution infinite dilution partial and total cross section

measurements and thick sample measurements. The energy point tabulation can be

chosen to have a compact form (such as cubic spline) which is then expanded for

reactor calculations. At higher energies, where resonance shielding and Doppler

effects are small and many resonances contribute to the cross section in an energy

range E to 2E, statistical resonance data are required.

For the estimation of cross section and shielding factor uncertainties

simpler representations, in terms of uncertainties in average resonance

parameters and their distributions, would be satisfactory.

Mutual shielding effects between the resonances of different substances,

(such as U238 and Fe) could lead to a requirement for more accurate data on the

relative energies of resonances.

The direct derivation of shielding factors, sub-group , or probability

table data from thick sample measurements produces data which is useful for

a wide range of reactor calculations, but cannot treat all effects, such as the

effect of the temperature distributions within a fuel element. A resonance

representation is preferable.

There are discrepancies between equivalent Debye temperatures deduced from

different measurements and this discrepancy is significant in the interpretation

of some Doppler effect measurement.



TABLE 1

Fast Reactor Doppler Effects and Resonance Shielding Factors

Relative Doppler effect per atom

Group

A
B

C

D

E

F

G

H

I

Lower Energy

(KeV)

302
111

40.9

15.0

5.53

2.04

0.748

0.275

0.101

0.037

U238

capture

3

15

38

66

69

369

212

58

2

Pu239

capture

-

-

2

8

11

76

181

97

12

Pu239

fission

9

17

11

18

19

175

212

81

5

Pu240

capture

-

1

3

6

8

107

98

58

3

Resonance shielding factors at 300 K

Group

B

C

D

E

F

G

Lower Energy

(KeV)

111

40.9

15.0

5.53

2.04

0.748

0.275

U238

capture

.99

.97

.91

.80

.47

.33

Pu239

capture

-

.990

.987

.985

.952

.820

Pu239

fission

-

.998

.995

.991

.953

.840

Pu240

capture

-

.99

.99

.98

.97

.87
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ABSTRACT

Sensitivity studies are presented of integral parameters

of interest for fast reactors to uncertainties of resonance parameters

of U-238, Pv-239, Pu-240 and Pu-241. Consequences due to some uncertain-

ty correlation hypothesis are also considered.

1 - INTRODUCTION

Resonance data for actinides play a major role in the calculations

of fast neutron reactor neutronics characteristics. All major parameters,

from critical mass to safety parameters, like the Doppler reactivity

effect, are dependent on actinide nuclear data in the resonance region.

The reactor physicist is faced by a twofold problem, namely to cor-

rectly process the basic nuclear parameters in order to produce

multigroup cross sections, and to assess the effects of the uncertainties

that affect these basic data.

The first problem has been treated in detail in the years '70, and

one should quote in particular the fundamental work in this field by

R. HWANG at Argonne /I,2,3/ that lead to algorithms to process the re-

3] sonance data. Even if it is not quite completely closed and uncertain-

ties are still present in the basic data processing in the resonance

regions, this problem will not be treated here.

In what follow we will try to indicate a methodology to assess the

resulting uncertainties on integral parameters of interest for fast

reactors and in particular the safety related parameters, due to

uncertainties on the resonance parameters of U-238, Pu-239, Pu-240 and

Pu-241.

First, sensitivity tables will be generated for separate variation

of individual resonance parameters in selected energy regions. The

sensitivity coefficients are relevant to the main integral and safety

related parameters of a typical large power fast reactor, I.e. Keff,

control rod worth, Doppler and sodium void reactivity coefficients,

breeding gain, and are calculated according to the standard methods

of generalized perturbation theory.

Both infinite dilution and self-shielding effects will be considered

separately.

Finally, several hypothesis of correlation of data uncertainties

will be used, to indicate, if possible, realistic estimates of integral

parameters uncertainties. This is by far the most delicate point in the

uncertainty analysis, and the present work is intended only to point

out the main areas where more work is needed.

For what concerns the consistency between integral and differential

data, the ideas of the consistent method of basic data adjustement are

recalled, and an experimental program to be performed on the critical

facility ERMINE indicated, which will be mainly devoted to the low

energy data validation (E ̂  50 KeV).

In fact, resonance data can be considered to be mainly related to

the energy range below 50 KeV and in this energy region the number of

significant clean integral experiments, which have been widely used



32 in the past in many leading programs of Fast Reactors to validate or to

adjust basic data, have been fairly scarce.

2 - SENSITIVITY ANALYSIS

2.1 - Basic Hypothesis

The standard techniques of the generalized perturbation

methods /A/ were used to calculate sensitivity coefficients defined,

for each isotope, as :

3Rj
iKj

(1)
PKj

where R is the following set of integral parameters, calcula-

ted in diffusion theory in one-dimension, for a large 1200 MWe fast

power reactor of the homogeneous type (see table I) :

- Keff

- control rod worth of a two absorber ring system of partially

inserted rods, for a total antireactivity of :

9 =- 1.31 % AK/K

- core Doppler reactivity coefficient (AT = 1500 K)

- internal core sodium void scattering component

- total breeding ratio.

The reference valuesof the R. parameters calculated with the

CARNAVAL IV formulaire are shown in table II. The represent parame-

ters of type K in energy range AE. and they are indicated in table III.

The hypothesis in the calculation of the sensitivity coeffi-

cients S was that of complete independence of each type of resonance

parameter for each isotope. The correlations that actually can occur

among parameters will be introduced at the moment of the use of the

sensitivity coefficients, and their folding with data uncertainties

(see paragraph A).

For what concerns energy correlations, the following

hypothesis were used.

First, for sake of simplicity, and to reduce the amount of computational

work, the energy range of interest (i.e. approximately from 100 keV to

100 eV) was subdivided according to a standard multigroup cross-section

scheme, based on half - lethargy widths (see table IV). In each energy

range (corresponding to a group, in a multigroup scheme), all the para-

meters of each resolved resonance (or energy point where average para-

meters are defined, in the unresolved resonance region) which falls in

that energy range, were varied simultaneously. In this way, each S „.

actually represents the variation of the integral parameter R. due to

the variation of all the parameters of type K in the energy range j, all

of the same percentage amount.

The different energy ranges were not correlated at this stage.

Correlations in energy will be introduced successively.

The advantage of this type of definition of the sensitivity

coefficients is that physical correlation of different type, related

to different evaluation techniques or to different conservation

hypothesis, can be introduced using always the same basic set of

sensitivity coefficients S .

Finally, it should be noted that, in the case of partial width

variation 6rx, the total resonance width was varied accordingly :

V
(2)

2.2 - Self-shielding effects

The expression of S . can be given more explicitely if one

adopts the Bondarenko formalism of self-shielding factors :



dpK

E J K l (3)

s"1 + s
iKj BiKj

The two terms in equation (3) correspond to the effects of

the variation of the resonance parameters p,,. on the infinite dilution

cross section a and on the self-shielding factor f., according to the

prescription that :

Even if in general the self-shielding effects are thought

to be smaller than the infinite dilution cross-section effects in

particular for the Pu isotopes, for which the f values are usually

close to one, the self-shielding effects can play a significant role in

the resolved resonance region for U-238, for which the f values can be

fairly far from the asymptotic values in the standard fast reactor

fuel composition (see table V ) .

In summary the following procedure was adopted :
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1 - Calculate by means of standard GPT methods in one

dimension (code system HOPES developed at CADARACHE /6/), the sensiti-

vity of the integral parameters R. to multigroup data O..

2 - Calculate by means of standard cross section processing

codes, compatible with the Bondarenko format, the sensitivity of

the multigroup O^. and f, values to the variation of the resonance

parameters p.... The base data file used for the calculation of this
"•3

step was ENDF/B-IV and the resonance parameter variation for the

different energy intervals, according to what was said in paragraph

2.1, was chosen to be ± 20%. Linearity tests were carried out to

verify the validity of this procedure.

3 - Folding of the sensitivity coefficients generated in

step 1 and 2 to produce the sensitivity coefficients of tables VI - XI.

It should be again stressed that, in view of the hypothesis

of the F variation dae to T variation (see equation 2), in the case

of Pu-239 and Pu-241 a, and a variations were both involved as ai c
consequence of T (or T ) variations.

This is obviously the case of < D > variations.

Conservation and correlation laws will be introduced in a

later stage, as already mentioned.

2.3 - Comparison with previous sensitivity calculations

Previous sensitivity studies on resonance parameters effects

can be found in References 7, 8, 9, 10, 11.

In particular,the relevance of the self-shielding factors

was indicated in Ref. 8 with simplified calculation for isolated

resonances. In Ref. 7 an example was worked out to show the relevance

of p-wave parameter effects on U-238 cross sections. By the way, it is

interesting to note that in that work the conservation laws were direc-

tly taken into account in the definition of the sensitivity coefficients.

The present work however gives data in a format directly

exploitable to assess the consequences of parameters uncertainties

on integral reactor parameters, together with the impact of different

uncertainty correlation rules.

3 - NUMERICAL RESULTS

3.1 - Infinite dilution cross section variation effects

In table VI - XI the calculated sensitivity coefficients

are shown for the effects due to ax (STL. coefficients of expression 3).



34 The most important effects are obviously found for Pu-239

and U-238 data. Minor effects, shown only for Keff and control rod

antireactivity, are found in the case of Pu-240 and Pu-241 (Tables X-XI)

For what concerns the different integral parameters, the sensitivity

coefficients are shown group-wise (energy group structure in Table IV),

for the energy groups which cover the energy range 40 KeV - 200 eV.

K -, effects are clearly shown both in the case of U-238

and of Pu-239 resonance parameters. In this last case, the hypothesis

of combined variation of F (or Ff) and F, leads to sensitivities to

I on F, variations which are comparable in the energy region < 1 KeV,

where F becomes negligible , due to the compensating effects on VOf

and a . The gF and < D > effects are shown separately, even if the most
Si "

reasonable way to look to these effects should be in the light of a

constant (and fairly well known) strenght function value SQ.

Relatively small effects are found on the Doppler reactivity

coefficient. It is to be noted that, in the case of the U-238 resonance

parameters, the sensitivity coefficients shown in the table take into

account both the effect on the cross section variation due to the

temperature and the flux variation effects. In fact, if we define the

Doppler coefficient in a simplified way as :

, fzLti _ a T2
D / j I U—8 U—I

/
T +

*j d V (5)

In the case of Pu-239, only (d<|> + d<J> ) effects are present.

In the case of the sodium void scattering component, the

integral parameter taken into account i s , in a simplified form :

core 1

(7)

For this parameter only d(J) and d<j> effects are present, and,

due to the peculiar form of the adjoint function <\> at low energies,

these effects are fairly large both in the case of U-238 and of Pu-239.

Small effects, but not negligeable in view of the high pre-

cision, requirements, are found in the case of the control rod system

antireactivity. For this parameter the accuracy requirements of few

percent, are such that even lx-2% uncertainty due to low energy data,

can be significant.

For al l the integral parameters studied, i t is valid the

commentary previously made on Ff and T variation effects in the case

of Pu-239.

Moreover, i t should be noted the compensating effects of the

variation of < 0> and F in the case of the unresolved resonance region

for U-238, due to the large values of gFn in that energy range

(gFn % 10 t±mes ry) .

one can write formally :

ld(AaT)
J J J

a (d*
j j

(6)

T +
where d(Ao ) , d<|> and d<(> are the variation induced by the

resonance parameter variations.

3.2 - Self - shielding variation effects

As i t was previously described (see paragraph 2.2), self-

shielding factor variation effects have been considered in the case

of the variation of U-238 resonance parameters in the resolved

resonance region. The main results are shown in table XII. The effects

are smaller than the effects on the infinite dilution cross-section

and non negligible only in few cases.



For what concerns the unresolved resonance region in principle

one can say that apparently self-shielding effect can play a jninor role. However

two recent results indicate that much care should be exerced in dealing

with these effects.

First, a recent self-shielding measurement in the USSR

(Ref. 12) have indicated that the experimental self-shielding factor

for U-238 capture, can be different from the calculated value by

approximately 5 7 10% in the energy region between 100 KeV and 20 KeV

for a potential O cross section corresponding approximately to the

range 1 - 1 0 barns.

Second,calculations performed at ORNL /Ref. 7/ have shown

that a large self-shielding variation effect can be obtained at appro-

ximately 20 KeV if the average p-wave neutron width is changed, with a

corresponding change in the average s-wave neutron width, to keep

constant the infinite dilution cross section.

Actually, this is directly consequence of the fact that at

these energies the self-shielding is mainly due to the narrow p-wave

resonances, which contribute for approximately 30%

>
1=0

2.8) to the resonant cross-section if one

takes as p-wave and s-wave strenght function the following values :

S ^ 1.17 xo

S1^ 1.93 x

Calculations similar to those of ref. 7 have been perfor-

med for U-238.< T̂  >1=1 has been changed by + 5% , and < Tn >1=Q has

been changed to keep constant the infinite dilution cross-section. The

following results have been obtained at 300°K :

S. Op (barn)

EnergyX^^
Group\^

10

11

12

13

14

15

1

.02

0.32

0.95

1.61

2.09

1.61

10

- 0.01

- 0.11

0.29

O.90

1.41

1.08

50

- 0.06

- 0.27

- 0.11

0.19

0.76

0.64

100

- 0.08

- 0.38

- 0.27

0.0

0.45

0.42

(Percentage values of self-shielding factor variation).

Of course, a similar calculation can be performed with a

different combination of S and p wave < Fn > values. As an example, the

variation of < Tn >±=i of + 20% , (with the corresponding < Tn C o -

variation to keep OM constant), gives a variation of 4,14 % in the

shielding factor of the 15 th group (energy range 5.53-3.36 KeV) at

ap = 10 b.

Finally the same calculations for T = 1800°K, show the fol-

lowing effects on the Doppler related self-shielding variation for U-238

(f'(1800K) - f'(300K)) - (f(1800K) - f(300K)) / (f(1800K) - f(300K))
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where frepresent the self-shielding factors obtained with

a variation of < F of + 5 % , as explained above :

\ . ap (barn

Energy N ^
Group \ .

10

11

12

19

14

15

1

- 1.3

- 6.64

- 11.36

- 7.54

- 3.07

- 0.49

10

- 5.71

- 2.84

- 9.08

- 9.38

- 4.10

- 1.17

50

- 8.17

- 10.26

- 10.0

- 8.2

- 7.07

- 2.4

100

- 9.24

- 10.54

- 12.87

- 10.27

- 6.43

- 2.67

(percentage values of the Doppler re la ted se l f -shie lding variat ion)

If these hypothesis are made ( i . e . p wave ands wave parameter

changes without affecting 0^,) , Sa fa i s equal to 6f/f and a new type

of TABLE XII, related to high energies , where p-wave effects are impor-

t an t , can be wri t ten :

Energy
Group

10

U

12

13

14

15

Na void

.0

.0

- .01

+ .06

+ .07

- .10

Doppler

- 0.14

- 0.36

- 0.70

- 0.75

- 0.26

- 0.16

Keff

.0

.01

• 0

- .01

- .02

- 0.1

Control Rod
Antireactivity

.0

.0

.0

- .02

- .03

- .02

(percentage va lues , r e l a t ive to < F >i=i var ia t ion of + 5%)
n

Except for Doppler, these values are fairly small,

but, as wehave seen,they are dependent on the hypothesis made an

parameter variation.

Finally, the entire validity of the EDNF/B technique to

represent resonance effects in this energy region, should be tested

against more extended resolved resonance type representation.

3.3 - Effects on breeding

In table XIII the effects of the resonance parameter varia-

tions are shown in the case of the total breeding ratio.

The general trends already observed are again found here,

and in general significant effects are found, mainly related to direct

changes in the capture cross-section of U-238 and absorption cross-

section of Pu-239. The data shown are relevant to the infinite dilution

cross-section variations.

4 - CORRELATION HYPOTHESIS

The indicative results of the previous paragraphs are strongly

dependent on the correlations that are assumed on the uncertainties on

the separate resonance parameters. We recall that no explicit correla-

tion was taken into account, nor among different resonance parameter

neither in energy.

However, correlations play a central role in assessing realistic

estimates of integral parameters, but are a difficult task to be proper-

ly established.

In fact they depend on the evaluation techniques used to establish

the basic data files, on the experimental data type used, and on the

model chosen to represent the different corss-sections.



Since the data of the previous paragraph were based on the simplest

hypothesis, mainly the zero-correlation hypothesis (which is by

no means the most realistic), we will try in what follows to examine

the consequences of other correlation hypothesis.

Case A - For each resonance parameter type p a complete energy

correlation hypothesis is introduced, which covers both the resolved

and the unresolved resonance ranges.

Case B - In the unresolved resonance region the < D > and < T°>

values are completely correlated in order to keep constant, within an

uncertainty limit, the S strength function.

Case C - A correlation was introduced among the T and F, values

of Pu-239 in order to avoid extreme changes in the o / O- ratio. Since

the variation of both parameters produces a nearly constant 6\)Cj - 6a^

value (and of opposite sign), a correlation hypothesis was used, with

the introduction of fictitious correlation coefficients (1, 0.8, 0.5 and

0.3).

Case D - A total width conservation law is considered by means of

the correlation between T and T (or F f).

This last type of correlation was introduced both in the case

of U-238 and of Pu-239. Several fictitious correlation coefficients

(1, 0.8, 0.5 and 0.3) were introduced to simulate different ratios

between the two parameters.

Obviously, more hypothesis should be compared on the

basis of the particular stategy followed in each evaluation. The data

presented here, can however indicate major trends.

The numerical results are shown in table XIV and XV. The

uncertainty on Keff and on the sodium void coefficient are the most

significant and are strongly dependent on the correlation hypothesis

»' adopted.

Several correlation hypothesis lead to uncertainties on Keff

from ± 0.2% to ± 0.5% AK/K and to uncertainties on the sodium void

scattering component up to 10%. Effects on the Doppler coefficient

are, on the contrary, fairly small, due to compensating effects in the
TT—9 "^ft

Aa^ . I t should be mentioned that other effects related to resonance

parameters uncer ta in t i e s could be introduced at very high temperatures

/13 / or in the unresolved resonance region, according to what was

previously discussed. Final ly , i t should be recal led that no mult i level

effects were t reated in the present work, and that the conclusion of

previous work in t h i s f ie ld / 14 ,15 / , indicated small effects due

to the mul t i level formalism.

For what concerns the control rod system worth, the small

effects obtained can became not neg l ig ib le , in view of the high accuracy

required for t h i s in tegra l parameter.

5 - INTEGRAL EXPERIMENTS AND DATA ADJUSTMENTS

The r e s u l t s presented in the previous sections are re la ted to a

large fas t power reac tor . The s e n s i t i v i t y , when they are s igni f icant ,

are re la ted to the low energy range (generally < 10 KeV) .

The data used in many leading fas t reactor programs for neutronics

ca lcu la t ions , have been adjusted using the so-called clean in tegra l

experiments /16-17-18/ .

However, many of these experiments have shown a limited sens i t iv i ty

to the low energy data. This means that low energy data ( i . e . mainly

in the resonance region) have been seldom adjusted , and that some

integra l parameter in fast power reac to r s can be affected d i r ec t ly

by resonance parameter unce r t a in t i e s in a s ignif icant way.

Moreover, future design of la rge fas t power reac tors can put even

stronger emphasis on the low energy spectrum.



38 The situation is represented in fig.l, where the product <j>. <t>. is

plotted as a function of the energy group :

a) in the case of the power reactor considered as a reference in

this work,

b) in the case of the large core used as Benchmark for comparison

and proposed by NEACRP /19/ and

c) in the case of a typical fast reactor critical assembly.

With the aim to gain informations on t h i s energy region data,

ad-hoc t a i lo red spectra wi l l be obtained in an experimental program

on the c r i t i c a l f a c i l i t y ERMINE at CADARACHE, to enhance the low

energy neutron cont r ibu t ion . This wi l l be mainly obtained with the

introduction of graphite in Kro Ri 1 media with PuO_/UO fuel .

A larger s e n s i t i v i t y wi l l be obtained to Pu-239 and U-238 data a t

energies lower than 10 KeV.

The analys is of these experiments could be done using s e n s i t i v i t y

and uncer ta inty ana lys i s of the type outlined in the preceding paragraphs

in such a way that adjustments could be envisaged on the most s ignif iant

resonance parameters, according to the pr inc ip le of the so-called

consistent method of basic parameter adjustment / 5 / .

6 - CONCLUSIONS

In the present paper an attempt has been made to indicate the main

consequences on in t eg ra l , mainly safety re la ted , parameters of fast

reactors due to the uncer ta in t i e s on the resonance parameters of the

major ac t in ldes (U-238, Pu-239, Pu-240 and Pu-241).

As expected, these consequences are strongly dependent on the

assumed uncertainty level on individual parameters and the i r

cor re la t ions . The 20% uncer ta inty value, assumed in the present work,

can be considered as an upper l imi t at the present s t a t e of the a r t

in t h i s f ie ld for most parameters. Moreover, the uncer ta in t ies of

different parameters are ce r t a in ly correlated and the good knowledge

of t o t a l cross-sect ions (and of t o t a l resonance widths) , must also

be taken into account.

However, numerical r e s u l t s have indicated tha t , for many signif icant

resonance parameters l i ke U-238 gT in the resonance region and T and T.

of Pu-239 in the unresolved resonance region, uncer ta in t ies in the range

± 5 - 10% are necessary to mesure a good use of standard integral expe-

riments to produce both adjusted data or b ias fac tors for the design

calculat ion of large power r eac to r s .

In fact, higher uncer ta in t ies wi l l produce in a reference design

system uncertaint ies on Keff, Sodium void e f fec t s , control rod system

worth e t c . . . which could not be easi ly re la ted to the standard in tegra l

experiment resu l t s due to the different s e n s i t i v i t i e s to low energy data

in c r i t i c a l experiments and in large power reactor configurations.

In this context, uncer ta in t ies on Pu-240 and Pu-241 play a more

limited r o l e . A further source of uncer ta inty, which was only touched

upon in this paper, could be a subs tant ia l uncertainty in the calculat ion

of se l f -sh ie ld ing factors in the unresolved resonance region (case of U-238

in par t icu lar ) due to both not yet en t i re ly explained p-wave data e f f ec t s ,

and cross-sect ion representat ion in this energy range. This type of uncer-

tainty seems to be pointed out by recent experimental resu l t s obtained in

the USSR.

Final ly, some low energy data dependent in tegra l parameter, not

mentionned in the present repor t , l i ke s t ruc tu ra l material ac t iva t ion ,

can also be strongly influenced by the quali ty of the major act inide

data in energy region below 10 KeV and should enhance the need for higher

accuracy data .



The first step towards meeting these requirements should be however

an appropriate assessment of resonance parameter uncertanties and their

correlation within the current evaluated data files, and with the perfor-

mance of ad-hoc integral experiments, enhancing the low energy neutron

importance, which should be coupled to sensitivity and consistency analysis

based on a consistent method of resonance parameter ajustment.
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ZONE CORE 1

cm 0

CORE 1

50 55

CORE 2

135 140

BLANKET

185

SHIELD

235 265

ENRICHMENT 14%

(Pu O2/UO2)

14% 17%

TABLE 1 - 1200 MWe FAST REACTOR GEOMETRY SPECIFICATIONS

(ID CYLINDRICAL GEOMETRY, B
AX

5.4 x 1O"4)

TABLE II - SENSITIVITY COEFFICIENTS WERE CALCULATED

FOR THE FOLLOWING R INTEGRAL PARAMETERS

1 - Keff (= 1.0087)

2 - Core Doppler r e a c t i v i t y (AT = 1500 °K 9 = -1.92% AK/K)

3 - In ternal core sodium coefficient

(Scattering component 9 = 1.25% AK/K)

4 - Control rod system worth ( inser t ion equivalent to

9 = -1.31% A K/K)

TABLE I I I RESONANCE PARAMETERS CONSIDERED

U-238 : s-wave g l ^ , T b o t h i n t h e r e s o l v e d (100 eV - 4 KeV) and

unreso lved r e s o n a n c e r ange (4-45 KeV) and < D > i n t h e

unresolved range.

Pu-239 : s -wave, J=0 and J=l g r n , I" and V both in the resolved

(100 - 300 eV) and in the unresolved range (300 eV - 25 KeV)

and < D > in the unresolved range.

Pu-240 : s-wave gTn and T in the resolved (100 eV - 3.9 KeV) and

unresolved range (3.9 KeV - 40 KeV), and < D > in the

unresolved range.

5 - Total breeding ratio (=.96). Pu-241 : s-wave gFn , I" , F and < D > in the unresolved resonance

region (100 eV - 52.4 KeV).



Group

10

11

12

13

14

15

16

17

18

19

20

21

TABLE IV

ENERGY STRUCTURE TABLE V

U-238 CAPTURE SELF-SHIELDING FACTORS

= 50bUpper Energy

67.4.KeV

40.9

24.8

15.0

9.12

5.53

3.36

2.04

1.23

.748

.454

.275 (to .101 KeV)

FOR POTENTIAL SCATTERING

Group

16

17

18

19

20

21

f

.719

.570

.465

.367

.322

.120

TABLE VI

U-238 Sensitivity Coefficients of Integral parameter R to variation

of 20% of Resonance parameter p (percentage values). Effects due to

Cfco variation.

Energy

group

10

11

12

13

14

15

16

17

18

19

20

21

Na vo id

8rn

-.02

-.02

.04

.17

.15

-.34

.09

1.45

1.76

1.65

.77

.50

.0

- .01

.57

1.17

.70

-1.58

.25

4.05

3.88

2.09

.83

1.12

< D>

.01

.03

- .53

-1.17

- .74

1.04

-

-

-

-

-

Doppler

*rn

.01

.0

.0

-.05

-.10

-.16

-.12

-.47

-.64

-.54

.34

-.29

-.02

-.15

-.36

-.51

-.60

-.79

-.35

-.13

-1.40

-.87

-.37

-.55

< P>

.01

.13

.31

.53

.61

.53

_

_

_

_

—
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TABLE VII

U-238 Sensitivity coefficient of integral parameter R to variation of

20% of resonance parameter p (percentage values). Effects due to O^

variation.

TABLE VIII

Pu-239 Sensitivity Coefficients of Integral Parameter R to variation of

20% of resonance parameter p (percentage values). Effects due to 0^

variation.

Energy
group

10

11

12

13

14

15

16

17

18

19

20

21

Keff

Srn

.0

-.01

-.01

-.03

-.03

-.03

-.02

-.06

-.06

-.04

-.02

-.01

-.02

-.10

-.17

-.18

-.15

-.16

-.06

-.15

-.13

-.06

-.02

-.02

< D>

.02

.10

.17

.19

.17

.11

-

-

-

-

-

-

Control Rod antireactivity

rv

-.01

-.10

-.22

-.31

-.30

-.29

-.11

-.58

-.63

- .A3

-.20

-.33

S*n

.0

-.01

-.01

-.04

-.07

-.09

-.04

-.16

-.27

-.25

-.19

-.14

< D>

.01

.09

.21

.31

.32

.20

-

-

-

-

_

-

Energy
group

12

13

14

15

16

17

18

19

20

21

.32

-.35

.12

2.12

.0

-5.27

-6.03

-4.78

-2.29

-1.83

Na void

.02

-.38

- .10

.10

-.09

-2.90

-3.48

-2.58

-1.75

-1.66

.18

.48

.23

- .83

.14

2.92

3.32

2.57

1.79

1.62

< D >

- .46

.20

- .23

-1.98

-.05 .

4.44

5.26

4.04

1.25

Doppler

.52

.51

.45

.46

.28

.49

.16

.50

.34

.42

17

10

06

02

0

28

63

66

56

66

-.05

-.11

-.13

-.18

-.13

-.57

-.82

-.83

-.63

-.68

.65

.64

.56

.58

.36

.69

.04

-.26

-.12



TABLE IX

Pu-239 Sens i t i v i ty Coefficients of In tegra l Parameter R to var ia t ion of 20%

of resonance parameter p (percentage va lues ) . Effects due to om va r i a t ion .

TABLE X

Pu-240 Sens i t iv i ty Coefficients of In tegral parameter R to va r ia t ion of 20%

of Resonance parameter p (percentage va lues ) . Effects due to O^ va r i a t ion .

Energy •
group

12

13

14

15

16

17

18

19

20

21

*rn

.25

.23

.17

.14

.07

.23

.20

.14

.06

.04

Keff

rf

.16

.13

.09

.08

.04

.12

.11

.07

.05

.04

-.11

-.10

-.08

-.07

-.04

-.12

-.11

-.07

-.05

-.04

< D >

-.26

-.22

-.15

-.12

-.06

-.19

-.18

-.12

-.03

-

Control Rod Antireactivity

*rn

-.16

-.11

-.06

-.04

-.01

.22

.49

.50

.29

.35

rf

-.02

.02

.04

.05

.03

.26

.43

.41

.36

.44

-.07

-.10

-.10

-.10

-.06

-.34

-.47

-.47

-.39

-.45

< D >

.22

.17

.11

.08

.03

-.11

-.38

-.36

-.13

-

Energy
Group

12

13

14

15

16

17

18

19

20

21

Na

*rn

.01

.02

.01

-.02

.01

.16

.24

.25

.24

.35

void

FY

.04

.07

.04

-.08

.02

.44

.60

.22

.28

.27

Doppler

*rn

.0

-.01

-.01

-.01

-.01

-.06

-.10

-.11

-.11

-.18

FY

-.02

-.03

-.03

-.04

-.02

-.14

-.21

-.09

-.13

-.13

Keff

rY

-.01

-.01

-.01

-.01

.0

-.02

-.02

-.01

-.01

-.01

Uontrol
Rod
worth

FY

-.02

-.02

-.02

-.02

-.01

-.06

-.10

-.05

-.07

-.08

43
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TABLE XI

Pu-241 Sens i t iv i ty Coefficients of In tegral Parameter R to var ia t ion of

20% of Resonance parameter p (percentage va lues ) . Effects due to c o v a r i a t i o n

TABLE XII

U-238 Sensitivity Coefficients of Integral Parameter R to variation

of 20% of Resonance Parameter p (percentage values). Effects dua to

self-shielding factor variation.

Energy
Group

10

11

12

13

14

15

16

17

18

19

20

21

*rn

.02

.05

.01

-.05

.0

.20

-.01

-.52

-.48

-.35

-.24

-.18

Na

Ff

.01

.02

.0

-.03

-.01

.08

-.01

-.19

-.17

-.13

-.09

-.06

void

FY

.0

-.01

.01

.02

.01

-.05

.01

.15

.15

.11

.08

.06

* D >

-.02

-.06

-.02

.05

.0

-.20

.01

.49

.44

.31

.22

.16

Keff

Srn

.01

.02

.02

.02

.02

.01

.01

.02

.02

.01

.01

.0

< D >

-.01

-.02

-.02

-.02

-.02

-.01

-.01

-.02

-.01

-.01

-.01

.0

Energy

Group

16

17

18

19

20

21

Na void

«rn

-.03

-.33

-.47

-.80

-.35

-.27

rY

-.04

-.91

-.88

-.37

-.17

-.07

Do p pier

ern

.03

.11

.17

.26

-.15

.15

rY

.06

.03

.32

.15

.08

.03

Keff

*rn

.01

.01

.02

.02

.01

.01

rT

.01

.03

.03

.01

.0

.0

Control Rod
antireactivity

.01

.04

.07

.12

.09

.07

rr

.02

.13

.14

.08

.04

.02



TABLE XIII

U-238 and Pu-239 Sensitivity Coefficients of Total Breeding Ratio

to variation of 20% of Resonance Parameter p (percentage values).

Energy

group

10

11

12

13

14

15

H

17

18

19

20

21

I

* r n

.01

.07

.13

.16

.15

.16

.08

.22

.21

.13

.07

.05

J-238

FY

.08

.45

.75

.76

.64

.65

.22

.59

.45

.21

.08

.10

< D>

-.08

- .45

- .76

- .80

-.69

-.44

-

-

-

-

-

Pu-239

^ n

.0

- .01

-.54

-.54

-.44

- .41

-.22

- .70

- .63

- .46

- .25

- .20

Ff

.0

.0

- .12

-.09

-.06

- .05

- .03

-.05

- .05

- .03

-.01

-.01

r
Y

.0

.0

- .16

-.14

- .11

- .10

- .06

- .12

- .08

- .06

-.02

- .02

< D>

.0

.01

.72

.67

.54

.49

.26

.76

.66

.48

.17

-

Table XIV

U-238 Resonance Parameter Uncertainty.

Effects (Standard Deviations in % due to ± 107= uncertainty in

each parameter).

Correlation

Hypothesis

No energy

correlation :

Complete

energy

correlation

Sfn

rY
<D >

* rn

FY
<D >

Correlation

between gF and < D >

Correlation

between T and T
n Y

with correlation

coefficient W =

1.

0.8

0.5

0.3

K
eff

t 0.05

.21

.17

± 0.16

.61

.38

± 0.14

± 0.45

.33

.24

.02

Na

void

± 1.50

3.26

.90

± 3.10

6.53

6.8

± 2.56

± 3.43

2.13

.17

1.14

Doppler

± 0.54

1.09

.51

± 1.01

3.08

1.06

± 0.16

± 2.06

2.45

.54

.08

Control
Rod

worth

± 0.60

.24

.27

± 1.75

.63

.54

± 1.30

±1 .14

1.25

1.44

1.56

45
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Table XV

Pu-239 Resonance Parameter Uncertainty.

Effects (Standard deviations in % due to ± 10% uncertainty in

each parameter).

Correlation

Hypothesis

No energy

correlation :

Complete

energy

correlation

grn

rf

r
<D >

<D >

Correlation between

gT and <D >

Correlation

between T and T,
n f

with correlation

coefficient W =

1.

0 . 8

0 .5

0 . 3

(complete correlation in
energy)

Correlation

between T and I\
n f

with correlation

coefficient W =

1.

0 .8

0 .5

0 .3

(complete correlation in
enerev)

K , ,
eff

± 0.27

.15

.14

.25

± 0.77

.44

.39

.66

± 0.23

± 0.32

.41

.54

.63

± .05

.13

.25

.33

Na void

± 5.00

2.88

2.78

4.17

± 9.00

6.41

6.20

6.22

± 4.00

± 2.59

3.87

5.79

7.07

± .20

1.44

3.30

4.55

Doppler

± 0.68

.65

.81

.73

± 0.64

1.22

2.06

1.55

± 0.61

±1 .90

1.62

1.25

1.01

± 0.85

.43

.19

.60

Control
Rod

worth

+ 0.44

. 4 3

.48

.32

+ 0.74

1.01

1.27

.19

+ 0.59

± 0.27

.07

.23

.43

1 0.28

.0

.37

.63

A5

i-4
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Effective Integral and Reactivity Effects
of 238 U and 240 Pit Resonance Parameter Uncertainties

Henry TELLIER
Service d1Etudes des Reacteurs et de Mathematiques Appliquees

Centre d'Etudes Nucleaires de SACLAY
91191 GIF SUR YVETTE Cedex (FRANCE)

ABSTRACT

The resonance parameters of Uranium 238 and Plutonium
240 are known with an uncertainty which induces an inaccu-
racy in the calculation of the effective multiplication
factor of light water lattices. This effect was computed
by using the different available files which take into
account the successive improvements of the resonance para-
meter measurements. For Uranium 238, although the reacti-
vity shift between UKNDL 68 and the new evaluations is
about 270x10 , the recent values seem to be satisfactory
for the reactor physicist. It is not the same thing for
Plutonium 240. For this nuclide the resonance parameters
are not known with a good enough accuracy and their values
must be improved, specially for the 1.056 eV resonance.
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I. INTRODUCTION

To perform reactor core calculations, the physicists use nowadays
very accurate cell computation codes. These new generation codes solve the
Boltzman transport equation without mathematical approximations as far as
simple geometries are concerned. For example,we use in France the Apollo
Code which solves the integral form of the transport equation by the first
collision probability method in the multigroup approximation and for one
or two dimension geometries [1]. For this reason the neutron cross section
adjustment process which were used in the first generation calculation

codes is no more justified. If we don't have a good cell calculation, it is
because we don't use accurate neutron data. Of course the neutron cross
section knowledge was improved this last years. Nevertheless it remains
some uncertainties. And these uncertainties lead to an inaccuracy in the
computation results. This inaccuracy can have sometimes important conse-
quences. For instance, the inaccuracy of the criticality factor of a power
nuclear reactor at the beginning of the core life induces consequences
relating to the fuel cycle length. This fact has financial involvements.
Thus it seems interesting to study the reactivity effects of the neutron
data uncertainties. In the resonance region, the most important heavy
nuclides are Uranium 238 and Plutonium 240 in the case of thermal neutron
reactors. In the following sections, we shall study, one after the other,
the effect of the Uranium 238 and Plutonium 240 resonance parameter uncer-
tainties. Then we shall try to define the accuracy of the neutron data
requests.

II. URANIUM 238

The actual thermal neutron power reactors are mainly pressurized
water reactors which use slightly enriched uranium. The fuel elements of
these reactors contain about 97 % of Uranium 238. Thus this isotope is very
important for the neutron balance because it has a very important absorp-
tion rate, about 20 % of the total absorption rate of the cell. The largest
part of this absorption occurs in the resonance region. But only the first

resonances, below 200 eV, haVe an important weight in the case of thermal
neutron reactors, as it is shown in table I. Therefore it is necessary to
know their parameters with a very good accuracy. During a long time .this
accuracy was not good enough for reactor physics purposes. But more and more
accurate measurements of these resonance parameters have been carried out for
the last ten years. The new results are slightly different from the previous
ones. This change of the resonance parameter values appeared in the diffe-
rent evaluated data files which were succesively recommended and available.
As an example we give in table II the resonance parameters which are recom-
mended in some recent files such as ENDF/B3 and B4, the French file now



used in Saclay [2] and the Oak Ridge evaluation [3]. We can see in this

table the variations of the partial widths and essentially of the capture

width. The value which is now recommended is generaly lower than the value

previously used.

It is obvious that a variation of the resonance parameters leads

to a change of the effective resonance integral and of the effective multi-

plication factor. This last change can be computed by cell calculation

using the self shielded cross section which are obtained with the different

sets of data. The self shielded cross section are computed by solving the

slowing down equation. In Saclay this is done in the multigroup approxima-

tion by the Autosecol Code [4], The self shielded cross sections are calcu-

lated for several values of the fuel temperature and background cross sec-

tion. Table III gives the values of the effective capture resonance integral

obtained with the following files : UKNDL 68, ENDF/B4 and the Saclay file.

For each of these parameter sets, the natural cross section is computed

with the Breit .and Wigner single level formalism. The Doppler broadening is

obtained with the V and $ functions. Although we know that it is necessary

to use a multilevel formalism for uranium 238 cross section calculation [2],

we have used the single level formalism to reduce the computation time. This

process is not a disadvantage because in this study we only need comparisons

between several data sets and not comparisons between a computed value and

an experimental one. For the effective resonance integral computation, the

energy range corresponds to the resolved and unresolved resonance region,

that is from 2.76 eV up to 37 keV.

a power reactor. The reactivity change is about 300x10 at 700 °C. This

uncertainty exceeds the experimental error bars which are about 200x10

for light water lattices. This i.s significant. More over such an uncer-

tainty could have financial consequences on the fuel cycle cost. As a

matter of fact an uncertainty of 300x10" on the effective multiplication

factor at the beginning of core life leads to an uncertainty of 300 MWd/t

on the fuel burn up at the end of the core life, that is to say about

8 days of full power running. This is not negligible. Therefore we must

calculate the reactivity with a good accuracy and we cannot indifferently

use any file. The choice must be carrefully checked with integral experi-

ments.

By using several recommended data sets we computed the integral

effect of the change of each resonance. The total effect can be minimized

because one parameter of one resonance can move in one direction and another

parameter of another resonance in another direction. So, if it is necessary

to know this total effect, it is also interesting to know the sensibility

of one particular resonance. Thus, with the same method we calculated the

reactivity effect of the change of one parameter for one resonance. This

computation was successively performed for a 5 % change of r and r of

the three first levels. For r this change corresponds about to 1 meV which

is close to the error bar of the new measurements. For F , this variation

is generally lower than the experimental uncertainties. The results are

given in table VI. They show that an improvement of the r measurement

would be welcome, in particular for the 20.9 eV resonance.

With the self shielded cross sections, which correspond to the

various evaluated data files, we calculated the reactivity effect of the

change of library in the case of a typical PWR cell. (The main characte-

ristics of this cell are given in table IV). For this comparison we chose

as reactivity level reference the result obtained with UKNDL 68 without

adjustment. The results of the comparison are given in table V, for two

different fuel temperatures. The first one corresponds to critical expe-

riments at room temperature, the second one to operating temperature in

III. PLUTONIUM 240

The case of plutonium 240 is slightly different from the case
of uranium 238. The plutonium 240 is also a nuclide which has a strong
resonance structure but almost the whole absorption rate occurs in the
1.056 eV resonance. In a light water reactor, the 1.056 eV absorption rate
is equal to 89 % of the total resonance absorption rate. In addition this
resonance is at low energy and is generally considered, in the reactor
computation codes, as being in the thermal range. In this energy range the
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multigroup libraries have a fine energy mesh. Thus, it is possible to

compute the flux and the reaction rate without using the self shielding

technique. A resonance parameter change only introduces a modification of

its contribution to the multigroup cross section. The study is easier than

for uranium 238. As a matter of fact it is only necessary to make the modi-

fication of the multigroup cross section which corresponds to the change

of the resonance parameter values. The table VII displays the different values

of the partial width which are recommended in the recent evaluation files :

the French evaluation [5] which is included in UKNDL 73 and the versions

B4 and B5 of ENDF. It seems that the resonance parameters are not as accu-

rate as for uranium 238. But fortunately the neutron weight of plutonium 240

is not of prime importance in a PWR because its concentration is very low.

A significant amount of plutonium 240 only appears for end of life burn up.

It is in the case of plutonium recycle that the plutonium 240 weight can

become important. Thus we computed the reactivity effect of resonance para-

meter change in the case of a plutonium loaded fuel, the one of the Chooz

reactor. The cell characteristics are given in table VIII. In this cell, the

reactivity effects of the different files are the following ones. With

regard to UKNDL 73 the use of ENDF/B4 increases the reactivity by 25x10'

the use of ENDF/B5 decreases the reactivity by 130x10 . These changes are

small because it exists a balancing between the variations of r and r

in the different files. Therefore we computed the effect of the modification

of only one of the two parameters. An increase of 2 % of the neutron width

leads to a decrease of 110x10 for the effective multiplication factor. An

increase of 2 % of the capture width gives a decrease of 105x10 for the

effective multiplication factor.

As the physicist wants to perform his reactor calculation with an

uncertainty lower than the 200x10" experimental error bars, we can conclude

from the above calculation that we must know the resonance parameters with

an accuracy better than 3 %. It is not yet the case and new differential

measurements would be very useful to improve the knowledge of the 1.056 eV

resonance of plutonium 240. If we do not use the plutonium recycle the

required accuracy can be lower than 3%. For the calculation of the irradiated

fuel isotopic composition the required accuracy is the same as for plutonium

recycle.

,-5

IV. CONCLUSION

From the above sensitivity studies, we can infer two conclusions.

First, it is necessary to know the resonance parameters of uranium 238, and

specially the radiative width, with an uncertainty lower than the difference

between ENDF/B4 and the new recommended values. An accuracy of 1 meV on r is

required for the reactor physicist purposes. It seems to be the case with the

new experimental results. Moreover we obtain with these evaluations a very

good interpretation of integral experiments, so the absolute values of the

parameters are satisfactory. We can consider that it does not remain a dis-

crepancy for the uranium 238 resonances as a whole.

Secondly, we have not a so satisfactory situation for plutonium 240.

In this case we also need an accuracy of 1 meV for the 1.056 eV resonance

radiation width, for plutonium recycle and isotopic composition calculations.

It is not yet the case because the uncertainty is about 3 meV. For the neu-

tron width we require an uncertainty of 3 %. This is better than the 6 % which

are now obtained. A comparison between isotopic composition of irradiated

fuel calculations and measurements indicates that the radiative width of the

1.056 eV resonance is about 2 meV too large, new differential measurements

are necessary to improve the knowledge of piutonium 240.

REFERENCES

[1] A. KAVENOKY

"Mathematical Models and Computationnal Techniques for Analysis

of Nuclear System"

ANN ARBOR - CONF 730414, I, 95 (1973)

[2] H. TELLIER and M. GRANDOTTO

"Advances in Reactor Physics"

GATLINBURG, CONF 780401, 17 (1978)



50 [3] G. de SAUSSURE & al.

US Report ORNL/TM 6152 (1978)

[4] M. GRANDOTTO

French Report CEA-N-1961 (1977)

[5] J.P. L'HERITEAU and P. RIBON

French Report CEA-N-1273 (1970)

Table I

Absorption Rate in the First Resonances

of Uranium 238 Relatively to the Total Resonance Absorption

Resonance

Absorption

eV

%

6

27

.67

.7

20

15

.9

.2

36

11

.7

.9

66

5.2

80

2

.7

.8

102.6
116.4
189.6

6.7

Table I I

Evaluated Resonance Parameters of Uranium 238 ( in meV)

Energy

eV

6.67 rn

rY

20.9 Fn

rY

36.7 Pn

FY

66.0 rp

rY

80.7 rn

FY

102.6 rn

FY

116.4 rn

FY

189!6 rn

FY

UKNDL 68

(1968)

1.52

26.0

8.7

26.5

31.0

27.7

23.8

24.5

2.0

21.2

65.1

25.1

24.7

22.4

146

22.9

ENDF/B3

(1972)

1.50

25.6

8.8

26.8

31.1

26.0

25.3

23.5

2.0

23.5

69.5

26.1

27.2

24.3

169

24.7

ENDF/B4

(1974)

1.50

25.6

8.8

26.8

31.1

26.0

25.3

23.5

2.0

23.5

71.0

26.0

28.3

23.5

169

24.7

SACLAY

(1978)

1.48

23.0

9.7

23.0

33.0

23.0

25.0

23.0

1.9

24.0

70.0

24.0

26.0

22.5

169

23.5

ORNL

(1978)

1.51

23.5

10.1

23.1

33.9

22.9

24.6

23.7

1.9

24.2

71.6

24.4

27.5

22.7

167

23.0



Table III Table V

Computed Values of Uranium 238 Effective Capture Resonance Integral

Between 2.76 eV and 37 keV

\ Data File
Background \
Cross Section \

(barn) \

20

50

100

250

500

1000

10000

00

UKNDL 68

13.7

19.9

27.0

41.4

57.9

81.0

—

275.8

6 = 20 °C

ENDF/B4

13.6

20.0

27.2

41.6

57.9

80.9

197.5

275.9

SACLAY

13.1

19.3

26.3

40.1

55.9

78.1

192.7

272.0

UKNDL 68

14.9

22.0

30.7

48.9

70.1

99.3

—

275.8

6 = 700 °C

ENDF/B4

14.8

22.3

31.0

49.1

70.4

99.5

220.4

275.9

SACLAY

14.4

21.6

30.0

47.7

68.3

96.7

216.2

272.0

Reactivity Effects of the Different

Uranium 238 Evaluated Data Files

10"5

e = 20 °c

e = 700 °c

keff(ENDF/B4)-keff(UK68)

- 153

- 305

keff(SACLAY)-keff(UK68)

+ 371

+ 272

-5

Table VI

Reactivity Effect in Unit 10

of a 5 % Change of r or r

Energy
(eV)

rn

rr

6.67

116

111

20.9

59

60

36.7

46

57

Table IV

Typical Parameters of a Light Water Cell

Table VII

Resonance Parameter of the

1.056 eV Resonance of Plutonium 240

51

Isotopic Composition

Pin Radius

Zircalloy can Radius

Cell Radius

U|5 = 0.03239

0.4127 cm

0.4744 cm

0.7135 cm

^ meV

y meV

UKNDL 73

2.30±0.15

32.2+2.0

ENDF/B4

2.44

29.9

ENDF/B5

2.28

33.3
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Table VIII

Typical Parameters of a Plutonium Recycle Cell

I soto pic

Pin

Composition

Radius

Stainless Stel l can Radius

Cell Radius

U235
U238

Pu240
U238

- 0

= 0

.00724

.01052

0.4435

0.4890

0.7352

Pu239
U238

Pu241

cm

cm

cm

= 0.

= 0.
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comparison with nuclear design calculations. The important energy range below
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with which cross sections are calculated from resonance formalisms. The
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I. Introduction

One of the outstanding discrepancies in power reactor design has been the
238overprediction of the U resonance capture integral in heavily-self-shielded

rods and lattices. This discrepancy, of many years standing, was summarized

by McCrossen and Hardy (1_) who concluded that calculations based on ENDF/B-IV

evaluated data (2) predicted a resonance capture integral approximately 0.6

barn larger than that measured in water-moderated lattices and isolated samples.

While this value for the discrepancy is somewhat less than estimates made a

dozen years ago (3), the associated uncertainty in U capture rate has con-

siderable impact on reactor analysis, particularly in the absence of fuel

recycle (4J.

Of the numerous experimental and calculationai aspects of the discrepancy,

attention has been focused on the possibility that it might be caused by errors
238in the U+n resonance parameters and by inaccuracies in the resonance formulae

used in calculating cross sections from these parameters (5). Self-shielded

absorption in the important low-energy neutron resonances saturates near the

resonance peaks where the integrand of the resonance integral is insensitive
238

to the U cross sections. Only where saturation diminishes in the resonance

wings at energies corresponding to practical width [6) does the resonance
238

integral become markedly sensitive to the U cross sections. An extensive

series of self-indication measurements has been carried out at RPI (7,8,9) to

determine resonance parameters and shapes in terms of an observable, the self-

indication capture yield, which resembles the integrand of the resonance integral

in the resonance wings.

The self-indication experiments consisted of time-of-flight measurements

of neutron capture in a thin U sample which was shielded by another sample

53

of the same material. The first-collision self-indication yield, expressed

later as Eq. (3), contains a factor exp [-N,o "(E)] representing the penetra-

tion of the beam flux through the shielding sample whose thickness is N-, atoms
poo

per barn; here at(E) represents the U total cross section at neutron energy

E. The neutron beam flux is essentially zero near the resonance center and is

reduced by one-half at energies E,+ such that N-i°t(Er].) equals sin ?.. In .order

to show the relationship of the self-indication measurement to resonance

integrals it is useful to consider the wide-resonance (WR) approximation which
238is often appropriate for the important low-energy U resonances (6). The

integrand of the WR resonance integral is cr (E)(Jv(E), where o_.(E) represents
C r C

the U capture cross section at energy E, and <i>p(E) is an appropriately

normalized effective flux in a sample or in the fuel region of a reactor lattice.

Self-shielding reduces the effective flux by one-half at the practical width

energies determined by setting o {£}.) equal to (Esp+re)/N2g, where Esp/N2g
 is

the scattering cross section of other nuclides in the sample or fuel region
238per U nucleus. In a rational approximation Z is (1-C)/Dr, where C is

the Dankoff factor and D f is the mean chord of the sample or fuel region. We

note that in this approximation the integrand of the resonance integral is

^sF+z*e^N28Er at the resonance energy E , quite independent of the U cross
238

section. Thus as was noted earlier the U cross sections near the centers of

strong resonances are not very important. At the centers of strong resonances

the self-indication yield blanks out, providing no cross section information

(where none is needed), but providing as we shall see, uniquely useful back-

ground information for analysis of the measurements. In the resonance wings,

however, the self-indication yield resembles the integrand of the resonance

integral when the shielding sample thickness is chosen so that the parameters

Eui. approximate E,..



CJ This requirement is met, for U02 fuel rods similar to those used in light

238
water reactor lattices, when the thickness of our U metal shielding sample

is approximately 1/8", so this is selected as the central shielding sample

thickness for our experiments. Shielding samples both thicker and thinner by

factors of two and four also were used, as was the open configuration with

zero shielding sample thickness. Thus shielding sample temperatures 77°K,

293°K, and 873°K, were employed; the first was selected to eliminate much of

the Doppler broadening, the second was selected to correspond to the important

room temperature measurements of resonance integrals in isolated samples and

critical facility fuel elements, and the third was selected to correspond to

an average temperature of a hot fuel pin in a power reactor.

II. EXPERIMENTAL METHOD

The measurements were carried out at the Gaerttner Linear Accelerator

Laboratory of Rensselaer Polytechnic Institute. The accelerator, capture tank,

and other apparatus have been described in detail (7_,l_0̂ »VL) and the description

given here is limited to special features of these measurements.

Nuetron Source

The experimental arrangement is shown in Fig. 1. A pulsed beam of

approximately 70-MeV electrons from the linear accelerator struck a water-

cooled tantalum target producing a pulse of gamma rays and photoneutrons.

The fast neutrons were moderated by a CH2 disk 18 cm in diameter by 2.54-cm

thick which was placed next to the tantalum target. This target geometry was

selected to obtain a large neutron intensity; the intensity of this arrangement

is approximately twice that obtained with the usual 135° "bounce" target

geometry (21_,]_2_). In this geometry the water-cooled tantalum target was not

completely shielded from the collimation system, and some moderated neutrons

arose from the water.

CONCRETE

,COLLIMAT!ON SrSTENK

li

CONCRETE

. SELF - INDICATION
i=- — T - _ V SAMPLE

*L iH LINER

CAPTURE DETECTOR

FLOOR PLAN
(not to scale)

MODERATORITCHN
— ) WATER COOLED To

•"-O^PHOTONEUTRON TARGET

I -LEAD SHADOW SHIELD

10 CM

NEUTRON TARGET
(to scale)

Figure 1

Experimental arrangement.

Moderated neutrons moving down the evacuated flight tubes passed through

a shielding sample at about 21 m from target and struck the capture sample.

The neutron beam was collimated to a diameter of approximately 5 cm at the

shielding sample position and approximately 6 cm at the capture detector

position. A 0.32-cm-thick lead sheet was placed in the beam to suppress the

intense flash of photons emanating from the target. In addition cadmium or

B.C filters were placed in the beam to remove thermal neutrons and to suppress

the overlapping of neutrons from successive neutron pulses.



Detectors and Electronics

The 1.25-cm-diameter liquid scintillator capture detector (10.-12.) was

used in these measurements. It consists of about 1100 liters of a xylene-

based liquid scintillator solution which is loaded with boron to suppress

background caused by neutron capture in hydrogen. The detector bias was set

to accept gamma ray energies between 3 MeV and 15 MeV. The capture sample

was placed in the center of the capture detector at a distance of 25.65 m

from the reference plane of the neutron source which is located midway between

the CH2 moderator and the target water coolant. A long annular shield of

5-cm-thick LiH was placed around the capture sample to prevent low energy

neutrons scattered by the sample from reaching the solution and to prevent low-

energy neutrons moderated in the solution from returning to the sample.

The neutron flux spectrum was measured by a B.C-Nal detector (1_L,12_)

located at 28.28 m from the source reference plane. This detector consists of

a 1.27-cm-thick slab of 91.7 w/o 1 0B 4C in the beam. Gammas from 10B(n,a 478-keV Y )

reactions in the slab were detected by two 5-cm-thick by 50.8-cm-diameter Nal

detectors located outside of the neutron beam. Neutron intensity was monitored

by a B-plastic scintillator detector located in a separate flight tube about

8 m from the neutron source.

Pulses from the capture detector and from the neutron flux detector were

timed by a 32-MHz clock interfaced to a PDP-7 computer. The computer cycled

samples in and out of the beam, started timing gates, allocated pulses to time

channels with up to four regions of time compression, and stored data from

the neutron intensity monitor. The timing gates were set to emphasize the

neutron energy range from 3,5 eV to 2.5 keV.

Samples

The thickness and enrichments of the shielding and capture samples are

listed in Table 1. The shielding samples used in these experiments were depleted

uranium metal sheets of nominal thicknesses (in inches) 1/2", 1/4", 1/8", 1/16",

and 1/32". The selection of the shielding sample thicknesses has already been

described. The capture sample thickness was selected as a compromise to obtain

high counting rate and low multiple scattering correction. The thermal expan-

sivity for uranium metal sheet depends on direction and on the mode of fabrica-

tion; thus the actual thicknesses of the shielding samples shown at 77°K and

873°K in Table 1 were determined from the measurements of Byoun {]2) with

similar samples. He measured the transmission of off-resonance neutrons as

functions of sample temperature and deduced the thermal expansivity. An

analysis carried out at the RPI Nuclear Engineering Department Mass Spectrometry

Laboratory showed that the U content of the shielding samples is 0.26+..03 atom

percent (1_3_).

An eight-position sample changer cycled the five 7.6-cm by 7.6-cm shield-

ing samples and an Open position into the neutron beam for the room temperature

measurements. A two-position sample changer cycled the 1/2", 1/8", or 1/32"

sample into and out of the neutron beam in a cryostat for the low temperature

measurements, and another two-position sample changer cycled similar samples

into and out of the neutron beam in an oven for the high-temperature measure-

ments. The cryostat Q2.) consisted of two glass dewars surrounding an isother-

mal aluminum cavity that was maintained at 77°K by a pool of liquid nitrogen.

The shielding sample moved up and down inside the cavity to cycle in and out of

the neutron beam. For the high temperature measurements the shielding sample

was mounted in an electrically heated vacuum oven (J_2). The temperature of the

55
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Table 1. Shielding and Capture Uranium Samples

Shielding Samples

Nominal Thickness ( in . ) Actual Thickness (10 atom/barn)

1/32"

1/16"

1/8"

1/4"

1/2"

77°K

3.77 + 0.01

7.40 + 0.01

15.44 + 0.02

60.65 + 0.09

293°K

3.713 +0.004

7.373 + 0.008

14.66 + 0.02

29.43 + 0.03

61.42 + 0.06

B73°K

3.64 + 0.02

14.93 + 0,10

58.66 + 0.40

235,U Content: (0.26 + 0.03)%

Capture Samples

2.320 + 0.004 2.320 + 0.004 2.475 + 0.004

235,U Content <4 ppm <4 ppm <10 ppm

midpoint of the oven was held at 873+5°K. At the end of each measurement there

was no evidence of distortion or change in oxidation of the uranium sheets.

The capture sample used for the room-temperature and low-temperature
poo

measurements consisted of highly enriched U which was kindly loaned by the

Oak Ridge National Laboratory. For the high-temperature measurement another
238capture sample of highly enriched U was prepared from the USDOE Materials

Research Collection of stable isotopes.

Data Acquisition

Two classes of measurements were carried out, one designed for investiga-

238tidn of the U resonances below 36.8 eV and another for investigation of

higher energies up to about 2.5 keV. For the low-energy measurement the 0.16-

cm- thick cadmium overlap filter was placed in the neutron beam, and the linear

accelerator was operated to produce 70-MeV electron pulses of 170-ns duration

at a repetition rate of 300 Hz; the average power on target was 6 kw. For the

high energy measurement the boron-carbide overlap filter was used, and the

accelerator was operated with the same electron energy and pulse width but with

a repetition rate of 500 Hz.

The self-indication data were obtained by cycling the shielding samples

in and out of the neutron beam. A cycle time of 15 to 30 minutes was used and

data were typically collected in a run that extended over a 4 to 8 hour period

in order to average out the effects of neutron source intensity fluctuations.

A comparison, at the end of each run, of the recorded neutron monitor counts

and the cycle times for each sample position showed that intensity fluctuations

averaged to less than 1%. Several runs were made for the same conditions and

agreement between runs was within statistics. The neutron flux was measured



with the B^C-Nal detector by cycling an Open, a 1/32" and a 1/16" uranium

sample into the beam. The two uranium samples provided the background in the

vicinity of the blanked-out resonances.

Self-Indication Capture Yield

The self-indication capture yield is defined here as the number of

neutrons penetrating the shielding sample and being captured in the capture

sample per neutron in the incident beam directed toward the capture sample.

Because of multiple scattering, resolution broadening, and other effects, the

defined quantity differs somewhat from the measured. It is useful to intro-

duce the measured self-indication capture yield for channel i,

V

where C. is the dead-time-corrected count in time channel i, B^ is the back-

ground count in channel i, $. is the relative neutron fluence in channel i

averaged over the surface of the capture sample, n is the capture detector

efficiency, and k is defined so that k$^ is the actual integrated neutron

fluence. The product (r,k) is determined from experiment. The detector

electronics deadtime was about 1 vis, and deadtime corrections were less than

a few percent for all the self-indication data.

The determination of background, particularly time-dependent background,

is a significant feature of resonance measurements. In this experiment, The

background below 50 eV was determined from the counting rate observed between

the resonances, where the capture counting rate was very small compared to

background, and from the counting rate in the blanked-out regions at resonance

[Centers when the shielding samples were in the beam. The observation of

these three background points per resonance, at the blanked-out center and in

the distant wings of each resonance, makes the self-indication technique

uniquely useful in characterizing time-dependent background. For the Open

sample data there were no blanked-out regions, so the background at resonance

was obtained by extrapolating the shieided-sampie backgrounds to a shielding

sample of 2ero thickness. The Open sample background at the 6.67, 20.9 and

36.8 eV resonances was determined to be 1.3+0.5 percent of the counting rate

at resonance. For the energy region above 50 eV, there was no blanked-out region

at the resonance centers, so the background was obtained from the counting rate

between resonances. In this energy region, the background at resonance was as-

sumed to have the same relative variation with shielding sample thickness as

was observed for the 20.9- and 36.8-eV resonances. The channel-by-channel back-

ground was determined in all cases by linear interpolation in time-of-flight

between the measured or inferred values in the wings and at the resonance cen-

ter; this is referred to as the triangular background model.

The relative neutron fluence <J>. was obtained from the B^C-Nal measure-

ment. The relative detector efficiency was calculated from ENDF/B-IV cross

sections for boron and carbon, taking into account neutron and gamma-ray

multiple scattering in the 10B4C slab. Below the 100 eV the 10B4C slab absorbs

nearly all of the incident neutrons so that the detector efficiency is effec-

tively constant.

The normalization constant nk was obtained from the saturated capture

in the Open sample at the center of the 6.67-eV resonance. The Cd-filtered data

associated with the 293°K shielding samples were used for the normalization,

and all other data sets were normalized to this saturated capture. The 6.67-eV

capture yield was determined from a multilevel first collision calculation



58 using ENDF/B-IV resonance parameters, and from a single-level Monte Carlo

multiple scattering calculation. The calculated saturated yield was 0.935,

of which only about 4% was the result of multiple scattering. The resonance

parameters determined from the present measurements lead to a calculated

saturated yield of 0.983, within the estimated error of the assumed value. For

the 77°K data the neutron flux was normalized in the vicinity of each resonance

and for each shielding sample by integrating over the relative Open yield

measured during cycling of the shielding samples and by setting this integral

equal to the corresponding integral obtained with the 293°K Cd-filter data.

For the 873°K Cd filter data Monte Carlo calculations were carried out with

ENDF/B-IV data to correct for the slight difference in the capture sample

thicknesses used in the 293°K Cd-filter data and the 873°K data; then a normaliza-

tion similar to that used for the 77°K data was applied. The neutron fluxes

for the B4C-filter data at 293°K were normalized to the 293°K Cd-filter flux

value. The relative yield for the Open sample position was integrated over

the 36.8-eV resonance for the B.C-filter data, and this integral was set equal

to the 36.8-eV integrated capture yield obtained with the Cd filter. Finally,

the 77°K and 873°K B4C data were normalized to the 293°K B4C data.

III. Experimental Results

Measured Capture Yields

Complete time-of-flight data were obtained for a number of combinations

of six shielding sample thicknesses, B.C or Cd neutron-beam filters, and

shielding sample temperatures of 77°K, 293°K, or 873°K. The experimental

data, reduced to measured self-indication capture yields according to Eq. (1),

are shown in Figs. 2 to 4 for times-of-flight near the important 6.67-eV,

20.9-eV and 36.8-eV s-wave resonances. Errors in these data were combined

from statistical counting errors for the capture, flux detector, and background

data, from errors in calculating the saturated Open capture yield at the

6.67-eV resonance as well as the energy variation of the B.C-Nal (relative)

fluence detector, and from uncertainties in estimating the time-dependent

component of the background. The data shown in these figures are of various

accuracies. The Open data, for which the counting rates were highest, had count-

ing rates at the peaks of the three lowest-energy resonances that were more

than 50 times the rates obtained between resonances. The counting statistical

uncertainties near these peaks generally were lower than \% per channel. On

the other hand, for the 1/2" shielding sample the signal-to-background ratio

on the high-energy side of the resonances was as small as 1:5 near the peak of

the self-indication capture yield and correspondingly the statistical counting

uncertainties were much worse. The 293°K data had the best statistical accuracy

because these data were obtained over a longer period of time and because it

was possible to use a larger neutron intensity resulting from a collimation

system of larger area.

At resonance the data are characterized by saturated interaction in the

Open sample position for the three lowest-energy levels. The shielding

samples remove neutrons near the resonance energies, and there are progressively

wider blanked-out regions as the shielding sample thickness and temperature

increase. For the three low-energy resonances the blanked-out region separates

the high-energy (left) and low-energy (right) peaks in the self-indication cap-

ture yield. For the 6.67-eV resonance in Fig. 2 the height of the right peak

is generally larger than that of the left peak, and this becomes more pronounced

as the thickness of the shielding sample increases. Only for the 873°K data

with the 1/32" shielding sample is the left peak higher. For the 20.9- and
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Figure 2. Capture yield vs. time-of-flight channel number near the 6.67-eV
resonance. The nominal sample thickness and temperatures refer to
the shielding sample.
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Figure 3 . .Capture Yield Vs. T1me-of-Fl1ght Channel Number Near the 20.9-eV
Resonance. The Nominal Sample Thicknesses and Temperatures Refer to the Shielding
Sample.
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Figure 4. Capture Yield Vs. Time-of-Flight Channel Number Near the 36.8-eV
Resonance. The Nominal Sample Thicknesses and Temperatures Refer to the
Shielding Sample.

36.8-eV resonances in Figs. 3 and 4 the left peak is higher than the right peak

for the 873°K, 1/32" shielding sample; for the 36.8-eV resonance this is so even

for the 273°K, 1/32" data. This pattern is a result of the combined effect of

Doppler broadening and the fact that the neutron width changes from about 5»

of the total width at 6.67 eV to about 25% at 20.9 eV and 55% at 36.8 eV.

Figures 2 through 4 indicate that the left-right asymmetry increases more

rapidly with increasing sample thickness for resonances with larger neutron

widths and hence larger resonance-potential scattering interference.

Summed Capture Yields

The primary purpose of this experiment was to clarify the resonance

capture integral of U in heavily-self-shielded configurations. Area

analyses are useful for this purpose and were carried out for all levels

below 100 eV. Selected shape analyses were made as well.

The self-indication capture yield sunned over all channels near a

resonance is related to neutron capture under similar conditions of self-

shielding in a reactor lattice, as was noted in the Introduction. Thus in

the present analysis the Summed Capture Yields (SCY)

i=b
SCY « I Yi (2)

summed over time-of-flight channels a through b near a resonance were determined

from the measurements for comparison with theoretical predictions. The sum of

self-indication capture yields over the whole resonance is appropriate for

Open sample data. For the self-shielded samples, however, the blanked-out

region at the center of the resonance provides a well-defined left area and

right area. This is useful not only in determining background, but in addition



the effects of multiple scattering are highly asymmetric and are appreciable

only on the left (high energy) side of the resonance. Erroneous multiple

scattering corrections would be expected to reveal themselves when the left

and right SCY sums are analyzed separately. In addition, the increasing

left-right asymmetry with thicker shielding samples makes the statistical

accuracy of the areas under the left peaks considerably poorer than the accuracy

of the right areas. Thus it is useful to sum the self-indication capture

yields separately over the left and right peak regions when there is a well-

defined division between the two peaks. This occurs for all shielding samples,

except for the Open, for the three lowest-energy resonances. However, for all

the Open sample positions and for the 1/32" and 1/16" shielding samples for

the 66.1- and 80.7-eV resonances it was not possible to separate the left and

right areas, so the sum was taken over the full resonance.

The same channel limits were used for all the SCYs for a given resonance.

The data for the 1/8" shielding sample at 293°K were selected as being represen-

tative, and the channel summation limits were selected so that approximately

90% of the area under the 1/8" shielding sample yield curve was included. The

channel numbers of these summation limits (these are required for testing

nuclear engineering calculations against the measurements), the corresponding

neutron energies, and the channel widths are listed in Table 2. The subscripts

L and R represent respectively the left and right channel boundaries of the

summation, and the subscript o denotes the center of each resonance. The

experimental SCY areas are listed in Table 3 for the channel limits of Table 2.

Here the left area L was summed from channels i, through i and the right

area R was summed from channels (i +1) through iD. The experimental
O K

uncertainty for each area is given in percent and is shown in parentheses next

61 to the area. It represents one standard deviation and is the uncertainty derived

only from the counting statistics and from the estimated systematic error in

the background. Systematic uncertainties such as those in relative neutron

flux and in the product of efficiency times flux normalization are not included

as they are common to all the SCY data and thus are not independent.

The uncertainties listed in Table 3 were determined by combining the

channel-by-channel uncertainties noted earlier; they range from as little as

0.8% for the 1/32", 293°K sample data to as large as several tens of percent

for the left areas of the 1/2" shielding samples. The larger uncertainties

resulted from low signal-to-background ratio in the capture counts on the high

energy side of heavily self-shielded capture samples, where the effect of con-

structive interference resulted in a very low neutron transmission. The 3 to

4% uncertainties shown for the Open data (summed over the whole resonance) are

considerably larger than the uncertainties for the 1/32", 1/16" and 1/8" cases

for the 293"K data even though the Open data had considerably more counts under

the integral. However, the Open data did not have a blanked-out region near

E for use in determining the time-dependent background, so as was noted earlier

it was necessary to determine the Open background by extrapolation of shielded-

satnple data, thus leading to the relatively large uncertainties.

Table 2- Channel and Energy Limits of Integration for
Summed Capture Yields

h
4677

3200

2444

1878

1726

ChanneI

\

4868

3332

2533

1912

1739

Number

5105

3495

2639

1954

1754

Neutron
EL(eV)

7.656

22.71

39.64

68.62

81.94

E

6

20

36

66

80

Energy

0(eV)

.670

.90

.79

.09

.66

ER(eV)

5.690

18.94

33.78

63.15

79.21

Channel Width
t Us)

0.250

0.125

0.125

0.125

0.125
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Table 3. Experimental Summed Self-Indication Capture Yields (SCY).
Percent Uncertainties are Shown in Parentheses.

Nominal Thickness of Shielding Sample

E0(eV)

6.67

20.9

36.8

66.1

80.7

Temp.

77°K

293°K

873°K

77°K

293°K

873°K

77°K

293°K

873°K

77°K

293°K

873°K
77°
77 K

293°K

873°K

Open

70.99(3.0)

38.35(4.3)

20.57(3.6)

6.554(2.2)

1.742(2.3)

Region

L
R

L
R
L
R

L
R
L
R

L
R

L
R

R
L
R

L+R
L+R
L+R

L+R

L+R
L+R

1/32"

9.17(3.3)
11.46(3.2)

8.04(0.8)
9.78(0.8)

6.20(1.0)
7.66(1.3)
5.43(3.1)
5.96(3.6)

4.55(0.8)
4.71(1.0)

3.50(1.0)
3.49(1.3)

2.82(3.5)
2.75(4.3)

2,58(0.9)
2.36(1.2)

2.23(1.0)
1.88(1.5)

1.426(2.2)

.987(3.6)

.959(1.2)
1.140(1.2)

1/16"

5.54(1.0)
7.28(1.0)

3.07(1.0)
3.68(1.0)

1.51(1.2)
1,81(1.2)

1.415(4.0)

1.038(3.0)

.675(2.8)

.575(1.9)

1/8"

3.52(3.6)
5.27(3,0)
3.34(1.5)
4.92(1.3)
3.00(2.4)
4.54(2.0)

1.80(2.7)
•2.89(2.4)

1.73(3.1)
2.65(1.2)

1.59(2.8)
2.42(1.7)
.743(3.7)

1.37 (2.5)

.784(1.8)
1.35 (1.3)

.766(2.3)
1.27 (1.7)

.753(3.7)

.556(6.3)

.293(4.9)

.293(4.0)

1/4"

1.67(2.7)
2.97(2.1)

.799(2.7)
1.81 (1.5)

.294(4,1)

.931(1.6)

.461(5.4)

.136(6.0)

1

1

1

1

1

1/2"

.665(21. )

.595( 5.9)

.40 ( 4.0)

.589(10. )

.49 ( 5.6)

.272(18. )

.12 ( 5.9)

.247( 7.3)

.03 ( 2.3)

.288(12. )

.04 ( 3.4)

.065(37. )

.632( 5.0)

.067(15. )

.578(21. )

.047(30. )

.595( 3.0)

.252( 8.7)

.062(11. )



IV. ANALYSIS

The self-indication measurements were analyzed by means of a model that

included an accurate but practical multilevel cross section calculation,

Doppler broadening calculations using an effective temperature, Monte Carlo

calculations of multiple scattering in the capture sample, calculations of

capture gamma ray attenuation in the capture sample, and resolution broadening

based on shape analysis as well as on properties of the target and moderator.

The first-collision capture yield Y. for neutrons in the time-of-flight

channel i is

Yi
Yi =

(3)

Here, as was noted in the Introduction, at(Ei,T,) is the total cross section

of U at the neutron energy E^ corresponding to time-of-flight channel i and

at the temperature T, of the shielding sample, while r̂  is the thickness of

the shielding sample in atoms per barn. Similarly at(E.j,T2) and ^(E-jJ?)

represent the total and capture cross sections at neutron energy E^ but at the

temperature T« of the capture sample, and N 2 is the thickness of the capture

sample. The components of Y^ and the successively applied corrections are

discussed in turn.

Doppler Broadened Cross Sections

The resonance parameters determined from these measurements are to be

used by engineering groups for nuclear calculations which must be sufficiently

rapid as well as sufficiently accurate. The Wigner-Eisenbud (WE) formalish (J_4)

sets the standard of accuracy; but it requires matrix inversion, its Doppler

broadening requires kernel integration, and it is parameterized by numerous

Largely unknown partial channel widths. At the other extreme, sums of single

level (SSL) formulae, which are rapidly calculated and are Doppler broadened by

the ty and X functions (C),are widely used in nuclear engineering but are

significantly in error for U. (j>,l_5) Here we use a cross section representa-

tion which has been shown to be rapid and accurate. (ATJ5) At each neutron

energy (E) a dominant resonance R is selected for each interfering sequence
238

of levels in U+n having the same spin J and parity n. The scattering cross

section at neutron energy E for temperature T then is calculated as,

an_(E,T) = S I -jj-g [S2 + sf+
 Rn

2
 R" 1 R

and the capture cross section is,

3S/ (4)

(E,T) = r r 4 9j [-fL^I4'(e,x) + z r r
rn ry(Er-E)

4+r;/4
(5)

Here Er> rr(E), r r n(E), and r represent the laboratory system energy, total

width, neutron width, and capture width for level r, while k (E) is the neutron

wave number, and gj is the statistical weight. (§_,7) Several hundred s-wave

(Jt=O) and p-wave (£=1) levels were used in the summations for U+n. Positive

energy level data outside the energy range of analysis were taken from the

ENDF/B file. The functions S-,(E) and Sp(E) represent non-Doppler-broadened but

interfering contributions from explicit levels other than the dominant level,

63

S1 = 2

S2 = 2 + z
rrn(E"Er)

(6)

(7)



64 The energy dependences of the functions <j>̂  and the level parameters were taken

from Ref. 14. Contributions from very distant levels are included in the

effective scattering lengths used to calculate $n (14_.17_).

The function S2(E) is odd in E-E , and the scattering cross section is

erroneously calculated at low energies unless appropriate negative energy

levels are present to balance the positive energy contributions (7_). Negative

energy levels, not present in the ENDF/B-IV files, were supplied by a picket

fence of levels at E,-lD, E,-2U, etc, where for p-waves E-j is the energy of

the first positive energy level, and Q is the average level spacing. For s-waves

E, is the energy of the first negative level which was chosen to maintain any

(0.0253 eV) at 2.70 b. The average capture width and reduced neutron widths

T /|E 1 ' used for the negative energy levels are listed in Table 4. The

ENDF/B file includes 192 positive energy s-wave levels and 210 p-wave levels,

so balancing (around E) numbers of negative energy levels were supplied in

each case. Numerical experimentation has shown that for convergence to 1 part

in 2000 only about 30 or fewer levels on each side are actually required; in

this case the computer time for cross section calculation decreased by about a

factor of five. The radiative width rf employed in these expressions is the

sum over the partial widths for all radiative channels. This approximation

has been shown to lead to cross sections which are at least in the envelope of

cross sections calculated from WE for reasonable alternative sets of partial

widths (7,16).

Doppler broadening was carried out using the ij>(8,x) and x(6,x) functions (§_),

where

s-wave
-11.0 8V

17.0 eV

0.023 eV
l.lxlO"4

p-wave
-1.51 eV

11.73 eV

0.0235 eV
1.03x10-4

e = rr(E).

x = 2(E-Er)/rr(E)

(8)

(9)

Table 4. Parameters of Negative-Energy Levels

Energy of First Negative-Energy Level

Negative-Energy Level Spacing

Radiation Width

Nuetron Strength Function

Multiple Scattering

Multiple scattering of neutrons in the capture sample produced a significant

correction on the left-hand, low time-of-flight, high-energy side of a resonance.

A neutron with energy slightly higher than the resonance energy can have its

energy reduced after scattering to an energy near resonance where there is a

high probability of capture and subsequent detection of the resulting gamma

ray. For opposite reasons there is little multiple scattering correction on

the low-energy side of the resonance.

The Monte Carlo code of Sullivan et al. (2(3) was used to determine

multiple scattering corrections. These were large at energies larger than

resonant, e.g., up to (63+2)* at 21.2 eV just above the 20.9-ev resonance. Below

the resonances the multiple scattering corrections were very small, eg, at

20.6 ev the correction was (1+0.5)% (7_). The multiple scattering correction is

channel-dependent and even after running large numbers of neutron histories

there remained appreciable sampling uncertainties as well as uncertainties in

interpolating to find the correction for a particular channel from the more

broadly-binned Monte Carlo results. These uncertainties were estimated to be

appreciably larger than those arising from the use of single-level cross section

treatment in the Monte Carlo code (20j. In later sections the calculated and

measured SCY areas are analyzed separately for the high- and low-energy values



of the summed capture yields. No discrepancies were found within experimental

uncertainties, which were relatively large for the high-energy areas. The

shape analyses to be discussed later indicated deficiencies in the detailed,

channel-by-channel multiple scattering but because these did not affect the

final reported results they were ignored.

Gamma Ray Attenuation in the Capture Sample

The combination of low binding energy and high multiplicity leads to a

relatively soft U+n capture gamma-ray spectrum. As a result a significant

number of the capture gamma-rays are absorbed in the capture sample, and the

gamma-ray escape probability depends on the location of the neutron captures

in the sample. This leads to a change in the detection efficiency of the cap-

ture tank as the capture process changes from surface capture near the peak of

a resonance to volume capture in the resonance wings.

An auxiliary measurement was carried out with a thin U foil (about 1/3

as thick as the capture sample) and lead foils which together approximated

the total gamma-ray absorption of the capture sample. Capture measurements

were carried out with the thin U foil on the front surface of a uranium-

238
lead sandwich, with the U foil in the middle of the sandwich, and with the

238

U foil approximately two thirds of the way through the assembly. The

variation in the relative capture gamma detection efficiency with depth in

the capture sample was approximated by a one-parameter expression symmetric

around the sample center,

Vz) = ]-c I ° - h • (12)

Here Z is the depth (atoms/barn) in the sample along the direction of the

neutron beam, N 2 is the thickness of the sample, and C is a parameter fitted

to the auxiliary measurements, C was found to be 0.205. Thus the detection

efficiency, relative to that on the surface of the capture sample, varies from

unity on the surface to 0.949 in the center. It was assumed that the spatial

distribution of the capture gamma ray source in the capture sample is that of

the first collision neutron capture events. Thus, the relative efficiency n_(E)

for incident neutron energy E, averaged over the thickness of the sample,was

computed as

n.(E) =
9 N9

/ i

o

N? -a . (E,T?JZ
/ Ze nt 2 a(E,T2)[l-C (Z/N2)(l-Z/N2)]dZ

(13)

The relative efficiency n(E) was found to vary from unity at 6.67 eV, where
9

capture is nearly all at the front surface of the sample, to 0.966 for the

volume capture in the resonance wings.

Resolution Broadening

The final calculated yield for channel j was determined from the resolu-

tion broadened expression,

j-hn
(14)

Here Y. is the first collision capture yield calculated from Eq. (3),

(M/F). is the multiple scattering correction (multiple scattering component

relative to the forced first collision component), and TL is the gamma-ray
y

escape correction from Eq. (13) evaluated at the midpoint energy of the

channel. The resolution function R.. was computed as the sum of two Gaussian

distributions. The separation, widths, and magnitudes of the Gaussians were



66 determined from the physical separation and dimensions of the CH2 and target

coolant moderators used in the experiment (7j. Shape analyses of the

higher energy resonances were used to make small modifications in the

Gaussian parameters (2»j>).

V. Results and Discussion

Comparison with ENDF/B-IV

Experimental capture yields near the 6.67-eV resonance are compared with

ENDF/B-IV calculations in Fig. 5 for shielding samples at 293°K. Here ENDF/B-IV

parameters were used with the multilevel formulae noted earlier. The calculated

capture yields for the thinner samples are generally higher than are the

experimental values, expecially in the vicinity of the left- and right-peaks

and on the outer extremities of both peaks. Only on the rapidly-varying inner

sides of the peaks are the calculated and measured values in better agreement,

but here minor effects such as inexact resonance energies and resolution broaden-

ing can complicate the comparison of calculations and measurements. Similar

results were found for other resonances and for other sample temperatures (7_).

Single-level calculations were shown to be similarly discrepant with the

measured values (7). The discrepancy between the ENDF/B-IV calculations and

the measurements was observed to be in the same direction and of comparable

magnitude to that indicated by the resonance integral measurements noted earlier.

This suggested that at least part of the problem might lie in the values of

the ENDF/B-IV resonance parameters and that these experiments could lead to a

set of resonance parameters more appropriate for self-shielded capture applica-

tions.

Area Analysis

Summed Capture Yields (SCY) were calculated for each left-, right-, or

total area for which a measured SCY is listed in Table 3. The channel limits

noted in Table 2 were employed, and the calculations were carried out as

described in Section IV. A reference set of SCY values were calculated based

on multilevel cross sections using ENDF/B-IV resonance parameters, and for each

resonance two other sets of SCY values were calculated using neutron widths

0.2 r—

URANIUM 238
- 6.67 eV

— Experiment
1/32 '*•*' Multilevel

ENDF/B-IE

4700 4800 4900 5000 5100

CHANNEL NUMBER

Figure 5.

Comparison Near the 6.67-eV Resonance of the Experimental Capture Yield Data
and a Multilevel Calculation Using ENDF/B-IV Data. The Experimental Curves are
Labeled with the Nominal Thickness (in Inches) of the Shielding Sample at 293°K.



less 10% or using radiation widths less 10%. The three calculated values

of SCY for each case provided sensitivity coefficient (rn/SCY)ASCY/Arn and

(r/SCY)ASCY/ar for that case; e.g., for the left-area at the 6.67-eV level

and for the 1/8" sample at 293°K, these sensitivity coefficients were +0.18

and +0.39, respectively. A complex pattern of sensitivity coefficients

resulted, with most being positive but becoming less positive and even

negative for thicker shielding samples.

These sensitivity coefficients were used in least squares fits to

determine improved resonance parameters for the s-wave levels below 100 eV.

The fits were highly overdetermined. Only two parameters, r and r , were

fitted for each level, and considering left- and right- areas and various

thicknesses and temperatures of the shielding samples, the numbers of SCY

values fitted for the 6.67-eV, 20.90-eV, 36.80-eV, 66.15-eV, and 80.74-eV

levels were 23, 23, 23, 9 and 9, respectively. The fitted resonance param-

eters and their uncertainties are listed in Table 5. The overall goodness of

fit was examined by the chi-squared test; the probabilities that chi-squared

for the 6.67-eV, 20.9-eV, 36.8-eV, 66.15-eV and 80.74-eV levels can exceed the

values obtained for the fits of Table 5 were 30%, 3%, 6%, 65%, and 85%, res-

pectively. Substantial parts of the somewhat large chi-squared values for

the 20.9-eV and 36.8-eV levels arose from the 873°K data for the l/8"-thick

samples. If these cases are eliminated the fitted resonance parameters do

not change within their uncertainties, but the associated probabilities become

60%, 68%, 30%, 63%, and 83%, respectively. It is possible that the sample

changer was slightly out of alignment for the 1/8" sample in the oven. These

goodness-of-fit results suggest both that the uncertainty determinations are

reasonable and that measurements and calculations are in accord for the area

67 analyses.

Shape Analysis

Calculated self-indication capture yields are compared with measured

channel-by-channel values in Figs. 6, 7 and 9 for the 6.67 eV, 20.9 eV, and

36.8 eV levels. These calculations utilized the RPI resonance parameters

listed in Table 5 together with the analysis methods described in Section

IV. The calculated and measured shapes are evidently in good agreement for

the 6.67-eV level on both sides and for the other two-levels on the right-

hand (negligible multiple scattering) side. For these cases least squares

fits of calculated shapes to the observed shapes yielded values of r and r

which were within one standard error of the results from area analyses (9_).

Hence the RPI resonance parameters of Table 5, which are basically those

inferred from the area analysis, are confirmed by the shape analysis.

The calculated self-indication yields exceed the observed values near

the left-hand peaks for the 20.9-eV and 36.8-eV levels and fall below them

at other energies so that the left-hand SCY areas are not greatly affected.

The discrepancies are within the uncertainties of the relatively large

multiple scattering corrections, so shape analyses of rn and r were not carried

out for these cases.

Comparison with Other Results

The least-squares-fitted resonance parameters from this experiment are

compared in Table 5 with the evaluated parameters from ENDF/B-IV (2_) and

ENDF/B-V (2J_) and with the experimental parameters from JAERI (22), Geel (£3,24.),

Brookhaven (25_), Oak Ridge (26), Harwell (27) and Columbia University (28).

With the exception of the neutron widths of the 20.9- and 36.8-eV resonances,

the RPI results are in good agreement with the bulk of the other experimental

results. However, the RPI neutron widths for the 20.9- and 36.5-eV resonances



68

0.2

o
LLJ

£0.1

6

0.0

_ URANIUM 238
6.67 eV

—

—

—

— #y

\
f •
* t

4 •

t .

» ; ;

• •
. *

> • " i

J \ 1/32

• i • 1/16"

• * *

i'f r*'*w^'-

—

1/8"
y

Experiment
Multilevel

1/2"

o.2T EXPERIMENTALS CALCULATED YIELDS 20.9 eV CASE

4700 4800 4900 5000
CHANNEL NUMBER

5100 3201

— Experimental

•••• Calculated

3300 Channel Number 3400 3500

Figure 6

Comparison of experimental and calculated capture yields for the 6.67-eV resonance.

Figure 7

Comparison of experimental and calculated capture yields for the 20.9-eV resonance.
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Figure 8

Comparison of experimental and calculated capture yields for the 36.8-eV resonance.

are about 8% lower than the average neutron widths determined from the other

measurements. This represents a difference of the order of 4 to 5 standard

deviations. The neutron widths for these two resonances are relatively

69 large, and it is possible that the 8% discrepancy results from intrinsic

differences between the self-indication measurement and the bulk of the other,

predominantly transmission, measurements. The self-indication parameters are

more strongly influenced by the thinner samples (up to about 1/8" thick) placed

in the beam, while the transmission parameters are strongly influenced by

thicker transmission samples. Thus self-indication measurements for resonances

with large neutron widths are less dependent upon interference effects and

therefore are less dependent on the selection of the potential scattering

radius R' and on the parameters of nearby strong resonances. The weighted-

average radiation width for all five resonances is 23.56 j^O.ll meV from the

RPI measurements and is 23.27 +, 0.14 meV from all the other measurements, where

the individual radiation widths were weighted by the inverse squares of the

quoted experimental errors.

Uncertainty in Capture Cross Section Between Resonances

These measurements have determined the neutron and radiation widths

of the five lowest-energy s-wave resonances in U, and from these values and

the parameters of neighboring resonances, the neutron scattering and capture

cross sections can be determined from Eqs. (4) and (5). However, the approxima-

tions used to derive the sums-of-single-level (SSL) capture cross section

expression, Eq. (5), require that the effects of interference among the partial

radiation channels average out to zero. This assumption cannot be completely

accurate and to test it we have compared Wigner-Eisenbud and SSL calculations

(16). The partial width parameters r for resonance r and channel c were

stochastically selected from normal distributions (29.) with means zero and

with equal variances or with variances proportional to El radiative transition
2*30

probabilities from the neutron binding energy to available levels in U*.



70 Table 5. D+n Resonance Parameters

Reference

RPI

EN0F/B-1V (£)

ENOF/B-V (21)

Nakajima (22)

Staveioz et al. (23)

Poortmans et al. (24)

Llou and Chrien (25)

01 sen et a1. (26)

Haste and Moxon (27)

Rahn et al. (28)

E o • «•»

rn(meV)

1.51+0.05

1.50

1.50

1.50+0.01

1.50+0.03

1.48+0.032

1.507+0.008

1.52+0.05

eV

rY(neV)

22.36+0.66

25.6

22.53

24.2+0.8

24.2+0.6

21.8+1.0

23.0+0.8

23.54+0.53

Eo * 20-

rn(mev)

9.39+0.16

8.8

10.12

10.09+0.68

10.20+0.10

9.86+0.5

10.16+0.21

10.17+0.10

8.5+0.8

90 eV

rT(meV)

23.76+0.31

26.8

23.07

23.2+0.6

23.5+1.5

22.8+0.8

22.44+0.43

22.0+3.0

E
o " 36-

rB(-e»)

31.47+0.13

31.1

33.91

33.85+0.73

34.1+0.5

33.3+1.2

33.76+0.7

34.41+0.41

38.0+2.0

80 eV

rY(«W

23.55+0.13

26.1

22.92

22.9+0.3

23.6+2.0

22.9+0.8

24.03+0.87

23.0+2.0

E o - 6 6

rn(neV)

27.54+1.84

25.3

24.61

25.42+0.81

23.9+0.8

25.6+1.8

24.37+0.53

25.64+0.66

26.0+2.0

.1 CV

r,{meV)

23.34+0.56

23.5

23.69

24.0+0.4

22.2+2.0

23.2+0.8

23.46+0.50

21.0+2.0

Eo ' «>•!

rn(neV)

1.92+0.05

2.0

1.907

2.24+0.18

1.81+O.08

2.16+0.18

1.823+0.046

1.794+0.058

1.71+0.18

1 eV

rT(meV)

25.60+0.94

23.5

24.17

23.7+2.5

24.3+1.3

Figure 9 illustrates typical results for SSL calculations compared with, five

sets of Wigner-Eisenbud calculations assuming 40 equally probable radiation

channels. In the cross section valleys between resonances the Wigner-Eisenbud

values form an envelope about 0.1 barn wide, and this includes the SSL result.

When 800 radiation channels are used the envelope is only about 0.02 barn wide

and again includes the SSL result. Wasson et al. (30) have measured partial
238

capture cross sections for U+n for relatively strong gamma rays, but their

partial radiation widths only add up to 4% to 8% of the total radiative strengths

for the five low-energy levels. When we include their values for rj/ 2
t h

envelopes of the results are largely unchanged.

An effective number of radiation channels can be inferred from the fluctua-

tions in radiation widths from level to level. If the channels are taken to be of

equal partial widths then r , the sum of (r ) over the effective radiative

channels c, is distributed as chi-squared. The measured RPI values for radia-

tion width have little fluctuation from level to level, and from these data

the inferred number of effective radiation channels v/as found to be~800.

Poortmans et al. (24) similarly inferred from their measurements a large value,

1250, for the effective number of radiation channels.

Combining these results it is concluded that the practice of calculating

the capture cross section between resonances from measurements made essentially

at the resonance, and without direct measurements of the off-resonant cross

sections, may not be adequate for highly self-shielded applications. An

uncertainty of 0.1 barn, if present over several lethargy units, could give

rise to an appreciable uncertainty in the self-shielded resonance integral.
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Figure 9. Capture cross sections from Sums-of-Single-Level (SSL)
and Wigner-Eisenbud expressions. Case 1-5 are for five distinct
sets of stochastically-selected partial widths for 40 radiation
channels.

The relatively large numbers of effective radiation channels inferred from

our measurements and those of Poortmans et al. (24J, together with asymmetries

observed in the interference effects (for example those displayed in Fig. 9),

suggest but do not demonstrate that the uncertainty is marginal. It seems

doubtful that capture spectrum measurements will resolve the issue because of

the relatively small fraction of the radiation width resolved by Wasson et al.

(31). Probably low-background direct measurements are required.

Engineering Implications
238The RPI set of U multilevel resonance parameters consists of (i) the

neutron and radiation widths listed in Table 5 for the five lowest-energy s-

wave resonances, (ii) a picket fence set of negative-energy levels which have

constant radiation width and for which the first level has zero reduced neutron

width, the second level has 58.8% of the average reduced neutron width, and

all other levels have the average reduced neutron width, and (iii) ENDF/B

parameters for all remaining s- and p-wave resonances. This set of parameters

fits the self-indication data obtained in this experiment and reproduces the

thermal capture cross section of 2.70 b.

For LWR systems a major concern is the prediction of the heavily-self-
238shielded U capture resonance integral. Resonance integrals were calculated

with these parameters over the energy range from 5-eV to 101.3 eV for an

infinitely dilute system, a TRX-1 isolated metal rod, a TRX-1 lattice (1_),

a typical PWR isolated rod, and a typical PWR lattice. The PWR calculations

was made at middle of exposure. The results are listed in Table 6 where Al,

the change in the resonance integral between the RPI parameter set and the base

ENDF/B-IV parameter set, is presented for the five systems. The TRX-1 and

PWR calculations were carried out with the multi-region slowing-down program
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Table 6. Comparison of Resonance Integrals Calculated with RPI and

ENDF/B-IV Parameters.

E Energy
Range

(eV) (eV) M

6.67 5.0-14.0 -0.230

20.9 14.0-28.8 +0.996

36.8 28.8-51.5 -2.106

66.15 51.5-73.5 +0.424

80.74 73.5-101.3 -0.036

^
TR)H TRX^T PWR PWR

Isolated Lattice Isolated Lattice

-0.207 -0.185

-0.047 -0.042

-0.062 -0.055

+0.018 +0.017

+0.001 +0.001

5.0-101.3 -0.952 -0.297 -0.264

-0.326

-0.072

-0.108

+ .016

- .003

-0.493 -0.396

-0.059

-0.0S5

+0.016

-0.001

*AI = I(RPI parameters) - I(ENDF/B-IV parameters)

FASTR (7). Dancoff factors were obtained from Monte Carlo calculations. The

net change in the infinitely dilute resonance integral, AI^ , between ENDF/B-IV

and RPI parameters is only -0.95 b. This is small compared to the 275 b

infinitely dilute resonance integral (3_), and we thus conclude that the RPI

parameters do not effectively change the infinitely dilute integral. However,

for the heavily-self-shielded resonance integrals listed in columns 4 to 7 of

Table 6 the net change A l ^ ^ of -0.264 to -0.396 b represents a significant

reduction in the resonance integral. The TRX 1 isolated-rod measured resonance

integral is 15.7 b, and the ENDF/B-IV calculated resonance integral is 0.7 b

higher than the measured value. The RPI parameters reduce this difference by

0.297 b, which is in the right direction but only about half of the magnitude

to bring the calculations into agreement with the isolated rod measurements.

For the TRX-1 lattice, the resonance integral is lowered by approximately the

same fractional amount as for the TRX-1 isolated rod. For the typical middle-

of-cycle PWR isolated rod and lattice the resonance integral is lowered by

0.493band 0.396 b respectively, which is slightly larger than the changes in

the corresponding TRX-1 integrals. Uncertainties in the measured RPI resonance

parameters lead to about +.06 b uncertainties in the resonance integral

reductions for the TRX and PWR rods. In summary, the RPI set of U multi-

level resonance parameters reduces by about one-half the discrepancy between

calculated and measured resonance integrals.
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Abstract

The procedures used to obtain the resolved and unresolved resonance
parameterization of 2 3 5U and 239Pu contained in the U.S. Evaluated Nuclear
Data File ENDF/B-V are reviewed. For 2 3 5U, recommendations are made to
improve the representation by including information on resonance spins and
fission-channel vector orientations, and some preliminary results are
presented. We review evidence that it is the fission channels rather than the
spins of the resonances that lead to differences in fission mass distributions,
the number of neutrons emitted per fission, and fission kinetic energies. The
improved parameterization may thus have physics content that will prove of
interest in future applications.

I. Status of ENDF/B .

In the early years of the development of the U.S. Evaluated Nuclear Data
File, ENDF/B, the reduced R-matrix representation of resolved-resonance cross
sections of fissile nuclei was an approved alternative description. It was
never used, however, because it led to difficulties in processing the data, in
particular in the treatment of Doppler broadening. The recommended
procedurewas to use a single-level formulation to calculate symmetric
resonance poles, and to correct for possible asymmetries in the cross-section
shapes about the poles by adding a pointwise contribution from a tabulated
file (File 3 ) . Doppler broadening of the symmetric poles could be easily
carried out using Voigt profiles, and it was expected that the File-3
contribution would be small enough that the Doppler broadening could be
neglected.

This procedure worked reasonably well. For 2 3 5 U , Smith and Young1
provided a resonance evaluation below 82 eV that was approved for inclusion in'
ENDF/B-III. There was only fragmentary information available at that time on
the resonance spins, but for 2 3 5 U , with a spin of 7/2, this deficiency was
not thought to be of primary importance, and the Smith-Young evaluation was
found to give a reasonably consistent description of the total and partial
cross sections.

For 2 3 9Pu, Simpson and Simpson2 carried out a preliminary evaluation
to 300 eV for ENDF/B-III, finding that it was impossible to achieve an
internally consistent description of the measured total and partial cross
sections. Derrien3 attributed this difficulty to the fact that the
Simpson-Simpson evaluation also did not contain resonance-spin information.
The Simpson-Simpson evaluation was then revised by Smith, Kinsey, and
Garber, who found that the internal inconsistencies were not removed by an
improved spin treatment, and concluded that the problem is one of consistency
among total cross section measurements using different sample thicknesses.
The total cross section data file had been constructed as weighted averages of
total cross sections deduced from transmission measurements on several samples
of different thicknesses. This weighting procedure does not appear to treat
properly the problems associated with uncertainties in the knowledge of the
number of atoms in the,samples. When such a mixed set of total cross section
data is included in a multiple fit with both fission and capture data, the
inconsistencies in the total cross section data are revealed. In reality it
is improper to use such a total cross section file directly in a multi-cross
section fit. A better procedure would be to fit the transmission data from
all of the individual sample thicknesses, along with the partial cross
sections. However, the transmission data are usually not available in the
necessary detail.

The fit by Smith et al. was not a complete reanalysis of the data, but a
revision of the Simpson and Simpson parameters with spins assigned to the
resonances. In general the total widths were retained, with adjustments made
to the fission and capture widths to yield the ratios of capture to fission
indicated by Gwin's ORELA data5. Since these data had not yet been
completely reduced, fission and capture normalizations were based on data from
the single run selected by Gwin as being best for this purpose. While this
evaluation was not documented, and there are some areas where the fit is
rather unsatisfactory, it was approved for inclusion in ENDF/B-IV and
continued in ENDF/B-V, the current version.

Perhaps the most stringent testing of the resonance region evaluations of
2 3 5U and 2*9Pu was done by Koenig and Carter,6 and by Cullen and
Plechaty,7 who used the ENDF/B-III evaluations to calculate
resonance-self-shielded fission measurements of Bramblett and Czirr.8'9

The results of these data-testing calculations were somewhat surprising: The
239Pu resonance evaluation of ENDF/B-III was found to give rather good
agreement with the Czirr-Bramblett measurements on 2 3 9Pu, while the 2 3 5U
evaluation seemed to overpredict the measured self-shielded fission rates on
2 3 5U by 20-30%. This descrepancy for 2 3 5U was a source of concern for
many years. In their review paper at the Harwell conference in 1978, Keyworth
and Moore10 carried out an assessment for various evaluations of resonance
parameters for 2 3 5U and concluded that there is no adjustment of parameters
consistent with the body of microscopic data that could give agreement with
the Bramblett-Czirr measurement. They recommended as a first step that this
measurement be repeated and verified. This was done by Czirr,11 who found
that the earlier measurements were not corrected properly for background, and
that the discrepancy was largely removed if one compared calculations based on
the existing evaluations with the results of his remeasurement.
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No attempt was made to improve the 2 3 SU resonance parameter set for
ENDF/B-IV. For ENDF/B-V, it was first proposed to use the evaluation of
Reynolds12 for 2 3 5U. The Reynolds evaluation is an R-matrix analysis
below 60 eV and does contain the preliminary resonance spin assignments of
Keyworth et al.13 However, two obstacles to the incorporation of the
Reynolds parameters presented themselves. The first was a consequence of the
exclusive utilization of the fission and capture data of Perez et al.1" in
the f-itting procedure. As is the case with many measurements in which boron
filters are used to suppress backgrounds, the Perez data become progressively
low in the region of the cutoff of the boron filter. Unfortunately the cutoff
region almost exactly corresponds to the energy span of the Reynolds
evaluation. In the intermediate normalization region 7.8-11 eV the fission
integral of the Perez data is 8% lower than the best value based on the
comparison of all of the known measurements. The second problem with the
Reynolds parameter set was a reluctance on the part of the Cross Sections
Evaluation Working Group (CSEWG) to decrease the span of the resolved
resonance region from 82 to 60 eV. An effort was made to utilize Adler-Adler
parameters, converted from the Reich-Moore parameters through the program
POLLA, from 1-82 eV. Below 60 eV the Reynolds parameters would be used.
From 60 to 82 eV the parameters would be taken from the multilevel fit by
Smith1, which was tailored to yield very closely the same description of
cross sections as the single-level representation of Smith and Young.
However, the mixed set of Adler-Adler parameters was found to generate rather
severe interference anomalies, and the approach was finally abandoned.

The current version of the U.S. Evaluated Nuclear Data File, ENDF/B-V,
contains the Smith-Young1 parameter set for 2 3 5U and the Smith, Kinsey,
and Garber1* set for 2 3 9Pu. Neither of these is completely satisfactory,
as noted above, for the following reasons: 1) The 2 3 5U parameter set does
not contain spin information, and the single-level description plus smooth
background lends itself to accurate Doppler broadening only if kernel
broadening is performed on the complete cross sections obtained by adding the
smooth files to the resonance calculations. 2) The 239Pu set represents an
uncompleted analysis, as the effort was terminated by the time considerations,
not by the adequacy of the fit. There are several regions involving
overlapping resonances in which the fit is poor. These regions should be
cleaned up, and the fit extended to approximately 700 eV, incorporating the
fission and capture data of Gwin et al.15

The restriction to a single-level or Kapur-Peierls description of the
resonance cross sections of fissile nuclei in future versions of ENDF/B
appears unlikely to be removed. Frohner15 recently noted that an important
simplification would result if one were to use Turing's method for analytical
Doppler broadening of the Reich-Moore or reduced R-matrix parameterization.
This method was studied some years ago by Bhat and Lee-Whiting16; its
adoption would effectively obviate the necessity for the simpler
descriptions. We feel that this approach is desirable, in that it also seems
to offer the possibility of including in the evaluation physical information,
such as the detailed energy dependence of v, that is presently included only
in a limited pointwise representation. But there appears to be considerable
reluctance in the user community to implement the code changes required for a
multiple-channel R-matrix evaluation for 2 3 5U as a part of ENDF/B. The
question is to be decided at the October 21-22 meeting of CSEWG.

For (235U + n) in the unresolved resonance region (82 eV to 25 keV), a
complete re-evaluation was carried out for ENDF/B-V by Bhat and Moore. In
order to provide a consistent energy scale, fission data of Keyworth et
al.,18 Perez et al., l<t and Gwin et al.19 were shifted to match the
energy scale of Lemley et al.20 by maximizing the correlation coefficients
between the data sets, and then averages were taken to obtain the absorption
and fission cross sections from the Perez et al., Gwin et al., and Lemley et
al. sets. After correcting for p-wave fission, the spin-dependence of the
unresolved-resonance s-wave fission cross section was obtained by normalizing
the spin-separated fission cross sections of Keyworth et al.18 to the
average fission cross section of Perez, Gwin, and Lemley et al. Finally, with
the unresolved resonance code UR of Pennington,21 a set of spin-dependent
s-wave average resonance parameters was obtained by simultaneously fitting the
absorption and spin-dependent fission cross sections. The intermediate
structure in (23SU + n) is thus described below 25 keV in this evaluation as
an s-wave phenomenon; the evaluation was accepted for inclusion in ENDF/B-V.

The ENDF/B-V representation of the unresolved resonance region for
2 3 9Pu (300 eV to 25 keV) is considered to be inadequate. The situation was
reviewed by Weston22 at a recent evaluation conference at Brookhaven
National Laboratory. The fission cross sections are thought to be too high,
the energy scale is thought to be incorrect, and the capture-to-fission ratio
has the wrong shape. Weston attributes the problem to an inadequate treatment
of inelastic scattering, recommending a re-evaluation that takes into account
recent measurements by Haouat et al.23

At a meeting at Brookhaven National Laboratory on May 14-15, 1981, the
U.S. Cross Sections Evaluation Working Group (CSEWG) reviewed progress in data
testing of ENDF/B-V and set tentative goals for the future. According to the
summary of the meeting made by the chairman (S. Pearlstein), plans for
ENDF/B-VI (the next version) are as follows:

The milestone tasks for ENDF/B-VI include fixing of formats,
completion of standards, definition of objectives, upgrading of
codes, completion of evaluations, and data testing. Because the
results of data testing EN0F/6-V are not yet complete and inter-
preted the goals for ENDF/B-VI cannot be detailed. Therefore,
the Executive Committee agreed that only the following tasks
could be scheduled at this time:

Formats fixed
Standards complete
ENDF/B-VI goals detailed

Spring 1982
Spring 1983
Fall 1982-Spring 1983

At the same meeting, the CSEWG subcommittee on General Purpose
Evaluations considered minimum goals for ENDF/B-VI heavy nuclide evaluations.
L. Weston and L. Stewart provided a list of such goals to form the basis for
the discussion; this list contained the following items in the resolved and
unresolved resonance regions for 2 3 5U and 2 3 9Pu:
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92 U-235 0 - 1 eV Compare thermal shape

with prediction using
resolved parameters.
New measurements
are needed (Weston).

1 - 100 eV Multilevel representa-
tion must replace the
Version V (really 111)
single-level Breit-
Wigner. This requires
a reanalysis using
recent experimental
data. Check for
reasonable x/s for
normalization integral
between 7.8 and 11 eV
(de Saussure).

Unresolved Check end points and
for possible improve-
ments, for possible
for possible improvements.

94 Pu-239 0 - 1 eV Compare thermal shape
with that calculated
from resonance parameters.
New measurements needed
(Weston).

300 eV - 200 keV Cross sections are incon-
sistant. New evaluation
needed. Representation of
inelastic levels is poor.
See B-III data (Weston).

II. Fission Channels and Scission-Point Variables

The fission process is often pictured as occurring in multiple stages.
For low-energy neutron-induced fission, the first stage is the formation of a
compound nucleus, where the excitation energy afforded by the binding energy
of the incident neutron is shared among the nucleons. Connected with this
stage are resonance properties such as neutrons widths, spins, and resonance
spacings. The second stage (perhaps given in detail by several sequential
stages) is the Crossing of a double- or triple-humped barrier. At the tops of
these barriers the nucleus is relatively cold, the excitation energy being

largely taken up by the potential energy of the mass surface. Only a few
modes of motion are allowed, and the average fission width is determined by
the sums of partial widths in the few channels or saddle-point states that may
exist. The angular distributions of the fragments are assumed to be related
to the channel structure at the outer barrier. The next stage is the
transition from the outer saddle point to scission, beyond which the nuclear
interaction between the nascent fragments vanishes, by definition- It follows
that at scission the primary fission-fragment mass and charge distributions
have been established. The time required for and the nature of the
saddle-to-scission transition remains an open question, but there is evidence
that the mass, charge, and kinetic-energy distributions do depend on the
fission-channel configuration at the outer barrier. After scission, as the
fragments separate under the influence of long-range coulomb forces, they
reorient themselves from the possibly highly deformed scission-point
configuration and emit most of the prompt neutrons and prompt fission-gamma
radiation.

There is a small but significant variation of all these scission-point
variables with neutron energy in the resonance region for neutron-induced
fission of both 2 3 SU and 2 3 9Pu. For 2 3 9Pu, the observed variations in
both the mass distributions and in v are found to be spin
dependent.2"»25 Frehaut and Shackleton" found that the variation in
v is anticorrelated with the prompt fission-gamma yield and depends on the
size of the fission width; they suggested that the variation in v is
dominated by competition of the (n,f) and (n,yf) processes. For i3iU, the
variations in the mass distributions26 and v 7> 2 8 are smaller than for

Pu, and do not appear to depend on the resonance spin, but on the fission
channel properties. While it is well known29 that the mass-distribution
variation in (235U + n) is strongly correlated with the fission channel
properties, evidence that the variation in v is similarly correlated has not
appeared in the literature and deserves to be reviewed. Pattenden and
Postma30 provided the definitive measurement of the fission channel
structure of (235U + n). Following the preliminary work of Dabbs et
al.,31'32 they measured the anisotropy of fission fragments emitted by
an aligned sample of U irradiated by neutrons at the Harwell linear
accelerator. The fragment anistropy is described in terms of A2, the
coefficient of the second Legendre term in the angular distribution expansion,
and depends strongly on the K-value of the channel, For 2 3 5U, with spin
7/2", the Pattenden-Postma data suggest that neutron-induced fission takes
place for 3- resonances in three open channels with K = 0,1,2, and for 4-
resonances in two open channels with K = 1,2. Pattenden and Postma measured
anisotropies and reported A2 values for 61 resonances in (235L) + n); these
values are strongly correlated29 with variations in the mass distribution of
(235U + n) fission measured by Cowan et al.26

The variation of v for (235U + n) was measured by Howe et al.27 and
by Reed et al.28. Howe et al. compared their results, by calculating
correlation coefficients, with the resonance spins determined by Keyworth et
al.,18 and with the Pattenden-Postma fission-channel angular anisotropies,
and concluded that no significant correlation exists. Reed et al.28 used a
different technique, similar to that developed by Weinstein et al.33 If we
calculate the correlation coefficient of the v measurements of Howe et al.



and of Reed et al., we conclude that the variation is significant and that the
two experimental data sets are measures of the same quantity. In other words,
we can assume that an average of the Howe et al. and Reed et al. data is
likely to be a more nearly accurate representation of the energy dependence of
v than either individual set. The energy dependence of this average, the
A values of Pattenden and Postma, the mass distribution variations of Cowan
et al,26 and the effective J values of Keyworth et al. are shown in Table
I. The correlation of v with resonance spin is not significant, but the
correlation of v with the mass distribution measure R is significant at the
0.5% level (i.e., there is a probability of only 0.5% that the sampling of
values of v and R are randomly distributed). The correlation of R and the
fission-changed measure A2 is significant at the 10'5 level. We conclude
that it is the fission channel properties that lead to the measured variation
in v.

Studies by Auchampaugh3" have shown that reduced R-matrix fitting of
fission cross sections, when there are more than a single open fission-
channel, is completely non-unique, in that there are many solutions with
different relative fission-vector orientations that give equivalently good
fits to the data. In a two-fission-channel description, the number of such
solutions was estimated by Adler and Adler35 as (N-l)(N-2)/2 + 1, where N is
the number of levels. However, if the angular distributions of Pattenden and
Postma are used as a constraint in such a two-fission-channel description, the
fits can be unique.

We expect that a significant improvement in the resonance parameters of
(235U + n) can be made. The deficiencies noted in the previous section
should be corrected. If carried out under the constraint of a two-fission-
channel reduced R-matrix representation, the parameterization should reflect
the fission-vector orientations that describe the Pattenden-Postma angular
distributions. We feel that such an approach could also describe, at least to
first order, the energy dependence of certain scission point variables such as
v and the fragment mass and kinetic energy distributions.

A preliminary analysis of this type has been attempted; the results are
given in Table II and shown in Figs. 1-5. We fitted only the spin-separated
fission cross sections of Keyworth et al,18 using as initial-guess
parameters the recommended values of Moore et al.,36 in which the initial-
guess fission-vector orientations were chosen to reflect the Pattenden-Postma
fission-fragment anisotropies.

A comparison of the preliminary set of Table II with other evaluations
shows that most of the narrow resonances listed have fission widths that are
too high and neutron widths that are correspondingly too low (such that the
resonance fission areas are preserved). This is undoubtedly a consequence of
using a slightly incorrect resolution or Doppler width in the fitting. This
kind of deficiency can easily be corrected by including total and/or capture
cross section data in the fitting.

There are three other modifications that should be made to the set in
Table II: 1) In the vicinity of the strong resonance in 139La at 72 eV,
Keyworth's data do not describe the actual fission cross section, and one

TJ should use a different data set. 2) The fission-width vector orientations are

not always given correctly. For example, as shown in Fig. 6, in the region
around the 8.8 eV resonance, a clockwise rotation of the vectors by 30°
would more nearly represent the Pattenden-Postma results. Between 15 and 20
eV, the vector orientations are given adequately for three of the four strong
4- resonances, but we were unable to achieve a fit that would describe the
15.6 eV resonance as being mostly in the K=l channel. 3) No fitting was done
over the 0.3 eV resonance. Here the Pattenden-Postma data suggest that the
fission widths are about equally divided between K=0 or 1 and K=2, with
constructive interference above the 0.3 eV resonance in the K=2 channel.
While the preliminary parameters of Table I should not be considered
definitive, they are expected to prove useful as starting parameters for a
more nearly complete analysis.
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Table I.

The energy dependence from resonance to resonance of v (ref. 27, 28),
the fragment angular anisotropy measure A2 (ref. 30),
the mass distr ibution measure R(ref. 26), and the effective spin (ref.

Energy (eV)

0.29
1.14
2.03.
2.84
3.14

3.61
4.84
6.21
6.39
7.08

8.78
9.28

10.18
11.66
12.39

12.85
1A.0-U.S

15.40
16.08
16.68

18.05
19.30
21.07
22.94

23.4-23.6

Relative
V

1.0025
1.0022
0.9929
0.992
1.0053

1.0055
0.9869
1.0045
0.9983
0.9994

0.9992
0.9985
0.9914
0.9918
0.9941

1.0026
0.9955
0.9930
0.9894
0.9944

0.9958
0.9941
0.9976
0.9962
0.9982

-Az

1.35
1.63
1.87

1.60

1.96
1.74
0.96
1.70
2.29

1.78
1.81
1.89
1.84
1.17

1.91
1.20
2.11
1.87
2.27

R Jeff

3.20
3.76
3.44
3.6
3.33

3.83
3.53
3.22
3.65
3.83

3.87
3.74
3.83
3.74
3.10

3.81
3.10
3.86
3.91
3.99

1.64 - 3.34
1.82 0.402 3.83
1.93 0.517 3.47
2.15 0.374 3.93
2.16 0.404 3.19

Correlation coefficients and

p(v,A2)

P(V,R)

P(v, Jeff) =
P(A2 ,R)

+0.342
0.553

-0.089

+0.817

with 54

with 23
with 46
with 22

Relative
Energy (eV) v

24.25
24.50

25.2-25.6
26.49
27.82

28.36
29.65

30.6-30.9
32.07
33.53

34.4-34.8
35.20
36.5
38.36
39.41

41.3-42.7
43.4-45.8
46.8-47.0
48.0-49.4
50.5-52.2

55.1-56.5
57.8-58.7
59.8-61.2
63.6-64.3
65.8-67.3

significance levels

degrees of
degrees of

degrees of
degrees of

freedom.

freedom.

freedom.
freedom.

0.9962
0.9968

' 0.9995
1.0008
1.0020

1.0050
1.0017
0.9962
0.9984
0.9967

1.0024
1.0013

0.9985

0.9987
0.9972
1.0015
1.0003
0.9984

0.9996
0.9930
0.9918
0.9950
1.0126

1.50

0.97
1.55
1.70

1.25
1.71
2.04
1.88
2.11

1.42
0.99
0.93
1.01
1.71

1.16
1.53
1.81
1.54
1.04

1.93
1.74
2.28

R

1.100

1.032
0.619
0.554

1.250
0.943
0.441
0.708
0.401

0.934
1.027
1.344
1.038
1.008

0.784
0.620
0.807
0.906

0.649
0.652

1.119

(2-sided distribution):

Significance
Significance

Significance

level

level

level

= 0,

= 0.

36).

Jeff

3.00
3.04
3.00
3.37
3.92

3.01
3.74
3.78
3.71
3.95

3.46
3.29
3.26
3.75
4.00

3.42
3.50
3.88
3.41
3.31

3.77
3.44
3.40
3.72
3.56

,01.

.005.

<v 10" 5 .

p(A2,Jeff) = -0.64? with 44 degrees of freedom.

p(R,Jeff) = -0.500 with 23 degrees of freedom.
Significance level ̂  1 0 .

Significance level = 0.01.



Table II. Reduced R-matrix parameters that give the solid curves in Figs. 1-5. For all resonances, the radiation
width was taken as 35 meV. The signs on the quantities rf-| and r f 2 (and occasionally r ) are the signs
to be associated with the products /rarb in a three-reaction-channel reduced R-matrix description.
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EQ(eV)
-2.OOO
-0.250
0.285
1.129
2.022

2.781
3.089
3.517
3.613
4.845

5.481
6.186
6.379
7.082
7.162

7.617
8.772
8.922
9.274
9.721

10.150
10.589
10.852
11.667
12.384

12.430
12.873
13.243
13.925
14.552

14.996
15.395
16.073
16.642
18.022

18.024
19.001
19.278
19.365
20.152

20.604
21.053
21.963
22.292
22.923

23.386
23.589
24.204
24.818
25.188

rn(meV)
1.0245
0.0727
0.0036
0.0141
0.0042

0.0012
0.0268
0.0064
0.0419
0.0389

0.0204
0.0730
0.1686
0.1054
0.0025

0.0037
0.9052
0.1151
0.1063
0.1057

0.0604
0.0143
0.0029
0.3331
1.3082

0.0856
0.0657
0.0334
0.6503
0.2613

0.0018
0.1923
0.3812
0.2368
0.2621

0.1108
0.2114
2.3476
0.3779
0.0868

0.1534
1.0610
0.0637
0.0201
0.3576

1.6417
0.9350
0.2521
0.0640
0.0272

rfl(meV)
273.3
-150.0
-51 .2
16.8

-20.2

50.7
158. 1

-243 .2
-40.6
2.0

-8.9
42.2
15.6

-23.2
-209.4

1 .0
8.4

-277.0
68.3
339.3

-41.6
380.9
-589.4

-0.1
-3.3

-242.1
120.4
-42.6
44.2
-2.6

284.6
-26.7
10.5
108.6
58.4

40.8
-1 .2

-29.0
-399.4
-135.7

53. 1
-25.8
136.6
0. 1
21 .3

2.5
239.9
13.0

155.4
203.6

rf2(meV)
-407.9

4. 1
-35.2
91 .2
10.2

-60.4
58.3

-196.7
2.3

-4.4

-453.1
150.4
0.3
13.6

-163.6

-324.8
-85.7
163.3
5. 1

150.0

-67.9
1 .3

-183.3
6.9
21 .8

23.3
-6.7
-67.7
506.8
-1 .8

-40.3
32.5
-5.0
3.0

-46.3

159.3
-0.0
32.4
-1 . 1
-62.8

-44.2
-8.9
743.3
375.6
-48.8

0.2
-2.5
-66.8
283.9
20.9

J
4
3
3
4
3

4
3
3
4
4

4
3
4
4
3

4
4
3
4
3

4
4
3
4
3

4
4
4
3
3

3
4
4
4
3

4
4
4
3
4

4
4
3
4
4

4
3
3
4
4

EQ(eV)
25.493
26.310
26.475
27.229
27.774

28.384
28.679
28.900
29.625
30.596

30.839
32.032
32.056
32.441
33.498

34.337
34.678
34.893
35.077
35.165

36.310
38.294
38.328
39.386
39.870

40.494
41.071
41.363
41.887
42.204

42.429
42.696
43.357
43.932
44.547

44.786
45.746
46.785
46.968
47.937

48.104
48.301
48.409
48.760
49.402

49.746
50. 1.37
50.439
51.068
51.233

rn(meV)
1 . 21 38
0.1886
0.2925
0.0288
0.5503

0.2368
0.0594
0.0153
0.1064
0.2130

0.3091
1.0126
0.4625
0.0112
1.1136

1.2298
1.1069
0.3665
3.0976
1.6098

0.0997
0.1696
0.3402
1.8950
0.3927

0.3531
0.3370
0.5259
0.6707
0.3171

0.0709
0.1220
0.3410
0.3772
0.4741

1.4068
0. 1614
0.9109
0.4790
0.5843

0.1431
0.7860
0.3139
0.8000
0.2948

-.0001
0.1276
0.8914
0.9247
2.1042

rfl(meV)
-218.7
-102.6

12.8
0.8

-83.0

-4.8
124.9
-48.9
-39.5
41 .9

-1 .4
-84.0
-54.3
-132.2
51 .2

-2.2
-445.9
'44.1
0.1
31 .3

-329.7
424.6
-129.7
-29.9
182.8

-36.3
-169.3
-33.7
-7.0
41.0

3.1
-80.6
-54.7
-11 .9
-115.5

373.0
120.4
1 .5

-47.8
-29.4

-162.9
310.1
-376.5
-0.5

-34.7

433.9
21 .2
-67.0
6.3

-2.8

rf2(meV)
443.6
260.6
-127.6
-59.4
-20.0

-215.2
8.4

-31 .7
-21.4
-102.0

54.9
11.4
1 .0

-1515.0
2.8

-70.0
-15.0
0.1

-340.7
6.7

1761.5
1103.B
-219.7

47.9
35.8

-168.5
377.9
-337.6

18.4
-115.9

6.6
111.2
16.6

-195.3
10.4

393.4
1.4

-163.7
-19.1
105.7

-1026.1
40.4

-628.3
-59.9
22.9

93.6
29.8
0.3

346.8
132.3

J
3
3
4
3
4

3
4
3
4
3

4
4
3
4
4

4
3
3
3
4

4
3
4
4
3

4
4
3
3
4

3
4
3
4
4

3
4
4
4
4

3
3
4
3
4

4
3
3
3
4



80 Table II. (Con't.)

E0(eV)

51.647
52.159
52.338
53.452
53.983

54.893
55.059
55.765
55.954
56.471

56.525
57.736
57.779
58.028
58.617

59.736
60.144
60.791
61.096
61.412

61.775
62.418
62.866
63.562
63.923

64.253
64.801
65.458
65.708
65.957

66.366
66.689
67.155
67.578
68.011

68.345
69.259
70.223
70.436
70.452

70.696
71.464
72.437
72.820
74.440

74.540
74.995
75.465
76.751
77.461

rn(meV)

0.5992
1.7991
0.4869
0.5530
0.3697

0.8452
2.5593
2.0690
0.6982
2.8492

0.9277
0.5564
0.4875
1.1869
1.1589

0.3212
0.9692
0.5230
0.7861
0.2511

0.1602
0.0774
0.0301
0.8192
0.4481

1.4745
0.1178
0.1630
1.8572
0.2886

1.9925
0.0986
0.3138
-.0003
-.0088

0.0838
0.3999
3.3069
3.8378
1.7285

2.0749
0.3209
0.8670
0.1836
1.5305

0.8395
0.3880
1.6398
0.2667
0.6603

rfl(meV)

310.8
2.0

-86.2
-0.0
66. 1

-15.0
0.0

-296.5
411.4
33.6

-238.5
-54.0
-99. 1
40.7
-4. 1

426.7
61. 1
-4.8

-11.7
4.5

-10.4
47.4

-317.6
438.0

-526.8

-0.0
-6.5

-473.5
-0.0

-568.2

-0.4
796.7
0.2
10.8

-397.3

40.7
-173.2

1.7
-3.9
140.1

60.3
-226.3
181.3
328.2

-147.8

-170.4
-17.5
291.3
1127.1
194.4

rf2(meV)

-4 0
284.0

-188.4
-149.3
461 .9

118.3
-17.7
21 .4
-2.9
-53.5

-221.9
88.0
161 .7
4.2

-155.2

-34.6
168.1
205.3
0.3

-314.1

-534.6
139.6
484.4
110.5
64.6

-3;7
1 .7

733.6
3.3

237.5

4.0
125.6
-1 .7

-147.9
270.6

-0.9
37.4
-9.1
8.4

1391.1

105.4
30.5
178.2
58.0
41.2

47.5
15.3
14.2
87.0
26.9

J

4
3
4
3
4

3
4
4
3
4

3
3
4
3
4

4
3
4
3
4

3
4
3
3
4

4
4
4
3
4

4
3
4
4
4

3
4
4
3
4

3
4
4
3
3

4
4
3
3
4

E0(eV)
/7.991
7fl.143
78. 396
70.591
79.758

80.287
80.962
HI.392
82.367
82.656

83.545
84.001
84.345
84.873
85.208

85.643
86.905
87.064
87.785
88.165

88.719
88.889
89.740
90.148
90.434

91.167
92.037
92.525
92.700
93.164

93.974
94.454
94.766
95.133
95.500

95.805
96.051
96.331
97.606
98.019

99.446
100.560

rn(meV)
0 8954
0.3436
0.2093
0.3861
1.3304

0.7375
0.24 73
0.7790
0.77 78
0.4001

0.9595
2.6240
1.8315
1.2939
0.6674

0.5783
0.5951
0.1324
0.3524
0.3441

3.3162
1.4827
0.5641
0.8760
3.7716

3.4279
0.7001
1.4740
-.0949
0.4520

3.3471
0.2881
0.4761
0.3912
0.6719

0.5996
0.2709
0.9868
0.3130
2.3619

0.4954
1.8084

rfl(meV)
192.7
-27.5

1 .9
-8.7
0.8

-0.0
369. 1
-58.9
-0.6

-87.7

-13.1
261 .8
-224.6

-0. 1
-12.3

-377.1
-2.4
12.2

-159.5
-1379.9

-0.0
-10.5
8.2
48.3
-3.5

-2.0
-138.7

0. 1
83.9
157.0

0.6
19.5
21.0
40.2

-21 .8

33.6
24.6
15.5

-43.4
-68.0

-25.6
134.B

rf2(meV)
10.0
0. 1
0.0

-158.8
-1 .6

-140.4
643. 1
-75.5
-5.0
4.9

-0.9
-198.4
-115.0

7.5
14.9

-52.3
6.3

-553.9
279.4

4.9

598.7
-4.6
-5.4
145.9
-0.8

448.9
-98.7
35.8
63.4

310.5

-3.4
287.7
48.4

-22.2
26.7

210.2
57.5

400.1
33.8
82.5

0.1
-89.6

t

3
4
3
4
3

3
4
3
3
4

3
4
3
4
3

4
3
4
3
4

3
4
3
4
4

3
4
4
3
3

4
4
3
4
4

3
4
3
4
3

3
4
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6 8 10 12 14
NEUTRON ENERGY (eV)
235

18 20

Fig. 1. The fission cross section of U below 20 eV. The lowest curve shows the spin 3 cross
section, calculated from the reduced R-matrix parameters of table II; the middle curve is
the spin 4 cross section; and the top curve is the sum of the other two. Data points
above 1 eV are the measurements of Keyworth et al.

20 22 24 3626 28 30 32 34
N E U T R O N ENERGY (eV)

235

Fig. 2. The fission cross section of U from 20 to 40 eV, as in Fig. 1.

40
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42 44 46 48 50 52 54 56
NEUTRON ENERGY (eV)

235

58 60

3. The f ission cross section of U from 40 to 60 eV, as in Fig. 1.

60 62 64 . 66 68 70 72 74 76 78
NEUTRON ENERGY (eV)

235

10'

1 1 1 1 1 1 1 1 1 1 r

-I 1 I U

80 82 84 86 88 90 92 94 96 98 100
N E U T R O N ENERGY (eV)

235
Fig. 5. The fission cross section of U from 80 to TOO eV, as in Fig. 1.

8.77eV(39%K = 2)

K=l

|9.27eV(37%K=2)

1 K = 2

708eV(IOO%K=l)

l6O7eV
(32%K=2)

\

15.41 eV
(12% K =2)

K=l

16.64 (100% K=l)

K=2

\

19.28 eV
(36% K=2)

235,
U FISSION VECTOR ORIENTATIONS

Fig. 6.

2 3 5

Fig. 4. The fission cross section of U from 60 to 80 eV, as in Fig. 1.

Fission-width vector orientations for 4- resonances in U near 8 and 19 eV,
from Table I I .

These two energy regions are not strongly interdependent,
so that a 30° clockwise rotation of a l l the vectors in Fig. 6A can be done
without affecting the vector orientation in 6b appreciably.



REVIEW OF 241 Pu RESONANCE PARAMETERS

H. DERRIEN

SECTION DE PHYSIQUE DES NEUTRONS RAPIDES

CENTRE D1ETUDES NUCLEAIRES DE CAOARACHE

FRANCE

ABSTRACT

The status of 2f,l Pu resonance parameters is reviewed. The
most important recent results are compared in some energy ranges, both
from single level and multilevel point of view. It appears that an
accurate set of resonance parameters is not still obtained for a
general description of the cross-sections in the resonance region.
Some recommendations are given for further experiments or evaluations.

INTRODUCTION

83

At the Harwell conference on Neutron Physics and Nuclear Data, G.A.
KEYWORTH and M.S. MOORE (21) presented an extensive review of the
status of the major actinide isotope resonance parameters. They pointed
out that resonance cross-section measurements made for several isotopes
on the same experimental arrangement, with the same resolution, using
the same standards and analysed by the same technique should be of
much greater value than measurements performed at different times in
different laboratories, using different experimental techniques or
analysis methods. It is also worthwile to mention that a complete set
of accurate resonance parameters should be obtained from total, fission,
scattering and capture measurements performed in the same laboratory
and simultaneously analysed. That is an ideal case which is never accom-
plished , since the capture or the scattering cross-sections are often
very difficult to be measured with a reasonable accuracy. In most
cases the completeness of a resonance parameter set is achieved by
using theoretical assumptions such as the non variation of the capture

width from resonance i;o resonance. However, it is sometime possible to
approach the ideal conditions of measurements One can quote as example

239the Pu total, fission and scattering cross-section measurements
performed at Saclay.

The purpose of this paper is to review the status of 2 4 1Pu
resonance parameters and the problems encountered in the analysis of
the experimental data. One should be tempted to believe that the
conditions of measurements realized for Pu are not too bad, since
1) a simultaneous measurement of the fission and the capture cross-
sections have been performed at Oak-Ridge^ ' ; 2) total and fission
cross-sections have been measured at Gee! (J-(JM-1 / ancj simultaneously
analysed. Unfortunatly, it seems that there are some other reasons
for which a consistent set of resonance parameters cannot be establi-
shed at the present stage of the analysis. Particularly, the complexi-
ty of the resonance structure (see Fig.1.4), cannot be accuratly
analysed without the use of a multilevel-multichannel formulation of
the cross-sections.

One is faced with the important problem of the apparent non unicity
of the R-matrix parameters and of the personal feeling of the evalua-
tors.

The review is divided in the following parts :

- review and status of the experimental data,

- comparison of the mos.t recent results,

- average parameters for the unresolved region,

- outstanding problems and recommendations.



84 REVIEW AND STATUS OF THE EXPERIMENTAL DATA

The first set of Pu resonance parameters is due to O.D. SIMPSON
et al.^1) who analysed the total cross-section measured in the energy
range 0.02ev - 2 kev^2) (MTR fast chopper, 1961). They used the
Reich-Moore multilevel formalism' ' and obtained all the parameters
for 8 resonances up to 10.2 ev neutron energy by assuming a constant
value of 40 mev for the capture width. The main feature of this ana-
lysis was the separation of the resonances in two non interfering
families caracterised by different average fission widths and
assumed to pertain to two different fission channels. The next set
of parameters was obtained by M.S. MOORE et al.^ ' from the analysis
of their measured fission cross-sections in the energy range 2ev-100ev
(RPI linac, 1964). All the parameters were also given for 21 resonances
up to 35 ev, assuming a constant JY value of 40 mev. The previous
results of SIMPSON et al' ' were confirmed and an attempt of interpre-
tation was proposed : the large fission widths could be due to a fully
open 2 + fission channel belonging to the K^O fondamental rotational
band, and the small fission widths to one or several 3+ fission
channels open to a small extent. At the same time, D.S. CRAIG et a r
measured the total cross-section in the energy range 0.025 ev -1 kev
(Chalk River fast chopper, 1961) and obtained the single level
parameters(energy, total widths and fission widths) for 14 resonances
in the energy range 12.8 ev - 31 ey.

The fission cross^section was also measured by G.D. JAMES^ )from
0.01 ev to 3 kev (Harwell linac, 1964) and analysed with the VOGT
formalism^ ' in 6 resonances between 12.84 ev and 16.70 ev. Another
measurement in this early period is the total cross-section measurement
by N.J. PATTENDEN et al .^(Harwell linac, 1963) who obtained the
energies and the neutron widths for 32 resonances from a single level
analysis in the energy range 12ev to 50 ev.

All these measurements were performed with a relatively poor
experimental resolution. The importance of these old data consists
in the fact that very few recent data exist in the thermal region,

in particular in the 0.26 ev resonance region for which no total
cross-section measurement has been performed since the measurement
of CRAIG et al.

Better resolution and more detailed fission data v/ere obtained
from the PETREL nuclear explosion^ '. A'Reich-Moore multilevel
analysis of these fission cross-sections was performed by O.D. SIMPSON
et al.^ ' in the energy range 20 ev - 60 ev. A complete set of para-
meters was obtained for 56 resonances by assuming a constant value of
40 mev for Ty as in the previous analysis (1), (3). The statistical
accuracy of the nuclear explosion data is particularly excellent and
the shape of the cross-section is very well defined,consequently
the deformations or the dissymetries due to small resonances or inter-
ference effects are better seen on these data than on those obtained
from classical time-of-flight experiments. However, SIMPSON et al.
used 30% of unobserved small resonances to improve the fit to their
data, in addition to 10 observed npn interfering small resonances. As
in the previous analyses, two groups of resonances were found, tentati-
vely identified as belonging to the spin states Z+ and 3+ of the
coumpound nucleus.

The only scattering cross-section measurement is due to G.D. SAUTER
et a l / '(Livermore linac, 1968). The spin assignment was made for
20 resonances in the energy range 4 ev - 30 ev from a simultaneous
Reich-Moore fit to the scattering data and to the WATANABE et a l ^ f i s -
sion cross-sections.

The two groups of resonances resulting from this spin assignment
were in agreement with those obtained by MOORE et alJ ' except for
the resonances between 12.8 ev and 17.8 ev where the results were
opposite. The average fission widths were found to be <rf>o+ = 510 mev
and <rf>2+ = 190 mev, corresponding to an effective number of fission
channels equal respectively to 0.77 and 0.55. These'numbers were
interpreted as evidence of one fission channel at least half open
in each spin state. No consideration was made concerning a possible
missing of small resonances.



In the last ten years several high resolution measurements have

been performed on the linacs of Saclay, Geel and Oak-Ridge, with a

nominal resolution equal or better than 1 ns/m. Such quality of

resolution allows the resonance to be analysed up to about 150 ev.

The fission and the total cross-sections have been measured at

GeeP ''' ' and analysed up to 100 ev with the single level

Breit-Wigner formalism. The simultaneous fit to the total and fission

cross-sections provided with a complete set of single level parameters

for 78 resonances between 12 ev and 100 ev. The authors proposed an

average level spacing of (1.00±0.10) ev not corrected for a possible

missing of small resonances. They obtained an average capture width

of (47.5+ .7.0) mev from 9 measured values considered as enough accurate

and an average fission width of (253 ±42) mev from all the resonances

analysed.

Only the fission cross-section was measured by BLONS et al (12) at
Saclay. A preliminary least-square shape analysis of the data, along

with the transmission measured at GeeP ', was performed using the

single level Breit-Wigner formalism^ ; Neutron widths, fission widths

and capture widths were given for 117 resonances in the energy range

4.28 ev to 160 ev which is the largest energy range analysed. These

parameters were then used as starting point in a Reich-Moore multilevel

analysis simultaneously on the Saclay fission and on the Geel total

cross-sections^ '. The results of this least square shape analysis-the

programm and the code are described in reference(15) - are shown on

fig. 1-4.

The difference between this analysis and the multilevel analyses of

reference (2), (3), (8) is that two fission channels were used in

each interfering group, each fission width being split in two parts

Yfi and Tf2. The assumptions concerning the fission channels were the

following : 1) in the group of wide resonances, most of the contribu-

tion to the fission is due to the 2 + channel of the-K=0 rotational

band of the fondamental, fully open; this contribution is Ifj ; other

85 2 + fission channels may exist in the K=0 and K=2 vibrationnal bands

at about 1 Mev above ; they contribute in Ifg which is relatively

small, 2) The group of narrow resonances is considered to be 3

resonances ; the 3 channels exist in the quadrupole and octopole

vibrational bands, but none of them is fully open. Here, the splitting

between tyi and If2 has no physical meaning ; it is only used to

improve the fit to the experimental data by minimizing the interfe-

rence effects in the narrow and nearly symmetrical resonances. The

average fission widths of 595 mev and 87 mev were obtained for the

two groups of resonance, which are somewhat different from the values

of 500 mev and 180 mev obtained by SIMPSON at al' 8). No attempt was

made to obtain the capture widths in the least square fitting, the

shape of the cross-sections being not enough sensitive to the varia-

tions of ?y around a reasonable average value. A constant value of

40 mev was then used in agreement with the value of 41.2 mev obtained

from the single level analysis in the low energy range.

The most recent set of resonance parameters is due to WESTON et

al' ' from a Adler multilevel' ' analysis of a simultaneous measure-

ment of the fission and capture cross-sections^ ' in the energy range

0.01 ev to 100 ev. This analysis was considered as the most efficient

method for an accurate representation of the experimental data.

However, the results of WESTON et al. can be directly compared to the

results of the other single level analyses,for the contribution of

the Adler dissyraetrical part of the resonances was taken equal to zero,

apart the energy ranges thermal to 10 ev and 25 ev to 32 ev in the

fission cross-sections. Then, for most of the resonances, the energy,

the total width, the fission area and the capture area can be easily

obtained and could be used for the determination of If and I\.

That will be done in the next section for sake of comparison in

some energy ranges.

This brief review of the experimental data available for the

evaluation of the Pu resonance parameters, shows a wide range of

method used in deriving these parameters from the experimental cross-

sections. As a matter of fact the value of < f>/<D> is close to 0.5 and



flg the probability of strong interferences in the fission channels and
of resonance overlappings is very high. The interferences and resonance
overlappings are a source of ambiguities in the interpretation of the
shape of the cross-sections, since the dissymetries could be interpre-
ted as hidden resonances or interference effects. That is probably
the main reason of the apparent inconsistency which exists among
the most important sets of data and which will be shown in the next
section.

COMPARISON BETWEEN DIFFERENT SETS OF DATA

This comparison will be restricted to the PETREL (8^
and Oak-Ridge^16)^17) data,, both from single level

and multilevel point of view. The purpose of this review being not
241to propose an evaluation of Pu resonance parameters, we will only

compare the results in some selected energy ranges.

The single level data

The published single level parameters have been converted to 2gVr,,
and r which are directly comparable ; the other parameters such

as Vf and Ty, are derived from these measured values with an accuracy
correlated to the accuracies achieved on 2grn, c^rf ar>d r. A particu-
lar case is the conversion of the WESTON et al. Adler parameters ; that
is done by the following relations :

r = 2 v
atfrf = 2 Gf//E
ooTy = 2 GC//E"

Table I shows the results obtained by BLONS et al., KOLAR et al.
and WESTON et al. in the energy range 17.4 ev to 25 ev. Two series of
parameters (A and B) were proposed by KOLAR et al. in thiis energy
range. The parameters for the small resonances at 19.50 ev and 21.35 ev
are not given in BLONS et al data. On the average the 2gTn values from
KOLAR (A) and KOLAR (B) are 16% and 23% larger than those from BLOWS,

which is very surprising since the same transmission data were
analysed . The total widths are very different for most of them. The
fission area o0Ff represent quite well the average fission cross-
sections (Table VI) in this energy range.

The results in the energy range 46 ev to 55 ev are compared in
Table II. Only 4 resonances are given by BLONS et al. against 6
resonances by WESTON et al. and 7 by KOLAR et al., which correspond
to different ways of analysing the cross-sections in the vicinity
of the broad resonance at 48 ev. On the average the 2gFn values from
KC'LAR are still larger (10K) than those from BLONS. The sum of the
fission area in KOLAR data are much smaller than the others and does
not correspond to the average fission cross-section in this energy
range (Table VI).

• These two examples show the diversity of the results of the single
level analyses. Then, a consistent set of fission widths and capture
widths could hardly be obtained. However, the capture widths are
given for all the resonances in KOLAR data and for 46 resonances in
BLONS data. They are very different and fluctuate strongly from
resonance to resonance. The fluctuations are obviously due to the
fact that the capture widths were obtained by difference between the
total widths and the other partial widths, the difference being in
most cases of the same order of magnitude than the accuracy achieved
on the total or the fission widths. The average value proposed by
KOLAR et-al. is (47.5 ± 7.0) mev against 43.6 mev obtained by averaging
all the individual values of BLONS et al. More precise values could
be obtained by using also the capture area from WESTON et al. analysis.
In table III, several ways of obtaining the capture widths are
shown for some well isolated resonances for which the accuracy could
be expected to be reasonably good. As a matter of fact, the fluctua^
tions from resonance to resonance remain very strong within each set
of data, and the results obtained for the same resonance from
different ways are discrepant. Even for these well isolated resonances
the capture width is not known with better than 30$ of accuracy.



The multilevel data

(8)We shall only compare the results from SIMPSON et al.v ' and from
BLQNS et al,^ ' in two typical energy range. These analyses are of
same nature, using both the Reich-Moore formalism. Table IV shows the
results in the energy range 25ev - 37ev where SIMPSON et al. used 16
resonances and BLONS et al. only 12 resonances. The difference
corresponds to 4 unobserved weak resonances used by SIMPSON et al. to
improve the fit to the experimental data. The choice of the interfe-
ring groups is the same, except for the large resonance at 26.32 ev.
The values of the neutron widths are quite similar. However, the
values from BLONS et al. should be more accurate, for they were
obtained from a simultaneous analysis of the total and fission cross-
sections. More important are the differences which are seen on the
total fission widths. That is mainly due to the different assumptions
used by the authors : one fission channel and addition of unobserved
weak resonances by SIMPSON et al ; use of two fission channels by
BLONS et al.

Another example of results is shown in Table V in the energy
range 46 ev - 56 ev ; 10 resonances are found in SIMPSON et al. data
and only 5 resonances in BLONS et al. data. The 3 important resonan-
ces interfere in the same way, but the spin attribution should be
inverted . The large 2gFn values are different by 302, but the total
fission widths are quite similar.

One can consider that both analyses give an excellent fit to
the corresponding experimental data, but the resonance parameters
are different. There is an apparent non unicity of the set of
resonance parameters. As a matter of fact, it depends mainly on
the kind of data analysed, on the way the analysis is performed
and on the assumptions made when starting the analysis. BLONS et al.
work is an example of how far it is possible to go in the interpre-
tation of Pu cross-sections in the resonance region; but it is

87 probably not the only interpretation possible.

THE AVERAGE RESONANCE PARAMETERS

Average level spacing,strength functions and average partial
widths are needed to calculate the cross-sections in the unresolved
resonance region and at higher energy from statistical model. Table VJI
collects all the average data available in the publication reviewed
in the previous sections. The data from references (1) - (6) are only
given for information ; they have not to be taken into account since
more accurate values are given in references (8) - (14). The average
level spacing depends on the estimation of the number of resonances
missed- in the experimental data. Such estimation has been made by
SIMPSON et a l ^ and by BLONS et al(14)and yields similar results.
The So strength function should be obtained with good accuracy from
the analysis of Geel total cross-sections. However the value proposed
by KOLAR et al' ' is 25% larger than the one obtained in the single
level or multilivel analysis of BLONS et a l ^ 1 3 ^ 1 4 ^ . As a matter of
fact, if one calculates the strength function by the relation :

2 2gr°/2 (Eg-Ej)
El

S° =

one find 1.158 x 10 from BLONS et al. multilevel parameters in the
energy range 4ev - 104 ev and 1.153 x 10 from KOLAR et al. single
level parameters in the energy range 12 ev - 100 ev.

From the selected resonances shown on Table III, one obtains an
average capture width of about 41 mev by combinating BLONS analysis
and WE.STON analysis, and of about 44 mev by combinating KOLAR
analysis and WESTON analysis. These values are significantly higher
than those of (35.9 ± 1.0) mev and (35,6 ± 1.0) mev obtained by
M O O R E ' 2 5 ) from a systematics for the 2 + and 3+ spin- states. As for
the properties of the fission channels, the results depend strongly
on the way the analysis has been performed ; one can only say that
there is an overall agreement on the existence of one 2 fully open
fission channel.



Figs. 5-7 show the neutron width distributions from SIMPSON et

al^ 8), KQLAR et a"^11) and BLONS et al^14^. In SIMPSON data there

is apparently an excess of small values ; this excess could be

a part of the 30% non observed resonances used to improve the fit in

the multilevel shape analysis ; this distribution can be hardly

described by a Porter^Thomas law . In KOLAR data the absence of small

rn values is obvious, as the absence of very large values. Maximum

likelihood or missing level estimator methods should not work when

applied to these distributions. The data from BLONS are more regular

and can be reasonably well described by a Porter-Thomas law by

assuming that about 20% of small resonances are missed ; maximum

likelihood and missing level estimator methods give respectively

0.97 ev and 0.92 ev for the average level spacing. On the other

hand, BLONS et al.* ' have shown by using a Monte-Carlo technique

that 9% of doublets - unresolved resonances with comparable neutron

width values - coul also exist in the experimental data in addition

to the 20% of hidden very small resonances. Then the average level

spacing should be 0.8Eev or 0.84 ev.

OUTSTANDING PROBLEMS AND RECOMMENDATIONS

It appears from this review that an accurate set of resonance

parameters which could be used for a general description of the 241Pu

total, fission and capture cross-sections is not still obtained.

However the parameters which are available from different authors have

mostly been obtained by shape or least square shape analysis and give

a good representation of the particular cross-sections from which they

were derived. Several high resolution fission cross-section measurements

are available^ 7)^ 1 1)'^ 2^ 1 7) * ( 1 8 ) ; they are in rather good agreement,

as it is shown on Table VI , and the parameters describing one of these

cross-sections could also describe reasonably well the others. Only one

total cross-section* ' and one capture cross-section' 'measurement

have been performed with good resolution on a wide energy range. But

it is not obvious that the parameters obtained in reference (8), (11),

(14) or (15) should described the measured capture cross-section with

enough accuracy.

An improvement of the situation should be obtained by performing

a simultaneous shape analysis on the total, the capture and one or

several fission cross-sections. This analysis could be achieved easily

by using the Adler formalism and should be a complement of WESTON et al.

work' '. However, in the purpose of obtaining the average R-matrix

parameters for the calculations in the unresolved region, more informa-

tions should be obtained from the Reich-Moore formalism ; the analysis

should not be too difficult, nor too much time consuming by using

BLONS et al' ) parameters as starting point. Then the Reich-Moore para-

meters could be translated to the raore easy to handle Adler parameters

by the code POLl.A of DE SAUSSURE et a"^19^. Part of this work was al-

ready-done by WESTON et a l ^ 2 0 \ for ENDF/B - V starting from all the

existing sets of REICH-MOORE parameters.

A particular problem is the cross-sections in the resonance at

0.26ev.

Evaluating the data in the thermal region WESTON et al.1- ' found

a discrepancy of 14% in the capture cross-section over the 0.26 ev

resonance when compared to ENDF/B-IVevaluation (fig.8). The latter was

based on SIMPSON et aV.} total cross section and on WATANABE et air-

fission cross-section, which mean that the capture cross'-section was

calculated by difference. Now, if one compares the WESTON et al. ab-

sorption cross section to the total cross-section of SIMPSON et al. one

finds that the absorption cross section is 4.5% larger than the total

cross section on the peak of the resonance, 7.5% at 0.15 ev and equi-

valent around 0.33 ev, as it is shown on fig.9. One should note that

the scattering cross-section is about 0.6% of the total at the resonan-

ce peak ; then, the absorption should be almost equal to the total.

The discrepancy cannot be resolved without a remeasurement of the to-

tal cross-section. For the moment, one should trust the more direct

capture measurement of WESTON et al., bearing in mind that integral

experiments suggest a larger capture in the thermal range of energy'. '

The recommendations concerning the measurements or the evaluations
241of Pu resonance parameters can be summarized as follows.



1) A Reich-Moore multilevel analysis performed simultaneously on
the total and capture cross-sections and one or several fission cross-
sections should give an accurate set of parameters for a general des-
cription of the cross-sections in the resonance region. More accurate
average parameters could also be obtained from this set of R-matrix
parameters.

2) This set of R-matrix parameter could then be translated to
Adler parameters by using the code POLLA^ '.

3) It is not clear from WESTON et al. report' ' if the above two
recommendations are fulfilled or not by the evaluation for
ENDF/B-V. Therefore, these recommendations depend on the availability
of ENDF/B-V.

4) A total cross-section measurement should be performed in the
thermal region including the resonance at 0.26 ev.

5) Polarization measurements should be most useful to obtain the
spin separated cross-sections. Such measurements, have shovm to be
most efficient in improving the status of 235 U resonance parameters^ '

241and should give the same improvement in the case of Pu.

The author is indebted to L.W.WESTON in providing him with
material used in Oak-Ridge Pu evaluation.
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4 - FROM KOLAR PARAMETERS AND WESTON CAPTURE AREA
5 - FROM WESTON PARAMETERS AND KOLAR TOTAL AREA
6 - DIFFERENCE BETWEEN TOTAL AND PARTIAL WIDTHS FROM KOLAR SINGLE LEVEL ANALYSIS

TABLE 3
CAPTURE WIDTHS FOR SOME ISOLATED LEVELS
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II . ENERGIES (EV) |

|| SIMPSON (1) J

II
II 25.64 6

II 26.32 A

II 27.27 A

|l 27.34 B

If 28.68 B
1 I
II 29.59 B

I I
II 30.05 A

|| 30.91 A

if 32.38 A
1 1

11 33.27 A
i |

II 33.37 B •

II 33.65 A

II 34.15 A

J| 34,72 B

|| 36.00 B

|| 36.65 B

1 j

BLONS (1) |

26.38 B 1

27.50 A 1

27.72 B I

28.72 B |

29.60 B I

30.10 1

30.97 A I

33.30 A 1

33.74 A 1

1 34,97 B 1

34.98 A i

36,19 A 1

I j

I NEUTRON WIDTHS (HEV) 1

1 SIMPSON BLONS 1

1 0.005

1 5.335

1 0.005

1 0c042

1 5.676

1 0.479

1 0.000

I 2.613:

1 0.017
1
| 0.214
1
I 0.058

I 0.366
4

I
1 0.117
i1.
I 2.003
•1
1
|
t 0.204'
•

1
| 0.000
11
1

1
1

4.538 1
i
1

0*030 |

0.542 1

3.942 |

0.460 1

0.035 I

2.553 |

0.176 I

0.327 |

2.167 1

0*403 I

0.070 1

1 FISSION WIDTHS <MEV)

1 SIMPSON |

i - 50 i

1 270 !

1 750 1

1 300 I

1 750

1 - 50

1 - 20

1 220

1 50
1

1 -150

1 50

1 -100

< 300

1 -900
I
1

1

1 500

1 900

BLONS <2)

264

22

900

595

201

32

212

110

62

1292

16

36

257

0

- 900

543 .

- 123

0

60

•

0

-1169

10

5

1.

.... 7

22

0

52

- 78

-212

50

62

123

6

31

Cl) A AND B INDICATE THE INTERFERING GROUPS
(2) TOTAL • FIRST CHANNEL AND SECOND CHANNEL FISSION WIDTHS

TABLE 4
REICH-MOORE MULTILEVEL ANALYSIS IN THE 25 EV TO 37 EV ENERGY RANGE



[| .ENERGIE!

II SIMPSON (1) J

II 46.38 B

|| 47.05 B

II 47.95 A

II 50.14 B

II 50.90 B

II 51.90 B

II 52.60 B

II 53.40 A
1 •

II 54.15 A

II 55*40 B
II

5 <EV)

BLONS

46.51

• 47,10

48.04

50.31

52.13

(1) I

A 1

B I

A 1

1 NEUTRON

1 SIMPSON

1 2.111

I 0.137

1 7.271

1 0.637

1 0.036

I 0*036

1 0.007

I 0.000

I 0.022

1 0.019

WIDTHS (MEVJ 1

BLONS . 1

1.605 I

0.120 1

5.782 1
•

0.697 J

0.100 1

1 FISSION

1 SIMPSON

1 -280

1 300

t 480

1 300

J -300

1 50

1 -200

1 300
i

1 500

1 300
1

WIDTHS U-1EV)

BLONS (2)

245

227

433

441

32

1
0 \ -245

|

-291

6

142

435

(1) A AND B INDICATE THE INTERFERING GROUPS
(2) TOTAL t FIRST CHANNEL AND SECOND CHANNEL FISSION WIDTHS

TABLE 5
REICH-MOORE MULTILEVEL ANALYSIS IN THE 44 EV TO 54 EV ENERGY RANGE

95



96
[ | El — E2

II (EV>

l | 0 . 0 2 - 0.03

L| 0 . 0 3 — 0 . 2 0

| | 0.10 — 0.50

II 0.50 — 3.00

| | 3.00 - 4.90

II 4.90 — 8.00

[| 8.00 — 9.00

LI 9.00 — 12.0

|1 12.0 — 14.0

| | 14.0 - 17.4
II
II 17,4 - 20.0

II 20.0 — 25.0

l| 25.0 - 27.2

1 j 2.7.2 — 30.0

| | 30.0 - 36.1

II 36.1 - 44.0

II 44.0 - 54.0

|l 54.0 - 64.7

| | 64.7 — 74.5
U
I.I 74.5 - 84.0
1| 84.0 - 93.0

II 93.0 -100
1.1

ENDF/B5 |
• 1

10.20

49.2

270.1

70.7

348.8

892.4

239.3

310.8

260.9

863.0

122.8

240.4

' .292.9

! 339.9

326.8

271.0

1 335.1

I 400.8

i 303.5

! -44C.1

1 361.2

I 2 0 3 . 4

WAGEMANS |

REF ( 1 8 )

1
10.36 !

149.7

272.6

361.1

671.6

239.9

311.4

290.0

942.0

136.3

234.5

285.9

324.2

335.3

272.7

1

WESTON 1

REF (16) 1

1 0 . 1 5

•49*6

275.7

76.7
:1

367.6 1

884.7

241.6

319.8

283*4

948.4

145.2

240.3

285.1

335.2

344.2

284.4

345.2

446.6

338.2

571.4

403.1

227.2

BLONS i

REF (13)

•

•

347.8

862.2

235.7

303.8

273.9

926.6

133.7

217.3

270.0 •

313.3

320.7

253,1

319.8

410.1

315.8

514.1

378.1

231.3

i
i

1

1

242.4

271.9

314.4

318.5

254.7

313.0

406.6

301.9

513.2
358.6

205.5

KOLAR
MIGNEC0 1
REF ( 1 0 )

3 5 8 . 1

897.9

236.7

320.0

266.4

901.5

139.9

238,6

273.2

316.7

320.9

243.7

299.4

434.7

326.2

556.7

392.3

241.1

SIMPSON I

REF ( 8 ) I

1

•

1
•

i

204.6 I

245.0 1

278.5. I

264.7 |

1 207.S I

1 294.4 1

i 412.8 I

303.8 |

578.4 1

! 404.3 1

1 253,1 1

TABLE 6
FISSION CROSS SECTIONS INTEGRALS IN THE RESONANCE REGION
(FROM L.W. WESTON . PRIVATE COMMUNICATION)



II 1
|{ REFERENCE i

II (1)

II (2)

1 1 (4)

II (5)
II

II (6)

It (8)

II (9)

It (10),(11)
1 3 •

II (13)

It (14>

LEVEL
SPACING (EV) I

•

1.3

1.3

i.3 • _ 0.2

1 . 1 3 ••••„ 0 . 2 1

0.76

1.00 •• w 0.10

0.63

|
STRENGTH 4 »
FUNCTION X 10 |

1

1.0

.1.9

1.4 •• _ 0.6

1.3 • •_ 0.3

1.24. • _ 0.35

1
1 0.99 •• _ -0.14
|

1
1 L08 • _ 0.17
1

AVERAGE
FISSION WIDTHS (EV)

GROUP (A) : 0.847
GROUP (B) : 0.074

GROUP (A) : 0.500
GROUP (B) : C.1R0

Z-*- i 0.510
3 •• : 0.190

ALL SPIN STATES :
0.253 • 0»042

ALL SPIN-STATES :
0.300

TOTAL 2 • : 0.595
FOND. 2 • : 0.356

1 TOTAL 3 • : 0.087

AVERAGE
CAPTURE 1

WIDTHS (MEV |

40 (ASSUMED)

40 (ASSUMED)

40 (ASSUMED)

42

4 7 , 5 • • _ 7 . 0

(FROM SELECTED
VALUES)

1 41.2
t (FROM SELECTED
i VALUES)

, 40 (ASSUMED)

DATA AND |
ENERGY |
RANGE |

TOTAL 1
0 - 12 EV 1

TOTAL I
0 - 20 EV I

TOTAL I
12 -. 31 EV I

FISSION |
0 - 20 EV I

TOTAL 1
13 - 50 EV 1

FISSION |
20 - 60 EV 1

SCATTERING |
FISSION I

i, —• 30 EV I

TOTAL .1
FISSION |

12 — 100 EV 1

TOTAL 1
FISSION |
1 _ 160 EV I

TOTAL I
FISSION I

1 1 - 104 EV 1

TABLE 7
AVERAGE RESONANCE PARAMETERS
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Level Density Estimation with Account of Unrecognised Multiplets

Applied to Uranium and Plutonium Resonance Data

F.H. Frohner

Kernforschungszentrum Karlsruhe

Institut fur Neutronenphysik und Reaktortechnik

Postfach 3640, D-75OO Karlsruhe

Abstract - The maximum-likelihood method for estimation of level

densities and strength functions from resonance parameters is extended

so that not only levels missing because of a finite detectabiltty

threshold are accounted for but also those lost in unresolved and

unrecognised multiplet peaks. The resulting prescription was checked

against a recently issued benchmark problem and applied to the

estimation of level densities and strength functions for 23SU, 2 3 8U,

239pu> 240pu> 2<tlpu a n d 2t2pu a n d > a s a n a d d i t i o n a l c h e c k > for 2 m A m

where Monte Carlo calculations of multiplet losses are available.

1. Introduction

For statistical-model calculations of average capture und fission cross

sections and of the associated self-shielding factors one needs average

widths and, in particular, level densities. The latter are most directly

obtained in the resolved resonance region by counting the observed reso-

nances and correcting for missing levels. Due to the preponderance of

small neutron widths in the Porter-Thomas distribution /9/ the correction

is always quite important. In the past its estimation has often been

based on the distribution of observed resonance energies (ladder sta-

tistics), but even if derived froa the most reiined level spacing

Contribution to the IAEA Consultants Meeting on Uranium and Plutonium

Resonance Parameters, Vienna, 28 September - 2 October 1981

theories (e.g. the Dyson-Kehta A, statistic derived from orthogonal-

ensemble theory 111) the ladder methods were found inferior /3, 4/ to

methods based on the distribution of observed neutron widths. A number

of techniques is available to exploit the differences between the observed

and predicted neutron width distributions: (i) straightforward least-

squares fit to a Porter-Thomas distribution to the upper, presumably

unperturbed part of the observed width distribution 15/, (ii) the

Keyworth-Moore missing-level estimator /3/ which is in essence the

ratio of the second moment to the squared first moment of the distri-

bution of reduced width amplitudes, (iii) maximum-likelihood estimation

of (rp ) from the observed width distribution above some given energy-

dependent threshold /4, 6, 7, 8/ or with a diffuse threshold automatically

inferred from the observed level energies and widths /9/. The methods

based on the observed neutron width distribution usually give quite good

results when tried on Monte Carlo generated resonance parameter sets,

with reduced widths sampled from the Porter-Thomas distribution, tevel

energies from the Wigner distribution or orthogonal-ensemble theory, and

levels with a reduced neutron width below some cutoff discarded as

missing. It came, therefore, as an unpleasant surprise when in a recent

benchmark exercise /10/ all methods systematically overestimated the

level spacing by several (4-8) percent in cases which must be considered

as quite favorable, viz. large, almost pure s-wave samples resembling

those met in practice in the actinide region. As shown below the reason

seems to be that none of the width-distribution-rbased estimators so far

can account for unrecognised multiplets. The present paper describes the

modifications necessary to take unrecognised multiplets into- account.'

The newly derived prescription is applied to resonance parameter data

on 2 3 5U, 2 3 8U, 239Pu, Z^Pu, 2I<1Pu, 2U2Pu and 21(1Am.

2. Evidence for bias caused by unrecognised multiplets

The test material for the level density benchmark /10/ mentioned above

differed from the test material with which codes for level density

estimation and missing-level estimators are usually checked. Although



104 neutron widths and level energies were also generated from the Porter-

Thomas distribution and from orthogonal-ensemble statistics these "true"

resonance parameters were not provided directly. Instead, total cross

sections were calculated from them which were subsequently resolution-

broadened and subjected to simulated counting statistics. The "experi-

mental" data thus produced were shape-analysed and the extracted resonance

parameters were distributed. This test material is expected to be more realistic

than Monte Carlo sampled resonance ladders since it simulates the effect of

finite counting statistics more directly than a sharp cutoff does. Furthermore

it contains resonance parameters extracted from peaks mistakenly analysed as

singlets when in fact they were unresolved doublets or triplets, an effect

that is totally absent in Monte Carlo sampled resonance ladders. That this

resolution effect must be significant can be seen in Table I which shows

the characteristics of that part of the test material which did not contain

Table I -

Benchmark

Case

5A

513

5C

Characteristics of NEANDC benchmark data and

in parantheses give STARA results modified by

numbers

levels

(icf4

2.22

2.23±

2.47

2.52±

1.79

1.81 +

of levels

)

30

34

25

Do
(eV)

1.85

2.02+

(1.84)

1.43

1.56±

(1.42)

1.82

1.90+

(1.77)

Lost in multiplets to STARA

08

05

09

missing

levels'

4;

26±2

(42)

50

30+1

(52)

40

32+3

(45)

lost in

multiplets

16

0

(16)

22

0

(22)

13

0

(13)

STARA results. Numbers

adding the true

estimates of missing

all

levels

173

158+2

(174)

224

204 + 1

(226)

170

162+3

(175)

origip

true

STARA

true

STARA

true

STARA

much p-wave admixture, together with results obtained with the maximum-

likelihood program STARA /9/. The strength functions estimated were all right

but the number of missing levels and thus the level density were always under-

estimated. It was recognised that adding the true numbers of levels lost in

multiplets, which was known from listings distributed after the benchmark

exercise, one gets almost exactly the correct numbers and thus the correct

level spacings in all three cases. It was concluded that at least a large part

of the bias in the STARA results was due to unrecognised multiplets that had

been analysed as singlets.

3. Distortion of the Porter-Thomas distribution by unresolved multiplets

Instead of treating the effect of unresolved multiplets in all generality

we restrict the present discussion to isotopically pure s-wave samples of

neutron widths. For target spin I = 0 we have then a single resonance sequence

with level spin J = 1-/2, for I > 0 two superposed sequences with J = I + 1/2

and J_ = I - 1/2. For each sequence we consider the reduced neutron widths

as obeying the Porter-Thomas distribution. For I > 0 the same distribution

governs the ensemble of the quantities

(I)

(for all levels regardless of spin, g being the spin factor) to the extent

that the strength function can be taken as independent of J and the level

density as proportional to 2J+1. Since g = 1 for I = 0 we can write the

reduced-width distribution for both 1 = 0 and I > 0 in the form

p(G)dG = - ^ dx ,
/

0 < x = (2)

G = (gT 0) denoting the true average. We now admit the possibility that two or

more closely spaced levels are mistaken for a single peak. Let us assume that

this happens whenever spacings are Smaller than some limiting value D which,

of course, must be of the order of the instrumental resolution. The fraction

of spacings smaller than D is equal to

D C

c
q = / p(D>dD,

0
(3)
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where p(D)dD is the probability for a given spacing to lie in dD at D. Neglecting

correlations between adjacent, second next etc. spacings one finds for the

probabilities that a given level belongs to a singlet, doublet, triplet ...

peak ,

p, = d-q) ,

P3 = (l-q)3q2(l-q) etc. (4)

If p is the true level density the densities of singlet, doublet, triplet ... •

peaks are 2

P P . = p(l-q) »
2

P P2/2 = p(l-q) q ,

P P3/3 = PO-q)
2q 2 etc. (5)

The sun of these is the overall peak density (as opposed Co level density)

f r " p(i-q) • (6)

Next we assume chat the apparent width extracted from an unresolved multi-

plet is the sun of the true component vidths, C • ! (gr°) . This is the

usual situation, especially with chin-sample -data, and is also in good agree-

ment with the benchmark test nacerial /|O/. One realises that under this

assumption the apparent widths of doublets, triplets etc. are distributed

according to ^"distributions with v « 2, 3, ... degrees of freedom and

average widths 2G , 3C etc. We may therefore write Che overall distribution

of peak widths as

p(G)dG - (1-q)
2GU

The series can be summed. The even terms yield an exponential. The odd' terms,

upon differentiation, yield a linear differential equation which is readily

solved. The result is the distorted Porter-Thomas distribution

p(G)dC - (1-q) (1+v) 7 — dx

with

e (I + erf z) , z = q/x .

(3)

(9)

The distortion v reduces the relative frequency of small widths and increases

that of large widths as compared to the undistorted Porter-Thomas distribution,

eq. (2). For a detectability threshold C smaller than the cross-over point

the number of missing levels is therefore smaller, the sample average G larger

than for the undistorted distribution. The detectable fraction of peaks is

(10)

4. The fraction of levels lost in unresolved r.ultiplets

Me shall assume that the minimal observable level separation D is known at

least approximately, for instance from the observed distribution of spacings.

For the calculation of q we simply take the Vigner distribution,

p(D)dD 2ye"y dy , 0 < y= —r Dp (ID

which is a very good approximation to the more rigorous orthogonal-ensemble

distribution /12/. This distribution is valid for a single level sequence.

For two superposed sequences with level densities p = g p, p_ = g_p one has

2 2 2 2
3 . y 8- ___* . .3{ 3 1 e_ 3 J o+

y (g_ e erfc yg+ + g+ e erfc yg_)
2 ~y (s_ + g+)

+ 7T 8_8+
e Jdy (12)

(see ref. /Hi), where g+ and g_ are just the spin factors if we assume 2J+1

proprtionality of p. Integrating eq. (12) one gets
2 2 2 2

-y g_ -y g+ ^
q = 1 - g_ e erfc yg+ - g+ e erfc yg_ , y = -j Dcp .

(13)

It may be noted that eqs. (12) and (13) are valid for both 1 = 0 and I > 0

since g_ = 1 - g+ •> 0 for I -»• 0. Fig. 1 shows q as a function of y for the

limiting cases 1 = 0 with p = 0, p = P, and I = <», with p = p = p. If the

resolution is good, D p « 1, the fraction of levels lost in unresolved multi-

plets is smaller for a spinless target nucleus than for one with spin thanks



luO to the unmitigated level repulsion for 1 = 0 and to the finite probability

for zero level spacing for I > 0. For D p > 0 , however, there is not mucl

difference, and for still worse resolution things are reversed.

.5

1=0

.5 1.5

Fig. 1

5. Level density estimation based on the width distribution

•As-indicated above the best methods for level spacing estimation from

experimental neutron resonance data seem to be those which, in essence,

infer the true average width from the upper, unperturbed portion of the

observed width distribution and the number of missing levels from the lower,

perturbed portion. The. case of negligible perturbation may serve to illustrate

the general statistical approach. In this case one has to infer G and its

uncertainty from a sample G , G-, ... GN consisting of members of the

unperturbed Porter-Thomas distribution, eq. (2). This is accomplished in

a straightforward manner by application of Bayes' theorem. The joint pro-

bability that in a random sample of size N, drawn from a Porter-Thomas

distribution with given average G , the sample values lie in the intervals

at G,, dG« at G,, ... dG at G,, can be written down as

I N

)dG,...dG._ = n p(G.)dG. . (14)
1- a . - 1 1

dG2 at

L(G ....

The inverse probability that the ensemble average G lies in the interval dG

at G , given the sample G , ... G , is obtained according to Bayes1 theorem

(cf. e.g. ref. /13/) by multiplication of the likelihood function L by the

a-priori probability PQ(G )dG for G in dG ,

L(G1,...GN|G°)p(G°)dG
0, 0 < G° < (15)

Now G acts as a scale factor in our problem. Jaynes'/14/, using invariance

arguments, showed that for such scale parameters the appropriate prior pro-

bability is dG /G = d In G , thus proving a conjecture due to Jeffreys /13/.

Properly normalising we get therefore

p(G°)dG° L d In G"

L d In G°
(16)

The Jeffreys-Jaynes prior ensures that we get the same most probable Porter-

Thomas distribution regardless whether we maximise this probability with respect

to G or, equally possible for a scale parameter, with respect to 1/G : This is

the case if we regard In G as the basic parameter and maximise with respect to

it,

d L dL ,,0 dL !
-̂ r = 0

d In G"
(17)

In any case we have to maximise the likelihood function. Thus the maximum-

likelihood solution coincides with the rigorous Bayesian solution in the case

of scale parameter estimation. Inserting the Porter-Thomas distribution in

L one gets the well known results /15/

N
I

p(G°)dG° ,

£ G
f1

dy ,
2G°

(18)

(19)



Confidence limits are readily calculated from this x2~distribution.

Let us now proceed to the more realistic case where the sample contains

only widths exceed

is now truncated,

only widths exceeding an unknown cutoff G . The Porter-Thomas distribution

p(G)dG
erfc/x

dx < x < (20)

and the likelihood function becomes maximal for any positive G if G is

taken as large as possible. Now the upper limit for G^ is the smallest

member of the sample, G say. Inserting G = G. in (15) one gets an expression
0 • c 0 .

for G alone which can be maximised with respect to G . The resulting maximum-

likelihood estimator is biased, however, since on average G will be somewhat

larger than G . In order to remove the bias we consider the quantities

u. = erfc/x7
l i

and u = erfc»^T
c c

with which we write

p(G.)dG.
du.

(21)

(22)

(25)

The term in parantheses is obviously a correction for missing levels. If both

G and G are unknown we must find them as the common solution of eqs. (24) and

(25). This can be achieved by iteration, starting with G = G., G = G.

The next complication we must consider is an energy dependence of the threshold.

In practice it was found to be quite adequate if the apparent level density is

taken as linearly decreasing with energy. This corresponds to a quadratic

behavior of the cumulative number of observed peaks. Examples are given in

ref. /9/. Under this assumption the observed peak density is related to the

true level density p by

p = p erfc
o

E-E.
(26)

ro c ro " 1/2' '

where E is the center and I the length of the energy interval from which the

sample is taken. The constant K determining the slope can be obtained by fitting

a parabola to the observed cumulative level number stairstep curve. We shall

consider it as known. The joint probability to find a peak in the interval

dE and its width in the interval dG at G is now

107

•The quantities u. are seen to be uniformly distributed between zero and u .

Suppose for the moment that G is known. We get then u = u as a biased

estimate. The distribution of u, can be written down immediately as the joint

probability that u. is found in du and that the other N-] members of the

sample are larger than 6 :
r

u N-l du
p(u.)du. = N (—) — -v 1 1 u u

c c

0 < (23)

The expectation value of u. is then u. = u N/(N+1) which implies that

erfc /T = ^ r erfc /T.
C - N 1

(24)

is an unbiased estimator for u . If on the other hand G is given the likelihood

becomes maximal for

PodEdG" =
PodK

PodE

Po1

pdG

/pdG

1 e"x

erfc /x~ Jrix.c
dx = -

dE du

I u"

E-I/2 < E < E+I/2 , 0 < u < UC(1-K JJJ) = — • (27)

This shows that the two-dimensional distribution of sample members in the

Fig. 2
(E,u) plane is uniform up to a straight

line (see Fig. 2). As before one can

maximise L with respect to the threshold

by lowering u as much as possible

while keeping K constant. The lowest

possible value is reached when the straight

line hits the outermost sample point,
E-I/2 E - E+I/2
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(E ,u.) say. Then

E-E.
(28)

1 +i
Ui

(34)

Solving for u one gets the maximum-likelihood estimator which is biased again.

One can determine the bias as before by establishing the distribution of the

estimator and calculating its expectation value. The distribution of the esti-

mator is given by eq. (23) and the bias factor by N/(N+1), as before. The

generalisation of eq. (24) for a linear dependence of p on E is thus

erfc (29)

1-K 1/2

and the equation analogous to (25) is
-x

G ( 1
-1

/n~ erfc
(30)

,,0.with x = G (E)/(2G ). The last pair of equations can again be solved by
C C 0 —

iteration, starting from G = G. This method works well if the threshold is

really sharp. In practice the threshold is normally diffuse, however. Then it

is better to use the following approach. Integrating out the peak energy in

eq. (27) one gets the marginal distribution of widths,

dx- •- - s ^ (31)
u /TTX Uc c

where s is the trapezoidal step function (see Fig. 3)

'1

if (1-K)U ' u

: u

c >
(32)

Maximisation of the likelihood function corresponding to this width distribution

with respect to G and u yields the two equations

,-. . t "~2x• oUt/dx'. ""1

i (1+K)U -U.
c i

(33)

Fig. 3 where the primes indicate

that the sums contain only

terms from the fringe

where s is not constant.

Eq. (33) is obviously

a recipe for the correction

of G for missing levels.

Eq. (34) is the likelihood

equation obtained for the

distribution sdu of u

values, if the parameter u is to be estimated from the sample u,, ... u .
c IN

These equations, given previously in slightly different notation /9, 16/,

are the basis of the statistical resonance analysis code STARA mentioned

above, where they are solved for G and u with the Newton-Raphson method.

If the threshold does not depend on energy eqs. (24) and (25) are used instead.

We are now prepared to deal with the last complication, viz. unresolved
multiplets. Again we consider the energy dependence of p as linear, with
K known from a fit to the level number stairstep curve. The fraction q of

levels lost in multiplets is also assumed as known. The observable peak

density-is now

P (1-q) / pdG (35)

so that

PodEdG = t- *§(.-q)pdG = - M J » , •
o c

0 < u = erfc -2. (1-K ££) , (36)

(compare eq. (8)). The marginal distribution of G-values is obtained? as

before as



(37) The improved results are listed in Table II.

where s is the trapezoidal step function of fig. 3. The generalisation.of the

likelihood equations (33), (34) is

(38)

(39)

- ^

1
N

Ii

I
i

(

u
c
s.
1

G°
—
s.
X

3s

3u

3s.
—i +
3G

c

G°

I+Vi

3v

3G

These equations are used in a recent modified version of the STARA code,

with a rounded step function

s. = 1 ( 1 - tanh ) (40)

which is more convenient mathematically than the trapezoidal step function

with its discontinuities. The function (40) approximates the trapezoidal

step function near the middle of the fringe region (u. - u ) quite closely.

It also leads to very similar estimation results. It can be considered as

arising from a somewhat fuzzy threshold that rises linearly with energy.

Since a perfectly sharp threshold is somewhat artificial anyway it can be

expected that eq. (40) gives a more realistic description of the true situa-

tion. The fraction q of levels lost in unresolved multiplets is assumed to

be a constant fraction of the total fraction of missing levels at each energy,

Table II -

Benchmark

Case

5A

5B

5C

Comparison between benchmark

with due account of levels

V
(10 *

2.22
2.20+

2.hi
2.49+

1.79
1.78+

)

30

30

22

values

lost in

Do
(eV)

.849

.8I±

.428

.44±.

.824

.86±.

and STARA results obtained

multiplet peaks

.19

05

09

origin

true
STARA-81

true
STARA-81

true
STARA-81

As a further check we calculated the level density and the strength function

from the resonance parameters of ref. /17/. The authors had attempted to

estimate the number of missing levels with a Monte Carlo method similar to

that used in the benchmark exercise. Their result for the region 0-150 eV,

DQ = (O.55+.O5) eV, SQ = (0.94±.09) 10-4

STARA-81 result, D_

is in good agreement with the

(O.52+.O4) eV, SQ = (O.92+.O9) 10~
4.

109

p-p
(41)

Its energy average q is estimated from the smallest spacings in the sample

by means of eq. (13) with the level density taken as that estimated for.q = 0.

This modified version of STARA was checked against the benchmark problem.

6. Reanalysis of actinide resonance parameters

The new version of the STARA code was employed to reanalyse resonance para-

meter sets for the main actinides. Results from the old and the new code

version are listed in Table III.
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Table II]

Target

Nucleus

2 3 5u

2 3 8u

239Pu

24OPu

241Pu

242Pu

[ - Results

account

Energies

(eV)

O-IOO

O-4OOO

0-660

O-3O0O

O-I61

0-500

; of statistical resonance analysis without and with

: of levels lost in

Sample

Size

196

188

257

172

123

37

S 0 ,
(lo"4)

.97+.12

.96+.12

1.16+.13

1.15+.12

1.26+.12

1.27+.12

1.03+.10

1.02+.10

1.2O±.18

1.23+. 13

.82±.26

.83±.27

unresolved

D0
(eV)

.44+.01

.43+.01

2O.4+.2

2O.3+.2

2.28±.05

2.20+.05

13.1±-5

12.4+.7

.90+.04

.73+.08

I2.6+.6

13.3+.4

multiplets

Multiplets

Considered'

no

yes

no

,yes

no

yes

no

yes

no

yes

no

yes

Resonance

Parameter Source

Moore+ 78 /18/

Keyworth+ 78 /19/

Derrien 74 /20/

KEDAK-3 77 /2I/

KEDAK-3 77 /21/

KEDAK-3.7 7-/21/.

The differences in D are quite small (1-2%) for the well studied nuclides
M C ooo " 24]

U and U, about 5% for the Pu isotopes with the exception of Pu

where a 20% reduction of the average level spacing is found, indicating a

lower quality of the resonance data with a significant number of unresolved

multiplets.

7. Conclusions

Level density estimation methods based on the neutron width distribution

were reviewed with special emphasis on the treatment of detectability

thresholds and their energy dependence. The influence of unresolved and

unrecognised multiplets was treated analytically. The new formulation

was utilised in a reanalysis of resonance parameter sets for the main

actinides. The differences relative to the conventional estimation without

regard to the multiplet losses were found to be quite small for U and
238 239

U whereas for the plutonium isotopes effects ranging from 4%( Pu)
241

to 23% ( Pu) were calculated. These should be taken into consideration

in applications of level spacings such as Hauser-Feshbach calculations of

compound reactions, especially neutron capture.
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I. Introduction

238,,Neutron cross section and resonance parameters for U are of extreme

importance for nuclear reactor design. For that reason, many differential

cross section experiments have been performed in the past at several labo-
1-2!)

ratories . In most of these experiments, the resonance parameters were

deduced from capture and transmission measurements or in a few cases from

elastic scattering or self-indication ratio measurements. Only a few experi-9,14,17,19,21)ments cover the energy range up to 4 keV

fission in U below 4 keV has been investigated

. Also subtreshold

In this paper we describe the final results from an analysis of a large

amount of data from capture, scattering, and transmission experiments perfor-

med at the CBNM Linac.
238

The present results have already been used in a recent evaluation of U
28)resonance parameters by de Saussure et al. .

The experiments were largely stimulated by two meetings on Resonance Parameters

of U respectively at Saclay and at Brookhaven . Partial results from

our work have been communicated at Conferences on Nuclear Data and

the results for the important 6.6 eV resonance have been published

However a complete description of the experiments and a complete list of reson-

ance parameters have never been published.

work supported by the International Atomic Energy Agency

We would also like to draw the attention to the reader that the present expe-

rimental conditions at the CBN11 linac are no longer the same as described in
238

this paper. In fact since the time we completed the U experiments the

linac was upgraded, a new neutron-producing target was installed and the data-

acquisitioTi system was changed.

2. Experimental details

The experiments have been performed using the 65 MeV linear electron acce-

lerator as a pulsed neutron source. A pulsed beam of fast neutrons was pro-

duced by (7,n) reaction and fission in a mercury cooled uranium target pla-

ced in the electron' beam. The fast neutrons were slowed down in a polyethylene

moderator surrounding the uranium target. The total diameter of the neutron

target, central uranium part plus surrounding moderator, was 19 cm. The mode-

rator thickness was 4 cm. Three lead rings, each 4.5 cm high and 5 cm thick

were placed around the neutron target to shield the experiment from the strong

gamma flash produced in the central uranium part of the target.

The collimated neutron beam passed through an evacuated 50 cm diameter alumi-

nium tube. The flight paths used for the present experiments made an angle

of 9° with the normal on the moderator surface. The most important experimen-

tal parameters for the three measurements are listed in Table 1. A more de-

tailed discussion on the experiments follows below.

2.1. Transmission experiments

The transmission detector system consisted of four He gaseous seintillators,-

LND type 800. The anode signals were amplified and mixed and the bias level

was set using a Canberra extrapolated zero strobe, model 1426. The time reso-

lution (F.W.H.M.) due to the detector and associated electronics was 5 nsec.

The time-of-flight was measured using a multistop time-coder, type Laben 8270,

with a channel width multiplication unit. The minimum channel width was 10

nsec. The time-of-flight spectra could be subdivided into a maximum of four zones,

each with a channel width multiplication factor ranging from 1 to 128.

The data were stored in a 4096 channel memory which was interfaced with a

IBM 370/135 computer.
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The automatic sample changer with cryostat was located at 30 meter. The U

238
samples (99.8% U) were circular metallic discs with a diameter of 10 cm.

They were cooled at liquid nitrogen temperature.

Because of the limited memory capacity, the measurements had to be subdivided

into eight runs. Each experiment had a permanent black resonance filter in the

beam to normalize the background. Separate backgrcund-law measurements were

performed for each sample thickness. The black resonance filters used were

W (18.8 eV), Mo (44.7 eV), Co (132 eV), Mn (337 eV) and Na (2850 eV).

All these background measurements showed the following results :

1. The background law did not change during the time of the experiments.

2. The absolute value of the background was of course dependent on the

filter combination in the beam but the background law was not.

3. The background law was the same as for the sample out measurement when

the three thinnest samples were in the beam but was slightly different

for the two thickest samples.

The background changes very slowly above 300 eV (4.8% at 340 eV and 4.2%

at 2.85 keV) but starts to increase at lower energy due to the B overlap

filter : 200 eV (5.3%), 100 eV (5.9%), 50 eV (7.1%) and 20 eV (9.3%). For

this reason we used four black resonance filters between 15 eV and 350 eV,

so that a sufficiently accurate determination of the background was possible

by a simple linear interpolation between the black resonance positions. We

estimate the total error on the background to be of the order of 10%. The

transmission experiments with the thick U sample offers us a check on the

background and, indeed, in five U resonances the neutron beam was comple-

tely absorbed over several time-of-flight channels.

The dead-time was I Csec and was due to the channel width multiplication

unit. However the count rate stored in memory was only of the order of 1

count per burst so that the total dead-time correction was always less than 1%.

2.2. Elastic_scattering_cross_section_ex2eriments

The scattering detector system consisted of six He gaseous scintillators

mounted around an evacuated cylindrical tube with sample holder. The angle

113 between the scattered and the incoming neutron beam was 140 deg. The elec-

tronics associated to the scattering detector system was the same as used

for the transmission experiments.

Scattering experiments on thin samples are only possible if the detectors are

shielded against room background. The drawback of such a shielding is that

a small fraction of the scattered neutrons are detected after being reflected

by the shielding wall. We have tried to make the shielding so that the frac-

tion of backscattered neutrons was reduced as much as possible. The best result

was obtained by using a 5 cm thick inner shielding of B,C powder, canned in

thin aluminium^ surrounded by a 10-cm-thick shielding composed of a mixture

of paraffin and borax. However, we still noticed a small tailing on the

low-energy side of the resonance, and we estimated this contribution to be 31.

The scattering cross section was measured relative to lead for which

a = 11.28 + 0.06 b 3 4\.
n —

The-background was determined using the black resonance technique, using

the same black resonance filters as in the transmission experiments. The

background could be subdivided into two components a sample-independent

and sample dependent component. The first could be measured without a sample

in the scattering chamber and was due to room background and scattering of

the beam by the windows of the evacuated central tube of the scattering

chamber. This part of the background was roughly equivalent to the count

yield one should obtain if 0.3% of the incoming beam should be scattered by

a sample. The sample-dependent background was due to neutrons scattered

. by the sample and detected much later after having made several collisions

in the shielding material surrounding the detectors. This component was

about 6% of the scattering signal.

In the experiment with the lead reference sample,which scatters 7% of

the incoming beam, the total background was 8% at I keV and increases

slowly to 12% at 10 eV.

2.3. Cagture_cross_section jeasurements

The capture cross sections were measured using two cylindrical hexafluorid

liquid scintillators (C&F6 detectors of Type NE 226),each with a diameter

of 4 inches and a length of 3 inches.



"* The weighting method has been used to achieve a detector response proportio-

nal to the total energy released in the capture process. The~"weighting factors

were calculated by means of a computer program developed at Oak Ridge- The

time and pulse height information of the detected 7-rays have been recorded

in two parameters, 13 time-of-flight and 7 amplitude bits, stored event by

event on magnetic tape.

The weighting procedure for the time-of-flight spectra has been performed

off-line using eight amplitude windows and these spectra have been subdivided

into 4 zones with channel widths ranging from 10 - 640 nsec.

238In total five different U samples have been used and in order to reduce
238

the background caused by the natural activity of the old U samples, diffe-

rent biases in the pulse height amplitude have been chosen to a T~ray energy

of 0.300 and 1.2 MeV nespectively for the two thin and the 3 thick samples

(Table 1).
238

Absolute calibration 6f the capture yield with the thin U samples was ob-

tained by the "black resonance technique" using 5 resonances in Ag at 16, 30,

51, 55 and 71 eV. An Ag sample of 2.93*10 at/barn has been used.
The neutron flux was measured under the same experimental conditions as the cap-

10
ture measurement with the capture sample replaced by a B.C-slab.

3. Analysis of the data

The time-of-flight resolution function was assumed to be a gaussion function

with the following value for the width (F.W.H.M.)

W - ( AE2 + BE3)
1/2

In this expression the neutron energy E and the width W are expressed in

eV and the constants A and B have the following values :

A - 1.52M0"6

B - 0.62'10 (for a channel width of 20 nsec.).

The first term is the dominant one and is determined mainly by the equivalent

moderator thickness. By fitting narrow resonances in the keV range, we have

obtained for the equivalent moderator thickness (F.W.H.M.) a value of

3.56 +_ 0.36 cm.

This value is approximately 10% larger than obtained from Monte-Carlo calcula-

tions38>.

We have noticed a good agreement between the neutron widths obtained from

a single level area analysis and from a multi-level Breit-Wigner shape analysis

when certain precautions were taken for the area analysis. In fact the sample

had to be sufficiently "thin" which means a minimum transmission at resonance

energy not smaller than 30Z. This allowed us to determine the area over a

narrow energy interval around E_ so that the influence of neighbouring reson-

ances or uncertainties on the transmission base-line f.'ts were minimized.

3.1. Transmission experiments

For the analysis of the transmission experiments we have applied two diffe-

rent procedures : a resonance area analysis using a single-level Atta-Harvey

code and a shape fitting analysis using the multi-level Breit-Wigner

code due to de Saussure , Olsen and Perez 37)

The advantage of an area analysis is that the results are much less depen-

dent on the knowledge of the resolution functions. On the other hand it has
37) 238

been proven ' that for the case of U, a multi-level Breit-Wigner formalism

results in a much better description of the total cross section shape than a

single-level approximation,especially in the regions between resonances and

in the resonance-potential interference minima.

An area analysis over a narrow energy interval required of course a good

knowledge of the resonance energy EQ . We therefore first deduced EQ from

a shape analysis and used that value as an input parameter in the area ana-

lysis .

3.2. Capture experiments

39)

The capture data have been analyzed using a modified TACASI area analy-

sis program which includes corrections for Doppler and resolution effects.

The influence of multiple scattering on the capture area is taken into

account by a Monte Carlo routine.



3.3. Elastic scattering experiments

The scattering data were also analysed using a single-level Breit-Wigner area

analysis program. After subtraction of the background, the data were corrected

for multiple scattering and absorption of the scattered neutrons using a Monte

Carlo computer code. By normalization to the lead scattering results, the

data were converted to scattering cross sections versus time-of-flight channel.

An area analysis of the corrected data yielded F as a function of F .

This method of analysis was explained in more detail in ref. 33 where it was
238

applied on the 6.67 eV resonance of U.

4. Resonance Parameters

The resonance parameters obtained from the analysis of our data are listed

in Table 2.

The values for the resonance energies are taken form the capture experiments.

The large amount of data from the transmission, scattering and capture experi-

ments each performed with several sample thicknesses, allowed us to look for

possible systematic errors in the data and to a certain extent also in the

methods of analysis. This procedure has yielded the following conclusions :

1. The comparison of the results from the capture data measured with various

sample thicknesses were consistent within the statistical error. This

means that there is no systematic error due to the correction for multiple

scattering in the sample. The same conclusion was valid for the scattering

experiments.

2. For small resonances ( F < F ) , the neutron width can be obtained

from the area analysis of the capture data. There is no systematic diffe-

rence between the results for F obtained from the capture data and from

the transmission data.

3. For resonances with F » F , the results from the area analysis of the three

experiments, capture, scattering and transmission are consistent. Two examples

namely for the 36.8 eV and for the 66 eV resonances are shown on fig. 1.

115

The results shown in Table 2 were obtained in the following way :

1. The small neutron widths (T < 6 meV) were all the results of an area ana-

lysis of the capture data. Because of the potential scattering contribution

in the total cross section, the transmission experiments can not yield the

same accuracy for these weak resonances.

2. The larger neutron widths were obtained from the analysis of the transmission

data. Below 1 keVt the transmission was measured through five different

sample thicknesses. So for nearly each resonance there was what one can

call "a suitable sample thickness" (min — 0.5) and the results for F

in table 2 are from an area analysis of the data taken with the optimum

sample thickness.

Above ] keV, two transmission runs were performed, respectively with a sample
-2 —2

thickness of 1.009 10 at./b. and 3.481 10 at./b. We have performed

a .single level area analysis on the thin sample data and a multi—level

Breit-Wigner shape analysis on the thick sample data. On average there

was no systematic difference in the results for F although -in certain

individual cases the disagreement was as high as 25%. Finally we decided Co

take the results from the single level area analysis except for some diffi-

cult cases,as for example in case of partly overlapping resonances where an

area analysis was difficult.to apply.

Above 2 keV the analysis became very difficult due to the time-of-flight

resolution which becomes more than an order of magnitude larger than the

average total width.

3. The capture widths could of course be determined only for relatively large re-

sonances (P > F ) by combining the results of the area analysis of the

partial cross section measurements and the neutron widths from the transmission

experiments. The reason why the number of resonances,for which the capture

width was determined, decreases with increasing energy is explained as follows.

Our time-of-flight resolution width (F.W.H.M.) was 1.3 eV at 1 keV and 5.5 eV

at 4 keV. This is comparable with the average spacing between resonances

(s- and-p-wave). For that reason, more and more p-wave resonances start to

overlap with broad s-wave resonances in the experiment.



]]|j Below J keV, the distribution of the capture width is very narrow, the

dispersion being only 0.67 meV. However with increasing energy, there

are more and more larger values for V . Vie consider this as an indication

for overlap of resonances and indeed, by looking carefully to the shape of

these resonances- with large V values, in most of these case this effect

was apparent. For that reason, we did not take into consideration those

F values which were larger than, the average by more than three times

the dispersion.

5. Average properties of resonance parameters

5.1. Average_cagture width

For reasans explained above, we have deduced the average capture width from

the results below 1 keV. This has yielded the following result :

T - 23.60 meV + 0.11 (meV) + 0.50 meV (syst. error).
7 ~ ~

The distribution of the F values around the mean value is very narrow, the

dispersion being only 0.67 + 0.11 meV.

This parameter was deduced by fitting the reduced neutron width distribution

to a Porter-Thomas distribution above a bias value P = 0.25 meV. Fig. 2

shows the integral distribution of the reduced neutron widths after subtraction

of the p-wave resonances. To do this, we have taken the -2-assignments by

Corvi et al.18^ below 1.5 keV and by Rahn et al. above 1.5 keV.

If we take SQ = 1.15 10

s-wave resonances , giving :

D. = (21.7 + 0.9) eV

5.3. s-waye_strength_function

for the energy range 0 - 4260 eV, we obtain 196

( K 0 10

(1.15 + 0.12) 10
-4

0 - 1000 eV

0 - 4260 eV

Fig. 3 shows the sum of reduced neutron widths versus neutron energy. Between

1.9 keV and 2.9 keV about 50% of the strength is due to only 6 resonances.
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Table 1. Experimental Details.

238U

Energy range

Flight path length

Burst width

Channel width

Detectors

Cut off filter

Samples

TRANSMISSION

9 eV - 4.3 keV

60 in

23 ns

20 ns - 640 ns

four JHe gas.scint.

1OD

7.48 1O"5 at/b

1.61 10~3

3.78 1O~3

1.009 1O~2

3.401 1O~2

CAPTURE

20 eV - 6 keV

60 in

23 ns

10 ns - 640 ns

two CrFc scint.6 6
luB

1.311 1O~5 at/b

5.527 10"5

1.61 1O~3

6.31 10"3

l.Ol 10"2

SCATTERING

15 eV - 1 keV

30 m

23 ns

20 ns - 640 ns

six He gas.scint.

1OB

1.32 1O~5 at/b

5.53 1O"5

1.00 1O~3

1.01 10"2



Table 2. RESONANCE PARAMETERS FOR Z38 .

Table 2 Continued

* 4.41 £ 0.01

6.67 £ 0.02

10.23 £ 0.02

11.30 £ 0.02

16.33 £ 0.04

19.57 £ 0.02

20.90 £ 0.01

36.81 £ 3.03

63.54 £ 3.02

66.06 £ 0.32

SO.76 £ 0.03

83.69 £ 0.03

89.25 £ 0.04

93.17 £ 0.04

102.60 £ 0.04

111.31 £ 0.05

116.88 £ 0.35

125.00 £ 0.06

145.68 £ 0.07

1S2.41 £ 3.07

159.03 £ 0.08

160.85 £ 0.08

165.28 £ 0.08

173.16 £ 0.09

189.65 £ 0.10

194.77 £ 0 . 1 1

200.67 £ 0.11

203.12 £ 0.11

208.48 £ 0.12

214.86 £ 0.12

218.40 £ 0.12

224.60 £ 0.13

237.34 £ 0.14

242.74 £ 0.15

253.88 £ 0.16

257.17 £ 0.16

263.95 £ 0.16

273.62 • 0.17

275.13 £ 0.17

282.44 £ 0.18

290.97 £ 0.19

311.26 £ 0.21

119

T (meV)
a

.000110 £ .003002

1.500 £ 0.01

.031670 £ .000040

.003420 £ .000070

.030050 £ .000010

.001170 £ .030130

10.200 £ 0.10

34.100 £ 0.50

0.016 £ 0.002

23.900 £ 0.80

1.810 £ 0.08

0.014 £ 0.001

0.099 £ 0.003

3.006 £ 0.031

70.000 £ 2.00

0.010 £ 0.002

25.000 £ 1.S0

0.026 £ 0.003

0.930 £ 9.03

0.050 £ 0.005

0.020 £ 0.006

0.005 £ 0.003

3.400 £ 0.12

0.050 £ 0.006

164.000 £ 3.00

0.050 £ 0.01

0.070 £ 0.307

0.040 £ 0.007

4«.600 £ 2.70

0.083 £ 0.01

0.O3S £ 0.007

0.020 £ 0.01

25.700 £ l.SO

0.196 £ 0.01

0.115 £ 0.02

0.014 £ 0.006

0-275 £ 0.02

25.000 £ 1.30

0.190 £ 0.02

0.100 £ 0.01

17.000 £ 0.50

1.050 £ 0.05

ry(meV)

24.2 £ 0.6

23.2 £ 0.6

22.9 £ 0.3

24.0 £ 0.4

24.3 £ 0.4

22.8 £ 0.6

23.1 £ 0.7

23.7 £ 0.7

2S.0 £ 0.6

22.5 £ 0.6

22.6 £ 0.6

Eo (eV)

322.81 £ 0.22

332.06 £ 0.23

337.27 £ 0.23

347.71 £ 0.25

351.80 £ 0.25

372.82 £ 0.27

376.88 £ 0.28

395.22 £ 0.30

397.51 £ 0.30

408.08 £ 0.31

410.12 £ 0.31

433.91 £ 0.34

439.61 £ 0.35

448.52 £ 0.36

453.95 £ 0.36

457.69 £ 0.37

463.07 £ 0.37

467.03 £ 0.38

478.27 £ 0.39

481.86 £ 0.40

485.18 £ 0.40

488.77 £ 0.40

498.98 £ 0.42

518.54 £ 0.15

523.55 £ 0.15

532.61 £ 0.15

535.44 £ 0.15

542.60 £ 0.16

550.81 £ 0.16

556.40 £ 0.16

580.30 £ 0.17

584.66 £ 0.17

595.21 £ O.IB

607.04 £ 0.18

615.98 £ 0.18

620.17 £ 0.19

624.41 £ 0.19

628.76 £ 0.19

633.55 £ 0.19

634.84 £ 0.19

635.86 £ 0.19

661.30 £ 0.20

P n '

0.057

0.063

0.110

79.903

0.250

0.030

1.110

0.072

6.580

0.150

20.600

10.500

0.280

0.050

0.435

6.310

4.400

0.170

0.940

0.140

50.800

0.260

0.060

44.000

0.250

O.0B8

0.890

41.800

0.080

85.000

0.300

0.140

31.000

0.700

6.300

0.180

127.700

Cm.

£

£

+

£

£

+

£

£

£

£ •

*

+

£

£

£

4.

+

£

£
£

£

4

£

£

:V)

0.02

0.02

0.02

4.03

0.02

0.02

0.05

0.02

0.30

0.07

O.SO

0.50

0.02

0.02

0.02

0.49

0.13

0.03

0.07

0.05

5.00

0.03

0.03

3.00

0.04

0.04

0.07

2.00

0.04

3.00

0.05

0.04

1.00

0.10

0.30

0.09

4.00

ry <n«v)

22.7 £ 0.3

24.4 £ 0.6
23.5 £ 0.6

23.5 £ 1.2

23.4 £ 0.6

23.8 £ 0.3

25.0 £ 0.5

23.2 £ 0.3

23.4 £ 0.4

24.3 £ 0.4

E
o <eV)

668.77 £ 0.20

678.00 £ 0.21
681.88 £ 0.21
693.24 £ 0.21

698.41 £ 0.22
708.49 £ 0.22

710.73 £ 0.22
713.79 £ 0.22
721.80 £ 0.23
730.29 £ 0.23
732.70 £ 0.23
735.13 £ 0.23
743.24 £ 0.24
756.37 £ 0.24
765.27 £ 0.'24
771.13 £ 0.25
772.84 £ 0.25
779.50 £ 0.25

786.18 £ 0.25
787.54 £ 0.25

791.03 £ 0.26
796.29 £ 0.26
798.29 £ 0.26
800.79 £ 0.26
808.37 £ 0.26
821.74 £ 0.27
828.54 £ 0.27
834.63 £ 0.27
846.83 £ 0.28
851.19 £ 0.28
856.25 £ 0.28
859.70 £ 0.28
866.68 £ 0.29
891.64 £ 0.30

*905.25 £ 0.30
910.27 £ 0.31
925.34 £ 0.31
937.21 £ 0.32
941.13 £ 0.32
958.65 £ 0.33
964.52 £ 0.33
977.54 £ 0.34

T n (meV)

0.180
0.740
0.050

42.400
0.236

22.600
1.150
0.230
1.900
1.000
2.120
0.170
0.350
0.510
8.300
0.120
0.140
2.250
0.120
3.460

7.160

0.350
64.000

0.160
0.080

0.950
67.000

83.900
0.420
5.700
0.800

54.200
1.400

16.000
150.600

0.700'
203.300

0.280
0.760

£
4;

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

£

4-

£

0.06
0.08
0.03.
2.00
0.06

1.50
0.07
0.06
0.07
0.06

0.03
0.04

0.05
0.05
0.40
0.06
0.07
0.10
0.04
0.03
0.20

0.06
2.50
0.03
0.04
0.10
3.03
7.00
0.04
0.30
0.10

2.00
0.08
1.00
4.00
0.10
6.00

0.06
0.08

r
Y ( '

23.5

23.3

22.5

24.0

23.5

23.5

23.5

T i e

£

£

£

£

£

£

V]1

0 . 5

0

0

. 6

. 6

1.0

1

0

1

. 0

. 7

. 0

982.61 £ 0.34
984.43 £ 0.34

*991.6S £ 0.34
1033.71 £ 0.35
1011.80 £ 0.35
1023.20 £ 0.36
1029.40 £ 0.36
1033.80 £ 0.36
1047.60 £ 0.37
1054.80 £ 0.37
1063.10 £ 0.38
1068.03 £ 0.38
1074.40 £ 0.38
1082.20 £ 0.39
1095.60 £ 0.39
1099.00 £ 0.40
1103.30 £ 0.40
1109.50 £ 0.40

1119.30 £ 0.41
1131.90 £ 0.41

1140.70 £ 0.42
1145.80 £ 0.42
1148.90 £ 0.42
1152.70 £ 0.42
1155.30 £ 0.42
1159.90 £ 0.43
1168.00 £ 0.43
1177.40 £ 0.43
1195.30 £ 0.44
1202.20 £ 0.45
1211.50 £ 0.4S
1220.30 £ 0.46
1230.70 £ 0.46
1233.70 £ 0.46
1245.40 £ 0.47
1250.20 £ 0.47
1251.80 £ 0.47
1261.30 £ 0.48
1267.50 £ 0.48
1273.50 £ 0.48
1276.50 £ 0.48
1278.40 £ 0.49

r

0.090
0.150

360.000

1.900
8.700
2.300
0.750
0.350

94.900
0.750
1.250
0.900
1.590
2.300

21.400
2.300

32.500
0.500
4.230

224.000
0.010
0.300
0.600
0.850
0.730

87.000
75.000

104.000
0.560
9.800
0.600
0.400
0.400

254.000
0.300
O.40O

0.200

30.900

32.000

0.700

0.700

(meV)

£

£

£

£

£

4.

£

£

£.

£

£

£

£

£

£

4>

£
£

£

£
£

£

£
£

£

£
£

£

±

£

£

£

£

£

£

£

0.05

0.05

20.00

0.10

0.40

0.12

0.08

0.07

5.00

0.07

0.10

0.10

0.12

0.15

2.00

0.12

1.50

0. 10

0.25

10.09

0.005

0.10

0.15

0.10

0.10

5.00

3.00

5.00

0.04

0.40

0.20

0.20

0.12

7.00

0.15

0.20

0.10

1.40

l.SO

0.35

0.35

22,

23.

24.

22 .

2.5.

22 .

tmeVJ

.8 £ 0.5

.8 £ 0.9

.2 £ 0.5

,5 £ 0.8

,3 £ 1.3

,4 £ 1.3
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Eo<«

1284.00

1285.70

1289.40

1296.50

1299.10

1317.50

1331.90

1361.20

1386.20

1387.60

1394.20

1405.90

1417.60

1420.30

1428.40

1438.70

1444.60

1447.90

1455.50

1457.10

1474.20

1487.90

1504.80

1510.90

1523.00

1525.50

1535.20

*1547.7O

1550.90

1555.90

1565.90

1568.90

1591.90

1598.30

1623.10

1633.60

1662.90

1673.90

1639.30

*171O.3O

1723.30

1746.10

£

£
4-

£

£
£

£
£
4

£

£
£
4

£

£
£
4

£
£
£

£
£
£

*
*
£
£
£
£
+

4.

£
£
£

£
£
£
£
£
£
£

1

0.49

0

0

0

0

0,

0

.49

.49

.49

.50

.51

.51

0.53

0.54

0

0,

0,

.0,

0.

.54

.55

.55

.56

.56

0.57

0..57

0.57

9.58

0.58

0.

0,

0.

0.

0.

.58

.59

.60

.61

.61

0.42

0.

0.

0.

0.

0.

0.

0.

.62

.62

.63

.63

.64

.64

,64

0.66

0.

0.

0.

0.

0.

0.

0.

0.

0.

,66

.67

,63.

,70

,70

71

72

73

75

r

0,

Table

' (*»n

.400

0.400

0.

0.

3.

5.

1.

.200

.100

.630

,600

.360

0.400

0.

0.

195,

.200

.080

,000

73.000

3.

9.

.800

.000

28.500

0.

14.

1.

0.

.440

.400

.000

.150

0.240

125.

0.

0.

0.

246.

0.

0.

4.

3.

.000

.170

,170

,660

.500

.750

,890

,170

,600

0.330

6.500

1..200

1.200

410.,000

114.000

55.

220.

0.

103.

95.

19.

1.

,000

,000

,090

000

000

800

700

£
£

£
£
£
4>

£

£
£
£

£
£
£
£
£

£
£
£

£
£
£
£
4-

£
4>

4

4

£

£
£

£
£

£
£

*
£
4

4

4>

£

£
£

2

)

0.20

0.20

0,

0,

- 0,

.10

.06

.40

0.40

0,.15

0.20

0,.10

0.05

10.

3.

0,

1.

1.

0.

.00

.00

.25

.00

.40

.10

1.20

0.

a.
0.

5.

0.

0.

0.

.30

.09

.10

.00

.09

.09

,15

10.00

0.15

0.

0.

0.

0.

0.

0.

,30

.20

,40

,10

,65

24

0.24

30.,00

5.00

3.,00

10.00

0.,03

4.00

10.

1.

00

60

0.20

Continued

T Y (m«V)

Z4.0

25.6

25.5

23.7

23.6

22.3

22.5

23.2

24.2

23.8

22.1

£

£

£

£

£

£
£
£
£

£

0.

0.

8

8

l.o

0.

1.

0.

0.

0.

6

5

7

7

7

0.8

0.

2.

7

0

E
0

1756.40

1TT6.70

1782.90

1798.00

1608.80

1824.00

1835.20

1646.60

1669.00

1881.50

1894.90

1903.30

1913.80

1917.60

1926.30

1943.00

1954.40

1969.60

1474.90

1991.10

2002.90

2024.10

2031.00

2049.70

2053.40

2063.90

2072.10

2031.00

2086.40

.2089.00

2096.80

2104.30

2110.90

2114.60

2121.80

2124.70

2141.20

2146.10

2153.30

2173.20

2179.50

2187.00

(eV)

£
£
£
£
4

£

£

£
£
£

£
£
£
£

£
£

£
£

£
£

£
£

£
£
£
£

£
£
£
£
£
£
£
£
£
£

£
£

£
£

0.75

0.76

0.77

0.78

0.78

0.79

0.80

0.81

0.82

0.83

0.84

0.84

0.85

0.85

0.86

0.87

0.87

0.88

0.89

0.90

0.90

0.92

0.92

0.93

0.94

0.S9

0.59

0.59

0.60

0.60

0.60

0.60

0.61

0.61

0.61

0.61

0.62

0.62

0.62

0.63

0.63

0.63-

rn (meV)

140.500

0.650

652.000

3.5.00

20.500

0.700

0.400

11.000

2.800
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124 The Neutron Capture Cross-section of U-238 from 0.01 to 10 eV

M. C. Moxon and J. E. Jolly

Nuclear Physics Division, A.E.R.E., Harwell, Didcot, Oxon., U.K.

Introduction

Thermal reactors have been the subject of study for many years and there

is a long standing minor discrepancy between calculation and measurement of

the reactor parameters. This discrepancy can be attributed to many factors

but is generally thought to be due to errors in the neutron energy dependence

of the capture cross-sections of U-235 and U-238 in the energy region below

^6 eV. There are many measurements of the energy dependence of the U-235

cross-section but surprisingly there is no published measurement of the U-238

capture cross-section, although Liou and Chrien^ ' have published values of the

capture cross-section of U-238 derived from the neutron energy dependence of

the intensities of individual gamma-rays, following neutron capture using a

Ge(Li) detector.

Several years ago we carried out neutron capture measurements on samples

of depleted and natural uranium oxide in the energy region from ^100 eV to

M3.01 eV. These measurements were carried out using the plain uranium target

of the 45 MeV Harwell electron linac. The analysis was abandoned at an early

stage due to poor signal to background (e.g. •vl to 10 at 2 eV and -v-1 to 1 at

0.2 eV) and the lack of adequate analysis programs.

The recent renewed interest in the low energy U-238 capture cross-section

by reactor designers and lack of published data led to a request to carry out

further analysis of the data. This involved modifications to the resonance
(2)

analysis program REFIT*- ' to enable it to carry out calculations for oxide
samples. The use of the program REFIT enables us to adjust the background and

deduce that the capture cross-section below a few eV could be represented by

a set of recommended resonance parameters using a multilevel formalism.

Measurements

The measurement of a partial cross-section (or rather the corresponding

yield curve) is more difficult than the measurement of the total cross-section

An accurate knowledge of the energy dependence of the incident neutron flux

and the relative efficiency of the capture detector, together with corrections

for finite sample size and multiple interactions of scattered neutrons, are the

minimum requirement for the calculation of the partial cross-section from the

observed data.

In neutron capture measurements a sample is placed in the neutron beam

and gamma-ray detectors placed outside the beam. The count rate S(t) from

the gamma-ray detector due to the fraction of neutrons Y (t) being captured

in the sample, at time t following the neutron burst is

S(t) = e .0(t).Y (t) (1)

where e is the efficiency of the gamma-ray detector for detecting a neutron

capture event in the sample and 0(t) is the neutron flux incident on the

sample at time t.

With the condition that the energy resolution is narrower than any

structure in the cross-section the relationship between the yield and

capture cross-section is

Yy(t) = (1 - e
" n o T ( E ) a (E)

+ Ms(t) (2)

where a^(E) and o (E) are the total and capture cross-sections respectively

at a neutron energy E corresponding to the time-of-flight t, n is the sample

thickness and M (t) is the capture yield from neutrons that are initially

scattered and captured on subsequent collisions.

(a) The gamma-ray detector

There are two main requirements for a gamma-ray detector for neutron

capture measurements. The first is that its efficiency for detecting

a neutron capture event should be independent of the mode of the prompt

gamma-ray cascade following the capture event. The second is that the

detector should be insensitive to the scattered neutrons.

The type of detector used in these measurements is fully described

in references 3 and 4. In this class of detector the efficiency is



proportional to the total prompt gamma-ray energy emitted when a neutron is

captured and is essentially independent of the details of the gamma-ray cascade.

The detector consists of a thick cylinder of LigCO^ that converts the

gamma-rays to Compton electrons. The electrons are detected by a 0.5 mm

thick sheet of plastic scintillator and photon multiplier. The LigCOj not

only acts as a gamma-ray to electron converter but also absorbs the scattered

neutrons through the reaction Li(n,a)T in which no gamma-rays are emitted.

Measurement of the neutron detection efficiency of this detector has shown

it to be less than 10"4 of that for detecting a neutron capture event in

uranium. In the low energy measurement on uranium, as the ratio of

scattering to capture never exceeds 100 to 1, corrections for the detection of

the scattered neutrons were neglected.

(b) Flight Path

A 4.58 m flight path was used for these measurements and is shown in

Figure 1. The flight path viewed a plain air-cooled uranium target. A

25 mm thick slab of polyethylene was used to moderate the fast neutrons down

to the neutron energy range of interest. The neutron beam was reduced from

the 150 mm diameter at the neutron source to 60 mm at the sample by two 1 mm

long reactor grade graphite collimators. The collimator nearest the sample

was lined with LigCOj and in addition two lead collimators each 150 mm long

were used to reduce the gamma-ray flux reaching the detector.

The time-of-flight data were recorded with the on-line equipment

associated with the PDP-11 computer' '. Measurements on each uranium sample

took between 1 and 4 days, and 4 days were needed to measure the neutron

spectra using the BgOj sample. In order to keep the power below the

maximum permitted for the target of 500 watts, an electron pulse width of

0.5 microseconds and a pulse repetition frequency of only 48 Hz was used.

(o) Samples

Initial measurements were carried out on a highly depleted metallic

sample of uranium which unfortunately was shown to contain impurities. The

sample had a higher thermal capture than expected for U-238 and resonance

peaks were seen at ^0.1, ̂ 0.65, ^1.3 and ^8 eV. The peaks at 0.1 eV and 8 eV

could be associated with samarium at a level of impurity of "-100 ppm. This

•25 amount of samarium could account for most of the high thermal cross-section.

The peaks at 0.65 and 1.3 eV indicate the presence of iridium. As iridium is

used to harden the platinum crucible it could have been leached out during

preparation of the metallic sample. These measurements indicated that very

high purity uranium was required. Scintered discs of uranium oxide were the

quickest and easiest way of obtaining some samples of pure uranium for this

experiment. The presence of oxygen in the sample gave additional problems

in the analysis of the data due to the increase of multiple scattering events.

The samples of natural and depleted uranium oxide were prepared at

Harwell by Mr. F. Leach of Metallurgy Division. Pure powdered UjOg was

compressed and fired into a disc of diameter 50 mm, at the same time reducing

the oxide to l^- These discs were then ground down to the required thickness.

The result of a chemical analysis on one of the depleted discs carried

out after the neutron measurement is given in Table 1. The mass analysis

using alpha spectrometry is also given in Table 1. The thickness of the

samples used in these measurements is given in Table 2.

(d) Background Determination

In all neutron time-of-flight measurements the determination of the

background is frequently the most difficult and least understood part of the

measurement. The background can be broken down into three major components.

1. A constant component measured when the machine is off, due to local

activity cosmic rays and very long lived activity from the sample,

the latter being the major component in this case.

2. A time independent component coming from the neutron source due to

long lived activity produced in the source. This can be either

gamma-rays, or neutrons, or both. This part, together with the

local activity, is measured by a 200 psec timing gate at a delay

of 10 milliseconds.

3. A time dependent component, which is the most difficult to measure.

One part of this component is due to the 2.2 MeV gamma-rays from

neutron capture in the moderator and has an exponential decay with

a half life of between 20 and 30 ijsecs. The other part of the

time dependent component is due to the decay of the fast neutron

burst after scattering into the detector assembly and the surrounding

shielding by the sample.



J28 (i) 'Black' Resonance Technique

The time dependent background associated with the measurements was

determined using the 'black' resonance filter technique. In this technique

samples of materials that have large resonances are placed in the neutron beam.

The samples are thick enough for the transmission in the energy region around

the resonances to be negligible. Two sets of filters were made up, each

consisting of 1.5 mm Ta, 0.2 mm Co, 1.5 mm Mn, 0.2 mm In and 1.5 mm Cd. The

capture measurements require at least four sets of data to determine the true

capture rate from a given sample. They are:

1. sample in the detector and an open neutron beam

2. sample in the detector and first set of resonance filters

in the neutron beam

3. sample in the detector and second set of resonance filters

in the neutron beam

4. sample in the detector and both sets of resonance filters in

the neutron beam

This sequence of filter changes was repeated about every 30 minutes.

In this measurement equal times were spent at each filter position. In

addition sets of measurements were carried out on the thicker natural and

depleted samples with a 0.1 mm Rh sample permanently in the-neutron beam;

this gives a background point in the region of the 1.1 eV resonance.

The observed counts C(I,N) in channel N corresponding to a time-of-

flight t from a sample for section I of the data are given below

C(I,N) = (S(t) Tj(t) + aFj + b(t)Gj) Mj + JjT (3)

where S(t) is given by equation (1), Tj(t) is the transmission of the samples

in the beam, 'a' is the machine time independent background, the time

dependent background is b(t), T is the background due to local activity and

sample, Mj is the neutron flux monitor over the period J. of the run spent

in position I, Fj and G, are the attenuation factors for the filter or filters

in the neutron beam for the machine constant and time dependent background

respectively. In the case of the open beam data Tj(t), F, and G, are unity

and in the minimum of the transmission dips due to 'black' resonances T,(t)

is taken to be zero. As the background can only be determined at the 'black'

resonances, several functions of time were parameterised to interpolate and

extrapolate on the measured data. Simultaneous fits were carried out to find

the parameters of the following equations and the attenuation factors for

the background data.

b(t) =

8t-y
-xt= B/t + ye

= S/t + y/t2 + A/t3

(4a)

(4b)

(4c)

(4d)

It was assumed that the attenuation factors are exponential in form, i.e.

F2, (5)

In the appendix it is shown that this type of extrapolation will underestimate

the background for the open beam data when more than one component is present,

e.g. gamma-rays and neutrons with a wide energy range. When the signal to

background is large, the error due to the underestimation of the background

can be allowed for at a later stage in the analysis.

Figures 2 and 3 show the total observed counts versus time-of-flight for

the two samples of depleted uranium. The lower two solid lines are the least

square fit to the 'black' resonance points at times greater than 100 ysec.

The upper solid line is the extrapolated curve assuming exponential

attenuation and equation (4c). (These curves were used to calculate an

observed capture yield from the data). Due to the poor energy resolution at

times less than 100 psec the resonance dips due to the filters did not have

zero transmission. Assuming exponential attenuation, the open beam

background was calculated from the 'non-black' resonances after correction

for the transmitted signal and the time independent background. These

points indicated that the assumed curves did not account for all the background

in the open beam at times less than ^150 psec.

(ii) Adjustment of the Background Using REFIT

In the analysis program, REFIT, the background can be adjusted in

order to obtain the best set of resonance parameters from either capture or

transmission data. Figure 4 shows a fit to the 36, 20 and 6.7 eV resonances.



In this fit only the background adjustment has been determined using the

resonance parameters given in Table 4. These parameters were taken from

references 6 and 7. Only minor changes to the resonance parameters were

indicated when both the background and resonance parameters were adjusted in

a fit to the data. Fits assuming the background to be zero produce parameters

^1.5 standard deviations from the given ones but very high values of chi-

squared per degree of freedom, mainly arising from the poor fits to the wings

of the resonances, i.e. the regions where errors in the background will give

a large contribution to chi-squared.

Tlvs background adjustment to the observed capture yield was converted

to counts per channel and is plotted as the dashed curve on Figures 2 and 3.

In the region at times less than 150 psec the dashed curve is above that

obtained from the extrapolated 'black' resonance data but in general

agreement with the data obtained from the resonance dip in that region.

In the energy region below 4 eV a calculation of the capture cross-section

was carried out and the parameters of the first negative energy resonance were

adjusted to give the recommended capture cross-section of 2.73 b at 0.0253 eV.

These parameters were then used together with parameters for U-235 and U-234 in

REFIT to obtain an adjustment to the background from -v2 eV to 1-0.3 (i.e.

250 psec < T < 700 ysec). This proved to be almost a constant fractional

increase on the extrapolated background of ^5% for the thin sample (see

Fig. 2) and ^7% for the thick sample (see Fig. 3). The background below

O . 3 eV (i.e. T > 700 ysec) is assumed to follow the same shape as determined

from the 'black' resonance data but increased in magnitude by the factor

determined in the energy region 2 eV to 0.3 eV. This assumption had to

be made because the program REFIT does not take into account solid state

effects in calculating multiple scattering effects and these are much

more important in the neutron energy region below 0.3 eV.

Measurements with samples of lead and graphite show there were no

additional capture yields due to the scattered neutrons.

(e) Neutron Flux and Normalisation Measurements

The time dependence of the neutron flux incident on the sample was

determined from a measurement of the count rate from a B2O., sample,

ioi placed in the sample position, detecting the 480 keV gamma-ray from the

B(n,ay) Li reaction with the capture detector. The cross-section for

this reaction is known to better than 3% below 100 keV (8,9) and varies
smoothly with neutron energy over the region of interest. Details of

the B sample are given in Table 3.

The relative yield for a uranium sample can simply be obtained from

the ratio of the counts from the uranium sample multiplied by the (n,aY)

reaction yield from the B sample divided by the counts from the B20,

sample. This relative yield can be normalised at the peak of the 6.7 eV

resonance.

It can be seen from equation (2) that if the product of the sample

thickness and the total cross-section is much greater than unity, the yield

is approximately the ratio of the capture to total cross-section. This

condition is easily met in the peaks of the low energy resonances.

Calculations using the program REFIT for the 6.7 eV resonance showed that for

the samples used in this experiment the peak yield was near to unity and

almost independent of the resonance parameters and resolution function. In

the case of the resonances at 20, 36 and 60 eV the peak yields were not

independent of the resolution function parameters. In fact the resonances

at 60 eV and 102 eV were used to determine the values of the main parameters

used in the resolution function.

The samples of natural uranium were only used to obtain the relative

efficiency of detecting neutron fission and capture events in the U-235 to

that of neutron capture in U-238.

The measured efficiency together with the abundance of U-235 in our

depleted samples gives a contribution of 0.9 bs to the observed data at

thermal energy.

Results

Figures 5 and 6 show our observed yield divided by sample thickness

together with the calculated curve over the energy range 0.01 to 10.0 eV.

As can be seen after the background correction, the observed data in the

energy region above 0.3 eV for both samples are in reasonable agreement with

the calculation using the resonance parameters given in Table 4. The

resonance parameters below 100 eV are taken from reference 7 and those above



partly from reference 7 and the evaluation given in reference 8. The

differences below 0.3 eV are not thought to be genuine due to assumptions

made in REFIT being invalid at the lower neutron energies. These assumptions

are that the sample is a free gas at a given effective temperature and that

all neutron scattering is isotropic in the centre of mass frame. All these

assumptions lead to an overestimation of the multiple scattering correction

and are 20% at 0.2 eV and 55% at 0.025 eV, for the thickest sample of

depleted U-238.

Conclusion

On the basis of our analysis we believe the capture cross-section of

U-238 is well represented by the resonance parameters given in Table 4. The

present data do not exclude the possibility that the cross-section may be

higher than that given by the resonance parameters in the energy region

1 to 6 eV.

These measurements do not meet the reactor requirements (i.e. ±3% or

+30 mbs, whichever is the larger). New measurements are required of the energy

dependence of the capture cross-section of U-238. In carrying out these

measurements we would like to have several very pure highly depleted metallic

uranium samples, ideally with a U-235 content of less than 50 ppm, and an

absence of elements with high capture cross-sections in the thermal and eV

region (e.g. B, Rh, Ag, In, Rare earths, Au, etc.).
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Table 1 Chemical and mass analysis of a depleted uranium dioxide sample.

(a) CHEMICAL ANALYSIS

Uranium content 88.3+0.1%

Theoretical for U02 88.15%

Hydrogen content 2.1+0.5 ppm by weight

Carbon not measurable

Rare earths not detected

(b) ALPHA SPECTROMETRY

U-235/U-238

Value given by
suppliers

U-234/U-238

No value given by
suppliers

Mass Ratio

(9.02±0.36) x 10

6.9 x 10'4

(1.6U0.03) x 10

-4

-6

Table 2 Thickness of uranium dioxide samples.

Sample

U depleted

U depleted

U natural

U natural

Thickness
a/b

(4.3662+0.0175) x 10'3

(1.05U0.0052) x TO"2

(1.6697±0.0066) x 10'2

(3.4108±0.0137) x 10"3



Table 3 Details of B-10 sample used to measure the neutron flux.

Details of standard > U B 2°3 sample

Isotopic composition of boron sampl

Element

Si
Pb

Al
Fe
Cu

Mg
Mn
Sn
Cd
As
Zr
Ti

diameter

thickness

density

1 0 B 0
It B 0

.9532±0.00013

.0468±0.00013

Spectrographic analysis

0

0.

0

0

0

<0

<0

<0

<0.

<0.

<0

<0

%

04

04

03

02

01

005

005

005

02

1
1

1

80 mm

4.41 mm

1.8074±0

Element

Be
Mo
Ni
Bi
Co

Ag
Ga
Ge

Cr
Sb
V

(1.345+0.0079) x 10"2

per barn
.0017 gram/cc

e

<0

<0

<0

<0

<0

<0

<0

<0

<0

<0

<0

X

.005

.005

.005

.005

.01

.01

.01

.01

.02

.1

.1

atoms



Table 4 U-238 resonance parameters used in the analysis of the data,

(a) s-wave resonances

Nucleus

Resonance Energy
eV

-14.000
6.668
10.241
20.877
36.692
66.076
80.762
89.217
102.582
116.929
145.630
165.290
189.620
208.420
237.280
242.660
273.560
290.900
311.100
347.680
376.720
397.430
410.080
433.930
463.000
478.070
518.190
535.110
579.830
594.760
619.610
628.260
660.810
692.820
707.930
721.200
731.950
764.690
778.810
790.440
821.110
850.700
855.820
867.120
904.640
909.500
924.620
936.560
940.100
958.020

radius = 0.9183 x

Neutron Width
eV

0.196900E-02
O.150700E-02
0.159000E-05
0.101800E-01
0.344200E-01
0.256900E-01
0.179400E-02
0.847000E-04
0.695700E-01
0.251700E-01
0.847690E-03
0.319040E-02
0.171800E+00
0.496960E-01
0.266530E-01
0.155170E-03
0.249920E-01
0.149790E-01
0.100050E-02
0.773250E-01
0.111480E-02
0.595840D-02
0.188230E-01
0.921520E-02
0.501770E-02
0.339830E-02
0.457300E-01
0.422380E-01
0.311310E-01
0.817850E-01
0.294890E-01
0.612550E-02
0.121160E+00
0.381140E-01
0.212500E-01
0.128280E-02
0.148070E-02
0.630850E-02
0.143810E-02
0.593640E-02
0.588400E-01
0.573140E-01
0.816470E-01
0.390080E-02
0.472980E-01
0.108330E-02
0.935380E-02
0.138620E+00
0.309680E-03
0.171480E+00

10"12 cm

Radiation Width
eV

0.214000E-01
0.235400E-01
0.235800E-01
0.224400E-01
0.240300E-01
0.234600E-01
0.235800E-01
0.235800E-01
0.235800E-01
0.235800E-01
0.240000E-01
0.179920E-01
0.238280E-01
0.223300E-01
0.231170E-01
0.240000E-01
0.232860E-01
0.226030E-01
0.240000E-01
0.226120E-01
0.240000E-01
0.249100E-01
0.216460E-01
0.215410E-01
0.185940E-01
0.350000E-01
0.243390E-01
0.243050E-01
0.236860E-01
0.226800E-01
0.230540E-01
0.240000E-01
0.253720E-01
0.235450E-01
0.243640E-01
0.240000E-01
0.240000E-01
0.170000E-01
0.240000E-01
0.150000E-01
0.235930E-01
0.275480E-01
0.236060E-01
0.240000E-01
0.249190E-01
0.240000E-01
O.25OOOOE-O1
0.241170E-01
0.240000E-01
0.223110E-01



TABLE 4

(b) p-wave resonances

Resonance Energy
eV

4.418
11.310
16.243
19.559
45.176
49.456
57.738
63.532
83.559
92.975
121.600
124.220
152.400
158.900
173.100
202.300
215.000
253.900
255.400
257.100
263.770
275.800
282.300
295.000
337.200
351.800
354.700
407.600
439.520
453.880
488.520
498.900
523.200
542.300
555.820
605.910
623.630
668.400
676.920
712.500
729.600
742.780
755.820
808.170
815.300
832.400
846.510
890.820
932.200
964.900
976.850

a = 0.8366 x 10"12 cm

Neutron Width
eV

0.123000E-06
0.437000E-06
0.530000E-07
0.113000E-05
0.855680E-06
0.680000E-06
0.480000E-06
0.562370E-05
0.666270E-05
0.300000E-05
0.596020E-05
0.139720E-04
0.370460E-04
0.101800E-04
0.324490E-04
0.394270E-04
0.396920E-04
0.988880E-04
0.604570E-04
0.198500E-04
0.215160E-03
0.797150E-04
0.614780E-04
0.300230E-04
0.504430E-04
0.806330E-04
0.296820E-04
0.82291OE-04
0.262220E-03
0.399700E-03
0.511150E-03
0.825540E-04
0.199460E-03
0.514650E-04
0.729550E-03
0.310350E-03
0.694820E-03
0.249610E-03
0.842010E-03:
0.253580E-03
0.638650E-03
0.403060E-03
0.413800E-03
0.508320E-03
0.198300E-03
0.257960E-03
0.661780E-03
0.826870E-03
0.305580E-03
0.199830E-03
0.644690E-03

Radiation Width
eV

0.235800E-01
0.235800E-01
0.240000E-01
0.235800E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01 I
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01 j
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
0.240000E-01
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Figure 1 Layout of the 4.58 m flight path.
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observed data

Q 'black' resonance background data

* open beam background points calculated from resonance dips after

correction for transmitted signal

Curve 1 fitted background curve for two sets of resonance filters

in the neutron beam

Curve 2 fitted background curve for a single set of resonance

filters in the neutron beam

Curve 3 exponential extrapolation of curves 1 and 2 to give the

background for the open beam data

Curve 4 corrected background curve for the open beam data using

the least square fitting program REFIT.

Figure 2 The observed count rate as a function of time-of-flight for the

sample U02, n = 1.05 x 10'
2 a/b
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Figure 3 The observed count rate as a function of time-of-fiight for the
o

sample of U02, n = 4.366 x 10 a/b (see Figure 2 above for details).

Figure 4 The least square fit to adjust the background in the time region

below 200 psec.
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Figure 5 The calculated and observed capture yield divided by sample thickness

(n = 1.051 x 10'2 a/b).
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Figure 6 The calculated and observed capture yield divided by sample thickness
(n = 4.366 x 10'5 a/b).
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Appendix

If the background consists of the components a. with attenuation

factor T•, the observed value for the open beam is BQ for a single set of

filters B-| and for two sets of filters B 2, and are given by the following

& - I a. (Al)

I a. T-
i=l n 1

k ,
Z a, T /

(A2)

(A3)

If we assume exponential attenuation of the observed values, •, and „

the ratio R given in equation (A4) should be unity

R = ft /ft P (A4)

If there are several components with different attenuations R will be less

than unity and is shown as follows:

(A5)

(A6)

WWW >

The RHS of equation (A6) is positive and hence R is always less than unity,

i.e. this technique underestimates the background when more than one component

is present in the measurement.

U-238 Unresolved Resonance Parameters

M. G. Sowerby and N. J. Bee*

Nuclear Physics Division, A.E.R.E., Harwell, Didcot, Oxon., U.K.

1. Introduction

The unresolved resonance region, which for U-238 extends from ^4 keV

to ^150 keV, is the energy range where the resonances are not overlapping

(and hence self-shielding is important in reactor calculations) but

experimental resolution is inadequate to determine the parameters of

individual resonances. This energy range is particularly important for fast

reactors. Barre and Khairallalv ' have shown, for example, that ^50% of

U-238 captures occur in the 4 to 100 keV energy range in the inner core of

a 1200 MWe fast reactor.

The main aims of any unresolved resonance parameter evaluation are

two fold

(1) to enable the infinitely dilute cross-sections to be calculated

as a function of neutron energy

(2) to allow the self-shielding factors to be calculated as a

function of reactor temperature and core composition.

The effective cross-section a • for reaction x of isotope i in group g

is then given by

agix " gix x agix

where f . is the self-shielding factor and a™, is the infinitely dilute

cross-section.

In many countries fast reactor group cross-sections are adjusted to

fit integral data; in others the evaluated differential data are chosen so

that measured and calculated integral reactor parameters are in "agreement".

^Imperial College, London attached to A.E.R.E., Harwell

This problem will not be discussed in this paper. The reader is referred to

Rowlands (paper presented to this meeting) for further information.



There is, however, general agreement that reactor integral measurements

imply a U-238 capture cross-section about 12% (or two standard deviations)

below broad resolution differential measurements. This problem was discussed

at the previous Specialist Meeting on "Resonance Parameters of Fertile

Nuclei and Pu-239" held at Saclay in 1974. The meeting noted in the
(2)conclusions^ ' that the values of self-shielding factors f are only weakly

dependent on resonance parameters. It was therefore concluded that if the

usual assumptions were made about mean resonance parameters and distributions

then it was impossible to find a set of resonance parameters that will

decrease the self-shielded capture cross-section o . without decreasing

o". . It was suggested that possible explanations of the discrepancy could

include

(1) systematic errors in either the differential measurements of

the capture cross-section (i.e. a" ) or in reactor measurements

or in their interpretation

(2) systematic faults in the adjustment procedure; for example other

cross-sections used in the interpretation may be erroneous

(3) some new physical effect in the U-238 resonance parameters (for

example a correlation between the neutron and capture widths r

and r ; or different r 's for s and p-wave resonances).

The aim of this paper is to review the state of our knowledge of the

U-238 unresolved resonance parameters. In order to do this it is necessary

first to summarise the situation at the 1974 Specialist Meeting.

2. Knowledge of parameters at the time of the 1974 Specialist Meeting

Before reviewing the knowledge in 1974 it is worthwhile noting that

in the U-238 unresolved energy range we have to consider s, p and d-wave

interactions (1 = 0, 1 and 2) though the d-wave contribution is sufficiently

small that we can limit discussion to the s and p-wave contributions (the

value of the d-wave strength function and mean radiation width are usually

assumed to be the same as the s-wave values). For U-238 the s-wave

interactions form compound nuclear states with spin and parity J = \ while

for p-waves the values are \ and 3/2 . For each of these spin states an

unresolved resonance parameter evaluation must provide the following

137 information which can vary with incident neutron energy:

(a) the mean value of the reduced neutron width (or alternatively the

strength function) and the distribution function of the widths

(b) the mean value of the total radiation width and the distribution

function of the widths

(c) the mean level spacing and the distribution of level spacings .

Other information such as the effective scattering radius and the nuclear

radius for use in the calculation of penetrability are also required.

The distribution functions for widths and spacings have been discussed

extensively in the literature (see for example Lynn^ ') and there is a

general concensus that:

(1) the level spacing distribution is in good agreement with the

Wigner form

(2) the reduced neutron width distribution is a x distribution with the

number of degrees of freedom (v) being 1 or 2 depending on whether

or not the spin state can be formed for both channel spins I + \

and I - \ (for v = 1 the distribution is of course the Porter-

Thomas distribution)

(3) the total capture widths have a narrow distribution about their
2

mean value (similar to a x distribution with v very large) and it

is usually assumed that the capture width is a constant.

Table 1 lists the main techniques that have been used to obtain the

average resonance parameters needed in evaluations of the unresolved region.

A number of assumptions that have usually been made in the analysis of the

results are listed below:

(a) the average level spacing is related to the spin J as follows

2J + 1

where D is a constant and a is approximately 6

(b) for a given 1 wave the strength function is assumed to be

independent of J



138 (c) the value of the radiation width r is assumed to be independent

of J and 1.

Table 2, which was given by Sowerby
(10) lists the average resonance

parameters obtained from some pre-1974 experiments and analyses. The most

striking differences are in the values of the p-wave strength function where

the analysis of transmission data gives values about 60% higher than other

techniques. However, it can also be seen that none of the other parameters,

except the effective potential scattering radius, are consistent within ±10%.

Table 3^ ' gives the average unresolved resonance parameters used in

some pre-1974 evaluations. There is considerable variation in the values

chosen and on the whole they are all consistent with the typical "experimental1

values given in Table 2. The calculated average capture cross-sections,

which are also given in 2 energy ranges, show a large spread and one would

expect significant discrepancies in the calculated total cross-sections

and other parameters based on these data.

It was concluded in 1974 therefore that

(1) the average resonance parameters in U-238 are not well known

and improved data are required

(2) insufficient checks have been made to date to see that

evaluations fit all the data that are available

(3) in the future evaluators should check that the resolved and

unresolved data on U-238 are consistent with

(a) average capture cross-section data

(b) average total cross-section data

(c) average transmission data for thick samples (including

variation with sample temperature)

(d) average self-indication ratio data and their variation

with transmission sample temperature.

3. Work done since 1974

(a) Resolved resonance parameters

Though this paper is not concerned with resolved resonance

parameter data, improvements to the data in this region have implications

in the unresolved region. New resolved region data have been obtained at

a number of laboratories and most of these were taken into account by

de Saussure et a P 'in their detailed evaluation of the 0 to 4 keV energy

range which is included in ENDF-B V. An evaluation of this energy range

has also been performed in Japan for JENDL-2. Though the results of this

are given in a JENDL file, only a limited amount of documentation is

available. Both evaluations include fission widths.

Table 4 gives the more important conclusions from the evaluation of

de Saussure et al and also gives the modifications suggested by Keyworth

and Moore^ ' in their review. It is now generally agreed that the value

of <r > is ̂23.5 meV. The value of 0.944±0.025 x 10-12 cm for the effective

potential scattering radius given by de Saussure et al is the result of
careful measurement and analysis at Oak Ridge by 01 sen et al(17) I t is
somewhat higher than the value of 0.9185+0.014 x 10 cm obtained by Lynrr ' .

The values of the p-wave strength function deduced by Lynn and Uttley et al

(see Table 2) are correlated with the value of the scattering radius.

-̂4
If the correct value of the scattering radius is 0.944 x 10 cm then

their estimated p-wave strength function is likely to be below 2.5 x 10"

Uttley et al show that if the effective scattering radius changes from

reduces0.9185 x 10"12 cm to 0.944 x 10"12 cm then their f i t ted value of
j

to ^1.9 x 10 . It would therefore appear that the p-wave strength function

of 1.9 (±0.2) x 10"4 is a reasonable global fit to all the data. There

is still some doubt about the values of the mean level spacings. It seems

reasonable however to accept the modifications of Keyworth and Moore to

the de Saussure et al evaluation and hence the best value of the s-wave level

spacing is 20.9 eV.

(b) Measurements in the unresolved energy range

A number of measurements have been performed which give improved

data in this energy range. Basically these are of three types:

(1) measurements of capture cross-sections

(2) transmission measurements with samples of various thickness and

in some cases with heated samples

(3) measurements of fission cross-sections.



There is also a little information on the inelastic scattering cross-section

to the first level in U-238 at 45 keV. The fission cross-section is on

average small throughout the "unresolved energy region" and for most

practical purposes it can be forgotten.

The capture cross-section data above 10 keV were recently reviewed by

Poenitz* '. He concludes that most measurements are within a ±5% range

except the measurements of de Saussure et alv ' which are higher and

Moxon' ' which are lower. Poenitz considers that the error in the capture

cross-section is ^±5% and this agrees with the values given in ENDF-B V.

Between 4 and 10 keV the errors given in ENDF-B V are similar. The

recent data do not solve the discrepancy in U-238 capture between integral

and differential data and, because the U-238 capture cross-section in the

unresolved region is so important, improved measurements are required. As
(21)has been stated by de Saussure*• ' new measurements should attempt to

reduce the corrections for background,efficiency variations and multiple

scattering by stressing new approaches and better techniques.

Evaluations of the capture cross-section tend to ignore the large

fluctuations (up to ^20%) that are known to exist in the unresolved energy

regiorr '. Similar structures are known to occur in the total

cross-section and there is a need to understand the origin of these

fluctuations - are they due to local fluctuations in r or D?
/pi) n

Melkonian et alv ' have shown that in the resolved region there are

fluctuations in r°. Unless these fluctuations are correctly represented

errors will occur in calculated self-screening factors.

As far as transmission data are concerned there have been significant

improvements in the data; Olsen et a r ' have performed high resolution

accurate transmission measurements through samples of various thickness

covering the energy range 0.88 to 100 keV, Haste and Sowerby^ ' have made

measurements of the average transmission of heated UO2 samples in the energy

range 10 eV to 200 keV and Brugger and co-workers^ ' ' have measured the

transmission of U-238 in various chemical forms as a function of sample

temperature for energy bands at 2, 24 and 144 keV.

Brugger and Aminfar^ ' have analysed their transmission data by

generating a ladder of resonances which have a set of average resonance

parameters. The cross-sections deduced from the ladder were then Doppler

broadened using an ideal gas model which incorporated an effective

temperature to account for zero state vibrations and an effective mass to

account for chemical binding. It was found necessary to include the

effective mass so that one particular ladder of resonances will fit all

the measurements in one energy band. A change in the effective mass is

also needed to fit the observed step in transmission when U is melted.

There is a need for further analysis of these results because if the

present conclusions are correct there may be errors in the current Doppler

broadening calculations. In particular it is recommended that the

measurements at 2 keV be analysed using the known resonance parameters.

The transmission data are at present being analysed by Bee^ ' who

has devised a method for estimating the s-wave strength function in the

energy range where self-shielding is important. Some estimates are shown

in Fig.. 1 together with values of the s and p-wave strength functions that

have been used in the two latest evaluations in the unresolved region for

ENDF-B V and JENDL-2. These attempts to estimate s-wave strength functions

in the unresolved energy range are an important step in an evaluation in

the unresolved region because the calculation of correct self-screening

factors requires that the total cross-section be correctly divided up into

its various 1 wave components.

The total cross-section in the unresolved region is an important

quantity but it is difficult to measure because of self-screening effects.
125)However, the data of Olsen et a P ' can be used to provide an estimate

which agrees reasonably well in the region of overlap between 6 and

100 keV with the data of Uttley et al' ', From these data it would appear

that the average total cross-section is known to better than vt4% over

the whole of the unresolved energy range.

(c) Evaluations in the unresolved region

Three new evaluations* have been performed in the unresolved

region since 1974 for the KEDAK-3, ENDF-B V and JENDL-2 nuclear data

libraries. These evaluations are of course constrained by the procedures

*Two new evaluations for ENDF/B IV and JENDL-1 have also been performed

but these will be neglected as they have been superceded.



140 of the libraries and therefore any comments should not be considered

to be a criticism of the evaluators.

The KEDAK-3 evaluation was performed by Frohner and is reported in

reference 30; the values of the parameters are given in Table 5. These

parameters were determined as follows. For a=0 the values are maximum

likelihood estimates derived from the individual resonance parameters in the

resolved region with due account of missing levels. The p-wave strength

function was determined by a least squares fit to the evaluated total

cross-section data; this was primarily based on the data of Carraro and

Kolar' ' and Uttley et al' ' below and above 14 keV respectively. The

other parameters were then chosen to make the calculated cross-section fit

the evaluated capture cross-section. It should be noted that in this

evaluation the average resonance parameters are independent of neutron

energy and fluctuations in the average cross-sections are not represented by

the resonance parameters.

The ENDF-B V evaluation was performed in the unresolved region by

Pennington et al' ' and covers the energy range 4 keV to 149 keV. Average

parameters are given at 36 energy points over this energy range and for

given values of % and J most of these are independent of neutron energy;

Table 6 gives the values of the energy independent parameters. The

competitive widths (r ) are included so that inelastic scattering to the

first level at 45 keV is represented. The values of r for p-waves and

? c o vary with neutron energy with the values being chosen to fit the

evaluated capture and inelastic scattering cross-sections respectively.

The values of s and p-wave strength functions given by the evaluation are

plotted below 100 keV in Fig. 1. The values of total cross-sections

calculated from the evaluation are not a reasonable fit to the measured

data above ^20 keV; the discrepancy at 60 keV is *&%. The evaluation

method ensures that all the structure in the evaluated capture cross-section

appears in the p-wave strength function.

The JENDL-2 evaluation considers the unresolved region to extend

from 4 keV to 50 keV and average parameters are given at 21 energy points

over this energy range for the same values of % and J as ENDF-B V. The

values of the s and p-wave strength functions, which are plotted in

Fig. 1, were determined by adjusting their values (keeping their ratio

constant) so as to reproduce smooth evaluations of the measured capture and

total cross-sections. Table 7 gives some of the other parameters.

It is clear by comparing the evaluations and from Fig. 1 that:

(1) the evaluations do not represent the fine structure in the total

cross-section (or capture cross-section)

(2) the values of r are in good agreement as are the values of D

at ^4 keV

(3) these values of r and D are in good agreement with the best

values deduced in the resolved region

(4) the values of the s-wave strength function used in ENDF-B V are

higher than the estimates by Bee below 12 keV. Reasonable

agreement with the smoothed total cross-section data is achieved
-12because a small value (0.89 x 10 cm) is used for the effective

scattering radius

(5) the value of the d-wave strength function used in ENDF-B V is

a factor ^2.5 higher than in the other evaluations.

(d) The adequacy of the ENDF-B V format in the unresolved region

The ENDF-B format is widely used throughout the world and it

is pertinent to ask if the format is adequate. In the unresolved energy

range the format only allows the cross-sections to be described by the

Breit-Wigner single level formalism but the average parameters can be given

at 250 energy points. This number is probably sufficient to describe the

known structure in the cross-sections but the use of the single level

formalism can lead to problems if the data are not used in the way intended.

For instance, the creation of single level resonance ladders can be

expected to produce the same kind of end effect bias and frequent negative

scattering cross-sections that are seen when the single level representation

is used in the resolved region.

The problems of the ENDF-B unresolved resonance formalism have been

considered in detail by de Saussure and Perez' ' and some of their comments

are given in the rest of this section. The central question is whether or



not the ENDF-8 representation leads to a correct estimate of resonance

self-shielding. Ultimately this question will have to be answered by

comparing computed self-shielding factors as a function of energy temperature

and dilution with the values derived from experiments but as far as is

known this has not been done.

As far as the ENDF-B V U-238 evaluation is concerned de Saussure and

Perez consider that there is no theoretical or logical justification of

the model used in the unresolved region although this model conforms to

usual ENDF-B procedures. From the theoretical point of view, there is no

reason to expect the variation in the locally averaged cross-section to be

due entirely to a variation in the locally averaged £=1 reduced neutron

widths. There is no reason either to expect a small sample of the reduced

neutron widths to have a Porter-Thomas distribution around their locally

averaged values.

The model is also logically inconsistent. By specifying average

resonance parameters and their distributions, we specify only the

probability distribution of the average cross-sections, not the actual

values. By fitting the local reduced neutron widths to the locally

averaged values of the capture cross-section, on the other hand, we imply

that the most probable value of the average cross-section is the actual value.

Furthermore the magnitude of the fluctuations of the locally averaged

capture cross-section is determined by the width of the averaging intervals

and there is no compelling rationale for selecting these widths. The

widths of the averaging intervals should probably be interpreted as being of

the same order of magnitude as the intervals between successive energy points

at which the average parameters are defined; these intervals vary

considerably in magnitude.

Because of the lack of theoretical justification and because of these

logical inconsistencies, the model should be viewed at best as an ad hoc

parameterization of the average capture cross-section. Because of the way it

is constructed, the model will reproduce exactly the evaluated locally

averaged capture cross-sections but there is no reason to expect it to

provide correct values of the self-shielding factors, since the

parameterization is not unique and since no self-shielding information was

141 utilized.

In order to check the uncertainties that arise in self-screening

factors due to these effects de Saussure and Perez' ' have performed

a series of calculations at 4 keV. In these the ENDF-B V evaluation was

used but the s-wave strength function was allowed to vary over an

acceptable range (+40%) and the p-wave strength function was then selected

so that the average capture cross-section was unchanged. Table 8 gives

the values of the self-screening factors obtained as a function of dilution

cross-section (a ) and temperature. It can be seen that the 40% change

in S corresponds to a change in the self-screening factor (f ) of ^±1W

for a dilution of 10b and an uncertainty of the same magnitude in the

change in f between 1000K and 2000K. It should also be noted that the

changes in SQ correspond to changes in the average total cross-section

and hence these results show that good knowledge of the average total

cross-section and/or the s-wave strength function should improve the

accuracy of values of f and o calculated from resonance parameters.

Rowlands^ ' has done some calculations of the values of a averaged

over the energy range 0.5 to 25 keV using a reference set of average

resonance parameters and 4 other sets where changes were made to one

parameter. The results are given in Table 9 and these together with the

data given in Table 8 lead to the conclusion that the present errors in the

unresolved resonance parameters lead to significant uncertainties in

the self-shielding factors. This means that

(a) the accuracy of values of a deduced using the formula

a = f o* is poorer than the accuracy of a°°
Y y Y y

and (b) it is not sufficient to perform integral measurements of a

for a limited number of experimental conditions because

if one wishes to use these to determine o for some other

condition (e.g. temperature) then accurate values of f

are needed.

It follows, therefore, that the reactor physicist always requires a good

description of the unresolved resonance parameters irrespective of the

method he uses to determine o . The use of the data adjustment method

where group cross-sections are adjusted to fit integral data does not

remove this need.



The above discussion tends to contradict a conclusion^ ' reached

in the previous specialist meeting that the self-shielding factors are

only weakly dependent on the assumed resonance parameters if the usual

assumptions are made about the parameters and their distributions. Based

upon this it was felt in 1974 that the discrepancy between integral and

differential measurements of the U-238 capture cross-section was unlikely to

be caused by errors in f due to errors in the unresolved resonance

parameters unless these have unexpected properties. It is now clear that

some of the errors in these parameters are larger than previously thought

(e.g. the values of S deduced by Bee^ ' between 4 and 10 keV are

significantly below the value of 1 x 10" usually assumed) and so the

discrepancy could in part be due to errors in self-screening factors.

More work needs to be done to extract the local values of the parameters

to clear up this point.

de Saussure and Perez have also tested the ENDF-B V unresolved region

methodology by applying it to the energy range 1 - 4 keV where resolved

resonance parameters are available. The results are given in Table 10 where

a f and on f* are the self-screened cross-section values calculated by

the unresolved region and resolved region methodologies respectively. It

can be seen that the values significantly differ even when the averaging

intervals are 1 keV. If there are similar differences in the unresolved

region then part of the discrepancy between integral and differential

capture cross-section data could be due to this.

There is obviously a need to improve the ENDF-B methodology for

treating the unresolved region. A number of methods have been given by

de Saussure and Perez:

(1) "ladder" of artificial resonances selected to fit data using

a forced sampling technique

(2) using directly cross-sections obtained in high resolution methods

(3) representing the data by the probability table method

(4) parameterization of the resonance self-shielding factors.

4. Discussion and Conclusions

It is clear that a considerable amount of work has been performed

since the last review of the unresolved resonance region of U-238 was made

in 1974. The capture cross-section data are now known to ±5% over the

whole of the unresolved energy range (4 to 150 keV). This is only a marginal

improvement since 1974 and the discrepancy between integral measurements

of U-238 capture and values calculated from differential data still exists.

Of course this could be due to incorrect calculation of self-screening

factors but there is still a need for more differential measurements. As
(21)recommended previously by de Saussurev ' the new measurements should

attempt to reduce the corrections that have to be applied to the

experimental data by using new approaches and better techniques.

The average total cross-section now appears to be known to ±4% over

the whole energy range and a series of good measurements of transmission

through a range of sample thicknesses are available, some being done with

heated samples. The transmission data of Brugger and Aminfar^ ', however,

require further analysis because if the present analyses are correct the

gas model of Doppler broadening could be wrong. In particular their data

at 2 keV require analysis using the available resolved resonance parameters.

Little attention has been paid in this review to the fission

cross-section, which is small, or to the inelastic scattering cross-section

to the first level at 45 keV. This latter cross-section is large in

magnitude reaching about 0.7 barns at 150 keV but it is probably known to

sufficient accuracy that resulting errors in calculated self-shielding

factors are smal1.

From the resolved region there are now reasonable estimates of a

number of parameters, i.e.

,-12

Level spacing of s-wave resonances = 20.9±1.5 eV

<r > for s-wave resonances =23.5 meV

effective scattering radius (s-wave) = 0.944±0.025 x 10~'~ cm

p-wave strength function = 1.9+0.2 x 10"

The data on level spacings for p-waves are consistent with the

formula Dj = o

2J+1



However, we do not know if <r > for p-waves is the same as <r > for s-waves

as r has not been determined for a p-wave resonance. Such a determination

could be very valuable.

The present analyses of the unresolved region often assume that the

unresolved parameters are constant or they only vary slowly with neutron

energy. However, it is known that there is significant structure in the

cross-sections in the unresolved region and the effects of the structure

on the calculation of self-shielding factors require further investigation.

de Saussure and Perez' ' have investigated the methodology of

the ENDF-B V U-238 unresolved region evaluation and considered its adequacy.

They conclude that improvements are required and have listed some possible

methods.

It is clear that the average unresolved resonance parameters and

in particular the local values of these parameters are not well known.

Work is required to improve this situation and it should be noted that these

data are required irrespective of whether or not the method of data

adjustment is used to improve the accuracy of production of integral

properties. Bee^ ' has started an analysis and his results, which give

estimates of the s-wave strength function in the region where self-screening

is important, look promising. The parameters deduced in any analysis

must be checked to see that they are consistent with

(a) average capture cross-section data

(b) average total cross-section data

(c) average transmission data for thick samples (including variation

with sample temperature)

(d) average self-indication ratio data and their variation with

transmission sample temperature.

The checks against (c) and (d) are particularly important as they will

give some commentary on the calculated shielding factors.
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Table 1

Methods of obtaining data on unresolved resonance parameters

Method

A Analysis of resolved resonance
data

B Analysis of average total
cross-section data

C Analysis of thick sample
average transmission data

D Analysis of average capture
cross-section measurements

Assumptions

The average values of parameters
in the resolved region are the
same as the unresolved region
when known energy dependence
allowed for

Values of S and R1

Values of Do, <ry>

So and distribution of s-wave
neutron widths are assumed

Values of S o and S2 are assumed
plus distribution of neutron
widths

Data obtained
i

s and p-wave strength functions
(So and S])
s and p-wave level spacings and
hence Do
<ry> for s-waves

scattering radius R' for s-waves

p and d-wave strength functions
(S] and So)

Dimensionless quantity for p-waves
(R") which allows for the effect
of distant levels

S1 and R
1

<rY> for s-waves

To~

<Ty> for p-waves

Do
Si
The values <rY> for s-waves and S-|

Do
are strongly correlated
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Table 2

Data obtained from typical experiments and analyses (pre 1974)

Experiment

Rahn et al ( 4 )

Rohr et a l ^

Carraro and
Kolar(6)

Uttley et
ai(7)

Lynn(8)

M o x o n ^

Type

A

A

A

B

C

D

s-wave level
spacing (eV)

20.8

17.8±0.9

So

1.08+0.10
x 10-4

1.13±0.13

Assumed
to be .
l.OxlO'4

Assumed to Assumed
be 18.0 i to be .

: l.OxlO"4

1.0±0.3

Effective
potential
scattering
radius (fm)

9.6+0.3

Assumed to
be 9.185

9.185+0.14

Sl

O . 4 x 10'4

2.47+0.16
-0.28

xlO-4

2.5+0.4
x10-4

1.59±0.45

<r > meV

22.9
±0.5 (stat)
±0.9 (syst)

24.64+0.85

Assumed to
be 27

<iy>/D0 =

5.7+0.9 x
10-4 (s-wave)

= 5.8±1.2 x
10-4 (p-wave)

Comment

Analysis to divide
levels into s and
p populations

Assumes all
resonances <2 keV
produced by s-wave
neutrons

If s-wave level
spacing = 20.8 eV
<iy = 23.7 meV



Table 3

Comparison of evaluations of unresolved resonance parameters (pre 1974)

^ ~ " \ ^ E v a 1 uati on

Quantity ^~"~"~--^^^

So

S1

e-vave l e v e l spacing

p-vave l e v e l spacing
J •= V 2

J = 3/2

s-wave scatter ing
radius (R1)

radius used for
calculating
penetrabi l i ty

Comment

Average calculated
capture cross -sect ion*
5-6 keV
10-20 keV

ENDF-B I I I ( 1 1 )

I,
1.05 x 10 but varied by up
to 15* below 10 keV

Variable between 1.J37 x
10"u and 1.932 x 10-1*

Variable decreasing from
20 to 18.59 eV from •» to
l»5 keV

As s-wave
Variable decreasing from
10.98 to 10.21 eV from <4
to U5 keV

9.181* x 10 ' 1 5 em

8.1*01 x 10*1J em

23.5 meV

Parameters chosen to
reproduce average capture
eross-Bection

0.972
O.6U5

James for UK
SDR-GENEX n2)
evaluation^ '

0.93 x 10"''

1.58 x 10"1*

22.5 eV

22.5 eV
11.25 «V

9.18U3 x 10"13

8.3662 x 10"13

23.0 msV

Parameters chosen
to give shielded
croB6-sections
required to f i t
reactor measurements

0.885
0.51"?

Schmidt^13^

0.90 x IO"1*

2.5 x 10"''

20.8 eV

20.8 eV

1 1 . i t eV

9.18 x 10"13 cm

9.18 x 10"15 cm

2^.8 meV

Parameters chosen
from the types of
experiments l i s ted
in Table 1

1.138
0.736

Abagyan et
all")

0.91 x io"U

2.0 x 10"1*

2O.*» eV

2U.3 meV

Parnmeters chosen
from resolved
resonance data

1.0*1
0.68

*Values in last column from INDC(CCP)-11/U. Otherwise data in EANOC 90L quoted.
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Table 4

Some recent data from resolved resonance analysis

Reference

de Saussure et alv '

(evaluation)

Keyworth and Moore^ '

(review)

Data

s-wave level spacing 24.8±2 eV

s-wave strength function

energy interval (keV) SQ (x 10 )

0 - 0.5 1.006

0.5 - 1 1.004

1 - 1.5 0.927

1.5 - 2 1.566

2 - 2.5 0.988

2.5 - 3 1.461

3 - 3.5 1.172

3.5 - 4 1.221

0 - 4 1.168

effective potential scattering radius

0.944±0.025 x 10"12 cm

S1 = 1.93+0.5 x 10"
4 (below 1500 eV)

p-wave level spacing 8.91+0.1 eV (below

800 eV)

<r > 23.23 meV (23.5 mev used where no

measurements)

s-wave level spacing 20.9+1.5 eV

SQ = 1.134±0.1 x 10"
4

S1 = 1.70±0.51 x 10"
4

p-wave level spacing 7.25±0.52 eV

Table 5

Unresolved resonance parameters in KEDAK-3

8.

0

1

1

2

2

J

1/2

1/2

3/2

3/2

5/2

r
y
(eV)

0.024

0.024

0.024

0.024

0.024

D
(eV)

20

20

10

10

6.1

2

2

17

17

13

ro

(eV)

1.879

3.64

1.879

0.946

0.635

x 10^3

x 10

x 10"

x 10"3

x 10"

f°/D

0.93

1.8 x

1.8 x

0.93

0.93

x 10"4

10"4

10"4

x 10"4

x 10"4

T

0

0

0

0

0

n

1

1

1

1
1

The nuclear radius is taken to be 0.93 x 10 cm

Table 6

Unresolved resonance parameters in ENDF-B V

I

0

1
1

2

2

J

1/2

1/2
3/2

3/2

5/2

?Y

(eV)

0.0235

0.0235

0.0235

0.0235

0.0235

D
(eV)

20.0

20.0

10.0

10.0

6.667

(e"v)

2.1 x 10"3

*i*
1/2 Xi*

2.5 x 10

1.667 x 10-3

?f
(eV)

0

0

0

0

0

(eCvT

varies

varies

varies

varies"1"

varies+

vn

1

1

1

1

1

vf

0

0

0

0

0

vcomp

2

1

2

1

2

The effective scattering radius is taken as 0.890 x 10-12 cm
The values xn- vary with neutron energy but f" (for SL= 1 J = 3/2)

always half the value of f° (for 4= 1 J = 1/2)

fThe values of fcomD
 a r e z e r o below 45.18 keV



Table 7 Table 8

Unresolved resonance parameters in JENDL 2

a

0

1

1

2

2

J

1/2

1/2
3/2

3/2

5/2

Y

V*

V

V

V

V

D

V

V

V

V

V

-<

V

V

V

V

V

?f

0.0

0.0

0.0

0.0

0.0

comp

V

V

V

V

V

vn

1

1

1

1

1

vf

0

0

0

0

0

vcomp

2

1

2

1

1

*V means that the value is energy dependent

For r the values are independent of i and J and vary between 23.524 meV

at 4 keV and 23.803 meV at 50 keV.

For D values are related with a ' ' dependence. The s-wave level spacing

varies between 19.83 eV 2 J + 1 at 4 keV to 17.94 eV at 50 keV.

The r° values for i = 1 J = 1/2 are twice those for i = 1 J = 3/2.

For l = 2 the values of r°/D = 1 x 10"4.

-12
The effective scattering radius is given as 0.936 x 10 cm.

U-238 capture self-shielding factors at 4 keV

ENDF-B V values s-wave strength function (S = 1.05 x 10-4

p-wave strength function (S-j) = 0.775 x 10

<an > = 0.92615 b

<anT> = 17.95 b

-4

So

0.63

0.84

1.05

1.26

1.47

0.63

0.84

1.05

1.26

1.47

0.63

0.84

1.05

1.26

1.47

Sl

1.22

0.96

0.78

0.64

0.53

1.22

0.96

0.78

0.64

0.53

1.22

0.96

0.78

0.64

0.53

<anT>
b

15.5

16.8

18.0

19.4

20.7

15.5

15.8

18.0

19.4

20.7

15.5

16.8

18.0

19.4

20.7

v 1 b

0.60±0.01*

0.55±0.01

0.52±0.01

0.48+0.01

0.46±0.01

0.70±0.01

0.66±0.01

0.62±0.01

0.59+0.01

0.56±0.01

0.76±0.01

0.72±0.01

0.69±0.01

0.66+0.01

0.63±0.01

T = 300 K

aQ = 10 b

0.68±0.01

0.64±0.01

0.60±0.01

0.57+0.01

0.55±0.01

T = 1000 K

0.77±0.01

0.73±0.01

0.70±0.01

0.67±0.01

0.65±0.01

T = 2000 K

0.82±0.01

O.72±O.O1

0.76±0.01

0.74±0.01

0.71±0.01

aQ = 100 b |

0.88±0.02

0.85±0.02

0.83±0.02

0.8U0.02

0.79±0.02

0.92+0.01

0.91±0.01

0.89±0.01

0.88±0.01

0.86±0.01

O.95±O.O1

0.93±0.01

0.92±0.01

0.91+0.01

0.90+0.01

*The errors in the self-screening factors are absolute statistical
errors from Monte Carlo calculations. The uncertainty in the
ratio or difference of two values is much smaller than implied
by these errors
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Table 9

Calculated U-238 capture cross-sections averaged over the energy

range 0.5 to 25 keV

(b) Average resonance parameters used in the calculations

Parameter Standard Value Changed Value Per Cent Change

Parameter
Set

Standard

r changed

D changed

SQ changed

S-| changed

00

(barns)

2.5221

2.5849

2.6990

2.6507

2.5901

c

300°K

0.9392

0.9577

1.0299

0.9657

0.9703

(barns)

1500°K

1.2450

1.2701

1.3750

1.2967

1.2781

for oQ =

2700°K

1.3915

1.4198

1.5390
1.4631

1.4251

30 b

3900°K

1.4933

1.5238

1.6525

1.5819

1.5270

E
eV

1000

1250

1500

1700

1950

2250

2500

2750

3000

3250

3500

3750

3900

Table 10

1-4 keV treated as unresolved region using ENDF-B V methodology

EL-EH
eV

900-1100

1100-1400

1400-1600

1600-1800

1800-2100

2100-2400

2400-2600

2600-2900

2900-3100

3100-3400

3400-3600

3600-3800

3800-4000

<o >
ny

3.044

2.113

1.912

2.087

1.442

1.610

1.640

1.256

0.985

1.455

1.216

1.099

1.094

p-wave
strength!
function
xlO-4

o = 10 b

4.74

0.50

1.07

3.41

2.76

2.17

2.97

1.12

1.27

3.04

1.86

1.40

1.54

nY

1.075

0.651

0.708

0.971

0.558

0.824

0.915

0.660

0.464

0.911

0.755

0.681

0.699

0.852
0.676
0.771
0.737
0.742
0.797
0.671
0.802
0.712
0.932
0.646
0.659
0.699

Ratio

1.26

0.96

0.92

1.32

0.75

1.03

1.36

0.82

0.65

0.98

1.16

1.03

1.00

a0 = 50 b aQ = 100 b

1.535

1.001

1.026

1.303

0.818

1.081

1.169

0.865

0.646

1.123

0.933

0.843

0.856

1.257

1.000

1.059

1.068

0.941

1.042

0.919

0.955

0.827

1.133

0.823

0.795

0.836

R a t i o ;

1.22

1.00

0.97

1.22

0.87

1.04

1.27

0.91

0.78

0.99

1.13

1.06

1.02

1.818

1.222

1.216

1.486

0.965

1.215

1.295

0.970

0.738

1.220

1.016

0.919

0.927

o f*
ny

1.525

1.209

1.231

1.281

1.045

1.178

1.070

1.032

0.878

1.231

0.921

0.872

0.909

Ratio

1.19

1.01

0.99

1.16

0.92

1.03

1.21

0.94

0.84

0.99

1.10

1.05

1.02

23 meV

22.5 eV

0.9289

1.729 x 10
x 10

-4

,-4

24 meV

20 eV

1.1611 x 10~4

1.9788 x 10 ' 4

+ 4.3

- 11.1

+ 25

+ 14.4

900-2100*

2100-3100*

3100-4000*

900-4000*

3.963
2.863
3.046
9.872

3.779
2.983
2.936
9.698

1.05

0.96

1.04

1.02

5.683

3.761

3.755

13.199

5.325

3.743

2.587

12.655

1.07

1.00

1.05

1.04

6.707
4.218

4.082

15.007
I

6.291

4.158

3.933
14.425

1.07

1.01

1.04

1.04

*Summation of values
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Figure 1

THE VARIATION OF STRENGTH FUNCTIONS WITH NEUTRON ENERGY

Parity Assignment of the Pronounced Structure in the
Radiative Capture of Neutrons by 238y Below 100 keV.

M.S. Moore and F. Corvi
Joint Research Centre, Central Bureau for Nuclear

Measurements, Steenweg op Retie, 2440 Geel, Belgium

and

L. Mewissen and F. Poortmans
Centre d'Etude de l'Energie Nucleaire, C.E.N./S.C.K.,

2400 Mol, Belgium

Abstract

Some years ago, Perez and de Saussure reported evidence for intermediate

238
structure in the radiative capture cross section of U. More recently,

these and additional data, obtained by a different experimental technique but

which showed the same non-statistical behavior, were analyzed by Perez et al.

under the assumption that the structure could be attributed to doorway states

in the p neutron channel. In the present paper, we report the results of

an experimental determination of the parity of the structure, using neutron

capture-gamma ray spectroscopy. We find that much of the structure below 50

keV appears to be due to s-wave interactions.. The magnitude of the fluctuations

is much larger than can be calculated with the usual unresolved-resonance tEeat-

ment unless the average neutron and radiative-capture widths are correlated.

We show that such an apparent correlation can arise as a result of multiple-

scattering enhancement of radiative capture in the samples used, and conclude

that the evidence for intermediate structure in the capture of neutrons by

U is not yet firmly established.
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I. Introduction

At the conference on Nuclear Cross Sections and Technology in 1975, Perez

and de Saussure noted that there are pronounced fluctuations in the average

radiative capture cross section of lJ*U that are much larger than would be

expected from Porter-Thomas fluctuations in the neutron widths. They

suggested that these fluctuations might constitute evidence for intermediate

structure. In 1979, Perez et al.2 addressed the problem in more detail.

They incorporated additional data by Macklin, obtained by a different

experimental technique but which showed the same fluctuations, and applied

a number of statistical tests that indicated the existence of non^statiscical

i/2
behavior. They then showed that a modulated strength function in the p

neutron channel could provide an explanation of the structure. These results

have far-reaching implications. If intermediate structure exists and is

important for (238U + n), then, following Muller and Rohr* and Kerouac ,s

it should be taken into account for all the actinides, including the fissile

species. If the structure is due to doorway states, then the channel-capture

mechanism of Lane and Lynn* suggests that the neutron and radiative-capture

widths may be correlated. It is thus of interest to establish the properties

of the structure, and in particular to answer the following two questions:

1) Is the structure due to p-wave interactions, which are responsible for

about 2/3 of the capture at 40 keV? 2) Does the structure imply correlated

widths?

We addressed this second question as part of a study of practical

implications of intermediate structure in 2 3 SU and 2 a >U. ? We concluded

that, using the usual statistical treatment of unresolved resonances, the

structure in 2 J 8U capture seems to require that the neutron and

radiative-capture widths be correlated. However, in the present study, we

show that such an apparent correlation may be due to the inadequacy of

multiple-scattering corrections to the data.

II. Experimental Method and Analysis

239
Noting that all the lowest-lying levels in U have even parity, Corvi

et al. suggested that one could measure the intensity of primary transitions

feeding these levels relative to transitions to all levels and deduce the
MO

parity of resonances in ( U + n), using the property that El transitions

are on the average much more intense than Ml and E2. Corvi's method was used

successfully in assigning 57 resonances as p-wave.

The method cannot be used for assigning all resonances simply because of

Porter-Thomas fluctuations in the partial widths for the few most energetic
1/2

primary transitions. (Only two such transitions are possible for p
3/2

resonances, and four for p resonances.)

For a determination of the parity of the intermediate structure reported

by Perez et al, these fluctuations are negligible. In fact, in a typical 400 eV

energy interval there are about twenty s and p resonances, and about forty

3/2
p . If the structure is due to p-wave resonances in which the highest energy

primary transitions occur with their expected intensity, the method should give

a reliable estimate of the relative p-wave contribution. (One estimates the

1/2 3/2
variance as 4/40 for p ' ; 4/160 for p ' ).

238
To investigate the parity of the average capture cross section of U in the

neutron energy range from 5 to 100 keV, a measurement was performed at the electron

linear accelerator laboratory (GELINA) at the Central Bureau for Nuclear Measure-

ments at Geel, Belgium. A 3 mm thick metallic sample of U was placed in the

neutron beam at a flight path of 30 m. The sample was viewed by a 6"x7"dia.



7-ray spectrometer placed 20-30 cm away from the sample, outside the neutron beam,

and shielded from scattexed -neutrons lay at least 10 cm of horated polyethylene

and borated paraffin. Capture gamma spectra were collected as a function of neutron

time of flight. The spectra were divided into three gamma-ray energy intervals :

1.5 - 3.5 MeV (LOW BIAS data, representative of transitions from resonances of

both parities), 4.3 - 5.2 MeV (HIGH BIAS data, representative of transitions from

p-wave structure), and > 5.2 MeV (BACKGROUND data, to give the scattered neutron

contribution).

The scattered neutron background was found to be featureless and therefore

was ignored. The time-of-flight spectra corresponding to the LOW BIAS and HIGH BIAS

data were first averaged over 400-eV intervals, as done by Perez et al. Then a

fluctuation analysis was carried out by subtracting from each point a running

eleven-interval average. Parity assignments were made by comparing the relative

intensity of the HIGH BIAS to that of the LOW BIAS data.

As a check we were able to confirm most of the parity assignments made by Corvi

et al. in the resonance region as shown in Table I and we even extended the range

of resolved resonances over which parity assignments could be made Co 4 keV.

The results are summarized in Fig. 1 where the fluctuations of the LOW BIAS

data are superposed on the modulated strength function fit of Perez et al.

A parity assignment is given on top of most of the peaks present in the capture

cross section. The conclusions to be drawn are two-fold : firstly the structure

observed by Perez et al. is confirmed, secondly the most prominent peaks below

50 keV are found to be due primarily to s-wave interactions, since they do not

involve the highest energy transitions.

III. Multiple Scattering Enhancement of the Capture Yield.

Our finding that the structure in the capture cross sections below 50 keV is

l53 mainly due to s-wave interactions is in contrast with the surmise of Perez et al,

1/2
who foresee a set of doorway states in the p neutron channel. Furthermore

1/2
such a structure can not be explained by doorway states in the s entrance channel.

In fact, in the whole energy range under consideration here the neutron widths of

s-wave resonances are on the average much larger than the radiation width. This

results in the average capture being roughly proportional to the total radiation

width alone : therefore even a considerable local enhancement of the neutron strength

function has little effect on the capture cross section. This simple fact was

confirmed by a series of calculations of the observed fluctuations using the

prescribed unresolved resonance treatment of ENDF/B that allows an energy-depen-

dent average neutron width but assumes a Porter-Thomas distribution within the

averaging interval. We found it impossible to obtain a consistent fit to the fluc-

tuations in the capture cross section and to the total cross section measured by

9
Olsen et al., unless the neutron and radiative-capture widths are correlated.

Such an apparent correlation could arise from a purely experimental effect:

multiple scattering enhancement of the observed capture, which is particularly

important for s-wave resonances that are strongly asymmetric in scattering.

It should be noted that multiple scattering corrections are treated differently

in the resolved and unresolved resonance regions. In the resolved region, one uses

initial values of the resonance parameters to calculate energy-dependent Doppler-

broadened cross sections from which the relative interaction probabilities can

be calculated as a function of energy and scattering angle, the final resonance

parameters being determined by an iterative process. In the unresolved range, a

Porter-Thomas distribution of neutron widths about the average is generally assumed,

and the interaction probabilites corrected for width fluctuations are used to calcu~

late a multiple-scattering correction that varies smoothly with neutron energy.

In order to determine whether these differences in approach give significantly

different estimates for the multiple-scattering enhancement, we chose one particular-



154 ly strong s-wave resonance clump, that at 37 keV, for further study. The high-

9
resolution total-cross-section measurements of Olsen et al. appear to confirm our

conclusion that this region is dominated by several particularly strong s-wave

resonances. We carried out an R-function fit to these data in the region between

36.5 and 38.0 keV, using the MULTI code developed by Auchampaugh,•° in order to

obtain a set of typical resonance parameters that would describe the data. The

typical parameters are listed in Table II. The fits we obtained are shown in

Figs. 2 and 3, Fig. 2 being the fit to the measured total cross section and Fig. 3

being the 300K DoppiLer broadened cross section that is appropriate for the mul-

tiple scattering calculations.

We then carried out a calculation of the energy-dependent capture yield in

this energy region using a hybrid code in which the "resolved-resonance

parameters" of Table II were used to describe the s-wave interactions and the

usual unresolved resonance treatment described above was used for p-wave inter-

actions. In this calculation, the capture yield with and without multiple scattering

enhancement was tabulated, in order to determine the magnitude of the effect,

for various sample thicknesses used in the measurements.

The results of this exercise showed that a surprisingly strong energy dependence

of the multiple-scattering enhancement can be expected. In the case of o u r expe-

riment such an enhancement ranges from 16 to 24% within the 37 keV clump, and

is about 10% away from this clump. One of the data sets considered by Perez et

1 2 11

al. ' is that of de Saussure et al. , who calculated a correction of 3.8% for

multiple scattering and self screening for their thickest sample between 30 and

40 keV. This is in good agreement with the value we obtain at energies far away

from the 37 keV clump, yet within the clump, the calculated multiple-scattering

enhancement of the capture yield can be as large as 10% for this same sample

thickness.

The importance of such an effect can therefore provide an explanation for at

TOO

least part of the fluctuations observed in the capture yield of U.

While the present results do not preclude the existence of intermediate

structure in the capture cross section of U, they do suggest that further

study may be needed. Before one applies statistical tests to determine whether

the magnitude of the fluctuations is outside the range expected from statisti-

cal theory, either an improved multiple-scattering treatment is required, or the

data used should have been obtained only with samples so thin that this effect

is negligible.
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Table I . Energies, in eV, of resolved resonances in (23aU + n) assigned as

p-wave from the present study and from Corvi et a l . (shown with an

a s t e r i s k ) . Assignments of Corvi et a l . that were not confirmed in

the present study are designated by a double a s t e r i sk .

63.51**
83.68*

89.29*
98.17

124.98*

158.95
200.71*
203.11*
214.85*
218.32*

224.97
242.71*
253.89*
263.93*
275.11*

282.43*
322.86
337.25*
351.86*

372.84*

439.74*
448.36

498.88*
523.33*

542.71*

550.98*
556.24*
560.12
584.46
615.75*

624.20*
668.41*
677.74*
698.21*

710.59*

713.77*
732.46*
743.14
779.31*

787.33*

828.75*
940.94

964.45*
977.36**

1029.1*

1047.3*
1067.7*
1074.1*
1081.7*
1095.2*

1102.9*
1131.4*

1152.7*
1155.1*
1184.8

1201.4
1219.9*
1230.1*
1252.0**

1277.0*

1289.3
1317.0*

1332.0**
1387.1**

1417.5*

1454.8
1486.8
1510.6*
1534.9*
1550.6**

1568.5
1672.7
1745.7
1768.6
1797.5

1834.2
1893.9
1925.4
1990.0

2000.7

2049.0
2063.3
2071.4
2215.4

2294.0

2296.5
2397.8
2401.8
2527.1
2606.6

2658.6
2682.8
2945.3
3043.8

3072.3

3081.1
3169.8
3264.1

3267.5
3341.2

3378.3
3383.8
3522.3
3528.5
3636.9

3654.2
3683.2
3724.7
3791.1
3809.2

3825.7
3927.9
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Table II. A typical set of "resolved-resonance parameters" that can be used to

describe the unresolved s-wave structure in the total cross section

of (*38U + n) near 37 keV. The radiative capture width is assumed

to be 0.02 eV for all resonances.

E (keV)
0

36.510

36.530

36.550

36.570

36.590

r (eV)
n

0.004

0.004

0.462

0.004

0.004

E (keV)
0

36.910

36.9&0

36.930

36.947

36.970

T (eV)
n

0.004

0.941

0.512

0.004

1.332

E (keV)
0

37.222

37.232

37.250

37.265

37.285

r (eV)
n

0.555

0.105

0.171

0.135

0.004

E (keV)
0

37.605

37.625

37.635

37.662

37.682

T (eV
n

0.004

0.445

0.527

0.004

0-004

36.615 0.375

36.635 0.004

36.665 0.285

36.685 0.004

36.700 0.285

36.710 0.347

36.732 0.004

36.752 0.004

36.777 0.040

36.797 0.004

36.817 0.004

36.837 0.004

36.857 0.004

36.875 0.582

36.885 0.795

36.980 0.232

36.994 0.004

37.010 0.040

37.030 0.004

37.060 0.345

37.065 0.206

37.080 2.964

37.090 0.154

37.110 0.004

37.135 1.356

37.145 0.430

37.160 0.004

37.180 0.214

37.198 0.402

37.205 1.062

37-305 0.004

37.325 0.004

37.345 0.004

37.365 0.166

37.390 0.932

37.410 0.475

37.430 0.846

37.440 0.077

37.450 0.697

37.470 1.049

37.505 0.241

37.515 0.298

37.545 0.004

37.565 0.004

37.585 0.040

37*. 700 0.040

37.720 0.004

37.740 0.004

37.760 0.004

37.785 0.324

37.805 0.004

37.825 0.004

37.838 0.303

37.868 0.004

37.888 0.004

37.908 0.004

37.933 0.628

37.948 0.418

37.968 0.004

37.988 0.004
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Parity assignments of relative fluctuations in the capture cross

section of (2S8U + n ) . The fluctuations were determined by

binning the data in 400 eV bins, and subtracting from each point a

running eleven-bin average. Parity assignments were made by the

method of Corvi et al. by the relative intensity of primary

transitions to levels near the ground state of 2 3 iU as a p-wave

signature. The smooth curve shows a schematic representation of the

intermediate structure proposed by Perez et al. described in the

text.
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240 242
Review of Pu and Pu Resolved Resonance Parameter?

H. Weigmann

the discussion of fission parameters which have been superceded by very accu-
rate new measurements [ 10 ] . More recent reviews have been given in connection
with evaluations by Goel and Krieg [II] and, for the ENDF/B-V evaluation, by
Weston and Wright [ 12 ] .

ABSTRACT

The present status of the knowledge of resolved resonance parameters of
240pu and 242pu £s reviewed. Apart from a few specific problems which
are addressed to in detail, this knowledge is adequate to satisfy the
requirements for practical purposes.

I. INTRODUCTION

The two isotopes 240pu an(j 242pu j,ave m a n y common features : the level
density, the neutron strength functions, and the average radiative widths
are of the same order of magnitude, both isotopes have fission thresholds
at about 600 keV neutron energy, and both show the characteristic inter-
mediate structure in sub-barrier fission cross sections. Nevertheless, not
only experimental, but also evaluation work has rarely been done simulta-
neously for both isotopes. Moreover, our knowledge of the resonance para-
meters of the two nuclei has experienced a rather different history. There-
fore, in the present paper the two isotopes will also be treated separately,
in section II and III, respectively. For each nucleus, in sub-section 1 a
short review and some general references will be given, sub-section 2 will
discuss special low energy resonances and their relation to the thermal
cross section, sub-section 3 will deal with the bulk of resonances for each
isotope, in sub-section 4 the statistical properties of the resonances will
be discussed, and sub-section 5 will deal with fission parameters. Finally,
in section IV some general conclusions will be drawn.

II.
240

Pu

1. General Review

159

The history of our knowledge of the resonance parameters of 2^0pu has been
characterized by surprising developments. Not only has 240pu been one of the
first nuclei for which intermediate structure in sub-barrier fission had been
detected; it has also typified the difficulties encountered in the analysis
of these data (see sub-section 1.5). Moreover, the resonance parameters like
neutron and capture widths have been subject to important changes in the corse
of time.

The first extensive measurements in the resonance region were in the late 60's
[ 1-3] , followed by full evaluations [4,5] . Soon afterwards, a careful measu-
rement of the parameters of the 20.45 eV resonance performed at Harwell [6 ]
led to a renormalization of the older capture data [6,7] which then showed good
agreement with another more recent measurement [ 8 ] . The status of the revised
parameters is summarized and discussed in detail in an earlier review [ 9 ] .
Most of what has been said in ref.[9 ] is still valid, with the exception of

2. The 1.056 eV Resonance

The low energy region and the thermal cross sections are dominated by the
very strong resonance at 1.056 eV neutron energy. The most precise value of
the thermal capture cross section has been obtained by Lounsbury et al. [13 ]
to be

o (therm) = (289.5 t 1.4) b

The contribution to this cross section from the higher energy resonances is
about 1 barn. If one assumes that the contribution from bound states does
not exceed a few barns either, the thermal cross section value fixes the pro-
duct of the neutron and capture widths of the 1.056 eV resonance to about 1%.
Experimental data on the individual parameters were rather discrepant, however,
with neutron widths ranging from 2.06 to 2.4 meV and radiative widths from
28.7 to about 38 meV. Most evaluators [4,5,12] have favoured neutron widths
around 2.3 meV and radiative widths around 33 meV. Preliminary results from new
extensive measurements at BNL [ 14 ] yield

(2.32 _+ 0.06) meV = (32.4 ̂  1.0) meV

in close agreement with the evaluations [4,5,12] and with the thermal cross
section.

3. Resolved Resonance Parameters

The numerical values of the revised neutron and capture widths from Harwell [ 6 ]
and Geel [9 ] are given in ref. [9 ] . Together with the parameters from RPI [8 ] ,
these three sets of experimental data form the main data basis for resolved re-
sonance parameters of 240pu, j n tjje range of overlap, i.e. up to 665 eV neutron
energy, they are in acceptable agreement with each other. In this range, most
evaluators [ 11,12,15] , including Weston and Wright in their evaluation for
ENDF/B-V, adopt weighted averages of the parameters from these three sets. At
higher energies, the neutron widths from Geel [2 ]are the only parameters available
and are adopted for the evaluations.

4. Statistical Properties of Resonances

There is a general consensus between different evaluators with respect to the
average resonance parameters.

For the average level spacing, values between 12.7 eV and 13.5 eV are found
[9,16,17] . In a recent systematic analysis [ 18 ] the level spacings of actini-
des have been obtained by fitting a Porter-Thomas distribution to the reduced
neutron widths above a predefined bias, thus correcting for missed levels or ad-
mixtures of p-wave levels in the set of resonances. In repeating the procedure for
different bias values, the minimum bias above which the neutron width distribution



160 is unaffected by missed levels or p-wave resonances, is obtained, and the syste-
matic uncertainty of the method is estimated. The case of 240pu £s snown in Fig.l.
The smooth curve corresponds to a level spacing of 13 eV. This value is also lis-
ted in Table 1 together with other average resonance parameters for both, 2^0Pu
and 2^2Pu,

The remaining parameters for 2**°?u given in Table 1 have been taken over from
ref. [9 ]; the apparent change of the p-wave strength function is due only to
the fact that the value of ref.[9 ] was given for a channel radius of 9.1 fm,
whereas for the value of Table 1 we have used a channel radius of 8.44 fm, in
accord with present convention [ 19 ] .

According to Weston and Wright [ 12 ] the average resonance parameters of
ref.[9 ] well reproduce the experimental average capture cross section of
Weston and Todd [ 20 ] , and have therefore been adopted for ENDF/B-V. Very
similar values have also been given by several other authors [ 11,16,17] .

5. Fission Parameters

The analysis [21,9] of the earlier sub-barrier fission measurements [21 ]
suffered from the fact that the largest fission width within each cluster
of sub-barrier resonances remained essentially undetermined, because for these
resonances the fission width exceeded by far the neutron width, and thus the
resonance area was essentially independent of the fission width. Only the
later measurement of Auchampaugh and Weston [ 10 ] allowed, due to its improved
neutron energy resolution, a shape analysis of those resonances and showed that
their fission widths were as large as a few eV. Fig.2 shows the data for the
cluster around 780 eV neutron energy. The widths of the resonances at 79!, 811,
and 820 eV are determined by the resolution which at 800 eV is * 1.6 eV .
It can be seen from the figure that the 782 eV resonance is slightly broader.

Fission widths for resonances between 600 eV and 2860 eV neutron energy are
given in ref.[ 10 ] . Rough averages of the parameters F* and F* , including
the F+ -value derived from the parameters of the almost degenerate 1405-eV
doublett, are

1.5 eV * 2.5 eV

With these rather large values of T* and F* , it is probable that no class II
levels have escaped detection, and the average class II spacing is

DII = (45° - 50) eV

Apart from the resonances with fission widths enhanced by the intermediate
structure effect, the remaining resonances are expected to possess a "back-
ground" fission width due to direct tunneling through both barriers according to

Ff (backgr.) = DJ/8I.P PB

Extracting the penetrabilities P and P., from the above estimates for T and T ,

1 A

P. = 2n F* /DTT P, = 2i T /j
A II B II

one obtaines as an expectation value for the "background" fission width

rf (backgr.) =0,38 meV

which compares reasonably well to the measured "background" fission width [ 10 ]
of 0.4 meV, as well as to the fission widths of the three lowest energy resonances
at 1.056 eV, 20.45 eV, and 38.32 eV, which are 0.006, 0.23 and 0.11 meV, respec-
tively [ 9 ] .

III.
242

Pu

1. General Review

Our knowledge of the resonance parameters of 2^2Pu has developed more smoothly
than was the case for 2^0pu, but, as will be discussed below, the present status
is less satisfying than that of 240Pu.

There have been essentially three extensive measurements in the resonance region
[22-24 ] , two of which have, however, only partly been analysed.

The number of essentially complete evaluations is rather large [25-29,17] .
Only one extensive measurement of the sub-barrier fission cross section has
been reported until now [ 30 ] , but fission widths obtained by combining these
data with the analysis of other resonance parameter measurements are given in
ref. [ 22,24] .

2. Thermal Region and Lowest Energy Resonances

The accurate measurements of the thermal cross sections by Young and Reeder
[31 ] and Young et al.[32 ] have been generally adopted. The lowest positive
energy resonance at 2.67 eV neutron energy essentially accounts for the thermal
cross sections, if its radiative width is adjusted to 26 meV [ 25 ]. On the
other hand, Menapace et al. [27 ] choose to use a smaller radiative width, equal
to the average radiative width of the higher energy resonances, and add a bound
state at - 13.3. eV to account for the thermal cross section. However, these
small differences in the interpretation of the thermal data should not cause any
trouble.

3. Resolved Resonance Parameters

Of the three extensive measurements in the resonance region, the one by Poortmans
et al, [ 22 ] is the most complete one. It comprises capture, elastic scattering,
and total cross section measurements, and resonance analysis has been carried out
up to 1290 eV neutron energy. The high resolution transmission measurements of
Simpson et al. [23 ] with metal samples cooled to liquid nitrogen temperature,
have only been analysed up to 500 eV neutron energy. Within this energy range,
the neutron widths of ref. [22,23] agree very well, but the capture widths of
ref. [23 ] are on the average larger than those of ref. [ 22 ] . However, at the
lowest neutron energies, where the transmission data should give the most reliable
capture widths, the F^-values of ref. [23 ]are lower than on the average, and more
close to ref. [ 22 ] . The extensive transmission measurements of Auchampaugh and
Bowman [ 24 ]have only been analysed for those resonances between 590 eV and 3840 eV
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neutron energy which in the sub-barrier fission measurement [30 ] have shown a
non-zero fission yield. For several of the resonances in the range of overlap,
disturbing discrepancies are found between the neutron widths of ref. [22,24] ,
which cannot be resolved at present.

Most evaluations adopt either the resolved resonance parameters of Poortmans et
al. because they are based on the most complete set of measurements [ 28 ] , or
in the range of overlap use a weighted average of the three extensive measure-
ments [15,27,29 ] .

4. Statistical Properties of Resonances

0 A 9

There is considerable confusion with respect to the average level spacing of i 4 Pu.
Roughly speaking, level spacings given in the literature fall into two groups,
namely values around 17 to 18 eV [18,22,27] and values between 12.4 and 14.2 eV
[ 17,25,28,29 ] . The reason for the problem may be seen from Fig.3, which shows
the measured neutron width distribution and a Porter-Thomas distribution fitted
to the measured one above a bias of 0.08 meV, yielding a level spacing of 17.5 eV
[18 ].
there is clearly a surplus of levels with small reduced neutron widths which, if
the level spacing of 17.5 eV ought to be correct, had to be explained as being
due to p-wave resonances. More precisely, 10 out of the 24 resonances with
Tn° < 0.15 meV would have to be assigned p-wave. In Table 2, these 24 resonances
are listed together with their reduced neutron widths for s-wave as well as p-wave
assignment(for the p-wave reduced widths a channel radius of 8.46 fm has been
used).In the last column of the table, the 13 resonances with the smallest Fn'
are indicated by (1).

Table 3 serves to show that the assumption that all of these 13 resonances
are in fact p-wave, is compatible with a reasonable p-wave strength function:
assuming a p-wave strength function of Si = 2.5*10"^ , and a p-wave level
spacing of Dj = 6 eV (from the s-wave level spacing of 17.5 eV and a spin cut-
off parameter of ff2 = 36), the average reduced p-wave width is < g Fn 1 > = 4.5 meV,
and the expected total number of p-wave resonances in the energy range under
consideration, is 215. Among the 13 levels marked by (1) in Table 2, there are
2, 7 and 13 with gF n' /< gFn

1 > larger than 7, 4 and 1.5, respectively, cor-
responding to a fraction of the total number of p-wave levels as indicated in
column 3 of Table 3. In column 4 of that table, the corresponding fraction as
expected from the Porter-Thomas distribution, is given. As can be seen, the ob-
served fraction never significantly exceeds the expected one. Thus the assumption
that even 13 (instead of the 10 required) of the weak levels of Table 2 are in-
deed p-wave, is compatible with a reasonable p-wave strength function.

We thus recommend a level spacing of 17.5 eV, and this value is again listed in
Table 1 together with other average resonance parameters for 2^2Pu, which we
will shortly comment on :

There is no problem with respect to the s-wave strength function with literature
values [ 17,22,27-29 ] concentrating around the figure given in Table 1.

Values for the p-wave strength function as obtained from fits to the average cap-
ture cross section in the unresolved resonance region are given in ref. [27,28,33 ] ;
the value of Table 1 is a rough average of these.

There is some spread in the values given for the average capture width, due to
the above-mentioned differences in the experimental data of ref.[22,23] . Most
evaluations [27-29 ] adopt values between 22 and 25 meV. Fits to the average cap-
ture cross section [27,33] result in radiative widths of the same order; how-
ever they have been obtained using comparatively low values for the level spacing.

The differences in the average level spacings and radiative widths of 240Pu and
242Pu are qualitatively explainable by the different neutron binding energies.

5. Fission Parameters

The sub-barrier fission cross section has been measured with high statistical
precision with an underground nuclear explosion as the pulsed neutron source [ 30 ] .
As mentioned above, these data have been analysed in the course of resonance
parameter analysis of total cross section measurements [ 24 ] . The analysis meets
the characteristic difficulty mentioned already in connection with the older
analysis of the 2^°Pu fission data, i.e. for the resonance with the largest fission
width within each cluster only a lower limit to the fission width is obtained.
Moreover, there is the well-known ambiguity in the interpretation due to the fact
that the parameters F* and F* are interchangeable. In fact, the cluster around
762 eV neutron energy has also been analysed in connection with the resonance
parameter studies of ref. [22 ] and there the data have been interpreted as being
due to a class II state with a large fission width. Due to the inclusion of
radiative capture data in the analysis of ref. [ 22 ] , a more precise value of the
fission width of the 762 eV resonance could be obtained. However, the data are not
sufficiently complete in order to extract class II resonance parameters with the
necessary reliability. A new sub-barrier fission measurement is presently under way
at Geel. Although it aims mainly at a high resolution measurement of the fission
cross section in the higher keV energy range, some additional information on the
low energy resonances may be obtained as well.

IV. CONCLUSION

In conclusion, we may state that our knowledge of the resonance parameters of
Pu and 2^2Pu is to the most part adequate for practical purposes. Particu-

larly noteworthy is the improved knowledge of the 1.056 eV resonance parameters
of 2Zl0Pu due to the new measurements at BNL [ 14 ] .

In the case of 2l42Pu the following problems still exist :

I . There are some uncertainties in the capture widths of 2^2Pu resonances,
due to discrepancies between the experimental data of ref. [22,23] . Also,the
neutron widths of a few resonances are strongly discrepant in ref. [22,24] .
These discrepancies should be resolved by additional measurements.

2. Most evaluations for 2^2Pu need to be updated with respect to the average
level spacing and possibly also to quantities derived when using a low value for
the level spacing.
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Table 1 Average Resonance Parameters
. 240,, . 242_

of Pu and Pu

D [ eV]

Fj, [meV]

R [ fm]

so

S l

240Pu

13.0 ± 0.7

30.8 ± 1.0

8.44

(2.56 +_ 0.24) M0~4

ref.

18

9 , 12

9 , 12

9 , 12

Pu

17.5 ± 1.0

24 +_ 2

8.46

(0.9 ± O.D-IO"4

» 2.6-10"4

ref.

18

27 - 29

22,27-29

27,28,33



Table 2.
242.

Pu Resonances with small

[meV] [meV] remark

Table 3. Fraction F of resonances with

g r n
1 / < g T n

1 > larger than X

14.60

22.57

40.95

88.45

141.43

163.5

210.0

219.3

264.5

271.95

274.75

281.05

327.6

379.63

396.1

399.9

425.15

473.7

494.75

665.0

727.6

761.2

824.5

1117.

0.016

0.060

0.070

0.070

0.010

0.041

0.029

0.020

0.022

0.010

0.010

0.008

0.028

0.014

0.13

0.09

0.0134

0.044

0.012

0.105

0.12

0.14

0.10

0.15

320.

776.

499.

231.

20.7

73.3

40.4

26.6

24.3

10.7

10.6

8.3

25.0

10.8

96.0

65.8

9.2

27.2

7.1

46.2

48.3

53.8

35.5

39.4

(1)

(0
(1)

(1)

(1)

(1)

(0
(1)

(1)

(I)

(1)

(1)

(1)

7

4

1 .5

number of reson.
(experim.)

2

7

13

F (experim.)

9.3-10"3

0.033

0.060

F (Porter-Thomas)

8.2-10

0.046

0.22

-3
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ŷ  J »

!

1

( 0 )

-

-

_

i

770 760 790 800 810 820 830

Fig. 2 : The fission cross section of 240pu £n the region of the first
sub-barrier fission cluster around 782 eV neutron energy ;
after Auchampaugh and Weston [ 10 ] .



240 242
Review of the Pu and Pu Unresolved Resonance Region
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Fig. 3 : Fit of the neutron width distribution of 242pu resonances for
a determination of the average level spacing. The surplus of
resonances with small reduced widths is interpreted as being
due to p-wave levels.
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ABSTRACT

Recent measurements and evaluations of neutron cross sections
240 242

for Pu and Pu in the unresolved resonance region are reviewed.

The most conspicuous data gaps could be closed during the last few

years but a number of discrepancies between different sets of experi-

mental data and between data and nuclear reaction theory remain

problematic.

I. INTRODUCTION

240 242
The present review on neutron data of Pu and Pu in the unresolved

resonance region considers total, capture and fission cross sections. For

our purposes the unresolved resonance region will be defined as ranging

from 1 to 500 keV for capture and from 10 to 500 keV for fission. Data

on total cross sections are supposed to be of interest in the energy range

from 10 keV to 5 MeV. The reason for these rather high upper limits are the

possible checks on total cross section and subthreshold fission cross section data at

low keV energies by judging the overlap with high energy data.
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166 In the first part experimental data will be presented together with

a brief description of the different neutron sources and experimental

techniques. In case of total and capture cross sections the

available experiments are so scarce that they can be discussed completely.

In case of fission cross sections a restriction is made to recent measurements

(published in final form since 1978) because earlier data have been reviewed in

detail by Patrick at the Brookhaven meeting in 1978. These data are

supposed to be encorporated already in presently used evaluations.

In the second part a brief review is given of the respective evaluations.

The methods for the calculation of average total, capture and fission

cross sections are discussed. The unresolved resonance parameters used

as input are compared and the corresponding cross section curves are

presented. A number of discrepancies is identified where further experimental

or evaluation effort is needed.

II. EXPERIMENTAL DATA

The most relevant parameters characterizing the individual measure-

ments are compiled in Tables I-IV. The first and second columns of

these tables list the authors and the status of the respective work which

is quoted as final if the data have been published in a scientific journal

including a discussion of systematic uncertainties. Measurements published

in conference proceedings are considered as preliminary since in most cases

the allocated space did not allow for a detailed presentation of the

systematic uncertainties. Columns 3 to 5 contain information on neutron

sources, experimental methods and detectors as well as sample charac-

teristics. These are the most important parameters characterizing

cross section measurements which may allow to judge specific advantages

and drawbacks and to elucidate how independent the individual results

are as far as systematic uncertainties are concerned. The energy range,

the obtained accuracy and the type of normalization are given in the last

columns of the tables.

a) Total Cross Sections

Total cross sections of Pu have been published by three groups >J»

as shown in Table I. tn general, white neutron spectra were used at low

energies and monoenergetic neutrons at high energies. Monoenergetic neu-

trons in connection with the time-of-flight (TOF) technique are

preferable to a measurement in dc mode since it allows for a more accurate

determination of possible backgrounds. Very different detectors have been

utilized in the experiments. An essential feature in transmission measure-

ments is the homogeneity of the sample. Here, thin metallic samples offer

much better conditions than oxide powder samples which in addition

require a sizeable correction for the oxygen cross section. The most

accurate data are those of Poenitz et al. which were obtained in a

simultaneous measurement of several isotopes including a carbon reference

sample as an important check. In addition, these data have been corrected

for resonance self-shielding which caused a non-negligible shift at

low energies. A comparison to the other data is made in Fig. 1.

Above 100 keV good agreement is found for all data sets, while a 13 %

discrepancy is found at 40 keV which is well outside the quoted

uncertainties. Very recently, a measurement has been performed by Gwin

et al. . These data are not yet available but the final publication is

in preparation.

In case of Pu only two data sets ' exist which cover a different

energy region. Again, there are large differences in the quality of the

sample material which emphasizes that less weight should be given to the

results of Ref. 3. The respective data are shown in Fig. 2.

b. Capture Cross Sections

240,,
The capture cross section of Pu has been measured by three groups

' ' ' as shown in Table II. In two cases white spectra from an electron

linear accelerator (LINAC) were utilized whereas in the third experiment a

Van de Graaff served as a neutron source In the second case very short flight
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TABLE I Compilation of the Total Cross Section Measurements on Pu and Pu in the Unresolved Resonance
Region (1 keV - 5 MeV)

Authors Reference
Year
Status

Neutron Source Method/Detector Sample compo-
sition thickness
enrichment

Energy Range

(keV)

Uncertainty

240
Pu

Smith
et al.

2
1972
final

Van de Graaff
dc current

7Li(p,n)
monoenerge tic
neutrons

BF counter
E < 650 keV
n
proton recoil
detector
E > 650 keVn

metal
X1.04 a/b
98.7 %

100-1500 5.

KSppeler
et al.

3
1979
preliminary

Van de Graaff
pulsed: 250 kHz,
1 ns

Li(p,n) white
spectrum TOF,
5.0 m flight path

lithium-loaded
glass scintillator

0.165 a/b
98.3 %

10-370
not discussed
in detail

Poenitz
et al.

4
1981
final

Tandem Dynamitron
pulsed: 0.5-2 MHz,
1 ns

Li(p,n)
white spectrum:
30-250 keV, monoener-
getic: 200 keV-4.8 MeV
TOF, 7.8 m flight path

black neutron detector
E < 2 MeV
n
hydrogeneous scintillator
with PSD
E > 1 MeV

metal
0.072 a/b
98.3 %

30-4800 2.8

Gwin et al.
publication in preparation 2 eV-6000

242
Pu

Kappeler
et al.

Moore
et al.

3
1979
preliminary

6
1980
preliminary

same as 240Pu

Spallation Source
800 MeV p on Ta
pulsed: 1.25 kHz
1.5 ns white spec-
trum TOF, 31.8 m
flight path

240,,
same as Pu

NE .110 plastic
scintillator

PuO,
0.156 a/b
77.2 %

metal
0.076 a/b
99.91 %

10-370

700-170 MeV

£5-8
not discussed
in detail

1.1
for E < 5 MeV

n



TABLE II 240 242
Compilation of the Capture Cross Section Measurements on Pu and Pu in the Unresolved Resonance
Region (1-500 keV)

Authors Reference
Year
Status

Neutron Source Method/Detector Sample composition
thickness
enrichment

Energy
Range
(keV)

Normali-
zation

Uncer-
tainty
()

240
Pu

Hocfcen-
bury
et al.

7
1972
final

LINAC pulsed:
480 Hz, 100 ns
white spectrum
TOF, 25.6 m flight
path

liquid scintillator
tank
high/low bias tech-
nique to separate
fission

1.3 x
^97 %

10 a/b
6.-28. using trans-

mission of s-
wave resonance
with F » F at
92.5eVYand"
black resonance
technique at
20.46 eV and
60.2 eV(gold)
rel. flux:

1°B(n,c0

Weston
and
Todd

8
1977
final

LINAC pulsed:
vhite spectrum
TOF, 20 and 85 m
flight path

C6F6
scintillator

pulse height weigh-
ting technique
NE 213 with PSD fis-
sion neutron detector
to separate fission
(norm, at thermal)

PuO2

1.1 x 10"ta/b (2g)
5.0 x 10 a/b (9g)

98.3 %

200.eV-
350.

at thermal
(0.02-0.03
eV) and black
resonance tech-
nique at 1.06
eV
rel. Flux:

1°B(n,a) <2 keV
Li(n,a)>2 keV

7.-8.
(0.2-
80. keV)
9.-20.
(>80. keV)

Wisshak
and
Kappeler

9,10
1978/79
final

Van de Graaff
pulsed: 2.5 MHz,
1 ns

7Li(p,n),T(p,n)
white spectrum
TOF, 0.068-0.135 m
flight path

Moxon-Rae-detector
graphite converter
NE 213 with PSD fission
neutron detector to
separate fission (norm

via U)

PuO2

9.8 x 10"4a/b
(3.1 g)

9.5 x 10"4a/b
(3.0 g)

98.3 %

10.-250.
and
24OPu/238U
ratio measured

4.-6.
(20.-60.
keV)
6.-10.
(10.-
20. keV
>60. keV)

242
Pu

169

Hocken-
bury
et al.

Wisshak
and
Kappeler

11
1975
preliminary

9,10
1978/79
final

240
same as Fu

same as 240Pu

same as Pu

same as Pu

metal
7.76 g
92.6 7.

PuO2

3.33 x 10~3 a/b
(10.7 g)

2. 72 x 10~3 a/b
(8.7 g)

77.2 %

6.-70.

10.-250.

using trans-
mission of 5
resonances
T measured
Tn from lit.

rel. Flux:
1°B(n,a)
2 A>u4 9> and
2A2Pu/238U
ratio measured

not dis-
cussed in
detail

6.-8.
(20.-60.
keV)
8.-12.
(10.-20.
keV >60.
keV)



170 paths of only 7-13 cm were used which allowed for a high neutron flux at the

sample position. Consequently, the experimental signal-to-background ratio was

up to one order of magnitude better than in LINAC experiments. This method

is restricted, however, to a limited energy range from 10 to 250 keV.

The capture gamma rays were measured with three different detectors.

Two methods have been applied to separate capture from fission events

and in addition, different normalization procedures have been used. There-

fore the various results as displayed in Fig. 3 can be considered to be

completely independent from each other. For easier comparison the experi-

mental ratios of Wisshak and Kappeler 9,10
which were obtained in five

independent runs under different experimental conditions, have been converted

to absolute cross sections using the gold data from ENDF/B-V and the U

data from KEDAK 4. These cross sections were then averaged over the

1.2-

1.0-

- 0 . 8 - I
z.
o

o
0.2-

JPu CAPTURE CROSS SECTION

3-- —
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Capture cross section measurements on Pu in the unresolved

resonance region (1 - 500 keV).

300

Q

same energy intervals as gi,ven by Weston and Todd by weighting each

point according to its uncertainty. The resulting values,

shown in Fig. 3 as dotted bars, are in good agreement with Ref. 8 between

50 and 200 keV. Between 10 and 50 keV a 10 % discrepancy is found which is

still compatible with the quoted uncertainties. In the region of overlap,
the agreement between the data of Hockenbury et al.

9
Kappeler is quite good.

11 and Wisshak and

Two additional remarks need to be made on the data of Wisshak and

Kappeler concerning recent experimental refinements and some misunder-

standings in the literature:
9 10

(i) In the original publications ' the systematic uncertainty

due to deviations of the Moxon-Rae detector efficiency from

an ideal linear increase with gamma ray energy was neglected. As recently
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Fig. 4 Capture cross section measurements on

resonance region (1-500 keV).
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shown , this effect caused a 2.7 % decrease of the experimental capture
241

cross section ratio in a measurement of Am relative to gold. A correc-

tion of about the same size, which will be calculated in the near future,
240 242

may be expected for the measurements of Pu and Pu relative to gold,

too. Furthermore, the systematic uncertainty due to flight path uncer-

tainties has been underestimated for the data points at highest energy

in Refs. 9,10. Therefore, an additional systematic uncertainty of 5 %

and 10 % has to be assigned to the two points with highest energy

in each of the experimental runs, respectively. These wrong uncertainties

together with the fact that only selected points have been considered,

led Weston and Wright to the conclusion that there is a disturbing

difference in shape to their own data. As is obvious from Fig. 3

this is not the case.
o

(ii) A possible inconsistency in the data of Wisshak and Kappeler was
14 238 197

supposed by Poenitz . He calculated the ratio a ( U)/cr ( Au) from

the a (Pu)/a (238U) and a (Pu)/a (197Au) ratios (Tables V and VI in Ref. 9)

and found different values than given in Table IV of Ref. 9.
oog 197

In addition, he stated that the o ( U)/o ( Au) values derived in this

way scattered by "̂ 20 % which would be inconsistent with the quoted systematic

uncertainties. In this argumentation he obviously overlooked that the measure-

ments relative to gold and uranium have been carried out in separate

runs for each of the plutonium isotopes (see Table II of Ref. 9). Therefore, in
238 197

calculating the ratio a ( U)/a ( Au) from these values, the entire statis-

tical and systematic uncertainty of the plutonium spectra of both runs

has to be taken into account. This uncertainty does not cancel out

as one would expect for the case that the ratios relative to uranium

and gold were measured simultaneously in the same run. If treated in
238 197

thjls correct way, the calculated data derived for a ( U)/a ( Au) have a rath
large statistical uncertainty which is compatible with the observed scatter.

171

In case of Pu there are only two data sets ' ' which were mea-
240

sured with the same techniques as discussed already for Pu. The results

are plotted in Fig. 4, the data of Wisshak and Kappeler being averaged

in the same way as described above. A remarkably good agreement is

found for the two measurements.

To our knowledge, no other measurements on the capture cross section

of these plutonium isotopes are presently under way.

a) Fission Cross Sections

240 242
Most recent experiments on Pu and Pu are fission cross section

measurements. In Table III those experiments on Pu are compiled which

have been published in final form since the Brookhaven meeting in

1978 or which are not yet included in the review given there by Patrick .

Van de Graaff and LINAC accelerators have been used for neutron production.

Measurements have been performed with white neutron spectra as well as

with monoenergetic neutrons in pulsed and dc mode. As a significant background

due to the high spontaneous fission rate is present in all experiments,

the use of monoenergetic neutrons from a pulsed accelerator seems to be

preferable to subtract this background correctly. Unfortunately, as the

source strength is limited in this case, such measurements have been

performed with high accuracy only above threshold. Another approach to

overcome background problems is the use of very short flight paths

as mentioned already for the capture measurements.

In most of the present experiments fission events were registered
14

via fragment detection. Here, the threshold method offers considerable

advantages since no absolute determinations are required for sample masses and

detector efficiencies which both are difficult to perform with high accuracy.

Another important feature concerns special detector designs which allow

for an effective alpha suppression to reduce background due to pile-up

signals from these highly alpha active samples. Another significant parameter

is the sample thickness since above 1*0.1 mg/cm2 the energy loss of the

fission fragments starts to spoil the pulse-height discrimination against

alpha particles. These problems have been avoided in a measurement which

has been performed in the subthreshold region via fission neutron detection

This allows the use of gram amounts of sample material and therefore high

statistical accuracy even in a region with very low cross section. The related

systematic uncertainties are very different from those encountered with fragment

detection and hence these results yield complementary and independent infor-

mation on the fission cross section.



TABLE III Compilation of Recent Fission Cross Section Measurements on
(1o-500 keV) (Older Measurements are Compiled in Ref. 1)

240
Pu in the Unresolved Resonance Region

Authors

Behrens
et al.

Wisshak
and
Kappeler

Kupriy-
anov
et al.

Budtz-
J^rgen-
sen and
Knitter

Western
and
Todd

Meadows

Reference
Year
Status

14
1978
final

15
1978
final

16
1979
final

17
1981
final

18,19
1979
publication

20
1981
submitted
for publi-
cation

Neutron Source

LINAC pulsed: 1440
Hz, 10 ns white
spectrum TOF,
15.7 m flight path

Van de Graaff
pulsed: 2.5 MHz,
1 ns

7Li(p,n),T(p,n)
white spectrum
TOF, 0.068-0.135 m
flight path

Van de Graaff
dc current

7Li(p,n), T(p,n)
D(d,n) monoener-
getic neutrons

Van de Graaff
pulsed: 2.5 MHz
1.5 ns

7Li(p,n)T(p,n)
D(d,n)
monoenergetic
neutrons TOF,
0.06-0.11 m
flight path

LINAC
pulsed: 800 Hz,
4.4 ns
white spectrum
TOF, 9.0 m flight
path

in preparation

Tandem Dynamitron
pulsed:

7Li(p,n), D(d,n)
monoenergetic
neutrons

Method/Detector

ionization cham-
ber back to back
geometry

threshold method

NE213 with PSD
fission neutron
detector

ionization cham-
ber back to back
geometry

threshold method

ionization chamber
special design for
alpha suppression

Sample mass
thickness en-
richment

25. mg
0.05 mg/cm
98.48 %

40 mg
0.08 mg/cm
85.3 % U
14.5 % Pu

9. 8x 10"4 a/b
(3.1 g)

9.5 x 10"4 a/b
(3.0 g)

98.3 %

?

1
99.49 %

1
1

92.7 % 24°Pu
6.7 % " S P u

0.3/1.5 mg
0.05/0.24 mg/

back to back geometry 98.5 %

ionization chamber
back to back
geometry

four samples
0.07-0.33 mg
0.015-0.066 mg£

cm
89.6 - 98.4 %

Energy Range
(MeV)

0.1 - 34.0

1.75-4.0

0.01-0.25

0.1 - 7.4

0.9 - 3.0
5 points

0.2-10.0

0.01-0.3

0.01-0.10

0.05-20.

0.34-9.56

2.0-3.0
five points .

Measured
Parameter

24OPu/235U
shape

24OPu/238U
absolute

2AOPu/235U
absolute

2 4 OPu/ 2 3 5U
shape

240 239

absolute

24OPu/23:>U
absolute

240 235
Pu/ U

absolute

240Pu
absolute

24OPu/235U
absolute

24OPu/235U
shape
2*°Pu/23V
absolute

Norma-
liza-
tion

2 3 8u/
235 'U

239
235 P u /
z-"u

Uncer-
tainty

L co
2.3-8
(0.1-
0.5 MeV)

2.1-2.5
(0.5-
10 MeV)

7-10

2.2-4.8
(0.1-0.5
MeV)

2.1-2.3
(0.5-6
MeV)

3.9-20.
(0.2-
0.6 MeV)
3.3-3.9
(0.6-
10. MeV)

4.3-5.4

(0.3-
0.5 MeV)

1.1-2.0
(0.8-
9.5 MeV)



In all recent measurements the fission cross sections have been determined
235

relative to U.The results are shown in Fig. 5. In the subthreshold region

the data of Wisshak and Kappeler have been averaged in

the same way as described for the capture cross sections. For easier com-

parison the high resolution data of Budtz-J^rgensen and Knitter have been

averaged over the same energy intervals. In general, both data sets differ by

^20 % which is outside the quoted uncertainties. The most striking diffe-

rence occurs between 80 and 90 keV where the data differ by a factor two.
21The higher cross section was also found by Behrens et al. but this energy

14
region was not included in their final publication . The existing discrepancy

240in the subthreshold fission cross section of Pu will probably be solved

by the data of Weston and Todd which are to be published in the near future

In the energy range from 350 to 500 keV agreement is found between the data

of Behrens and Kupriyanov within the respective uncertainties, while there is a

M 0 % difference around 300 keV. The cross sections of Budtz-J^rgensen and

Knitter are systematically lower between 450 and 500 keV but agree with both

other data sets at lower energies within the given uncertainties. The very
1 R

recent results from Meadows are also 10-15 % lower than the results

of Behrens. This discrepancy could be explained by a difference in the energy

scales of ̂ 25 keV which, however, would be far outside the quoted accuracy

of the energy calibrations.

242
For Pu three new measurements are available. The experimental methods

240
are identical to those described for Pu. Important features of the measurements

0.07-

0.06-

0.05-

0.04-

' 0.03-

0.02-

0.01-

240pu /235u F | S S | 0 N RATIO

AUTHOR UNCERTAINTY
-BUDTZ-J0RGENSEN et d. ~6.5% 10-150 keV

- 5 % 150-300 keV
•••••WISSHAK et al. - 8 %

10

-0.3

-0.25

-0.2

-0.15

0.20-

:

*s

50 ' ' ' "idlO 200 300

NEUTRON ENERGY (keV)

AUTHOR UNCERTAINTY

** • BEHRENS et al. 2.3-3 %

-O.O5 x KUPRIYANOV et d . 2.2-3.8%

* BUDTZ-J(iRGENSEN et al. 4 - 2 0 % \

° MEADOWS 4.3-5.4%!

400 500

240,,Fig. 5 Recent fission cross section measurements on Pu in the

unresolved resonance region (10-500 keV).

0.15-

0.10-

o

i
0.05-

2 4 2 p u / 2 3 5 y F 1 S S 1 O N R A T 1 0

UNCERTAINTY
- 3 . 5 % 2£
-13.7% 100-280 KeV

AUTHOR
• BEHRENS o t n , ]2.5-3.5% 280-500 KeV

et a \ 4.1 -13.7
* KUPRIYANOV et al. 2.3 - 5.4 %

*• MEADOWS 2.8-3 .4%
* •

100 200 300 400
NEUTRON ENERGY (KeV)

500

Fig. 6 Recent fission cross section measurements on Pu in the

unresolved resonance region (10-500 keV).



are listed in Table IV and the results are shown in Fig. 6. In the energy

range from 300 to 500 keV the data of Kupriyanov et al. are about 6-8 % lower

than the values of Behrens et al. This discrepancy is still larger between
22

200 and 300 keV. The lower values are supported by the data of Meadows

which are slightly lower than both other data sets. These discrepancies

in the threshold region may again be explained by an uncertainty in the

energy calibration.

New measurements of the Pu fission cross section are planned in Geel

in the energy range from 100 eV up to 10 MeV.

23

a) Total cross sections

240 242
Mainly two methods are being employed for Pu and Pu total

cross section computation in the unresolved resonance region, viz.

(1) level-statistical calculations with energy-averaged expressions

from resonance theory, based on average resonance parameters;

(2) optical-model calculations, based on a suitable complex potential.

The first of these is used up to energies between 45 and 500 keV with

various degrees of rigor for ENDF, JENDL, SOKRATOR and KEDAK. The second

method is used, with suitable overlap, at higher energies, as low down

as 10 "keV at Bruyeres-le-Chatel (and in KfK work33).

III. EVALUATIONS

The more recent evaluations of unresolved resonance cross sections for
240 749 74 75

Pu and Pu to be considered are those reported for ENDF/B-V A*>",

ENDF/BRC 2 6> 2 7, JENDL-1 and -2 2 8» 2 9> 3 0
j the Soviet evaluated file

 3 1' 3 2

SOKRATOR and KEDAK-4 33.

The situation with regard to this evaluation work can be characterized

briefly by stating that the most conspicuous gaps in experimental data

have been closed in recent years. For instance, total cross section data

exist now all the way down to a few keV, thanks to measurements at ANL
3 4 240

and KfK ' and subthreshold fission data for Pu were measured down to

the resolved resonance region at Geel and KfK ' . At the same time

evaluation methods have progressed from mere drawing of eye-guide curves

to coherent calculation of all relevant cross sections from nuclear models,

with average parameters from resolved resonances incorporated as a-priori

information in the data fits. This utilization of nuclear reaction theory

has already uncovered apparent systematic errors in some of the experimental

data.

Since the KEDAK level statistical calculations have not been reported

so far, but appear to represent the state of the art we describe them briefly.

The average total cross section for each reaction channel c = {J£s} (£ = 0,1,2,3)

is calculated from the practically rigorous R-matrix expressions

8C (1-Re<Ucc>),

<u
1-R L°

cc c

R = R + iirs
cc c c

(see Ref. 34,35). The hard-sphere phases <j>c =1^ and the Lc =

are computed from the recursion relations

k a ,d
c c' ._, " «rg(L ,-£

(1)

(2)

(3)

(4)

(5)

with the conventions a =a=(1.23 A + 0.80) fm for the channel radius

and B = -% for the boundary parameter.



242TABLE IV Compilation of Recent Fission Cross Section Measurements on Pu in the Unresolved Resonance Region
(10-500 keV) (Older Measurements are Compiled in.Ref. 1)

Authors

Behrens
et al.

Kupriy-
anov
et al.

Meadows

We igmann
et al.

Reference
Year
Status

14
1978
final

16
1979
final

22
1979
final

23
1981
measuremi

Neutron Source

LINAC pulsed:
1440 Hz, 10 nt
vhit* spectrum
TOF, 15.7 a flight
path

Van de Craaff
dc current
7U(p.n),T(p,n),
D(d,n)
nonoenergetic

neutrons

Tandem Dyna-
mitron pulsed:
7Li(p,n), D(d,n)
monoenergetic
neutrons
LINAC

:nt in progress

Method/Detector

ionization cham-
ber back to back
geometry

threshold method

ionization cham-
ber back to back
geoaatry

threshold method

ionization cham-
ber back to back
geometry

Sample

55 mg
0.15 mg/

2
cm

99.87 Z
40 mg
0.11 og/

ca2

74.8 Z
242Pu

1
99.92 Z

?

t
94.1 X
242Pu
5.8 Z
239Pu

1
?

99.7 X
and
90.2 Z

Energy
Range

0.1-
34.0

1.75-
4.0

0.1-
7.4

0.9-
3.0
5 points

0.4 - 9.8

100 eV-10

Measured
Parameter

242PU/235U
shape

242Pu/239Pu
absolute

242Pu/235U
chape

242P»/239Pu
absolute

2 4 2W 2 3 5tr
absolute

lev

Normalization

2 3 9Pu/ 2 3 5U

2 3 9Pu/ 2 3 5U

Uncer-
tainty

3.1-10.
(0.1-0.5
MeV)
2.3-3.
(0.5-10. MeV)

2.3-5.7
(0.1-0.5 MeV)

2.2-3.0
(0.5-7.4 MeV)

3.
(0.4-0.5 MeV)
1.6-1.9
(0.5-9.8 MeV)

175



176 In the case of the strength functions S eV/E and distant-
36

*• 238
had established a spherical optical potential for actinides by fitting U

O1Q

x, C C C
level parameters R°° for Jt = 2,3 were taken from a calculation by Fischer

J. 2
id ii

who

0 ̂ ft
Utotal elastic and inelastic cross sections for U between 50 keV and 10 MeV.

The quantities S and R° for I = 0 and 1 were fitted with the code FITACS

to measured total cross sections. Values determined in the resolved resonance region

(S , R°° = i -R' /a ) or taken from Fischer ' s work (S
o o c •

R™) were fed into the fit

as a-priori information via Bayes' theorem (see Ref. 37). Fig. 7 shows

that the resulting curve fits the data of Poenitz et ail. quite well whereas

it is in conflict with those of Kappeler et al. 3 below 100 keV. The same

is true for the curve calculated by Jary et al. with a deformed optical

potential. The JENDL curve which is closest to the KfK data is not.calculated

from a nuclear model but a mere eye guide interpolation. Also the ENDF/B-IV curve

is not directly obtained from the unitarity-based expression (1) or from

an optical model but rather as the sum of all partial cross sections.

Comparing the theoretical curves and the data one is led to the conclusion

that the KfK measurement was afflicted by some uncrecognized systematic

error at energies below 100 keV.

The situation is similar for 242Pu, see Fig. 8. The ENDF/B-IV curve is

computed with a spherical optical model, the ENDF/BRC curve with a deformed

optical potential, the Minsk curve with approximate level-statistical expres-

sions and the KEDAK curve with the expressions given above. The steeper rise

of the BRC curve below 40 keV seems to be due to the adoption of older

18

16-1

12-
LU
CO

$10-1ocro

I I I I I I I

240Pu TOTAL CROSS SECTION

EVALUATION

KEDAK-A

ENDF/BE

JENDL-1

Jary et al.

MEASUREMENT UNCERTAINTY I

+ SMITH et at: ~ 5 %
o KAPPELER et al. 2 3% .
• POENITZ et al. ~2 .5%

10
-I 1—I—I 1 I I

100
1 1—1—1—I

1000
NEUTRON ENERGY (keV)

o
O
L L J
CO
CO
J)
CD

°

16-

~

12-

_
10-

.
•8-

6-

K° 2i2Pu
\ °0

^ O \ °o

EVALUATION

KEDAK-A (prelim.
:ENDF/B-I
ENDF/BRC

----- MINSK

•

TOTAL CROSS
MEASUREMENT

0 KAPPELER et al.

• MOORE et al.

°^\

Vv0 \v
\

1 1 1—i—i i i r r

i 1 1 r

SECTION
UNCERTAINTY

~6%

1.1%
_

1 1 1—r—

10 100 1000
NEUTRON ENERGY (keV)

Fig. 7 Evaluations of the Pu total cross section in the unresolved

resonance region in comparison with experimental data.

242
Fig. 8 Evaluations of the Pu total cross section in the unresolved

resonance region in comparison with experimental data.



ENDF/B-IV data there. Again reaction theory seems to indicate systematic

errors in the KfK measurements at low energies. The preliminary KEDAK

evaluation is based on Fischer's results and statistical analysis of

the resolved resonances. Fischer's results were adopted down to 200 keV

and the level-statistical calculation below 200 keV was forced to join them

smoothly. The data of Moore et al. show, however, that this calculation is

about 3-5 % low, whereas both the ENDF/B-V and ENDF/BRC curves reproduce the

data quite well, differing among themselves by less than 2 % above

40 keV. Below that energy the BRC curve shows the unphysical deviation

from other calculations mentioned already. In order to clarify the situation

new transmission data below 500 keV down to 40 keV or lower are needed

with an accuracy of better than 5 %.

b) Capture cross sections

The Hauser-Feshbach approach with width fluctuation correction is

practically universally adopted for the computation of neutron capture

cross sections in the unresolved resonance region. The necessary

neutron transmission coefficients are either taken from level-statistical

theory or from optical-model calculations. The capture transmission

coefficients are essentially calculated as ratio of radiative width and

level spacing, the values of these latter being taken from statistical analysis

of s-wave levels in the resolved resonance region and translated to

other reaction channels by means of the usual assumptions on spin and

parity dependence.

We illustrate this with the level-statistical approach employed

in KEDAK evaluation work up to 100 or 200 keV. The neutron transmission

coefficients are taken as those following from eq. (2) in the absence

of direct processes, viz.

cients for radiation channels are taken as

T = 1 - |<U >
c ' cc

o 4ITS P
|2 _ c c

-R L°|2 '
cc c1

(6)

where Pc = Im L^ is the well-known centrifugal-barrier penetrability.

The denominator represents multi-level interference. The transmission coeffi-

(7)

The energy dependence of D is taken as that of the Gilbert-Cameron composite
38 c

level-density formula with the spin cut-off calculated according to
2 2 2
a = (6/TT ) <m >Ja\J, where a and U are the a parameter in the Fermi gas formula

and the effective excitation energy. The mean square of the magnetic quantum
2 2/3

numbers is taken as <m > = 0.24 A (Ref. 39). This prescription for D is also

used to calculate the energy dependence of <r > in E1 (electric dipole) approxi-

mation with a giant-dipole resonance form factor. The Bethe formula

(see Ref. 38)

2o2
- exP [- (8)

is used to relate the various D to the s-wave level spacing which is
c

taken from the resolved resonance region (after correction for missing

levels). The radiation widths of levels with positive and negative parity

can be separately adjusted in FITACS calculations, any J dependence of <r >

is neglected. Competition of inelastic and fission channels is fully taken
40

into account. Width fluctuations are calculated as Dresner quadratures
with Moldauer's recent prescription for the effective numbers of degrees

41
of freedom . Other groups use similar prescriptions. For instance Konshin and

co-workers employ two superposed giant dipole resonances for these

deformed nuclei but neglect fission competition.

The various evaluations for Pu are shown in Fig. 9. All follow the

measured data quite closely, the Minsk curve fitting best below 25 keV,

the KEDAK and ENDF curves above 100 keV. The ENDF/BRC curve is systematically

low. For Pu the evaluations are all very close together (Fig. 10). Ic must

be said, however, that at least the KEDAK curve is generated from level-

statistical theory only up to the first inelastic threshold at 44.7 keV

(marked by an arrow). Above 44.7 keV it is a mere eye guide curve through
33the data . Our calculations were always higher there by 10-20 %,

indicating that the measured data axe systematically low or that the



average resonance parameters (r /D) are at fault. The preliminary KEDAK

results favour the radiation width given by Poortmans et al. ,

<r >= 21.9 +_ 1.4 meV, over the value of Ref. 43, <r > = 30 +_ 5 meV.

This is seen from Table V where the average parameters recommended in the

various evaluations for total and capture cross section computation are

collected.

c) Fission cross sections

The calculation of subthreshold fission cross sections for actinides is

still under development and the methods are quite diverse. The greatest

problem is a lack of convenient but adequate recipes for the estimation of

transition state densities at the saddle point for the various reaction

240

$0.4-

o
0.2H

Pu CAPTURE CROSS SECTION

MEASUREMENT UNCERTAINTY

— I HOCKENBURY et al. - 8 %

— i WESTON et al. 7 - 8 % 1-90 keV
11-20% 100-350 keV

........ 2+ ( WSSHAK et al. 4 - 6 % 20-60keV
6-10% 10-20keV

>60keV

EVALUATION

KEDAK-4 (prelim.)

ENDF/B-V

ENDF/BRC

MINSK

JENDL-1

I
10 20 50 100

NEUTRON ENERGY (keV)
200 300

channels. The resolved resonance region can only furnish information on

s-wave channels but for the various p-, d-, channels one must try to

use theory in some simplified way. The approach of the Minsk group, as

documented in Ref. 32, will serve as an illustration. The transmission fac-

tors are taken as sums over fission barrier penetrabilities,

2IT
<rf> I**" (c1: fission channels only) (9)
c c1

with summation over all accessible transition states at the saddle point.

-1 I 1 L - J I .1 i i i i

o
0.2^

242Pu CAPTURE CROSS SECTION
MEASUREMENT UNCERTAINTY

HOCKENBURY et al. > 6 %

WISSHAK et al. 6 - 8 % 20-60keV
8-12% 10-20keV

>60keV

2 +

KEOAK-4 (prelim}

ENDF/B-Y

ENDF/ BRC

Minsk

10 20 50 100
NEUTRON ENERGY (keV)

200

Fig. 9 Evaluations of the Pu capture cross section in the unresolved

resonance region in comparison with experimental data.

242
Fig. 10 Evaluations of the Pu capture cross section in the unresolved

resonance region in comparison with experimental data.



TABLE V Average parameters given in recent evaluations

Target
Nucleus

2 4 0Pu

2 4 2Pu

S
o

do"4)

1.10

1.04

0.88

1.00

1.10

1.02a

1.15

0.85

0.813

1.00

0.91

1.05b)

S1

3.07

2.66

1.67

2.31

2.8

1.98a)

2.7

1.24

2.63

2.5

2.00b)

D
0

(eV)

13.5

13.6

13.6

13.5

13.1

15.0

13.04

16.5

16.5

14.23

12.6

<r >
Y

(meV)

29.5

29.5

30.8

30.7

32.5

25.0

24.2

23.4

27

22.6

22.5

do"3)

2.19

2.17

2.26

2.27

2.48

1.67

1.86

1.42

1.64

1.59

1.80

Evaluation

ENDF/B-IV

JENDL-1

JENDL-2

Jary et al.

Antsipov et al.

KEDAK-4(prelim.)

Menapace et al.

JENDL-2

ENDF/B-V

ENDF/BRC

Antsipov et al.

KEDAK-4 (prelim.

Ref.

25

28

30

27

31

this
work

49

29,30

24,25

26,27

32

) this
work

a)

b)
for R = -0.09, R1 = 0.13

for R™ = -0.11, R™ = 0.16

Because not enough information exists on the E,,-ft/i> E_,-n!W_ for all
A A B B

transition states that can be reached from the various compound

states formed by s-, p-, d-wave reactions one simplifies drastically.

The ensemble of transition states is replaced by a single representative

one. Its barrier characteristics are then used for all compound states.

The enhanced fluctuation of fission widths due to the cluster structure

of subthreshold fission resonances was described as follows. The number

of degrees of freedom, vf, for the fission width x distributions were

taken as equal to 2J+1 except for s-wave levels for which v =1 was used.

The average widths of these local distributions were then subjected to

the Lorentzian-type behaviour predicted by theory across the resonance

clusters. The resulting overall distributions were finally obtained by

Monte Carlo sampling and used to calculate the width fluctuation corrections.

The Bruyeres-le-Chatel group used transition state spectra due to Thomet 4 7

for Pu, due to Back for Pu, with double-humped barriers. KEDAK

calculations below 200 keV and ENDF/B-V use only one single-hump barrier

for all level sequences. The resulting shape of the subthreshold cross sec-

tion is, however, quite comparable to that from the more sophisticated

BRC and Minsk calculations, at least for Pu. Figs. 11 and 12 show the

various results. It is ovbious that improvements both in experimental data

and computational methods are desirable in the subthreshold region.

IV. CONCLUSIONS

The P , are calculated for a double-humped barrier by combining

the Hill-Wheeler penetrabilities
44

x = A,B (10)

for the two barriers A and B according to prescriptions given by Gaj et

al. and Tyapin et al. ,

P =
P P
A B (11)

179
•I-C1-PA)(I-PB>

The following improvements in experimental data appear most important

in the unresolved resonance range:

improved total cross section data below 100 keV for Pu,
242

242,,
below 500 keV for """Pu;

check on the capture cross section data of '""Pu above 50 keV

where at least KEDAK calculations with level-statistical theory

seem to indicate 10-20 % higher cross sections than the measurement

(while reproducing the Pu data quite well);

improved values of <r > for Pu and of D()t=O) for both Pu

, 242,, Y

and Pu;
240 242

improved subthreshold fission data for both Pu and Pu.
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Evaluations of the Pu fission cross section in the unresolved

resonance region in comparison with experimental data.
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Fig, 12 Evaluations of the Pu fission cross section in the unresolved

resonance region in comparison with experimental data.

The computational methods are most dependable for the calculation

of total cross sections if results from global optical-model potentials

are refined to reproduce local trends. The achieveable accuracy at present

seems to be of order j+ 3 % above 50 keV. At lower energies it may

be equally good with the best theoretical methods, but this remains

to be confirmed by better experimental data. Capture cross section

computation appears possible with an accuracy of the order of 10-20 %

depending mainly on how good the ratio <r >/D is defined by resolved

resonance data and how well its energy dependence can be calculated over

the whole range considered here. The subthreshold fission cross section

calculations are least dependable since good recipes for the estimation

of barrier characteristics and especially transition state densities

for the various compound level series are not available. Thus eye-guide

lines to good data may at present be equally good as calculated curves.

Progress in this field can best be achieved by improvements in the

theory of transition states at the saddle point and especially their

level densities for the various spins and parities.
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Abstract

If neutron transmission is averaged over an energy interval containing many

resonances, the effective total cross section, a ^ calculated from this average

transmission depends on the sample thickness, n, and the effective temperature,

Q. It is shown here that in the case of 238U, to a first approximation a £ff depends

only the variable n/y/d. There is therefore a simple mathematical relationship in

this case between the nuclear Doppler, (do!f I d&), and self-shielding,

(dafl dn), effects. It is found that when exact values of a £ff are calculated

numerically from resonance "ladders", the deviations from n/yfd scaling are

small. Also there is a region where a £ff depends linearly on In (nly/1!), and the

gradient here can be used to determine the local s-wave strength function. A

review is then presented of experimental measurements of a £ff in different energy

regions and they are analysed to give values for the local s-wave strength

function. Abrupt reductions of this function are observed at 4 keV and 9 keV.
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1. Introduction

In order to describe the nuclear reactions in a fast reactor and how they depend on
temperature, a knowledge of self-shielding factors is required (L. P. Abagyan etal. 1964). A
considerable amount of effort over many years by many workers has been devoted to providing
data to calculate these factors. The work of this paper is specifically concerned with 238U, which
produces the largest contribution to the Doppler effect in a typical reactor.

At energies below 4 keV in 238U compound nuclear resonances are clearly observed in
neutron transmission and capture measurements. Resonance parameters can be extracted (see de
Saussure etal. 1978) and the temperature dependence of the experimental results is well
understood in terms of multi-level R-matrix theory (see Chapter 11 of Lynn 1968), and Doppler
broadening according to the free gas model. The effect of crystalline binding is taken into
account by the use of an effective temperature, following Lamb (1939). Having found resonance
parameters self-shielding factors can be calcuated at different temperatures and with different
dilution cross sections by programs such as those of Cullen (1980).

Above 4 keV there is still a considerable amount of transmission data for different sample
thicknesses and at different temperatures (see for example de Saussure et al. 1977, Byoun et al.
1972, Vankov etal. 1971, Tsang & Brugger 1979, and Haste & Sowerby 1978). There is also
capture data (Poenitz 1980). None of this data shows any significant change of form at 4 keV,
but above this energy there is not sufficient infomation to extract resonance parameters, and so
different techniques to predict self-shielding factors from data must be used. These techniques
can also be used below 4 keV, and should be checked in this region against the resonance
parameter method. They may even prove to be a simpler description of 238U in this resolved
region. The descriptions that have been used to date fall into two categories.

The first involves generating resonance parameters from assumed probability distributions
(Brissenden & Durston 1965). Average transmissions (see Haste & Sowerby 1978, Tsang &
Brugger 1979, and Byoun et al. 1972), and other quantities that can be measured experimentally
can then be calculated numerically. When a satisfactory fit is obtained (this may involve
selecting one particular set of parameters), these can be used to calculate self-shielding factors as
in the resolved region.

The second approach is the one currently used in the ENDF description of the 238U
unresolved region. The resonance parameters are regarded not as having a discrete set of values
but as occupying a continuum, with a probability weighting associated with each point in this
continuum. Predictions made in this way are accurate provided the quantity being predicted
depends on a lar{*e number of resonance parameters. It should be noted that this is not true for
average transmiss. ns of extremely thick samples, as these are dominated by the minimum total
cross section rather than any form of average. However in most cases of physical interest the
predictions are accurate. They are comparatively simple in form, depending on only a few
parameters which describe the probability weighting. Such formulae have been used for many
years and can be derived directly by treating the nucleus like an optical scattering body, with no
direct reference being made to the compound nucleus bound states (see Roy & Nigam 1967).

In particular, for the case of average neutron transmission with which this paper is mainly
concerned, one can construct comparatively simple analytical formulae which predict the
statistical average of the energy averaged transmission, where this average is over a large
number of random selections of the resonance parameters from the assumed distributions. If a
sufficient number of resonances is included in the energy average, then deviations from this
statistical average should be small. These formulae express this average value in terms of just a
few parameters, which, when there is no self-shielding, are simply strength functions (see Lynn
1968, p. 215). As self-shielding increases other parameters have to be introduced (see Table II of
Byoun etal. 1972). When there is considerable self-shielding Lynn (1963) reports the relevant
parameters to be s - and p-wave strength functions, and the mean s-wave level spacing and
radiation width. In physical terms the assumption being made in all these cases is that average
transmission is not dependent on details of the resonance distributions such as whether a p-wave
resonance happens to coincide with the interference minimum of an s-wave resonance, but only
on average behaviour.

The main object of the work reported here is to justify the use of this second approach, despite
the pessimistic conclusions presented in Section 3 of Haste & Sowerby (1978). If this can be
done, it should be possible to obtain certain average resonance parameters (in particular the local
s-wave strength function), from average transmission data at different sample thicknesses and
temperatures. These can then be used in the calculation of self-shielding factors, if these are
expressed in terms of the same parameters.

2. The high temperature limit of the Doppler broadened MLBW cross section

De Saussure etal. (1976) have found that the Multi-level Breit-Wigner (MLBW) form of the

nuclear cross section together with a "picket fence" extension of resonances outside the resolved

region is adequate to describe the 2 3 8 U total cross section in the resolved energy region. Using

this formalism in the unresolved region allows us to write

(2.1)

l+x
(2.2)

Here the total cross section has been written as a sum of components with definite orbital
angular momentum /. Each of these can be expressed as the sum of a potential term and a series
of Breit-Wigner terms.

The potential term is given by the expression

if sin2?, (2.3)
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where the wave number k is given by

,2mE (_M_\

E being the laboratory energy of the incident neutron, m its mass and M the mass of the target

nucleus. The potential scattering phase shift ip{ has the simple value ka, where a is the nuclear

radius, for / = 0.

The Breit-Wigner term corresponding to a resonance r has a peak height given by

(2.4)

where gj is the statistical spin weighting factor ( = J + j when the target nucleus has spin 0 ),

Vnr is the neutron width and FT the total width of resonance r. The term is centred at £ r , with

and has an interference term whose coefficient is

r sin 2<tt + C
a =

cos 2<p/ + Br

B, and C take into account multi-level effects

(2.5)

(2.6)

and

(2.11)

The quantity &B is Boltzman's constant, and 6 is the effective absolute temperature, taking into
account the effect of crystalline binding (see Lamb 1939). .1?, -7 are real and imaginary parts,
and w(z) is the complex error function discussed in Chapter 7 of Abramowitz & Stegun (1970),
and defined by

e~'2 dt

where F(z) is Dawson's integral

) = e~'2 f
*' n

dt.

(2.12)

(2.13)

(2.14)

For ^ " U in the region where the Doppler effect is significant pr ~ 20 at room temperature,
and is much larger than this at the higher temperatures of interest in reactor safety studies. The
quantity i/f}f is therefore small and a'T can be approximated by setting it to zero

- • ( £ - E ) 2 + V + r ) 2

r v r s' 4 ^ s

Cr-L

(2.7)

(2.8)

Eqn. (2.2) expresses the total cross section as the sum of Breit-Wigner terms. If the energy
dependence of the quantities other than * r is neglected, and if it is assumed that the Doppler
width is much less than the resonance energies Doppler broadening can be performed easily,

r ^ r '

where

(2.9)

(2.10)

3. The n/\f9 scaling property of effective average total cross sections

When performing an experiment it is always important to extract from the data quantities
which do not depend on the detail of the experiment. Results from different experimenters using
different equipment and techniques can then be compared. In the case of neutron transmission
results must be independent of the energy resolution function. In the resolved region such results
can be the standard transmission area for sets of resonances or, if more processing is done,
resonance parameters. In the unresolved region, by definition there is not sufficient data to
determine resonance parameters and transmission areas cannot be obtained correctly either. The
best that can be done, is to average the transmission over energy regions containing many
resonances. The region should be large enough to make both the wing corrections arising from
the partial inclusion of resonances and the dependence on resolution function small. The region,
however, must not be too big otherwise the potential scattering cross section could not be treated
as constant over it, and much data would be unnecessarily discarded.



In a suitable energy region aT can be written in the form of the preceding section
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oT = oc+£or, (3.1)
r

where ac is a potential scattering term with the effect of distant levels included, ar is a
Breit-Wigner cross section, and Z o n ' v includes resonances inside the energy region being

r

considered.

If energy averaging over the region of width W is denoted by < ) we can write

(T)-- (3.2)

not all equal

• • • } • (3.3)

From now on the cross terms in this equation will be neglected. Those that involve resonances
with the same /,/ values are small because the Wigner level spacing distribution predicts a small
probability for two resonances to be close enough to have a subtantial overlap. Those with
different J,l values are also small if the Doppler width is much less than the level spacing.
Neglecting these terms allows the right hand size of Eqn. (3.3) to be summed to give

where A'E is the standard transmission area function

dE.

(3.4)

(3.5)

The limits of integration here have been extended to infinity and the resulting wing correction
neglected. This is because wing corrections from different resonances have different signs and
average to zero. Eqn. (3.4) has also been obtained by Lynn (1963), where he explicitly evaluates
correction terms and finds them to be negligible.

Using the high temperature limit of the Breit-Wigner form for <7r, Eqn. (3.5) can be written

1-exp

As A oc \fB, A£/n depends on the variable nl\J~B in the high temperature limit. The next
paragraph discusses the extent to which this is true at temperatures of physical interest.

It is convenient to define the normalised area function A so that its value for small n is unity,

A 2 A

where a° = Angj I k2. It is plotted against the logarithm of no^Fn 12A in Fig. 3.1 (a), (b) and
(c). for an s-wave resonance. Three values of the interference parameter a are considered, namely
a = 0, a = 0.28 and a = 0.41. The latter two are the values taken by a at 5 keV and 10 keV
respectively, if the effect of resonance-resonance interference on the interference minima of
s-wave resonances is neglected. Two values of the temperature parameter have been considered;
/J=16, corresponding to room temperature, and p — <x>. In the abscissa region shown in
Fig. 3.1, which is the region of interest in most experiments, increasing the temperature by a
factor of four from room temperature, and therefore doubling 0, changes A n by ~0.02 at fixed
nl\f9. This is ~10% of the change that would occur at fixed n, and this gives an indication of the
accuracy of nl\fd scaling. It should be noted from Fig. 3.1 that for thin samples the Doppler
effect is independent of a, whereas for thick samples, when the effect is caused by the filling in of
s-wave interference dips, there is a strong dependence on the size of these dips and therefore a.
< T ) can therefore be written in the form

Provided A is much less than the level spacing, n/will be small and Eqn. (3.7) can be written

{ T > = exp (-« \a +Xn/\/0) 11 , (3.8)

I L J l
and the effective average total cross section is simply

(3.9)

If a^ has this simple form there is a simple relationship between the Doppler and self-shielding
effects

8a eff

8n '

or, if sample expansion is allowed

(3.10)

(3.11)

where ag is the linear thermal expansion coefficient.

Numerical tests of Eqn. (3.10) described in Section 5 show that the two sides of this equation
typically differ by about 5%.



186 4. The determination of the local s-wave strength function from effective average total cross
section data

In order to analyse experimental data in a given energy region certain assumptions about the
resonances in that region have to be made. In contrast to situation when evaluating average
capture and the self-shielding factors, nothing need be known about the .T/s of the included
resonances. This is because the high temperature limit of the average transmission given by
Eqn. (3.4) has the interesting property that it is independent of these quantities.

A further simplification can be made if multi-level effects are ignored. Lynn (1963) has shown

that these are of order

r -£• ~ 60 m barns,

which is a small though not insignificant quantity. If this is done a is the same for all resonances,
and the average transmission of Eqn. (3.4) is then independent of the energy distribution of the
resonances. This is because overlap effects in the average transmission have been neglected.

As a result the only assumption that must be made is concerned with the local distribution of
the r 's. At this point Lynn (1963) uses the distribution of Porter & Thomas (1956). This has
been criticised by de Saussure & Perez (1981), who argue that there is no reason to expect a
small sample of reduced neutron widths to have a Porter-Thomas distribution around their
locally averaged value. Fig. 4.1 shows the effect of self-shielding on average transmission when
this distribution is used, and Figs. 3.1 (a), (b) and (c) correspond to the use of a delta function
distribution. It can be seen that the gradients of the corresponding linear regions (which will
prove to be of use later) are similar, and they are therefore insensitive to the distribution used.
However, the large n behaviour is highly sensitive, as it depends on a few large resonances.

Using the Porter-Thomas distribution allows us to write in the high temperature limit

l - e x p
1A T

a 2 F
\7ii

where x = Tn/ fn, fn is the mean neutron width, p is the mean level density, o® =

and a = 2ka. The sum is over the different IJ values for the resonances.
Performing the x integration gives

d i \ l - .4.•m
-Ml

(4.1)

Ik2

(4.2)

m°nf
0 n

16
(4.3)

where

(4.4)

G(v) is shown in Fig. 4.1 for a = 0, a = 0.28, and a = 0.41, the latter two being the values taken

by a for 2 3 8U at 5 and 10 keV respectively. G is not defined if the argument of the square root

becomes negative for any £; this happens when v exceeds a critical value.

It is found that the second term in the braces of Eqn. (4.3) is small, so we can write

(4.5)

For resonances with l> 0 the corresponding argument of G in Eqn. (4.5) is small. G can then be
approximated by unity, and <JC is then effectively changed by a constant amount. Thus only
s-wave resonances contribute significantly to the Doppler and self-shielding effects.

By fitting Eqn. (4.5) to data both the s-wave strength function pfn I \J(E(eV), and tn can be
obtained. In particular it can be seen from Fig. 4.1 that there is a wide region where G depends
linearly on the logarithm of its argument. For a = 0 the gradient is — 0.15 per factor 2 change
in argument (or, more briefly, "per octave" ), for a = 0.28 it is — 0.17, and for a = 0.41 it is
- 0.23. By measuring the corresponding gradient from graphs such as Fig. 6.2, it is
straightforward to make an estimate of the s-wave strength function using Eqn. (4.5)

S =
sr/E

12.93 r
(4-6)

0 4 jwhere S is the s-wave strength function in units of 10 4 , g is the gradient of a j . against
in (n/v/5) in barns/octave, E is the energy on keV and r is the theoretically calculated gradient of
G referred to above.

5. Numerical calculation of <J£ at different sample thicknesses and temperatures.

The work described here is a continuation of that reported in Section 3 of Haste & Sowerby
(1978), although several changes have been made. It was decided to replace the computer
program AVTRAN by several other programs which together perform the same task.

The first of these, GENERATE, is a newly written program to generate sets of resonance
parameters from the Porter-Thomas (1956) reduced neutron width distribution and the Wigner
level spacing distribution. In contrast to the corresponding step in AVTRAN, only s-wave
resonance parameters are generated, because it is only these that contribute significantly to the
self-shielding and Doppler effects. This considerably simplifies the calculations to be performed.



Another difference is that the generated parameters are permanently stored. ENDF format is
used (see Kinsey 1979), and an unique "MAT" number is assigned to each set, together with
several lines.of descriptive comments. Table 5.1 describes several of the sets used.

"MAT"
number

11
12
13
14
17
20
21
22
30
31
32
33

1262

Energy region
(keV)

3 . 8 - 5.2
3 . 8 - 5.2

3 . 8 - 5.2
3 . 8 - 5.2

3 . 8 - 5.2
8.8 - 10.2
8.8 - 10.2

8.8 - 10.2
3 . 7 - 5.3

3 . 7 - 5.3
3 . 7 - 5.3
3 . 7 - 5.3
3 . 0 - 4.0

Expectation
value of
neutron

width (eV)

.134

.134

.067

.067

.1

.195

.0975

.1463

.134

.134

.067

.067

Expectation
value of

resonance
spacing

(eV)

20
20
20
20
20
20
20
20
20
20
20
20

Input for random
number generator

(FC01AS in Harwell
Subroutine Library)

( 1234, 4321)
( 1666, 6661)

( 1666, 6661)
( 1357, 7531)
( 1247, 7431)

( 395, 6789)
( 3397, 4041)

(31415,92653)
(10101,10101)
( 2358, 6395)

(27818,28305)
(11685,12671)

Table 5.1 A description of various sets of resonance parameters for which

calculated

has been
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These can readily be inspected later to calculate local strength functions in limited energy
regions, and to check whether the resonances have any features such as the presence of
excessively large resonances near an energy boundary used later.

The second step in predicting effective average total cross sections is the calculation of the
pointwise Doppler broadened total cross section from the resonance parameters. This can be
performed by any of the programs available around the world, provided simple ENDF
interfacing programs are written for the input and output files. ENDF output from these
programs is again permanently stored and can be viewed at any magnification by the newly
written program GRAPH. In this way checks can easily be made that different programs
produce the same cross section and that enough energy points have been used to specify it
satisfactorily. To date SIGAR (Story 1981), the two programs RECENT and SIGMA 1 (Cullen
1980), and a section of the original AVTRAN (Lynn 1964) have been used. Test runs show that
the cross sections produced by RECENT and SIGMA 1 are in resonable agreement with the
results of SIGAR. SIGAR was used to obtain most of the results of this section.

The final step, namely the calculation of off? from pointwise cross sections is performed by a

new program SIGMAEFF which evaluates a^ exactly for any specified energy region,

assuming that, the pointwise Doppler broadened cross section is linearly interpolable.

Fig. 5.1 shows some typical predictions of cr̂ F for different sample thicknesses, n, and

absolute temperatures 0. The abscissa is the logarithm of n I-J910Q, where 8Q is 300 K. The

hree energy regions shown are, (a) 4-5 keV, (b) 9-10 keV, and (c) 18-20 keV. The local
s-wave strength function is shown on the graphs. The effect of p-wave resonances is simply to
add a constant to a^, so they have not been included in calculations. The mean level spacing for
the s-wave resonances, D, was taken to be 20 eV, the nuclear radius, a, was assumed to have the
ENDF/B-1V value of 9.184 fin, and the radiation width of all resonances, F , was assigned the
value 23 meV. It can be seen that n/y/V scaling holds to about 10%, but is better when
resonances are weak. Table 5.2 and Fig. 5.2 compare predictions made of the local s-wave
strength function made using Eqn. (4.6) with the true values calculated from the resonance
parameters. Fig. 5.3 is similar except that resonance parameters from the 2 3 8U ENDF/B-1V
file were used, instead of stochastically generated ones. It can be concluded that that Eqn. (4.6)
is valid to within about 10%.

"MAT"

number

11
12
13
14
17
20
21
22
30
31
32

Actual s-wave
strength function

in units of 10~4

1.217

1.174
0.445
0.510

0.869
0.984

0.493
0.695
0.906

1.115
0.537

Gradient of
linear region of

oe
T against

(barns/octave)

1.188 ± 1%
1.165 ± 1%

0.420 ± 10%
0.527 ± 1%
0.868 ± . 1 %

0.750 ± 10%
0.338 ±10%
0.522 ±35%

0.917 ± 1%
1.089 ± 1%
0.570 ± 5%

Predicted s-wave
strength function

in units of 10""4

1.147

1.124
0.406

0.509
0.837
1.050
0.474
0.732
0.885

1.051
0.549

Error

(%)

-5.8

-4.3
-8.8
-0.2
-3.7

+6.5
-3.9

+5.3
-2.3
-5.7
+2.2

Table 5.2 Comparison of predicted and actual local s-wave strength functions for different sets
of resonances at several energies.



Fig. 5.4 shows a comparison of op calculated from Eqn. (4.3) and from resonance
parameters directly using SIGAR for the resonance set with "MAT" number 13, at 5 keV.
Agreement can be seen to be very good up to a sample thickness of about 0.2 atoms/barn.
Fig. 5.5 shows a similar comparison at 2 keV using resonance parameters taken from
ENDF/B-IV.

6. Experimental measurements of the temperature variation of 238U effective average total cross
sections.

In this section the results from some experiments designed to measure the Doppler and
self-shielding effects in 238 U are briefly reviewed. Five experiments, (a) to (e), are considered.
The first uses filters to select neutron energy; the others use neutron time-of-flight techniques.
The sample temperature is varied in all except experiment (e).

The data in each case are fitted using equation Eqn. (4.5). However the measurements are not
sufficiently accurate, particularly in the thin sample region, to determine D, so this parameter
was not varied but given a constant value 20 eV. Values of oc and the local s-wave strength
function were obtained, and do not depend significantly on the assumption about D. The
theoretical curves are not defined when n exceeds a critical value, so fitting must be done with
points where n is less than this value (which in most cases is ~ 0.2 atoms/barn). Above this value
op depends on the largest resonances present, not the overall probability distribution.

a). Tsang & Brugger (1979), and Brugger & Aminfar (1981)

In these experiments neutrons were selected by filters to have energies of 2 + 0.35 keV,

24 ± 0.9 keV and 144 ± 12 keV. At 144 keV it is difficult to measure the very small Doppler and

self-shielding effects. The other two sets of data are shown in Fig. 6.1, where the measured

values of op for different sample thicknesses, n, and for three of the temperatures used, 6, are

plotted against In (n/JOl 0Q), where 9Q is 3O3K. The data shown in Fig. 6.1 (a) is at 24 keV.

This figure also shows a theoretical fit using Eqn. (4.5) with a local s-wave strength function of

0.71 x 10~ = 11.37 barns.

For the more recent data taken at 2 keV, shown in Fig. 6.1 (b), a similar analysis indicates a

local s-wave strength function of 0.87 x 10~4 , and ac = 12.44 barns.

b). Byoun, Block & Semler (1979)

The results from this experiment are available from the NEA data bank at Saclay. The data
were taken on the Rensselaer Polytechnic Institute Linear Accelerator at temperatures up to
1000 K. Fig. 6.2 shows typical resuls for an energy bin extending from 3.058 to 4.129 keV.
Discrepancies from «/\/# scaling appear to be within 0.2 barns. The error bars shown here have
been estimated from the statistical fluctuations of the results. The theoretical curve shown is
obtained with an s-wave strength function of 1.3 x 10~4 , and ac = 13.4 barns. Fig. 6.3 shows
the results of similar analyses in different bins spanning the 2 to 12 keV region. There are
significant drops at 4 keV and 9 keV.

c). Haste & Sowerby (1978)

This experiment was performed on the Harwell Linear Accelerator. Count loss corrections
were not performed on these data, so only cross section differences between thick samples as
temperature varies are reliably predicted. Typical results are shown in Fig. 6.4. Using the
gradients of these curves the s-wave strength function can be calculated, using Eqn. (4.6). The
results are shown in Fig. 6.3, which again shows significant drops at 4 and 9 keV. The 2 to
3 keV result is not shown, as the linear region for the op against In (nl\[Q) occurs for low n

values where the cross section is not accurately determined.

d). Vankovetal. (1971)

This data has been averaged in much wider energy bins than that of later experiments, and so
is not suitable for detecting local fluctuations of the s-wave strength function. However nl\f0

scaling is approximately satisfied, as can be seen from graphs such as the one reproduced here as
Fig. 6.5. The theoretical fit shown was produced using an s-wave strength function of
1.0 x 10~4 and ac = 11.3 barns.

e). Olsen etal. (1977)

This data, taken at the Oak Ridge National Laboratory, is available from the National
Nuclear Data Center at Brookhaven National Laboratory. It is transmission data taken at four
sample thicknesses, but only at room temperature. It has been averaged, and an estimate of the
local s-wave strength function is similar to that shown in Fig. 6.3, except for a peak at 6 to
7 keV, which is not present in the other data.

7. Conclusions

By considering the high temperature limit of the work of Lynn (1963), when all the resonances
have the same width, governed by the temperature, it has been shown that, to a good
approximation, the contribution of the resonances to the effective average total cross section,
op, over an energy region containing many resonances, depends only on n I \fB. This
dependence has a fixed functional form at a given energy, the form being altered in scale not
shape by changes in local s-wave strength function and level spacing. Changes in energy,
however, do alter the shape, as these are associated with changes in resonance-potential
interference. This simple description of op curves has been found to be accurate to about + 0.1
barns at 5 keV, + 0.2 barns at 10 keV, and ± 0.5 barns at 24 keV.

Between 5 and 20 keV, op, when plotted against the logarithm of nl\J~Q is found to have a
linear region and the gradient here can be used to predict a value for the local s-wave strength
function. These values are systematically ~ 5% too low, and have a similar statistical error, but
they are sufficiently accurate to detect structure in the 238U local s-wave strength function,
which is found to have statistically significant drops at 4 and 9 keV, in three sets of data.

If increased accuracy is required, violation of n/y/0 scaling would have to be taken into
account explicitly, and many other correction terms would have to be evaluated. However, the



equations derived in this paper at least act as a starting point for more detailed studies, and may

prove to be adequate for the needs of reactor physicists.
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A plot of the normalised area function, A n, against the logarithm of naQ fnl1A for a ~ 0
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A plot of the normalised area function, An, against the logarithm of na0Fn 11A for a = 0.28
(corresponding to the interference at 5 keV).
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The normalised Porter-Thomas weighted area function in the infinite temperature limit.
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Predictions from numerical computer calculations of the dependence of the effective average
total cross section of U on sample thickness, temperature and assumed local s-wave strength
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using resonances specified by ENDF/B-IV for 238U.
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Comparison of a^ calculated from equation (4.3) and from resonance parameters directly using
SIGAR for resonances in the energy region 2 ± 0.35 keV from ENDF/B-IV.
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The effective average total cross section of U at different sample thicknesses and
temperatures as measured by Tsang & Brugger (1979) using neutrons filtered to 24 ± 0.9 keV.
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The effective average total cross section of 2 3 8U at different sample thicknesses and
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Cross Sections and Staircase Plots
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Unshielded and self-shielded cross sections are presented in the
ABBN 26 group structure for the isotopes: 2 3 5U, 238u, 239pu>

4Ip 242gp top , , >

24Ipu an(j 242pu frOm the currently used data libraries:
ENDF/B-V, JENDL-II, SOKRATOR and KEDAK-IV. Results are only
presented in the resolved resonance region. In order to estimate
the current disagreement between these libraries, average variations
from the mean value are presented.

In addition to group averages, staircase plots for each sequence
of resonances are presented.

Introduction
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This paper is intended to present an estimate of the current
differences between a variety of currently used evaluation
libraries. namely: ENDF/B-V^1), JENDL-II^2), SOKRATOR^3) and

'^, in the resolved resonance region of the isotopes:
^ 239Pu, 240^, 241Pu a n d 242Pu%

One approach to estimating the current accuracy of data for
these isotopes would be to examine the measurer assigned
uncertainties for the currently measured experimental data.
However, in this paper we will only examine evaluated data and in
this way hopefully consider not only the value judgements of the
experimentalists, but also the value judgements of the evaluators
and we will attempt to see if the available experimental data is
generally accepted and interpreted in the same manner in a variety
of current evaluated data libraries. In this way we will attempt to
estimate the total uncertainty that users of evaluated data may
expect to encounter between different evaluations.

If we assume that the data in each of these evaluated data
libraries was independently evaluated and all had the same
experimentally measured data available during the evaluation
process, then by examining the differences between various
evaluations we can define the difference in the data, not only due
to a lack or disagreement between experimental data, but also due to
interpretation of the data by the evaluators. These differences

reflect what a user of this set of evaluated libraries may expect to
encounter in any application due to the use of one of these
libraries, as opposed to using one of the other libraries of this
set of libraries.

What to compare?

Since we are discussing the resolved resonance region of uranium
and plutonium isotope it might seem natural to simply compare the
resonance parameters. However, since we are interested in
estimating the differences in the actual evaluated cross section
data this approach is not particularly useful. This is because it
is possible to obtain very similar cross sections using very
different sets of resonance parameters, or resonance formalisms;
e.g. single vs. multi-level. It is also possible to obtain very
different cross sections using the same set of resonance parameters,
but different resonance formalisms; e.g. single vs. multi-level.
Examples of where this occurs will be given later in this work.

A more practical base {or comparison is to compare multigroup
cross sections and staircase plots. In actual applications,
depending on the composition and geometry involved, multigroup cross
sections will vary from the optically thin, or infinitely dilute,
unshielded limit,(5)

(1)

to the optically thick, totally self-shielded

I UE
(2)

where
y> - the group average cross section in energy group G for

reaction i; i = total, elastic, capture, etc.

s(E) - energy dependent weighting spectrum. Since we will
only be interested in the resolved resonance region a
1/E weighting spectrum will be used.



ZT ( E ) - energy dependent cross section for reaction i

- energy dependent total cross section

EQ, EQ+^- lower and upper energy limits of group G.

The two limiting cases of the unshielded and totally shielded
cross sections will be used as indications of agreement or
disagreement between the four evaluated libraries considered in this
work. The unshielded cross section is a good indication of
normalization, since multiplying the energy dependent cross
section X A (6' by a scalar factor over the energy range EQ to
EQ +I leads directly to a change in the group average cross
section ^ T A ^ Q . by the same scalar factor. As an indicator of cross
section shape dependence, rather than presenting the self-shielded
cross section, we will present self-shielding f-factors which are
defined as the ratio of the self-shielded to unshielded cross
section,

(3)

Since the cross sections 1E"A LE' and 2 T ̂  ' appear in both
numerator and denominator of this expression f-factors are
completely independent of normalization. However, f-factors are
sensitive indicators of the amount and magnitude of structure in the
cross sections. Generally if the total cross section is fairly
smooth the f-f actor will be close to unity. As the amount of
structure in the cross section increases the f-factor tends to
decrease and for materials with a large number of resonances the
f-factors can be quite small^5,6). Later in this work it will be
shown that for several of the isotopes considered here the f-factors
are only about 0.02, indicating that the self-shielded cross section
is only about 2% of the unshielded cross section (see: Tables IV and
V). Agreement between the unshielded cross sections and f-factors
for an evaluation of an isotope from one evaluated library and the
corresponding quantities from a second evaluated library generally
is a strong indication that in any application a user will obtain
similar solutions using the cross sections from either evaluation.
However it should be stressed that agreement between these
quantities is merely an indicator and it does not guarantee that
both evaluations will yield similar solutions.

Since it is widely used both in experimental measurements
(7,8) a s well as in applications (5) the ABBN twenty-six (26)
group structure will be used to present comparisons. However, for

each evaluation, of each isotope results will only be presented for
those energy groups which lie completely below the upper energy
limit of the resolved resonance region.

Besides the unshielded and shielded cross sections a third basis
of comparison will be staircase plots for each 1 sequence of
resonances, for each isotope, for each library. In these staircase
plots we will plot the number of resonances of a given 1 sequence
below energy E versus the energy E. These staircase plots will be
used as a simple compact means of comparing average resonance
spacings. In order to allow comparison between the staircase plots
for several different evaluations of the same isotope on a single
plot the staircase plots presented herein are a somewhat stylized
version of the tradition staircase plot, in the sense that we have
drawn smooth curves in an attempt to only show the important trends
in the plots.

Evaluated Libraries

Table I presents a brief summary of the evaluations considered
in this work. For each isotope, in each library Table I defines:
the year of the evaluation (as an indication of what experimental
data the evaluator had available at the time of the evaluation), the
energy limits of resolved and unresolved resonance energy ranges,
the number and type of resolved resonances and the number of
energies at which unresolved resonance parameters are tabulated (as
an indication of the amount of detail presented in the unresolved
resonance region).

In order to reduce all of this evaluated data to comparable
multigroup form the various libraries were treated as follows,

ENDF/B-V

Permission was obtained to use the ENDF/B-V data ^ for these
isotopes over the energy range up to 40 keV. At the IAEA this data
was linearized (9), the resonance and background contributions
combined to define energy dependent cross sections (10), the
shielded and unshielded group averaged cross sections were
calculated, using a 1/E weighting spectrum (11). All of the
following ENDF/B-V results correspond to the results of this
multigroup calculation.

JENDL-II

This data was converted to energy dependent form in the ENDF/B
format ^2) and then sent to the IAEA. At the IAEA shielded and
unshielded group averaged cross sections were calculated, using a
1/E weighting spectrum (ID. All of the following JENDL-II
results correspond to the results of this multigroup calculation.



SOKRATOR

The evaluations for 239Pu, 2^lpu and 2^2Pu were
obtained^3) in the ENDF/B format. At the IAEA the evaluations for
235U and 240pu were converted (*2) from the SOKRATOR to the
ENDF/B format. A SOKRATOR evaluation for 238U was not available
in the ENDF/B format. All evaluations were linearized (9), the
resonance and background contributions combined to define energy
dependent cross sections (10), the shielded and unshielded group
averaged cross sections were calculated, using a 1/E weighting

spectrum(11) For 239pu and 2/tlPu the results of this
multigroup calculation did not agree with the results published by
the evaluators (13). Therefore for 239Pu and 2^Pu the
following SOKRATOR results are those published by the evaluators
(13). For 235U, 240Pu a n d 242Pu t h e following SOKRATOR
results are the results of the multigroup calculation performed at
the IAEA.

KEDAK-IV

This data was sent to the IAEA in energy dependent form '*'•
It was converted to the ENDF/B format and then shielded and
unshielded group averaged cross sections were calculated, using a
1/E weighting spectrum I 1 1). All of the following KEDAK-IV
results correspond to the results of this multigroup calculation.

In all cases the following results correspond to the cold
(nominally 0 C) data; i.e. the data has not been Doppler broadened.

Presentation of Results

Tables II and III present tabulated comparisons of the total,
capture and fission cross sections for each of the six isotopes,
from each of the four data libraries, for each energy group up to
the upper energy limit of the resolved resonance region. Similarly
Tables IV and V present tabulated comparisons of the corresponding
total, capture and fission self-shielding f-factors. Within each
group, for each reaction the average of the libraries was calculated
and Tables VI and VII define the per-cent variation of each library
cross section from the average. Tables VIII and IX present similar
results for the f-factors.

Figures I-VII present staircase plots for each isotope, for each
1 sequence. For the six isotopes considered results are presented
for the s wave (1 = 0) resonances and in addition for 23^
results are presented for the p wave ( 1 = 1 ) resonances.
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Discussion of Results

235U

The comparison of cross sections shows a close agreement between
ENDF/B-V, JENDL-II and SOKRATOR. The KEDAK-IV cross sections are
considerably lower in the 0.465 to 1.0 eV group. Table X compares
the total widths of the first few resonances of each evaluation.
From Table 8 we can see that the difference in the 0.465 to 1.0 eV
group is primary due to the smaller 121 milli-eV total width used by
KEDAK-IV, for the 0.29 eV resonance compared to the 135 milli-eV
total width used by all of the other evaluations.

The agreement between ENDF/B-V, JENDL-II and SOKRATOR is
excellent in average cross section, f-factor and staircase plot over
the entire energy range (figure I). The KEDAK-IV cross sections are
slightly lower than ENDF/B-V and JENDL-II. The latter result is
somewhat surprising since the staircase plot (Figure I) shows that
the KEDAK-IV evaluation uses a resonance spacing that is
approximately 30% less than that used by ENDF/B-V or JENDL-II.
However, in Table X we see that the KEDAK-IV resonances are
generally narrower than the ENDF/B-V resonances.

238U

The comparison of cross sections and f-factors show a close
agreement between ENDF/B-V, JENDL-II and KEDAK-IV (see: Tables II
and IV). Examination of the staircase plots for s and p wave
resonances (figures II and III) show that although ENDF/B-V and
KEDAK-IV use approximately the same total number of resonances (444
vs. 442) they differ in assignment of 1 values for about 18% of the
resonances.

239Pu

The comparison of total and fission cross sections and f-factors
show good agreement. In the 1 - 2.15 eV range there is a
disagreement between the capture cross sections; ENDF/B-V and
KEDAK-IV suggest approximately 7.7 barns, while JENDL-II and
SOKRATOR are lower at 4.65 and 5.07 barns respectively. The
staircase plot (figure IV) indicates all evaluations are using
essentially the same resonance spacing.
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240Pu

The comparison of cross sections shows agreement except above
100 eV where ENDF/B-V and JENDL-II yield similar results and
SOKRATOR and KEDAK-IV yield similar results, but the ENDF/B-V and
JENDL-II are consistently higher than the SOKRATOR and KEDAK-IV
results. Comparison of f-factors above 100 eV shows wide variation
between evaluations. The reason for this disagreement is the
difference in the cross section structure between the various
evaluations above 100 eV. The staircase plot (figure V) indicates
that all of the evaluations are using similar resonance spacings.

241Pu

The total cross sections in the 0.215-0.465 eV range have a
spread of about 16% between evaluations of the total cross sections,
18% for the capture and fission. A comparison of the evaluated
energy dependent total cross sections in this energy range with the
available experimental data shows that both SOKRATOR and JENDL-II
reproduce accurately the measurement of Young (1974) l"J, whereas
the ENDF/B-V peak value is about 4%, and the peak value of the KEDAK
evaluation is significantly higher (about 15%). For all other
energy ranges there is good agreement between cross sections and
f-factors for the various evaluations. The staircase plot (figure
VI) shows a spread in resonance spacing of approximately 10%.

In the 2.15 - 4.65 eV range JENDL-II, SOKRATOR and KEDAK-IV
yield very similar results for the total cross section of
approximately 1475 barns, whereas ENDF/B-V yields a value of 1738
barns, almost 18% higher. The agreement between cross sections is
good over all other energy ranges. There are large differences
between the f-factors, particularly in the 100 - 465 eV range. The
staircase plot (figure VII) indicates all evaluations used very
similar resonance spacing.

Conclusions

Comparison of group averaged cross sections, self-shielding
f-factors and staircase plots for each resonance sequence within the
resolved resonance region for evaluations of 235uf 238u)
239Pu> 240pu> 241pu a n d 242Pu f r o m t h e ENDF/B-V, JENDL-II,
SOKRATOR and KEDAK-IV libraries, generally show good agreement.
Comparisons and deviations from averages are provided to allow the
user to decide if the agreement is good enough to meet the needs of
any given application.
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TABLE I 4-

SUMMARY OF RESONANCE REGIONS •«

ISOTOPE ENBF/B-V

U-23S
EVAL. YEAR
RESOLVED
UNRESOLVED

U-238 +
EVAL. YEAR +
RESOLVED 4-

+
UNRESOLVED +

+ JENDI.-II + SOKRATOR + KEHAK-IV •

4 - 4 - 4 4-

1777 + 7 + 1975 + ? ••
1-82 EV: 130 S SLBU + 1-100 EV! 140 S SI..BW + 1-100 EVt 208 S MLBU + ?•• 100 EV! 199 S ? •••

82-25 KEV $137 ENERGIES+1O0-30 KEVt 28 GNERGIES+100-100 KEV! 81 ENERGIES 4- ? 4-

+ + + +
1977 + ? +

1-4000 EVt 164 S MUBU 4- 0-4 KEVt 187 S MLBW +
t 280 F1 MLBW + t 265 P MLBU +

4-23 KEV! 36 ENERGIES* 4-SO KEVt 21 ENERGIES*

EVALUATION
NOT

AVAILABLE
4- ?-3993 EVS 1(59 S ? +
+ S 253 P ? +
4- ? +

+
+ +

1980 + ? +
0-500 EVt 260 S MLBU + ?-658 E<Jt 258 S ? +

PU-240 +
EVAL. YEAR +
RESOLVED +

F'U-241 4-
EVAL.. YEAR +
RESOLVED

pU-239 + + - +
EVAL. YEAR + 1976 + ? +
RESOLVED 4- 1-301 EVS 128 S SLEW + 1-598 EV! 257 S MLBU +
UNRESOLVED + 301-25 KEVt 94 ENERGIES+598-30 KEVt 34 ENERGIE8+500-100 KEVt 35 ENERGIES + ? *

-f-4-4-4-4-4--f-4-4-4-+.4'+4- + 4-4'4-++4-++4-4H-4-++4-4'+4-4-4-4-4-4-++++4-4-++4-4-4-+4-4-4-4-4-4'+++4-4-4-4-4-+4-4"*-4-4-4-4-4-++4-4-+4-4-4-4'+4'4--»-4-4-+4-4-4-^

4 - 4 - 4- 4-

1977 + ? + 1975 + ? +
0--391O EVS 201 S MLBU 4- 0-4 KEV: 268 S MLBW + 1-1OOO EVJ 70 S MLBU + 7-3990 EVt 204 S ? t

UNRESOLVED »• 3910-40 KEVJ 16 ENERGIES* 4-40 KEV! 2C1 ENERGIES* 1-150 KEVt 28 ENERGIES + '? +
.4..1.+t.+4. + + +

4- + 4- 4-

1977 + ? + 1979 + ? 4
+2.873-100 EVt 83 S A-A + 1-100 EVt 92 S SLBU 4- 1-100 EVt 112 S A-A + 7-160 EVt 123 S ? +

UNRESOLVED 4100-40.2 KEVt 32 E:NERGIES+100-30 KEVt 22 ENERGIES+100-100 KEV! 32 ENERGIES + ? +
4-4"#"f-f-4-4.4'4-4-4-4"f*4-+'h-»-4-4-4-+4-4"f-4-+++-f4'+ + 4-4-4-4-4-4-4--h4-4-4'4"»*4"»-f 4-4-4-+4-4-4-4"*-4-4-4-4-4-4-4-4-4-4-+ 4'4-4-4-4"t-+4-++4-++4-4-4-4-4-4-+4-4--l-4-+-».4'+4'4-4"4-4-4-4-4-4-4-4-+-l-

PU-242 4- 4- 4- + +
EVAL. YEAR + 1978 + ? + 1979 + ? •«•
RESOLVED 4- 0-986 EV! 68 S SLBU + 0-1290 EVi 95 S MLBW + 0-1000 EVt 70 S MLBU + ?-495 EVt 37 S 'I' +
UNRESOLVED + 986-10 KEV! 5 ENERGIES + NONE + 1-200 KEVt 28 ENERGIES + ? +

-4-++4-4-4-4-+4-4-4--f4-4-4-4-4-4-4-4-4-+4-+++4-++4-4-4"4--*4H- + 4-4-4-4-+4-4"

TERMINOLOGY +
+4-4'4'4-++4-+4-4-+4-++-f^^

+ SLBU = SINGLE-LEVEL. BREI.T~WI.GNER PARAMETERS +
•(• MLBU = MULTI-LEVEL RREIT-WIGNER PARAMETERS +
»• î-A = ABLER-ADLER PARAMETERS +
»• ENERGIES - NUMBER OF ENERGIES AT UH.TCH UNRESOLVED PARAMETERS ARE GIVEN +
+ S OR F- = NUMBER OF S OR p UAVE RESOLVED RESONANCES +

NOTE! <1) ALL. EVALUATIONS USE ENERGY DEPENDENT UNRESOLVED PARAMETERS. +
<2> THE ENERGY LISTED FOR KEDAK-IV IS THE ENERGY OF THE LAST RESOLVED RESONANCE. •••

+4-4.^
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+•

•ENERGY GROUP +

4-

f-

4-

4-

4-

4-

4-

4-

4-

4-

4-

4-

4.

4-

4-

4-

4-

4-

4-

4-

4-

4>

+
4-

4-

U-2351 COMPARISON

TOTAL 4-

EY 4- ENDF/B JENDL SOKRATOR KEDAK + ENOF/B

THERMAL ^
0.215-0.465 •<
0.465-1.0

1.0-2.15 -
2.15-4.65 •
4,65-10.0 H
10.0-21.5 •
21.5-46.5 •<
46.3-100

^ 699
v 206
4- 86
i- 60

^ 35
h 96

^ 108
^ 79

•

+

.92

.69

.69

.89

.50

.60

.05

.31

+ ENDF/B

THERMAL 4- 11
0.215-0.465 + 9
0.465-1.0 + 9

1.0-2.15 4- 9
2.15-4.65 4- 8
4.65-10.0 4- 190
10.0-21,5 4- 131
21.5-46.5 4- 145
46.5-100 4- 41
100-215 * 90
215-465 4- 22
465-1000 4- 23
1000-2150 4- 22

.61

.68

.41

.17
,94
.93
.73
.82
.91
.68
.28
.37
.19

700.37
204.71
07.66
62.17
36,18
98.88
107.31
82 . 67
66,53

701
208
88
62
36
96
107
88
63

.27
29
.03
.37
33
01
85
04
14

703.
193.
70.
57.
32.
96.
105.
78.
65.

01 -
31 *
4 6 •>
46 -
76 -
19 H
73 -i

98
• 34
v 7

i- 1 2

6

^ 37
^ 44

34 4- 23
57 -

.89

.42

.95

.38

.98

.20

.67

.90

U-2381 COMPARISON

TOTAL 4-

JENDL

11.59
9.65
9.38
9.15
8.92

189.78
131,53
143.56
42.21
90.76
22.15
23.19
22.22

SOKRATOR KEDAK -

11.
9.
9.
9,
9.

189.
129.
144.
41.
90.
22.
22.
22.

• EN1DF/B

68 4- a
78 4- 0
54 4- 0
42 + 0
17 4- 0
45 4- 170
49 4- 86
92 + 54
82 + 16
78 4- 20
05 4- 4
98 + 3
20 4- 1

.71

.807

.587

.476

.646

.91

.75

.96

.57

.03

.53

.37

.90

TABLE II

OF GROUP AVERAGES

CAPTURE

JENDL

96.42
32.86
7.12
13.17
7.61
41.43
49.90
27.44
18.82

OF GROUP

SOKRATOR

102.15
34.55
7.40
11.64
7.19
42.09
47.15
28.42
17.37

AVERAGES

CAPTURE

JF.NDL

2.71
0.813
0.593
0.484
0.666

170.46
86,64
55,42
16.37
20.06
4,50
3.32
1.85

•SOKRATOR

<BARNS)

KEBAK

99.94
33.71
8.28
11.89
6.83

36.51
46.42
24.45
17.31

(BARNS >

KEDAK

2.73
0.815
0.595
0.486
0.637

170.10
86.34
55.38
16.55
20.04
4.45
3.25
1.72

4-

4-

4-

4-

4-

•4-
4-
4-

4-

4-

4-

4-

ENDF/B'

FISSION

JENDL SOKRATOR

506.54 586.SO
158.24
65.32
35.95
17.11
48.36
51.14
43.09

+ ENtiF/B

4- 0.0
4-
4-

4-
4-

4-

4-

4-

4-

4-

4-
4-

4-

0.0
0.0
0.0
0.0
0.0
0.0002
0.0
0.0
0.0
0.0005
0.0009
0.0003

156.36
66.00
35.95
16.94
46.43
45.33
43.12
34.54

580
154
64
40
20
45
51
49
35

FISSION

.06

.27

.56

.80

.69

.83
,46
.92
.82

KEDAK

590.03
147
51
35
16
50
48
42
36

.6(5

.10

.05

.17

.06

.35

.55

.63

JENDL SOKRATOR KEDAK

0.0
0.0
0.0
0.0
0.0
0.0
0.0001
0.0
0.0
0.0
0.0004
0.0009
0,0003

0
0
0
0
0
0
0
0
0
0
0
0
0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0
,0

4

4-

4-

4-

4-
•4-

4-
+
4-

4-

-4-

4
4

4-

4

•4

4
•4

4-

4

4

4-

4

4
4-

4-

-f

4

4-+4'+4-4-4-4-4-+4-+4-4-4-4-+4-4-4-4--4-4-+4-4-4-4-4-4-4-4-+4-+++4-++4-4-4-4-4-4-4-4-4-4-4-4-4-4.4-4.4-4-4-4.4-4-4-4-4-4-4-++4-4-'t-4-4-4-+4-4-+4-4.4.++-|.4-4-4-++4-4--f •4-4-4-4-+4-4-4-4-4-4-4-4-+4-4-4-4-4-4-4-.4-4- + 4"4-4-

+ PU-239S COMPARISON OF GROUP AVERAGES (BARNS) 4-
4-4-4-4-4-4-4-+4-4-4-4-4-4-4-4-4-4-4-4-4-4'4-4-4-4-4-4-4-4-4-4*4'4-+4<4-4-4-4-4--4-4-4--f-4-4-4-4-4-^

4- + TOTAL 4- CAPTURE + FISSION +
4--f-4>4-4-4-4'4-4<4>4-4-4-4-4-4--l-4-4-+4-4'4-+4--l-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-^

ENDF/B JENUL SOKRATOR KEDAK + ENIiF/B JENDL SOKRATOR KEIJAK 4- JENHF/B JENDL SOKRATOR KEDAK
4-4-+4-+4-4-++4-4-4-4.4-4.4"4-4-4-4.4-4-4-4-4-4-4.+4--f4.+-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-^^•4-4-4-4"l-4-4<4"f-4*4-4-4-4'

4- THERMAL
4- 0.215-0.465
4. O.465-1.O
4- l.O-a.15
+ 2.15-4,63
4- 4,65-10.0
4- 10. 0-31.5
4- 21.5-46,5
4- 46.5-100
+• 100-215
4- 215-465

1O23.7 1O23.7 1018.6 1026.1 4- 270.99 270.99 267.20
2760.9 2760.9 2782.5 2760.1 4-1105.30 1105.30 1091.70
154.3 152.5 155,07 154.29 4- 44.34 42.54 42.82
41.79 37.58 39.35 41.95 4- 7,69 4.65 5.07
21.35 22.59 21.54 21.41 4- 1.14 1.42 1.58
69.50 67.52 69.80 69.71 •»• 26.35 24.98 23.47
181.99 178.97 174.38 102,52 + 66.75 71.14 63.81
67.39 68.78 67.91 67.58 + 34.06 36.03 33.36
110.60 115.29 116.60 110.90 + 37.16 37.94 36.70
51.23 50.34 49.60 51.31 4- 17.11 17,30 15,06

40.09 38.95 41.61 + 13.01 11.17

271.36 + 744.68 744.68 744.00 748.14
1105.50 4-1643.70 1643.XO 1679.40 1643.50
44.33 4- 98.68 98.68
7.73 + 24.14 23.03
1.15 + 11.04 11.93

26.42 4- 34.74 34.56
66.92 4- 104.49 97.6S
34.15 4- 22.37 22.28
37.26 4- 56.51 60.2S
17.13 + 18.80 18.89
12.67 4- 12,74

101.34
24.74
11.03
36,21
98.39
21.38
61.26
19.45
13.02

98.70
24.27
11.09
34.85
104.79
22,43
56 . 65
IB.83
12.99



+ TABLE: H I +
4-4-4-4-4-+4-4-4-4-4-4-4"l-4-4-+4*4"4-4-4-4-4-4-4-4-+4Ml4-4'++4*4-4-+4'4-+4-+4-4'+4-+

+ PU-240J COMPARISON OF GROUP AVERAGES (BARNS) +
•|..f.«^^ J^.|..^.^.f..|..4i4"l''^'^'4'4'4*4"fr*4''fr*4i4'4<'f«*f«4j*f*4''fr'*fr*4i4'4M4*ifr'4l'^4*4'4'4*iti'fiifr4''t*^^

+ENERGY GROUP + TOTAL + CAPTURE + FISSION +
+ +4'+4-4.4.4-4-+4-+4'+++4-4<4-+4-4-4-4-++4.+4-+4-+++4-4-4-4-4-+++4-+4-4-4-+++++4-+4-++++4'+++++4-+++4-++++4-+4'4-++4-++++4-+4-4-+4-4-4-4-+4-4-4'++4^^

+ EV + ENDF/B JENDL SOKRATOR KEIJAK + ENUF/B JENDL SOKRATOR KEDAK + ENDF/B JENBL SOKRATOR KEDAK •••

+ THERMAL 4- 292.48 291.40 290.26 290.34 + 290.90 289.91 288.67 291.40 + 0.0573 0.0679 0.0510 0.0614 +
+ 0.215-0.465 + 163,65 159.75 163.54 160.74 + 163.30 159.47 1.63.21 164.29 + 0.0308 0.0341 0,0;!89 0.0321 +
+ 0.465-1.0 +1189.8 1191.8 1240.4 1191.2 +1149.4 1141.4 1194.5 1157.2 + 0.208 0.222 0.211 0.210 •<•
+ 1.0-2.15 +9740. 10S67. 10086. 9737.6 +9077.1 9719.8 9363.8 9089.0 + 1.636 1.873 1.657 1.639 •»•
+ 2.15-4.63 + 23.79 24.09 21.40 23.19 + B.98 8.82 8.77 8.86 .+ 0.0211 0.0028 0.0024 0,0025 +
+ 4.65-10.0 + 10.89 10.79 9.13 10.10 + 0.867 0.879 0.776 0.787+ 0.0005 0.0010 0,0001 0.0001 +
+ 10.0-21,5 + 41.87 36.04 40,68 41.25 + 31.30 26.30 30.91 31.36 + 0.225 0.192 0,669 0,223 +
+ 21.5-46.5 + 121.63 116.38 112.34 116.45 + 71.39 71.Bl 68.27 70.62 + O.181 0.505 0.236 0.264 +
+ 46.5--100 + 106.53 100.76 101. B5 105.23 + 43.40 43.66 42.41 43.53 + 0.0293 0.309 0.154 0.605 +
+ 100-215 + 55.12 54.60 53.26 54.70 + 24.73 25.53 24.05 24.33 + 0.0153 0.334 0.130 0,153 +
+ 215-465 + 32.08 31.46 29.87 30.62 + 9.44 9.50 7.84 7.76 + 0.0050 0.221 0.0S5 0.0509 ••
+ 465-1000 + 24.43 24.33 23.52 23,84 + 5.56 5.50 4.83 4.78 + 0.244 0.408 0.262 0.207 +
+ 1000-2150 + 22.24 22.28 21.BO + 3.30 3.23 2.59 + 0.187 0.306 0.117 4-
.(.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4<4<4-4"t<4<.|'4 4-4-4+++4+++4++4+++++4+++++++4+++++++++4-4++4-4-4++4-+-4++++++++++++++++-1-+++++++++++++++++++++4-++++
+ PU--241t COMPARISON OF GROUP AVERAGES (BARNS) +
+++++++++.M-+++++++++++++++++++++++^
+ + TOTAL + CAPTURE + FISSION +
44.4.4..M++++++++++r+++4<++4'+++++<l'++++++++++++'4'^
+ + ENnF/B JENDL SOKRATOR KEDAK + ENHF/B JENDL SOKRATOR KEDAK + ENDF/B JENDL SOKRATOR KEDAK +

+ THERMAL +1392.8 1395.0 1389.0 1393.5 + 363.03 364.65 362.BO 366.77 +1019.8 1020.0 1015.0 1016.9 +
+ 0.215-0.465 +1245.0 1188.7 1196.5 1380.6 + 399.97 356.40 398.86 428.48 + 842.00 820.50 784.34 941.72 •••
+ 0.465-1.0 + 77.84 72.93 82.52 74.87 + 22.86 18.22 15.21 15.03 + 43.22 43.9.5 ' 52.98 50.37 +
+ 1.0-2.15 + 43.75 40.16 41.07 33.73 + 6.25 3.64 2.80 2.76 + 26.79 26.93 26.37 22.42 •<•
+ 2.15-4.65 + 196.00 194.38 180.30 198.52 + 69.76 69.90 54,20 77.50 + 112.53 115.84 116.36 112.80 +
+ 4,65-10.0 + 302,65 290,51 283.07 261.01 + 40.10 33,07 26.48 34.82 + 240 < 52 2.46.14 239,39 215,91 +
+ 10.0-21.5 + 225.84 227.48 198.14 232.37 + 69.75 72.79 43.11 66.54 +-137.32 138.19 ""138.55 149.37 +
+ 21.5-46.5 + 90,49 09.36 90.54 104.38 + 13.35 13.51 10.09 15.42 + 64.48 62.66 61.99 76.47 +
+ 46.5-100 + 62,89 65.74 64.25 70.68 + 11.80 11.35 10.02 12.92 + 37.93 40.62 39.34 44.46 +

PU-242J COMPARISON OF GROUP AVERAGES (BARNS)

4-

+

+

4-

+
+
4.

+
+
4-

4-

4-

+
+

THERMAL
0.215-0.465
0.465-1.0

1.0-2.15
2.15-4.65
4.65-10.0
10.0-21.5
21. .5-46.5
46.5-100
100-215
21.5-465
465-1000

4-

4-

+

4-

4-

+

ENDF/B

26.97
14.26
13.45
20.55

+1738.3
+
4-

+
4-

4-

+
4-

12,95
12.03
13.32
114.54
30.24
32.15

TOTAL

JENDL

26.77
14.52
13.84
21. IB

1473,7
12.31
12.04
13.61

114.72
31.24
33.43
28.76

SOKRATOR

26.88
14.60
14.00
21.53

1.484.5
11 .03
10.51
12.37

113.46
30.04
31.28
27.03

KEDAK

27.35
14.86
14.09
21.77

1471.4
13.17
12.56
14.04
114.35
33.09
34.14
26.59

4*

+

+
4-

+
+
4-

4-

.4*

4-

+

4-

+
4-

ENDF/B

19.24
6.85
6.59
16.01

1561.0
0.735
1 .63
4.48

33.18
10.11
5.77

CAPTURE

JENDL SOKRATOR

18.54
6.63
6.40
15.67

18.64
6.71.
6.49
16.10

1355.8 1367.6
0.706
.1. . 62
4.46
35.63
10.33
6,01
4.01

0.701
1.62
4.74

33.01
10.30
6.14
4.01

KE'DAK

19.04
6.83
6.61
16.60

1357.6

+

4-

+

4-

4-

4-

+

0.708+
1.63
4.50

39.83
1.1 .99
6.44

4-

4-

+

+
4-

ENDF/B

0.00.1.0
0.0003
0.0002
0.0001
0.0001
0.0001
0.0001
0.0001.
0.0742
O.O645
0.0207

4.76 4

FISSION

JE:NDL

0.122 .
0.0355
0.0255
0.0249
0.917
0.0071
0.0078
0.0130
0.0695
0.0254
0.0249
0.0979

SOKRATOR

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0670
0.0240
0.0180
0.0055

KEIJAK

0.0
0,0001
0.0001
0.0001
0.OOO1
0.0001
0.0001
0.0001
0.0645
0.0231
0.0177

4-

4-

4-

4-

4-

4-

4-

+

4-

+
+
4-

+

0.0178 •••
4.4.4..4-4.4.4.4. .4.

203



204

+ENERGY GROUP

+ EV

+ THERMAL
+ 0.215-0.465
+ 0.465-1.0
+ 1.0-2.15
+ 2.15-4.65
+ 4.65-10.0
+ 10.0-21.5
+ 21.5-46.5
+ 46.5-100

TABLE IV

U-235! COMPARISON OF GROUP AVERAGES <F FACTORS)
++4-++4-+4-4-+++++++++4-+++++++++++++-4-++++++++++++++++++++++++++++++++++++++++++

+ TOTAL + CAPTURE +
4+4- 4 +++4++4+++++++++++++++++•» ++•( 4 ++++-4-4-++++++++++++++++++++++++•
+ ENDF/B JENDL SOKRATOR KEDAK 4 ENDF/B JENDL SOKRATOR
+4+4++4-4-4-4-4-1- 4++++++-4 ++++++++•!•++++++++++ 4++++++++4+++++++ ++++++++

0.939
0.983
0.719
0.721
0.354
0.390
0.446

+

+ FISSION +
.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4..*. 4.4.4.4..!. 4. .(..4.4.4. 4.4.4.4.4.4.4.4.4.

KEDAK + ENDF/B JENDL SOKRATOR KEDAK +
•+++++++++++++++++++-+++++++++++++-H-++++++++

0.940
0.990
0.742
0.719
0.361
0.397
0.455
0.525

0.940
0.983
0.755
0.73Q
0.379
0.361
0.384
0.473

O.9O3 +
0.971 +
0.730 +
0.745 +
0.376 +
0.347 +
0.437 +
0.506 +

0.905
0.973
0.653
0.578
0.262
0.258
0.304

0.903
0.979
0.693
0.566
0.256
0.269
0.334
0.381

0.915
0.964
0.667
0.566
0.265
0,249
0.270
0.345

0.871 +
0.970 +
0.630 +
0.565 +
0.266 +
0.223 +
0.293
0.344 +

0.941
0.981
0.647
0.597

+ 0.2BB
+ 0.3S9
+ 0.392

0.942
0.990
O.67O
0.597
0.314
0.407
0.401
0.441

0.941
0.981
0.723
0.690
0.382
0.379
0.357
0.406

0.902 +
0.966 +
0.604 -4
0.667 +
0.344 +
0.347 +
0.388 +
0.445 +

++++++++++++++++++++++4-++4-
+ + ENDF/B
++++++++++++++++++++++4-+++
+ THERMAL +
+ 0.215-0.465 + 1.0 1.0
+ 0.465-1.0 + 1.0 1.0
•»• 1.0-2.15 +1.0 1.0
+ 2.15-4.65 +1.0 1.0
+ 4.65-10.0 + 0.0681 0.0689
+ 10.0-21.5 + 0.0678 0.0672
+ 21.5-46.5 + 0.0765 0.0772
+ 46.5-100 + O.234 0.230
+ 100-215 + O.120 0.117
+ 215-465 + 0.528 0.533
+ 465-1000 + 0.410 0.413

0.413 0.407

U-23Bt COMPARISON OF GROUP AVERAGES <F FACTORS) +
+++++++++++++++++•<•+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

TOTAL + CAPTUF5E + FISSION +
>.+++++++++++++++++4-+++++4.+4-++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
JENDL SOKRATOR KEDAK + ENDF/B JENDL. SOKRATOR KEDAK + ENDF/B JENDL. SOKRATOR KEDAK +
• •4-4'4.4-++++++++++++++++++++++++++++++++++++-4'+'t'+++++++++++++++++++++++++++++++++++++++++++++++++++

+ 1000-2150 +
++++++++++++++++++++

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4-H

+ +

1.0 +
1.0 +
1.0 +
1.0 +
0.0694 +
0.06B0 +
0.0747 +
0.22B +
0.109 +
0.520 +
O.394 +
0.401 +

1.
1.
1.
0.994
0.0255
0.0171
0.0297
0.0430
0.0431
O.0886
0.121
0.212

1.
1.
1.
0.993
0.0263
0.0172
0.0300
0.0426
0.043S
0.0B80
0.121
0.185

1. +
1. +
1. +
1. +
0.0265+
0.0174+
0.0309+
0.0427+
0.0451+
0.0871+
0.121 +
0.188 +

1.
1.
1.
1.
O.0283
0.0153
0.0628
0.0350
0.0518
O.0983
0.171
0.129

1.
1.
1.
1.
0.0293
0.0155
0.0484
0.0350
0.0526
0.0987
0.171
0.124

0.
O.
0.
0.
0.
O.
0.
O.
O.
0.
O.
0.

TOTAL

PLI-239» COMPARISON OF GROUP AVERAGES <F FACTORS) +
4 + t+4+++4+++4-4++++++++++I + 4+++4+++4+++++++-4++++++++++++++++++++++++++ + ++++++++++

+ CAPTURE + FISSION +

+ + ENDF/B JENDL SOKRATOR
+++++-»-++++++++++++++++++++4-+++++++++++++++
+ THERMAL +

0.S90 0.590
0.743 0.725
0.949 0.954
0.981 0.992
0.309 0.315
0.204 0.185
0.225 0.224
0.339 0.316
0.411 0.431

0.497

KEJBAK + ENDF/B JENJJL SOKRATOR KEDAK + ENDF/B JENDL SOKRATOR KEHAK +

0.215-0.465
0.465-1.0

1.0-2.15
2.15-4.65
4.65-10.0
10.0-21.5
21.5-46.5
46.5-100

100-215
215-465

0.590
0.743
0.949
0.981
0.309
0.204
0.225
0.339
0.412
0.469

0.573
0.700
0.903
0.930
0.149
0.133
0.107
0.177
0.202

O. S73
0.655
0.907
0.983
0.153
0.121
0.120
0.157
0.259
0.270

0.573
0.700
0.903
0.930
0.149
0.133
0.107
0.177
0.202
0.200

598
736
945
973
276
IBB
159
370
369

0.598
0.727
0.946
0.989
0.282
0.16B
0.162
0.349
0.377
0.464

0.598 +
0.736 +
0.945 +
0.973 +
0.276 +
0.188 +
0.159 +
0.370 +
0.369 +
0.443 +

+++++4-+++++++++4'



+ENERGY GROUP

t-4-+^

PU-2401 COMPARISON

TOTAL +

TABLE V +

OF GROUP AVERAGES <F" FACTORS) +

CAPTURE + FISSION +

t- EV

«• THERMAL
»• 0.215-0.465
«• 0.465-1.0
• 1.0-2.15
«• 2.15-4.65
»• 4.65-10.0
f- 10.0-21.5
^ 21.5-46.3
f 46.5-100
•• 100-215
«• 215-465
+ 465-1000
+ 1000-2150

+

+

+
+
+
4-

+
+
+
+
•4-

+
+

ENDF/B

0.992
0.350
0.0179
0.875
0.989
0.213
0,0660
0.0859
0.207
O.349
O.415
0.477

JENDL

0.993
0.339
0.0164
0.875
0.987
0.239
O.O679
0.0893
0.244
0.362
0.433
0.483

SOKRATOR

0.992
0.338
0.0166
0.855
0.988
0.187
0.0635
0.0801
0.195
0.293
0.383

KEPAK +

+

0,992 +
0,347 +
0.0179+
0.864 +
0,988 +
0,195 +
0,0534+
0,0724+
0,209 +
0,299 +
0,126 +
0,0984+

ENDF/B

0.992
0.357
0.0153
0.762
0.948
0.0355
0.0227
0.0335
0.0560
0.227
O.230
0.343

JENDL

0.993
0.347
0.0138
0.766
0.943
0.0378
0.0226
0.0330
0.124
0.241
0.293
0.427

SOKRATOR

0.992
0.346
0.0144
0.742
0.943
0.0319
0.0217
0.0313
0.0488
0.0725
0.107

KEDAK +

0.992 +
0.3S6 +
0.0153+
0.749 +
0.942 +
0.0336+
0.0253+
0.0375+
0.0513+
0.0816+
0.192 +
0.541 +

ENDF/B JENDL SOKRATOR

0.993
0.360
0.01S6
0.812
0.98 7
0.0308
0.0272
0.0367
0.0546
0,0840
0.142
0.180

0.994
0.355
0.0146
0.845
0.987
0.0346
0.0228
0.0332
0.535
0.763
0.408
0.504

0.992
0.346
0.0150
0.828
0.998
0.0277
0.0302
0.0292
0.0507
0.076,9
0.147

KEDAK +

4

0.993 +
0.362 +
0.0159+
0.831 +
0.989 +
0.0312+
0.0269+
0.0348+
0.0526+
0,082?.+
1.123 +
0.197 +

+ENERGY GROUP +

+ EV + ENDF/B

+ THERMAL +
+ 0.215-0.465 + 0.444
+ 0.465-1.0 + 0.910
+ 1.0-2.15 + 0.990
+ 2.15-4.65 + 0.324
+ 4,65-10.O + 0.708
+ 10.0-21.S + 0.238
+ 21.5-46.5 + 0.495
+ 46.5-100 + 0.464

TOTAL

PU-241J COMPARISON OF GROUP AVERAGES <F FACTORS)
+i++++++++++++++>+++++++++++++++++++++++++++++++i

+ CAPTURE +

JENDL SOKRATOR KEDAK + ENDF/B

0.428
0.923
0.994
0.305
0.711
0.333
0.528
0.515

FISSION

JENDL SOKRATOR KEDAK + ENDF/B JENKL. SOKRATOR KEDAK +

0.45B +
0,832 +
0,997 +
0,264 +
0,648 +
0,309 +
0,527 +
0,455 +

0.461
0.864
0.977
0.145
0.627
0.150
0.405
0.299

0 • 479
0.835
0.983
0.141
0.667
0.305
0.476
0.39A

0.445 +
0.746 +
0.991 +
0.107 +
0.511 +
0.198 +
0.413 +
0.281 i

0.427
0.913
0.990
0.357
0.706
0.218
0.423
0.358

++4-+++++4-++4-4-

0.398
0.943
0.994
0.356
0.704
0.295
0.445
0,404

0 .458
0.829
0.998
0.326
0.655
0.313
0.479
0.364

4-

+
4*

4-

+
+

+
4-

•-4-4-4-+ !•+•*•+++++++-*• 4-4-4-+4-4-+4-4-++

PLI-2421 COMPARISON
4-++++++++++++

+ENERGY GROUP

+ EV
4'+4*++4-+4-+4-++++'

+ THERMAL
+ 0.215-0.465
+ 0.465-1.0
+ 1.0-2.15
+ 2.15-4.65
+ 4.65-10.0
+ 10.0--21.5
+ 21.5-46.5
+ 46.5-100
+ 100-215
+ 215-465
+ 465-1000

TOTAL

OF GROUP AVERAGES <F FACTORS)
++++++'^

CAPTURE + FISSION

ENDF/B
.4.4.4.4.4.4.4.4.4..

0.889
0.0262
0.988
0.890
0.682
O.0902
0.336
0,223

JENDL SCIKRATOR KEDAK + ENDF/B
••l-+H+++++++H++++++++++4444++++h++l

JENUL SOKRATOR. KEDAK + ENDF/B
+t++l-H.+++l-H-H+HI + l-+++H-H-H + l+++

JENDL SOKRATOR
4.4..f.4.4.4.4.4.4.4.4.4.4.4.4.4.4..

1 .
1 .
0.893
0.0290
0.990
0.891
0.694
1.
0.357
0.323
0.400

1.
1.
0.880
0.0270
0.988
0.938
0.809
0.178
0.525
0.552
0.665

1,
1,
0.887 -
0.0301-
0.990 ••
0.897 -
0.699 •
0.103 -
0.359 •<
0.337 •<
0.934 n

1.
1.
0.830
0.0177
0.916
0.19B
O.0984
O.0340
O.0538
0.102

1.
1.
0.832
0.0196
0.924
0.196
0.0994
0.0329
0.0546
0.0(356
0.117

1.
1.
0.821
0,0186
0.914
0.304
0.160
0.04A4
0.117
0.246
0,441

1, +
1. +
0.824 +
0.0200+
0.924 +
0.212 +
0.103 +
0.0357+ O
0.0606+ 0
0.0947+ O
0.854 +

028
929
992

09V
0343
0634
179

1.
1.
0.946
O.0292
0.905
0.655
0.306
O.0627
0.109
0.123
0.193

1.
1,
1.028
0.928
0.993
1.
1.023
0.0S22
0.153
0.305
0.341

4.4.4.4.4.4.4.

KEDAK +
,4.4.4.4.4.4.4.4.

4.

1. +
1. +
1.027 +
0,934 +
0.995 +
1. +
1.095 +
0.0358+
0.0561+
0.0863+
0.8B0 +

205
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+ TABLE VI I-

•t- U-23S1 CROSS SECTION PER-CENT DEVIATION FROM AVERAGE +

•ENERGY GROUP' + TOTAL ••• CAPTURE + FISSION +

•»• EV + ENHF/El JENDL SOKRATOR KEDAK + ENDF/B JENDL SOKRATOR KEDAK + ENDF/B JENBL SOKRATOR KEDAK +

+ THERMAL + -0.17 -0.11 0.02 0.27 + -0.46 -2.95 2.(32 0,39 + 0.09 0.10 -1.01 0.82 +
+ 0.215-0.465 + 1.69 0.72 2.49 -4.B9 + 1.58 -3.02 1.96 -0.52 + 2.(46 1.44 0.09 -4.1.9 +
+ 0,465-1.0 + 4.18 5.35 5.79 -15.32 + 3.41 -7.3D -3,74 7.71 + 5.76 6.99 4.53 -17.27 +
•i 1.0-2. IS + 0.28 2.38 2.71 -5.37 + 0.90 7.33 -5.13 -3.10 + -2.67 -2.67 10.46 -5.11 +
+ 2.15-4.65 + 0.73 2.66 3.65 -7.04 + -2.41 6.40 0.S2 -4.51 + -3.48 -4.44 16.71. -8,79 i
+ 4.65-10.0 + -0.33 2.02 -0.94 -0.75 + -5.36 5.40 7.08 -7.12 + 1.45 -2.60 -3,86 5.01 +
+ 10.0-21.5 + 0.76 0.07 0.57 -1.40 * -5.03 6.09 0.24 -1.31 + 4.22 -7.62 4.07 -1.47 +
+ 21.5-46.5 + -3.39 0.71 7.25 -4.57 + -Q.26 5.33 9,09 -6.IS + -3.54 3.47 11.75 -4.75 +
+ 46.5-100 + 2.23 -2.98 0.75 + 5.S3 -2.60 -2.93 + -3.15 0.44 2.71 i-

+ U-23SJ CROSS SECTION PER-CENT DEVIATION FROM AVERAGE +

+ + TOTAL + CAPTURE + FISSION +

+ + ENDF/B JENDL SOKRATOR KEDAK + ENDF/B JENDL 80KRAT0R KEDAK + ENDF/B JENDL SOKRATOR KEDAK •»•

+ THERMAL + -0.14 -0.32 0.46 + -0.25 -0.2S 0.49 + +
+ 0.215-0.465 + -0.24 -0.55 0,79 + -0.57 0.16 0.41 + *
+ 0.465-1.0 + -0.35 -0.67 1.02 + -0.79 0.23 0.56 + +
+ 1.0-2.15 + -0.83 -1.05 1.B7 + -1.24 0.41 0.83 + +
+ 2.15-4.65 + -0.78 -1,00 1.78 + -0.56 2.51 -1.95 + +
+ 4.65-10.0 + 0.46 -0.14 -O.32 + 0.25 -0.02 -0.23 + +
+ 10.0-21.5 + 0.62 0.47 -1.09 + 0.20 0,07 -0.27 I- +
+ 21.5-46.5 + 0.73 -0.83 0.11 + -0.53 0.30 0.23 + +
+ 46.5-100 + -0.17 0.55 -0.38 + 0.44 -0.77 0.32 + +
+ 100-315 + -0.07 0.02 0.04 + -0.07 0.08 -O.O2 + +
+ 215-465 i- 0.54 -0.05 -0.50 + 0.82 0.15 -0.96 + +
+ 465-1000 + 0.82 0.04 -0.86 + 1.71 0.20 -1.91 + +
+ 1000-2130 + -0.06 0.08 -0,01 + 4.20 1.46 -5.67 + +

+ PU-2391 CROSS SECTION PER-CENT DEVIATION FROM AVERAGE t

+ + TOTAL. + CAPTURE + FISSION •(•

+ + ENDF/B JENDL SOKRATOR KEDAK + ENDF/B JENDL SOKRATOR KEDAK + ENDF/B JENDL SOKRATOR KEDAK +
++'*"»"f . t .+++-f++++-4"f+-<. . f+++H"f.4.++.f+++. | .^"l - | .+.#"| .^. .#"f -4--4-4-1-4-1-1- +-*••+•+ -f+++-|-++.*.+-t-++-*.-l-+++++.*--*"l--*--t--»"t--»-.».+-#--*+++-*"^+ + 4-+4..»..»-4.+^-»-*. ••••»•••• *•+ + •*-••••• .*-*--l--t-*-4--*"4-+-t-4.

+ THERMAL + 0.07 0.07 -0.43 0.30 + 0.32 0.32 -1.09 0.45 + -0.09 -0.09 -0.18 0.37 +
+ 0.215-0.465 + -0.19 --0.19 0.59 -0.22 ••• 0.30 0.30 -0.93 0.32 + -0.53 -0.56 1.43 -0.54 +
+ 0.465-1.0 + 0.17 -1.00 0.67 0.16 + 1.91 -2.22 -1.58 1,89 + -0.67 -0.67 2.00 -0.65 +
+ 1.0-2,15 + 4.04 -6.44 -2.04 4.44 + 22.35 -26.01 -19.33 22.99 + 0.40 -4.22 2.09 0.94 +
+ 2.15-4.65 + -1.71 3.99 -0.84 -1,44 + -13.80 7.37 1.9.47 -13.04 •• -2.06 5.83 -2.1.5 -1.62 +
+ 4.65-10.0 + 0.53 -2.33 0.97 0.84 + 4,13 -1.28 -7.25 4.41 + -1.00 -1.51 3.19 -0.A8 +
+ 10.0-21.5 + 1.41 -0.28 -2.83 1.70 t -0.60 5.93 -4.9B -0.35 ••• 3.12 -:5.63 -2.9.1 3,42 I
+ 21.5-46.5 ^ 0.77 1.27 -0.01. -0.4V + -0.99 4.74 -3.02 -0.73 •» 1.15 0.75 -3.32 1.42 l
•t 46.5-100 + -2.42 1.71 2.EI7 -2.16 + -0.28 1.B1. -1.52 -0.01 + -3.6(3 2.70 4.42 3.44 +
+ 100-215 + 1.21 -0.55 -2.02 1.36 ••• 2.73 3.Q7 -9 .58 2.97 + -1 .01 -0 .54 2.41 0.(36 •»
+ 215-465 ••• -0.31 -3.15 3.46 + 5.92 -9.06 3.15 + -1.37 0.00 0.57 +



+4-4- 4- #• 4-4 + ••+4- + 4"

+
4.4.4.4.4.4.4.4-4-4-+*•••"

+

+ENERGY GROUP

-++++4-4-4.4-4-+4-+4-+++4-+++4-+++4-4-4-+4'+++4^^

TABLE VII +
, .4.4- 4-++++•!•++4-+4-4- 4-4-4-+++-4- »•++*+4-4- ̂^

PU-240t CROSS SECTION PER-CENT DEVIATION FROM AVERAGE 4-
-4-4-4-4-+4-4-4+4-4-4-4-4-+++i4-4-4'4+++*++^^

+ TOT AL + CAPTURE + FISBION +

4-

4-

+
4-

4-

h

4-

4-

4-

4-

4-

4-

4-

4-

+

4-

EV

THERMAL
0.21.5-0,465
0.465-1.0

1.0-2.15
2.15-4.65
4.65-10.0
10.0-21.5
21.5-46.5
46.5-100
100-215
215-465
465-1000
1000-2150

4-

4-4-4-4-4-4-4-4-4-4-4-4-4-

4-

4-

4-

4-

4-

4-

4-

4-
4-

THERMAL
0.215-0.465
0.465-1.0

1.0-2.15
2.15-4.65
4.65-10.0
10.0-21.5
21.5-46.5
46.5-100

4*

4-

4-

4-

4-
4-
4-

4-
4-

4-

4-

4-

4-

4-

4-

+

4-

ENDF/B

0,46
1.07

-1.12
-2.92
2.91
6.48
4.78
4.22
2.84
1.29
3.46
1.66
0.60

ENDF/B

JENDL

0.12
-1.34
-0.96
5.33
4,21
5,50

-9.81
-0,27
-2.73
0.33
1.46
1.25
0.78

SOKRATOR

-0.30
1.00
3.00
0.53
-7.43
-10.73
1,00

-3.74
-1.68
-2,13
-3.67
-2.12

pu-2411

TOTAL

JENDL SOKRATOR

4-

4-

4-

4-

4-
4-

4-

4-

4-

0.02
-0.61
1.04

10.26
1.92
6.45
2.21

-3 . 42
-4.56

0.17
-5.11
-5.33
1.22
1.08
2.18
2.95
-4.62
-0.22

-0.26
-4.49
7.11
3.51

-6.24
-0.44
-10.33
-3.36
-2.49

PU-242J

KEBAK

-0.27
-0 . 73
-1.01
-2.94
0.31

-1.23
3.23

-0.21
1.58
0.51

-1.25
-0.79
-1.39

CROSS

KEBAK

4-

4-

4-

4-

4-
4-

4-

4-

4-

4-

4-

4-

4-

4.

ENHF/B

0
0

-0
-2
1
4
4
1
0
0
9
7
8

.23

.45

.97

.53

.38

.81

.45

.23

.35

.28

.32

.60
,55

JENDL

-0,11
-1.91
-1.66
4.37

-0.42
6.26

-12.24
1.83
0.95
3.53
10.02
6.43
6.25

SOKRATOR

-0.53
0.40
2.92
0.55

-0.99
-6.20
3.15

-3.19
-1.94
-2,47
-9.21
-6.53

KEHAK + ENDF/B

0.41 H
1.06 -I

-0.30 H
-2.40 •(
0.03

-4.87 -I
4.65-1
0.14 •
0.65 H

- 1 . 3 4 •<

-10.13 H
- 7 . 5 0 •>

-14.80 -

SECTION PER-CENT DEVIATION FROM AVERAGE

4-

4-

4.4.4.4-4-4-4-4-

0.07
10.21
-2.82

-14.99
3.23

-8.20
5.17
11.41
7.27

CROSS

4-

4-

4-

4-

4-
4-

+
4-

+

ENDF/B
^ 4-4-4-

-0
-0
28
61
2
19
10
1
2

4-4-4-4-4-

.35

.88

.21

.81

.03

.28

.63

.97

.41

CAPTURE

JENIil-
4-4-4-4--I-4-4-4

0.09
-9.41
2.19

-5.76
3.04

-1.63
15.45
3.19

-1.50

SOKRATOR

* * • i t t * t .1..1..I

KEDAK + ENDF/B

JENDL SOKRATOR

FISSION

JENDL
4-4-4-4-I4-4-4-4-4-4-4- I-4-4-4-4-+4-4- 4-4-4- 4-4- 4-4- 4-++4-4-4+-

-0.42
1.38

-14.69
-27.51
-20.11
-21.23
-31.62
-22.93
-13.04

0,67 +
8.91 4-

-15,70 +
-28.54 4-
14.24 +
3.58 4-
5.54 +
17.78 +
12.13 4-

SECTION PER-CENT DEVIATION FROM AVERAGE

0
-0
-9
4

—1
4

-2
-2

.18

.61

.25

.54

.62

.65

.51

.89

.55

0.20
-3.14
-7.76
5.08
1.27
3.64

-1.89
--H A3
0.08

SOKRATOR

KEDAK
p-4-

4-

4-
• * •

•V

4-
-4-

•4-

4

•s

4

4

+
4

+

4

KEDAK 1
h4-4-+4-4-+4-4--l'4-4-4-

—0
-7
11
2
1
0

""1
—6
-3

.29

.41

.24

.90

.73

.80

.64

.64

.07
4-+4--4"

-0
11
5

-12
— 1

-9
6
15
9

-4-4-4-

I-4-+-

.10

.16

.76
,52
,38
.09
.04
.17
.54

•4

-\

4

4-

4

+

4-

+

4-+4--V--T

4-

4- TOTAL 4- CAPTURE + FISSION +
4-4-4-44-4-4-4-4-4-+4-4-+4-+4-+4-4-4-4-4-4-4--f •l••^•4•4••^•^•l-•^•l•4•4••*••t-4•4•4-•f •f-f+4-4-+4--^+-f-4-4-4-4-4-4-4-4-4-4-4-4-+4-4-»-+4-4-4-4-4--*-4-4--f-4--f 4-+4••f••^4•+4-+•^•^•»•4••^•4••*•4•+4•4••t••^•^4••*••••4••••4•4•-«•4••4-.4•

4- ENDF/B JENDL SOKRATOR KEE'AK + ENDF/B v)ENDL SOKRATOR KEDAK + ENDF/B JENDL SOKRATOR KEDAK +

4- THERMAL 4-
4-

4-

4-

4-

4-

4-

4-

4-

4-

4-
4.

0.215-0.465 4-
0.465-1.0 4

1.0-2.15 +
2.15-4.65 4-
4.65-10.0 4.
10.0-21.5 4-
21.5-46.5 4-
46.5-100 +
100-215 +
215-465 4-
465-1000 +

-0.08
-2.19
-2.85
-3.33
12.73
4.31
2.08

-0.11
0.24

-2.93
-1.83

-0.82
-0.41
-0.04
-0.36
-4.43
0,77
2.16
2.06
0.40
0.28
2.08
4.73

-0.42
0.69
1.12
1.28

-3.73
-11.16
-10.Q2
-7.24
-0.71
-3.57
-4.49
-1.57

1.32 4-
1.92 4-
1,77 4-
2.41 +

-4.58 +
6.08 4-
6.58 4-
5.29 4-
0.07 4-
6.22 4-
4.24 +

-3.17 4-

1
1
1

-0
10
3
0

— 1

-6
—S
-5

.99

.41

.03

.53

.67

.16

.31

.43

.30

.36

.25

-1.72
•-}. . B 5

-1.88
-2,64
-3.88
-0.91
-0.31
-1.87
0.61

-3.30
-1.31
-5.87

-1.19
-0.67
-0.50
0.03

-3.04
-1.61
-0.31
4.29

-6.78
-3.58
0.82

-5.87

0.93
1.11
1.34
3.14

-3.75
-0.63
0.31

-0.99
12.47
12.24
5.75
11.74

4-

+
4-

4-

4-

4-

4-

4-

4-

4-

4-

4-
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TABLE

4

4ENERGY GROUP

+

4

4

4

4

4

4

4

4

4

4

EV

THERMAL
0.315-0.465
0.465-1.0
1.0-2.15

2.15-4.65
4.65-10.0
10.0-21.5
21.5-46.5
46.S-100

4

+

4 ENDF/B

4

4 0
4 0
4 -2
4 -1

+ -3
4 4
4 3
4-

4

.91

.13

.38

.33

.67

.35

.60

TOTAL

U-235J F FACTOR PER-CENT DEVIATION FROM AVERAGE

JENDL SOKRATOR KEDAK

1.02
0.84
0.75
-1.61
-1.77
6.22
5.69
4,72

TOTAL

1.02
0.13
2.51
0.99
3.13
-3.41
-10.80
-5.65

_ -i

-0
1
2
-7
1
0

.96

.09

.88

.95

,31
.16
.51
.93

4 CAPTURE

+ ENDF/B JENDL SOKRATOR

4

4 0
4 0
4 -1
4 1
+ -0
+ 3
+ 1
+

.72

.15

.17

.63

.10

.30

.25

0.50 1.84
0.77 -0.77
4.88 0.95
-0.48 -0.48
-2.38 1.05
7.71 -0.30
11.24 -10.07
6.82 -3.27

KEIJAK

-3,
-0,

-4.
-0,
1.

-10.

-3.

.06
,15
.65
.66
,43
.71
.41
,55

4-

4

4

4

4

4-

4-

4

4

4

4-

ENDF/B

1
0

-4
-6

-13
2
1

U-23BI F FACTOR PER-CENT DEVIATION FROM AVERAGE

4- CAPTURE 4-

.02

.15

.99

.39

.25

.23

.95

FISSION

JENDL.

1.13
1.07

-1.62
-6.39
-5.42
6.96
4.29
2.40

SOKRATOR

1.02
0.15
6.17
8.19
15.06
-0.3?
-7.15
-5.73

FISSION

KEDAK

-3.17
-1.38
0,44
4.59
3.61
-8.80
0.91
3.33

4-

4-

4-

4-

4

4.

4-

4-

4

4-

4

4-

4-

4

4- 4- ENDF/B JENDL SOKRATOR KEDAK + ENDF/B JENDL SOKRATOR KEDAK 4- ENDF/B JENDL BOKRATOR KEDAK +
4.4+4+4444-4444-44-44.4444+44-4-44+4.f444.4444"-W-4-4-4+44-^44-4-44-4+++44.4-44-44-4.44.+44-4-+444+4-444-44+44-4-l-44-4-W-4..^
+ THERMAL 4- + 4 - 4 .
4- 0.315-0.465 + 0.0 0.0 0.0 + 0.0 0.0 0.0 4 4-
4- 0.465-1.0 4- 0.0 0.0 0,0 4- 0.0 0.0 0.0 + +
4- 1.0-2.15 * o.O 0,0 0.0 + 0.0 0.0 0,0 + +
4- 2.15--4.65 4- 0.0 0.0 O.O 4- -0.17 -0.27 0.44 4 I-
4- 4.65-10.0 4- -1,02 0.15 0.B7 4- -2.30 0.77 1.53 4- 4
4 10.0-21.5 4- 0.20 -0.6? 0.49 + -0.77 -0.19 0.97 + +
4- 21.5-46.5 + 0.48 1.40 -l.BB + -1.66 -0.66 2.32 + +
4- 46.5-100 4- 1.4S -0.29 -1.16 + 0.55 -0.39 -0.16 4- +
4 100-215 4- 4.OS 1.45 -5.49 4- -1.82 -0.91 2.73 4- 4
+ 215-465 4- 0.19 1.14 --1.33 + 0.80 0.11 -0.91 4- +
4- 465-1000 4. 1.07 1.81 -2.88 + 0.0 0.0 0.0 4- +
4- 1000-2150 + 1.47 0.00 -1.47 4- 8.72 -5.13 -3.59 4 4-
• ̂ ^ ^ ̂ * ̂ ^ *^ ^m m^m ̂ * r̂ » r^w ̂ . >f* ̂ * i ^ ̂ • . ^ • ^ . ^ • ^ . i ^ . *^m . ^ . ̂ . r^m ̂ . -| ^L, | ^ . ^ I ^ I ^ I ^ P «fa >^a ̂ « ̂ > ^ t^M *^m • ̂  A ^ • ̂  1 p^a r^t >f« -|| ̂ . ̂ ^ ̂ . p^. i ̂  ^ . ̂ - ̂ * *^« m^t ̂ L ^M B^> B ^ ̂  m ̂ w m^w ̂ m m^* B^. | | M j ,^* . ^ . ^ ̂ m ^ . •^.•^••^f>^> p^. ̂  1 _^« .f. >f> ̂ ^ m^ ^ m p^_ m^ if . . ^ v^^,^,v^v.^.,^,i^>,fii^>if>t^..fii^>^. *^« '^' *^* 1 ̂  >^. >^i m^ I^I B^I W^ i^iifpp^i «f* p^. >f •

+ PU-239J F FACTOR PER-CENT DEVIATION FROM AVERAGE +
4 . 4 - + + 4 - 4 - 4 " T - 4 ' + + 4 - 4 - 4 - 4 - + 4 - 4 - 4 - 4 - 4 - + 4 . + 4 - 4 . 4 . + 4 . 4 . 4 - 4 . 4 . + 4 - 4 . 4 - 4 - + 4 . 4 . 4 - 4 - 4 . 4 - 4 - + + + 4 . 4 - +

+ 4- TOTAL 4- CAPTURE + FISSION +

4- 4- ENDF/B JENDL SOKRATOR KEDAK 4- ENDF/B JENDL SOKRATOR KEDAK 4- ENDF/B JENDL BOKRATOR KEDAK t-
•^ . #^« >^. P^« -^4 p^ p p ^ ,^P .^P. mfa P^P>P^PPP^PP^«^t,^«^Vp^p * ^ p^. * ^ .^,,^, ̂ ^ >^p ̂ . ^ , p|, | ^ l ( ^ , p^^ p ^ pf • *P̂ « p ^ .^ p^p p^4 p^« p^, p^pp^pp^pp^ pp̂ p pp|. p ̂  _f. ,f, .^, pf. t ̂ . «^» %^ p p̂ pi pfppffP^pi^pPa^tP^pp^pp^Plf.pp^ipf.p^, p^. p^p pp̂ f m^M p^p p^p p ^ p ^ p^« pf p ppfp, *^« I ̂ , P^» pfppfipf,,fppfp|f.>^. P^a P^P^Ppfpp^v.^PpfpP^PP^PPplppfppf.P^PP^, P^P »4"4*»4''f I >t' I4*pt"t* It"t' Bf 1't'°4* b4° ^ * " ^ ̂ m

4 THERMAL + + •• +
+ 0.215-0.465 + 0.00 0.00 0.00 4- 0.0 0.0 0.0 4- 0.00 0,00 0.00 +
4- 0.465-1.0 + 0.81 -1.63 0.81 + 2.19 -4.38 2.19 + 0.41 -0.B2 0.41 +
4- 1.0-2.15 4- -0.18 0.35 -0.18 + -0.15 0.29 -0.15 + -0.04 0.07 -0.04 4
+ 2.15-4.65 4- -0.37 0,74 -0.37 I- -1.86 3.73 -1,86 4- -0.55 1.09 -0.55 4
+ 4.65-10.0 + -0.64 1.29 -0.64 4- -0.B9 1.77 -0.89 4- -0.72 1.44 -0.72 4
4- 10.0-21.5 + 3.20 -6.41 3.20 + 3.10 -6.20 3.10 + 3.68 -7,35 3.68 t-
4- 21.5-46.5 4. 0.15 -0,30 0.15 + -3.89 7.78 -3.8? + -0.62 1.25 -0.62 4-
+ 46.5-100 I- 2.31 -4.63 2.31 + 3.91 -7.83 3.91 + 1.93 -3.86 1.93 4
4- 100-215 4 -1,67 3.11 -1.44 + -8.60 17.19 -8.60 + -0.72 1.44 -0.72 4
+ 215-465 4. 2.90 -2.90 + 14,89 -14.89 4 2.32 -2.32 4



TABLE IX +
4..t.+^

PU-240S F-FACTOR PER-CENT DEVIATION FROM AVERAGE +

••-ENERGY GROUP

+

4--1
4-
4-

4-

4-

4-

4-

+
+
+

+
• » •

•H
4-

EV

THERMAL
0.215-0.465
0.465-1.0

1.0-2,15
2.15-4.65
4.65-10.0
10.0-2.1. .5
21.5-46.5
46.5-100
100-215
215-465
465-1000

1000-2150

+ENERGY GROUP

4-

4-

+
+
+
+•
4-

h

+

EV

THERMAL
0,215-0,465
0.465-1,0

1.0-2.15
2.15-4.65
4.65-10.0
10.0-21.5
21.5-46.5
46.5-100

+

+
•*•

+
+
4-

+
•4-

+

+
•t-

+

4-

+

+ •

+
4-

4-

+

4-

+
+

ET.NDF/B

-0
1
4
0
0
2
5
4

—•3
7

22
35

.03

.89

.07

.8?

.10

.16

.26

.85

.16

.14

.33

.20

ENDF/B

0
2

-0
8
2

-18
-4.
-2

.15

.44

.37

.85

.76

.86

.19

.93

TOTAL.

JENDL

0.
-1.
-4.
0.

-0.
14.
8.
9,

14,
11.
27,
36.

OB
31
65
8?
10
63
29
00
15
13
63
90

SOKRATOR

-0.
-1.
-3.
*
0.

-10.
1.

-2,
-8.

-10.
12.

TOTAL

JENDL

-3.
3.
0.
2.
3.
13.
2.
7,

46
90
03
46
17
52
1?
74

4- "T"TTT"T"~T-"I—rTTTTTTTTTTT'n—T'T""T"'T"T-"r"T"r "T"T"

4-

4-ENERGY GROUP

4-

4-

'4-

. ( •

4-

4-

4-

4-

4-

4-

4-

THERMAL
0,215-0.465
0.465-1*0

1,0-2,15
2.15-4*65
4*65-10*0
10*0-21.5
21.5-46*3
46«5-100
100-215
215-465
465-1000

4-

4-

4-

4-

+

+

4-

+
+
+
•1-

ENDF/B

0
0
0

-6
-0
-1
-5

-73
-14
•37

.0

.0

.20

.68

.10

.55

.41

.69

.77

.84

03
60
49
41
00
31
28
23
77
05
90

4-

KEDAK * ENDF/B

-0.
1.
4.

-0.
0.
o •

-14.
-11.
-2.
-8.

-62.
-72.

PU-2411

SOKRATOR

TOTAL

JENDL.

0,
0,
0,
3.
0.

-1.
—o *

191.
-9,
-9,

-39,

0
O
65
.29
10
,44
74
.72
.45
,97
.93

03
02
07
37
00
47
83
63
22
21
86
11

4-

4.

4-

4-

4-
4-

4-

4-

4-

4

4-

-I-

4-

-0.03
1.56
4.08
0.96
0.42
2.31
-1.63
-0.96

-20.03
45.96
11.65

-21.51

CAPTURE

JENDL

0,
-1.
—6«
i.

-0,
8.

-2,
-2.
77.
54.
43.
tj

08
28
12
49
11
.93
.06
.44
.08
.96
.20
.29.

SOKRATOR

-0.
-1.
-2.
-1.
-0.
-8.
-5.
-7.

-30.
-53.
-48.

03
56
04
69
11
07
,96
,46
,31
38
06

KEDAK

-0.
1.
4.

-0.
-0.
-3.
9.

10.
-26.
-47.
-6.
23.

03
28
08
76
21
17
64
86
74
53
80
80

4-

+

+
+
+
4-
+
+
4-

4-

4-

4-

+
4-

4-

ENDF/B

: F-FACTOR PER-CENT DEVIATION FROM AVERAGE

KEDAK

3.
-6.
0.

-11.
-5.
5,
2.

-4,

PU-2421

SOKRATOR

0,
0.

-0,
-3,
-0.
3.

12.
-48
33
53
-0

.0
• 0

.82

.83

.10

.76
• 2 1

.07

.16

.87

.15

,31
.34
.34
.31
.95
.34
,00
,B1

+

4-

4-

4-

4-
4-

4-

4-

.(.

•1-

4-

ENDF/B

-0.14
6.01
-0.68
10.69
4.21

-31.09
-6.25
-8.09

CAPTURE

JENDL SOKRATOR

3,
2,

-0,
7,

10,
40,
10
21.

>75
,45
.07
,63
.86
.12
.19
.72

KEDAK

-3.
-8.
. 0,

-IB.
-15.
-9.
-3.

-13.

4-

4-

4-

61
47
75
32
07
O4
94
63

4-

4-

4-

4-

4-

4-

4-

4-

ENDF/B

-0
2

-0
3
2

-20
—5
-4

t F-FACTOR PER-CENT DEVIATION FROM AVERAGE

KEDAK

0,
0,

-0.
7.
0..
0.

-3.
-69
-8
-6
40

,0
.0
,03
.21
,10
.77
.05
.95
.94
.06
.24

4>

4-

•f

4-

-••

+
•f

4-

4-

4-

+
4-

4.

•f

ENDF/B

0.0
0.0
0.39
-6.72
-0.38
-12.97
-14,SB
-8.72

• -24.76
•22.77

CAPTURE

JENDL SOKRATOR KEDAK

0
0
0
3
0

-13
-13
-11
-23
-35
-75

.0

.0

.64

.29

.49

.85

.72

.68

.64

.19

.10

0
0

-0.
-1
-0
33
38
24
63
86
-6

.0

.0

.70

.98

.60

.63

.89

.56

.64

.26

.17

0.
0.

-0.
5.
0.

—6 4
-10.
-4.
-15.

~Wj>

81.

0
0
33
40
49
81
59
16
24
30
70

4-

4-

4-

4-

4-

4-

4-

4-

4-

4-

4'

+
4-

4-

.16

.01

.40

.08

.57

.82

.79

.62

ENDF/B

FISSION

JENDL SOKRATOR

FISSION

JENDL SONRATOR

-6.94
5.36
0.00
2.79
2.28
7.14
-0.8?
7.64

KEDAK

•4-

4-

4-

4-

4-

•4-

4-

4-

4-

4-

4-

4-
4-
•4'

+
+

4-

KEDAK

7,
-7,
0,
-5.
-4.
13,
6

-3

,09
,37
,40
,87
.84
,63
,68
,02

4-

+

•f

4-

4-

4-

4-

•4-

4-

•4-

•4-

4-

FISSION

JENDL SOKRATOR KEDAK

4-

4-

4-

+

•4-

4-

4-

4-

•4-

+
4-

4-

•I

4.
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210

4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4.4,4.4.4.4

+ ENDF/B-V

EV GAM-TOT EV

TABLE X +

U-235J COMPARISON OF RESONANCE PARAMETERS +

JENDL-II + SOKRATOR + KEDAK-IV +

J GAM-TOT + EV J GAM-TOT + EV J GAM-TOT +

4>
+
+ -1.49
+ 0.29
+ 1.14
+ 2.035
+ 2.92
+ 3.147
+ 3.609
+
•»• 4.848
+ 5.448
+ S.60
+ 6.21
+ 6.38
«• 7.07
4.4.4.4.4.4.4.4.4.4..

3.5
3.5
3.5
3.5
3.5
3.5
3.5

3.5
3.5
3.5
3.5
3.5
3.5

I.4.4.4.4.4,

0.23768
0.135
0.1508
0.0447
0.22
0,1396
0.0844

0.0396
0.0901
0.642
0.231
0.048
0.064

+4-++++++J

+
4'

4-

4-

•f

+•

4*
4-

4.
+•

+
4'

4-

4-

4'

4-

h++

-1.49
0.273
1.14
2. O35
2.84
3.14
3.61

4.B5
5.45
5.60
6.21
6.39
7.08

4.4.4.4.4.^.4.4. j

3.5
3.5
3.5
3.5
3.5
3.5
3.5

3.5
3.5
3.5
3.5
3.5
3.5

h4-++++

0.24588
0.135
0.162
0.0480
0.191
0.113
0.084

0.039
0,090
0.125
0.269
0.0492
0.0611

4.4.4.4.4.4.4.4.*

+
4-

4-

+
+
4-

4-

4-

+
4*

+
+
4-

+
4-

•f

H-+

-1.49
0.29
1.14
2.035
2.92
3.156
3.626

4.850
5.511

6.211
6.382
7.07

++4-++++++

4
3
4
3
4
3
4

4
4

3
4
4

+++4-<

0.2377
0.135
0.1508
0.0447
0.22
0.1.396
0.0844

0.0396
0.7310

0.231
0.045
O.064

^4.4.4.4.4.4.4.4.

+ -19.19
+ -14.16
+
+ 0.285
+ 1.144
+ 2.033
+ 2.762
+ 3.150
+ 3.613
+ 4.20
+ 4.845
+ 5,50
4-

4- 6.21
+ 6.38
•»• 6.95

4.4.4.4.4.4.4.4.4.4.4.4.

3
4

3
4
3
4
3
4
3
4
4

3
4
3

++4+-

0.137
0.160

0.121
0.142
0.0457
0.1O9
0.138
0.0878
0.235
0.0389
0.435

0.167
0.0462
0.365

4*

4.

4-

+
4'

4-
+
+
4-

4-

4-

4.

4-

4-

4-

I-+4-4-4-4-4-4-4-4.4.
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Comparison of the ENDF/B-V and SOKRATOR Evaluations of
2 3 5 U > 2 3 9 P u > 2 v o P u a n d 2-ip u a t L o w N e u t r o n Energies

G. de Saussure and R. Q. Wright

ABSTRACT

The U.S. and U.S.S.R.'s most recent evaluations of 2 3 5U, 2 3 9Pu, 2"0Pu

and 2"lPu are compared over the thermal region and over the first few

resonances. The two evaluations rest on essentially the same experimental

data base and the differences reflect different approaches to the represen-

tation of the cross sections or different weightings of the experimental

results. It is found that over the thermal and resolved ranges the two

evaluations are very similar. Some differences in approaches are briefly

discussed.

I. INTRODUCTION

In this paper we present a brief comparison of the U.S. evaluation

ENDF/B-V and the USSR evaluation SOKRATOR of the nuclides 235U, 239Pu,

2lt0Pu and 21tlPu, over the thermal energy region and over the first few

resolved resonances.1"8 The emphasis is on comparing methods of represent-

ing the evaluated cross sections since the comparison of evaluated and

measured resonance parameters is the subject of other papers at this meeting.

The SOKRATOR evaluations were "translated" into the ENDF/B-V format

by the Nuclear Data Section of the IAEA.9 This ENDF/B Version of SOKRATOR

forms the basis for the comparison presented here. In the next few sections

•Research sponsored by the Division of Reactor Research and Technology,
U.S. Department of Lnergy, under contract W-7405-eng-26 with the Union
Carbide Corporation.

we discuss successively the file structure, the scattering radius, the

cross sections below 1 eV, and the resolved resonance region. General

comments on the cross-section representations are collected in the con-

cluding section. For ease in presentation and for conciseness, much of

this comparison is presented in tabular and graphical form.

II. COMPARISON OF THE ENDF/B-V AND SOKRATOR FILE STRUCTURES

The general file structures for 2 3 5U, 2 3 9Pu, 2J)0Pu and 21|1Pu are

compared in Tables I to IV. All the SOKRATOR evaluations, as well as

the 2 3 5U and 239Pu ENDF/B-V evaluations, represent the cross sections

below 1 eV with point data (MF=3). In the ENDF/B-V representation of

2ItlPu this pointwise description extends to 2.873 eV, whereas in the

ENDF/B-V representation of 21(0Pu the resolved resonance region starts

at 10"5 eV.

The ENDF/B-V and SOKRATOR representations of the 2 3 5U, 239Pu and

2"°Pu cross sections over the resolved resonance range use Breit-Wigner

resonance parameters. The ENDF/B-V representation of the 21|1Pu cross

sections over the resolved resonance region (2.873 to 100 eV) uses the

Adler-Adier formalism whereas the corresponding SOKRATOR evaluation uses

a "modified Adler-Adler representation" which is incompatible with

ENDF/B formats as will be shown in Section VI. In the ENDF/B-V represen-

tation of the 2 3 5U and 239Pu cross sections over the resolved resonance

region the resonance contributions are supplemented by a point-data file

(MF=3). In all the SOKRATOR evaluations this point data file vanishes

over the resonance region.

The SOKRATOR 2 3 5U evaluation has an alternate representation of the

resolved range in terms of "modified Adler-Adler parameters."5



As can be seen from Tables I to IV, the unresolved representation

in the SOKRATOR evaluations extends to 100 or 150 keV (except for 2 3 9Pu,

where no unresolved parameters are given). The unresolved resonance

range for ENDF/B-V extends to 25 keV for Z 3 5U and 239Pu and to 40 keV for

2"0Pu and 21tlPu. Since the ENDF/B-V and SOKRATOR formats for the unre-

solved resonance range are not compatible,5 this range will not be dis-

cussed here.

III. THE ENDF/B-V AND SOKRATOR SCATTERING RADIUS

The values of the scattering radius, AP, in the ENDF and SOKRATOR

evaluations differ by 10 to 15% for the four isotopes considered. The

scattering radius in the ENDF evaluations is derived from the relation:

where a is the potential scattering cross section. For instance, in

the 2 3 5U ENDF/B-V evaluation the scattering radius, AP=O.957xlO"12 cm,

was obtained by (1) from the value a =11.7b recommended by F. Poortmans

et al.1" on the basis of their measurement of the scattering cross section

of 2 3 5U below 100 eV.11

The values of the scattering radius given in the SOKRATOR evaluations

are smaller and are probably computed from an expression relating the

scattering radius to the mass number A such as:12

AP = (.123A1/3 + .08) x 10' 1 2
cm

IV. ENDF/B-V AND SOKRATOR EVALUATIONS IN THE THERMAL ENERGY REGION

The ENDF/B-V and SOKRATOR evaluations of 2 3 5U, 2 3 9Pu, 2"°Pu and 21llPu

219 in the thermal energy region are compared in Tables V-IX and in Figs. 1-16.

0)

(2)

As can be seen from the figures, except for the scattering cross sections

of the fissile isotopes, the two evaluations are fairly consistent. This

agreement is not surprising, since both evaluations are based in part on

the result of the periodic evaluations of the thermal parameters of the

fissile nuclei performed by an international team of experts under the

sponsorship of the IAEA Nuclear Data Section.13"-15

The scattering cross sections of these heavy nuclei are difficult to

measure, particularly at low energy where Bragg scattering and extinction

are important. Most evaluated scattering cross sections are compiled from

resonance parameters, except for the SOKRATOR 2 3 5U evaluation where the

scattering cross section shows considerable structure and was probably

obtained directly from a measurement (Fig. 2).

For a more precise comparison of the evaluations in the thermal region

it is convenient to parameterize the cross sections with the 2200 m/s value,

Oo, and the Westcott g-factor1G at 294 K.

The values of 0O and g for the four isotopes are compared in Tables

V to VIII and are generally consistent to within a few percent, except

for the 2"°Pu fission cross section, which is only of the order of 50 mb,

and the 2 3 5U and 239Pu scattering cross sections, also relatively small.

The thermal parameters for the fission and capture cross sections of

the fissile isotopes are compared with results of other evaluations13'11"1"18

in Table IX. The ENDF/B-V 2 3 5U thermal region is based on the work of

Leonard et al.iy The ENDF/B-V thermal parameters are consistent (within

quoted errors) with the 1975-IAEA values,1" except for g for 2 3 5U and 2 3 9Pu.

The SOKRATOR evaluations of 2 3 5U and 239Pu have somewhat smaller fission

cross sections and somewhat larger capture cross sections. As discussed



220 by Lemmel,15 there are still unexplained discrepancies in the "best values"

of the thermal parameters, and the differences between the ENDF/B-V and

SOKRATOR evaluations reflect different interpretations of the probable

cause of these discrepancies.

V. ENDF/B-V AND SOKRATOR EVALUATIONS IN THE RESOLVED RANGES

The ENDF and SOKRATOR evaluated 2 3 5U Breit-Wigner resonance parameters

for levels up to 20 eV are compared in Table X. In general corresponding

resonance parameters agree within 10% or better. SOKRATOR assigns a

J-value to each level, and these assignments are consistent with the

spin determination of Moore et al.t
l* based on the measurements with

polarized beams and polarized targets of Keyworth et al.zo The ENDF/B-V

evaluation assigns a fictitious J=3.5 to all levels. Both the ENDF and

SOKRATOR evaluations represent the cross sections up to 20 eV with about

30 levels, whereas Moore et al.1* observe between 40 and 50 levels in

the same interval.

As is well known, the asymmetries in the resonance shape of the

fissile nuclfdes cannot be represented accurately with the Breit-Wigner

formalism.21"23 The ENDF/B-V supplements the resonance description of

the cross sections with "smooth files" (MF=3), which are the differences

between the evaluated cross sections and the Breit-Wigner representations.

These "smooth files" include considerable structure and to a large extent

negate the advantages of a resonance representation; these files must be

numerically Doppler broadened and self-shielded. Figure 17 shows the

"smooth file" for the 2 3 5U fission cross section.

In the SOKRATOR evaluations these "smooth files" vanish over the

resonance region, so that the resonance asymmetries are not correctly

described in the 235U evaluation using Breit-Wigner parameters, SOKRATOR

also has a representation of the 2 3 5U resonance region, using "modified

Adler-Adler parameters," but this representation is incompatible with

ENDF/B formats as will be discussed in the next section.

The ENDF and SOKRATOR evaluated 239Pu Breit-Wigner resonance parameters

for levels up to 25 eV are compared in Table XI. As in the case of 2 3 5U

these parameters agree within 10% or better for the more important levels.

As for 2 3 5U, the ENDF/B-V representation is supplemented by a "smooth file"

(MF=3) which is not "smooth". The MF=3 contribution to the 239Pu fission

cross section is illustrated in Fig. 18.

The ENDF and SOKRATOR evaluated 21t0Pu Breit-Wigner resonance parameters

for levels up to 100 eV are compared in Table XII. The values of the neutron

and capture widths are mostly consistent to within 10% or better. The

values of the fission widths differ by factors of 5 or even 10! But these

fission widths are very small and hence difficult to measure. The ENDF/B-V

values of the fission widths of the first three levels were obtained from the

evaluation of Weigmann et al.2t> and the levels for which no measurements Of

the fission width had been made were assigned a fission width of 20 meV.

The fission widths of SOKRATOR were obtained from an area analysis of the

data of Byers et al.2i and Migneco et al.2S For the important level at

1.058 eV, the neutron and capture widths of the two evaluations differ by

about 3% but the capture cross sections below 0.1 eV, proportional to the

product of these two widths, are fully consistent.

The resolved range of 21tlPu is represented by Adler-Adler parameters

in the ENDF/B-V evaluation, and by "modified Adler-Adler parameters" in

the SOKRATOR evaluation. As discussed in the next section, these two



formalisms are not compatible, so that a meaningful comparison of resonance

parameters cannot be made.

VI THE SOKRATOR MODIFIED ADLER-ADLER FORMALISM

In the resonance region, some SOKRATOR evaluations5'8 use a "modified

Adler-Adler formalism" in which a reaction cross section is represented by:

On>r(E) = (3)

jr'where N is the number of resonances taken into account, Gi ' and Hj ' are

the modified Adler-Adler parameters for the i-th level and the r-th reaction

and ty{x,Q) and x(#,9) are the Voight profiles27>28 for,

x = ~r- and 6= 2-r

where y is the resonance energy, v the resonance half-width and A the

Doppler width. If the Doppler broadening is negligible, the first

Voigt profile becomes:

1+x2 (u-E)2 + v2

If we consider a single level (H=0) and no broadening, expression (3)

reduces to:

(4)

o (
n j i (u-E)2 + v2

(5)

By identifying (5) with the single-level Breit-Wigner formula we see that

for a single level G ^ reduces to:

G<r> « g - ^ (6)
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In the ENDF/B formulation,29 as in the original Adler-Adler formulation,30

the reaction cross section is represented by:

n6

n,r
,cv 2.6x10°(E) =

4 E1/2
V (7)

where we use G* and H* for the "regular Adler-Adler parameters. Using

(4), for a single level and no broadening, (7) reduces to:

(u-E)2 + v2
(8)

By identifying (8) with the single-level Breit-Wigner formula we see

that, for a single level G* reduces to:

G* = 2gr° -£ . (9)

It is clear, from comparing (3) with (7) that the cross sections in

the modified Adler-Adler formalism and in the standard Adler-Adler formalism

do not have the same energy dependance. As can be seen from (6), taking

the modified Adler-Adler parameters as constant corresponds to neglecting

the E1 ̂ -dependence of the neutron width due to the s-wave penetration factor.

Because of this difference in energy dependence it is not very meaningful

to compare the ENDF Adler-Adler parameters to the SOKRATOR modified Adler-

Adler parameters.

VII. CONCLUSION

The ENDF and SOKRATOR evaluations of the low energy cross sections

of the four isotopes examined are fairly consistent. The scattering radius

of the SOKRATOR evaluations are systematically lower by 10 to 15% than those

of ENDF and are not consistent with low energy potential scattering cross



222 section data. The ENDF and SOKRATOR values of the fission and capture

thermal parameters of the fissile isotopes are consistent within a few

percent. The ENDF/B-V values are consistent, within quoted uncertainties,

with the 1975 IAEA evaluation.1" The SOKRATOR values tend to be lower in

fission and higher in capture. Since the SOKRATOR values of \7 also tend

to be lower than those of ENDF, SOKRATOR's computed criticality constants

should be lower than those computed with ENDF/B-V.

Both ENDF/B-V and SOKRATOR represent the cross sections of the important

nuclides 2 3 SU and 239Pu in the resolved resonance range, with Breit-Wigner

parameters. This is somewhat surprising since it has been known, for more

than twenty years, that the Breit Wigner resonance formula is a poor approx-

imation for the fissile nuclides, even at low energies.21"23 Several practical

multilevel formalisms have been developed for the purpose of representing

the low-energy cross sections of the fissile isotopes.30"32 Several

resonance analysis codes are available.33>3<t The ENDF/B procedures manual30

recommends that tne low-energy cross sections of the fissile isotopes be

analysed with the Reich-Moore formalism,32 because it is unitary and yields

R-matrix resonance parameters. The Reich-Moore representation can then

be converted into an equivalent Adler-Adler representation by partial

expansion,35'36 for ease in Doppler broadening. Unfortunately for ENDF/B-V,

the recommended procedure has been followed only for Z 3 3U, and it has not

been followed in any of the SOKRATOR evaluations examined here.

Finally, the "modified Adler-Adler formalism" used in some SOKRATOR

evaluations is not compatible with the "standard Adler-Adler formalism."30

For a single level it does not reduce to the correct energy dependence of

the cross sections; but viewed as an arbitrary parameterization it may permit

an adequate representation of the cross sections of the fissile nuclides.
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Fig. 21. Comparison of the ENDF/B-V and SOKRATOR evaluations of the

2 3 5U fission cross section from 10.0 to 20.0 eV.
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17.90 an 20.oo

Fig. 22. Comparison of the ENDF/B-V and SOKRATOR evaluations of the

23SU capture cross section from 1.0 to 10.0 eV.
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PU-239 FISSION CROSS SECTION
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ENERGY (EV)

24.0 28.0

Fig. 23. Comparison of the ENDF/B-V and SOKRATOR evaluations of the

239Pu fission cross section from 1.0 to 25.0 eV.



232

PU-239 CAPTURE CROSS SECTION
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• t o .
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+ SOKRATOR

0.0 4.0 8.0 iaO 16.0
ENERGY (EV)
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Fig. 24. Comparison of the ENDF/B-V and SOKRATOR evaluations of the

239Pu capture cross section from 1.0 to 25.0 eV.

Table I. Comparison of the ENDF/B-V and SOKRATOR 235U Evaluations

File Structure

MAT Number (235U)

AWRI: (Target Mass)/(Neutron Mass)

AP: Scattering Radius (10 cm)

Resolved Range (eV)

LRF, Formalism Employed

Number of Levels
Unresolved Range (eV)

Range for MF=3 ? 0.0 (eV)

ENDF/B-V

1395

233.025

0.95663
1 - 8 2

1, SLBW

130

82 - 25000

10"5 - 2xlO7

SOKRATOR

9210

233.0

0.8391

1 - 100

2, MLBWa

208

100 - 100000

10"4 - 1.0

100 - 1.5xlO7

^Modified Adler-Adler parameters also available.

Table II. Comparison of the ENDF/B-V and SOKRATOR 239Pu Evaluations

File Structura

MAT Number (239Pu)

AWRI: (Target Mass)/(Neutron Mass)

AP: Scattering Radius (10~12 cm)
Resolved Range (eV)

LRF, Formalism Employed

Number of Levels

Unresolved Range (eV)

Range for MF=3 f 0.0 (eV)

ENDF/B-V

1399

237.0

.90094

1 - 301

1, SLBW

128

301 - 25000

10'5 - 2. J O 7

SOKRATOR

9420

237.0

.905

1 - 500

2, MLBW

210

No URR

10"4 - 1.

500. - 1.5.107



Table III. Comparison of the ENDF/B-V and SOKRATOR 2"<)Pu Evaluations

File Structure

MAT Number (2lt0Pu)

AWRI: (Targer Mass)/(Neutron Mass)

AP: Scattering Radius (10 cm)

Resolved Range (eV)

LRF, Formalism Employed

Number of Levels

Unresolved Range (eV)

Range for MF=3 7s 0.0 (eV)

Table V. Comparison of the ENDF/B-V and SOKRATOR 2 3 5U Evaluations

ENDF/B-V

1380

237.992

.9184

TO"5 - 3910.

2 , MLBW

201

3910 - 40000

200 - 2 .10 7

SOKRATOR

9430

238.0

.8578

1 - 1000.

2 , MLBW

70

1000 - 150000

1 0 " 3 - 1.0

4318 - 1 .5 .10

Table IV . Comparison o f the ENDF/B-V and SOKRATOR 21>1Pu Eva lua t i ons

F i le Structure

MAT Number-(2ltlPu)

AWRI: (Target Mass)/(Neutron Mass)

ENDF/B-V SOKRATOR

AP: Scattering Radius (10

Resolved Range (eV)

LRF, Formalism Employed

Number of Levels

Unresolved Range (eV)

Range for MF=3 f 0.0 (eV)

-12 cm)

233

1381

238.978

.933

2.873 - 100.

4 , Adler

83

100. - 40200

10"5 - 2.873

4020 - 2.0.107

2024

238.986

.845

1. - 100.

4, Modif. Adler

112

100. - 105

10 ' 4 - 1.0

1.0.105 - 1.5.107

Thermal Region

MAT Number (235U)

Energy Range Below Resolved Range (eV)

Temperature (K)

Number of (E, a) - points

INT, Interpolation

Cross Sections at .0253 eV (b)

MT=1 Total

MT=2 Scattering

MT=18 Fission

MT=102 Capture

Westcott g-factors at 293 K

MT=1

MT=2

MT=18

MT=102

ENDF/B-V

1395

10~5 - 1 .

0

219

5. Log-Log

696.633
14.713

583.54±1.7

98.38t.76

.9811

1.1220

.9775

.9823

SOKRATOR

9210

10'4 - 1

293

149

2, Lin-Lin

697.5
18.3

577.7
101.5

.9818

1.0686

.9807

.9716

Table V I . Comparison o f the ENDF/B-V and SOKRATOR 2 3 9 Pu Eva lua t i ons

Thermal Region

MAT Number ( 2 3 9 Pu)

Energy Range Below Resolved Range (eV)

Temperature (K)

Number of (E, a) points

INT, Interpolation

Cross Sections at .0253 eV (b).

MT=1 Total

MT=2 Scattering

MT=18 Fission

MT=102 Capture

Westcott g-factors at 293 K

MT=1

MT=2

MT=18

MT=102

ENDF/B-V SOKRATOR

- 1,

1399

10"5

0

219

Lin-Lin

1019.9

8.002

741.7

270.2

1.0755

1.1025

1.0548

1.1307

9420

10"4

293
143

Lin-Lin

1024.5

10.036

740.4

274.1

1.0780

1.1123

1.0545

1.1402

- 1.



234
ENDF/B-V

1380

No L.E.R.

292.04

1.555

.0572

290.43

1.0269

1.0489

1.0245

1.0268

SOKRATOR

9430

1 0 " 3 - 1

293

95

2, Lin-Lin

289.32

1.540

.0508

287.73

1.0165

1.0461

1.0254

1.0164

Table VII. Comparison of the ENDF/B-V and SOKRATOR 2"°Pu Evaluations

Thermal Region

MAT Number (2*°Pu)

Energy Range Below Resolved Range (eV)

Temperature (K)

Number of (E, a) points

INT, Interpolation

Cross Sections at .0253 eV (b)

MT=1 Total

MT=2 Scattering

MT=18 Fission

MT=102 Capture

Westcott g-factors at 293 K

MT=1

MT=2

MT=18

MT=102

Table V I I I . Comparison o f the ENDF/B-V and SOKRATOR 21tlPu Evaluations

Thermal Region

MAT Number (2 " lPu)

Energy Range Below Resolved Range (eV)

Temperature (K)

Number of (E, o) points

INT, Interpolation

Cross Sections at .0253 eV (b)

WT=1 Total

MT-=2 Scattering

MT=18 Fission

MT=102 Capture

Westcott g-factors at 293 K

MT=1

MT=2

MT=18

MT=102

Table IX. The 2200 m/s Fission and Capture Cross Sections and the

Value of vT for
 2 3 5U, 239Pu, and 2 1 I 1PU

ENDF/B-V

1381

10"5 - 2.873

0

121

5, Log-Log and 2

1387.0

11.0
1015.0

361.4

1.0445

1.1044

1.0459

1.0378

SOKRATOR

2024

10"4 - 1.

293

140

2 Lin-Lin

1390.0

12.0

1015.0

363.0

1.0417

1.1284

1.0465

1.0296

2 3 5 U %f

%' 1

g f
9Y
VT

2 - P u a n f

%
g f
9Y
VT

"»Pu a n f

anY

9 f
9Y
VT

ENDF/B-V

583.54+1.7

98.38±.76

.9775

.9823

2.437

741.7

270.2

1.0548

1.1307

2.891

1015.0

361.4

1.0459

1.0378

2.953

SOKRATOR

577.7

101.5

.9807

.9716

2.408

740.4

274.1

1.0545

1.1402

2.880

1015.0

363.0

1.0465

1.0296

2.924

IAEA-69a

580.2±1.8
98.3±1.1

.9766±.0016

.991

2.423±.007

741.6+3.1

271.3±2.6

1.0548+.0030

1.131

2.880 +.009

1007.3+7.2

368.1+7.8

1.0486+.0053

1.008

2.934 +.012

IAEA-75fc

583.5+1.3

97.4+1.6

.976±.002

1.003+.018

2.416+.005

744.0±2.5

267.2+3.3

l.O555±.0O24
1.151 ±.015

2.862 ±.008

1015+7

362+6

1.0442±.0048
1.025 ±.016

2.924 ±.010

Leonard-76/81c

583.54±1.7

98.38±.76

.9775±.OO11

.9823±.OO14

754.84+4.5

273.75+2.7

l.O5353±.OO15

1.13872+.011

1003.8

364.66

a6. C. Hanna et at. Atomic Energ. Rev. 7_, 4, 3 (1969).

H. D. Lemmel, Conf. Nuclear Cross Sections and Technology, Washington, D. C , I,

286, 1975.

CB. R. Leonard et al. EPRI-NP-167 (1976) and EPRI-NP-1763 (1981).



Tab le X. Comparison o f the ENDF/B-V and SOKRATOR 2 3 5 U E v a l u a t i o n s Table X I . Comparison, o f t he ENDF/B-V and SOKRATOR 2 3 9 Pu E v a l u a t i o n s

3. Resonance parameters below 20 eV.

Eo(eV) 2g Tn (meV) r . (meV) (meV)

(approximate)

-1.49
.29

1.14
2.04
2.92
3.15
3.61
4.85
5.5
5.6
6.21
6.38
7.08
8.78
9.28
9.75

10.2
10.8
11.7
12.4
12.9
13.3
13.7
14.0
14.6
15.4
16.1
16.7
18.1
19.0
19.3

3

1

1

ENDF

.682

.00302

.01516

.00739

.00485

.0224

.0456

.0604

.0034

.0333

.0638

.268

.127

.123

.164

.0530

.0619

.0933

.627

.262

.0531

.0393

.0370

.537

.115

.237

.361

.237

.385

.116

.194

SOKRATOR

3

1

1

3

.677

.00302

.01397

.00739

.00729

.0265

.0468

.0618

.0639

.0804

.247

.123

.157

.145

.0534

.0687

.1137

.617

.296

.0813

.0552

.0259

.508

.126

.247

.375

.270

.371

.116

.388

ENDF

207.0
99.0

116.2
98.14

200.0
106.37
50.637
3.587

30.117
621.89
187.36

9.548
28.233
91.0
75.0

237.0
62.5

868.0
6.25

27.5
86.0

122.8
93.5

470.0
20.9
43.3
18.617

100.89
125.0
55.0
60.179

SOKRATOR

212.25
100.74
115.25
101.64
209.12
107.00
49.504

3.245

671.78
165.62

9.569
28.238
75.4
69.3

211.8
54.7

856.1
5.52

25.285
63.97

131.79
86.28

431.6
17.4
48.5
22.5
87.4

116.6
62.0
66.102

ENDF

27.0
36.0
34.6
34.9
20.0
33.2
33.7
35.9
60.0
20.0
43.5
35.0
35.6
31.2
35.6
32.0
38.0
67.0
40.4
34.5
33.5
28.6
30.4
26.0
35.2
35.3
31.4
32.1
35.0
50.0
34.8

SOKRATOR

22.258
34.26
35.55
34.52
10.87
32.58
34.83
36.29

59.27
65.19
35.0
35.6
46.9
41.6
47.2
45.8
69.9
41.2
36.5
55.5
19.6
37.6
64.3
38.7
36.3
33.2
32.3
37.9
37.9
35.9

SOKRATOR

4
3
4
3
4
3
4
4

4
3
4
4
4
4
3
4
4
4
3
4
4
3
3
3
4
4
4
3
4
4

3. Resonance Parameters Below 25 eV

Eo(eV) J 2g r (meV) rf(meV) >eV)

-.22
.296

3.0
5.9
7.8

10.9
11.5
11.8
14.3
14.7
15.5
17.7
22.3
23.9

ENDF

0
0

1
1

1
1
1
0
1
1
0

SOK

0
1/2
1/2
1
1

1/2
1
1
1
0
1
1
1

ENDF

.0235

.121

1.228
2.799

1.521
.898

2.685
1.060
2.538
3.924

.136

SOKRATOR

.123

.020

.094
1.147
2.648

.085
1.339

.864
2.839

.934
2.450
2.714

.128

ENDF

500.
60.

45.8
153.1

24.4
65.1
30.2

683.3
33.5
69.4
32.6

SOKRATOR

61.2
1958.
3259.

48.2
156.6
10.4
29.0
67.0
20.2

648.9
32.4
61.8
40.0

ENDF

40.0
39.0

40.2
44.2

40.6
35.9
36.8
39.0
38.5
46.7
37.4

SOKRATOR

37.4
43.3
43.3
38.8
42.2
41.2
37.0
34.0
38.8
50.0
40.6
44.2
30.0

Table X I I . Comparison o f the ENDF/B-V and SOKRATOR 2 " °Pu E v a l u a t i o n s

3. Resonance Parameters Below 100 eV

E(eV)

-14.45
1.058a

20.46
38.32
41.62
66.62
72.78
90.77
92.51

gr

ENDF

18.83
2.280
2.65

17.36
16.69
54.17
21.45
12.85
3.12

n(meV)

SOKRATOR

2.354
2.65

17.00
14.40
51.00
21.50
13.00
3.20

r f

ENDF

.009

.0060

.23

.11

.02

.02

.02

.02

.02

meV)

SOKRATOR

.0057

.70

.09

.11

.04

.22

.08

.20

I

ENDF

31.0
33.3
32.2
26.5
30.2
29.2
27.5
38.3
29.5

'Y(meV)

SOKRATOR

32.2
32.2
26.5
32.0
28.5
28.6
30.7
30.7

2 g r n r f o r l e v e l a t 1.058 eV: ENDF 75.92 meV2

SOKRATOR 75.89 meV2

235



236 Table XIII. Comparison of Evaluated 238U Neutron and Capture Widths

Eo(eV) 6.67 20.9 36.7 66.0 80.7 102.5 10.2
Neutron Widths (meV)

BNL-325(65)

BNL-325(73)

M0X0N(74)

ENDF/B-IV(75)

ENDF/B-V(77)

KEDAK(81)

JENDL-2(81)

BNL-325(81)

BNL-325(.65)

BNL-325(73)

M0X0N(74)

ENDF/B-IV(75)

ENDF/B-V(77)

KEDAK(81)

JENDL-2(81)

BNL-325(81).

1.52 ±.02

1.52 ±.02

1.510+.009

1.50

1.51O±.O15

1.495

1.50

1.50 ±.02

26.0 ±2

26.0 ±2

26.9 ±.37

25.6

22.5 ±.6

23.7

23.7

22.8 ±.6

8.5 ±.

8.7 ±.

8.9 ±.

8.8

10.12±.

9.94

10.1

10.04±.

26.0 ±4

25.0 ±3

25.7 ±1

26.8

23.1 ±.

23.67

23.0

23.5 ±.

5

5

175

10

.20

.0

5

8

31.0 ±.9

32.0 ±1

31.6 ±.5

31.1

33.9 ±.4

33.64

33,3

34..0 ±.4
Capture

26.0 ±4

25.0 ±2

26.55±1.20

26.0

22.9 ±.3

23.64

23.5

23.5 ±.3

25.0

26.0

24.0

25.3

24.6

24.61

24.9

24.0
Widths

24.0

22.0

±1.2

±1.5

± .4

± .4

±1.0
(meV)

± 2

± 2

23.56± .76

23.5

23.7

23.69

22.9

23.6

± .3

± . 1 •

2.0

2.0

1.96

2.0

1.91

+

+

1.907

1.87

1.9

21.0

21.17

23.5

24.2

24.17

24.4

25

+

2

2

07

04

.1

±15

±8

±1

±1

.9

.2

68.0±3

70.0±3

70.8±.4

71.0

71.6±.4

71.64

70.9

70 ±3

24.0±3

26.0±2

25.78±.94

26.0

24.4 ±.3

24.41

25.1

24.5 ±.7

.0014

.00156

.00156

.00156

.00167

.001674

.00159

.00165

23.5

23.5

23.5

23.6

Table XIV. Comparison of Evaluated 2"°Pu Neutron and Capture Widths (mcV)

E0(eV)

1.058

20.46

38.32

41.62

66.62

72.78

90.77

92.51

9 V Y
 (meV2

(1.058 eV)

ENDF/B-V

grn

2.280

2.65

17.36

16.69

54.17

21.45

12.85

3.12

) 75

ry

33.3

32.2

26.5

30.2

29.2

27.5

38.3

29.5

92

S0KRAT0R

grn

2.345

2.65

17.00

14.40

51.00

31.50

13;00

3.20

75.

rY
32.2

32.2

26.5

32.0

28.5

28.6

30.7

30.7

89

KEDAK

grn

2.280

2.65

17.00

15.50

53.20

21.00

ip.oo
3.10

75

ry

33.3

32.2

28.5

31.0

30.5

29.5

31.5

30.5

92

OENDL-2

grn

2.440

2.20

17.00

15.50

50.0

21.00

12.80

3.20

72

29.6

30.0

30.0

33.0

31.0

32.0

29.5

29.5

.22

BNL-325(

2.32

2.65

17.3

16.7

54.0

21.4

12.8

3.10

75.17

1981)

32.4

32.2

29.4

(31.0)

31.0

28.5

27.5

(31.0)



Table XV. Comparison of Evaluated 2h2Pu Neutron and Capture Widths (meV)

Eo(eV)

2.67

14.6

22.57

40.95

53.46

66.70

88.45

107.32

ENDF/B-5

9rn

2.325

.061

.29

.45

52.0

4.5

.66

17.0

r
Y

22.0

23.4

23.0

27.0

21.2

23.0

23.4

21.0

SOKRATOR

9rn

1.970

.061

.31

.47

52.2

4.4

.53

17.0

rY

25.5

22.6

22.6

22.6

21.2

23.0

22.6

21.2

KEDAK

9fn

1.937

.061

.29

.448

51.25

4.94

.66

17.64

26.0

28.0

20.0

29.0

29.0

22.0

28.0

28.0

JENDL-2

9fn

1.970

.061

.286

.451

51.95

4.578

.64

16.99

r
Y

25.4

24.2

20.0

29.0

23.9

22.5

24.2

21.5

Table XVI . Thermal Parameters o f the F i s s i l e Nuc le i

ENDF/B-V SOKRATOR KEDAK IAEA-69
2 3 5 U Jnf

9Y

"th

VT

anf

on.

"th

583.54±1.7
98.38±.76

.9775

.9823

2.437

2.084

741.7
270.2

1.0548

1.1307

2.891

2.079

1015.0

361.4

1.0459

1.0378

2,953

2.182

577.7
100.5

.9807

.9716

2.408

2.051

740.4

274.1

1.0545

1.1402

2.880

2.057

1015.0

363.0

1.0465

1.0296

2.924

2.163

IAEA-75

580.9
98.21

.9831

.9832

2.423

2.073

742.3

270.15 :

1.0535

1.1284

2.885

2.076

1011.7

364.8

1.0265

1.0107

(2.934)

(2.165)

580.2±1.8
98.3±1.1

.9766±.0016

.991

2.423 ±.007

2.068

741.6±3.1

271.6±2.6

1.0548±.0030

1.131

2.880 ±.009
2.069

1007.3+7.2

368.1±7.8

1.0486+.0053

1.008

2.934 ±.012
2.171

583.5±1.3
97.4±1.6

.976+.002

1.003+.018

2.416±.005

2.062

744.0±2.5

267.2±3.3

1.0555±.0024

1.131 ±.015

2.862 ±.008

2.057

1015 ±7

362 ±6

1.0442+.0048

1.025 ±.016

2.924 ±.010

2.166

237
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ADDENDUM

Drs. F. Froehner (KFK, Germany) and S. Igarasi (JEARI, Japan) have

recently provided the IAEA/NDS with evaluated resonance parameters from the

German data file KEDAK-III and from the Japanese data file JENDL-2. These

parameters were forwarded to us by Drs. Pronyaev and Schwerer of the

IAEA/NDS. On the basis of these new data the comparison of evaluations

can be extended to include these new parameter sets.

Evaluated neutron and capture widths of the seven first large levels

of 2 3 8U are listed in Table XIII. There is a high degree of consistency

in the evaluations performed in the past five years, and significant changes

from evaluations older than 1976, particularly in the capture widths of

the first three levels listed and in the neutron widths of the levels at

20.9 and 36.7 eV.

The resonance parameters of the eight first large levels of zll(lPu are

compared in Table XIV. In the last line of the Table, the products gr r

of the widths of the first level are also given. The capture cross section

in the thermal region is nearly proportional to this product. Even though

the evaluated values of the neutron (and capture) widths of the first level

differ, the products gr r are quite consistent, except for JENDL-2.

The resonance parameters of the eight first large levels of 2"2Pu

are compared in Table XV. Except for the ENDF/B-V values of the parameters

of the first level and the larger capture widths evaluated by KEDAK-III,

the several evaluations are consistent. The ENDF/B-V parameters of the first

levels were modified from the BNL-325 (1974) evaluation so as to preserve

the cross section values and shapes in the thermal region as described by

Young et al.' (Nucl. Sci. and Eng. 43, 341, 1971).

The thermal parameters of the fissile nuclei, from the 1969 and 1975

IAEA evaluations, and from the files ENDF/B-V, SOKRATOR, and KEDAK-III are

compared in Table XVI. The KEDAK evaluated value of v for 21tlPu could

not be found and was assigned arbitrarily the 1969 IAEA value v =2.934,

since the KEDAK-III values of v for the other two isotopes are consistent

with that evaluation, ke note that the ENDF/B-V values for vT and

n=vT Sf°nf/ (9f°nf
+9y

a
nJ

 are 1% or 2X h i 9 h e r than those of the other eval-

uations. This is in part caused by an ENDF/B-V revaluation of the standard,

v for Z S 2Cf, based on the results of recent unpublished measurements.



Comparison of Strength Functions and Average

Level Spacing for U and Pu Isotopes

V. Pronyaev, D.E. Cullen
Nuclear Data Section

International Atomic Energy Agency

Introduction

The strength functions and the average distance between levels

of compound nuclei are two main parameters which determine the

values of fluctuating (compound) part of cross-sections in the un-

resolved resonance region. But comparison of different evaluations

in this energy region based on the unresolved resonance parameters

themselves is a difficult task, because the same average cross

sections and even fluctuations near average may be obtained in

different ways. For example: one can present the cross section in

the elastic scattering channel as the sum of the potential scatter-

ing and the scattering via compound nucleus with energy dependent or

independent neutron strength functions. A different division bet-

ween this two parts can give similar results for the average cross

sections and self-shielding factors. Because of this the conclusion

about consistency of different evaluations can be best given by

means of comparison of average cross sections and the results of

transmission and self-indication measurements; it is difficult to

draw any conclusions simply by looking only at average parameters.
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There are some other reasons which hamper the analysis and com-

parison of cross-sections in the unresolved resonance region. Many

experimental and a few theoretical works show that the cross

sections in the unresolved resonance region for heavy nuclei can

have fluctuations, the nature of which is different from the usual

statistical fluctuations described in the frame work of the statis-

tical model of compound nuclear reactions. Such intermediate struc-

tures in the cross section can be connected with door-way states,

that is the states with relatively simple (in comparison

with the compound nuclear states) structure and having much larger

widths than the compound nucleus states. Many results of measure-

ments of the cross sections with high resolution in the unresolved

resonance region for heavy fissile and fertile isotopes show a

strong energy dependence. Transmission curves in this energy region

confirm a strong energy dependence.

Most theoretical calculations of the neutron strength functions

were done using an optical model. The reduced neutron strength

functions which can be oDtained in these calculations, taking into

account strong channel coupling scheme, have in general a very weak

energy dependence. As was found in some coupled channel calcula-

tions by Konshin's group [1], the reduced neutron strength function

S Q can change smoothly in the energy range from hundreds of eV to

hundreds of keV by about 20%. These changes are connected with

broad structure in the cross sections.

Important results concerning the energy dependence of neutron

strength functions for heavy nuclei were obtained in. the so called

semi-tnicroscopical approaches by Soloviev [2]. Soloviev's calcula-

tions demonstrated that the neutron strength functions can have more

complicated structure and stronger fluctuations in energy dependence

than the result from the use of simple spherical optical model pre-

dictions. But because these calculations do not include the calcu-

lations of total widths and contain some averaging it is difficult

to determine exactly the real widths of the intermediate structures

in the cross sections which we can observe in the unresolved reso-

nance region. Microscopical calculations in the shell model ap-

proach to nuclear reactions, which were done for some light and

closed-shell nuclei, have shown the existence of intermediate

structures in the unresolved resonance region [3] which cannot be

described by the usual statistical model of compound nuclear react-

ions.

Semi-microscopical calculations of level density for heavy

nuclei by Soloviev and co-workers [4] have shown that there can be



OJIJ some deviations from predictions of the usual Fermi-gas model, which

is often used for decomposition of D between states with dif-

ferent spins and parities.

Comparisons

The tables and figures given in this paper contain the results

of intercomparison of average parameters and values of cross

sections for a series of current evaluations. As we stressed ear-

lier the question of consistency between different evaluations can

best be given in terms of comparison of calculated average cross

sections and transmission data (but not from comparison of para-

meters). Below we discuss the consistency of different evaluations

for each isotope separately;

235,,

The average resonance parameters in the unresolved resonance

region for different U evaluations are given in Table I. The

reduced neutron width as well as the reduced neutron strength

functions have strong energy dependence in all cases. There are

differences between JENDL-2 and ENDF/B-V on one side and SOKRATOR on

the other in the subdivision of the cross-section between the poten-

tial scattering and the compound nuclear parts although the differ-

ence between the averaged total, fission and capture crosssection

from different files does not exceed 6%. The new integral like mea-

surements of Vertebnyi [5] supports the subdivision given in the

ENDF/B-V and JENDL-2 libraries. Fig. 1 shows the comparison of the

energy dependence of the reduced neutron strength function S for

U taken from JENDL-2 (dot-dashed line) and SOKRATOR (thin line)

libraries. Figures 2-4 present comparison of the group averaged

total, fission and capture cross-sections in the unresolved reso-

nance region. The designations for different libraries are the same

as for Fig. 1 and in addition, the dashed-dashed line represent

the results from ENDF/B-V library. It should be noted that the

ENDF/B-V fission cross-section is 4-6% lower than the fission cross

section in the JENDL-2 and old SOKRATOR evaluation.

238,,

238

The average resonance parameters for U in different libra-

ries are presented in Table II and the total and capture cross-

sections in the unresolved resonance region are given in Fig. 5 and

6. The ENDF/B-V total and capture cross-sections are a little high-

er than in JENDL-2 library (up to 10%) in the energy range from 5 to

20 keV.

239
Pu

The comparison of the average resonance parameters for Pu

and corresponding cross sections is given in Table III and Fig. 7-9.

There is good consistency between different evaluations for all

cross sections and energies except below 0.5 keV where the JENDL-2

library gives resolved resonance parameters while ENDF/B-V and

SOKRATOR use unresolved resonance parameters. The oc-value for

energy group 0.215 to 0.465 keV is 25% higher in ENDF/B-V library

than in SOKRATOR.

2 4 2Pu

240,. 242rThe evaluated data for iHUPu and " Pu (Tables IV and V,

Fig. 10-15) have a large spread. The general trend is that JENDL-2

evaluated total cross-section is approximately 10-15% higher than

SOKRATOR data and 10-20% higher than ENDF/B-V. The reason for these

differences is that the JENDL-2 evaluations probably take into

account the results of recent Kaeppeler measurements [6]. Generally

although the total and partial cross-sections can have some



structure in the unresolved resonance region, the cross sections

predicted by non-spherical optical model, with suitable adjusted

parameters, on the average degree well with experimental points.

The results of Kaeppeleris total cross section measurements [6] are

in strong contradiction with such calculations by Fisher [7] and

Lagrange [8] as well as the general trend on the A-dependence shown

by Fisher [7]. In addition, there are some indications based on the

results of the measurements by Young et al. [9] that the SOKRATOR
242

and ENDF/B-V evaluations for Pu underestimate a little the

total cross-section in the energy range 1-10 keV. The spread in the

capture cross-section between different evaluations in the case of
242Pu is 30% in the energy range 1-5 keV.

241
Pu

There is a good consistency between the results of different

evaluations for total and all partial cross-sections (Table VI, Fig.

14-16). This consistency would appear to be due to a lack of the

experimental data for this nucleus. Some discrepancies exist bet-

ween the capture cross-sections in the ENDF/B-V library on one side

and SOKRATOR and JENDL-2 on the other in the energy range 0.1-0.5

keV.
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General Conclusions

More attention must be paid to the total, capture and fission

cross section measurements in the energy region 0.1-1 keV for

fissile and 1-10 keV for fertile plutonium isotopes. These regions

are transitional between resolved resonance region and region of

overlapping levels. The cross section in these regions have strong

intermediate structure. The methods of representation of the cross

sections in these regions must provide correct description not only

of the average cross sections but also the results of transmission

and self-indication measurements.



242 Table I. Average Parameters for 235JJ in Unresolved Resonances Region

tion (year)-^^

SOKRATOR

JENDL-2

ENDF/B-V

BNL-325 (1973)

Unresolved resonance
energy region

Emin.keV

0.1

0.1

0.082

Emax,keV

100

30

25

£=0
eV

0.61

0.567

0.438

0.63_+0.06

meV

strong energy
dependence

strong energy
dependence

._ _

strong energy
dependence

1 _

meV

40.69

45.0

35.0

So

xlO4

Si

xlO4

strong energy
dependence

strong energy
dependence

strong energy
dependence

0.92+0.10 1.8+0.3

s2

xlO4

-

-

-

a,
fm

Background :

cross ;
section

8.391 \ no i

9.5663 i yes |

9.566 yes

Table II. Average Parameters for 238u in Unresolved Resonances Region

^•^Parameter

tion (year.)-^

JENDL-2

BNL-325 (1973)

ENDF/B-V (1980)

Unresolved resonance
energy region

Emin.keV

4

4

Emax.keV

50

149

i=o
eV

19.83

17.7+_0.7

20

raeV

1.69

2.1

meV

23.5

23.5

So

0.8536

1.1+0.1

1.05

Si

xlO4

1.42

1.7^0.3

strong energy
dependence

i
;

1.0

2.5

a,
fm

9.36

Background
cross

section

yes

8.9
yes



Table III. Average Parameters for 239pu in Unresolved Resonances Region

^ - ^ Parameter
Evalua^^
tion (year)"*-.

SOKRATOR (1980)

JENDL-2

ENDF/B-V (1976)

Unresolved resonance
energy region

Emin.keV

0.3

0.598

0.301

BNL-325 (1973) ;

Emax,keV

100

30

25

• -

I

i=o
eV

2.38+0.06

2.93

2.30

2.3+0.1

<r°>

meV

strong energy
dependence

strong energy
dependence

strong energy
dependence

<9
meV

43.3

41.5

41.6

s0

xlO*

1.03+_0.05

Si

xlO^

2.3+0.3

•

strong energy
dependence

strong energy
dependence

1.3+0.1 2.3+04

S2

xlO4

-

-

a,
fm

8.4337

9.054

9.054

Background
cross
section

no

yes

yes

Table IV. Average Parameters for 240pu in unresolved Resonances Region

243

^^•^ Parameter
Evalua-\
tion (year)^-^^

SOKRATOR (1975)

BNL-325 (1973)

JENDL-2

ENDF/B-V (1977)

i

Unresolved resonance
energy region

Emin,keV

1

4

3.91

Emax,keV

150

<D>

eV

13.5+.5

;13.6+0.4

40 j12-6

_ -j.

40 112.7

i

<r°a>
i-o
meV

1.485

1.31

1.32

;

<ry>
tneV xlO4

30.7 ! 1.1+.16

H J "" _ 1
1
1 0.94+0.09

L JI ^

29.5
l

31.0

1.04

1.04

Si

2.8+0.4

3.03

2.20

S 2

xlO4

1.1

1.0

-

a.
fm

8.578

9.184

9.184

Background
cross
section

no

yes

no



244 Table V. Average Parameters for 242pu in Unresolved Resonances Region

Parameter
Evalua-
tion (year)

SOKRATOR (1978)

ENDF/B-V

JENDL-2

BNL-325 (1973)

Unresolved resonance, <D>
energy region £=Q

Emin.keV

1

0.986

Emax.keV ; eV

200 14.233^0.536

10 16.5

<r°>
i=o
meV

1.30+̂ 0.20

<rY>
meV

22.61jK5.65

1.342 |23.4

So

xlO4

0.91+0.15

0.813

Si

xlO4

2.5

s2

xlO4

0.91

, 1 1 5 ; -

a.
fm

9.7409

9.228

Background
cross
section

no

yes

no unresolved resonance parameters; point wise representation

1
;16.5+0.5 1.50 0.9+0.1

Table VI. Average Parameters for 241pu in Unresolved Resonances Region

^v. Par ame ter
Evalua-^v
tion (year)v

ENDF/B-V

SOKRATOR (1980)

Unresolved resonance
energy region

Emin.keV

0.1

0.1

i
JENDL-2 ! 0.1

BNL-325 (1973)

Eraax.keV

40.2

100

30

<D>

i-oeV

0.935

1.34

0.8498

:1.0+0.1

<r°>

meV

strong energy
dependence

, ,

(J=2) 0.358
(J=3) 0.275

<ry>
meV

So

xlO4

43 ! strong energy
• dependence

-j
43

1.16

Si

xlO4

2.0

strong energy 40 ! strong energy
dependence i j dependence

i

0.99+0.14

S2

xlO4

-

-

1

a,
fm

9.33

8.45

9.8

Background
cross
section

no

no

yes



233

SOKRATOR

— JENDL-2

Q1 1.

235

FlGr.1

U

10.

-JEMDU-2
—ENDF/B-V
—50KRATOR (1975)

EXPERIMENT

• -VERTEBNYI,V.RET AL.,
80KIEV, 2 (1980)25^

FIG.2

6
M

Bom

10.-

5,-

235 U.

UZ1~

0.1

4
Barn

233,

1. c * 10.
FIG.3

ENDF/0-V

2ft—-=tf=

10.

SOKRATOR (1975)
SOKRATOR (1980)

0.1 \.
FIG.4

10. En,KeV



246
Barn

20.

15.

10.1

238 a

I
I

1

I—- -

-4 1 -

1. 10. FXG.5 100- En.KeV

barn

.5-

238
U

2. 5. 10. 2 O . F I G 6 50. 100. En,KeV

4
6arn-

30.

20.

239

0.1

Barn

10:

5.

0.1

1.0
FIG.7

1.
FIG.8

10. En.KeV

1

2 3 9Pu

1
1
1 1

1
-i 1 1 1

10.



born

239
Pli

10.

5-

0.1

240

1

Pu

FIG.9
10.

THEORY
C.H.LA&RANGE ET. AL
NEANDC(E)-198 "1/(1978)
U. FISCHER, KFK-2907 (1980)

EXPERIMENT
O-F.KAEPPELER,KFK-2223
• -W.P. POENn2,79KNOXVlLL ,

FlG.10

240
Barn Pa

Born

20.

15.

THEORY

C.H.UGRANGE ET AL.
NEANDC(EH9&V(197fl)
U.FISCHER.KPK-2QO7C198Q)

EXPERIMENT
. -T.E.YOUNQ FT AL..NSE, 10,389(1970)
o-F.KAEPPfLER.KFK-2223

1. 10. Fis.12 100.



248 g
6am

2.

1.-

1

242

1

Pu

1.

Barn

40.

30:

20:

0.1

10. FIG.1!)

241 Pu

100.

1. Fie. 11 10.

A-
barn

241 Pu

5."

0.1

j

Born

20.

10:

0.1

L_—I

I
i

1. FIG.15 10. En.KeV

241 Pu

1.
FIG.16

10.



NEA Nuclear Data Committee

Intercomparison of methods used to determine

average resonance parameters

(Coordinated by Dr. P. Ribon, CEN Saclay, France)

The 1979 meeting of NEA Nuclear Data Committee endorsed a proposal to
carry out a benchmark intercomparison study of methods used to determine
average parameters from resolved resonance parameters. The report NEANDC-
(E)213"AL", sent out in September 1980 (First part: Generation of test
data) and March 3982 (Second part: Results and their interpretation) showed
important systematic discrepancies between the sets of solutions obtained
by physicists using essentially the same approach to the calculation of
average level spacings, strength functions and radiation widths in the two
hypothetical nuclei for which artificially generated resonance parameters
were supplied.

A workshop will be held at the NEA Data Bank on ]5th and ]6th October
1981 for participants in this exercise. The aim of the workshop is to
identify the origin of the discrepancies between different solutions; in
order to provide a clearer basis for discussion, a second exercise has been
distributed to the original participants, and to a small number of other
physicists in NEA and IAEA countries who did not submit solutions but who
regularly carry out calculations of this kind. Data has been sent for
calculating two cases each, at three levels of complexity in calculation:

(a) two cases of pure reduced neutron width distributions (the only
quantity to be determined is <r >).

(b) two cases of resolved resonance parameters, without any experi-
mental effect.

(c) two cases of pseudo-experimental resonance parameters sets, simi-
lar to case 1 of the previous exercise, but without the correla-
tions introduced by a programming error into the data for the
previous exercise.

It was clear from discussions during the analysis of the previous
exercise that the methods used are not all fully prescribed, and thst
results may depend on the way in which physicists apply their judgement,
for example in defining the neutron width threshold to exclude p-wave
resonances.
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Five solutions have so far been sent or firmly promised for examina-
tion at the October meeting, from:

Dr. F. Froehner
Dr. Y. Guy
Dr. M. Moore
Dr. G. Rohr
Dr. H. Wnigmonn

KFK Karlsruhe, FRG
Israel
LAM, USA
CBN'I', Gecl (EEC)
CENM, Ceel (EEC)

It is expected that eight or ten physicists in all, with their solu-
tions to this and the earlier problem, will attend the workshop, end that
it will bo possible! to nsnke clenr reccrmenrfrtions "bout prenrnne aivinn
nood results, and ;-bout the .-pprc: ch to '-js tEken in svder to obtain con-
sistent ri;si;]ts in use.

FIRST PART: GENERATION CF DATA

P.RIBCN, CEN SACLAY

ABSTRACT
In order to chock the methods used by different laboratories to determine

the average parameters by analysing sets of resolved resonance parameters, an
exercise is proposed: to analyse ar t i f ic ia l ly generated sets of resonance
para-Tieters.Tnis paper describes how these parameters have been generated. The
calendar for carrying out this benchmark is defined.

Following discussions at various international meetings, and a
dation from the last NEANDC meeting, we propose the following exercise : sets
of resonance parameters have been theoritically generated and modified to
take into account experimental effects. Tneoe sets are available for analysis
by voluntary physicists, who will determine the values of the average
parameters.

These sets of resonance parameters are obtained by the following process:
values of average parameters are chosen (and kept secret) . From these values
we generated individual resonance parameters, then total cross sections, then
transmissions, affected by experimental effects. These transmissions have
been analysed as if nothing (exept experimental conditions) was known; fran
the shape analysis sets of "pseudo-experimental" resonance parameters are
provided for analysis.

This paper presents the purpose of this study, the conditions of
generation of.the pseudo-experimental sets , the suggested cases, and the
calendar for the programme.
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I . PURPOSE
_ I t has appeared that there are great discrepancies between the values of
D(l=0) determined by different labora tor ies frcm the analysis of the same set
of experimental data (resonance parameters) . The differences in r e su l t s may
be due t o :

-differences in methods used to analyse the se t s of data;
-personnal bias of the physic is ts Involved.

At tho PPiTEN meeting en "FISSICN ITCDUCT NUCLEAR DATA " , E.FCRT (Fo 77)
suggested the organization of an in te rna t iona l exerc ise : a few sets of
resonance parameters are generated, with the double condition to sa t i s fy
known s t a t i s t i c a l laws and to include experimental e f f e c t s ; these sets wi l l
be avai Lublo for analysis to labora tor ies oi a voluntary basis and the
re su l t s compared.

Following discussions at the "SPECIALIST r-ELTING CN NEUTRON CROSS SECTION
OF FISSION PRODUCT NUCLEI", held at DOLCGNA (Bo80),we propose 6 se ts of data .

II-CCNDITICr.'S CF GENERATION CF THE STATISTICAL SETS CF RESONANCE PARAMETERS

Sets of
obtained

1-Gene£at;ion_qf ttie_ ^eve^l energies
Gaussian Orthogonal Ensemble (GCE~) a re
symmetric randan matrices.

1-1.The matrix elements are randomly generated according to normal laws

values d i s t r ibu ted in the
by the dlagonal lsat ion of

characterized by: = 1xx'- - "x,x'*x • "xx
1-2.Tne matrices have been dlagonalised by the subroutine DERUGI

based upon the Gr/EN'S-RUTISKACJSEK method. It appeared,as the fastest of 3
possible subroutines,the computing time being about 2*N° us with a IBM 360-91
computer. Tne comparison with the 2 other subroutines proved that DERUGI
provides about 10 exact figures when N=200, and 8 or 9 when N=500, which is
amply sufficient.

1-3.As a fact the average spacing of eigenvalues is distributed according
to the WICKER ccvni-circle law (Wi55,Po60); i t is equal to 7r//R~at the center
of the distribution, but increases at the ends. As suggested by the BCLQGN'A
group (Co79), the distribution has been corrected, the eigenvalues x b&Lng
replaced by : , _—

x . = X J I T * + - \ / N sin"1 -2L-
2 v W v 2/N

For security, in order to avoid ends effects, we s t i l l rejected 15 to
20 % of eigenvalues at each end of the distribution.

l^.The agreeisent of some of these sets with statistical laws has been
checked: there is no significant departure. Anongst other controls, to study
the sensitivity of these sets to random error ever D, we applied a random
fluctuation -with standard deviation: _

a=0.05 D =0.05 TT/VN
to the eigenvalues x. Tne resulting distribution of D show no significant
perturbation, and there was almost no variation in the A3 value (Dy63).

2-GeneraJtion_q£ the_ neutron widths. ,
"~ They are generated according to the X law with one degree of freedom pat-

entrance channel (PCRTrJt and TKCMAS d i s t r i b u t i o n ) .A control indicates that a
1055 e r ro r in Tn values does not d i s tu rb s ign i f i can t ly the d i s t r i bu t ion (a
maximum likehced analysis of the d i s t r i bu t i on of 200 neutron widths shows a 1
or 2 % e f fec t en m and D).

3-£ene£aticn_cr £adlat ion widths.
They are a l so generated according a X2 law, but with a v value between 20

and 100. For p rac t i ca l reasons, the X2 d i s t r i b u t i o n i s approximated by a
normal law with variance equal to 2/v. No spec ia l control has been applied.

III-CCMDITICMS CF GENERATION CF THE "EXPERIMENTAL" TRANSMISSIONS

1-Tjie_ _tqtal £ros£> .section i s computed with the EREIT AND WIGNER single
level formulae: . , , 2 , 2 v—» n̂X 1 v—v ''nX \at = 4*R + 4 ** ZSXT7-~Z + 8 »*K E g x T T 7 ^

X * 1+X
X X(*=o) X 1+XX

the t o t a l width being assumed constant . The same formulae has been used for a
l e a s t squares ana ly s i s .

2-Trfe _tran3missiais v;o£e_can£uted a s : T=exp(~na t)
At t h i s s t ^ p , we Trade an "approximation: reso lu t ion broadening should be

applied to the transmission. In order to Improve the rap id i ty of the l e a s t
squares ana lys i s , we applied th i s resolut ion broadening to the cross sec t ion:
th is can be Jur-.tiry by the preponderance of the Dopplcr broadening.

The Lhlcl;!i'!:;:;ii3 u:;od a re :
case 1 : 'n=0.15, 0 .03 , 0.006 atom/bam (3 th icknesses) ;
case 5 : n=0.05, 0 .01 , 0.002 atom/bam (3 th icknesses ) .

1P! i ° i r - i £e£q lu t i a i i s then the sum of 3 cont r ibu t ions : Doppler
broadening, neutron slewing down and e lec t ron ic widths. As ttie Doppler
broadening in preponderant and uniform over the considered energy ranges, the
two other contributions were a l so assumed unifonn, Tne values adopted are
given In table 1.

1-Jrie chorvrpl wWth was defined as a function of the reso lu t ion . I t i s
equal to k standard deviation of the resolu t ion function, with:

case 1 : k=1.2 below - 6 5 0 eV;
k=1.0 up t o - 1 8 0 0 eV;
k=0.8 above.

case 5 k=1.2 below ~30 eV;
k=0.8 up to ~60 eV;
k=0.6 up to ~120 eV;
k=0.il above.

5-£ta t i s j ; ica l f luctu^Wons. Every transmission data point has been
affected by a randan f luc tuat ion , with a standard deviation e*equal t o :

e=0.004 + 0.013 T
I t corresponds to a counting ra te of 6000 counts/channel for T g r e a t , and

t o a background between 5 and 10 " .



IV-ANALYSIS OF DATA
In order to be as close as possible of a true experiment, i t was decided

to analyse these data by a least square f i t . This has been done in
collaboration vrith H.DERRIEN.

i-STS i M .SACLAY leasjt square f i t t ing £rc££anme (R167) was modified in
order to save'time:

-the resolution function was suppressed (see III-2),the resolution
being included in the the Doppler effect;

-the cross section formulae was simplified (see I I I - l ) ;
-a fastest subroutine was used for the PSI-PHI functions (R179);
-many other modifications were applied to the programme itself to

avoid useless computation.
As a result of these modifications, the computation time was greatly

reduced: as an example, for case 1A, between 2310 and 2600 eV, (1323 data
points), a computation with 3 iterations, 37 resonances and 40 free
parameters lasted 10 a en a ISM 3033 computer.

These prograrrir.e modifications made the preparation of this exercise
feasible.

2-Reo_ults^The analysis was made as if. nothing was known (exept
thicknesses and the resolution function). Ihe results are, for each
identified resonance:

-the resonance energy E
-the total width r t
-the product 2 g m

Ihe errors given are those resulting from the computation. No error is
given when the parameter was not adjusted by the least square fi t t ing.

The Identification of resonances was made by eye, by comparison of the
theoritical and "experimental" curves (which were plotted at every
computation). In a few cases abnormally large values of the total width were
taken as another reason to introduce a new resonance.

All resonances were treated as "s" wave resonances. Nsvertheless, seme
noticeable disagreements appeared for nuclei 1 : the treatment of a few
reoGfianc'sn as "p" wave resonance improve the f i t . These cases are indicated
in the r:sults .

V-THE 6 PROPOSED CASES
Cur f i r s t idea was to propose 5 very d i f ferent nuc le i . At the BOLOGNA

meeting i t was pointed a i t that i t would then be impossible to d is t inguish
between randan and systematic disagreements. This i s why we propose only 2
nuc le i , but with 3 cases for each (each case having s l i g h t l y di f ferent
average parameters). They are :
-nucleus 1 : A-100, odd, 1=1/2; there are about 300 resonances up to 5 keV.
-nucleus 5 : A-150, odd, 1=5/2; there are about 150 resonances up to 300 eV.

VI-AVERAGE PARAMETERS TC BE DETERMINED
The main value to ba determined i s : D(l=0)

a l s o , but subsidiary, the strength functions and the rad ia t ive widths .

VII-AGEHDA CF ACTION'S
Data are avai lable upon request through the channel of the 4 nuclear data

cen te r s . Pa r t i c ipa t ing labora tor ies are requested to f i l l the form included,
(eventually several forms if they do several analysis d i f fer ing by methods,
or by energy range; but they must c lear ly s t a t e the values they recommend),
and to send i t back before the end of NOVEMBER 1980 e i t h e r t o :

Pierre RIBCN, CEN SACLAY, BP N°2, 91190 GIF-Sur-YVETTE, FRANCE
or t o :

Peter JOHNSTON, NEA Nuclear Data Bank, BP N°9, 91190 GIF-sur-YVETTE, FRANCS

A report,comparing r e su l t s with the " t ru th" , wi l l be prepared and
distributed to participants in January I98I.

CONCLUSION The BOLOGNA meeting shows a convergence between the methods used
by several laboratories. Nevertheless no laboratory has checked i t s methods
(except, to a certain extent,the BOLOGNA group-Co79). The analysis of the 6
sets of data is a good opportunity to test these methods. Cf course we know
that we did not reproduce exactly reality: but we feel that the main defect
of these data is to be clean, and they are only representative of the best
experimental data available.

The continuation of this action will depend upon the degree of agreement
or of disagreement that i t will reveal.

TABLE 1 Values of the standard deviation characterizing the resolution.

Doppler
Broadening

Slowing down,
length
fluctuation

Electronics
widths

Effective
Temperature

Standard
Deviation

Exemple of length
resolution

Standard deviation

Example of
nominal resolution

Standard deviation

Case 1
(A 100)

97 °K

0.130 JETA

Case 5
(A 150)

300 °k

0.227 JETA

2.5 cm at 100 m

0.20 10"5 E

13 ns at 100 m

1.5 10- f c E V *

251
Times in us, energies in eV.
Nominal resolution: half width of a triangular distribution.
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SECOND PART : RESULTS AND THEIR INTERPRETATION

P. RIBON AND P. JOHNSTON

Table 1 - Theoritical values.

(i.e. average values introduced in the computation).

ABSTRACT

In order to check the methods used by different laboratories to
determine average parameters by analysing sets of resolved resonance
parameters, an exercise was proposed: to analyse artifically generated
sets of resonance parameters. The first part of this paper describes
how these parameters were generated. This second part presents the
results obtained from several laboratories/ and tries to identify the
origin of observed discrepancies.

Following discussions at various international meetings, and a recom-
mendation from the last NEANDC meeting, the following exercise was proposed:
sets of resonance parameters have been theoretically generated and modified
to take into account experimental effects. These sets have been analysed
by several physicists, who have determined the values of the average parameters.

The first part of this report, NEANDCCE)213AL, described the conditions
of generation of the data. This second part deals with the solutions con-
tributed by nine physicists from six laboratories. Vie shall consider here
only the average parameters: the full list of the values of the exact sets
of individual resonance parameters is available on request from Dr. Ribon,
and from the NEA Data Bank.

I. The participating physicists

Solutions have been received from:

M. Caner, SOREQ, Israel

H. Derrien, CEN, Cadarache, France
E. Fort, CEN, Cadarache, France
F.H. Frohner, KFK (Karlsruhe), F.R. Germany
H. Gruppelaar, ECN Petten, the Netherlands
Y.S. Gur, SOREQ, Israel
M.S. Moore, LASL (Los Alamos), USA
G. Rohr, CBNM Geel, Euratom
H. Weigmann, CBNM Geel, Euratom

The contributions are identified by the letters A to I assigned
randomly.

D

D

S°
S1

Y
I
f
y
w

Case

(1 =

(J)

0)

- J =

J =

J =

J =

J -

do"4)
ft

Cl

(1

cr )
Y

- 0)

= 1)

0

1

2

3

4

1A

44.09

170.

59.54

39.43

0.42

5.1

0.159

1B

36.67

140.

49.68

33.77

0.41

5.5

0.165

0.130

1C

38.91

150.

52.5

34.79

0.45

6.0

0.151

5A

1.650

6.546

4.196

3.310

2.938

2.2

1.0

I 0.072

i

5B

1.425

5.141

3.261

2.531

2.200

2.5

1.0

0.080

an

5C

1.811

6.245

4.059

3.269

2.984

1.8

0.8

0.075

Table 2 - True values

(i.e average values resulting from the random generation of
resonance parameters)
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Energy range

0 (1 = 0)

D

S°
»
•1

s1

»

l J = 0 +

J = 1 +

J = 2*

J = 3 +

J = 4*

do"4)
(J = 0 +

(J = 2*

Cl = 0)

(J = 0 +

Cl = 1)

/J = 0*

/J = 1~

/j« r

/J = 3"

/J = 4"

/J = 1+)

/J - 3+)

.J = 1*)

5200

43.70

167.7/162.5

59.09/59.09

/39.69

0.415

0.401/0.419

5.05

0.158

0.167/0.155

0.132

5210

36.43

140.8/137.1

4E

0

0

.15/49

/34

0.415

388/0.

5.32

0.165

175/0.

0.132

.62

.05

424

161

5240

39.10

149.7/141.6

5;

0

0

'.93/52.40

/34.70

0.453

443/0.456

5.64

0.150

161/0.147

0.131

319.9

1.849

/6.5:

4.21/4.21

3.30/3.33

/2.91

2.22

2.24/2.21

1.02

0.073

0.071

3.

2.

2.

319.9

1.428

/5.08

26/3.26

53/2.56

/2.24

2.47

51/2.43

1.01

0.081

0.079

4

3

1

310.0

1.824

/6.OB

.08/4.03

.30/3.30

/3.01

1.785

.83/1.75

0.795

0.076

0.074



254 **• Mie exact average values

Table 1 gives the values of the average parameters which were introduced
in the computation of the synthesised parameter sets. Due to statistical
fluctuations, the average values of each set of chosen generated individual
resonance parameters are slightly different: they are given in Table 2.

These values, that we shall hereafter call the "true values", have
been determined over the entire energy range. They would be slightly
different if we considered a different energy range, as is illustrated by
the following table:

Values of D (1=0) for nuclei 1

Theoretical value

"True value", i.e. all resonances
"s" up to 5200 eV

All resonances "s" up to 1800 eV

All resonances "s" up to Em, mid-
energy between 2 resonances "s"
around 1800 eV:

En
D(Em)

43.09 eV

43.70 "

43.90 "

1793. "
43.73 "

36-67 eV

36.43 "

37.SO "

1809. "
37.69 "

38-91 eV

39.10 "

40.00 "

1793. "
39.84 "

This table shows that 1% to 3% differences are expected in values on
0) and are not significant.

IV. Comments about tha submitted solutions

It was suggested to physicists that they comment on the data. We
noted two observations:

- From H. Weigmann: "In case 1, I would repeat the measurements
with a better resolution in order to identify the stronger s and.p
wave levels by their interference properties. With this large S
there should be no problem".

We remark, however, that this experiment 1 was assumed to be done with
a cooled sample (T = 97 = K), and that nevertheless the Doppler broadening
was predominent upelo ~4keV. At 3600 eV for instance.

Resolution due to:

Doppler broadening:

Slowing down:

Electronics width:

5E = 0.130 V - =A 78 eV

0.72 eV

SE = 1.5 10"6E3/2 = 0.32 eV

5E = 0.20 10"3E

- From G. Rohr: "Data are not realistic.

For nuclei with large S /S ratio, as it is the case for 1A, IB and
1C, parity assignments (experimentally) have been done (BNL 325) .

Our method has not been developed for these cases."

We always feared that our data were not realistic, and we would
welcome more specific explanations from G. Rohr on why, according to him,
these data are not realistic.

III. The results

The results are given in Tables 3 and 4. A quick look shows a great
dispersion'of some recommended values (5(1=0) for nuclei 1). In order to
clarify the order of magnitude and the origin of this dispersion, we
calculate:

- the ratio of the recommended value to the true value;
- the average of the three ratios (for nuclei 1, 2 and 3);
-the standard deviation characterising the distribution of these
three ratios.

Results are given in Table 5. They show that the disagreements are
systematic, as the standard deviations are small compared with the dif-
ferences between unity and the average ratios.

For nucleus 1 the results of D are included in Table 3, but have not
been retained in Table 5 as the large discrepancy probably results from a
misunderstanding.

V. Methods used to analyse the data

The methods used to determine D and S can be assigned to 2 categories:

1. The number of resonances in the energy range AE is determined from
the staircase N = f(E) (used as a first guess) corrected by an
attribution of the orbital momentum of resonances based upor.
experimental evidence (if any), sometimes by using BAYES theorem,
and corrected by the missing level estimator method.

The strength function is determined from:

21+1 iEi^ 9 ln

Belonging to this method are analyses B, D, F. It is also used by E
as a complement to the second method.



Table 3 - Results for nuclei 1
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Table 4 - Results for nuclei S

Theoritical value

True value

A
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O

2CR)

3

4

5

£ E
3
il p
CJ

G

H

I

Energy

range

320 - 310

320

320

320

300

300

81/140/199

320

180

320

Nuclei 5 -

Dtt - o)

1.850

1.849

2.02+0.08

1.95+0.15

1.85+0.10

2.27

2.15

2.16

2.04

1.96

1.89+0.10

1.931C.09

1.8810.14

2 . 2

2.22

2.2310.03

2.24+0.3

2.24

2.24

1.84

1.85

2.33

2.15+0.20

2.25+0.33

2.3 ±0.3

A

Tyt i - O)

0.072

0.073

0.075+0.00'J

0.077

0.077

0.074

0.074

0.078

0.077±0.002

Nuclei 5 - E

D!l - o

1.425

1.428

1.56+0.05

1.54+0.11

1.52+0.08

1.84

1.79

1.56

1.51

1.56

1.58±0.07

1.52+0.07

1.95±0.29

1.5510.10

S'dO"4)

2.5

2.47

2 52+°'3'12 " 5 -0.26

2.55+0.04

2.53+0.3

2.53

2.53

2.47

2.59

2.65

2.50+0.16

2.55+0.38

2.10

2.6+0.3

ryCi - o)

• 0.080

0.081

0.079J0.00/

I

0.087

0.087

0.081

0.081

0.008

D .087+0.002

Nuclei 5 - (

0(1 • ol

1.811

1.824

1.9010.09

1.90+0.16

1.92+0.10

2.20

2.13

2.21

2.04

1.64

1.98+0.12

1.94+0.09

1.92+0.15

S°(10'4)

1.8

1.785

1 ' 0 1 -0 .19

1.80+0.03

1.8U0.25

1.81

1.81

1.36

1.37

1.92

1.75+0.14

1.82+0x27

1.8+0.3

7yU - o

0.075

0.076

0.081±0.'006

0.081

0.081

0.079

0.079

0.082

0.082+0.002

Remarks

smaller E range for r
Y

recommended

JAE for

(50 resonances

" sams result with
AE - 160 BV



Table 5 - Average ratio of X(evaluated) / X(true)

and dispersion around this averagB (standard deviation)

Result from

A

B

C

D

E

F

G

H

I

Nuclei

0.845 ±

1.089 ±

1.015 ±

0.838 ±

0.857 ±

0.947

0.756 ±

D (£

1

0.050

0.026

0.038

0.017

0.109

0.021

- o)

Nuclei 5

1.075 ± 0.029

1.073 + 0.016

1.039 + 0.034

1.195 ± 0.051

1.C71 ± 0.044

1.057 ± 0.012

1.366

1.052 ± 0.034
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1.317

1.196

0.911

1.336

1.036

0.826

±

±

±

±

±

±

±
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1.19 ± 0.13
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25ft 2. The number of levels and <gf > are determined by a maximum likelihood
analysis of the distribution of gf . This method is used by A, C, E,
F, II with slight differences: only the values above a given threshold
are analysed (C, E, G(?), H); or the distribution also described p
wave resonances (A).

3. fy was determined as:

Tj)= r - 2gTn by D and I.

The subtraction of 2gT instead of r has the effect of introducing a
systematic bias increasing fy.

Annex 1 gives more details about the methods as given by the authors.

It has to be noted that none of the contributors uses any form of
statistics of the level spacing.

VI. The origin of discrepancies

He can summarise Table 5 as follows:

Average parameter

5(1=0)

S°

s1

ry(i=o)

Nucleus-

1
2

1
2

1

1

Range of solutions
(relative to "true values")

-24% to +10%
+ 4% to +20%

-17% to +34%
- 1% to + 3%

+20% and +80%

+ 2% to + 7%

Bearing in mind that:

- these errors are systematic
- the data are about the best presently available and do not present
any kind of systematic error,

we observe that the results obtained by a good sampling of skilled
laboratories are discrepant.

Is this discrepancy linked to the method? It does not appear so.
Despite the fact that the sample is small, the disagreements for B, D, F
(nwthod 1) are of the same order as those for A, C, H (method 2 alone).

We conclude that the systematic bias introduced in the data analysis
due to the physicist and to the codes that ho used, rather than to the
principle of the method.

Conclusions

The extent of participation in this intercomparison was not large,
bearing in mind that there are very many groups of physicists working in
laboratories and who publish average parameters derived by methods relevant
to this exercise. Nevertheless, we do consider that the participation is a
good sample of the more experienced groups working in the field.

The discrepancies between submitted solutions are such as to strongly
suggest that physicists have too much confidence in the correctness of their
particular applications of the principal methods. The systematic discrepancies
are larger than the uncertainties given by the authors.

In view of the importance of derived average parameters we do recommend
that this intercomparison should be followed up within the framework of
NEANDC. It does not however seem obvious that a large specialist meeting
(10+ participants), with a duration of a few days, would be fruitful.

The discrepancies seem to lie in the detailed application of the
methods, rather than in the theoretical approach used. For this reason there
is a better chance of resolving differences in application in much smaller
working meetings in an environment where the codes can be run and compared at
a detailed level. Working visits to laboratories and very small working group
meetings with only a few directly concerned physicists are most likely to be
of value.

This exercise has shown the value of "benchmarks", particularly where
the true values are not known to the participants. We suggest that NEANDC
should sponsor similar exercises in other fields, as this does seem to be a
good way of bringing to the attention of physicists the dangers in over-
confidence in their applications of analysis and calculational methods.
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- Nuclear Theory for Applications, IAEA-SMR-43, Trieste 1980, p.90
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- B. Gruppelaar: Code CAVE (modified version)

- G. Delfini and H. Gruppelaar: "Maximum likelihood analysis of
resolved resonance parameters for some fission product nuclides"
NEANDC(E)209"L", p.169(1979).

- Author D:

- Gyulassy-Perkins (NSE, 53,4,pp.482-486(1974)).



Annex 1

1-B The procedure is as follows:

1) Using typical average parameters for A = 100 or 150, calculate
the probability that each resonance is p-wave.

2) Set the probability to one if shape analysis (or other evidence)
requires that resonance to be p-wave.

3) Set the probability to zero if the resonance is very large
but not required to be p-wave by shape analysis or other evidence.

4) Form the sums in the missing-level estimator using the s-wave
probability when solving for the s-wave density and the p-wave probabil-
ity when solving for the p-wave density. This is a new feature of the
method: each small resonance is partially counted in both sums.

5) Obtain new average parameters and iterate steps 1-4 until the
input and output parameters are the same.

Unfortunately, the solution is not unique in your exercise for
A = 100. The problem is in step 3 above: how large is "very large"?
If we set a threshold equal to some of the smallest of your levels re-
quired to be p-wave, we get far too many s-wave levels. If we set no
threshold, we get far too many p-wave levels. I finally arbitrarily set
the threshold such that the relative s-wave to p-wave level density was
4:9, the expected value for a spin 1/2 target. Hopefully, the uncertain-
ties assigned to the solutions are large enough to include possible
deviations from the exoected 4:9 ratio.

Let me also note that the quantities reported in the table are
local averages. The strength functions have lower relative uncertainties
than the spacings, under the assumption that your analysis preserves
the total area even when resonances may be unresolved.

I-C Method:

Fit of part of neutron width distribution above predefined bias for P^
Variation of bias to chsck sensitivity of results to bias values used.
In case of small p-wave strength function S,, f i t with Porter-Thomas
distribution for s-wave levels alone. In case of large S^, f i t with
superposition of distributions for s- and p-wave levels (assuming a ratio
of s- and p-wave level densities according to usual spin dispersion);
this gives estimate of S,, too.

This is a very simple-minded method which certainly is not comparable
to the much more involved procedures nowadays in vogue. However, I felt
i t useful to include i t in the comparison, in order to find out how much

259 worse this simple method really i s .

I-D enclosed are six different evaluations of the data based mainly on
the Gyulassy-Perkins paper (USE 5_3_, 4, pp 482-486 (1974)) recommended
also by ENDF/8 (ENDF-102, Data Formats and Procedures for the ENDF/B,
Oct. 1975).

In Evaluation*!, the entire "experimental" data is analysed according
to the above mentioned paper, for D(o), sO and si. fy *s obtained
assuming "undetermined 7 ", i.e. J=I and g, =J$ so that 2g fn =" ^ n
and < rr?• = c rt - ( 2 ^ r H » .
In evaluation i2 i t is assumed that resonances with' n less than the
(fn

c minimum̂  of the experimental data were "lost". The probability of
these small resonances(i.e. with Pn i(Tn minimum)) is estimated
assuming p ( ( ' ) e / C s « ) i / . ( . i r J ( l L ) ' " i and the mean
level spacing is corrected accordingly. Somewhat smaller DW values
than in evaluation 1 were obtained, as expected.
In ^evaluation f 3 the 50 lowest resonances were taken from each ladder.
They were analysed as in evaluation # 1 . It was found out that in these
limited samples the t>(°) values are smaller than in the larger
samples for cases 1A.B.C, and are practically the same for cases 5A,B,C.
In evaluation ,1 4 the 50 lowest resonances are analysed as in evalua-
tion H 2, estimating the number of"lost" resonances, and correcting the
values.

In both evaluations #3 and ft 4 we noted that the strength functions,
0 , are much smaller than those of evaluation # 1 and U2 for cases 5 A,B.C.

In evaluation? 5 we used a "cut-off" method, where only- -sonances with
f»° > ( p* cutoff) are considered, assuming that a l l resonancess
with /V>( /V cutoff; are presented in the "experimental" data and
estimating the number of lost resonances from the assumed f f 'VJ
distribution. We got rather high D(o) values for cases 1 A.B.C. and
reasonable values for cases 5 A,B,C,.

In evaluation #6, which concerns cases 1 A,B,C, only, the f>(c)
values are estimated with corrections for lost resonances as ir evalua-
tion A 2, but assuming that all resonances are 5 - resonances, and NOT



250 &s declared by the "experimentalist". This is based mainly on- the
discrepancies between D(o) obtained from the lower 50 resonances of
the Adders (evaluations 3 and 4) and those obtained from the whole
ladder (evaluations 1 and 2). The much smaller o(e) values obtained from
the lower parts of the ladders can not be explained just by estimating
the number of lost resonances, which is about 2% of the population for
the whole ladder. We rather assumed that the "lost" S - resonances are
really those declared as p - resonances.

Thus we got cvaluation/G for cases 1 A,B,C, which, together with
evaluation'^ for cases 5 A,B,C, is the one to './inch we subcribe.

I-E Principle of the method:

- Maximum likelihood applied to truncated g 1̂1 distr ibutions
- missing level estimator which uses the properties of the Porter-Thomas

distribution
- u t i l i sa t ion of Porter-Thomas dis t r ibut ion to calculate par t i a l integrated

with limits equal to 10 <gfh> , <g Tn> , 0.5 < g Tn,> , 0.2 < g Tn > , . . .
- the BAYES c r i t e r i a has to be eliminated.

1-F Methods used to analyse the data:

Principle: The method used separates large s-wave resonances from a l l
other resonances by means of the Bayes' theorem. The number of small s-wave
resonances lost in this procedure i s estimated assuming a Porter-Thomas
distribution of the reduced neutron widths. The uncertainty of the method
i s determined using a large number of different resonance parameter se t s ,
produced in a s t a t i s t i c a l fashion using Porter-Thomas and Wigner dis tr ibut ion
for the widths and level spacing respectively.

ORGANISATION FOR ECONOMIC COOPERATION AND DEVELOPMENT

NUCLEAR ENERGY AGENCY NUCLEAR DATA COMMITTEE (NEANDC)

Intercomparison of methods used to determine average
parameters from resolved resonance parameters

Introduction

The 1979 meeting of NEA Nuclear Data Committee endorsed
a proposal to carry out a benchmark intercomparison study of
methods used to determine average parameters from resolved
resonance parameters. The report NEANDC(E)213"AL", sent out
in September 1980 (First part : generation of tes t data)
and March 1981 (Second part : results and their interpretation)
showed important systematic discrepancies between the sets of
solutions obtained by physicists using essentially the same
approach to the calculation of average level spacings, strength
functions and radiation widths in the two hypothetical nuclei
for which ar t i f ic ia l ly generated resonance parameters were
supplied. I t was agreed at the April 1981 meeting of NEANDC
that a workshop should be held at the NEA Data Bank in October
1981 for the participants in this intercomparison.

The aim of the workshop is to identify the origin of the
discrepancies between different solutions; in order to provide a
clearer basis for discussion, a second exercise is being distributed
to the original participants, and to a small number of other physi-
cists who did not submit solutions but who regularly carry out
calculations of this kind and may wish to join the exercise now.
Intending participants will be asked to send in advance of the
meeting their solutions, a detailed account of the calculational
route followed, and tape copies of the source files for the
programs used.

The second calculation exercise

Data for calculating two cases each, of three stages of
complexity in calculation, are being sent separately to part i -
cipants in the previous exercise:

(a) two cases of pure reduced neutron width distributions
(the only quantity to be determined i s < r n ° > ) .

(b) two cases of resolved resonance parameters, without any
experimental effect.



(c) two cases of pseudo-experimental resonance parameter sets,
similar to case 1 of the previous exercise (account has been
taken of Dr. Weigmann's comments).

It is hoped that obtaining consistent results for (a) will
present no problem. Possible differences in the results obtained
for (b) and (c) should allow it to be established whether the
discrepancies are due to the way in which contamination by p-wave
resonances is allowed for, or whether they result from the treatment
of experimental effects.

It was clear from discussions during the analysis of the
previous exercise that most of the methods used are not fully pre-
scribed, but that the physicist must apply his judgement in
choosing input parameters (such as neutron width threshold)
for the calculation. These choices, and the reasons for
them, should be presented clearly in the notes accompanying
the solution. Where possible, the effect on the results of
varying these choises should be investigated.

The following material should be sent to arrive before
1st October 1981, to:

Dr. Pierre RIBON
DEDR-DRE-SERMA
Centre d'Etudes Nucl6aires de Saclay
91191 Gif-sur-Yvette CEDEX
(France)

- Solutions and the author's detailed comments.

- The program source files including all subroutines
and a sample test case with results.
If programs are submitted in time, it is hoped to
implement them on an IBM computer, and to run some
test cases during the two-day meeting where it appears
desirable for a good understanding of calculation
procedures.

Queries about the calculation exercise should be addressed
to Dr. Ribon. As participation in the workshop will be very
limited, we do not think it appropriate to preserve anonymity
within it, though it can if necessary be restored in any publi-
cation resulting from it.

Participation

Participation in the workshop is restricted to scientists
nominated, in the case of OECD Member countries, by national
representatives on NEANDC. The International Atomic Energy Agency
is invited to submit nominations for a limited number of partici-
pants from non-OECD countries. All intending participants should
have submitted solutions to one of the two exercises. Overall
participation will be strictly limited to 12-15 persons.

Nominations should be sent to :

Dr. N.A. TOBBS
NEA Data Bank
91191 Gif-sur-Yvette CEDEX
(France) Telex: 690920

with a copy to Dr. P. Ribon at the address above.
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V. Contributed papers

In the following section the full text of the contributed
papers are enclosed in the order in which they were received (see:
III. List of working papers).
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DIF?S33:-iCBS IN TH3 DOPPLKR BROADENING OF HjS'JgRON RESOIIAIjCES
Iif CRYSTALS AIJD GAS. STUDIED AT THE 6.7 JJlĤ SOLAIiCE OF ^3ou

A. ?.?eister, D. Pabst"1*, L.B. Pikelner+, '•'!. Pilz+, D. Seeliger,
K. Seidel, R. Tschar.imer+

(Technical University Dresden, GDR
+Joint Institute for Kuclear Research Dubna, USSR

The search for the chemical (isomer) shift of neutron resonances
required a careful study of Doppler broadening of the resonance
in "different crystal lattices. Transmission spectra were measured
with time-of-flight technique at the pulsed fast reactor 1BR-30
and a procedure was made which allowed the determination of
differences between the spectra of U - metal, U0_, UF,,, U0-, and
U02 (N03)2 .6 H20. d * i

The differences in the Doppler broadening can not be described with
the commonly used free-gas"model. The interpretation is possible
with an expression for the weighted normal-mode freauencx. spectrum
of the crystal oscillations of £ (h\r)=a,j S~(MT -hv\j J+a2 cTOiV-bvTg)

In the paper the cross section behaviour in the region of the 6.7 eV
resonance of 23&U v/ith Doppler broadening taking into account cry-
stalline binding is compared with that of the free-gas model (tem-
perature parameter is taken, equal to the sample temperature as well
as to the effective Lamb-corrected temperature) for Uranium-metal
and UO3 at 300 K and 600 K. The influence on resonance parameters
is discussed.

1. Introduction

The hyperfine interaction between the electrons of an atom and the

protons of the nucleus should cause an energy shift of the observed,

neutron resonances between different chemical compounds of the atom

(different electron density at the nucleus) if the nuclear mean-

sauare charge radius <r > is changed by the capture of a neutron.
*" p

The detelimination of this energy shift could permit to deduce <r ">
values of highly (by the neutron binding energy) excited states.

However not about the results of (r ) obtained for ^ U+n £ij may

be reported in this paper but some results are presented, which have

been important for the analysis of the measurement: the different

Doppler broadening of low-lying Uranium resonance in different

chemical compounds.

2. Experiment

The time-of-flight arrangement for the measurement of transmission

spectra in the beam of the pulsed fast reactor IBR-30 with booster

is shown in Fig. 1.

Fig. 1: jfcperiniental arrangement
IBR-30,e: pulsed reactor with booster;
2|°UXi: samples with Uranium compounds;
159Tb: reference sample;
0-3y-49,6Li: neutron detector;
TPA-i: minicomputer as processor;
CC: Camac crate controller;
BK-5: time coder;
C1, C2: counter;
AC, A: sample changer
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286 The measuring procedure is concenti>ated on equal experimental

conditions for the three samples (I, II, III) containing different

chemical compounds of Uranium. Several special tests are carried

out during the experiment to guarantee the stability of the whole

experimental procedure. For instance, the measurement is divided

in cycles of short-time runs, after every of which stability of

beam and equipment are tested and only those spectra accumulated

for which all required conditions are fulfilled. The mean pulse

density in the detector - direct memory access tract is up to

5«1CKs . Differences between transmission spectra, accumulated

during about 10 h, are shown in Fig. 2 and Fig. 3 for three and two

samples respectively after elimination of the resonance position

shift.
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Fig. 2:

Differences of trans-
mission spectra between
the indicated sample
pairs with 1.19«102'
nuclei/cm2 at room tempe-
rature. The width of the
tinie channels t is 2.5/US.
The full line corresponds
to *e>TTAT=1.080 for UO3
and UO2CNO3J2, the dashed
line to <Tfi>u/kT=1.038,
whereas for metal in all
cases ̂ >
used.

910 K

Pig. 3: The same as Fig. 2, but for
the pair UO2 - UF4 with.
0.552»1021 nuclei/cm2 and a
time channel width of 2.0,us.
<e>yAT has been choosen '
1.023 for UO2 and 1.034'for
UF4 respectively

3. Interpretation

These measurements and additional ones with the compounds mentioned

above at higher temperatures,with changed sample thickness, and

small temperature differences between the samples £ 1 "2 could not

be interpreted with the commonly used model for the description of

Doppler broadening, the free-gas model, where, following Lamb £ 3]] ,

on the place of the sample temperature effective temperature para-

meters Tgff in the expression of the Doppler width are used which

correspond to the mean energy per degree of freedom of the Uranium

atom oscillations in the crystal lattice

v
by = k T

eff
(1)

However, sufficient agreement is obtained, as the Fig. 2 and Pig. 3

show, if the crystalline binding of the atoms is taken into account

by an weighted normal - mode frequency spectrum of the oscillations

of the following type [4J



g (hr) = -br2) (2)

The parameters in this expression act in first order only in the

following combination

<e>u = i Q gChr) • coth (hr/2kT), (3)

values of which could be obtained for the studied conpounds from

the measured differences £ 1^ and are given inserted in the figure

captions. For metal, a crystal with atoms of one type only, the

paraneters are choosen according to Ref.

andhw, = 0.011 eV, which corresponds to

sample temperature of T = 300 K.

a,. = 1.0, a2 = 0.0,with

= 1.015 kT at a

Comparision of gas model predictions with a crystal oscillator

treatment

The largest differences occur between U0_ and Uranium metal. For

this pair in Pig. 4 the results of both models are compared directly.

There are qualitativ differences, above all the gas model doesn't

reproduce the asymmetric behaviour relatively to the resonance

maximum.

Group cross sections employed in reactor calculations, are integrals

over certain energy (lethargy) intervals with (in this energy region)

Doppler broadened resonances in the kernel. An asymmetric behaviour

on the energy scale in contrast to a symmetric one (gas model, V'-'X

functions) should in principle have an influence.
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Fig. 4: Cross section differences between
UO3 and Uranium metal at T = 300 K if
the Doppler broadening of the
resonance is calculated with a
crystal oscillator treatment by
(2) (full line) and with
effective temperature gas model
(Teff = 324 K, dashed line). The
bars indicate the resonance
maximum.

In Fig. 5 differences and quotients of the resonance cross sections

betv/een both procedures are shown directly. As ecpected, for metal

with the lowest Debye temperature they are small, for u0_ about

five times larger. The other compounds are placed betv/een these

examples, according to their <<e>jj/kT - values. The use of T f f
instead of T in the gas model reduces slightly the asymmetry only.

An enhancement of the temperature by a factor of two reduces the

deviations to almost the half.

To extimate the influence of the different Doppler broadening

procedures on the determination of resonance parameters with the

usually used least - square fit, a Doppler broadened resonance

expression with the parameters of U0, in (2) is fitted by variation
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Pig. 5s Resonance cross sections, differences
(full lines) and quotients (dashed
lines) "between crystal oscillator
treatment and gas model with T = 300 K
and Teff = 324 K as well as T = 600 K
and T e f f n 613 K respectively.

of /"* and P to the resonancefcrm of the free gas model with

T = 300 K. The fitted parameters differ from the reference one in

the gas model procedure by 4 % and 0.4 % in the case of P and P

respectively. At the temperature for which experimental

data are fitted, a different Doppler broadening procedure is only

another parar.ietrization with changed values for P and V .
n

However, in the order of magnitude as the differences to the gas

model are diminished with increasing temperature (Pig. 5) the

values of p. and Pn should become temperature dependent in the

case of the gas model.
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ESTIMATE OF AVERAGE LEVEL SPACING AND S-WAVE NEUTRON

STRENGTH FUNCTION FOR ?ItlPu RESONANCE DATA

C. Bonifazzi and E. Menapace

Ho^rtato ""arsionale Ener^ia Nucleare, C.S.R. "E.Clementel", Bologna (Italy)

The statistical analysis of neutron resonance parameters developed

in refs ) was applied to the same set of data of clllPu neutron res-

onances quoted in ref. ' ) . The 2*lPu is a fissile r.ot even even nucleus

and this makes it difficult to meet the applicability conditions of the

method, i.e. the possibility to find a reasonable threshold for gl^

ab<?ve which all resonances are observed. In fact a non negligible over-

lapping probability is to be expected between s-wave neutron resonances

of different spin; furthermore the strong interference terms prevent a

correct statistical description of the experimental resolution of close

doublets.

2 3
The maximum likelihood estimation method, refs ' ) was applied

to the Montecarlo simulation of the set of data for different values of

the threshold on gT° and of the one on the spacing of close doublets.

This allowed to scudy the bias introduced by a finite experimental res-

olution in the maximum likelihood estimate of the average spacing D .

The results of the analysis of the experimental set of data as-

suming that no resonance is missed due to overlapping are given in figs

l.a) and l.b) (open circles) for different observability thresholds n(E)

on sXn value.

The threshold function n (E) = & was deduced from the experimental
o

data and allowed to vary by a multiplicative factor a .
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One can see that above a = 0.3 the data are rather stable with

D * 1-0 (eV) and <gF°> = 0.118 (meV)* . The increasing D value

for a < 0.3 is due to the missed s-wave resonances above the threshold.

The dotted lines represent the standard deviations of Motitecarlo sim-

ulation, with D =• 1.0 (eV) and <:S^°> = 0.118 (meV)* as population

averages, without loss of levels due to the finite resolution of dou-

blets. In this case no appreciable bias is present.

The situation changes if one allows for a finite resolution con-

sidering each doublet with spacing less than X as a singlet resonance.

The threshold function X is introduced to consider the overlapping

effect and is chosen to be a constant over the total energy range.

The results of simulation performed taking into account the den-

sity of resonances with spin JW = 2 and = 3 + are shown in fig. l.c)

where the estimated D value averaged over 20 simulated experiments is

plotted against X . Apart from statistical fluctuations one can see

that the estimated D is affected by a bias toward larger values which

increases almost linearly with X . In fact the two s-wave neutron res-

onance sequences make the Wigner level repulsion less effective than the

case of an even even nucleus with only one resonance sequence. In this

case the bias in D estimate would go to zero more rapidly with X .

It is very difficult to find the real value of X from experi-

mental information and measured parameters, ref. ). The Montecarlo

simulations performed by the authors estimate the missed resonances,

because unresolved doublets, as 9% of the total number. This estimate

corresponds to X » 0.15 in fig. 1c) which seems reasonable with the

cross section energy dependence. The corresponding correction on the

estimated D gives

<D> = 0.91 ± 0.05 eV

where a possible variation of X between 0.1 and 0.2 is included in

the estimate of error. Comparing this value with the estimate

<D> = 0.83 (eV) given in ref. ) one can have an idea of the kind of

agreement one can obtain using different methods of analysis in cases

like the present one of 2l|1Pu, in which no clear statistical assumption

can be made about spurious experimental effects (see ref. )).



270 The estimated value of neutron strength function is obviously

the same as ref. ) , i.e. S = 1.18 x 10 because the unresolved

doublets affect the estimate of <gr > and D in a correlated way so

that the value of S is practically unchanged.

The authors wish to thank Drs. H. Derrien, M. Motta and M. Stefanon

for helpful suggestions and stimulating discussion.
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DOPPLER MEASUREMENTS OF 2 3 8U

By

Robert M. Brugger*t°

Habib Aminfar**

Abstract

The effect on the total cross section of self-

shielding of resonances of 2 3 8U as the samples become

thicker has been measured for 2, 24 and 144keV neutrons.

The effect of Doppler broadening of these shielded reso-

nances as the temperature increases has been measured for

2keV neutrons. These measurements have been made for 238u

in the chemical forms of solid metal, liquid metal, U3O8,

UO2 and OC. The measured changes in cross sections have

been fit by a model having a ladder of nuclear resonances

which are Doppler broadened by an ideal gas model. The gas

model not only includes an effective temperature to account

for zero state vibrational motions at lower temperatures,

but also includes an effective mass to account for chemical

binding. While most of the curves show a change in cross

Nuclear Engineering Department, University of Missouri,
Columbia, Missouri.

+Physics Department and Research Reactor Facility,
oUniversity of Missouri, Columbia, Missouri.
"Present address: Physics Division, Los Alamos National
Laboratory.
*Mansour Ave. near bridge, Tabriz, Iran.

section vs temperature that is continuous, a step change

was observed in the total cross section of U metal when the

metal was melted.

I. Introduction

In a previous experiment (1) the effective average

total corss section EATSC of 2 3 8U was measured. EATSC was

defined as that cross section a that was determined from T

= exp(-na) when T is the transmission that is measured, and

n is the number of U atoms per cm2. In these experiments,

first the effect of resonance self-shielding on EATSC was

measured as n was increased. The measurements were at 300K

for samples of 238U metal and 238U3<38, and T ranged from

0.97 to 0.1. The measurements were made for bands of neut-

rons centered at 24 and 144 kev and with band widths of 2

and 24keV. Since 0 has no resonances in these bands, its

effect could be directly subtracted from the cross section

at all n. The total cross section of 0 was taken from

ENDF/B.

2 3 8U has hundreds of resolved and unresolved reso-

nances in these bands which produce self-shielding as n in-

creases and the measurements showed the self-shielding.

They also showed that the EATSC of 23®U in metal is dif-

ferent from that of 2 3 8U in U3O8. Both are smaller than

a(ENDF/B) at large n but approach a(ENDF/B) as the n's ap-

proach zero.



272 The next set of measurements in the experiment of re-

ference 1 determined EATSC for 238u in metal and in U3O8 as

the temperature was increased to 1000K. Here* the n's were

values which gave T =0.5. The data show an increase in

EATSC as the temperature increases. An empirical fit to

the data from both sets of experiments was achieved when

the resonances of 2^8u were defined by a single set of nuc-

lear parameters, and an ideal gas model was used to account

for Doppler broadening. In the ideal gas model the temper-

ature was the effective temperature Teff of Lamb (2), but

for the mass, an effective mass Meff was required to ac-

count for chemical binding.

In the experiments reported here (3) the previous ex-

periments have been extended to:

o a band of 2keV neutrons

o an upper temperature of 145OK

o samples of UO2 and UC

The band of 2keV neutrons extends the energy range one

decade lower to where the resonances in 238u a r e better re-

solved and to where the Doppler effect is more pronounced.

The temperature was pushed up to 1450K for U metal to see

if EATSC changed on melting. UO2 and UC were added as

samples to include the other chemical forms of U that are

being considered as fuel for fast reactors.

The next section briefly reviews the experiments; the

third section presents the data; and section IV includes

discussions and conclusions.

II. Experiment

The experimental arrangement was the same as in re-

ference 1 and is described in detail in reference 3. Total

cross sections were determined by measuring the transmis-

sions of samples in good geometry. The Si filter passing

144keV neutrons and the Fe filter passing 24keV neutrons

have been described before (4). A Sc filter passing 2keV

neutrons was developed for this experiment (5). The

uniqueness of the Sc filter at the University of Missouri

Research Reactor is that it includes separated isotopes of

5"*Fe and 60jji to improve the beam purity. The band widths

of these three filtered beams are 24keV, 2keV and 0.7keV,

respectively.

The samples were either placed on a platform that

could be oscillated to perform "sample in"/"sample out"

measurements, or were placed in a furnace for heating.

Collimators defined the beam before and after the sample to

prevent diffusion and multiple scattering from effecting

the results. A Hansen McKibben-type long counter was used

to detect the transmitted neutrons.

Each filtered beam had some flux of gamma-rays accom-

panying the neutrons. These gamma-rays were used to simul-

taneously measure, as the samples were heated, the change

in density of the sample. Then a correction for density

change was made to the neutron transmission so that changes

in EATSC reflect only the broadening and self-shielding of

resonances and not a change in n/cm2 of the sample.



Several tests were run to verify the method. Neutron

cross sections of well characterized materials, such as Al

and C, were measured. These.agreed with ENDF/B values.

Using the gamma-rays the density of graphite was measured

as a function of temperature. This agreed with published

values. The EATSC of graphite was measured as a function

of temperature. This did not change with temperature which

agreed with the fact that C has no resonances between 2 and

144keV. Using the gamma-rays, the density changes of the

solid U metal, liquid U metal, U3O8, UO2 and UC were

measured as a function of temperature. These agreed with

published data. Figure 1 shows the data for the density

change measured for solid and liquid U metal. All the

tests indicated that the experiment was working as in-

tended.

To fit the EATSC data once it had been obtained, the

U3R program was obtained from ANL (6). This program uses

averaged nuclear parameters as input and calculates ladders

of resonances to represent the cross section. An ideal gas

model was used to Doppler broaden the resonances before

transmissions were calculated. The transmissions for given

thicknesses were averaged over the energy bands. The aver-

aged transmission was then used to calculate an EATSC for

each thickness.
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III. Data

Figures 2, 3 and 4 show the EATSC measured at 300K for

ranges of thicknesses. These data show the effect of self-

shielding of resonances. The data approach the ENDF/B

value of the cross section for thin samples where there are

too few nuclei to produce shielding. The EATSC drops as

the samples are thickened and self-shielding increases.

The cross section for 0 and C have been removed by subtrac-

tion. One notes that the EATSC's for 2 3 8U do not fall on a

single curve but forms a curve for each of the compounds.

The curves of Figures 2, 3 and 4 were calculated using

the U3R program. The set of nuclear parameters used in

these calculations are listed in Table I along with the set

that was used to fit the data of reference 1. In Table II

are given the Debye temperatures, from which Teff can be

calculated, and the Meff's that were used to produce the

curves. The only satisfactory fits to all the data when

using a single set of nuclear parameters required that both

a Teff and Meff be used in the ideal gas model to represent

Doppler broadening.

Figures 5, 6, 7 and 8 show the EATSC data measured as

a function of temperature for samples of U metal, U3O8, UO2

and UC for neutrons of 2keV. The lines are again fits

using the U3R program with the ideal gas model and the

parameters of Tables I and II.



'̂* For the metal, a step in EATSC was observed at the

melting point. This is similar to what was observed for Sn

metal (7). To describe the step with the U3R program re-

quired that an Meff = 100-150amu be used in the calcula-

tions.

IV. Discussion and Conclusions

The data measured in this experiment and presented in

section III show similar effects as were observed in ref-

erence 1. The EATSC's measured as a function of thickness

show self-shielding as the samples thicken, and the amount

of self-shielding is different depending upon whether the U

is bound as a metal, or as an oxide, or as a carbide. The

EATSC's measured as a function of temperature show a

Doppler effect, and the magnitude of the change in EATSC is

different depending upon whether the U is bound as a metal,

or as an oxide, or as a carbide. Both self-shielding and

Doppler effect are more pronounced for 2keV neutrons than

for 24keV neutrons or for 144keV neutrons. At the melting

point a step in EATSC of U metal was measured. This be-

havior of EATSC for U indicates that the Doppler broadening

of the resonances of 238u are effected by chemical bind-

ing.

As in reference 1 a model to describe the cross sec-

tion of 238u"was used which treats the resonances in the
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TABLE i

Nuclear Parameters of 238y Resonances

10"12(cm)

rT (eV)

D> (eV)

D> (eV)

(eV)

D> (eV)

Used to Fi t the Data

Reference 1

0.94

0.019

S-Wave 1= 0

0.943 x 10-4

1.961 x 10~3

20.8

P-Wave 1=1

3.409 x 10~3

20.8

P-Wave 1=1

1.7 x 10~3

10.4

This Work

0.94

0.019

J=l/2

0.995 x lO-"

2.1 x 10"3

21.1

J=l/2

3.409

20.8

J=3/2

1.7 x lO"3

10.4



TABLE II

Comparison of Effective Mass and Debye Temperature

of 2 3 8U Metal, U3O8, UO2 and UC

Compound

2 3 8U Metal
(liquid)

UC

Effective
Mass
(amu)

Debye
Temperature

(K)
Methods of Debye

Reference Temperature Determination

100-150 260 This Work Doppler Effect Measurement

238D Metal
(solid)

U3O8

UO2

238
238

400
835

600

210
260
260

516
545
505

620
590

12
1

This Work

12
1

This Work

13
This Work

X-ray Diffraction
Doppler Effect Measurement
Doppler Effect Measurement

X-ray Diffraction
Doppler Effect Measurement
Doppler Effect Measurement

X-ray Diffraction
Doppler Effect Measurement

400

265
366
265

14
14

This Work

X-ray Diffraction
X-ray Diffraction

Doppler Effect Measurement

275



276 energy bands as a ladder of resonances having a set of

averaged nuclear parameters. These resonances were then

Doppler broadened using an ideal gas model which incor-

porated not only a Teff to account for zero state vibra-

tions, but a Meff to account for chemical binding. For any

energy band the nuclear parameters should be the same for

238u jn any chemical form. Thus, for example, one cannot

have two sets of nuclear parameters to fit U in metal and

U in UO2. Since Teff + Treai as Treai increases and ap-

proaches the Debye temperature, Teff shows no variation for

U in metal as compared to U in UO2 at higher temperatures.

This says that Tef£ cannot be adjusted to fit both U metal

and UO2 data for example. Therefore, it was found neces-

sary to introduce an Meff to have some parameter in the

ideal gas model that would permit fitting of the data.

An adjustable Meff also allowed fitting of the step in

the solid U metal to liquid U metal data. An Meff <238amu

does not seem realistic; it shows only that an adjustable

parameter is needed. To approach more realistic values,

all the data need to be refit with a new set of nuclear

parameters and larger Meff's for all samples. However, the

present fit is an empirical description that fits all the

data.

Other evidence of similar behavior of the Doppler ef-

fect would help to confirm the empirical approach of this

paper. Criticality measurements of fast reactor assemblies

(10) have found a consistent error in the calculated to

measured value of the 238u activation reaction rate.

Brugger and Loyalka (11) have made simple calculations of

the activation reaction rate and observed a difference

which depends upon the chemical form of the 238u near the

activation foil. Detailed reaction rate calculations using

sophisticated reactor codes should now be performed to fol-

low up on these suggestions.
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300 500 700 900 1100 1300 1500 1700

TEMPERATURE (K)

1. . The percent change in area density as measured

for the samples of 238U metal. The vertical

dashed line is the melting point of U metal. The

solid line is calculated from linear expansion

coefficient data from references 8 and 9. The

points # are for the sample having n=0.059

nuclei/barn and I for n=0.023 nuclei/barn. The

^ is calculated for liquid U of density

16.63g/cm3.

A 8 12 16 20 24 28

THICKNESS (U nuclei /barn x!0 2 )

2. The EATCS of 238U as metal (#, ), U3O8

(O, •), U02 (•,—) and UC (*,•••). The

samples were at 300K and the neutron band was

centered at 2keV. The curves are from U3R

calculations.



4 8 12 16 20 24 28

THICKNESS (U nuclei/barn x 102)

3. The EATCS of 238U as metal ( # , ) , U3O8

(Of )# UO2 ( I f ) , metal from reference 1

( "Ar ) t U3O8 from reference 1 ( D ) and

ENDF/B-IV ( • ) . The samples were a t 300K and

the neutron band was centered at 24keV. The

curves are from U3R ca lcu la t ions .

279

4 8 12 16 20 24 28

THICKNESS (U nuclei/barn x 102)

4. The EATCS of 238U as metal ( # , ) , U3O8

(Or )f UO2 ( | i ) , metal from reference 1

( ^ ) , U3O8 from reference 1 ( • ) and ENDF/B-IV

( D )• The samples were at 300K and the neutron

band was centered at 144keV. The curves are from

U3R calculat ions.
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13.0
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TEMPERATURE (K)

17.0

500 700 900 1100 1300 1500
TEMPERATURE (K)

1700

5. The EATCS of 238U metal for 2keV neutrons. The

points • are for n=0.23 nuclei/barn, • are

for n=0.059 nuclei/barn and • are for n=0.022

nuclei/barn. The lines are from U3R calculations

where ——is for Meff=238amu, is for

Meff=150amu and is for Meff=100amu. The

vertical dashed line is the melting point of U

metal.

6. The EATCS of 2 3 8U in U3O8 for 2keV neutrons. The

points # are for n=0.021 U nuclei/barn and •

are for n=0.0303 (J nuclei/barn. The lines are

from U3R calculations where Meff=835amu.
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500 700 900 1100
TEMPERATURE (K)

1300 1500 1700

7. The EATCS of 2 3 8U in UO2 for 2keV neutrons. The

points 9 are for n=0.0265 U nuclei/barn and H

are for n=0.0538 U nuclei/barn. The lines are

from U3R calculations where Meff=600amu.
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300 500 700 900 1100 1300 1500 1700
TEMPERATURE (K)

8. The EATCS of 238U in UC for 2keV neutrons. The

points • are for n=0.0603 U nuclei/barn and I

for n=0.110 U nuclei/barn. The lines are from

U3R calculations where Meff=400amu.
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Evaluation of Resonance Parameters of U, Pu and Pu

* ** ***
T. Nakagawa , A, Zukeran and M. Kawai

Japanese Nuclear Data Committee, Japan Atomic Energy Research Institute

Abstract

The evaluation of the resolved resonance parameters of U, Pu

and Pu was performed for the second version of Japanese Evaluated

Nuclear Data Library JENDL-2. In this work, all the resonance parameters

measured so far were compiled and examined. The evaluation was made by

mainly using recent measurements for each isotope. The presently evaluat-

ed resonances are 183 s-wave and 265 p-wave resonances up to 4,73 keV
238 240

for U, 267 s-wave resonances up to 5.69 keV for Pu and 95 s-wave
242 238 240

resonances up to 1.89 keV for Pu. For U and Pu, negative

resonances were also recommended. The multi-level Breit-Wigner formula

was applied, and the their resolved resonance regions were chosen to be

from 10~5 eV to 4 keV for 238U and 240Pu and from 10~5 eV to 1.29 keV

for Pu. Furthermore, background cross sections were determined to

correct the cross sections calculated from the evaluated resonance

parameters.

1. Introduction

The first version of Japanese Evaluated Nuclear Data Library

JENDL-1 was released in 1977. In JENDL-1, the resolved resonance

parameters of U and Pu were mainly taken from ENDF/B-IV ' because
242

our own evaluation work had not been completed. The data of Pu were

not contained in JENDL-1.

* Japan Atomic Energy Research Institute

** Energy Research Laboratory, Hitachi, Ltd.

*** Nippon Atomic Industry Group, Ltd.

New experimental data of resonance parameters for these three

nuclides have been accumulated after the compilation of JENDL-1. For

U, low lying resonances were particularly investigated, because
3)benchmark tests for thermal reactors indicated that the underpre-

diction of criticality was due to too large capture widths of the low

lying resonances. Transmission measurements were carried out also at

various laboratories in wide energy ranges. New measurements of the

sub-threshold fission were also performed for U, 240Pu and Pu.

These new data are different from the evaluated parameters adopted in

JENDL-1 more or less. This indicates the necessity for a new evaluation

work of resolved resonance parameters for JENDL-2.

Our evaluation work of resolved resonance parameters was started

around 1975. At first, measured resonance parameters were compiled by

using the Resonance Parameter Storage and Retrieval System REPSTOR .

Evaluation was performed on the basis of these compiled data. The

present evaluation of resonance parameters was mainly based on the

recent experiments. The evaluation and results are described in this

paper. The results are tabulated in Appendix. The presently evaluated

data were compiled in JENDL-2 with ENDF/B format .

2. Evaluation of Resolved Resonance Parameters

2.1 Uranium-238

At the time of the JENDL-1 compilation, the most reliable evaluated

data were those by McCrosson for ENDF/B-IV who took account of data

measured until about 1973. Many new experiments, however, have been

made by various experiments since then.

In the present evaluation, the resolved resonance parameters measured

until 1980 ~ were compiled by using REPSTOR. By comparing them with

one another, it was found that there were discrepancies among resonance

energies and parameters. The present evaluation was carried out as

follows.

Resonance energy

Systematic discrepancies were found in resonance energies reported

by various experimenters. These discrepancies can be interpreted in
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terms of systematic errors of flight-path length and initial time delay-

in time-of-flight spectrometers. Neutron energies are represented as

follows by using flight-path length L(m), time of flight t(sec) and

initial time delay tQ (sec),

E(eV) , 72.2977 L .2
t - tm ' ' (1)

A systematic error of E caused by errors of L and t. can be written as

AE(eV)
2 At,

• E + •
0 ,,3/2

(2)
72.2977 L

In the present evaluation, measured resonance energies were compared

with those of 01sen et al. which were adopted as standards. An
28)

example of energy discrepancies between Rahn et al. ' and Olsen et al.

is shown in Fig. 1 where these discrepancies were reproduced by Eq. (2)

with the least squares method. The solid curves in Fig. 1 give the

fitted one and one standard deviations. After correction of resonance

energies in each measurement by using Eq. (2), the resonance energies

were averaged over all the measurements in order to obtain an evaluated

value. In the present work, resonance levels reported by neither

Poortmans et a l . 3 8 \ Olsen et al. 3 6' 3 9^ nor Nakajima^ were abandoned.

Finally we adopted 187 s-wave resonances including 4 negative ones

and 265 p-wave resonances in the energy range from -113 eV to 4728.0 eV.

The energy range where the cross sections are calculated from the reso-

nance parameters was selected to be from 10 eV to 4 keV.

Neutron and capture widths

The neutron and capture widths were determined by taking account of
238

resonance areas. In the case of U, the resonance areas can be approxi-

mated as follows, because the sub-threshold fission widths are negligibly

small.
(1) Thin sample transmission area

(2) Thick sample transmission area

(3)

(4)

(3) Thin sample capture area

(4) Thin sample scattering area

2 2 2
A. = 2TT ̂  gr /(r + r
4 ° n x n

(5)

(6)

For a certain resonance energy, these relations are essentially express-

ed as
a, - r , (3')

and

(4')

(5')

(6')

were calcu-In the present evaluation, the values of a^, a2, a,

lated from the reported values of r and r for each measurement. The
n Y

values of A., a,, a, and a, are less discrepant than the values of r

and r among the different measurements. Then, averaged values of a,,

a,, a, and a, were obtained, by giving especially high weights to new

data measured after 1977.

as to minimize the following sum of squares of residuals.

The best values of r and V were so obtained
n Y

I =

TV
+ W 4 t < a 4 >

where w , w_, w_ and w, are weights for residuals, and

(7)

<a_>, «a,>

and <a,> stand for averaged values of a., a., a, and a,, respectively.

Figure 2 shows an example of the evaluation of r and r of a resonance
n Y

at 66.01 eV. Measured resonance parameters are shown in the figure
together with errors, and four solid curves give the relations between

<a2>, and In this example,T n and r corresponding to <

the best values of r and r were determined to be 24.9 and 22.9 meV,n Y

respectively. This method was applied to determine the neutron and

capture widths of all the resonances where more than one experiments

existed.
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obtained for the low lying s-wave resonances on the basis of small

values in recent measurements. An average capture width obtained from

the present parameters is (23.6 + 1.9) meV which agrees well with (23.5

+1.2) meV which is a weighted average of the reported values.

Sub-threshold fission width

The sub-threshold fission widths were determined from the fission
43)resonance areas measured by Difilippo et al. Finally, a total of 28

s-wave resonances were given their sub-threshold fission widths.

Effective scattering radius and formula
39)Olsen et al. analyzed their transmission data with a shape

analysis code by the multi-level Breit-Wigner formula in various energy

intervals and obtained effective scattering radii for those intervals.

We adopted the multi-level Breit-Wigner formula and the effective scat-

tering radius of 9.48 fm obtained by averaging the values of Olsen et

al. below 2.2 keV.

Correction of calculated cross sections

In order to take account of contributions from negative resonances,

four s-wave resonances were added artificially. The first negative

resonance was located at -41 eV and its neutron width was determined so as

to reproduce at 0.0253 eV the capture cross section of (2.7 + 0.02)

barns, the elastic scattering cross section of (8.90 + 0.16) barns and

the total cross section of (11.60 + 0.16) barns recommended in BNL-325

3rd edition45^.

Contributions from the resonances lying outside of the presently

considered resonance range (truncation effects) were taken into account

by using the picket-fence model. The truncation effects were approximated

by

Aa
tot

4iT
, 2

E - E + D

(E -E+0.5D)(E-E~+O.5D)

, , E-E +O.582D .._,
In (— )kR],

E -E+0.582D
(8)

Aa
C

S0/I E - E + D

^E"r-E+0.5D)(E-E"+0.5D)

e l
Ac - Acr ,

tot cap '

(9)

(10)

where E and E are the upper and lower limit energies, respectively, of

the presently considered resonances. Equation (8) was derived by
461

de Saussure et al. and Eq. (9) was obtained in this work with the

same procedure. The following values were applied to calculate Eqs.

(8), (9) and (10).

So

E+

R

= 1.1 x

= 4278.

= 9.48

io"\

0 eV,

fm,

D

E"

V

= 23.92 eV,

= -113.0 eV,

= 23.5 meV.

It was found out from a ploting of cumulative numbers of p-wave

resonances that the number of p-wave resonances decreased above 1.5 keV.

Taking account of contributions from the missed p-wave resonances, the

capture cross section above 1.5 keV was corrected by adding small

background cross section calculated by the following equation.

Ao = 3.2 x 10i"3/E - 4.8126 —— . (11)

Figure 3 shows an example of the comparison of the calculated total

cross section with measured one. The solid curve shows the present

value and the dashed curve JENDL-1. Table 1 lists the thermal prop-

erties of the present results. The resonance integral of the capture

cross section agrees with the recommended value within the quoted error.

The thermal fission cross section also agrees with measured values of

Si l t
37)

( 3 + 5 ) x 10~6 barns by S i lbert and Bergen2 5 ) and (2.7 + 0 . 3 ) x i o" 6

barns by Slovacek e t a l ."

2.2 Plutonium-240

JENDL-1 adopted the resonance parameters of ENDF/B-IV ' up to 3.91

keV, which used the mul t i - l eve l Breit-Wigner formula in order to avoid



the negative values of the elastic scattering cross section. The

parameters were given for 201 s-wave resonances including a negative

resonance at -4.099 eV, 20 of which were given the sub-threshold fission

widths. The present evaluation of Pu resonance parameters was made

by using all the experimental data reported so far.

Resonance energy

The resonance energy of the lowest level was determined to be 1.056

eV on the basis of the measurement by Pattenden and Rainey . The

other resonance energies above 20 eV were based on the transmission

measurement by Kolar and BBckhoff . A negative resonance at -4.099 eV

was taken from ENDF/B-IV. Finally a total of 268 resonances from -4.099

eV to 5.692 keV were adopted, and the resolved resonance energy region

was defined to be from 10 eV to 4 keV.

Neutron and capture widths

The resonance parameters of the first resonance at 1.056 eV were

taken from the total cross section measurement made by Pattenden and

Rainey, and those of the negative resonance from the ENDF/B-IV evalu-

ation.

The neutron and capture widths of resonances from 20 eV to 500 eV
63)

were based on the experimental data by Hockenbury et al. ' which agree

with those by Kolar and BOckhoff. For the resonances from 500 eV to 5.7

keV, the neutron widths obtained by Kolar and BBckhoff were adopted.

For the resonances whose capture widths were not reported, the value of

29.5 meV was assumed by averaging the data of Hockenbury et al. This

assumed value is higher than the average value of 23.2 meV obtained by
59) 64)

Weigmann and Schmid . Weigmann and Theobald , however, reanalyzed

the experimental data by Weigmann and Schmid, and obtained the higher

average capture width of (32 + 2) meV. The ENDF/B-IV evaluation also

assumed the value of 29.5 meV.
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Sub-threshold fission width

The sub-threshold fission widths were taken from the measured data

by Auchampaugh and Weston ' in the energy range of 500 eV to 10 keV

with the ORELA neutron facility. They obtained the sub-threshold

fission widths for 82 resonances with the area and shape analyses by

assuming the neutron widths deduced by Kolar and BSckhoff. Furthermore,

Auchampaugh and Weston estimated the minimum fission width I", with
66 67) i,Bin

the formula ' ' by Gai et al. in terms of the penetrabilities through
the inner and outer fission barriers,

where

f ,min

PA'PB

(12)

_ A
2TT II

_ _B
2ir "II

penetrabilities for the inner and outer barriers,

average class-I and class-II level spacing.

Auchampaugh and Weston obtained the r, value of (0.22 + 0.17) meV

which was a little higher than 0.20 meV of the ENDF/B-IV value. These

82 sub-threshold fission widths and the minimum fission width of 0.22

meV were used in the present work.

Correction of calculated cross sections

The average capture cross section is compared in Table 2 with the

measured data by Weston and Todd . The differences between them were

corrected by applying the background cross sections.

The multi-level Breit-Wigner formula was adopted together with the

effective scattering radius of 9.184 fm which is the same as that of

ENDF/B-IV. Figure 4 shows the fission cross sections calculated from

the present and ENDF/B-IV parameters as well as experimental data. The

capture and fission cross sections at 0.0253 eV and their resonance

integrals are compared with the recommended values of BNL-325 3rd edition

in Table 1. All the values are in agreement with the recommended ones

in the quoted errors.

2.3 Plutonium-242
242242

In the case of Pu, resolved resonance parameters are given to



only eleven levels up to 390 eV in ENDF/B-IV . They were evaluated on

the basis of the data 6 9" 7 4^ measured until 1971. After the ENDF/B-IV

evaluation, several new measurements were performed. Bergen and

Fullwood75^ measured the sub-threshold fission cross section by using

nuclear explosion and obtained the fission widths of 23 resonances

lying from 53.4 to 788.2 eV. Poortmans et al. ' determined V^ and r

of 72 levels from 2.68 eV to 1286 eV on the basis of the scattering

capture and transmission data measured with the CBNM linac. Harvey

et al. , Hockenbury et al. ' and Auchampaugh and Bowman obtained

r values of resonances from 22.57 eV to 494.75 eV, from 205.0 eV to
n
382.4 eV and from 595.2 eV to 3836 eV, respectively, by using their

transmission data. Auchampaugh and Bowman gave also the sub-threshold
80 "i

fission widths on the basis of another measurement of the sub-threshold

fission cross section.

In the present evaluation, the measured data mentioned above were

compiled together with old ones by using REPSTOR and examined, and a

complete set of resolved resonance parameters was determined up to 1891

eV. The multi-level Breit-Wigner formula was applied.

Resonance energy

Resonance energies up to 1891 eV were taken from the recommended

values of BNL-325 3rd edition , but the resolved resonance energy

region was determined to be from 10 eV to 1290 eV because resonance

parameters were not given between 1290 to 1700 eV.

Neutron and capture widths

The neutron and capture widths were determined by averaging the

measured values. The obtained neutron widths are close to those of

Poortmans et al, ' and Auchampaugh and Bowman . For the resonances

whose capture widths were not measured, the value of 24.2 meV was applied.

Sub-threshold fission width

The sub-threshold fission widths were deduced from the fission

areas given by Bergen and Fullwood 5' and by Auchampaugh and Bowman 7 9K

In order to give the sub-threshold fission widths to the resonances

whose fission widths were not measured, an average was taken over the

resonances locating outside an intermediate fission resonance near 750

eV. The average value of 0.116 meV was thus obtained in the energy

range from 200 to 900 eV, and was applied in this energy region. For

the other energy regions, Te » 0,05 meV was assumed, by taking account

of the neutron energy dependence of the sub-threshold fission width near

the intermediate fission resonance.

Correction of calculated cross sections

Using the resonance parameters thus obtained and the effective

scattering radius of 9.6 fm recommended in BNL-325 3rd edition, the

cross sections were calculated. It was found that the thermal capture

cross section agreed well with the experimental values ' * ' * ,

and the thermal fission cross section fell below the experimental upper

limit of 0.2 barns. The elastic scattering and total cross sections,

however, were lower than recommended values of BNL-325 3rd edition. We

corrected them by adding the background cross sections of 0.67 barns so

as to reproduce the measured data of the elastic and total cross

sections73'7^.

Table 1 shows comparison of thermal cross sections and resonance

integrals with values recommended in BNL-325 3rd edition. The present

resonance integral for capture agrees well with the BNL-325 data and the

measured data by Young et al. ' , and the value for fission is slight-

ly larger than the BNL-325 recommendation. Figure 5 displays the total

cross section in the energy range of 1 eV to 100 eV. The present result

shown with a thick solid line slightly underestimates the total cross

section at off-resonance energies. The same problems are also found in

the other evaluations. This disagreement may be diminished by the

adjustment of the scattering radius. The evaluated fission cross sections

are shown in Fig. 6 below 10 keV. There are very large discrepancies

among the present results, ENDF/B-V84', KEDAK-385) and ENDL-7886*.

Particularly the present fission cross section is higher than the others

by an order of magnitude below 0.5 eV as seen in Fig. 6.



Average resonance parameters were obtained from the presently

evaluated parameters below 500 eV which were regarded as s-wave reso-

nances. They are D = 13.04 eV, SQ » 0.85 x 10" and F = 24.2 meV.

3. Concluding Remarks

The evaluation of the resolved resonance parameters of U, Pu

and Pu was performed for the second version of Japanese Evaluated

Nuclear Data Library JENDL-2 by using all the experimental data reported

so far. The evaluated parameters are listed in Appendix. The multi-

level Breit-Wigner formula was adopted to avoid the negative values in

the elastic scattering cross section.

The neutron and capture widths of U were determined by applying

the least squares method to resonance areas. The capture widths of the

low lying resonances became smaller than those of ENDF/B-IV. The

evaluated fission widths were based on the measured fission areas. The

resonance energies were determined by averaging the values of recent

measurements after correction of their systematic errors. Finally 183

s-wave and 265 p-wave resonances were recommended up to 4.73 keV.

A total of 267 resonances up to 5.69 keV were recommended for
240

Pu. Their sub-threshold fission widths were obtained by taking
account of the ORELA measurement by Auchampaugh and Weston. The reso-

242nance parameters of Pu were determined for 95 resonances up to 1.89

keV, Their neutron and capture widths were obtained by averaging the

measured values, and the sub-threshold fission widths were given to all

the resonances on the basis of measured fission areas. All the resonances
240 242were assigned as s-wave resonances for Pu and Pu, This seems

improbable taking account of the situation of U. Probably some p-

wave resonances were mlsassigned as s-wave ones and some p-wave reso-

nances might be missing.

The energy region where the cross sections are calculated from the

parameters were determined to be from 10~ eV to 4 keV for U and
2 4 0Pu, and from 10~5 eV to 1.29 keV for 242Pu. The background cross

sections were also evaluated in order to reproduce well the measured

cross sections. The thermal fission and capture cross sections and

their resonance integrals agree with the recommended values in BNL-325

28/ 3rd edition.

The authors thank to the members of Working Group on Heavy-Nuclide
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Table 1 Comparison of thermal properties

Isotope Ouantity BNL-325 (3rd) JENDL-2

238U

cap
2.70 + 0.02

275 + 5

2.699

3.86 x 10'

279

2.05

.-6

240,
Pu

cap
289.5 + 1.4

0.030 + 0.045

8013 + 960

288.5

0.0676

8454

10.1

242
Pu

cap
18.5 + 0.4

<0.2

1130 + 60

5

18.43

0.013

1117

6.3

* All the values are given in barns.

240 *
Table 2 Background values for the Pu capture cross section

E (keV) experiment
(E)

68) calculated
(C)

E-C
**

adopted
background

0.1 -.0.3

0.3 - 0.4

0.4 - 0.5

0.5 - 0.6

0.6 - 0.7

0.7 - 0.8

0.8 - 0.9

0.9 - 1.0

1.0 - 1.5

1.5 - 2.0

2.0 - 3.0

3.0 - 4.0

8.71

10.27

6.60

7.14

5.09

2.63

6.63

5.53

3.50

3.03

2.42

1.89

+ 0.61

+ 0.72

+ 0.46

+ 0.50

+ 0.36

+ 0.18

+ 0.46

+ 0.39

+ 0.25

+ 0.21

+ 0.17

+ 0.13

7.15

8.00

6.24

6.34

3.85

1.71

3.73

4.55

2.44

2.01

1.43

0.798

1.56 ]
2.27 ;

0.36

0.80

1.24

0.92 "

2.92

0.98

1.06 "*

1.92

0.80

1.60

I . ..
1.02 { 1>04

0.99

1.092

0.99

1.092

* All the values are given in barns.

** Average values of (E-C) were adopted as background cross
sections.
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Appendix

U-238

List of Resonance Parameters Adopted in JENDL-2

ENERGY
(EV )

J

-113.0 0 O.S
-69.0 0 0.5
-65.0 0 0.5
-41.0 (
4.404
6.672
10.235
11.307
16.28
19.524
20.864
36.671
45.176
49.626
63-504
66.015
80.729 (
83.66
89.219
93.109
102.54 (
111.25
116.87 (
124.89
133.29
145.63 (
152.41
158.97
160.8
165.26 (
173.18
189.64 (
194.73
200.68
203.05

) 0.5
0.5

D 0.5
1 0.5
1 0.5

0.5
1 0.5
3 0.5
3 0.5
1 0.5
1 0.5
1 0.5
3 0.5
) 0.5

0.5
0.5
0.5

) 0.5
0.5

3 0.5
0.5
0.5

) 0.5
0.5
0.5
0.5

3 0.5
0.5

3 0.5
0.5
0.5
0.5

208.47 0 0.5
214.86
218.37
224.57

0.5
0.5
0.5

237.34 0 0.5
242.71
253.89
257.19
263.94
273.62 C
275.2
282.44

0.5
O.S
O.S
0.5

) O.S
O.S
O.S

290.96 0 O.S
311.28 0 0.5
322. B5
332.02
337.27
347.75 C
351.66
372.91
376.89 C
395.33
397.58 C
408.15
410.21 C
434.04 C
439.75
446.5
454.06
463.14 C
467.21
476.4 C
485.3
488.87
49B-96
516.33 C
523.35 1
532.44 ]
535.28 C
542.41 !
550.71 I
556.25 1
580.08 C
584.47 1
595.01 C
606.73 1
615.78 1
619.95 C
624.23 1
628.53 C
633.34 i
661.14 C

0.5
0.5
0.5

) 0.5
0.5
0.5

) O.S
0.5

) 0.5
0.5

) 0.5
O.S
0.5
O.S
O.S
0.5
0.5

) 0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
O.S
0.5
O.S
O.S
O.S
O.S
O.S

TOTPL WIDTH
IMEV )

SI .5
48.5
44.5
35.35
18.4001
25.2
23.6016
23.6004
23.6001
23.8014
33.1
56.8

27.0014
24.9009
23.9098
47.8001
26.2701
24.4104
24.0BS1
24.4054
96.0

23.1084
48.7

24.0206
23.4083
23.909
24.0468
24.6134
23.605
27.21

23.8461
199.1
24.7455
24.1557
23.6344
71.8001
24.3595
23.5302
23.62

50.7001
23.689
23.507
24.0176
23.868
48.4
23.792
23.708
39.6
24.35
22.0417
23.1518
23.708
102.1
23.633
24.34

25.8502
21.4709
30.52

23.8807
42.3
33.86
23.888
23.9462
24.022
28-6415
24.4613
27.8402
23.742
24.614
23.207

73.0003
23.666

23.1667
67.7004
25.452
23.5855
24.398
61.6
23.911
108.901
23.564
23.449
53.5002
24.303
30.2
23.52
150.9

NEUTRON WIDTH
(MEV !

28.0
2S.0
21.0
11.85
1.11 -4
1.5

0.001S9
3.69 -4
5.04 -5
0.00136
10.1
33.3
0.00136
9.22 -4
0.00976
24.9
1.87

0.0104
8.509-2
0.00538
70.9
0.00842
25.6
0.0206

0.00835
0.909
0.0466
0.0134
0.005
3.31

0.0461
176.0
0.0455
0.0557
0.0344
49.5
0.0595
0.0302
0.02
26.5
0.189
0.107
0.0176
0.268
25.3
0.192
0.108
16.5
l.OS

0.0417
0.0518
0.108
79.2
0.233
0.04
1.25

0.0709
6.12
0.0807
19.8
9.76
0.288
0.0462
0.422
5.54
0.0613
4.14
0.142
0.814
0.107
48.9
0.286
0.0687
43.6
0.152

8.549-2
0.898
36.5
0.111
85.8
0.264
0.149
30-2
0.803
6-3
0.12

126.0

GflMMfl WIDTH
(MEV )

23.5
23.5
23.S
23.5
18.4
23-7
23.6
23.6
23.6
23.8
23.0
23.5
27.0
24.9
23.9
22.9
24.4
24.4
24.0
24.4
25.1
23.1
23.1
24.0
23.4
23.0
24.0
24.6
23.6
23-9
23.8
23.1
24.7
24.1
23.6
22.3
24.3
23.5
23.6
24.2
23.5
23.4
24.0
23.6
23.1
23.6
23.6
23.1
23.3
22.0
23.1
23.6
22.9
23.4
24.3
24.6
21.4
24.4
23.8
22 .S
24.1
23.6
23-9
23.6
23.1
24.4
23.7
23.6
23.8
23.1
24.1
23.4
23.1
24.1
25.3
23.5
23.5
25.1
23.8
23.1
23.3
23.3
23.3
23.5
23.9
23.4
24.9

FISSION WIDTH
(MEV )

9.2 -6

4.8 -5
1.2 -5

5.1 -5
6.6 -5

1.2 -S

4.8 -5

8.8 -5

0.00006

2.68 -4

2.05 -4

0.00147

2.41 -4

2.93 -4

3-67 -4

0.0011

2.15 -4

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2



U-233

ENERGY I
(EV )

668.55
677.75
681.67

J

0.5
0.5
0.5

693.05 0 O.S
698.14 0.5
708.27 0 0.5
710.52
713.54

0.5
0.5

721.58 0 0.5
730.12 0 0.5
732.48
734.9
743.14
756.2
76S.0S (
770.89
772.6
779.31
785.9
787.3

0.5
O.S
0.5
0.5

3 0.5
0.5
O.S
O.S
O.S
0.5

790.82 0 O.S
808.2 0.5
821.56 0 0.5
828.46
833.86
846.68

0.5
O.S
O.S

850.99 0 O.S
856.08 0 0-5
859.44 O.S
866.42 0 O.S
891.23 0.5
905.03 0 O.S
910.01 0.5
925.11 0 O.S
932.66 0.5
937.02 0 0.5
940.84
9S8.52 (
964.58
977.34
982.32
98S.17
991.63 (
1003.67
1011-44
1022.96 (
1029.12
1033.38
1047.27
1054.45 !
1062.69
1067.68
1074.07
1081.7
1095.18
1098-62 (
1102.9
1109.08 (
1118.97
1131.37
1140.35 (
1145.47
1147.97
11S2.S7
1155.07
11S9.36
1167.63
1177.07
1194.81 (
1201.S7
1211.11
1219.51
1230.08
1233.17
1236.36
1245.06
1249.85
1251.42
1260.94
1267.04
1272.97
1276.53
1278.04
1283.64
1265.4
1289.04
1296.14

O.S
) O.S

O.S
O.S
0.5
0.5

) 0.5
0.5
0.5

3 O.S
0.5
0.5
O.S

3 0.5
0.5
0.5
0.5
0.5
O.S

3 0.5
0.5

3 0.5
O.S
O.S

3 0.5
O.S
O.S
O.S
O.S
0.5

3 0.5
3 0.5
3 0.5

O.S
3 O.S

O.S
O.S
O.S
O.S

3 O.S
0.5
O.S
O.S

3 0.5
3 O.S

O.S
O.S
O.S
0-5
O.S
O.S

TOTflL WIDTH
IMEV )

23.706
24.3

22.6525
63.3
24.392
46.626
25.85
23.917
26.49
24.884
26.38
22.363
23.759
24.129
31.0773
23.72
23.74
2S.64
26.35
24.473
30.24
23.903
88.9
24.486

25.2947
24.269

86.9011
110.301
24.114
28.91
24.197
77.9
24.85
40.0
23.029
173.7
24.557
227.8
24.404
24.172
23.69
24.969
407.2
28.107
25.46
31.25
25.81
23.833
23.897
117.8
24.387
25.02
24.323
25.25
25-88
45.2
25.84
58.0
23.221
27.61

2S8.701
23.61
23.7
25.176
23.925
23.44
109.911
91-9
115.7
23.724
33.495
24.881
23.899
23.908
23.166
276.8
23.9
24.606
23.708
54.3041
52.0
24.142
24.3
24.0
22.91
24.45
23.7

NEUTRON WIDTH
IMEV I

0.206
0.7
0.0525
40.4
0.292

21.1
1.05
0.217
1.76
1.0
1.78
0.163
0.359
0.529
7.57
0.12
0.14
2.14
0.15
0.473
6.84
0.403

65.3
0.186
0.0947
0.869

62.9
86.6
0.414
5.41
0.697

54.2
1.35

14.0
0.229

150.0
0-657

205.0
0.304
0.772
0.09
0.169

378.0
0.107
1-86
8.45
2.31
0.733
0.397

94.6
0.787
1.12
0.923
1.55
2.2B

21.4
2.24
34.6
0.S21
3.71

235.0
0.01
0.3
0.476
0.825
0.74

86.8
69.2
94.6
0.524
9.64
0.581
0-399
0.408
0.466

254.0
0.3
0.606
0.208

29.6
28.3
0.542
0.7
0.4
0.41
0.25
O.I

GfiMMfi W10TH
IMEV J

23.5
23.6
22.6
22.9
24.1
25.5
24.8
23.7
23.7
23.8
24.6
22.2
23.4
23.6
23.5
23.6
23.6
23.S
26.2
24.0
23.4
23.5
23.6
24.3
25.2
23.4
24.0
23.7
23.7
23 .S
23 .S
23.7
23.5
26.0
22.8
23.7
23.9
22.8
24.1
23.4
23.6
24.8
29.2
28.0
23.6
22.8
23.5
23.1
23 .S
23.2
23.6
23.9
23.4
23.7
23.6
23.8
23.6
23.4
22.7
23.9
23.7
23.6
23.4
24.7
23.1
22.7
23.1
22.7
21.1
23.2
23.6
24.3
23.5
23.5
22.7
22.8
23.6
24.0
23.5
24.7
23.7
23.6
23.6
23.6
22.5
24.2
23.6

FISSION WIDTH
IMEV )

0.026

1.03
0.084

0.0073

0.0011
0.001

0.0015

0-011

0.255

0.0041

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2



U-238
ENERGY
(EV J

1298.69
1310.99
1317.01
1324.65
1331.48
1361.21
1386.15
1387.22
1393.81
1405.43
1416.92
1419.76
1428.01
1438.3
1444.05
1447.65
1455.1
1456-7
1473.82
1487.04
1S04.3
1506.1
1510.53
1522.7
1527.86
1534.79
1547.18
1550.3
1555.38
1565.45
1568.23
1591.52
1S97.89
1622.67
1638.07
1646.69
1662.45
1672.74
1688.78
1695.99
1706.7
1709.85
1722.89
1745.65
17SS.89
1776.4
1781.34
17B2.69
1797.35
1808.4
1823.59
1834.22
1846.1
1868.03
1869.64
1881.09
1893.88
1902.83
1913.28
1917.16
1925.43
1942.7
1953.79
1968.98
1974.91
1990.23
2001.15
2023.66
2030.49
2049.02
2052.8
2063.38
2071.42
2080.71
2086.04
2088.62
2096.29
2104.07
2110.37
2114.05
2121.27
2124.18
2140.67
2145-56
2152.76
2173.12
2178.96

L

0
1
1
1
1
1
I
1
0
0
1
0
0
1
0
1
1
1
0
1
1
1
1
0
1
1
1
1
1
0
1
I
0
0
0
1
0
1
0
1
1
0
0
1
0
1
1
0
1
0
1
1
0
1
1
I
1
0
1
0
1
1
0
0
0
1
1
0
0
1
1
1
1
1
1
0
0
1
1
1
1
1
1
0
0
1
1

J

o.s
0.5
0.5
0.5

o.s
o.s
o.s
o.s
o.s
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0-5
0.5
O.S
0.5
0.5

o.s
O.S
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5

o.s
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5

o.s
O.S
0.5
0.5
O.S
o.s
0.5

o.s
0.5
0.5
0-5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
O.S
0.5
O.S
0.5
O.S
0.5

o.s
0.5
0.5
O.S
0.5
0.5

o.s
O.S
0.5
0.5
0.5
0.5
0.5
0.5
O.S

TOTPIl WIDTH
[MEV )

27.09
23.125
28.29
22.915
25.05
25.706
27.329
23.68

235.2
9B.2
27.47
32.66
53.9
23.941
37.7
24.9S
26.504
23.84
144.9
27.025
27.83
23.9
25.044

268.8
24.394
24.086
27.81
28.18
23.14
28.97
24.87
24.77
400.1
123.3
73.8
22.775

248.1
24.6952
130.5
22.986
24.9
116.5
40.1
24.69
165.0
24.185
24.7
685.6
27.12
38.1
24.183
25.01
30.4
27.66
26.42
24.97
25.05
68.3
35.66
62.5
24.551
24.077
27.95

850.8
461.4
25.09
22.768
250.4
69.9
25.48
24.56
23.85
31.41
25.22
27.99
48.4
SO.6
25.14
24.2
27.745
23.85
28.0
24.6
98.4
324.4
25.89
24.4

NEUTRON WIOTH
(MEV 1

3.49
0.225
4.99
0.315
1.35
0.506
0.329
0.08

211.0
72.8
3.47
9.16

28.5
0.441
15.0
1.15
0.204
0.24

121-0
0.225
0.23
0.4
0.844

245.0
0.794
0.786
3.81
3-18
0.34
5.67
1.27
1.17

378.0
101-0
50.8
0.475

224.0
9.S19-2
107.0
0.386
1.4

89-5
17.4
1.69

139.0
0.6BS
1.2

662.0
2.92
19.0
0.788
0.41
U.I
1.16
2.52
1.47
1.55

44.2
3.56

39.8
0.951
0.677
4.25

822.0
438.0

1.39
0-568

227.0
46.9
2.18
0.86
0.25
2.11
1.62
4.39
25.6
26.3
1.44
0.6
0.845
0.25
3.7
1.0

74.7
300.0
2.19
0.8

GflMMH WIDTH
(MEV )

23.6
22.9
23.3
22.6
23.7
25.2
27.0
23.6
24.2
25.4
24.0
23.5
2S.4
23.5
22.7
23.8
26.3
23.6
23.9
26.8
27.6
23.5
24.2
23.8
23.6
23.3
24.0
25.0
22.8
23.3
23.6
23.6
22.1
22.3
23.0
22.3
24.1
24.6
23.5
22.6
23.5
27.0
22.7
23.0
26.0
23.5
23.5
23.6
24.2
19.1
23.4
24.6
19.3
26.5
23.9
23 .S
23.5
24.1
32.1
22.7
23.6
23.4
23.7
28.8
23.4
23.7
22.2
23.4
23.0
23.3
23.7
23.6
29.3
23.6
23.S
22.8
24.3
23.7
23.6
26.9
23.6
24.3
23.6
23.7
24.4
23.7
23.6

FISSION WIOTH
(MEV )

REFERENCE

JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2



U-238

ENERGY
(EV )

2186.58
2201.26
2215.44
2241.41
2259.7
2266.54
2270.15
2281.92
2293.95
2296.56
2315.93
2327.26
2334.83
2338.59
2352.75
2355.73
2368.75
2383.87
2384.94
2391.98
2397.8
2401.82
2411.24
2418.17
2426.89
2446.7
2447.31
2455.75
2489.18
2S02.22
2S21.49
2S27.08
2S48.19
2559.59
2581.15
2597.61
2606.23
2612.02
2620.05
2632.73
2636.85
2654.08
2658.73
2872.22
2682.61
2696.5
2701.95
2717.33
2750.74
2762.66
2766.69
2774.55
2778.46
2787.43
2799.52
2806.38
2811-62
2815.93
2823-35
2829.32
2845.95
2865.39
2877.57
2882.78
2897.23
2918.38
2922.92
2925.57
2933.65
2945.37
2956.93
2967.52
29B8.56
3003.62
3014.99
3024.7
3028.61
3043-72
3059.64
3072.14
3061.21
3068.71
3103.55
3109.91
3130.16
3133.86
3149.03

L

0
0
1
1
0
0
1
0
1
1
0
1
1
1
0
0
1
1
1
0
1
1
0
1
0
0
1
0
0
1
0
1
0
0
0
0
1
1
0
1
1
1
1
0
1
0
1
0
0
0
1
1
1
0
1
0
1
1
1
0
1
0

. 1
0
0
1
1
1
0
1
0
1
1
0
1
1
0
1
0
1
1
1
1
0
1
1
0

J

0.5
0.5

o.s
0.5
0.5
0.5
0.5
O.S
O.S
O.S
O.S
0.5
O.S
0.5
0.5
O.S
0.5
O.S
0.5
O.S
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
O.S
O.S
O.S
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
O.S
O.S
O.S
O.S
0.5
0.5
0.5
O.S
0.5

TOTRL WIDTH
(MEV )

615.2
130.2
27.02
26.32
134.3
256.0
27.58
209.0
24.8
30.41
43.1
30.24
26.86
32.35
83.4
102.0
30.38
24.0
26.6
54.1
29.9
28.22
29.93
26.169
160.7
246.6
24.0
41.3
129.4
27.45
43.3
24.4
761.5
301.7
470.6
783.7
26.95
28.53
71.9
28.64
26.56
24.6
27.97
312.0
26.22
55.2
25.93

200.6
65.6
42.7
27.13
25.14
24.9
39.6
29.43
34.8
29.05
25.05
25.6
44.4
24.2

240.2
26.04

632.4
41.7
30.86
29.97
31.45
62.4
25.98
46.3
27.39
30.39
146.7
24.88
27.9
160.7
27.69
57.2
25.18
25.34
27.21
26.37
253.6
26.72
33.11
136.6

NEUTRON WIOTH
(MEV )

591.0
105.0
3.42
1.02

109.0
234.0
3.88

188.0
1.3
S.61
19.1
1.14
1.66
8.65
55.2
77.9
S.78
O.S
2.0
30.1
5.2
4.42
5.63
0.969

157.0
223.0
0.4
17.3
10S.0
3.85
19.0
0.9

738.0
278.0
447.0
761.0
3.25
4.93
48.1
4.44
2.86
1.0
4.17

268.0
2.32
31.2
1.93

177.0
41.7
18.9
3.23
1.54
1.3
15.0
S.13
10.2

s.os
1.35
2.0
20.8
0.6

218.0
2.24

608.0
17.8
6.86
S.07
6.65
38.3
2.08
21.8
3.79
6.59

122.0
1.18
4.4

137.0
3.49
32.9
1.08
1.74
3.51
2.07

230.0
3.12
8.91

113.0

GflMMH WIDTH
(MEV )

24.2
25.2
23.6
25.3
25.3
22.0
23.7
21.0
23.5
24.8
24.0
29.1
25.2
23.7
28.2
24.1
24.6
23.S
24.6
24.0
24.7
23.8
24.3
25.2
23.7
23.6
23.6
24.0
24.4
23.6
24.3
23.5
23.5
23.7
23.6
22.7
23.7
23.6
23.8
24.2
23.7
23.6
23.8
24.0
23.9
24.0
24.0
23.6
23.9
23.8
23.9
23.6
23.6
24.6
24.3
24.6
24.0
23.7
23.6
23.6
23.6
22.2
23.8
24.4
23.9
24.0
24.9
24.6
24.1
23.9
24.S
23.6
23.8
24.7
23.7
23.5
23.7
24.2
24.3
24.1
23.6
23.7
24.3
23.6
23.6
24.2
23.6

FISSION WIDTH
I MEV )

REFERENCE

JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2



U-238

ENERGY
(EV )

3169.8
3178.83
3186.91
3205.81
3219.67
3226.34
3240.23
3246.86
3263.89
3267.53
3273.29
3279.51
3297.47
3307.81
3312.18
3321.64
3333.66
3341.25
3346.82
3355-81
3366.78
3378.3
3383.59
3389.74
3399.28
3408.77
3417.93
3436.49
3458.14
3485.8
3495.64
3513.02
3514.66
3522.39
3528.51
3561.59
3574.04
3595.02
3623.24
3629.8
3637.05
3653.99
3662.39
3673.35
3683.26
3693.19
3716.8
3724.77
3734.21
3741.55
3742.53
3745.43
3758.93
3765.11
3781.96
3791.13
3809.33
3825.68
3631 -6
3857.79
3873.09
3880.06
3894.84
3902.22
3915.03
3927.9
3930.21
3933.36
3940.06
3948.81
3954.94
3992.71
4009.11
4014.11
4024.9
4040.62
4063.92
4080.4
4063.6
4090.29
4099.1
4103.6
4125.12
4132.19
4148.19
4167.95
4179.31

L

0
0
0
0
0
0
1
0
1
1
0
0
0
1
0
0
0
1
1
0
1
1
1
0
1
0
1
0
0
0
0
1
1
1
1
0
0
0
0
0
1
1
1
1
1
0
0
1
0
1
1
1
1
0
0
1
1
1
0
0
0
1
1
0
0
1
1
1
0
1
0
I
1
1
1
0
0
1
1
0
1
1
0
1
1
0
0

J

o.s
0.5
0.5

o.s
o.s
0.5
o.s
o.s
0.5
o.s
0.5
0.5
0.5
0.5

o.s
O.S
0.5
o.s
O.S
O.S
O.S
0.5
0.5
O.S
O.S
0.5
0.5
0.5
O.S
o.s
O.S
O.S
O.S
0.5
o.s
0.5
O.S
O.S
O.S
0.5
0.5
0.5
0.5
0.5
O.S
0.5
O.S
0.5
0.5
o.s
O.S
O.S
0.5
0.5
0.5
0.5
0.5
o.s
0.5
O.S
O.S
O.S
o.s
O.S
O.S
O.S
O.S
0.5
O.S
O.S
0.5
0.5
0.5
O.S
o.s
o.s
0.5
0.5
0.5
0.5
0.5
0.5
O.S
O.S
0.5
O.S
O.S

TOTRL WIDTH
[MEV 1

34.5
117.3
133.1
120.0
34.32
49.3
26.45
49.3
27.31
33.8
43.0
308.6
35.6
28.5
189.6
161.7
130.1
27.75
25.0
148.8
24.5
31.35
27.95
SO .9
31.43
266.7
28.22
448.9
755.7
122.6
3S.7
2S.S2
25.2
26.08
30.04

293.6
460.6
81.4
S2.3
558.6
31.59
26.63
26.83
28.74
28.2
442.6
137.9
32.11

242.8
25.5
24.4
24.4
25.6
127.9
504.0
26.5
24.25
28.17
38.0
623.6
203.9
26-68
32-49

324.3
130.1
36.4
37.6
36.2

204.1
27.6
151.9
26.6
27.6
26.2
25.0
88-9
45.3
27.4
27.6
117.6
25.3
25.6
65.3
40.6
27.9

229.3
55.4

NEUTRON WIDTH
(MEV )

10.9
93.5
111.0
96.2
9.52

24.9
1.45

26.2
1.71
9.5
13.6

285.0
10.1
5.0

166-0
139.0
106.0
4.15
l.S

125.0
0.9
7.75
3.35

26.0
7.73

243.0
3.92

425.0
731.0
98.8
10.7
1.92
1.6
2.18
6.34

270.0
437.0
57.6
24.3
535.0
7.99
2.63
2.S3
5.14
4.6

419.0
114.0
6.81

219.0
2-0

o.a
0.8
2.0

104.0
480.0

2.9
0.65
4.S7
13.8

600-0
180.0
2.98
8.49

300.0
107.0
12.0
14.0
12.7

180-0
4.0

128.0
3.0
4.0
2.6
1.4

64.6
20.2
3.8
4.0
93.4
1.7
2.0
41.4
17.0
4.3

205.0
31.5

GflMMfi WIDTH
(MEV )

23.6
23.8
22.1
23.8
24.8
24.4
25.0
23.1
25.6
24.3
29.4
23.6
25.5
23.5
23.6
22.7
24.1
23.6
23.5
23.8
23.6
23.6
24.6
24.9
23.7
23.7
24.3
23.9
24.7
23.8
25.0
23.6
23.6
23.9
23.7
23.6
23.6
23.8
28.0
23.6
23.6
24.0
24.3
23.6
23.6
23.6
23.9
25.3
23.8
23.5
23.6
23.6
23.6
23.9
24.0
23.6
23.6
23.6
24.2
23.6
23.9
23.7
24.0
24.3
23.1
24.4
23.6
23.S
24.1
23.6
23.9
23.6
23.6
23.6
23.6
24.3
25.1
23.6
23.6
24.2
23.6
23.6
23.9
23.6
23.6
24.3
23.3

FISSION WIDTH
I MEV )

REFERENCE

JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2



U-238

ENERGY
(EV )

4201.99
4210.72
4225.52
4258.76
4299.54
4307.04
4325.15
4371.0
4435.55
4511.74
4543.45
4567.76
4594.67
4632.17
4662.9
4705.73
4727.89

L

1
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
O.S
0.5
0.5

TOTAL WIDTH
(MEV )

27.6
62.9
33.6
55.8
162.0
134.3
106.0
176.1
124 .S
607.4
117.8
68.1
48.3
52.1
170.2
356.1
43.8

NEUTRON HIOTH
(MEV )

4.0
38.4
10.0
31.2
138.0
110.0
81.3
152.0
100.0
583.0
93.1
43.6
22.8
27.6
146.0
332.0
19.4

GflMMB HIOTH FISSION WIDTH
(MEV ) (MEV !

23.6
24.5
23.6
24.6
24.0
24.3
24.7
24.1
24.5
24.4
24.7
24.5
25.5
24.5
24.2
24.1
24.4

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2



Pu-240

ENERGY
(EV )

-4.099
1.056

20.46
38.34
41.64
66.66
72.83
90.78
92.5
105-05
121.87
130.9
135.3
151.9
162.7
170.1
185.8
192.2
199.6
239.3
260.5
287.1
304.9
318.5
320.9
338.4
346.0
363.7
372.0
405.0
419.0
446.2
449.6
466.4
473.2
493.9
499.3
514.3
526.1
530.6
546.4
553.2
566.3
584.1
596.8
608.0
632.0
637.0
665.0
678.6
712.1
743.0
750.0
759.0
778.3
782.4
791.0
810-5
819-9
845.6
854.9
876.5
891.5
904.0
909.0
915.3
943.5
958-4
971.3
979.2
1001.8
1024.1
1041.6
1045.7
1072.6
1099-8
1115.7
1129.0
1134.0
1143.0
1159.0
1185.5
1191.0
120B.9
1226.0
1236.5
1255.01

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
G

J

o.s
0.5
0.5
o.s
o.s
o.s
0.5
0.5
o.s
o.s
0.5
0.5
o.s
o.s
o.s
o.s
0.5
o.s
o.s
0.5
o.s
o.s
o.s
0.5
O.S
0.5
O.S
O.S
0.5
O.S
0.5
0.5
0.5
0.5
O.S
0.5
0.5
O.S
O.S
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
O.S
0.5
0.5
0.5
O.S
0.5
0.5
0.5
O.S
O.S
0.5
0.5
O.S
O.S
0.5
O.S
o.s
O.S
O.S
O.S
O.S
o.s
o.s
o.s
o.s
o.s
0.5
o.s
0.5
0.5
0.5
0.5
O.S
O.S
O.S
0.5
O.S
O.S

TOTBL WIDTH
(MEV J

34.0582
32.04S7
32.42
47.22
48.72
81.22
53.22
42.52
32.92
78.72
44.22
30.41
47.72
44.12
38.72
44.82
45.92
30 .S2
30.72
42.82
55.42
155.22
37.12
35.92
49.42
37.12
47.42
67.72
44.42
137.72
36.82
32.42
49.42
33.12
34.52
38.32
44.57
67.22
33.76
30.42
60.72
49.92
61.22
30.86
91.22
45.945
36.964
34.98

220.697
50.018
25-334
27.209
104.091
30.681
124.4
1476.0
59.612

248.955
35.2981
34.31
71.454
38.071
118.845
45.819
102.252
59.756
146.353
94.888
104.005
31.496
122.449
34.72
36.919
33.72
132.917
107.654
32.32
73.295
30.S3S
63.89
45.609
180.817
138.461
86.239
39.72
35.04
101.864

NEUTRON WIDTH
(MEV )

4.0492
2.44
2.2
17.0
15.5
50.0
21.0
12.8
3.2

43.0
14.5
0.19
18.0
14.4
9.0
15.1
16.2
0.3
1.0

13.1
23.2
125.0
7.4
6.2
19.7
7.4
17.7
32 .S
14.7

108.0
7.1
2.2
19.7
3.4
4.8
8.6
19.3
31.0
4.04
0.7
31.0
20.2
31.5
1.14

S7.S
22.685
13.324
11.61

197.017
26-038
1.334
1.009

68.191
6-061
1.2
2.8

23.912
214.15S
10.9981
10.IB
47.954
13.911
94.325
21-949
78.992
35.996
122.833
71.498
80.39S
7.196

98.129
5.0
12.589
4.0

109.407
84.204
2.6

49.395
6.735
40.57
22-129
157.317
114.921
62-909
10.0
11.25
76.874

ORMMfl WIOTH
(MEV I

30.0
29.6
30.0
30.0
33.0
31.0
32.0
29.5
29.5
35.5
29.5
30.0
29.5
29.5
29.5
29.5
29.5
30.0
29.5
29.5
32.0
30.0
29.5
29.5
29. S
29.S
29.5
35.0
29.5
29.5
29.5
30.0
29.5
29.5
29.5
29.5
25. OS
36.0
29.5
29.5
29.5
29.5
29.5
29.5
33.5
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23.2
29.5
23.2
29.5
23.2
23.2
29.5
23.2
23.2
23.2
23.2
23.2
23.2
23.2
29.5
23.2
23.2

FISSION WIDTH
IMEV )

0.009
0-0057
0.22
0.22
0.22
0.22
0-22
0-22
0.22
0.22
0.22
0.22
0.22
0.22
0-22
0.22
0.22
0.22
0.22
0.22
0-22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.06
0.44
0-17
0.48
0.78
0.8
3.0
12.7
1.42

100.0
1450.0
12.5
11.6
1.1
0.93
0.3
0.96
1.32
0.67
0.06
0.56
0.32
0.19
0.41
1.1
1.12
0.22
1.13
0.22
0.31
0.25
0.22
0.7
0.6
0.12
0.28
0.3
0.34
0.13
0.22
0.59
1.79

REFERENCE

JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2



Pu-240

ENERGY
(EV )

1281.4
1300.3
1328.1
1345.0
1350.9
1363.0
1377.0
1389.0
1402.2
1408.5
1426.0
1429.0
1450.0
1462.9
1481.2
1540.7
1549.5
1563.7
1575.3
1609.6
1621.4
1643.0
1662.6
1688.0
1724.0
1741.6
1764.0
1771.4
1779.0
1841.0
1853.0
1873.0
1901.0
1916.6
1936.0
1943.3
1944.0
1949.1
1956.2
1973.0
1991.5
1998.3
2016.7
2022.9
2033.4
2056.0
2082.8
2110.7
2154.0
2182.0
2196.2
2240.6
2256.6
2277.9
2290.7
2303.3
2334.4
2350.9
2365.8
2373.4
2386.1
2405.0
2416.0
2434.3
2459.4
2470.8
2485.3
2521.0
2536.6
2549.2
2575.3
2639.5
2652.0
2692.8
2717.0
2739.2
2748.4
2817.6
2B43.5
2B60.0
2882.0
2895.6
2905.0
2938.0
2968.6
2980.5
2986.2

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

• 0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

. 0

J

0.5

o.s
0.5
0.5
0.5
0.5
0.5

o.s
0.5

o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
0.5

o.s
0.5
0.5

o.s
o.s
o.s
0.5

o.s
o.s
o.s
o.s
o.s
o.s
o.s
0.5

o.s
o.s
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
O.S
O.S
0.5
O.S
O.S
O.S
O.S
O.S
O.S
O.S
0.5
O.S
O.S
O.S
O.S
o.s
o.s
0.5
0.5
0.5
O.S
0.5
0.5
0.5
O.S
O.S
O.S
O.S
O.S
O.S
O.S
0.5
O.S

TOTHL WIDTH
(MEV )

34.02
269.581
393.336
49.709
38.02
31.284
88.866
42.362

2028.44
1524.29
65.13
39.926
90.212
46.969
34.145
130.72
186.42
144.42
149.952
59.229
58.32
136.82
93.62
57.138
108.817
49.072
75.51
39.52
520.72
159.617
61.787
105.578
235.482
129.103
2225.18
37.82
32.936
112.077
309.204
92.96
144.22
35.32
7B.363
85.22
134.465
97.398
128.52
43.42
39.867
115.32
1S9.72
63.82
164.22
4S6.72
238.22
46.92
66.32
61.32
270.72
39.44
48.42
54.82
94.62
234.72
55.32
75.22
50.92
139.22
317.22
109.42
71.398
460.587
74.223
531.905
69.162
208.24
136.829
66.594
180.705
53.284
59.72
89.72
144.72
161.72
114.72
137.72
42.22

NEUTRON WIDTH
(MEV )

4.3
244.911
369.296
26.039
8.3
7.384
64.568
14.162
5.24
1.09

36.63
15.126
63.592
21.059
9.245

101.0
156.7
114.7
126.242
34.909
28.6
107.1
63.9
32.868
83.457
25.042
51.66
9.8

491.0
125.717
34.437
77.468
209.282
35.903
1.98
8.1
7.936

82.577
261.004
67.96
114.5
5.6
52.523
55.5
101.475
68.468
98.8
13.7
14.367
85.6
130.0
34.1
134.5
427.0
208.5
17.2
36.6
31.6

241.0
9.74
18.7
25.1
64.9
205.0
25.6
45.5
21.2
109.5
287.5
79.7
47.718
425.867
36.563

344.705
40.672
177.0
102.259
41.414
156.815
27.274
30.0
60.0
115.0
132.0
85.0
108.0
12.5

OflMHfl WIDTH
(MEV )

29.5
23.2
23.2
23.2
29.5
23.2
23.2
23.2
23.2
23.2
23.2
23.2
23-2
23.2
23.2
29.5
29.S
29.5
23.2
23.2
29.5
29.5
29.5
23.2
23.2
23.2
23.2
29.5
29.5
23.2
23.2
23.2
23.2
23.2
23.2
29.5
23.2
23.2
23.2
23.2
29.5
29.5
23.2
29.5
23.2
23.2
29.5
29.5
23.2
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
23.2
29.5
23.2
23.2
23.2
29.5
23.2
23.2
23.2
23.2
29.5
29.5
29.5
29.5
29 .S
29.5
29.5

FISSION WIDTH
[MEV )

0.22
1.47
0-84
0.47
0.22
0.7
1.1
5.0

2000.0
1500.0
5.3
1.6
3.42
2.71
1.7
0.22
0.22
0.22
0.51
1.12
0.22
0.22
0.22
1.07
2.16
0.83
0.65
0.22
0.22
10.7
4.15
4.91
3.0

70.0
2200.0
0.22
1.8
6.3

2S.0
1.8
0.22
0.22
2.64
0.22
9.79
5.73
0.22
0.22
2.28
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.2
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.48
5.22
14.46

164.0
5.29
1.74
11.17
1-98
0.69
2.81
0.22
0.22
0.22
0.22
0.22
0.22
0.22

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENQL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2



Pu-240

ENERGY
(EV )

2994.7
3004.0
3018.0
3029.0
3054.7
3077.4
3088.0
3112.7
3172.5
3192.5
3237.5
3268.5
3332.0
3423.0
3458.0
3465.5
3493.5
3555.0
3567.5
3595.0
3657.0
3665.0
3702.0
3723.0
3800.0
3844.0
3852.0
3872.0
3900.0
3917.0
3954.0
3975.0
3990.0
4031.0
4084.0
4100.0
4122.0
4134.0
4149.0
4161.0
4203.0
4221.0
4270.0
4288.0
4329.0
4376.0
4366.0
4398.0
4422.0
4433.0
4458.0
4570.0
4588.0
4599.0
4615.0
4646.0
4721.0
4745.0
4755.0
4766.0
4771.0
4779.0
4792.0
4812.0
4823.0
4894.0
4958.0
4969.0
4993.0
5072.0
5113.0
5134.0
SU8.0
5162.0
5194.0
5215.0
5249.0
5279.0
5299-0
5334.0
5350.0
5367.0
5393.0
5417.0
5489.0
5499.0
5510.0

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

o.s
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
0.5
0.5

• 0.5
0.5
0.5
O.S
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
O.S
O.S
O.S
0.5
0.5

TOTRL WIDTH
IMEV )

85.72
106.22
146-72
50.72
76.72
157.72
64.72
68.22
254.72
378.72
101.72
163.72
44.22
64.22
97.72

373.72
94.72
120.72
191.72
58.22
322.72
84.22
80.72
89.72
130.72
105.72
127.72
75.72
238.72
192.72
121.72
131.72
58.72
138.72
149.72
266.72
526.72
96.72

294.72
118.72
467.72
97.72
188.72
345.72
331.72
111.72
61.72
107.72
90.72
76.72
131.72
249.72
55S.72
104.72
291.72
178.72
539.72
274.72
85.72
44.72
51.72
63.72
162.72
201.72
92.72
88.72

320.72
187.72
121.72
538.72
122.72
71.72
79.72
69.72
342.72
192.72
553.72
169.72
299.72
232.72
182.72
99.72
113.72
284.72
79.72
116.72
384.72

NEUTRON WIOTH
(MEV )

56.0
76.5
117.0
21.0
47.0
128.0
35.0
38.5

225.0
349.0
72.0
134.0
14.5
34.5
68.0

344.0
65.0
91.0
162.0
28.5
293.0
54.5
51.0
60.0
101.0
76.0
98.0
46.0

209.0
163.0
92.0
102.0
29.0
109.0
120.0
257.0
497.0
67.0
265.0
89.0
438.0
68.0
159-0
316.0
302.0
82 .C
32.0
78.0
61.0
47.0
102.0
220.0
526.0
75.0
262.0
149.0
510.0
245.0
56.0
15.0
22.0
34.0
133.0
172.0
63.0
59.0

291-0
158.0
92.0
509.0
93.0
42.0
50.0
40.0

313.0
163.0
524.0
140.0
270.0
203.0
153.0
70.0
84.0
255.0
50.0
87.0
355.0

CP1MMR WIDTH
(MEV )

29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.S
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29-5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29-5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29.5
29-5
29.5
29.5

FISSION WIDTH
(MEV )

0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0-22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0-22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0-22
0.22
0.22
0.22
0-22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22

REFERENCE

JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2



Pu-240

ENERGY
(EV )

5522.0
5544.0
5574.0
5592.0
5615.0
5681.0
5692.0

L

0
0
0
0
0
0
0

J

0.5
0.5
0.5
0.5
0.5
0.5
0.5

TOTRL WIDTH
(MEV )

201.72
611.72
787.72
236.72
91.72
135.72
120.72

NEUTRON WIDTH
(MEV J

172.0
582.0
758.0
207.0
62.0
106.0
91.0

GflMMfi WIDTH
(MEV 1

29.5
29.5
29.5
29.5
29.5
29.5
29.5

FISSION WIDTH
(MEV 1

0.22
0.22
0.22
0.22
0.22
0.22
0.22

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2



Pu-242

ENERGY
(EV )

2.67
14.6
22.57
40.95
S3.46
67.6
88.45
107.32
131.4
Ml.43
149.7
163.5
204.8
210.0
21S.3
219.3
232.7
264.5
271.95
273.8
274.75
281.05
298.7
303.6
319.9
327.6
332.4
374.3
379.63
382.2
396.1
399.9
410.6
424.1
425.15
473.7
482.5
494.75
503.9
536.6
548-6
576-1
595.0
599.8
610.8
638-5
665.0
669.3
693.2
711.6
727.6
736.7
755.1
761.2
788. S
794.0
824.5
837.7
656.6
865.6
878.1
886.5
923.2
935.4
939.6
949.1
977.9
1004.0
1030.0
1045.0
1062.5
1087.5
1117.0
1129.5
1148.0
1182.5
1197.0
1207.0
1248.0
1267.0
1286.0
1696.0
1708.0
1737.0
1739.0
1751.0
1762.0

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
0.5
0.5
o.s
o.s
o.s
o.s
o.s
o.s
0.5
o.s
o.s
o.s
o.s
o.s
0.5
0.5
o.s
0.5
o.s
0.5
0.5
0.5
0.5
o.s
o.s
0.5
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
0-5
0-5
0.5
0.5
o.s
o.s
0.5
o.s
0.5
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
o.s
0.5
o.s
o.s
o.s
0.5
o.s
o.s
0.5
o.s
o.s
o.s
0.5
0.5
0.5
O.S
o.s
o.s
o.s
o.s
0.5
0.5
o.s
o.s

TOTRL HlQTH
(MEV 1

27.387
24.311
20.336
29.501
75.8949
27.1225
24.8782
38.5394
37.0335
24.369

39.2954
24.787

73.5847
24.74
41.384
24.606
33.071
24.697
24.481
39.332
24.486
24.446
34.426
39.967

256.478
24.816
107.822
30-696
24.586

68.0247
26.816
25.936
31.646
28.546
24.596
25.106
44.502
24.586
174.386
121.177
99.1939
54.316
53.0611
33.412
36.214
28.65
26.966
37.432
61.052
141.233
27.42
126.566
159.623
208.24
87.274

230.843
29.057
57.491
S7.441
34.553

83.0469
51.7555
77.4789
35.25
34.25
40-05
38.75
67.2499
70.2499
142.25
57.25
224.25
29.25
34.25
324.25
37.25
119.25
64.2499
33.25
51.25
83.2499
63.3609
117.401
33.385
45.789
33.685
109.616

NEUTRON WIDTH
(MEV )

1.97
0.061
0.286
0.451
51.95
4.578
0.64
16.99
6.17
0.119
14.24
0.537

52.73
0.424
5.2
0.29
4.94
0.3B1
0.165
15.43
0.17
0.13
8.31
17.42

232.9
0.5
77.21
6-38
0.27
44.68
2.5
1.62
7.33
4.23
0.28
0.79

20.27
0.27

150.0
100.0
74.0
30.0
32.04
9-11
11.95
4.41
2.7
13.14
38.65
121.57
3.17

101.59
135.4
4.14

61.4
206.6
4.65
37.45
35-3
10.31
58.82
22.74
59.4S
11.0
10-0
14.0
14.5
43.0
46.0
118.0
33.0

200.0
5.0
10.0

300.0
13.0
95.0
40.0
9.0

27.0
59.0
39.1
93.2
9.1

21.5
9.4
85.4

GflMMfl WIDTH
[MEV )

25.4
24.2
20.0
29.0
23.9
22.5
24.2
21.5
30.8
24.2
25.0
24.2
20.8
24.2
36.0
24.2
28.0
24.2
24.2
23.8
24.2
24.2
26.0
22.5
23.5
24.2
30.5
24.2
24.2
23.26
24.2
24.2
24.2
24.2
24.2
24.2
23.5
24.2
24.2
21.0
25.0
24.2
21.0
24.2
24.2
24.2
24.2
24.2
22.0
19.5
24.2
24.2
21.5
24.2
24.2
24.2
24.2
20.0
22.0
24.2
24.2
29.0
18.0
24.2
24.2
26.0
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2

FISSION WIDTH
(MEV )

0.017
0.05
0.05
0.05
0.045
0.0445
0.0382
0.0494
0.0635
0.05
0.0554
O.OS
0.0546
0.116
0.184
0.116
0.131
0.116
0.116
0.102
0.116
0.116
0.U6
0.067
0.0783
0.116
0.112
0.116
0.116
0.0847
0.116
0.116
0.116
0.116
0.116
0.116
0.732
0.116
0.186
0.177
0.194
0.116
0.0211
0-102

6.399-2
0.04
0.066

9.199-2
0-402
0.163
0.05
0.776
2.723

179.9
1.674
0.043
0.207
0.041
0.141
0.043
0.027
0.0155
0.029
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
O.OS
0.05
0.05
O.OS
0.C5
O.OS
0.05
0.05
0.061
0.001
0.085
0.089
0.085
0.016
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Pu-242

ENERGY
lEV )

1763.0
1789.0
1806.0
1820.0
1836.0
1862.0
1881.0
1891.0

L

0
0
0
0
0
0
0
0

J

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

TOTRL WIOTH
IMEV )

24.367
25.13
37.212
28.61S
117.8
29.508
108.553
29-1

NEUTRON WIDTH
[HEV )

0.022
0.13
12.9
4.1
3.0
4.9

84.3
4.1

OflMMfl WIOTH
IMEV )

24.2
24.2
24.2
24.2
24.2
24.2
24.2
24.2

FISSION WIDTH
IMEV )
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0.8
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0.408
0.053
0-8
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Abstract

233 235 239 241
The resonance parameters of U, U, Pu and Pu were

evaluated for Japanese Evaluated Nuclear Data Library Version 2 (JENDL-

2). The evaluation was made by two steps. At first, the parameters

were evaluated on the basis of the reported measured data with a suitable

method which depends on the status of measured data. The most reliable
233

parameter set could be found after some simple examinations for U,
239 241

Pu and Pu, since total number of measured parameter sets is limit-

ed for these nuclides. On the other hand, numerous measurements exist
235

for U, and the evaluation was made by taking a suitable average,

considering the fission and capture areas. Secondly, the cross sections

were calculated with the parameters thus obtained, and were compared

with the measured cross sections. Then the parameters were so modified

that the calculated cross sections well reproduced the measured data.

After modifying the resonance parameters, the remaining discrepancies

between the calculated and measured cross sections, which are mainly

caused by the interference among levels and are inevitable with the

single-level Breit-Wigner formula, were corrected by applying slight

background cross sections. The resonance integrals calculated from the

presently evaluated parameters agree well with the measured data.
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1. Introduction

Evaluation of resonance parameters for main fissile and fertile

materials has been made for several years by a working group of Japanese

Nuclear Data Committee in order to provide the evaluataed resonance

parameters to Japanese Evaluated Nuclear Data Library (JENDL). The

evaluation of resonance parameters is a very complicated problem, and

the working group recommended some existing evaluated data such as those

of ENDF/B-IV for the first version of JENDL (JENDL-1) in 1975.

After that the evaluation was continued and finished in 1979, and

the presently evaluated resonance parameters were adopted in the second

version of JENDL (JENDL-2). The present paper describes the evaluation

for the fissile materials, while the evaluation for the fertile materials

is reported in another paper presented in this meeting. The general

evaluation method is described in Chapter 2. The detailed evaluation

procedure is given in Chapter 3 for each nuclide. The presently evaluat-

ed resonance parameters are tabulated in Appendix.

2. Evaluation Method

Experimental data of resonance parameters were surveyed through

CINDA up to CINDA 78. The collected resonance parameters were stored
4)

in the resonance parameter storage system REPSTOR . In this system

many types of resonance parameters including complicated forms such as

gr r /r or OQT can be stored and can be compared with one another in

simple tabulation forms.

Experimental cross section data were also surveyed through CINDA.

Most of numerical data were obtained from NEA Data Bank, and were stored
4}

in the neutron data storage and retrieval system NESTOR '.

In evaluating nuclear cross sections, a common procedure is to plot

at first all the experimental data as a function of neutron energy, and

then deduce the most reasonable curve by carefully comparing the different

sets of data and studying the accuracy and errors of the data. In the

resonance region, however, this procedure is not always adequate, because

a resonance shape usually depends on the resolution function of the

spectrometer used for the measurement but this function is not well



310 known in many cases. Furthermore, it is not practical to apply this

procedure in the case where many resonances exist in a limited region.

In the present evaluation, therefore, two steps were taken. Firstly,

the resonance parameters were evaluated on the basis of the reported

measured parameters with a suitable method which depends on the status

of measured data. As total number of measured parameter sets is limited
Too O-3Q OAT

for U, Pu and Pu, the most reliable set could be found after

some simple examinations for these nuclides. On the other hand, numerous
235

measurements exist for U, and the evaluation was made by taking a

suitable average of the measured parameters.

Secondly, the cross sections were calculated with the parameters

thus obtained, and were compared with the measured cross sections. Then

the parameters were so modified that the calculated cross sections well

reproduced the measured data. This process was made by using NDES '

(Neutron Data Evaluation System) in which conversation with the computer

is made from a terminal having a cathode ray tube. The calculated cross

sections are displayed on the cathode ray tube with the experimental

data, and the cross sections calculated with the modified parameters can

be also displayed and compared. At present NDES has no function of

automatic search for the resonance parameters, and the fitting procedure

above mentioned was done by trial and error.

Even after modifying the resonance parameters, the calculated

fission cross section failed to reproduce the measured data in limited

energy ranges particularly in valleys between resonances. This is

caused by the interference among resonances, The multi-level formula is

essentially required for fissile nuclides. In the present work, however,

the discrepancy was corrected by applying a positive or negative back-

ground cross section to the fission cross section. This work was made

also by using NDES which has a function to record the X-Y coodinates of

any point in the graph displayed on the cathode ray tube into computer

memory by using a cross hair cursor.

The thermal cross sections below 1 eV cannot be well reproduced

with the resonance parameters for the fissile nuclides because of the

interference among levels. Hence the cross sections were given as

point-wise data below 1 eV for these h nuclides.

3, Evaluation and Discussion

3.1 Uranium-233

This nuclide was not contained in JENDL-1. The resolved resonance

region is defined between 1 and 100 eV. Details of the evaluation were

described in Ref. (6),

A total of six parameter sets have so far been reported. After

examing their experimental conditions and comparing the calculated areas

and cross sections, it was concluded that the parameter set deduced by

Nizamuddin and Blons was the most reliable. Their parameters were

deduced from both the high resolution measurements of fission cross

section by Blons and the transmission measurements by Kolar et al.

Nizamuddin and Blons gave the parameters for 169 levels, 33 of which are

artificial levels added to partially compensate the interference effects

among levels. In the energy range below 6 eV, where Nizamuddin and

Blons did not give the parameters, the recommended data in BNL-325, 3rd

edition were adopted as the initial guess.

The cross sections were calculated from the parameters by assuming

the effective scattering radius of 9.93 fm. The calculated total and

fission cross sections agree well with the measured data within their

scatters in most of energy ranges. It should- be noted that the calcu-

lated capture cross section agreed well with the measured data by Weston

et al. , though the resonance parameters were deduced by Nizamuddin

and Blons without considering the capture data. This suggests relia-

bility of the parameters of Nizamuddin and Blons. In some energy ranges,

however, agreement was not satisfactory between the calculated and

measured cross sections. The resonance parameters were modified to

improve the agreement in such energy ranges by using NDES .

After modifying the parameters, the remaining discrepancies between

the calculated and measured fission cross sections were corrected by

applying positive or negative background cross sections. Figure 1 shows

the fission cross sections calculated with and without the background

cross section as well as the measured data in the energy range between

13 and 16 eV. No background correction was applied to the capture and

elastic scattering cross sections.



As shown in Table 1 the fission and capture resonance integrals

calculated from the present parameters agree with the recommended values

'in BNL-325, 3rd edition within the quoted errors. They also agree

with those calculated from the ENDF/B-IV parameters.

3.2 Uranium-235

The parameters of ENDF/B-IV were recommended in JENDL-1. In

JENDL-2, the presently evaluated parameters were applied in the energy

region between 1 and 100 eV.

Tremendous number of measurements were made for the resonance

parameters of U, since this nuclide is one of the most important

nuclide in nuclear reactor development. In the present evaluation only

the data reported in the last twenty years were collected and stored in

REPSTOR,

The evaluation of the resonance parameters at the first step was

made in the following way. Since 2gF values do not differ appreciably

among those of different experiments, a simple average was taken over

them to give the evaluated values. In determining V values, a weighted

average was taken, where a weight of a half was given to those data

which were obtained indirectly by analyzing the fission and total cross

sections. The evaluation of Tf values seems to require a special care,

as the reported values are considerably discrepant with one another.

Hence the fission area A. = gr V /T was first calculated in this case.
r n £

In the case where only rf values were given, A, is calculated using the

Vf and evaluated gr and T values. Discrepancy of Af is usually less

than that of r,. A resonance area is, as is well known, independent of

the resolution of the spectrometer, and therefore is one of the most

suitable quantities to be used in the resonance parameter evaluation.

The value of fission width was calculated from the average of fission

areas.

The fission, capture and total cross sections were calculated from

these parameters thus obtained and were compared with the experimental

data. As to the experimental data, we mainly relied on the data of

Michaudon et al. 1 2\ Cao et al.13^ and Blons et al.14' for fission,

those of de Saussure et al. and Perez et al. for capture and those

Oil of Garg et al. and Michaudon et al. ' for the total cross section.

In the region where the difference is appreciable between the two,

correction of the parameters was made for resonances responsible for

this difference. If the magnitudes of the total and either of fission

or capture areas were considered to deviate from the experimental

values, the gr value was varied. If only the capture area was un-

suitable, small corrections AT and Aff were obtained by

AA 1 + r.

" rl " 2rl/r2
(1)

AI\

where

and (2)

If the' fission cross section is to be varied, similar corrections are

obtained by exchanging suffix Y and f. With these corrected parameters,

the cross sections were calculated and compared again with the experimental

values.

Figure 2 shows an example of the results thus obtained. All the

experimental data of the capture and total cross sections available are

shown, whereas only some typical data are shown for the fission cross

sections. As is seen in the figure, there is a good agreement. In the

calculation the Doppler broadening effect is included, which is essential

to obtain good fit to the experimental data for most of the resonances

in this nuclide. At some energies, particularly at the valleys of

resonances, discrepancies still remain. The difference was corrected by

the background cross sections. Table 2 compares the fission and capture

resonance integrals with the recommended values in BNL-325, 3rd edition

The calculated integrals agree well with the recommended values.

10)

3.3 Plutonium-239

In the compilation of JENDL-1, a set of resonance parameters

evaluated by Ribon was adopted, for it is a complete set of para-

meters which reproduces experimental data fairly well. This parameter

set covers the energy range between 1 and 600 eV. Since then, no



312 complete set of resonance parameters has been evaluated on the basis of

new extensive cross section measurements.

For JENDL-2, Ribon's set was adopted again as the initial guess

values. Modification of parameters was limited to several resonances,

since his parameter set well reproduces the measured cross sections as a

whole. Background cross sections were also added to improve agreement

between the calculated and measured cross sections. We fitted the

calculated data mainly to the fission cross section measured by Oerrien
19} 20 21}

et al. ' and the capture cross section by Gwin et al. ' ' by using
NDES.

Figure 3 shows the fission cross section of JENDL-2 with those of

JENDL-1 and ENDF/B-IV as well as the experimental data. The difference

between JENDL-2 and JENDL-1 was mainly caused by the background cross

section.

Table 3 compares the averaged values of the fission cross section

and the capture to fission ratio (a-value) between the evaluated and the

measured data. The fission cross section of JENDL-2 seems to be too

small in the interval between 200 and 300 eV and too large between 300

and 400 eV. This is reflected on overestimate of the a-value between

200 and 300 eV. The present background correction was made by comparing

the resonance cross sections without considering the average cross

sections. This drawback on the average cross sections is left for

future improvement. Table 2 also compares the fission and capture
10)

resonance integrals with those recommended in BNL-325, 3rd edition

Satisfactory agreement is observed for both the integrals.

3.4 Plutonium-241

In JENDL-1, the resonance parameters recommended in BNL-325, 3rd

edition were adopted in the energy range from 1 eV to 100 eV.

These parameters were mainly taken from analyses by Blons et al.

and by Kolar et al.26) These paremeters satisfactorily reproduce the

total and fission cross sections but a little underestimate the capture

cross section .

In the evaluation of JENDL-2, the same parameters were adopted as

the initial guess values, since no extensive measurements have so far

been reported on the resonance parameters of Pu after JENDL-1.

The cross sections were calculated by assuming the effective scatter-

ing radius of 10.0 fm. The resonance parameters were modified so that

the calculated total, fission and capture cross sections might reproduce
27) 8)

the measured data by Kolar and Carraro , by Blons and by Weaton and

Todd , respectively. As the numerical data of Weston and Todd were

not available at the time of the present evaluation, the fitting to the

capture cross section was made to the resonances below 20 eV for which

the peak values of Weston and Todd were read from graphs in Ref. (28).

The background cross sections were applied to both the fission and

capture cross sections. The background fission cross section was deter-

mined by NDES so as to compensate the remaining discrepancies between

the calculated and measured data due to the interference among levels.

As was pointed out previously, the present resonance parameters a little

underestimate the capture cross section and the discrepancy was corrected

by the smooth background cross section. Table 4 shows the average

fission and capture cross sections calculated with and without the back-

ground cross sections as well as the average values of measured data.

Figure 4 shows the calculated fission and capture cross sections with

the measured data as an example.

Table 4 also compares the calculated resonance integrals with the

measured data by Eiland et al. ' The present parameters slightly

overestimate the capture integral and underestimate the fission integral,

but give better results than JENDL-1 and ENDF/B-IV. Further inprovement

is required for the lowest few resonances taking account of the numerical

cross section data of Weston and Todd.

4. Concluding Remarks

241

233 235 239
The resonance parameters were evaluated for U, D, Pu and

Pu, and were adopted in JENDL-2. In the present work, the resonance

parameters were first evaluated on the basis of the measured parameter

data, and then were adjusted by fitting the calculated cross sections to



the measured ones. Hence the presently evaluated parameters can reproduce

the measured total, fission and capture cross sections very well. The

agreement was further improved by applying slight background corrections.

Moreover the calculated resonance integrals agree well with the measured

ones. Hence the data of JENDL-2 are expected to well predict the thermal

reactor characteristics.
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Table 1. Resonance Intgrals of U.

(barns)

JENDL-2 ENDF/B-IV BNL-325,-325
10>

fission

capture

771

138

763

135

764 + 13

140 + 6

235Table 2. Resonance integrals of U.

(barns)

JENDL-2
ENDF/B-IV
(JENDL-1)

BNL-32510)

fission

capture

279

146

284

139

275 + 5

144 + 6

239Table 3. Average cross sections and resonance integrals of Pu.

(barns)

a

R.I.

Energy
(keV)

0.05 'v- 0.1

0.1 ^ 0.2

0.2 -v, 0.3

0.3 ^ 0.4

0.4 <v. 0.5

0.5 ^ 0.6

Energy
(keV)

0.05 -\- 0.1

0.1 -v 0.2

0.2 -v 0.3

0.3 -v, 0.4

0.4 <\, 0.5

0.5 -v- 0.6

fission

capture

JENDL-2

60.17

18.67

17.21

9.09

9.64

15.70

JENDL-2

0.62

0.92

0.98

1.11

0.51

0.69

JENfiL-2

302

195

JENDL-1

60.30

18.42

17.49

9.50

9.66

16.20

JENDL-1

0.61

0.82

0.89

0.91

0.40

0.57

JENDL-1

302

193

ENDF/B-IV

56.94

18.38

17.64

8.35

9.55

15.44

ENDF/B-IV

0.64

0.93

0.99

1.13

0.46

0.73

ENDF/B-IV

304

194

Gwin 76 2 1 )

56.96

17.96 + 0

17.90 + 0

8.48 + 0

9.40 + 0

15.46 + 0

Gwin 76 2 1 )

0.63

0.87 + 0.015

0.94 + 0.010

1.16 + 0.014

0.44 + 0.013

0.72 + 0.040

BNL-32510)

301 + 10

200 + 20

.04

.05

.03

.05

.09

Sowerby

0

0

1

0

0

.845 j

.912 H

.15 j

.483 j

.704 j

Weston

58

18

17

8

9

15

7223)

h 0.077

h 0.094

h 0.099

h 0.058

h 0.069

72

.76

.41

.77

.43

.47

.64

22)

221
Weston 72 '

0

0

0

1

0

0

.64

.87

.92

.15

.42

.72



Table 4. Average cross sections and resonance integrals of Pu.

Fission cross section (barns) Capture cross section (barns)

Emin
(ev)

10

20

30

40

50

60

70

80

90

max
(eV)

20

30

40

50

60

70

80

90

100

with B

149.1

83.9

49.1

40.6

16.7

56.7

22.6

68.9

25.4

Calculated

.C.S. wihout B.C.S.

147.2

86.3

50.1

41.5

17.3

59.1

21.6

68.3

25.4

Blons

145.9

81.5

46.6

38.9

15.9

53.8

24.8

65.6

24.9

Experimental

Mlgneco '

146.8

82.9

46.5

36.5

16.8

56.5

28.9

68.6

27.7

JamesJu;

-

74.9

45.0

41.0

20.3

59.0

28.7

64.5

31.3

Weston28)

151.7

86.2

49.3

43.7

17.5

58.7

25.7

73.7

27.2

min
(eV)

10

20

30
40

50

60

70

80

90

max
(eV)

20

30

40
50

60

70

80

90

100

with B.

81.1

18.7

10.7

7.38

3.01

14.2

15.2

22.7

5.42

Calculated

C.S. without B.C.S.

69.7

16.7

10.7

4.49

1.35

7.49

15.2

20.6

4.92

Experimental „.
(Weston and Todd ;)

a

0.559

0.213

0.216

0.184

0.198

0.279

0.572

0.337

0.207

*

°c

83.3 + 5.0

17.9 + 1.1

10.6 + 0.6

7.47 + 0.44

3.31 + 0.20

15.8 + 0.9

12.9 +0.8

23.2 + 1.4

5.26 + 0.32

Average value of the results with 11 and 50 m flight paths.
* Deduced from o-values using the present evaluated fission cross

section. Errors are quoted 6 % errors in a-values.

Resonance integral with cut-off energy of 3 eV (barns)

Quantity JENDL-2 JENDL-1 ENDF/B-IV Eiland et al.3D

fission

capture

531

172

524

138

527

115

569 + 37

162 + 8

315
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Appendix List of Resonance Parameters Adopted in JENDL-2

U-233
ENERGY
(EV I

-2.81
0.17
1.45
1.78
2.17
2.29
3.49
3.62
4.76
5.89
6.27
6.64
6.82
7.5 '
6.0
8.64
9.26
9.71
10.39
10.86
11.31
11.89
12.79
13.45
13.73
15.33
15.47
15.82
16.2
16.56
17.97
18.28
18.48
18.96
19.63
20.59
21.58
21.86
22.34
22.9
23.75
24.3
25.25
25.78
26.25
26.62
26.98
27.76
28.07
28.28
29.04
29.58
30.35
30.72
31.33
31.69
32.01
33.14
33.95
34.51
35.25
35.75
36.53
37.2
37.48
39.33
39.83
40.41
41.03
41.79
42.09
42.62
43.5
44.52
45.25
45.45
46.1
46.53
47.22
48.68
49-1
50.4
51-0
51.85
52-1
53.03
53.32

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

c
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0 •

0
0
0
0
0
0
0

J

2.5
2.S
2.5
2.5
2.5
2.S
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
• 2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5 "
2.5 '
2.5
2.5
2.5
2.5

TOTflL WIDTH
(MEV )

754.5
100.0
530.11
260.334
125.03
110.17
500.07
185.1
900.31
320.133
538.062
500.313
138.796
200.028
2039.08
339.05
29B.12
500.06
316.662
1000.01
439.2
2000.5
310.446
144.056
255.309
122.464
255.473
200.02
426.896
219.706
208.32
379.015
135.158
317.754
2500.39
364.773
2000.59
255.062
415.332
692.554
453.554
1000.52
274.74
660.522
495-239
260.3SB
592.154
900.508
168.028
230.233
541.764
112.138
396.154
261.627
325.298
BOO.465
217.951
740.719
1301.79
648.192
395.238
900.683
197.798
420.094
395.697
686.794
445.266
901.062
175.34
392.035
592.137
209.77
341.4
519.3
138.025
150.025
192.39
245.08
507.88
172.6
516.5
1100^84
500.114
150.021
280.055'
240.47
360.44

NEUTRON WIDTH
(MEV )

4.5
0.0002
0.11
0.334
0.03
0.17
0.07
0.1
0.31

0.13282
6.178-2
0.31264
0.79645
0.028
0.08
0-05
0.12
0.06
1.6618

8.606-3
0.2
0.5
1.4457

5.619-2
0.30863
0.46448
0.47292
0.02

0.89638
0.70587
0.32005
0.015

0.15834
1.7538

0.39487
0.77279
0.58669
1.0621
3.3317
0.55448
0.55419
0.51997
0.73993
0.52169
0.23872
0.35778
0.15398
0.5083
2.784-2
0.23343
1.7641

0.13826
0.15384
0.62701
0.29827
0.46464
0.95107
0.71939

1.786
1.1924
0.2383

0.68306
0.79785
9.369-2
0.69679
0-794

0.26599
1.0616
0.34

3.534-2
0.13727
0.77
0.4
0.3
0.025
0.025 '
0.39
0.08
0.88
1.6
0.5
0.84

. 0.114
0.02-1
0.055
0.47
0.44

GflMMfl WIOTH
I MEV )

30.0
40.0
30.0
50.0
10.0
50.0
45.0
50.0
45.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
57.0
39-0
39.0
39.0
55.0
39.0
39.0
30.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
22.0
39.0
39.0
39.0
39.0
48.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
37.0
39.0
39.0
39.0
39.0
39.0
48.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
57.0
20.0
19.0
39.0
39.0
39.0
39.0
39-0
40.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0

FISSION WIOTH
(MEV )

720.0
60.0
500.0
210.0
115.0
60.0
455.0
135.0
855.0
281.0
499.0
461.0
99.0
161.0
2000.0
300.0
259.0
461.0
258.0
961.0
400.0
1961.0
254.0
105.0
21S.0
92.0
216.0
161.0
387.0
180.0
169.0
340.0
96.0
294.0
2461.0
325.0
1961.0
215.0
364.0
653.0
414.0
961.0
235.0
621.0
456.0
221.0
553.0
861.0
129.0
191.0
S01.0
73.0
357.0
224.0
286.0
561.0
178.0
701.0
1261.0
599.0
356.0
861.0
158.0
381.0
356.0
647.0
406.0
861.0
136.0
353.0
553.0
152.0
321.0
500.0
99.0
111.0
153.0
206.0
468.0
131-0
477.0
1061.0
461.0
111.0
241.0
201.0
321.0

REFERENCE
I

JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2



U-233
ENERGY
(EV )

53.94
54.05
54.41
54.78
55.2
55.35
56.44
56.88
57.48
58.18
58.52
60.95
61.38
62.59
63.49
64.03
64.44
65.09
65.49
66.56
67.3
67.98
69.23
70.19
71.75
72.22
73.43
74.03
75.0
75.49
76.77
78.18
78.46
79.0
79.78
81.47
82.35
82.78
84.75
85.22
85.73
86.78
87.13
87.7
88.89
89.76
90.55
91.72
92.67
93.25
93.77
95.22
98.42
97.81
98 .S8
99.3
99.95
101 -29
102.89
104.79
105.23
105-95
106.51
106.95
107.83
108.2
108.64
109.36
109.98
150.88
112.S3
113.55

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

. 0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.S

TOTHL WIDTH
(MEV )

230.198
501.3
295.095
264.1
490.137
862.678
374.04
1501.25
782.36
1301.51
225.56
940.87
401.45
213.5
1000-2
370.763
240.466
236-593
630.478
770.641
940.396
333.469
1002.3
534.989
349.246
800.52
126.707
514.762
258.673
293.255
872.551
571.981
900.375
1200.66
598.536
1301.8
741.721
137.128
815.475
400.791
590-349
295.076
150.359
88.012
344.139
55B-S88
260.256
740.59
518.298
590.38
105.6
102.654
1603.31
233.759
316.971
541.386
542.626
1000-24
226.517
46140.6
430.088
192.437
273.034
327.869
351.479
400.822
220.402
419.045
520.815
409.234
1203.37
1003.78

NEUTRON WIOTH
(MEV ]

0.19788
1.3

9.550-2
1.1

0.13703
2.6782
1.04
1.2454
2.36
1.5075
0.56
0.87
1.45
1.5
0.2

0.76317
1.4662

0.59289
0.47853
0.64077
0.39572
0.46914
2.3044
1.9892

0.24606
0.5204
1.707
4.762

0.67293
3.255

0.55086
1.9814

0.37478
0.68408
2.5356
1.5992
1.7214
2.1278
0.47454
0.79108
0.349S7
7.616-2
0.3587
1.199-2
2.1396
0.588
7.2564

0.56993
1.2977

0.38024
1.5997
1.6539
3.3119
4.7586
1.9706
1.3858
2.6256
0.24082
1.5167
1.5581

8.813-2
2.4368
3.0341
2.8694
1.4788

0.82178
0.40228
4.0449

0.81499
5.2344
3.3662
3.7796

CflMMfi WIOTH
(MEV )

39.0
39.0
39.0
39.0
39.0
39.0
42.0
39.0
49.0
39.0
39.0
39.0
39.0
52.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
46.0
39-0
39-0
39.0
39.0
39.0
39.0
39. C
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0
39.0

FISSION WIOTH
(MEV )

191.0
461.0
256.0
224.0
451.0
821.0
331.0
1461.0
731.0
1261.0
186.0
901.0
361.0
160.0
961.0
331.0
200.0
199.0
591.0
731.0
901.0
294.0
961.0
487.0
310.0
761.0
86.0
471.0
219.0
251.0
833.0
531.0
861.0
1161.0
557.0
1261.0
701.0
96.0
776.0
361.0
551.0
256.0
111.0
49-0
303-0
519-0
214.0
701.0
476.0
551.0
65.0
62.0
1561.0
190.0
276.0
501.0
501.0
961.0
186.0
46100.0
391.0
151.0
231.0
286.0
311.0
361.0
181.0
376.0
481.0
365.0
1161.0
961.0

2
REFERENCE

JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2



U-235

ENERGY
(EV )

-1.49
0.273
1.14
2.035
2.84
3.14
3.61
4.85
S.45
5.6
6.21
6.39
7.08
8.79
9.29
9.73
10.2
10.8
11.65
12.4
12.86
13.28
13.69
14.0
14.51
15.4
16.08
16.69
18.07
18.96
19.31
20.13
20.61
21 .OB
22.94
23.42
23.63
24.25
24.37
25.2
25.59
26.48
27.15
27.82
28.38
28.71
29.64
30.59
30.86
32.07
33.53
34.39
34.83
35.2
35.3
36.4
37.5
38.3
39.41
39.9
40.54
41.35
41.59
41.88
42.23
42.7
43.39
43.9
43.97
44.6
45.0
45.79
46.79
47.01
47.95
48.3
48.8
49.0
49.43
50.14
50.49
51.27
51.72
52.22
53.46
54.13
55.08

!_

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.S
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5

TOTfiL WIOTH
IMEV )

245.881
135.003
162-015
48.0081
191.005
131.021
90.0469
39.462

90.0029
620.033
269.056
49.27
51.125
131.15
137.182
245.046
95.063
927.093
48.103
69.28
79.0448
98.047
115.046
469.48
63.135
85.245
51.36
124.283
169.37
91.095
104.14
260.12
92.2
67.49
84.47
37.66
185.77
70.322
88.1399
770.5
414.66
192.48
115.12
129.68
146.17
202.055
68.18
149.21
60.5
114.04
59.82
83.2199
118.95
134.6
691.57
1540.12
1540.17
308.34
94.4999
112.29
222.43
347.38
165.224
72.4
139.3
62.3
68.7
103.17
250.34
186.93
535.76
105.188
152.65
140.96
78.8799
165.771
79.87
240.177
60.82
53.27
96.09
190.67
62.29
353.25
100.61
142.23
107.16

NEUTRON WIOTH
!MEV )

3.68
0.0032
0.0154
0.0031
0.0048
0.021
0.047
0.062
0.003
0.033
0.056
0.27
0.125
1.15
0.182
0.046
0.063
0.093
0.603
1.28

0.0448
0.047
0.046
0.48
0.135
0.245
0.36

' 0.2B3
0.37
0.095
3.14
0.12
0.2
1.49
0.47
0.66
0.77
0.322
0.14
0.5
0.66
0.48
0.12
0.68
0.17
0.055
0.18
0.21
0.5
2.04
1-82
2.22
0-95
3-6
1.57
0.12
0.17
0.34
2.5
0.29
0.43
0.38
0.224
1.4
0.3
0.3
0.7
0.17
0.34
0.93
0.76
0.188
0.65
0.96
0.88
0.771
0.87
0.177
0.82
0.27
1.09
3.67
0.29
2.25
0.61
0.23
3.16

OflfflB WIDTH
1MEV )

35.2015
36.0
41.0
37.0
40.0
36.0
36.0
36.0
60.0
20.0
42.0
38.0
35.0
33.0
42.0
45.0
41.0
67.0
42.0
43.0
31.0
36.0
34.0
36.0
40.0
43.0
35.0
34.0
40.0
48.0
42.0
31.0
44.0
42.0
40.0
30.0
45.0
37.0
35.0
40.0
24.0
32.0
40.0
44.0
35.0
50.0
40.0
50.0
39.0
46.0
36.0
44.0
40.0
43.0
40.0
40.0
40.0
42.0
38.0
28.0
36.0
37.0
31.0
47.0
S3.0
47.0
44.0
28.0
20.0
40.0
31.0
26.0
34.0
39.0
41.0
25.0
29.0
20.0
40.0
32.0
43.0
51.0
36.0
26.0
22.0
36.0
48.0

FISSION WIOTH
(MEV )

207.0
99.0
121.0

u.o
151.0
95.0
54.0
3.4
30.0
600.0
227.0
11.0
26.0
97.0
95.0
200.0
54.0
860.0
5.5

25.0
48.0
62.0
81.0
433.0
23.0
42.0
16.0
90.0
129.0
43.0
59.0
229.0
48.0
24.0
44.0
7.0

140.0
33.0
53.0
730.0
390-0
160.0
75.0
85.0
111.0
152.0
28.0
99.0
21.0
66.0
22.0
37.0
78.0
88.0
650.0
1500.0
1500-0
266.0
54.0
84.0
186.0
310.0
134.0
24.0
86.0
15.0
24.0
75.0

230.0
145.0
504.0
79.0
118.0
101.0
37.0
140.0
50.0
220.0
20.0
21.0
52.0
136.0
26.0
325.0
78.0
106.0
56.0

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
.JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2



U-235

ENERGY
(EV ]

55.84
56.5
57.8
58. G6
58.7
59.76
60.19
60.85
61.18
61.57
61.9
62.4
63.02
63.32
63.69
64.31
65.82
66.38
67.25
68.53
69.29
70.4
70.75
71.61
72.4
72.91
74.57
75.17
75.S4
76.75
77.53
78.11
78.7
73.69
80.37
81.46
82.06
82.76
83.59
84.05
84.37
85.04
85.57
86.14
86.88
87.54
88.75
89.11
89.85
90.44
91.28
92.06
92.6
93.23
94.12
94.76
95.58
96.5
98.13
99.6
100.4

L

0
0
0
0
0
0'
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

c
0
0
0
0
0
0
0
0

J

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3-5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.S
3-5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.S
3.5
3.5
3.5
3.5
3.5
3.5

TOTBL WIDTH
IMEV )

335.5
125.92
221.13
69.36
127.25
267.245
129.9
148.51
100.35
540.23
540.17
460.26
240.091
250.102
592.8
54.25
83.42
81.4699
97.0809
150.12
200.72
182.8
229.3
110.25
141.7
571.33
103.9
258-9
237.27
110.081
147.01
162.23
86.13
137.78
203.8
128.93
64.05
82.9
111.17
285.65
234.1
403-66
390.6
118.05
127.58
208.47
340.28
135.18
134.79
60.23
286.96
119.72
34.53
83.33
75.4999
107.5
481.96
255.59
219.5
145.53
133.66

NEUTRON WIDTH
(MEV )

2.5
4.92
1.13
1.36
1.25
0.245
0.9
0.51
0.35
0.23
0.17
0.26
0.091
0.102
0.8
1.25
0.42
0.47
0.0809
0.12
0.72
2.8
2.3
0.25
2.7
0.33
2.9
0.9
1.27
0.081
1.01
J.23
0.13
0.78
0.8
0.93
0.05
1.9
1.17
1.65
2.1
1.66
0.6
0.05
0.S8
0.47
2.28
0.18
0.79
4.83
2.96
0.72
2.53
0.33
4.0
0.5
0.96
0.59
2.5
0.53
0.66

GflMMfi WIDTH
[MEV )

45.0
43.0
35.0
32.0
30.0
41-0
18.0
25.0
30.0
40.0
40.0
60.0
40.0
50.0
16.0
45.0
40.0
39.0
48.0
60.0
40.0
50.0
36.0
15.0
31.0
40.0
46.0
45.0
28.0
36.0
39.0
4S.0
48.0
46.0
35.0
36.0
40.0
56.0
55.0
36.0
29.0
35.0
40.0
40.0
41.0
43.0
18-0
50.0
45.0
46.0
33.0
44.0
48.0
26.0
62.0
41.0
34.0
18.0
34.0
35.0
60.0

FISSION WIOTH
(MEV )

268.0
78.0
185.0
36.0
96.0
226.0
111.0
123.0
70.0

500.0
500.0
400.0
200.0
200.0
576.0

8.0
43.0
42.0
49.0
90.0
160.0
130.0
191.0
95.0
108.0
531.0
55.0

213.0
20B.0
74.0
107.0
116.0
38.0
91.0
168.0
92.0
24.0
25.0
55.0

248.0
203.0
367.0
350.0
78.0
86.0
165.0
320-0
85.0
69.0
9.4

251.0
75.0
44.0
57.0
9.5

66.0
447.0
237.0
183.0
110.0
73.0

REFERENCE

JENDl-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2



Pu-239

ENERGY
CEV )

-0.22
0.297
7.82
10.93
11.89
14.31
14.68
15.46
17.66
22.29
23.94
26.24
27.24
32.31
34.6
35.5
41.42
41.66
44.46
47.6
49.71
50.08
52.6
55.63
57.44
56-84
59.22
60.94
63.08
65.36
65.71
74.05
74.95
78.95
81.76
82.68
83.52
85.32
85.48
90.75
92.97
95.36
96.491
100.25
102.99
105.3
106.67
110.38
114.44
115.1
116.303
118.83
120.99
123.44
126.22
127.51
131.75
133.78
136.75
139.28
142.92
143.47
146.25
147.44
148.21
149.42
157.08
160.8
161.96
164.54
167.1
170.49
171.08
174.56
175.98
177.22
178.9
133.64
184.87
188.27
190.64
195.36
196.69
199.39
203.46
203.93
207.37

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

0
0
1.0
1.0
1.0
1.0
1.0
0
1.0
1.0
0.5
1.0
0.5
0
0.5
1.0
!.O
0.5
1.0
0
0
1.0
1.0
1.0
0
0
1.0
0
0.5
0.5
1.0
1.0
1.0
0.5
0
0.5
0
0
1.0
1.0
0.5
1.0
0
0
1.0
1.0
1.0
0.5
0
0.5
0
1.0
0
0.5
0
0.5
0
1.0
0
0.5
1.0
1.0
1.0
0
0.5
0.5
0
0.5
0.5
1.0
1.0
0.5
0
0.5
0.5
1.0
1.0
0.5
0
0.5
0
0
!.O
1.0
0.5
0
1.0

TOTRL WIDTH
(MEV )

504.644
98.84

88.3997
199.877
67.0179
101.601
69.8903
994.4
74.8109
108.844
70.1288
83.454
42.2082
151.833
91-5198
47.2841
52.0977
106.003
58.5895
311.671
800.362
57.0072
68.3765
58.454
499.688
1099.91
180.42
6797.83
155.19
92.0354
137.042
71.1393
146.943
91.66

2047.91
70.7436
1750.38
2096.0
74.7989
59.7941
57.041
98.0819
1700.24
6000.1
47.5993
48.0
75.6265
43.6542
1499.39
205.317
267.727
102.831
78.336
63.694
95.8688
64.7634
3799.69
55.5385
70.1516
321.678
137.212
63.0448
69.9927
1000.38
149.694
119.597
621.6
141.208
150.208
78.7SB7
111.783
158.853
999.765
241.559
73.1128
51.5425
58.2095
72.2702
2098.64
52.912

66.9768
446.484
111.653
132.577
72.4484
440.6
56.9397

NEUTRON WIDTH
(MEV 1

0.0437
0.24
0 .7997
1.8769
1-0179
0.6015
L.8903
2.4
1.8109
2.6437
0.1288
1.454

0.2082
0.8328
0.0198
0.2841
4.0977
2.0026
6.5895
5.6708
4.352
3.0072
10.3765
1.454
12.888
10.9052
5.4196
19.628
1.1896
0.5354
12.0421
3.1393

21.9427
0.16
9.914
0.7436
2.3792
52.0
7.7989
12.1941
1.041

2.0819
13.2448
11.1036
1.5993
4.6
9.2265
0.6S42
1.386

0.3172
10.7268
17.8307
7.336
0.694
5.8688
0.7634
35.6904
S.S385
10.1516
0.1784
3.2121
4.0448
6.9927
2.3792
0.694
2.5974
33.6
0.2081
0.2081

27.7587
5.7831
0.8526
1.7648
0.0594
3.1128
3.5425
1.2095
2.2702
18.638
0.912
4.9768
59.484
4.6529
9.5768
5.9484
53.6
6.9397

GRMMR W10TH
CMEV 1

46.6
38.2
40.0
55.0
42.0
34.0
38.0
42.0
39.0
44.0
32.0
38.D
37.0
41.0
41.5
43.0
44.0
58.0
47.0
58.0
50.0
41.0
49.0
36.0
42.0
42.0
52.0
42.0
43.0
41.5
54.0
36.0
41.0
41.5
42.0
40.0
42.0
42.0
51.0
39.0
47.0
66.0
42.0
42.0
36.0
38.0
40.0
30.0
42.0
40.0
39.0
43.0
32.0
24.0
70.0
40.0
42.0
44.0
32.0
41.5
52.0
48.0
50.5
42.0
47.0
67.0
48.0
41.0
40.0
43.0
37.0
38.0
42.0
41.5
39.0
41.5
43.0
42.0
42.0
43.0
49.0
52.0
53.0
43.0
41.5
42.0
44.0

FISSION WIDTH
(MEV I

458.0
60.4
47.6
143.0
24.0
67.0
30.0

950.0
34.0
62.0
38.0
44.0
S.O

110.0
50-0
4.0
4.0

46.0
5.0

248.0
746.0
13.0
9.0
21.0
445.0
1047.0
123.0
5736.0
111.0
50.0
71.0
32.0
84 .C
50.0
1996.0
30.0
1706.0
2002.0
16.0
6.6
9.0
30.0
164S.0
5947.0
10.0
5.4
26.4
13.0

1456.0
165.0
218.0
42.0
39.0
39.0
20.0
24.0
3722.0
6.0
28.0

280.0
82.0
31.0
12.5

956.0
102.0
50.0
540.0
100.0
110.0
8.0
69.0
120.0
956.0
200.0
31.0
6.5
14.0
28.0
2038.0
9.0
13.0

335.0
54.0
80.0
2S.0
345.0
6.0

REFERENCE

JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JEN0L-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2 i



Pu-239

ENERGY
!£V )

211.09
212.02
213.28
216.35
219.49
220.22
223.16
224.89
227.77
227.89
231.4
232.63
234.32
239.04
240.6
242.88
247.5
248.B6
251.23
254.5
256.11
259.0
262.73
262.74
264.23
269.11
269.54
272.62
274.8
275.57
277.23
279.59
282.92
285.73
288.0
288.3
292.33
296.46
298.59
301.81
308.2
309.01
311.12
313.62
316.6
320.0
321.75
323.36
325.3
329.65
333.91
335.93
337.95
339.24
343.18
346.56
350.3
352.82
354.89
357.87
359.99
361.28
364.0
366.0
368.33
370.31
371.72
375.02
377.1
378.0-1
382.43
384.26
385.9
389.51
391.52
394.43
396.91
401.56
404.24
406.03
406.95
408.71
412.31
415.66
417.6
419.85
425.67

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

0
0
0.5
1.0
1.0
1.0
1.0
0.5
0
1-0
1.0
0.5
1.0
1.0
0.5
1.0
0.5
1.0
1.0
1.0
1.0
0.5
0
0.5
0.5
0.5
1.0
1.0

o.s
1-0
0
0
1.0
0.5
0

o.s
0
1-0
1.0
1.0
0.5
1.0
0.5
1.0
1.0
0.5
0.5
0
1.0
0
1.0
1.0
1.0
0
1.0
0
1.0
1.0
0.5
0
0.5
0.5

o.s
0

o.s
0.5
0
0
O.S
0.5
0.5
1.0
0
O.S
0.5
1.0

o.s
1.0
1.0
O.S
O.S
O.S
1.0

o.s
0.5
1.0
O.S

TOTfll WIDTH
(MEV )

789.776
1500.38
199.694
67.2127
70.5425
52.3627
59-3839
85.5378
8096.03
66.6787
53.7645
120.654
74.1452
72.3865
241.55
96.5564
280.348
61.6253
82.2293
54.7759
91.2788
241.897
6299.14
59.6086
341.748
130.082
71.8333
91.626

791.88
149.199
S299.85
111.097
84.983
341.599
6498.55
341.579
114.54
81.2319
73.4427
108.043
150.362
84.945

82.2238
61.483
73.1221
5061.5
341.698
159.88
104.46
1999.71
67.446
82.58
73.991
80.7552
74.657
1200.31
97.315
68.8597
79.0948
5999.92
113.646
341.827
3051.5
4999.71
162.095
89.8664
3399.8
42.9312
99.9542
224.364
129.625
108.651
999.776
74.072
124.874
106.464
108.143
219.232
1S5.0
321.206
331.447
114.924
144.863
61.8478
230.399
139.021
341.897

NEUTRON WIOTH
(MEV )

2.776
2.3792
0.694

6.2127
3.542S
7.3627
3.3839
2.5378
30.5348
1.6787
11.7645
0.6544
10.1452
S'.386S
0.0496
6.SS64
1.34B2
14.6253
27.2293
2.7759
6.2768
0.3966
99.14
3.6086
0.2478
2.0818
3.8333
27.626
13.8796
23.1987
17.8452
21.0968
24.983

9.919-2
28.552
7.939-2
11.5396
3.2319
10.4427
18.043
4.362
13-945
0.7238
13.483
5.1221
20.0
0.1982
59.88
6.4599
10.7068
5.446
17.58
7.991
9.7552
IS.657
10-3104
21.315
3.8R97
0.5948
8.9224
1.6456
0.3272
10.0
10.7068
0-5948
3.8664
22.802
7-9312
2.9542
1.8636
0.6246
S.6509
2.776
2.072
1.8738
6.4639
3.1426
19.232
23.0
2.7064
1.4474
1.9238
8.8631
4.8478
2.3992
6.0211
0.3966

GflMMfl WIOTH
(MEV !

42.0
42.0
42.0
50.0
41.0
34.0
47.0

sa.o
41 .5
33-0
37.0
40.0
49.0
51.0
41.5
34.0
45.0
42.0
43.0
27.0
53.0
41.5
42.0
46.0
41.S
42.0
40.0
33.0
42.0
54.0
42.0
34.0
49.0
41-5
42.0
41.5
31-0
48.0
43.0
42.0
48.0
47.0
41.5
38.0
43.0
41.5
41.5
53.0
50.0
42.0
52.0
47.0
55.0
37.0
41.0
42.0
41.0
48.0
41.5
42.0
32.0
41.5
41.5
42.0
41.5
57.0
42.0
29.0
58.0
41.5
43.0
28.0
42.0
51.0
55.0
48.0
44.0
46.0
56.0
41.5
30.0
55.0
36.0
50.0
50.0
S9.0
41.5

FISSION WIOTH
!MEV 1

745.0
14S6.0
157.0
11.0
26.0
11.0
9.0
25.0
8024.0
32.0
S.O
80.0
15.0
16.0

200.0
56.0
234.0
5.0
12.0
25.0
32.0

200.0
6158.0
10.0

300.0
86.0
28.0
31.0
736.0
72.0
5240.0
56.0
11.0

300.0
6428.0
300.0
72.0
30.0
20.0
48.0
98.0
24.0
40.0
10.0
25.0
5000.0
300.0
47.0
46.0
1947.0
10.0
18.0
11.0
34.0
18.0
1148.0
35.0
17.0
37.0
5949-0
80.0
300.0
3000.0
4947.0
120.0
29.0
3335.0
6.0
39.0
181.0
86.0
75.0
955.0
21.0
68.0
52.0
61.0
154.0
76.0
277.0
300-0

• 58.0
70.0
7.0

178.0
74.0
300.0

REFERENCE

JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2



Pu-239

ENERGY
(EV )

426.37
429.64
431.29
432.73
437.76
438.72
440.07
442.41
449.75
451.35
454.45
455.73
457.33
458.8
461.26
462.64
468.2
470.0
473.1
475.31
476.9
479.24
484.15
487.29
487.81
490.65
494.1
495.83
500.5
502.86
505.78
508.22
509.74
511.52
515.16
516.57
517.98
520.22
524.21
525.4
526.0
527.38
530.52
539.17
540.71
541.65
543.08
545.85
547.14
549.67
550.5
554.13
555.72
559.16
552.84
564.03
565.81
571.11
574.0
575.77
578.0
579.04
584.81
588-09
589.94
593.52
597.35
598.04
604.01
607.64
609.29
612.8
620.48
622.59
625.17
628.21
632.97
636.47
639.28
641.42
644.94
646.65
658.29

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

0
0.5
0.5
0.5
1.0
1.0
0.5
0
0.5
1.0
0.5
0
0.5
1.0
0.5
0.5
0.5
0.5
1-0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1.0
0.5
1.0
1.0
O.S
0.5
1.0
O.S
0.5
0.5
O.S
1.0
1.0
O.S
0.5
O.S
0
1.0
0.5
0.5
1.0
0.5
0.5
1.0
0.5
0.5
0.5
1.0
O.S
0.5
0.5
1.0
0
1.0
O.S
1.0
0.5
1.0
O.S
0.5
1.0
O.S
1.0
1.0
1.0
0.5
1.0
1.0
1.0
O.S
0.5
0.5
1.0
O.S
1.0
0.5
!.O

TOTPL WIDTH
(MEV )

6996.35
779.411
3491.44
341.027
61.6701
60.8835
341.916
411.819
133.463
59.145
402.194
615.216
170.504
79.0604
97.3698
128.293
2092.94
5086.37
55.5977
582.052
1994.18
201.698
59.8664
224.772
226.655
2281.33
116.06
202.69
76.8707
85.2645
442.392
692.194
260.184
3354.29
482.491
321.797
362.194
99.304
91.836
10661.4
92.987
58.987

243.0
55.2019
85.4656
89.431
58.1324
1178.85
843.285
60-1984
61.3538
1233.25
446.358
89.4653
274.636
53.2156
60.5776
83.026
419.132
88.957
79.9784
55.3076
322.194
62.6697
441.996
48.6724
55-026
S977.32
69.8506
58.8496
63.6973
64.2242
58.664S
61.0156
56.7989
52.681
3875.21
65.431
56-6869
S22.194
50.3161
242.987
141.133

NEUTRON WIDTH
(MEV )

29.3452
5.4112
6.9398
1.5268
2.6701
2.8835
0.4164
20.819
1.9828
13.945
0.694
78.716
11.0044
4.5604
3.4698
0.7932
5.444
14.871
4.0977
S.5S18
2.6766
0.1982
3.8664
3.2716
5.1552
19.828
4.5604
1.1899
3.3707
11.7645
0.8922
0.694
51.684
12.789
0.9914
0.2974
0.694
14.804
30.336
119.898
1.487
1.487

126 .S
11.3019
3.9656
7.931

11.6324
17.3494
1.7846
11 -6984
16.8538
51.75
4.8578

26.9653
53.138
9.7156
14.0778
8.526

157.632
39.457
2.4784
6.8076
0.694

11.1697
0.4956
3.1724
8.526
20.818
24.8506
9.6496
1S.S973
8.7242
11.7645
9.7156
7.79B9
2.181
33-706
7.931
9-1869
0.694
5.8161
1.487

80.633

GflMMH WIDTH
1MEV 1

42.0
42.0
41.5
41.5
49.0
55.0
41.5
44.0
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.S
41.5
41.5
41.5
41 .5
41.5
41.S
41-5
41-5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.S
41.5
41 .5
41.S
41.5
41.5
41.5
41.5
41.5
41-5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.S
41.5
41.S
41.5
41.5
41.5
41.5
41 .S
41.S
41.5
41.5
41-5
41-5
41.5
41.S
41.5
41.5
41.5
41.5
41.5
41.5
41.5
41.5

FISSION WIDTH
(MEV )

692S.0
732.0
3443.0
298.0
10.0
3.0

300.0
347.0
90.0
3.7

360.0
495.0
118.0
33.0
52.4
86.0
2045.0
5030.0
10.0

535.0
1950.0
160.0
14.5
180.0
180.0
2220.0
70.0
160.0
32.0
32.0
400.0
650-0
167.0
3300.0
440.0
280.0
320.0
43.0
20.0
10500.0
50.0
16.0
75.0
2.4
40.0
40.0
5.0

1120.0
800.0
7.0
3.0

1140.0
400.0
21.0
180-0
2.0
5.0
33.0
220.0
8.0
36.0
7.0

280.0
10.0

400.0
4.0
5.0

5915.0
3.5
7.7
6.6
14.0
S.4
9.3
7.S
9.0

3800.0
16.0
6.0

480.0
3.0

200.0
19.0

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2



Pu-241

ENERGY
(EV )

-0.209
0.257
4.28
4.58
6.11
6.93
8.62
9.57
10.06
12.79
13.42
14.75
15.97
16.67
17.85
18.22
20.69
21.05
21.91
23.0
23.7
24.04
24.81
26.39
28.89
29.42
31.03
32.5
33.3
33.77
34,9
34.98
37.5
38.17
39.35
39.89
40.87
42.77
43.45
46.57
48.11
50.35
52.07
58.37
59.28
60.53
62.25
63.0
64.52
65.68
66.55
68.22
69.18
71.77
72.17
73.8
75.94
77.06
77.73
80.14
81.36
81.98
83.12
85.35
85.67
86.0
66.93
87.8
89.12
90.6
91.4
91.88
93.77
95.24
96.18
97.53
98-28
99.74
100.5
101.42
102.33
103.52
107.54
107.85
109.05
110.2
113.13

L

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

o-
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

J

3.0
3.0
3.0
2.0
2.0
3.0
3.0
2.0
2.0
3.0
2.0
3.0
3.0
2.0
2.0
2.5
3.0
2.5
2.5
3.0
2.5
3.0
2.5
3.0
2.0
3.0
3.0
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.S
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

TOTHL WIDTH
(MEV )

132.063
132-051
95.69
184.42
1338.24
155.72
141.94
385-528
636.32
280.677
123.55
183.4
556.42
227.28
64.98
75.15
105.309
335.01
70.17
370.986
380.39
127.183
549.15
313.857
700.76
125.471
299.203
2541.0
160.17
140.3
1142.07
55.41
640.15
240.5
201.49
154.59
1042.12
240.28
70.25
281.5
626.2
540.69
140.04
621.75
582.2
281.3
644.62
1242.0
316.25
344.26
243.04
141.18
160.7
100.07
411.S3
S3.5
159.76
80.45
169B.7
124.87
261.9
1017.9
118.02
200.5
272.8
350.72
130.4
322.35
792.23
216.7
60.1
60.12
296.4
683.6
1041.5
499.85
193.28
350.16
55.6
147.61
58.7
48.73
41.2
92.2
491.92
791.45
86.75

NEUTRON WIDTH
[MEV )

0.063
0.05143
0.69
0.42
3.24
0.72
0.94
0.528
1.32

0.67714
3.S5
5.4
1.42
1.28
2.98
0.15

0.30857
0.01
0.17

0.98571
0.39

1-16286
0.15

3.85714
5.76

0.47143
2.20286
1.0
0.17
0.3
2.07
0.41
0.15
0.5
1.49
1.59
2.12
0.28
0.25
1.5
6-2
0.69
0.04
1.75
2.2
4.3
4.62
2.0
0.25
5.26
3.04
1-18
0.7
0.07
1.53
0.5
4.76
4.45
1.7
4.87
6.9
2.9
5.02
3.5
2.8
0.72
7.4
2.35
2.23
1.7
0.1
0-12
0.4
0.6
1.5
0.85
7.28
2.18

1

1.3
.61
.4
.53
).5
.2
.92

0.45
0-75

GflMMR WIDTH
(MEV )

35.0
35.0
50.0
49.0
35.0
35.0
41.0
35.0
35.0

so.o
60.0
48.0
35.0
42.0
39.0
35.0
43.0
35.0

so.o
35.0
55.0
46.0
40.0
45.0
40.0
40.0
56.0
40.0
40.0
40.0
40.0
40.0
40.0
40-0
40.0
53.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
27.0
40.0
40.0
40.0
39.0
40.0
40.0
40-0
53.0
40.0
40.0
52.0
58.0
80.0
40.0
40.0
40.0
40.0
52.0
40.0
40.0
43.0
40.0
40.0
40.0
39.0
35.0
46.0
40.0
40.0
40.0
40.0
18-0
40-0
72.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

FIS5I0N WIDTH
(MEV )

97.0
97.0
45.0
13S.0
1300.0
120.0
100.0
350.0
600.0
230.0
60.0
130.0
520.0
184.0
23.0
40.0
62.0
300.0

' 20.0
335.0
325.0
80.0
509.0
265.0
655.0
85.0
241.0
2500.0
120.0
100.0
1100.0
15.0

600-0
200.0
160.0
100.0
1000.0
200.0
30.0
240.0
580.0
500.0
100.0
580.0
540-0
250-0
600-0
1200.0
276.0
300-0
200-0
100.0
120.0
47.0
370.0
13.0
103.0
18.0
1637.0
80.0
215.0
975.0
73.0
145-0
230-0
310-0
80.0
280.0
750.0
175.0
21.0
25.0
250.0
643.0
1000.0
459.0
146.0
330.0
14.3
74.0
17.3
7.2
0.7
51.0
450.0
751.0
46.0

REFERENCE

JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2
JENDL-2



Pu-241

ENERGY
lEV )

115.4
117.23
120.33
122.11
123.24

L

0
0
0
0
0

J

2.5
2.5
2.5
2.5
2.S

TOTflL WIOTH
(MEV !

1581.7
357.48
545.8
465.95
101.35

NEUTRON WIOTH
(MEV !

1.7
3.46
0.8
6.95
2.35

GflMMR WIDTH
(MEV )

40.0
40.0
40.0
40.0
40.0

FISSION WIDTH
(MEV )

1540.0
314.0
505.0
419.0
59.0

REFERENCE

JENOL-2
JENDL-2
JENOL-2
JENOL-2
JENDL-2
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ABSTRACT

Using the data on < Q ~ ? o h - • tne level density parameters

in the superfluid nucleus model involving the collective effects

are obtained. In the low energy region this model is matched

with the constant temperature one whose parameters are determin-

225ed from the description of the discrete level spectrum of

to C-. The systematics of the main parameters are given.

Th

1. INTRODUCTION

Solution of many problems in nuclear engineering needs infor-

mation on neutron cross sections for a wide class of transactinide

nuclei. The absence of the exDerimental data in many cases re-

gards the theoretical calculations as of paramount importance

for nuclear data evaluation. The great majority of calculations

is connected to this or another extent with the knowledge of ex-

cited nucleus level spectra. The nuclear data evaluation makes

especially high demands of the level spectra knowledge due to a

329 "igh accuracy of the neutron cross sections predicted. Therefore,

the individual input information for each nucleus has to be used,

and only if no such information available the systematics must

be applied to.

The range of discrete spectrum for transactinides known

from different experiments is usually limited to 0.5 and 1.5 MeV.

In the higher energy region the nuclear level models have to be

used. As the neutron cross sections calculated are very sensitive

to the level density models, and their parameters, in particular,

the radiative capture cross section [ 1 ] . They can be used provid-

ed the all available experimental data are uncontradictorily des-

cribed. The discrete spectrum in the low excitation energy region

and neutron resonance density near the neutron binding energy are

most direct of them.

Using the data available on < D > o t , s for Th t0 C f

the level density parameters in the superfluid nucleus model in-

volving the collective effects are obtained. In the low energy re-

gion this model is matched with the constant temperature one. The

parameters of the latter model are determined from the description

of discrete level spectra. The calculation results fit into ra-

ther simple systematics which suggests their successful applica-

tion in further calculations. This holds, first of all, for the

region where the constant temperature model is applied. In the

present analysis, as compared to [ 2 , 3 ] , we are using the super-

fluid nucleus model involving the contribution of the rotational

and vibrational degrees of freedom,. Besides, by the time, Ref.

[2] has been published , there were scanty data on < D > , for
obs



™ transactinides, while in [3] this nucleus region was not considered

at all.

2. NEUTRON RESONANCE DENSITY DATA FOR TRANSACTINIDES

When using data on neutron resonance density 0 ^ obtained

from neutron cross section measurements in the region of resolv-

ed resonances, the account must be taken of the effects which

may be exerted on the final value. These are: (i) omission of

resonances due to their grouping or smallness of neutron widths

and (ii) presence of p-resonances. The latter refers to odd-

-odd nucleus-targets.

Of all available resonance parameter data and evaluations,

1n the first turn, we give preference to <^°' >
0h5 from Table

1. Up to date there are data on <D> . for 32 transactinide

nuclei. Note that in f4] < D " > o b s = °- 5 5 * °- 0 4 eV 1s given for

Th (compound nucleus) with reference to the ENDF/B-IV libra-

ry. However, the study of versions IV [5] and V of the ENDF/B-

library indicated no resonance parameters for the given nucle-

us. This value is not used in what follows.

Table 1 also contains spins and parities for the ground

states of nucleus-targets and neutron separation energies L6]-

3. DISCRETE LEVEL SPECTRUM DATA FOR TRANSACTINIDES

In order to obtain the parameters for the level density

model used , the level scheme data have been used as from the

Nuclear Data Sheets, 1976-1978,that have been sent to us by

the Centre on Atomic Nuclear Structure and Nucleus Reactions

Data of the USSR State Committee on the Utilization of Atomic

Energy. These data include about 100 isotopes of
2 5 4Cf.

225 Th to

4. LEVEL DENSITY MODEL

The level density of deformed axial-symmetric nuclei in-

volving transactinides under equilibrium deformations is govern

ed by the following expression from [7] allowing for the contri

bution of rotational freedom degrees:

,0)

where (x) [U) is the density of inner excited states; C±.~FxJ: and

Cjl = Fn-h are the spin-dependence parameters associated with nor-

mal f̂_ and parallel Fn nucleus inertia moments; K" is the

angular momentum projection to the symmetry axis; -fc 1s the ex-

cited nucleus temperature.

The deformation values representative of transactinides allow

equation (1) to be simplified as:

2I/2JF 01, r- 20?
(2)

The contribution of vibrational freedom degrees to the level den-

sity may be allowed for by introducing the coefficient K w £ [ 8 ] in-



to (1) or (2):

where

Here U L j

drop model; the ratio

(3)

(4)

is the surface tension coefficient in the liquid
C
ct.3>fi

characterizes the difference between

331

the rigidity coefficients for an excited nucleus and liquid drop.

The values necessary for level density prediction are calcu-

lated by the. modification formulae [9] for the superfluid nuc-

leus model. Shell effects are allowed for in terms of the depen-

dence of the main level density parameter a vs the excitation

energy and the shell correction §~W in the nucleus binding

energy in the region above the phase transition point as fol-

lows [10];

a ,

where CL is the asymptotic value of the parameter O. at

t X - * 0 0 determined here from the neutron resonance density; Y

1s the energy dependence parameter; CconcL is the condensa-

tion energy. The Myers-Swiatecki parameters [11] are used to cal-

culate the shell correction OW . The <5"W -values for the

nuclei where the data on <C D> . are available are given in

Table 1. The necessary parameters are taken from [8]. Note that

the correlation functions for protons and neutrons are determin-

ed from the systematics:

&Q?t= L\ON IJ-7- (6)

The description of the discrete level spectrum would be a

highly severe requirement to any density level model, whose main

parameter is determined from the neutron resonance density. The

model adopted in the present work is not an exception. It seems

therefore natural to use, for the low excitation energy, an al-

ternative model whose parameters would be determined from the

condition of discrete spectrum description and which would pro-

vide matching with the model adopted for the region around the

neutron binding energy. To this purpose, the constant tempera-

ture model wtdely used to date has been employed. In terms of

this model, the increasing sum of levels is represented by a

straight line in the semi-logarithmic scale

(7)

(8)

Temperature T is defined as an inverse logarithmic derivative p ( & ) i

E o is the calculation parameter.

The analysis of the level schemes for the even-even transac-

tinide nuclei gives the linear N(E) dependence in the semi-loga-

while the total level density is



"" rithmic scale ( F i g s . 1 , 2 ) . The deviation from this d e p e n d e n c e

with i n c r e a s i n g energy is attributed to the omi s s i o n of le v e l s .

Ho such a d e p e n d e n c e is observed for odd and odd-odd nuclei (Figs.

3 , 4 ) , but it must be borne in mind that their level density is

much higher than that of even-even n u c l e i . H e n c e , the omission

of levels here will be more e s s e n t i a l .

Usually the physical grounds of the constant temperature mo-

del have been criticized. Its success becomes understandable due

to calculations in terms of the superfluid nucleus model which

displays a weaker fall p ( ^ ) to zero excitation energy than

the Fermi-gas model. At low energies, P(U) calculation using

the superfluid nucleus model gives a practically straight line

in the semi-logarithmic scale.

Matching of the level density models is determined by the

following conditions [2,3]:

(i) Description of the increasing sum of discrete spectrum levels,

(ii) Equality of the densities at the matching point

whence

(9)

whence

(10)

( i i 1 ) Equal i ty of the logar i thmic d e r i v a t i v e s for level d e n s i t i e s

a t the point C x •

(11)dE <LE

r (12.)

5. PARAMETRIZATION OF DATA ON NEUTRON RESONANCE DENSITY AND

DISCRETE SPECTRUM FOR TRANSACTINIDES

The neutron resonance density data cited in Table 1 have been

used to obtain the asymptotic value of cL of the main level

density parameter a. They are given in Fig. 5 as the ratto

In the same figure the solid line plots the dependence

(13)

obtained in [8] for nuclei at A=150-250. The dependence is seen

to fit the data but the tendency of more rapid /f\ decrease

with increasing A 1S observed (dashed line). The parameter

systematics has been made in [8] with the experimental data on

< D >
o b s

which both in reliability and number yield

to the data used here.

Note that appreciable deviations for 2 4 5 P u and 2 5 3 C f from

the mean dependence in Fig. 5 can be attributed to the nonreli-

able ^ D > . determination. Besides, a certain value of
obs£>

/h fluctuations is perhaps due to the use of systematics

(6) which does not present the individual properties of particular

nuclei. The values of the parameters T, E Q in the constant tempe-
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rature model and the matching points E for even-even and odd nuc-

lei, for which the neutron resonance data and descrete level spec-

trum are available, are presented in Figs. 6 through 10. The qua-

lity of describina the increasing sum of discrete spectrum levels

for individual nuclei is demonstrated in Figs. 1 through 4. As

seen from Fig. 6, the temperature T for even-even nuclei displays

rather weak fluctuations about the average value T= 0.385 MeV.

For odd n u c l e i , T fluctuations are noticeably greater (Fig. 7 ) .

Besides, the values of T for them are, on the average, somewhat

lower than for even-even nuclei. But this stems from less reli-

able determination of the discrete spectrum for odd nuclei ra-

ther than points to T dependence on nucleus parity. This is sup-

ported by the fact that for the nuclei whose discre-te spectra

2 35are more thoroughly studied (for example, U ) , T parameters are

close to the average value for even-even nuclei. Note that the

low value of T for Pu is attributed to lower density of-the

known levels compared to the well-studied neighbouring odd nuc-

lei and real density can be expected to be higher.

It follows from the aforesaid that for the nuclei with no

data on the discrete spectrum available the value of T =

0.385 MeV average for even-even nuclei can be recommended.

The analysis of the parameter E shows that for even-even

nuclei its values are very densely grouped arround zero (Fig. 8 ) .

For odd nuclei, the parameter E is, on the average, by 0.6 MeV

lower than for even-even nuclei. This suggests an idea to relate

the parameter E for odd nuclei to the values of the correlation

function A o in the ground state. Really, it is seen from

Fig. 9 that for the nuclei with the most studied discrete spect-

ra the values of E Q + A Q are grouped around zero. E + A

fluctuations and their considerable difference from zero for

a number of nuclei can be attributed to the same reasons as

for the parameter T. Similar nature of T and E + A fluc-

tuations for odd nuclei is seen from their correlation in

Figs. 7 and 9.

The aforesaid demonstrates the possibility of applying

the average parameters E =0 and E Q = - A 0 for even-even and odd

nuclei in the case of the nuclei having no data available on

resonance discrete spectra and density of neutron resonances.

This is also supported by the description of the increasing

level sums- for the nuclei with comparatively well-studied

discrete spectra but having no data on . < D > . using

average parameters I and E o (Figs. 11 and 1 2 ) .

The point is different with odd-odd nuclei. The analy-

sis shows that in their case the application of the superfluid

model gives satisfactory description of the increasing dis-

crete spectrum levels. However, this can be explained by in -

sufficient study of the discrete spectrum rather than by the

success of the model. Following the systematics, the level

sums for them must increase more rapidly than for odd nuclei

for even-even nuclei. At the same time, the up-to-date level

schemes give the same N(E) behaviour as for odd nuclei. It

can be therefore suggested that for odd-odd nuclei the desc-
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ription of the true discrete spectrum will be ensured by the

parameters T=0.385 MeV (average over even-even nuclei) and

E =-2A . This will be confirmed below.o o

Evidently, the recovery of the observed neutron resonance

density -can support the validity of the systematics obtained

for T and E in the constant temperature model. To this end,

equations (3) and (10) should be used to give the parameters

E x and a- The calculation results as < D > theor / < D >

are given in Fig.13. It is easily seen that the bulk of the

values lie within + 50% which is a fair result for the approxi-
2 38 245mations used in the present work. The nuclei Np, Pu,

Cm and Cf are an exception, and among them Pu and

3 JCf have nonreliable < D > o b s
 data-

It should be also supposed that T, E and "a as well as

< D > theQr/ < D > ex fluctuations are to a certain degree attri-

buted to A * \2/}fK, which does not allow for the individual

properties of particular nuclei. Note that this estimate is high-

ly overestimated for neutron pair energies for transactinides

being satisfactory for the whole range of mass numbers. One

can hope that the use of experimental pair energies will appre-

ciably improve the parameter systematics.

6. CONCLUSION

The main results of the present work.are as follows:

1. The analysis is made and the data are given on the average

distances between neutron resonances for transactinides.

2. The parameters of the superfluid nucleus and constant tem-

perature model for level densities are obtained and syste-

matized.

3. It is shown that for the nuclei with no data on discrete

spectrum at low energies a good approximation can be ob-

tained through the use of the average T=0.385 MeV and

EQ=0 for eveji-even E
 = - A for odd and E =-2A for odd-

odd nuclei. These parameters provide agreement between

theoretical and experimental < D > within + 50%, on

the average.

4.The superfluid nucleus model including the contribution

of collective modes to the level density ensures the mo-

del matching at rather low temperatures and matching points

E x of about 4, 3 and 2 MeV for even-even, odd and odd-

-odd nuclei, respectively.



Table 1

Data on Mean Distances Between Neutron Resonances

and Shell Corrections
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Compound
nucleus

' t
230

231

232

234

Hi

i34

235

Ho

237

236

239

236

i>j

240

i 4 i

242

243

245

242

243

Th

Th

Th

Pa

Pa

U

U

U

U

U

U

U

Np

Pu

Pu

Pu

Pu

Pu

Pu

Am

Am

i i *
[ n u c i e u s - t a r -
j q e t s
! ?

5/2+

0+

0+

C3/2-)
3/2-

0+

5/2+

C+

7/2-

0+

1/2+

0+

5/2+

0+

1/2+

0+

5/2+

0+

0+

5/2-

5-

MeV

3

5,790

5.128

4,787

5,550

5,197

5,744

5,841

5,305

o, 545

5,125

S,£43

4,604

5,480

5,655

-5,534

5,241

.5,301

5,037

4,720

5,529

5,425

< 0 > o b s ' eV I
j

4 !

0,40

9,8 + 1.6

15,5 + 0,9

0,37*

0,59

4,1**

0,61+ 0,07

10,5+ 0,5

0,438+ 0,038

15,2+ 0,S

3,5+ 0,8

24,5+ 2

0,740+ 0,051

9,2 + 0,7

2,38 + 0,05

13,5 + 0,5

1,34 + 0,10

14,23+ 0,54

11,4 +-4

0,58 + 0,04

0,45

Ref.

->

12

13

14

15

16

17

18

£9

20

22

23

24

25

26

27

28

29

30

31

i 5V,
i MeV
i
! 6

-1,008

-1,024

-0,917

-1,315

-1,272

-1.733

-1,704

-1,700

-1,524

-1,580

-1,447

-1,418

-2,041

-2,355

-2,tI5

-2,118

-i,683

-1,917

-1,591

-2,487

-2,128

I

244

243

244

^45

246

247

248

249

d5Q

250

Am
Cm

Cm

Cm

Cm

Cm

Cm

Cm

Bk

Cf

Cf

! 2

5/2-

0+

5/2+

0+

7/2+

0+

9/2-

0+

7/2+

9/2-

0+

! 3

5,364

5,701

6,799

5,519

5,451

5,157

6,210

4,713

4,969

5,618

4,792

! 4

0,68 +

17,6 +

0,50 +

i l , 8 +

1.14 +

21,3 +

I,
40 +

r,
1,07 +

16

t

0,06

3,3

0,20

1,2

0,14

5,3

5

I

0,14

5

32

33

4

4

34

35

36

37

38

39

40

! 6

-2,287

-2,692

-2, 559

-2,675

-2,439

-2,430

-2,193

-1,971

-2,335

-2,955

-2,013

Corrected for level omission
**

The authors of [17] do not cite this value. It is given

in [41] with reference to [17]
***

Estimate obtained by V.A. Konshin et al. in compiling
a new file of 2 4 0 P u data
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E,MeV

Fig. 1, Description of the increasing sum of U levels

using the constant temperature model with T=0.392

MeV and E o=0.014 MeV.

238Fig. 2. Description of the increasing sum of U levels

using the constant temperature model with T=0.383

MeV and E =0.010 MeV.o



£,MeV

Fig. 3. Description of the increasing sum of U levels

using the constant temperature model with T=0.385

MeV and EQ=-0.742 MeV (EQ + A Q = 0.041 MeV).
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Fig. 4. Description of the increasing sum of Pu levels

using the constant tempenature model with T=0.377

and E Q = -0.608 MeV (E ,= 0.168 HeV).
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F i g . 5 . "a/A vs mass number A. S o l i d l i n e , r e l a t i o n

• , e v e n - e v e n n u c l e i ; A , even -odd n u c l e i ;

o d d - e v e n n u c l e i ; • , odd -odd n u c l e i .

( 1 3 ) .

TMeV

230 250 A

7. Parameter T in the constant temperature model for

odd nuclei vs mass number.

uo 240

250 A

Fig. 6. Parameter T in the constant temperature model for

even-even nuclei vs mass number.

Fig. 8. Parameter E in the constant temperature model for

even-even nuclei vs mass number.



0
• ° *

DO

•

240

•

250 A

Fig. 9. E + A for odd nuclei vs mass number.

A A A A A

t A

250 240 250 A

Fig. 10. Energy E of level density model matching for even-

-even (•) and odd (A ) nuclei vs mass number.

2 1?Fig. 11. Description of the increasing sum of Th levels

using the constant temperature model with T=0.385

MeV and E Q=0.
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239Fig. 12. Description of the increasing sum of Np levels

using the constant temperature model with T=0.385

MeV and E Q=-A 0.

230

Fig. 13. Ratio of < D> calculated by the constant tempe-

rature model parameter to experimental one for

Th-Cf.
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DEJENDENCE OF TRANS AC TINIDE LEVEL DENSITT ON

PAKITT AND ANGTILAE MOMENTUM

G.V. Antsipov, V.A. Konshin and V.M. Maslov

Heat & Mass Transfer Institute, BSSH Academy

of Sciences, Minsk, TJ.S.S.R.

ABSTRACT. The dependence of level density on the parity and

angular momentum is considered based on the discrete spectrum

analysis.

"1. THTROPOCTION

In authors' another contribution to this Meeting considered

are the problems of transactinide nuclear level density para -

metrization using the superfluidity nucleus model involving col-

lective (vibrational and rotational) degrees of freedom.However,

only the dependence of the level density on excitation energy

was discussed. The problems of level density dependence on pari-

ty and angular momentum were not dealt with. To discuss the

O ( X, 5U )-dependence all nuclear level schemes for transac-

tinides from -% to ^Cf recommended by Nuclear Data Sheets

(1976-1978) were used.

2. PARITY DEPENDENCE OF LEVEL DENSITT

As a rule, nuclear level density models suppose equally pro-

343 bable parity distribution. The combinatorial /1,2/ and statis-

tical /3/ calculations show that in a number of cases at low

energies this assumption does not hold. At the same time, it

is emphasized in /3/ that for deformed nuclei the deviations

from the equality J' = P_ are presumably negligible. It is

reasonable, therefore, to verify the assumption on the equal-

ly probable parity distribution for the nuclei being essenti-

ally deformed. This can be done -in principle by analysing ave-

rage radiative widths < |y> for different parity resonan -

ces, average distances between different parity resonances or

spectroscopic information on the discrete spectrum.

Unfortunately, the value of <Cfv> for p-resonances is un-

known even for the ^nJ which is most comprehensively studied.

The existing evaluations of the average distances between s-

and p-resonances indicate the validity of the condition ?+
=fi.

at the excitation energy near the neutron binding energy.Thus,

for 258tJ <D> s 24.8 i 2,0 eV and < ] » = 8.91 ± O.IOeV / V

which consists with the law ( 2 J +1) within the errors.

The analysis of level parity for the discrete spectrum for

Th - Cf has shown that £. = £>_ holds within - 50% for 69%

nuclei out of 51 nuclei (Fig.1). With view of insufficiently re-

liable information on the level parity and poor statistics,

such an agreement seems to be adequate to think the assumption

5+ = 9_ does not contradict to the data available at low exci-

tation energies, i.e. above the known discrete spectrum. The

ratio N_/ N̂ . being, on the average, somewhat below unity

(Fig.1). It can be partly due to the fact that the bulk of the



344 nuclei studied have positive parity of the ground state. In

other words, this may demonstrate the effect of the ground

state bound levels.

3. LEVEL DEBS IT? DEPENDENCE OH ANGU1AS MOMENTUM

In the previous work we used the following expression for

where Kvifc(^) t n e coefficient allowing for the contribu-

tion of vibrational degrees of freedom; is total
2 2

density, of internal excited states; Oj. and 0j_ are the spin

dependence parameters associated with parallel and perpendicu-

lar nucleus inertia moments, f\ is the angular moment projec-

tion to the symmetry axis.Due to the essential deformation of

transactinide nuclei ( & =s 0.24), expression (1) can be given

as

(2)

where

= crX
(3)

is the coefficient allowing for the level density increase due

to the contribution of rotational degrees of freedom.

Represent (2) in terms of the total level density 0 (10:

where

To?"

(5)

(6)

Egression (6) is none other than the well-known angular mo-

ment level density distribution in the Fermi-gas level density

model with the parameter Ox for O . That is, under the

conditions which enable one to proceed from (1) to (2) the in-

clusion of the collective degrees of freedom does not change qua-

litatively the angular moment distribution law.

The applicability of the law of type (6) in the spin region

being important for the neutron cross-section evaluation would

not usually call any doubts. It is natural to try to extent law

(6) to the low energy region where the total level density is

represented by the constant temperature law. Similar problem is

considered in /5/ which, however, does not deal with transacti-

nides. Analysis of discrete spectra for nuclei considered shows

that the level spin assignment is not made, as a rule, with great

confidence, for the exception of low bands. Nevertheless even

from such information it is possible to make some conclusions.



For law (6), the maximum probability method can yield the f ol-

lowing estimation of the parameter Oj. •

N
(7)

where N is the number of levels identified over the spin. Despite

that the estimation (7) is weak-sensitive to the level omission,

we have used for (^.^determination only the data in the cnsrgy

region with relatively low level omission. This was checked "by

describing the increasing level sum using the constant tempera-

ture model. Parameters for 41 nuclei having fairly studied

discrete spectra are given in Fig.2. It is easily seen that CT.

for even-even nuclei is much higher. But there are only two of

them. No difference is observed in 0^ for odd-odd and even

nuclei. That is, it is difficult to say something on the existence

of (3j. e dependence on parity. Despite the difference between the

spins in the ground state and the states considered it is seen

that the values of Oj. e X D
 c a n ̂ e fairly described on the average

by the linear dependence, on the mass number A . The least square
2

method gives the following parametrization for :

( 8 )

The data available on spin distribution of transactinide discre-

te spectrum levels are satisfactorily described by (6) with
3. 2.

&X - OJL e x p . This is supported by Figs.3a- 3u giving d i s t r i -

345 butions for all nuclei with relatively large number of spin-identi-

fied levels. The values of Oj. allow the constant-temperature

law to be used fatisfactorily to describe the increasing sum of

N (U, J ) levels for 2$% , 2 ^ , 2l%n, 240Pu> 245Cm ^ 24^m

nuclei for which a comparatively large number of levels exists

with identified I (Fig.^a- f ) .

All this points to the possibility of substituting,if necessary,

the discrete spectrum by the continuous one using the constant

temperature model and the law (6) including the parameter Oj_

and of extending the law. (6) to the energy region above the known
2

discrete spectrum with the appropriate choice of the parameter Oj_
•2,

I t seems not quite correct to use the results of Q^ calcula-

tion by the superfluid nucleus as well as by any other statist ic

model, sijoce the main parameter CL which can be determ^ed from

the observed neutron resonance density or from the systematics

hardly displays the structure of levels at rather low excitations.

Therefore, the approach similar to / 5 / seems to be more natural.
2 2.

I t implies that the use of CJL. = C up to the energies

where the discrete spectrum can be regarded identified rather

reliably ( S , , ^ , then C 2 , from Bbound- to the point, B^,

( the matching point for the superfluid nucleus model and the

constant temperature model ) , is determined by the linear inter-
2 2

polation between O^ ex_ and CT_L(E. ) calculated by the super-

fluid nucleus model. Above E x the calculations using the same

model are made.

For the nuclei, whose discrete spectra are insufficiently

identified, Oj_ can be calculated using the equation (8) and
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the following -values of

^bound = ^ *2 M e 7 f o r nuclei

E. . = O.J MeV for even-even nuclei

being the average for the respective groups of nuclei.

1. CONCLUSION

The main results are as follows:

(i) The analysis of discrete transactinide spectrum suggests

the independence of nuclear level density parity at rather low

excitation energies.
2

(ii) Parametrization of the parameter Ol e _ is made and

its dependence' on mass number is obtained.

(iii) It is shown that the law (6) of level density distri-

bution on angular moment is applicable not only near the neutron

binding energy and above, but describes the data available on the

discrete spectrum fairly well, i.e. can be used for low excitation

energies with the appropriate choice of O x .
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EFFECT OF DIFFERENT NUCLEAR LEVEL DENSITY

MODELS ON ACTINIDE NEUTRON CROSS SECTION

CALCULATIONS

V.A. Konshin
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ABSTRACT

The nonspherical optical potential, spectral Lorentz factor
and the Fermi-gas level density model involving the collective
modes give a self-consistent description of all kinds of neutron
cross sections, including a , for actinides.

The application of the traditional Fermi-gas level density
model results in an appreciable difference betv/een experimental
and calculated a for both kinds of spectral factors that can-
not be attributed to the uncertainties of the parameters used.

The relationships of the Fermi-gas model widely used in sta-

tistical calculations rely on the idea of a complete mixing of

collective degrees of freedom in an excited nucleus and, hence,

neglect collective effects. The semi-microscopic method of the

level density calculation suggested by Soloviev et al [1,2] en-

ables one to allow for the vibrational and rotational contribu-

tions. But these methods being rather tedious, especially when

used for high energies, find a limited use in the nuclear data

evaluation.

In neutron cross-section calculations the collective effects

can be taken into account in the framework of the statistical

method developed by Ignatyuk et al. [3]. The method allows for

the shell nonuniformities in the single-particle level spectra,

correlation effects of a superconductive type and coherent col-

lective effects.

The Fermi-gas model considers the shell effects vs the de-

pendence of the parameter a on the excitation energy and shell

correction <5W. The effect of the energy dependence of the para-

meter a is most essential for nuclei around closed shells, the

shell correction for actinides is relatively small, and its ef-

fect is negligible.

The level density equations for the superfluid nucleus mo-

del are given in [3]. These formulae hold not only for odd-odd

but also for even and even-even nuclei provided the excitation

is somewhat renormalized.

Considering the collective effects, the level density for-

mula takes the form:

The adiabatic estimation of the level density increase coeffi-

cients K r o t and K y i b due to rotational and vibrational modes

as well as of the factor a gives the following expressions [3]
Krot = Fx*.

Kvib

F,!'3t



354 where FA and F|( are the normal and parallel Inertia moments;

t is the excited nucleus temperature.

Different level density models yield different energy de-

pendence of the level density, thus affecting the value of the

neutron cross sections calculated using the statistical model.

As the calculated fission cross sections for the energies

above 1 MeV are usually fitted to the experimental data, the

radiative capture cross section o in statistical calcula-

tions is most sensitive to the choice of this or another level

density model. Our calculations [4,5] show that the convention-

al level density Fermi-gas model gives an appreciable discre-

pancy between the experimental and calculated o for both

kinds of the spectral factor that cannot be attributed to the

uncertainties of the parameters used (Figs. 1 and 2 ) .

The best agreement with the experimental data in the whole

energy region considered is achieved with the Fermi-gas level

density model allowing for the collective modes. The use of

the Weisskopf spectral factor (curve 4, Figs. 1 and 2) does

not result in better agreement of a with the experimental

data than the one achieved through the use of the Lorentz

spectral factor and the Fermi-gas model involving the collec-

tive modes. Therefore, due to the more comprehensive physical

grounds for the Lorentz factor supported by the agreement bet-

ween the calculated and experimental data for the radiative

strength functions [6] and the experimental data on the widths

of the (n,yf1-process (see Table 1) it seems reasonable to use

this very spectral factor in calculations by the statistical

model.

The coupled-channel method is the most correct one for

calculating neutron transmission coefficients. The difference

in the neutron transmission coefficients T calculated using

the spectral model and coupled-channel model is becoming more

essential when the orbital momentum I increases and the coef-

ficients T decrease. This affects mostly the radiative capture

cross-section calculation, as a 1s mostly determined by the

contributions of the channels with small neutron transmissions

which compete weakl_y with the (n,y J-process- Therefore, using

of the neutron transmission coefficients calculated by the

coupled-channel method leads to better agreement between the

experimental and theoretical data for a for actinides.

The correct calculation of neutron transmission coeffici-

ents affects, in the first turn, the value of the compound

nucleus cross section and, hence, the radiative capture and

inelastic scattering cross sections. The difference in o"

calculated by the spherical and nonspherical optical models

is energy dependent and ranges from 5 to 20S.

In our self-consistent evaluation of all types of neutron

cross sections, neutron transmission coefficients for Inlet

channels are calculated by the coupled-channel method with the

careful optimization of the nonspherical pot ntial parameters

by the SPRT-method [11] using the x2-criterion [10].



In the calculation of outlet neutron transmission coeffi-

cients the use of the spherical potential seems to be justifi-

ed since even for the main rotation band the channel coupling

is hardly preserved when a neutron is in interaction with an

excited nucleus.

The use of neutron transmission coefficients of the gene-

ralized optical model and regard for direct excitation of low-

er levels result in fair agreement between experimental and theo-

retical excitation cross sections both for the lower levels and

for those, whose excitation levels are completely determined

by the compound nucleus decay.

The choice of the level density model does not practical-

ly affect the total Inelastic scattering cross section. The dif-

ference in different nuclear level density models for a target-

nucleus causes changes 1n the relationship between scattering

cross sections for discrete and continuous level spectra and

in discrete level excitation cross sections.

It is seen from Fig. 3 that the best agreement between cal-
2 3Qculated and experimental data for the Pu level excitation

cross sections is achieved through the use of the Fermi-gas

level density model involving the collective modes.

Thus, the nonspherical optical potential, the Lorentz spect-

ral factor and the Fermi-gas level density model with allowance

for the collective modes permit a self-consistent description

of all types of the neutron cross sections, including a , for
238odd-odd ll-type nucleus targets in a wide energy range. Since

petition is most important the choice of different level densi-

ty models has a less pronounced effect on the calculated cross

sections.

Hence, the application of the traditional Fermi-gas nuc-

lear level density model leads to a considerable discrepancy

between experimental and calculated o for both kinds of spec-

tral factors that cannot be attributed to the uncertainties of

the parameters used.

The neutron transmission coefficients, T , used are in

fact the ones for the excited nucleus states but sometimes these

are identified with T for the ground state.
This was remarked by Ignatyuk et al. [14] and investigated

thoroughly by Klepatski lAand Sukhovitsky E. in our laborato-

ry using the coupled-channel method. They investigated the

difference between the strength functions and transmission

coefficients for the ground and excited states. Table 2 shows

that the strength functions and, hence, the transmission coef-

ficients for different states differ greatly in the low ener-

gy region, but with enerqy Increasing this difference decreases.

The difference in the transmission coefficients affects the radiative

355 for even nucleus-targets the correct allowance for fi

capture cross section. Our calculations of a (^^u) show that

taking into account this effect allows a better agreement with the

experimental data below 1 MeV to be reached (Curve 4, Fig. 4 ) . Note

that Curve 1 is for T obtained for nonspherical optical mo-

del inlet and spherical outlet channels, and Curve 4 is for

T n obtained for nonspherical inlet and outlet channels.

ssion com-
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Table 1 Comparison of theoret ical and experimental

l~Yf widths for * j yPu

Level density models

and spectral factor
used

«v>°* -«-
meV

Fermi-gas model, Lorentz

spectral factor 5.94

Fermi-gas model, Weiss-

kopf spectral factor 10.59

Fermi-gas model involving

the collective modes, Lo-

rentz spectral factor 3.62

Fermi-gas model involving

the collective modes, Weiss-

kopf spectral factor 7.25

Superfluid nuclear model

involving the collective

modes, Lorentz spectral

factor 5.80

meV

5.46

11.55

3.11

7.28

5.24

Table 2 s-and p-strength functions( U) for the

ground and excited states

energy
MeV

0.5 .10~3

0.005

0.01

0.03

0.10

0.20

0.40

1.0

Ground
state

1.163

1.133

1.121

1.091

1.034

0.990

0.945

0.820

V 10~4

State
2+

1.032

1.016

1.006

0.981

1.003

0.920

0.912

0.790

State
4+

0.790

0.780

0.774

0.757

0.736

0.717

0.712

0.695

Ground
state

1.947

1.941

1.944

1.952

1.916

2.109

1.801

1.428 1

S,, 10'4

State
2+

1.893

1.717

1.721

1.731

1.731

.828

.462

.151

State
4+

3.745

2.997

3.003

3.010

3.407

3.068

2.463

1.183

Superfluid nuclear model

involving the collective

modes, Weisskopf spectral

factor 11.42 13.37

Experiment - [ 7 ]

357 [ 9 ]

< 4

4.1 ± 0.9
6.1 ± 2.9
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2 38Fig. 1. Comparison of the experimental data for a ( U} and

theoretical ones obtained using different level density

models: 1, Fermi-gas model, Lorentz spectral factor;

2, Fermi-gas model involving the collective effects,

Lorentz spsctral factor; 3, superfluid nuclear model

involving the collective effects, Lorentz spectral fac-

tor; 4, Fermi-gas model involving the collective effects,

Weisskopf spectral factor'(<0 > o b s = 24.8 eV [12],

<fVobs = 23'5

Fig. 2. Comparison of the experimental data for o { Pu)

and theoretical ones obtained using different level

density models: 1, Fermi-gas model, Lorentz spectral

factor; 2, Fermi-gas model involving the collective

effects*fj, superfluid nuclear model involving the

collective effects, spectral Lorentz factor; 4, Fermi-

-gas model involving the collective effects, Weiss-

kopf spectral factor ( <0> o b s = 2-38 eV and <f"Y>obs
 =

= 43.3 meV [13]).
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0,6

Fig. 3. 239 Pu level excitation cross sections for different

level density models: a, E =235 keV; b, Eq=330 keV;

c, 387 keV < E < 392 keV. Curve 1, Fermi-gas model;

2, . superfiuid nuclear model; 3, Fermi-gas model in-

volving the collective modes.

359

\,\ E./YUb

Fig. 4.
0,1 03 0.5 0.7

,238Dependence of a ( U) on <0>05S and neutron trans-

mission coefficients T (calculations were made using

the Fermi-gas model involving the collective effects,

Lorentz spectral factor and <r Y> o b s = 23.5 meV).

Curve 1, <D> o b s = 24.8 eV [12], the coeffcients Tn

were calculated by the coupled-channel method; curve

2, <0>
ODS

, the coupled-channel method 1s

used for T calculation; curve 3, < D >
O K S

 = 17.7 eV,

the coefficients Tp were calculated by the spherical

optical method; curve 4, the same as 1 but with using

T n for excited and ground states.
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239?U R350NAIIC3 PARAMETER TESTING BY THE NEUTRON

TRANSI.IISSION FUNCTION LliSASURELIENTS

V.A. Konshin and C-.B. Korogovsky

Heat & Kass Transfer Institute, 3SSR Academy of Sciences,

Minsk, USSR

ABSTRACT. The results are reported on testing ?u resonance

parameters by measuring neutron transmission functions for

samples of different thicknesses. Corrected resonance parameters

are obtained. The experimental data used in the study and the

requirements to experiments are discussed.

Recent detailed measurements of the neutron transmission

functions for a number of -^Pu sample thicknesses [_V] permit

testing ^resonance parameters. The transmission functions

'.vere measured j_1j using a tine-ojf-flight spectrometer of the

reactor I3R-30 with a 1000 a path length ( a resolution tima is

100 ns/m). The sampie-to-devector distance being 500 m, this

allowed neglecting of neutron scattering to the detector.

^Measurements were made for five samples v/ith thicknesses from

0.00862 nucl./barn to O.'i2S4 nucl./barn at room temperature.

Pu admii-rture in the samples amounted to ~ 4.7 /«.

In the present analysis the neutron energies at experi-

mental points are estimated by the expression

where D is the path length in m, ft is the number of the

analyser channel, flo is the delay. The average £> value is

equal to 1005± 5 m, particular values of D and flo for each

sample are calculated using the energy scale adopted with the

certain resonances normalization. The energy resonance scale

for " ^?u seems to be determined mo3t reliably in the Saclay

experiments [.2j . The . energy scale determined by Gv.'irJgtal [3

practically coincides with it.

The resolution function in the transmission experiments

is of the form

v/here

CT-29,72,

i'or each energy point, the integration of calculated

transmission over the resolution function v;as made within

± 2 C W . The Jopplar resonance broadening v;as taken into

account as usually in terms of T and X -functions being

adequate for J'7u. with its wide and closely placed levels.

experimental values of the transmission function errors

(the error of background subtraction due to its approximation,

statistic error, corrections for admixtures in a sample) were

taken as
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where H. is the number of -the analyser channel. The values of

K , To , N° , N o , N ^ , £ , are given in Table 1.

The above experimental data on the transmission functi-

ons for -"?u can be applied to testing resonance parameters

for energies not more than 50 eV since even at this energy the

distance betv.-een the experimental energy points becomes

~-0.3 eV.

The experimental data for five transmission values

between 4«3 and 50.0 eV were simultaneously analysed by the

least-square method using the Breight-.Vigner formalism. The

contribution of 25 resonances on each side of the tested one

v/as takan into account. This allowed contribution to the last

of the tested resonances, at 49.7 eV ms.de by wide resonances

with large \J$. at 96.46 eV and 100.25 eV. The contribution

of the '100.25 eV resonance to the tested one was equal to

0.07 barn.

Our evaluated ^'Pu resonance parameters £4 j were taker,

as the input ones.The parameters of two negative levels at

- 1.8 eV and - 0.07 eV were also taken from [_<Q to describe

the. experimental data in the thermal energy region within thai-

accuracy. The potential cross section scattering (5p v;=s

obtained iron a simultaneous analysis of the experimental data

in the thermal and lieV-energy regions to give 10.35 — 0.45

barn. This consists with Uttley's. data [5l (1Q.3OiG.15 barn),

data of [t>] and allows agreement to be achieved between the

scattering cross section at the thermal point (7»4 b) and the

evaluation of [f]( 7.2±1.4 b) for the neutron cross section

parametrisation in the thermal region.

The ?u admixture in samples (~4.75o) v/as allov/ed for

in the calculations. Most appreciable contribution to the

energy region considered is due to 13 Pa resonances. The

evaluated ' ?u resonance parameters v/ere taken from £8_}«

- The calculation results are presented in Pigs 1 through.

20 and in Table 2. The solid line gives the calculations for

the transmission function with the input resonance parameters.

Dashed line gives the results of optimization calculations with

Ij^ and la- 1̂  + ly t varying to give the best simultane-

ous description of the transmission functions for all of the'

five samples.

It is seen from the figures that the calculated transmiss-

ion values for the first two sample thicknesses fairly reproduce

the behaviour of the curve in the interresonance region and on

the resonance slopes, but lierng much below the experimental

data at the resonance peaks. Evidently, the resonance peaks

v/ere measured inaccurately and, hence, the transmissions below

10"^ were neglected. It is also seen that the calculated trans-

missions for the sample Ho. 3 are systematically above while for

llos 4 and 5 systematically below the experimental values for

the whole energy range considered. It can be understood assuming

that sample thicknesses differ from those indicated iir[i3. In

particular, sample ITo. 3 may have the greater, and samples ITos 4

and 5 smaller thicknesses than it is shown in Table 1. Besides,



in the experiments with a cladding material model its thickness

might been inaccurately accounted for. Recent discussions v:ith

the authors [V} confirmed these conclusions and respective calcu-

lations with correct thicknesses will be made.

•These errors nevertheless did not exert a remarkable

effect on resonance parameter testing. The point is, that the

deviations of the calculation curves for sample JIo. 3 and samp-

les Nos 4 and 5 almost compensate one another and do not need

any changes_in the parameters made. Besides, in the case of

samples Eos 3 - 5 for the resonance of 7»82 eV a remarkable dis-

tortion of the resonance sides is-observed The reason for it is

not clear yet.

Table 2 shov/s that in general the final set of resonance

parameters differs from the initial one not more than by 1 6 %

except the cases of duplets 14.31 - 14.68 eV, 26.24 - 27.24 eV,

41.42 - 41.66 eV which are inaccurately measured, and the region

above 44 eV where insufficient experimental resolution displaies

itself.

C0HCIUSI0H5.

1. The results show that resonance parameters have to be prefe-

rably tested by the shape analysis method since in this case the

effect of inaccurate measuring of transmission function in the

resonance peaks is less pronounced.

2. Further testing researches need the experimental data on

-^?u fission self-indication for different thickness samples,

end these testings are planned.

3. it is desirable to rr.3e.sure the transmission functions and

fission 3elf-indications for the. samples of U and ?u c:

different thickness with cooling.
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Sable 1

Thicknesses of samples and coefficients K , To

No » N o » N a f o r calculation of experimental

errors of transmissions functions

Ho. ;
of samples !

I

2

3

4

5

0 nuclei
y ~b

0,00862

0,01725

0,03449

0,0589

0.1294

' K" i «-p •

i I I
0,90

0,80

-1,17 0,55

0,45

0,20

950

3200

5000

4500

3400

1 N o | N°
870

2000

800 512

850

TICO
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ltosonnnce parameters of 239 Pu

N

I
2

3
4
5
6
7
8
9

10
II
12
13
14
15
16
17
18
19
20
21

5.90
7.82

10.93
11.50
XI. 89
C4.3I
14.68
15.46
17.66
22.29
23.94
26.24
27.24
32.31
34.60
35.50
41.42
41.66
44.48
47.60
49.71

3"
'3

0
I
1
X
I
I
X
0
I
I
I
I
I
0
I
I
I
X
I
0
0

4
4.7000-03
5.735[-04
X.3239-03
4.2527-05
6.6947-04
4.3221-04
[.4[98-03
4.6707-04
X.2249-03
X.8573-03.
6.3860-05
8.9929-04
1.0735-04
X.8747-04
9.1600-06
2.0441-04
3.1786-03
I.[150-03
4.7088-03
X.410C-03
I.0143-03

ji««e !

I

4.7000-03
5.4623-04
L. C9&9-03
5.8980-05
5.6876-04
7.[860-04
[.4235-03
4.6707-04
1.2249-03
2.0290-03
6.95X2-04
[.[273-03
I.0£98-04
[.8747-04
9.1600-06
2.0441-04
3.2534-03
9.3824-04
4.0003-03
i.2060-03
9..[58[-04

6
0

4,76
9.59

-38.69
15.04
66.26
-0.26
0
0

-9.24
-8.85

-25.35
5.0
0
0
0

•-2.35
-15.85

[5.05
14.47
9,71

%\ f a '*V

3.3023+00
8.7000-02
X.9880-01
5.X6O0-O2
7.6000-02
X.0100-01
6.8000-02
6.9890-01
7.3000-02
I.0600-01
7.0000-02
8.2002-02
4.2000-02
X.5X00-01
9.1000-02
4.7000-02
4.8000-02
X.0400-01
5.2OOO-O2
3.0600-01
7.9800-01

R
3.3023+00
8.4097-02
[.6683-01
X.5693-01
6.45X7-02
X.OX28-01
6.5050-02
6.9890-01
7.3000-02
9.5687-02
6.3603-02
8.5466-02
3.6053-02
I.5100-01
9.1000-02
4.7000-02
5.3453-02
8.7968-02
3.9964-02
2.3284-01
8.9692-01

9
0

3.34
16.08

-204.13
X 5 . I I

- 0.28
4.34
0
0
9.73
9.14

-4.23
14.16
0
0
0

-XI.36
15.42
23.15
23.91
[2.40
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REICH-MOORE FORMALISM AS A L L I E D FOR SEARCHING

RESONANCE PARAMETERS FROM EXPERIMENTAL DATA

V . P . Z h a r k o v

A.V.Luikov Heat & Mass Transfer Institute,
BSSE Academy pf Soiesoes, Minsk, U.S.S.fi.

ABSTRACT

Consideration is made of the resonance fission width sign

effect on the resonance interference allowed for using

the Reich-Moore formalism. Reconstruction of 2*% cross sec-

tions from the experimental data on the Reich-Moore parame-

ters is illustrated.

Among the major i ty of problems d e a l i n g w i t h n u c l e a r r e a c -

tor design the one is encountered which considers the re-

construction of energy-dependent neutron cross sections from

different parameters including resonance ones. With this in

view, different evaluated nuclear data libraries, for exam-

ple EH DP, are compiled which are permanently supplied with

new experimental data, new evaluated data and parameters ob-

tained through the use of new models analysing the neutron-

nucleus interaction* These libraries are catered for by a

great number of various programs which allow processing of

the available information.

R E C E N T /V i s one of such programs. I t ensures re-

construction of the energy-dependent neutron tota} , elas-

t i c , capture and fission cross sections from the combination

of resonance parameters and tabulated background cross-sec-

tions. In the resolved-resonance region, the program allows

resonance parameters from four different formalismst

1. Breit-Wigner single-level parameters

2. Breit-Wigner multy-level parameters

3. Reich-Moore parameters

4. Adler-Adler parameters

Unfortunately, the parametrication of the third type

has not been realised in the RECENT program since for the

moment there are no available Reich-Moore resonance parame-

ters to describe simultaneously all types ©f heavy fission

nucleus cross sections. This displays the complexity and te-

diousness of the problem of searching resonance parameters

from experimental data.

The essence of the R-oatrix Reich-Moore formalism is con-

sidered in detail in /2/. This method is one of the versions

of the general R-matrix formalism in the approximation of a

single neutron channel, several fission channels and a great

number of radiation channels. It is assumed that there is no
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intraresonance Interference in the latter channels due to

their large number. Such an approach askes it possible to

construct a low-order matrix, invert it and compute any type

of cross sections for a real time. The method is advantageous

for possible account of the contribution of each resonance

level to the oross sectional structure* But its calculations,

especially those including the Doppler resonance broadening,

are tedious and require rigorous spin separation of resonan-

ces. In general, the latter imposes the most severe restric-

tions to the application of this formalism since there is

no information on resonance spins for the majority of fission

nuclei.

Just recently, the results of evaluating resonance struc-

ture in ( *% + n) have appeared. This has permitted more

particular approach to resonance parameter searching from

the experimental data based on the Rftich-Moore formalism us-

ing the program for 2*% derived by that time at the Heat and

Vase Transfer Institute of the BSSR Academy of Sciences. The

main scope of the present paper is to formulate the most dif-

ficult problems encountered at the first stage of research-

ing which have to be solved.

In the program developed at the Institute t$e Reich-Moore

formalism is realised with one neutron channel (for resolved

resonances t =0), one radiation channel (allowing for the

contribution of all possible radiation channels) and two fis-

sion ohannels with the account taken of the signs of each

ohannel. It is regarded that the signs influence upon the

phases of the wave functions in output channels.

This being the situation, in addition to conventional in-

terference determined by the distance between resonances

some "sign" interference must exist being determined by a com-

bination of signs in different channels'. To make the prob-

lem clear, calculations for two resonances with equal para-

meters are performed, fission widths being divided equally

for two channels. Initial resonances have the following pa-

rameters Eri=1eV, Era,= 2eV, f^ = T ^ = O.C4eV, frti =fn2>=

sO.2.10"4 eV; ̂  = fjal =0.02eV and fjl4 = Q i z = 0.

First, the cross sections of all types are estimated by the

Breit-Wigner formula for J =3. All the subsequent results

are compared with the obtained ones. If with some combina-

tion of signs in the fission channels of two resonances the

cross sections coincide with the Breit-Wigner parameters, it

is regarded that sign interference is absent (N.I. -No In-

terference). C.D.C. means that the cross section has increa-

sed to the left of the first resonance and to the right of

the second (constructive interference) while it has decrea-

sed between the resonances ( Destructive interference). D.C.D

means the reverse. C.D.C. + D.C.D. implies that mainly inter-

ference remains to be destructive though not so obvious.

D.C.D. + C.D.C. refers to the case of weaker constructive in-

terference between resonances.

It must be noted that if some combinations of signs are

in one group, for example C.D.C. + D.C.D., then the values



"•* of cross sections are the same for all cases. The results of

the analysis are cited in Table 1. •

Figures 1 through 4 give neutron total, fission and cap-

ture cross sections for four cases of sign interference bet-

ween two resonances. At E =1>5 eV for the N.I, case,

&t - 15.847 barn, 6^ = 7.787 barn and <o * =1.557 barn.

For the C.D.C. case, <o t =8.243 barn, S'f =0.143 barn and

6 • =1.595 barn. For C.D.C. + D.C.D., <o t =10.499 barn,

6 f = 2.449 barn and <o / =1.546 barn. For D.C.D., £ t=24.188

barn, £> f =15-788 barn and 6 j =1.896 barn. In all the cases,

the total cross section is underestimated by about 5 barns

since potential scattering is computed by the program for

each series of spins individually. It is evident from the fi-

gures 1-4 and cited cross sectional values that the combi-

nation of signs essentially affects the interference. Also,

if fission widths are asymmetric, then one kind of the in-

terference is developing into another.

Searching for resonance parameters relies upon the least

square method. The program searches for a set of resonance

parameters minimising the functional 2L Z. I *V ~ *>;,• |

where i=i,2,3 for three types of cross

sections; I is the number of experimental points. Correct

evaluation of the above functional requires the consideration

of the thermal motion of atoms and experimental resolution

of the apparatuses for the energy dependence of the cross

sections in the region of resolved resonances. This is often

achieved through averaging the cross sections over the Gaus-

sian function
12

JE' (D

As has been recently found the algorithm of averaging

the tabulated cross sections which has been developed by

the present authors independently differes only in some de-

tail from the one described in /3/. This is, in particular,

the mode of calculating the tabulated cross sections. Thus,

in the range between 0.2 and 7eV, the table contains 2384

points in the *oJ case for each cross section. This consti-

tutes, on the average, about 198 points per a resonance with

a relative error due to linear approximation of 0.1%.

The contribution to dispersion A 2 includes thermal mo-

2 2
tion of atoms A ^ and experimental resolution A r , i.e.
2 2 2

A = A ^ * &r • ̂ ne temperature term is calculated ra-

ther simply (see, for example (5 )). It is more difficult

to allow for experimental resolution. If the resolution fun-

ction is not determined experimentally, in the authors^

program the resolution is included in the formula

C?r = 7.7284.10"
4. oi-£

where At is resolution in jus/m.

In its turn, At is determined as

(2)

(5)



where SNB is the accelerator beam width (us),

SCA is the analyser channel width (us),

1.8/ fE (Ein eV) is the time uncertainty (us) due to

fluctuations of the time of neutron moderation to the

energy E. This assumption holds for water and plastics.

BTF is the flight path (m).

It is evident from (3) what requirements are made of the

experimental data used for searching resonance parameters.

Besides, it is desirable to know the exact experimental pro-

cedure, corrections for the energy scale, if these are avai-

lable at all. As the effective temperature is needed to take

account of the temperature broadening, it should be given

for the target material. The statistic errors cited by the

authors do not participate in computations since the diffe-

rence between experimental and theoretical cross sections

(discrepancies) is taken with a unit weight. This is because

all types of the cross sections are optimized simultaneous-

ly differing in value, for example, due to different experi-

mental temperatures.

Resonance parameters of *^U are sought from the experi-

ments bys Shore, Sailor A / , Michatidon et al /5/ for <o ̂ ;

Deruytter et al /6/, Gwin et al fjjl, Moore et al {8{ , for

<o £, De Saussure /9/ and mean values of ( 6 a - S'f) from

/7/ for <o y. The data of /4/ are used without renormalization

with the resolution at =0.17us/m above O.JeV and &t=0.26us/m

below O.3eV. There is no more detailed information for At

393 calculation. Neither the data of /5/ are renormalized. Ra-

ther complete Information on d t is available. But the ex-

perimental data obtained from two experimental series have

no indications on a particular series. Data of /&/ are not

renormalized• There is no information on resolution. The ana-

lyser channel width is chosen from the data listing equal

to 1.6us (from 1 to 11 eV). The value of 1 jos is taken for

the accelerator beam width. The data of /7/ and /8/ are

not renormalized. No information is available on resolution.

Therefore even such data as /8/ with the indication of reso-

nance spins cannot be correctly used for evaluating resonan-

ce parameters. Data of /9/ and 6y of /7/ are renormalized

to i,m between 0.1 and 1 eV obtained in /10/. In /^/ the

resolution function and data on energy scale shift are given.

For mean values used for estimation of 6*v from /7/ and 15

E> t points between 0.02 and 0.08 eV from /11/, A,? is

assumed to be zero*

Pigs. 5 through 39 give several versions of theoretical

6j. , 6 f and 6» calculated by the Reich-Moore parame-

ters (see Table 2) evaluated from the above experimental data.

Resonance parameters of /8/ neglecting interference are used

in Table 2 as reference data. Preliminary adjustment of para-

meters has been done up to 10 eV. The negative resonance is

required to describe low energy regions. The signs of the fis-

sion widths for this resonance can be different from those

in this Table ( see Table 3). It is easily seen from the fi-

gures, that the resonance parameters being the same, the com-



394 "bination of signs for other resonances can "be found to satis-

factorily describe experiments.

Now, consider the description of resonance cross sections

for different energy regions. Between O and O.75eV (fig-5-7) ,

the energy dependence of the total, fission and capture

cross sections are fairly described for all the fission width

sign combinations considered. The negative resonance is most

important here. Individual inspection of the negative and

J = l{ resonances at E f = 1.14J eV shows that in all

three cases the fission widths signs are distributed in such

a way that these resonances would not interfere if the fls-

sioo widths were equally distributed over the channels (see

Table 1). Any other combination of signs different from the

H.I. case for these two resonances drastically distorts the

agreement between calculation and experiment.

For 0.75 • 2.25 eV (Pigs. 9 and 10), the experimental

data are fairly plotted by the theoretical curve with dif-

ferent combinations of fission widths signs. Thus, it may

be stated that the kind of the interference is chosen cor-

rectly and subsequent optimization may improve the agreement

between theory and experiment at the expense of redistribu-

tion of all the widths and fission ones, in the first turn.

However, it works well only with appropriate mode of inter-

ference in more distant.resonances because their contribu-

tion is essential. Thus, in the case of a random scatter of

the fission -widths signs in the resonances from 10 eV to

24 eV ( parameters from Table 2), the sum of squared discre-

pancies for 0 - 4 eV region has changed by more than

while the theoretical curves between 0 - 2.25 eV have ascen-

ded or descended. The optimum combination of fission width

signs in the resonances above 10 eV found for the region bet-

ween 4 and 10 eV and it is neglected.

The cross-sections in the region between 4.25 and 5.75 eV

(figs. 16 through 22) are strongly dependent on the signs of

fission widths of neighbouring resonances. It is easily seen

from Pigs. 16 through 18 how strong is the effect of sign

interference with a resonance at E^. = 5»5 eV. Figs. 19

through 22 show the effect of the resonance fission width

sign at E r =4.2 eV. The latter effect is stronger due to

large fission widths. The case is somewhat different with

the resonance with E r =4.2 eV. It is stronger and its effect

on other resonances is more pronounced. Presumably, negative

resonance with 7 = 3 may "tame" it a little bit. The reso-

nance with E p = 2.762 eV displays similar "character". But

in the version 045 the experiment has been correctly descri-

bed at the expense of negative resonance (Fig.11). It seems

that one more negative resonance of another spin may help in

eliminating the "swings" around the resonance E = 4.2 eV

with a random sign scattering in the resonances above 10 eV.

The region between 5*75 and 6.75 eV (Pigs. 23-25) is not

greatly affected by the resonances below 5 eV. It is seen

from comparing versions 45-2 and 047 in FigB. 23 and 24. How-

ever, io version 47-4 this effect is almost insufficient
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(compare Pigs, 23 and 25). For the resonance E r = 6.17 eV no

alternative sign version has been chosen.

Within 6.75 + 8.25 eV (Pigs. 26 through 29) the most pro-

nounced effect is exerted by the resonance with E =7«O7 eV

and with E = 8.97 interfering with the resonance Er= 7«7 eV.

The version 47-2 seems to be most appropriate. Perhaps the

parameters of the resonance with E r = 7-7 eV must be first

corrected by the value and then the interference considered.

The region of 8.25 «V to 9.25 eV (Figs. 30 through 33 )

is not essentially affected by any sign interchanges. Evident-

ly the main contribution here is made by the resonance with

E r = 8.781 eV. No interchanges of fission width signs have

been made for this resonance yet.

The region between 9.25 eV and 11 eV (Figs. 34 through

38) seems to demonstrate more vividly the effect of "sign"

interference on the cross sectional structure. The total

cross section is not given in the Figures. All the events

due to sign interchanges in this region in resonances with

E r = 9.28 eV, 9»76 eV and 10.9 eV do r?ot exert very strong

effects on the section up to 9 eV. This gives hope that this

region can be put in order. The energy dependence of the

cross sections seems to be most correctly described in the

version O47» The latter presumably may be taken as a basis

for parameter optimization.

Finally, Fig.39 presents the fission and capture cross

sections between 11 and 13 eV for the version 047. The cor-

rect behaviour of cross sections in this region supports fis-

sion width sign distribution for the resonances between 9*25

and 11 eV given in the version 047.

Thus, it is shown through a great number of figures that

due to the Reich-Moore formalism and with the knowledge of

the effect of fission width signs exerted on the interference

of two neighbour resonances, a success can be achieved in

searching for resonance parameters of ^ U . Unfortunately,

this procedure is rather tedious and requires large computer

time. Since, to the authors* mind, visual control of the dis-

crepancies between theory and experiment is the only test in

optimization, a great number of graphs have to be plotted

for each version and almost for all regions. The attempt to

use the sum of squared discrepancies in this case has failed.

As its minimization may be performed, for example, due to

curve levelling as in Fig.13 at E r = 2.76 eV. This means that

the curve describes experiment " on the average" and the sum

of squared discrepancies has decreased, the parameters being

rearranged to change the kind of information.

In this ideal case it is desirable to optimize simultane-

ously the parameters of all the resonances from the region

of resolved resonances. However, the computer resources do

not allow simultaneous input of all the experimental data and

the use of external devices essentially prolongs optimization.

Besides, thre is no software allowing simultaneous optimiza-

tion of 1000 parameters. Hence, it is necessary to optimize



"'"' small regions. In this case one faces "redistribution" when

the improvement of the discrepancy sum in one region causes

its deterioration of another. The experience has shown that

it is inadvisable to fit the parameters of one resonance.

Their number must constitute 5 to 10 in any energy region un-

der consideration corresponding to 25-30 variable parameters.

Optimization with such a number of parameters is very slow.

This gives rise to the urgent problem of deriving the optimi-

zation program for exactly searching the Reich-Moore parame-

ters.

At present, the work is in progress on searching the Reich-

Moore parameters for ?%. Therefore, the parameters cited

in the present study must be considered as preliminary ones.

The results and figures given in the work make the solution

of the problem promising.
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Table 2

Besonance parameters for * % obtained using the
Beioh-Mooie formalism

J j B p f eV i ff , eV i f n, eV fl » eV

3
4
3
4
3
4
3
4

3

4

3

3

-1.5894 2.8546'ICT2 2.955142'lO"3

3.8089*I0"2 3.042652 "IO""60.286
1.1430
0330
7620
1360
.6115
2000
8480
5000
1700
3800
9500
0700
5500
7000

8.7814
8.9700

3.7632-I0"2

4.2573-I0-2

3.9613-10-2

3.9447-10
3.0367 T O
,4873-XO
,5948*10
1448-X0

,-2

r2

,-2

r2

-2

3844*10"
3X04-X0-

9538-10
3.3094-10-2

I.242933'10
9.008880*10

,-5
,-6

3207X2-10
3.74I9-I0"2 2.733245-I0"5

I,
2.
4.185623* IQ'-5
2.X29526-I0"6

4.850763-10-5

2.672297 'KT 5

2.2454-10"2 2.225588" XO"*1

3.3884-10"2 5.768X20-X0"6

3.2246-I0"2 I.O573XI.IO"4

,176259-X0-5

086844-X0"j-6

.897648-X0"6

.663202-
8.410074-10-5

2.XI3OOO-XO-1

3.48X131-I0"2

-7.040837-I0"2

-2.612829-XO"4

4.294973.I0=2

-7.260642-10~3

1.852562'XO"2

8.970278-XO'2

-7.72747X-IO'5

|.027504-IO"1

6.675533-I0"3

5.266091-IO"4

3.X99524-I0"1

7.850464*I0~3

3.393382*XO"2

-y.444iy4-X0"2

9.450023-IO"4

6.143662-10-1

4.5I66II-IO

-4.506648-10

-2

-2

4,8186X6-I0"2

I.X98785-X0"2

7.570420'XO"2

-1.204470-10
-4.782280.10
-I.063077-10
-2.9087X4-10'
-1.599342-10

-I
-2
-I
r3
-I

-I.5618X6«1U-I
8.733674-I0"3

6.963777-IO"2

2.128596 *10-'2

-9.285930-I0~4

-9.444203-X0"2

-8.502753-XO"2

2.9030I0-I0"3



Table 2 (continued)

I !

4
3
4
3
4
3
4
4
4
4
3
3
4
3
4
4
3
3
4

4
4
3

9.2790
9.7600
10.1770
10.9000
XI.6690
12.3960
12.4300
12.8620
13.2700
13.6960
13.9960
14.5520
15.4080
15.5100
16.0900
15.6640
17.2200
18.0500
18.1200

18.9720
19.2970
19.3200

3.3094-1
3.5*I0~2

3.5-.I0"2

3.5T0"2

3.5-I0"*2

3.5T0"2

3.5.10 "
3.5-I0"2

3.5-I0"2

3.5-I0'2

3.5-KT2

3.5-I0"2

3.5-I0"2

3.5-IO"2

3.5'KT2

3.5-KT2

3.5-10"2

3.5-I0"2

3.5'XO"2

3.5'XO"2

3.5T0"2

3.5-I0-2
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1.306350 • 10 ~4'
3.820327-I0"5

5.728075-I0r3

6.792687-I0"6

283400*
472698*10*
390281*10
790180*10
759926*10
263375-10

-5
-5
-5
-5

5.472728-1U"4

1.216346 -lO-**
2.149321'KT4

620318-10
351608-10
536379
185628-10

-5
-4

-5

.058940-10^
9.081086* KT5

9.098543-IO-5

-3

-5.665210-10
I.6T0"1

-2.0-IO-3

I.I'IO"1

-3.0'XO"3

-7.0-IO"3

-5.0-I0"3

I.O'IO"1

-7.0-IO"2

0.0
6.0'X0~2

0.0
-3.0-I0"2

-I.O-IO"1

I.O-IO"2

9.6-I0"2

-5.0-I0-3

4.9'XO"2

,-2

1.3*10

8.0-10

-I

-3
2.S04463-I0
2.7X2621-10^ -.I.5-I0-X

2.175175*10
-I .6-I0" 1

-6.0*I0"2

-I.O'IO"1

-2.8-I0"3

"2:2*10'2

-1.2-IO"1

9.0*I0"3

-6.4-I0~2

-5.7-I0"2

-5.0*IO"1

1.84-I0~2

1.28'ftT2

7.5*IO"2

I.O5-IO-2

-i.o-io-3

-2

l.O'IO" 1

I.3-10-

,4-10
,0*10

-2
-2

2
7

7.0-KT2
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Table 2 (continued)

-I !
20.UOUU

3
4
3
4
3
4
4
3
3

20.1700
20.6300
20.9100
21.0680
22.0500
22.9340
23.4110
23.6120
24.2300

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5

*I0
•io
•io
•10"
•io
•io-
•io
•10
•io

-2
,-2

-2

-2
,-2
-2

3.983174-I0"5

I.618979*I0"4

I.620058*I0~5

1.362716*10
I.93I962-I0"5

4.095080*I0"4

7.053445*IO"4

9.052028*KT4

3.881662

I.5-IO"2

'"2 4.6I94I9*I0"5 6.2-I0"2

4.I7-I0-2
-I2.8-10

f3 2.0*I0*3

I.3-I0**1

2.0-X0-2
0.0

-6.3*10-2
-2.9-10-2

I.0-I0~2

6.3-10
0.0
0.0
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1.3*10
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r2
-I
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I.I8-I0-2
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Table 5

Different combinations' of fission width signs

for the parameters given in Table 2

Number of versions

045 45-1 I 45-2
I
i 0-47 ! 4.7-2 ; 47-3 47-4

T 2 8

-1.5894
0.286616
I.I43
2.033
2.762 .
3.136
3.61X5
4.2
4.848
5.5
6.17
6.38
6.95
7.07
7.55
7.70
6.7«I4
8.97
9.279
9.76

10.177
10.9

+ ~

5 1 6 8

11.669
12.396
12.43
12.862
13.27
13.696
13.996
14.552
15.408

15.51
16.09
16.664
17.22
18.05
18.12
18.972
19.32
20.08
20.17
20.63
20.91
21.068
22.050
22.934
23.612
24.23

- -
- -
- -
+ +
_ _

0 -
+ -

0 +
- +
- +

t +
+ -
- +
+ +
+ +
+ +
- +
+ +
+ +
+ 0
+ 0
+ -
+ .+
+ +
- +
_ +

0 -
+ -
0 +

+ 0
+ 0

,1. ^m

Note: It is assumed that in places where the signs are not

typed these are the same as in the previous version.
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O.a

Fig.1 Interference between two resonances with the same

parameters (non-interference case).

Fig.2 Interference between two resonances with the same

parameters (C.D.C. case).

00' ' 'os

Fig.3 Interference between two resonances with the same

parameters (C.D.C. + D.C.D. case).
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Fig.4 Interference between two resonances with the same

parameters (D.C.D. case).

0.0 o.l o ^ * 0.6 &M o.S ô O ^ O.t

Fig.5 Resonance cross section in the 0 + 0.75 cV region

(version 45-2).

Fig.6 Resonance cross section structure in the 0 + 75 eV

region (version OT7).
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Fig.7 Resonance cross section structure in the 0 + 75 eV

region (version 47-5).

iov
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Fig.8 Resonance cross section structure in the 0.75 • 2.25

eV region ("version 45-2).

Fig.9 Resonance cross section structure in the 0.75 • 2.25

eV region (version 047).



Fig.10 Resonance cross section structure in the 0.75 + 2.25

eV region (version 47-3)•

Pig.11 Resonance cross section structure in the 2.25 + 4.25

eV region (version 045).

Fig.12.Resonance cross section structure in the 2.25 • 4.25

eV region (version 047)•



do'

Fig.13 Resonance cross section structure in the 2.00 • 4.25

eV region (-version 47-2).

]?ig.14 Eesonance cross section structure in the 2.00 + 4.25

eV region (-version 47-3).

aor •*.&'

Fig.15 Resonance cross section structure in the 2.00 • 4.25

eV region (version 47-4).



Fig.16 Resonance cross section structure in the 4.25 • 5»75

eV region ("version 045).

io< SfP-r-

Fig.17 Resonance cross section structure in the 4.25 • 5«75

eV region (version 4 5 - 1 ) .

Fig.18 Resonance cross section structure in the 4.25 • 5.75

eV region (version 4 5 - 2 ) .
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Figo19 Resonance cross section structure in the 4.25 + 5»75

eV region (version 047).

Fig.20 Resonance cross section structure in the 4.25 • 5«57

eV region (version 47-2).
—T—T
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Fig.21 Resonance cross section structure in the 4.25 • 5«75

eV region (version 47-3)•



Fig.22 Resoaance eross section structure in the 4.25 • 5.75

eV region (version 47-4).

iO"

Pig.23 Resonance cross section structure in the 5.75 + 6.75

eV region (version 45-2).

6V5

io'

Fig.24 Resonance cross section structure in the 5.75 + 6.75

eV reeion (version 047).



Fig.25 Resonance cross section structure in the 5.75 • 6.75

eV region (version

"" ' y p.uo' ' ' r~?.2s' ' ' ' p. 50' ' ' ' ?.vs* ' ""̂  ft 00'

Fig.26 Resonance cross section structure in the 6.75 • 8.25

eV region (version 045).

Fig.27 Resonance cross section structure in the 6.75 • 8.25

eV region (version 047).
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Fig.28 Resonance cross section structure in the 6.75 • 8.25

eV region (version 47-2).

Fig.29 Resonance cross section structure in the 6.75 • 8.25

eV region (version 47-3)-

Fig.30 Resonance cross section structure in the 8.25 • 9*25

eV region (version 045).



Fig.31 Resonance cross section structure in the 8.25 + 9.2

eV region (version 047).

i 8 - S o ' ' ' ' a?5 ' ' ' ' 9.oo '

Fig.52 Resonance cross section structure in the 8.25 • 9.25

eV region (version 47-2).
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Pig.35 Resonance cross section structure in the 8.25 • 9.25

eV region (version 47-4).
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Fig.34 Resonance cross section structure in the 9.25 • 11 eV

region (version 045)•

io'

Fig.35 Resonance cross section structure in the 9.25 • 11 eV

recion (version 047).
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Fig.36 Resonance cross section structure in the 9.25 • 11 eV

region (vesrion 47-3)•



lu

10'
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Fig.57 fiesonanoe cross section structure in the 9.25 • 11 eV region (version

10

9.25

Fig.J8 Hesonance cross section structure in the 9.25 • 11 eV region (version 47-5).

Version 47-5 is obtained from 047 after subsequent

optimization in the regions 4-7 eV and 7-10 eV.

Fig.59 Resonance cross section structure in the 11-15 eV

region (version 047).
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ABSTRACT

A mare fundamental s c i e n t i f i c bas i s for the prediction of

Soppier e f f e c t in f a s t reactor systems demands that the usual EHW/B

arid KKnAK conventions for the representation of cross sect ions i n the

unresolved reaot.aice region should be changed. This conclusion i s based

upen the experiences in evaluations of s t a t i s t i c a l mean resonance para-

meter neta performed at RfcC Kalpaklcam for use in neutronic calculat ions

of f a s t reac tors In the recent past for ^ 0 , 2 ^ R i , 2 ' 2 Th, 2 " u and

a. Ih i s p^per ><Lves a brief account of several s ens i t iv i ty studies

and neutronic ca lcu lat ions performed uaii.? these mean resonance data

8«ts . The exlstei ice of noc-unlqueness of mean resonanoe data se t

nas been c l ear ly established aiid an uncertainty due to the choice of

the mean resor^nce data set i s found to be associated with the

theoret ica l ca lcu la t ions of neutronic parameters of reactor systems.

This uncertainty i d e n t i f i e d at Kalpakkam has not received attention in

the past and i s found to be s igni f icant in the case of calculat ion of

Doppler coefficient -in fast pener reactors. It thculd have been taken

into account in the interpretation of Doppler effect experiments

performed in fast critical faci l i t ies for both fissi le and fertile

samples.

The present method of statistical representation of cross

sections leads tohi<£er statistical uncertainty as compared to the

normal core case in the prediction of Doppler reactivity effect under

coolant TOldeei conditions in fast power reactors. Also the effect of

Inclusion of Intermediate structure in the fission cross section far

259

Ri on the temperature derivative of self shielding factors i s

significant and Cannot be modelled satisfactorily at present.

If the hi^i resolution cross sectloi; measurements on

eu^^eeted by de Saussurf aud Perez are made available for mail* fissile

and Jertile isotopes, thinning and direct Doppler broadening of the

cross section data by preprocessing methods developed by Culien and

his coworkers appear to be,a promising spproaoh. Until such time the

evaluated nuclear data f i les should attempt to contalD self shielding

factors directly evaluated with the support oi self indication and,

transmission measurements instead of the present convention of having

mean resonance data sets in the unresolved resonance region.

This paper addresses the effects due to the present method a

of repreeentinj cross sections and their processing in the unresolved

resonance region as followed by American rJ\DF/B0.2) and German
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iEbAK ' conventions. The author has hioji regards for and greatly

appreciates the pioneering efforts cade by EM)I'/B and UE1MK evaluatore

and sixxserely has no intention of making a criticism of these voluminous

evaluations. Eather, the author sincerely hopes that canmectB- made In

this paper based on author's own experiences in the evaluations of mean

resonance data sets in the unresolved resonance region may generate

valuable discussions and thereby possibly lead, in future, to improved

versions of these evaluated nuclear data f i les to guarantee on adequate

and appropriate treatment of the unresolved resonance range with a

satisfying fundamental scientific basis.

EKtilHXS O> Bii.Sc.ul! ii«l)l'/S AlJ> iii/AK Cu./iu.TlOhS

We recall briefly that in the unresolved resonance range tht

evaluated nuclear data file (kiJJl'/fl LR HXX'i.) contains as functions

of enersjy, average values for the statistical resonance parameters such

as l̂ - t & ^ <C 3)} C E J e t c » ^ e represtntation of mean

cross sections by these parameters and their distribution funotiais haa

provided a convenient cethod for calculations of self shielded cross
(2,4)

sections as functions of background dilutions and temperatures' ' .

Using well known notations, we recall for convenience here

that the mean partial crosasections are calculated from the expressions

The expectation values <[ 6"^ > C E ) represent the values of mean

cross sections for an energy region lor which the mean resonance para-

meters are t o be specified. Thus from fundamental physics point of view tht

mean resonance data set in the unregolved resonance region stand for the

representation of the cross section structure in an energy region. However

we note that in LWJi/B f i le and in the &IM£ file the mean resonance data

i s stored as a ilinction of eneriy point and not as a function of energy

region. This contrndicts the physics, i f one does not assume that the

energy region i s to be taken to be roughly equal to the interval between

successive energy points at »Mch mean resQriance parameters are specified

in the f i le , ihere is an additional assumption implicit in this method of

representation, namely that the energy region should be broad enou î to

include a number of resonances so as to make the application of statistics

precise and at the sa^e time tne ener^ region, should be narrow enou^i

so that the mean resonance parameters can be treated as constants within

the region. There 3re no standard procedures for selection of width of

energy to specify statistically meanii gful representations. These

approximations lack a firm theoretical foundation arid do not guarantee

the generation of correct s^lf shielded cross sections. There i s strictly

no scientific basis for the present convention of fitting a particular or

a subset of the mean resonance data «et (such as h or f wave strength

functions or a combination of both along with sotae partial reactim.

widths such as fission width a, etc.) as a function of energy to reproduoe

the evaluated total and partial cross sections locally in energy space.
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CCUuSuMS to U l i i / B Ai-b KfciUK afcl'riiiJS 01' HaCfc.sSIiw D A M Xft Ui»Hr.SWyi4>

A b r i e f c caparison of U<1>1'/B procedure* ' aid Ktl>AJ£

(4)
procedure* ' f <r the procCssinij of unresolved resonance data further

supports our cage for chan^tn^ the presently used convention in unresolved

resonance range.

In Kl\Di/B processing code, the mean partial cross sections at

an intermediate enersjy poirit in the unresolved resonance range are

calculated as follows. First, the self shielded cross sectionsjt the end

points of an energy interval are calculated usin; the mean resonance data

set specified at the e>4 points of the interval in the data f i l e . lhe

self shielded cross section at the intermediate eusrty point i s then

calculated by interpolation of the self shielded cross section values

calculated at the ei.d points,

Ii. afl'SiuS-5. the processing code for Kî AK, the mejn resonance

data i t se l f i s i i r s t obtained at tne intermediate energy point by inter-

polation of the niejo resoiiaice data rxovided at the end points. The self

shielded cross section i s theijfcilculsted .u îi.,̂  the mean resonance data

set thus obtained at the intermediate energy point. The additional

assumption that i s implicit in the procedure follo**d by K-̂ AK and j,fi3vOS

is that the mean resonance parameters vary smoothly in the entire .

unresolved resonance re<5lon. There ia no fhysical basis in these

procedures folloued by U>B>/B and HSJMA. conventions thousji an unloosed

argument may be forwarded that these approximations make l i t t l e difference

in the results of neutronic calculations for fast reactor systems. There

i s no ffuarantee that the use of such approxlcations in the prooessiiii; of

mean resonance data in the unresolved resonance region lead to coireot

calculations of s e l f shielded cross sections and their temperature deri.

vaties.

c*' l<Lh-Vt<Iqyt.i&SS Hi Tax- CdulCz Ui' 1&.A11 lutSilbAi*:*- W24 Sal Mil

ITS iAHUUxCB; Uh liOPPliĴ  KUtOT HvsiJlCTlu<S "

It was demonstrated several years a^o by the author* ' ' that

there exists different sets of consistent mean resonance data for a ?iven

eceriQ' region in the unresolved resonance ran<^ all such seta leading to

the saae values of mean partial aid total cross sections (within their un-

certainties^. Ihese consistent nean zesonanc* data sets ho«€ver lead to

different values for self shiilcinij factors and their temperature derivatives.

259
jie recall here some results for V ID Table x nhere the cumbers indicate

that the temperature derivative of self shielding factors can have a&

unacceptable spread of 20^, correspondinf to tfte use of different mean

resonance data sets, this spread reduces to about IO5C Wien a <jood

knowledge of ^ ° t ^ i s available. 7hese conclusions are also

supported by independent and recent study reported by d« Saussure and

Perez '. ia an illustration of non uniqueness of mRan resonauc© data

sots »e ^ivc in H3.1 histocjraas of adjusted |i wave strenijth functiaa

c or re spend ioy to different values of other mean regcoauce parameters*

£icugi the data used in these calculations correspond to those that

were available to the author at that time, the physical conclusions

remain valid as confirmed by the reoent systematic study of de SaJssure

*' Kand Perez*' K Tne values of self shielding factors

had a spread of 4 to 5$ but the temperature derivative of sSFs showed a
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TABU. Z

Different sets Of Mean Resonance Dtfta Sets Leading to the Same Infinite
Lilution Cross Sections But different Values of Temperature Derivative
of self Snieldinaf Factors (SSI1; T » Temperature <r t Back ({round
dilution (After Ref.6)

JL-ata Set i,o. So X 1 S1 * 1 0 ( w ^ 1 O x 6 T

for AT -»SoO to 900*K
(7̂  • 100 barns ,

1 1.19 . 1 . 5 7 0.02355 6.05

2 1.19 1.40 0.02470* 6.18

3 1.1B 1.36* 0,02560 5.63

4 0;9 1.63* 0.02355 5.54

5 0.9 2.5 0.01790* 5 «21

6 ; . 0.9 1.47* O.O256O 5.04

26

2<

10

09

1

-. i^ > i
ENERGY-^

E - 7500 eV BL - 7000 eV » 8000 e\r

* Y%lues obtained by adjustment ueioi? iDDJA code
(5,6)

defln«' the *ldth of the region > n«?.1 Ihe histograms of the adjusted b «ave strength furictions

corresponding to diflerent correlated values of other aean resonance

parameters (After Bef .6}



ouch larger spread corresponding to the use of different consistent mean

xesouanoe data sets.

Tor a f iss i le isotope such as ^ 0 or Hi the net Doppler

effect i s the difference between a positive fission source term and a

negative absorptioi term. It was demou8tratedv ' that the choice of the

mean resonance data set in the ease * V can lead easily to a spread of

•\2tf> in the calculated value of Doppler reactivity effect of thlB isotope.

The histogram in Jl<?.2 plotted usin«j results obtained by running ADDJA

code* ' illustrates a5ain the existence of non-uniqueness in the choice
235of mean resonarce data set for the isotope U. Figire 2 also illustrates

that for 0, the adjusted mean fission width is very sensitive to the

assumed value of £> wave strength function. In Table II we reproduced
(9)our results* ' to illustrate the uncertainty in the cjlculaticn of

Doppler constant because of parametrizitiori of unresolved repoiiano*
2 3S

ran?e, Because the Doppler coefficient of a fissile isotope tf

entirely depends en unresolved resonance re^icn (nhich starts from

100 ef onwards) the central Doppler worth calculated for ^U-fcnrichcd

uranium sample in ZHI-6-7 assembly i s quite sensitive to the ohoice

of the mean resonance data set. we infer from Table n that keeping the

spread in S o to be 4^, correspondit;^ to a spread of 255 in K. 6"£ ^

result in a spread of I2j» for the calculated Doppler coefficient for1

D in this assembly.

Qa the other hand in the case of fertile isotopes such as
239 232

0, Th etc. the Doppler effect i s determined by the res t ive
absorption term. IMrthermore, in the case of a fertile isotope such as

0-900

1-025

1.275

10 10

ENERGY(ev)-*

Fly.2 Illustration of existence of ncn-uniqueness in the choice of mean
2 *F\

resoi.ance data set for U. Adjusted oean iiesicm width i s plotted
ac^inst h wave strength function as a function of energy to reproduce
evaluated mean fission crosspectiotis (After Ref .8, p.13i) See Text. In
the sensitivity study the variaticj. in S i s limited. ' .

413
233

' *ne r e s ° l v e d resonance resflon extends to a few key thereby



420 reducing the contribution of unresolved resonance region contributed by .

this isotope (in Liquid aetal Cooled last Reactors (Lw>'BKs) fuelled with

BICU-UOL fuel), the breakup of the contributions to Doppler effect arising

from unresolved and resolved resonaice ran^s indicate that the uncertainty

in the nfjt Doppler coefficient of MJ is expected to be about 5£ due to

nor—uniqueness in the meari>resonance data sets in the normal sodium-in

case In Li-Fffis aiA will be more ( by about Bjfc) In the coolant voided i . e .

aodium-̂ ut ootidition oi the power plant. This exclusion i s reached by

assuming toat ~* 12J& spread exists in the temperature derivative of self

shielding factors because of noi,-uniquent?es in the choice of mean

regojiMice data «ets lit the unresolved renc«.ai)CC r»i,<^. Since the

lioppltr efiect unotr coolaj.t voided condttioiis is lmportaJit froai safety

oonslderation8 In l^5hs, «e locus our attention in the next section on

this as poet.

TABU,. II

Dependence of Central Do.pler worth Calculated for the ' U .
Enriched Uranium Saaple in 2H-6-7 Assembly on the choice of

Mean Resonance Data Set Calculated Values (in
with the Strength Jtawtloa " ^ ^ ! " ^ " IVJ'VV

S. and the corresponding t
correlated ifcan Hsslon **
Widths

1.10 x 10"4 1J4.2J2 1J3.212 1.020

1.25 x 10"4 150.125 128.717 1.409



CAlCOWJkU l>O?AiK Cu.s'rAi.T AS A iUnCria. wl
Calculations of the distribution of Doppler effect in ei,er<Qr

"V> f O r t h C * i o l e c o r e o f i f f i -^-7 assembly *ere performed corresponding t o a
The contr ibut ions of U, fU and u t o *iiole core Soppier / ^ Q \

temperature r i s e from }00#K t o 21OO*K, usin«r ia)OP code* ' a»J the r e s u l t s
e f f e c t i s t y p i c a l l y in the r a t i o +134j -20» - 0 . 5 for a BiOL-UOL. fuel led . ,

are b r i e f l y sho«: i n Table 5 for both sodium-in and sodium voided condi t io f^ .
f a s t reactor of 500 B\ke s l s « . The l i io le core l o p p l e r e f i e c t i s dictated

_ , „-„ When t h e r e i s voiding of sodium in the core of i>i'BK the resultant harder.iws
both i n sispi arid i n magnitude by U isotope and i s n e ^ t i v e . Vnt Hi

of the r»eutror. spectrum l e a d s to a loi»er value for the ma<$aitude of the
contributiai i s found to be positive and i s typically about 15 to 20^

negative Doppler coefficient thus loitering the plant' safety factor for
of the magnitude of UDoppl^r ef fect . The toppler tffect of U Is '

iBB The unresolved resonance region contributes more to the Doppler:

Table I I I

p o s i t i v e but however neatliartble i n BiO. -UCU fue l l ed systems as the

236
cumber of U atoms i n euch systems are r e l a t i v e l y smal l .

R e l a t i v e Contributions t o Soppier E f f e c t From Resolved and Unresolved

Besonar.ce Regions (h.H and U.HJ\^. The v a l u e s have been normalized to

toe eontr ibut iona_to Doppler chani?e from the re spec t ive n u d i t i e s ^After

/•uclioe H.H. U.K.H. Relative contributions to Doppler chan<?e in
Sodium-in • _Soaium-out (full core)

h»A«( U«ii.a« H.A. U.H.K.

2J8(J 0^3.36 3.36-100.0 59J2 40.23 36.14 63.86

259»» 0-0.455 0.455.100.0 22.57 77.43 10.43 89.57
235U 0-0,101 0.101-100.00 4.36 95.64 1.03 9B.97

Calculated Wiole-core poppler chan^ for^Ht-6-7; 300*K to 21001C

sodium-in » 0.015371

.« S Z*L ^ sodium-out » O.OO9676

i x i
A*,
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en

LLI
CD

o

o

a:

0.36

0.28

0.20

0.12

0-04

I I I :\ /
A WITH Na. i ^ r i ^ i %!«.•.) .(RER12) : ' ; V1

D WITHOUT Na^ i*w&'^' '•'' ''':

X CALCULATED VALUES (REF.11) ". f

ASSEMBLY ZPR-6-6A

WITH Na. y T

o 400 600 800

SAMPLE TEMPERATURES

1000

ComparisOf. of Calculated Loppler ef ect rlth measured values of

Dopplejr efject i^x natural UÔ  sacple in normal (sodiuro-in) atd sodium-out,

conditions. Ihe calculated values of Doppler eifect in the sodiuavoided

case i s snoKi to have hiijher ui.ce»tainty as a result of statistical

representatioti of cross sections. Ilie error bars are cot qualitative but

illustrate the effects relative to tornal core case.'(After Ref.11).

effect ii. the Bodlum voided case and thus the reliability of the Doppler

constant reduces as a function of sodiuqrvoidin? in LMKBRs.because of

statistical representation of cross sections lu the uuesolved resonaiice

(11)

lhou<}i a calculation of Doppler effects of hatural UO2

Iioppler meaauremei.ta performed in ZBU6-6A assembly shows an uiialarmir.g

underiffediction of around 15 to 20jJ »e emphasize that in the case of

voided core the uncertainty in the calculated oaijidtuae of Doppler effect

i s more in sodium-out case thai, goaium-in case. . This uncertainty bar is

qualitatively shorn to be higjier in our interpretations of r.atural OĈ

(12)

Loppler measurements performedv ' ii. ZiS-6-7 assembly in Fi?.3 for the

sodium-out cage, liom safety considerations in l>>^s tne Doppler

coefficient under sodium voided conditions is to be knom relatively rlth

a hi«J»er accuracy. Unfortunately the present method of representation of

cross sections by El.fl/B convention makes the calculated value of Doppler

coefficient under voided conditions to have hiefcer uncertainties<

Of

effect of Inclusion of intermediate structure in

259259 •

of Bi on Doppler effect byusin? 'ladder approach* has been studied

by several workers . lu die C3se the ladder of resonances i s irenerated

usin? constant dean f i s s im width and in another Case the mean fission

iddth i s modulated usin? intermediate structure. Ihe technical details

of this statistical method have been described elsenhere^ ' "*'.



Table IV tivt's tne xt'sults. *»e U'x-.viature derivative ol tu»? self

snitldii.ij factor for tne f lenient process chaise si^iificai.tly for low

dilutions i . e . higher pvlf shKldec cotcitioi.s as a result of inclusion

01 ii.tormediate structure. As expected -̂ for lar^r dilutions the self

shielding factors at.d the^r temperature derivatives are lees .sensitive to

the luclusic*. of Intermediate structure, nils method of assessing the

effect ol intermediate structure is imomplete as i t covers a small

enemy region ai4&erely demonstrates qualitatively that the effect i s

siv-lficant. Also the models used in the study are subject to many

questionable assumptions. (9ee heferei.ees 13 to 15 for the cetai'ls)

apart from the inherent statistical error associated with, sampling.

The method i t s e l f i s laborious and denurids a lar^e memory on the computer.

CU«auSIUiS AM

1. lhe present convention of represeniation of cross sections in the

unresolved resonance region and the procee^inj of these data by~-£x*Dl'/B

and KbblK. conventions lack ai-y sciei.tific foui.dation and do net

guarantee correct generation of self shielded cross sections and

their temperature derivatives.

2. Ihe analysis of Doppler effect-..measurements has i^ored the

existence of an uucertainty in the calculated value of Doppler constant

arising due to the n on uniqueness in the choice of mean resonance data

Bet used to represent cross sections in the unresolved res0r.3r.ee region.

Ihis uncertainty i s sl<7iificant in the case of f issi le isotopes aich as

259 255
Bi and U in the case of normal core of UFM* Ii. the cage of sodium

Table U

Effect ot Intermediate structure ( IS / on self 3iieldlnij Factors
of I'iBsioa Rooess, EneriQr heifLon 600 - 700 e/ (After Eef.15)

0.006 . 4.494 barn*

423

Case

vita 13

Ultnout IS

^ - 100 barns

T - }00»K T - 9O5»K ~ j £

0.7877 0.8061 3.1 x 10"5

0.7318 0.7535 3.6 x 10"5

^ - 1000 barns

T - JOO'K T - 900»K •£££•

0.9615 0.9.700 1.42 x 1O~5

0.9481 0.9568 1.45 x 10"5
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voidea core, this uncertainty Ij, the Doppler eiiect of the fertile
258

is also

} , with the prest'nT method of reprtsentlnif cross sections In the

unresolved lesoi.ance ran^" the inclusion of intermediate structure

cannot be satisfactorily treated to yield correct self shielding factors

and their tempeiature derivatives.

4 . If the hi$i resolution cross section measurements, as su;<$ested by

de Saussure and ferez* * are nuHe available for main fertile ai-d fTssiie

isotopes, thinning and direct Doppler broadening of the cross eecAicn data

by preprocessinif codes developed by Cullen and his eoworkers appear

to be a promisiri? approach.

Until such time as pointed cut else^ere^11*18',, the evaluated

nuclear data i i l es should attempt to contain self shielding factors

directly evaluated with the support of self-indication aiA transmission

measurements instead of the presc-nt convention of having mean-tffrsonauce•

data sets in the unresolved resttiance region.

As summarized very recently in an excellent review by de

z* *Saussure and. psrez* *f other methods of treatment of unresolved

ance

(17)

resonance region guested by Bsarlstein* "', air and liftah ' and

should be ejaained. Till hi<pi resolution cross section

measurements are made available one of these altercate treatments perhaps

can replace the eadstiu^ ENDI"/}) convention in the uuesolved

re si on.
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Some Highlights in the Evaluations of the

Thermal Cross Sections and Resonance Parameters
of the Actinides*

S. F. Mughabghab and M. Divadeenam
Brookhaven National Laboratory

Upton, New York 11973

ABSTRACT

The resonance parameters and thermal cross
sections of 2 3 5, 2 3 8U and 239-Z"t2pu a r e r e e v al u a t e <j by
considering the measurements carried out since 1973.
Capture, scattering, fission cross sections as well as
resonance integrals are calculated from the parameters
and are conpared with experimental values with the
objective of achieving consistency between
calculations and measurements. The Dyson-Mehta A3
statistical analysis was applied in order to calculate
average level spacings. Calculations of average
radiative widths based on systamatics are carried out
and are compared with experimental values as well as
with Moore's and Lynn's estimates.

1. INTRODUCTION

An accurate knowledge of the individual as well as average resonance

parameters and thermal neutron cross sections of the actinides is important in

the design of thermal and fast reactors, in doppler coefficient studies, and

optical model and systematic investigations. Since 1973, several data sets

became available in the open literature and via private communications which

warranted a new reevaluation of these parameters. The final results will be

published shortly.

* Research supported by the U.S. Department of Energy

2. THE EVALUATION PROCEDURE

He briefly describe the steps adopted in the evaluation of the resonance

parameters. The evaluation of the thermal cross sections was discussed

previously in detail.

(1) The first step in the evaluation of the resonance parameters is

compilation of the data. A complete and correct documented data

base is imperative. The National Nuclear Data Center CSISRS Library

was used for this purpose. A computerized resonance parameter file

supplemented by the most recent data which was obtained via private

communications was created.

(2) The second step is a reduction of the various data sets to a

standard form such as gP values.

<3) This is followed by grouping of the various data sets according to

resonance energy and gr values, taking the weighted averages, and

calculating the internal and external errors for the parameters of

each resonance.

(4) Examination of the results of the previous step and making necessary

adjustments.

(5) The computerized recommended resonance parameter file is

subsequently transformed into an ENDF-type format. Then physics

checking computer codes partially based oh ENDF codes operate on

this file to calculate capture, fission, scattering (coherent and

incoherent amplitudes) cross sections as well as resonance integrals

and strength functions.



(6) In addition, staircase plots of the cumulative number of resonances

and reduced neutrons widths are produced. Values of

the A, statistics are calculated and are compared with experimental

values to check on the possible missing or misassigning of the £ and

J values of resonances.

(7) Consistentcy checks between differential and integral measurements

are made. Possible adjustments in the parameters of the low-lying

resonances are made to achieve this objective and/or negative energy

resonances are postulated.

It may be necessary that several iterations of these steps are required

before a satisfactory recommended set of resonance parameters is obtained.

To estimate reliable average Level spacings tests other than the Porter-

Thomas distribution are required for estimating whether any levels have been

missed. The Dyson-Mehta A, statistics can provide an independent test.

Both Dyson's ensemble theory and Wigner's random matrix theory predict

high correlation of single population of levels resulting in approximately

equal spacings. This means that the levels are highly ordered rather than

randomly distributed.

The A. statistics is sensitive to the position of individual levels and

is given by

3 A,B AE
r A EI [N(E) - AE-B] dE
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<A > = — £ - [ln(N) - 0.06871
J IT

Error (<A >) = 0.11

Based on Monte Carlo calculations Georgopulos and Camarda have provided

graphs which help in determining Che number of missed levels by making use of

the 6_- statistics calculated for the observed single population sequence. The

average level spacings were evaluated by applying the A, statistics in

combination with staircase plots of the cumulative number of resonances versus

neutron energy as shown in Fig. 1.

A brief description of the results of the evaluation follows.

3. RESULTS

735JJU is an important material in connection with power reactors and

related applications. The need for an evaluated set of resonance parameters

for this material need not be emphasized.

7 35

Some of the problems associated with the U resonance parameters have

been discussed by Key -orth and Moore6 and Moore et al. 7 Since 1973, no new

measurements of the widths of resonances of 2 ^ U have been made.

In addition to Keyworth's8 polarization measurements Michaudon et al. ,9

and Blons. et al., 1 0 reported total and fission cross-section measurements

which extended up to 150 eV. Also three other data sets by Ryabov et al.,11,

Corvi et al., 1 2 and Felvinci13 were considered to arrive at a recommended
9 35

resonance parameter set for U. Other data sets available at the NNDC

(CSISRS Library) were also surveyed for the purpose of 23^U resonance

parameter evaluation.

In evaluating the resonance parameters an attempt was made to conserve

fission areas with proper 2gf , I" and V (T~ 1^ + T ; T « D and these
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Fig. 1. 235,Staircase plot of ""'"'U resonances.
The average spacing obtained from the straight line least squares

fit yields 0,496 eV is consistent with the value of 0.49 derived from A3 statistics.

parameters were mainly derived from ffoore et al..,11*, Michaudon et al. ,9 and

Mons et al.,10 combined set, and Ryabov et al.,11 data set.

The spin assignments made by Keyworth et al.,8 based on their

polarization measurements were adopted up to 300 eV. However, the resonance

parameters 2gf , V., T , and 0 F, extend up to about 150 eV, beyond which only

the spins are given extending up to 300 eV. More precise capture measurements

would reduce the errors on r values and would provide a further check on the

total widths required to describe resonances. The total widths derived by

Michaudon et al.,9 are not always compatible with the fission widths and areas

reported by toore et al.11* The recommended parameters reflect the single-

level aspect of the Breit-Wigner formalism. These should not be compared with

rt o C

any multi-level parameters for U.

A calculation of the thermal capture and fission* cross-sections

indicates that bound levels are required to describe these cross-sections io-i

the capture and fission-resonance integrals as well. Table I presents the

recommended average resonance parameters. For comparison Moore's15 and

Lynn's16 estimates of average capture widths are included along with our own

estimation based on the expression derived by Malecky and which was derived

from systematics.

Since the resonance spins are uniquely assigned (J -3 and 4 ) for s-wave

235

resonarris, U provides a very good example for testing the A, statistics on

a target with nonzero -spin: Each (i,J) sequence of resonances may be

considered as a pure sample for statistical purposes. The A. values

calculated for the observed sequence of levels for J-3 and 4 are listed in

Table II at En=60 eV, 70 eV and the maximum energy considered for evaluating

the average level spacing for each set. The corresponding theoretical

(A,) values are also included with 0.11 as uncertainty.

In the case of J=3 resonances the experimental A, value agrees witlĵ  the

theoretical value up to about 100 eV. Eased on the A, value of 0.366 one

could estimate the number of missed levels with the help of probability curves

235
* A reevaluation of the J\i thermal parameters and resonance integrals is
in progress, as such consistency check of the differential and itegral
measurements was not undertaken yet.



provided by Georgopulos and Catnarda5. The number of missed J=3 levels seems

to be about 5. Hence the recommended average level spacing for spin 3

resonances is 1.10 + ' eV.
U.Uo

In the case of J=4 resonances it is estimated that 6 levels are missed in

an energy region up to 73 eV. Thus the average level spacing is 0.86

± ° ^ eV. Ihe quoted errors reflect only the missed level information.

It is interesting to note the comparison between experimental and

theoretical A- values for J=3 and J=4 resonances. A sudden increase in the

experimental A, value indicates possible missing of levels (Fig. 2) or the

presence of spurious levels.

to
•a

A3 Statistics

fl- 235.

L-0 J- 3.
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0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 60.0 90,0 100.0 11*0.0

En(eV)
Fig. 2n.

235 -
Comparison of experimental and theoretical A3 values for 0 •J"3 resonances.

A3 StotlstLcs

fl- 235.

L-0 J- 4.

O.O 10.0 20.0 30.0 40.0 SO.O

:n(ev)
60.0 70.0 80.0

Flj. 2b.

Comparison of experimental and theoretical Aj values for t"JJU.J'>ti~ resonances.235.,
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Table I

Average Resonance Parameters-

Target Bn(KeV) J* Dj(eV)

235 U 6550

238,,

3" 1.10+0.06

4" 0.88±0.05

1.03+0.10 1.8+0.3 39±3 37 37
35.4+1.9

34.2+2.0

4806 V2 22.5±1.4 1.0+0.1 1.7±0.3 23.2±0.3 34 25 21.5±1.4

0 + 7.9±0.8
2 3 9Pu 6534 • 1.3±0.1

1+ 3.4±0.2

42+3 43 48
36.0±2.4

35.9±2.5

240 Pu. 5241 V2 11.511.9 0.93±0.08 31±2 38 36 29.7±1.5

241 Pu 6309
2 + 2.7+0.3

3+ 2.7+0.3

1.5+0.3 38±3 38 33
35.9+.1.0

35.6+1.0

242 Pu 5034 V2
+ 15.6±1.7 0.9040.16 27±2 36 26 27.Oil.3

(a) Present calculations based on systematica (ref. 17).
(b) Lynn calculations based on giant dipole resonance model (ref. 16).
(c) Moore calculations based on giant dipole resonance model (ref. 15).
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R- 238.

L-0 J- 1/2

0.0 200.0 100.0 600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.O 2000.0 2200.0
E.(eV)

Fig. 3.
238..
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Comparison of experimental and theoretical A, values for U 9-wave resonances

238p.

Several measurements 2I* Co determine more accurate values- of the

238
resonance parameters of U have been carried out. These include

transmission, scattering, capture, and self indication measurements. The

major emphasis was placed on the determination of the radiative widths of the

low energy s-wave resonances. The results of these investigations are the

decrease of the value of the radiative width of the 6.67 eV resonance from 26

Table II Comparison between Theoretical and

Experimental A- Values

En(eV) Experimental Theoretical

60
70
100

0.370 0.399 ± 0.11
0.362 0.413 ± 0.11
0.366 0.448 + 0.11

60

70

73

0.487 0.422 ± 0.11

0.545 0.437 + 0.11

0.523 0.442 ± 0.11

No. of
Resonances

54
63

89

68

79

88

DJ

1.091
1.090
1.090

0.854
0.862
0.863

(eV)

± 0.077*
+ 0.071
± 0.060

+ 0.053
+ 0.050
+ 0.049

* The errors are estimated with the help of the equation A<D> = 0.52<D>N~1/2.

+ 2 meV to 22.8 + 0.6 meV and the increase of the scattering width of the 20.9

eV resonance from 8.7 ± 0.5 meV to 10.0 + 0.2 meV.

In addition, the parity assignments of resonances are at present placed

on a firm basis because a new technique to establish the I values of U

resonances was developed by Corvi et al.25 This is based on the gamma ray

spectra differences between s and p-wave neutron capture.

With the aid of this technique, Corvi et al. ,25 were able to identify the p-

wave resonances of JOU in the energy range 63-1548 eV. More recently Moore

et al., 2 6 successfully extended these measurements up to an energy of 3341

eV.



432 The variation of the theoretical and experimental A. values calculated

for the s-wave resonances is illustrated in Fig. 3. As shown, the sudden

increase of the experimental A, value at a neutron energy of 1400 eV indicates

that s-wave levels are either missed or possibly misassigned as p-wave

levels* Below this energy, the s-wave average level spacing is determined to

238be 22.5 + 1.4 eV. The recommeded average resonance parameters of iJolJ are

shown in Table I.

The recommended positive energy s-wave resonances contribute 2.35b to the

2200 m/sec capture cross section. This is to be compared with the recent

measurement of Poenitz et al. ,27 who reports a = 2.68 ± 0.019 b.

Calculations of the direct capture component in the framework of the Lane and

Lynn theory following the Mughabghab 2 8 approach indicate that the

nonresonant contribution to the thermal capture cross section iŝ . 0.08 b,.

Therefore, a negative energy resonance is postulated in order to take into

account the difference between the calculations and the measurement and to

describe the coherent scattering length. The parameters of this resonance are

shown in Table III.

No major changes have taken place in the recommended resonance parameters

239
of Fu because no new measurements have been carried out as yet.

The importance of the parameters of the 1.056 eV resonance has been

recently emphasized by Weston.2' It was suggested3" that the parameters of

this resonance may provide a solution to the discrepancy between the

microscopic differential and integral data. Since this resonance contributes

982 to the 2200 m/sec capture cross section, the highly accurate measurement

of the thermal capture cross section by Lounsbury et al. ,31 imposes a

constraint on the product F F . Recent transmission and capture measurements

carried out by Liou and Chrien32 reveal that the capture width of this

resonance is T = 32.4 ± 1.0 meV and the scattering width is T = 2.32 ± 0.06
If n

raeV. These are more accurate than, but consistent with, the previously

recommended parameters33 : r = 2.30 ± 0.15 meV and T = 31 ± 3 meV. Other

recent measurements on the fission cross section by Auchampaugh and

Weston31* are concerned -with the study of the subthreshold fission widths and

hence the fission reaction mechanism. Previous similar investigations were

made by Migneco and Theobald3^ .

The recommended resonance parameters of Pu cover the energy range from

thermal to 5.692 keV and are basically based on the measurements of Kolar and

Bockoff36 , Weigmann and Theobald37 , Weigmann and Schmid38 , and Hockenbury

et al.39 . The parameters of the 1.056 eV resonance are based on the very

recent measurements of Liou and Chrien32 . The highly accurate values of both

the thermal capture cross section (c° = 289.5 ± 1.4 b) and the coherent

scattering length (b = 3.5 ± 0.1 fm at En = 0.08 eV) indicate that a bound

level is required to fit the thermal region. The parameters of this negative

energy resonance are derived and are included in the evaluation. The position

of this resonance is determined to be - 9.8 eV which is comparable with an

average level spacing of 11.5 ± 1.9 eV.

The latter is obtained with the aid of the A, statistics. It is interesting

to remark I "re that a calculation of the average radiative width on the basis

of systematics does not .reproduce the experimental value <F > = 31 + 2 meV.



Table III. The Recommended Thermal Cross Sections, Average Resonance Parameters and the
Low Energy Resonances of 2 3 8U.
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434 Table IV. The Recommended Thermal Cross Sections, Average Resonance Parameters and the
Low-Energy Resonances of 2l|0Pu,
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238The same trend seems to be true for the other even-even target nuclei U and

*Pu. The recommended average resonance parameters along with the individual

parameters of resonances up to 135.3 eV are shown in Table IV.

Since 1973, only one resonance parameter data set by Blons and

Dirrien1*0 is reported. The Reich-Moore formalism was applied to the fission

cross section measurement which was carried out on a sample cooled down to 77K

to reduce the Doppler effect. The neutron energy region covered in their

measurements is from 0.26 eV to 103.66 eV. These parameters were adopted in

the evaluation.

In addition, the average radiative width is calculated on the basis of

the systematics1' and is determined to be 38 meV. This is to be compared with

values of 33 meV and 35.9 ± 1.0 meV (jr* = 2+) and 35.6 + 1.0 meV

(J = 3 ) calculated respectively by Lynnlf> and Moore on the basis of the

giant dipole resonance model. The average level spacing for both spin states

is determined as 1.3 + 0.1 eV.

242
Pu:

The recommended thermal capture cross section at 0.0253 eV is evaluated

as o° = 18.46 ± 0.49 b, which is based on the measurements of Young et al.1*1

Durham et al.,1*2 and Butler et al.1*3 The scattering cross section,

a = 8.24 ± 0.20 b, is determined from the coherent scattering length b =

8.1 ± 0.1 fin. These thermal constants provide constraints on the parameters

of a bound level and the-first resonance at 2.68 eV.

Recent measurements of the resonance parameters of ^**Pu have been

carried out by Poortraans et al.,1*1* (a , a , a ), Harvey et al.,1*5 (o ) , and

Auchampaugh and Weston1*6 (a.) . In addition, fission areas reported by

Auchampaugh et al., were used in deriving subthreshold fission widths for

n A A

z •'Pu. There is general agreement between the various T values reported by

these authors. The average radiative width determined by Poortmans et

al.,'*'* is 21.9 + 1.1 meV which is slightly lower than the radiative width1*8

of the 2.675 ± 0.002 eV resonance. A coherent scattering length of 8.1 ± 0.1

fm combined with a potential scattering length of 9.6 ± 0.2 fm obtained from

the systematics and from neighboring nuclides indicate the presence of a

nearby negative energy resonance. To. obtain acceptable values for the

parameters of this bound level, it was necessary to adopt the lower limit of

the capture width (T =• 25.0 ± 1.5 meV) of the 2.68 eV resonance which was

derived by Young and Reeder1*8 who used a shape fit analysis adopting the

Reich-Moore multilevel formula. It is interesting to point out here that the

accurate position of the resonance energy, EQ = 2.676 + 0.002, as determined

by Schrack1*9 and Harvey*& can be used as a neutron energy standard.

The fission cross section at 0.0253 eV is calculated as 0.21 b from the

evaluated resonance parameters. In addition, the parameters indicate that the

capture and fission resonance integrals are 1107 b and 6.4 b respectively.

With the aid of the A, statistics, the average level spacing is determined as

DQ =15.6 + 1.7 eV.

4. CONCLUSION AND SUMMARY

The current status of the resonance parameters cf the actinides " J » " u

and Pu is briefly described. Average resonance parameters are derived

and in particular the Dyson-Mehta A, statistics was applied in conjunction



40u with the staircase plots to arrive at average level spacings. Average

radiative widths are calculated here on the basis of systematics as derived by

Ma leek y et al.,17 and are compared with Moore's15 and Lynn's16 estimates. It

is interesting to point out that the calculations on the basis of systematics

are in reasonable agreement with the experimental values for the even-odd

235 239 241
target nuclides iJ-'U and • •">*^1Pu but not for the even-even target nuclides

U and " > 2 Pu. The radiative widths of the low energy neutron resonances

of "°U are at present well established thus resolving a previous discrepancy

between integral and differential measurements. Additional spin assignments

O O C

for " J U have been made using polarization measurement. It seems that the

(2J+1) law is obeyed in this case. It will be of great interest to apply the

same experimental technique to determine the spins of Pu resonances. At

present these were determined by the method of interference in the fission

channel which does not give unambiguous assignments.

The scattering and radiative widths of the Pu resonance at 1.057 eV

are determined32 to a higher accuracy. The result of this measurement

indicates that a re-examination of the integral measurements for Pu is

necessary.

The recommended resonance parameters of "BNL-325" which can be presented

in an ENDF-type format are available on request from the National Nuclear Data

Center.
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Neutron Cross Sections and Doppler Effect
of the 1.056 eV Resonance in 240pu

H. I. Liou and R. E. Chrien
Brookhaven National Laboratory, Department of Physics
Upton, New York, 11973

Abstract

Neutron transmission and capture measurements for the 1.056 eV resonance

240
in Pu have been carried out with metallic and oxide targets of high purity

at room, liquid N~ and He temperatures. This work was motivated by the consid-

erable importance of this resonance in reactor design and by the interest in

possible influence of molecular binding on the neutron cross section. Consis-

tent results were obtained from different measurements, using least-squares

shape-fit analysis. We obtain Tn = (2.32 + .06) meV and r = (32.4 + 1.0) meV,

which are 0.9% and 4.5% higher, respectively, than previously recommended values

The influence of this resonance on thermal capture and the resonance capture

integral is discussed. The effective temperature T' defined by Lamb for weak

binding, and consequently the Debye temperature 8 , were extracted. The result

for T', 275 + 8°K, for 24°Pu oxide at T = 294°K can not be explained by Lamb's

theory for weak binding. Within statistical uncertainties all measured Debye

240
temperatures are consistent with 0 D = 175°K except the case of metallic Pu

at liquid N2 temperature, where the 6D value is a little higher.

I. Introduction

240

Pu possesses a value for the dilute resonance capture integral that is

mostly due to the resonance at 1.056 eV. It is important to the neutron economy

of a reactor to know the accurate size of the resonance, i.e., r and r . The
n Y

HFBR fast chopper facility has been used to make a determination of these reson-



ance parameters. In this low energy region the intensity and resolution of the

instrument are adequate for precise measurements.

To derive neutron resonance parameters, one needs to correct Doppler broadening

effect on measured cross sections. Assuming a Maxwellian velocity distribution of

the gas atom*, Bethe and Placzek derived a line shape consisting of the well-

1/2
known * function with Doppler width A=(4k TE/A) . For a crystalline target

Lamb, by considering the lattice binding effect, derived a basic formalism which

in principle can be computed if the detailed spectrum of phonon frequencies is

known. Particularly in the weak binding limit, (A+D>>26D (8 =Debye temperature),

the neutron cross section has the same form as it would in a perfect gas except

that the crystal temperature I in i is replaced by an effective temperature T1 .

Applying the Debye continuum theory. Lamb obtained a simple relation between T'

and 8 ,

~ J1

Since the Debye theory is too simple to describe the specific heat data for many

materials, in studies of lattice dynamics one usually expresses e n as smooth

function of temperature.

Lamb also predicted that if an atom is more strongly bound in a lattice, i.e.

approaching the medium binding condition (A+r)^29D, some fine structure may appear

in its broadened lino shape. A number of attempts * ' have been made to study

the Doppler broadening of resonance line shapes. Generally speaking, the medium

binding condition is more likely to be fulfilled, if (1) the resonance is at low

energy, (2) the capture width is small, and (3) the target mass number is high.

240
We find that the 1.056 eV resonance in Pu is an excellent case to search for

439 possible fine structure due to crystal binding effects, despite the lack of know-

ledge of its Debye temperature. This is another motivation behind our pursuing a

study of this resonance.

240
We did transmission measurements for Pu oxide at room temperature, and

240
capture measurements for both Pu metal and oxide at room, liquid N_ and He

temperatures. The resolution of our experiment at 1 eV is nearly an order

smaller than the resonance intrinsic width and Doppler width. So the level

parameters, 7 and r , can be properly determined by a systematic study of shape

240
analysis. We also attempt to examine how the lattice binding effect in Pu

metal and oxide varies with temperature, and whether any fine structure appears

at the resonance-broadened line shape.

II. Experiments and Samples

The measurements were carried out at the High Flux Beam Reactor of Brookhaven

National Laboratory, using the fast chopper time-of-flight (TOF) spectrometer

with its 22 m flight path. The narrow-slitted rotor was operated at a repetition

—1 3 —1 2
rate of 200 s , giving a beam intensity of ^1.5x10 E n/(cm - s«eV) and a burst

width of 5 us. A 0.43 mm Cd filter was inserted in front of the chopper in order

239
to suppress the background due to thermal fission of the Pu impurity in the

target. For transmission measurements a thin He detector was directly set in

the beam, and the oxide sample was placed at the exit port of the chopper shielding,

i-19 m from the detector. For capture measurements the target sample was clamped

in the end cup of a double layered cryostat, directly contacting the cold finger

and perpendicularly facing the incident neutron beam. A coaxial Ge(Li) detector

with 10% relative efficiency was allowed to view the target in an angle of 45°

through a 0.32 cm of lead shielding.

Each datum consists of one TOF parameter, and one pulse height parameter.

The y-ray pulse height spectrum covers an energy range from 150 to V524O keV

(the neutron separation energy). Immediate on-line event sorting was implemented



440 with our new data acquisition system and PDP 11/20 computer. The sorted spectra

were directly stored on the one megaword extended memory. The dead time correction

as a function of TOF was done by injecting a free-running pulse (uncorrelated with

the TOF frame) of constant rate into the detector preamplifier and recording the

counts in each time channel simultaneously with the data.

240
The metallic and oxide ( PuO.) samples, each 6.35 cm x 5.72 cm, have n

values for 24°Pu of 224xlO~7 and 179xlO"7 a/b, and are 98.3% and 96.3% pure in

240

Pu respectively. The sample thickness was deliberately chosen such that the

experimental value of no at peak of the 1.056 eV resonance is near 2 to give a

good sensitivity for shape analysis. The oxide sample, being fine powder, was

spread on a thin Al backing using a vacuum deposit technique. The thickness

uniformity is better than 3%.

For transmission measurements the normalization, which is important in

obtaining accurate results, was determined from fast cycling of the transmission

sample into and out of the beam. This agreed within 0.8% with the normalization

according to the total running time. Two neutron filters, 0.114 mm In and 0.254

ram Ag, were placed in the beam in order to evaluate backgrounds at 1.457 and 5.19

eV respectively. We determined the neutron background near the 1 eV region to be

less than 1% of the full open count. A shape analysis for the 16.30 eV resonance

in Ag (taking an open run without the Ag filter) was performed to determine the

effective time resolution of the system, since the Ag resonance parameters are

accurately known and the instrumental resolution of the experiment dominates

in that energy region. It is found that for transmission measurements o =

3.42 + 0.10 vis, implying a = 4.69 meV at 1.056 eV. The running time for each

transmission sample condition was about 3000 minutes.

In capture measurements the saturation count at the resonance peak for each

individual run is separately extracted from a least-squares shape-fit analysis.

Therefore no relative normalization between runs is needed. The background

correction for a well-isolated resonance as in the present case can be made by

extrapolation from both sides of the resonance. In order to deduce the time

resolution and the relative neutron flux versus energy a capture measurement with

a 0.203 mm W sample, having the same size and positioned at the same place as the

Pu target, was carried out at room temperature. A shape fit to the 7.65 eV

183 182

resonance in W and the 4.16 eV resonance in W showed that for capture

measurements a = 3.00 + 0.16 us, where the level parameters were adopted from

the recommended values of reference 9. To check internal consistency, the experi-

ments were done for two separate series of runs, cycling through metallic and

oxide samples, each for 3 temperatures at 294, 77.2 and 4.066°K. The useful

running time for each individual run amounted to ̂ 4000 minutes. The deduced sample

effective temperatures are consistent within statistical fluctuations.

III. Methods of Analysis

III.A Transmission Measurement
240

Since the 1.056 eV resonance in Pu is well isolated, we fit the measured

transmission, T (= T e~ ), applying the single level formula,

a = o0[*(x,s)+2kR
Ix(x,s)], (2)

where T = the transmission base line due to all potential cross sections other

than the resonance in study,

(h) 2.604xl06 n
°o(b)- E (eV) ~ 'o

x= 2(E-EQ)/r,

s = A/r,

r= r+r ,
n Y

1/2
A= Doppler width = 18.565 [EQ(eV)T7A] ' meV,

and T' = effective temperature, as defined in the weak binding limit of Lamb model.



Here t and x are the well-known Doppler line-shape functions for the resonance

and interference cross sections. The resonance Eg value is taken as 1.056 eV from

the recommended value in ref. 9. We assume 9.5 fm for the potential scattering
(9)

amplitude R1 by referring to the known R1 values of nearby isotopes (9.6 fm

242 238 232

for Pu, 9.4 fm for U, 9.65 fm for Th). The R1 value is not sensitive

to the fit In the 1 eV low energy region.

The calculation also numerically convolutes resolution in transmission.

The resolution function is taken as a Gaussian form with its width determined

from a fit to the 16.30 eV resonance in Ag. A least-squares shape-fit procedure

is employed, which can fit r and r together, or r and T1 together, or any one

of them separately,

III.B Capture Measurement

Considering finite sample thickness and gamma-ray self-absorption in target,

the count rate for a first-order Interaction leading to a detectable capture gamma

ray at neutron energy E over a constant time Interval is

N ( 1 ) = MnoY{l-exp[-(p+b)] V(p+b). (3)

Here n » sample thickness of Pu in target,

. b » no,

P = 2i(mipp/cos 45°,

where (1) 45° is the angle between the detector viewing direction and the target

normal direction, (2) 1 runs through all isotopes contained in target, and (3)

m̂  and p^ represent the i th sample thickness and its total y-ray absorption

coefficient.

The capture cross section or = a-tyry/T, and the total cross section a »

OQ[i|>+2kR'x]+o , where a denotes the effective potential scattering cross section

J.J due to all isotopes in target. The factor M in equation (3) expresses the

saturation count in case all neutrons were captured and no gamma-ray attenuation

occurred in target. It depends on neutron flux and absolute efficiency of the

detector, and varies smoothly with E. In our least-squares shape-fit procedure

the M value at resonance peak is treated as a free parameter fitted together with

other quantities.

Our target (either metal or oxide) is so thick that the observed neutron

transmission at the 1 eV resonance peak is about 12%. Such a high neutron inter-

action probability gives a good chance that any scattered neutron is captured in

the target. Each time a neutron is scattered, it loses part of its kinetic energy

to the recoiling nucleus, AE = 2E(l-cos 8)/A where A is the target mass

number and 6 is the neutron scattered angle. In the present case 2E/A"̂ 9 meV,

being several times less than the resonance intrinsic width. It is likely that

the scattered neutron still has an energy well within the resonance region, but

interacts with a quite different cross section from that prior to the scattering.

This makes the multiple scattering correction complicated. The correction is,

however, necessary in order to obtain an unbiased result. A code has been writteri

for this purpose, which performs numerical integration over all scattering angles

by considering the sample geometry, and takes account of the effect of cross-

section change after scattering. In general the correction depends on the ratio

of r /r, varies with incident neutron energy, and is more pronounced if it is on

the high energy side of the resonance. We found that the correction in the present

study varies from 1% through 6%.

The width of the time resolution function was obtained from a fit to W data

in higher energy region. With the saturation count M and the analyzer channel

number at resonance peak being two basic free parameters, a least-squares shape-fit



442 analysis is employed to extract the best value for any one of the F , I" , T' and

At parameters, or for r and r together.

IV. Results and Discussion

The formulas described in section III are based on the Lamb's theory for

weak binding. If. the fine structure in resonance line shape due to medium binding

effect occurs prominently, one can identify it either by inspection of the data,

or by obtaining a poor shape fit using the simple weak-binding formalism. We

found that in all cases of the fit the x value per degree of freedom is near

unity. This indicates that no fine structure can be detected within the

sensitivity of our measurements.

We assume the correctness of the Lamb's theory for weak binding to describe

240
metallic Fu at room temperature. A plot of equation (1) shows that T' is not

240,

in Figs. 1, 2 and 3 are the final fits of the iteration process, where the statis-

tical fluctuations of the data are represented by the error bars. We

note that the T1 value, 275 + 8°K, of 24OPu oxide at T - 294°K is less than T.

This cannot be explained by the Lamb's theory for weak binding, and may be due to

a transfer of the recoil momentum to the crystal lattice.

With these fine-tuned T and r values we find T1 by fitting all other capture

data at liquid N, and He temperatures. The results averaged over 2 measuring

cycles are given in Table I, where the quoted uncertainties reflect the statistical

fluctuations. We subsequently obtain 6 and its uncertainty from T' and T using

equation (1), and these are also listed in Table I. 0 may vary with T and

depends on the target compound. Within statistical uncertainties all measured

240
9D are consistently to be 175°K except the case of metallic Pu at liquid ff2

sensitive to 6D at large T. While 8 D of Pu metal is unknown, it will not intro- temperature, where the 6 value is a little higher. We are unaware of any other

240
duce a large error, if we choose T'-300°K for Pu metal at T-294OK (this implies

8 =188°K). The capture measurement for a thick target is only sensitive to the

product of neutron width and capture width. We find that a fit to the transmission

240
data of Pu oxide with the present sample thickness is particularly sensitive to

240
the neutron width. But the T' of Pu oxide at room temperature is an unknown

parameter, and must be supplied from other data. An iteration procedure using

least-squares shape-fit was made to obtain a set of results consistent among the

three independent measurements at room temperature. Thus, we (1) fit the trans-

240
mission data of Pu oxide for r and T simultaneously, (2) fit the capture data

240 240
of Pu metal for r alone, and (3) fit the capture data of Pu oxide for T'

alone. The results and their statistical uncertainties are V » 2.32 + 0.01 meV,

240
r -= 32.4 + 0.2 meV and T1 of Pu oxide at room temperature - 275 + 8°K. Shown

240
measurement for Pu.

Table I

T' and 8 n for Pu metal and PuO. at 3 measured temperatures

240.
Pu Metal

240.
Pu0_

T'=294° T=77.2° T=4.066*

T1 T' 9D T" 6D

300 110+12 237+52 60+12 160+32

275+8 95+7 170+39 71+7 189+19

By considering systematic uncertainties including those due to transmission data

normalization, sample uniformity and the assumed value of R1, the level parameters

and their total uncertainties for the 1.056 eV resonance are T - 2.32 + 0.06 meV
n ~~

and r » 32.4 + 1.0 meV. Compared to previously recommended values the present

results of neutron and capture widths are 0.9% and 4.5X' higher respectively^ The



previous values are mainly due to the transmission measurements by Ramakrishna

and Navalkar, ' giving Y = 2.18 raeV and T - 28.82 raeV. However, the present

experiments have a higher neutron flux, better resolution and purer targets, and

yield consistent results between independent capture and transmission measurements.

The recommended value of thermal capture cross section of Pu is 289.5

+ 1.4 b, mostly contributed from the resonance at 1.056 eV. Applying the present

I" and r values, this resonance contributes 281.74 b. All other positive levels

contribute only 1.02 b, calculated using the level parameters listed in reference

9 up to 600 eV and assuming a picket-fence model above it. Thus bound levels

must contribute <v-6.74 b to thermal capture. Assuming that there is only one
2

effective bound level to make this contribution, the ratio of its r^(meV) to EQ(eV)

(9)
is ^.053. While a = 3.5 + 0.1 fm, to separately deduce the I"n and E Q values

of the bound level one has to know the R' value at thermal energy which is not yet

available.

The dilute resonance capture integral for the level at 1.056 eV is 8019.8 b

from the present level parameters, and is 7931.5 b using previously recommended

values. The difference, 88.3 b, is within 960 b, the uncertainty of the experi-
(9)

mental value.
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240
Fig. 1 An illustration of the final fit to Pu oxide transmission data,

collected at room temperature, for r and r values of the 1.056 eV

resonance. T'=275°K is chosen to be consistent with the capture data

2
fit. The results are Tn=2.32+0.01 meV, r =32.3+0.2 meV and x /degree

=1.156. The statistical uncertainties of the data are shown as the

error bars or about the same size of the points plotted.

240
Fig. 2 This illustrates an example of the fit to Pu metal capture data,

measured at room temperature, for T value of the 1.056 eV resonance.

T' is assumed as 300°K, and r =2.32 meV is adopted from the result of

2
the transmission data fit. We obtain x /degree«0.632, and r =

32.5+0.5 meV which agrees well with the transmission data.
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Fig. 3 An example of the shape fit, for the effective temperature T1, to

Pu oxide capture data measured at room temperature. V =2.32 meV
n

240

and T =32.7 meV are assumed. The r e su l t s are T'=277+9°K and
Y

degree=l,442.
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