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Abstract — Resonance parameter evaluation of the 235U cross sections using the Reich-Moore formalism
was done with the computer code SAMMY from 0 to 2.25 keV to address issues with capture cross-section
and standard fission cross-section values. The evaluation includes recent capture and fission cross-section
measurements as well as high-resolution data used in previous 235U evaluation. Moreover the new 235U
resonance parameter evaluation has been used in the calculation of a new benchmark experiment
performed at the IPEN/MB-01 research reactor. The experiment, named the inversion point of the iso-
thermal reactivity coefficient, is used to test temperature effects at low temperature. The results demonstrate
that the new 235U evaluation has greatly improved the prediction of reactivity temperature coefficient in
contrast to previous evaluations. This paper is outlined in two parts, namely the first part deals with the
description of the 235U resonance analysis and evaluation up to 2.25 keV, and the second part presents the
results of the isothermal reactivity coefficient calculations performed on the IPEN/MB-01 reactor.
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I. INTRODUCTION

Neutron cross sections of fissile elements cannot be
described by a formalism that does not account for the
asymmetries observed in the resonances of the reaction
cross section. In the late 1980s and early 1990s a 235U
Reich-Moore resonance evaluation was performed from
thermal to 2.25 keV (Ref. 1) using the SAMMY code.2 It
was the first attempt to use a more rigorous resonance
formalism to address issues with interference effect in the
fission channels. The evaluation represented an improve-
ment compared to previous 235U evaluations for which
the Single-Level Breit-Wigner (SLBW) formalism was
used together with background cross sections to make

up for the SLBW deficiency to represent fissile isotope.
The use of the Reich-Moore formalism for resonance
parameter representation was a major change for the
ENDF. Hence, a decision was made by the Cross
Section Evaluation Working Group (CSEWG) to start a
new ENDF series which was named the ENDF/B-VI. The
first released version was the ENDF/B-VI.1. In contrast
to the effort for generating the ENDF/B-VI.1 differential
data evaluation, the integral benchmark testing was not
sufficient to thoroughly assess the evaluation effective-
ness prior to its inclusion in the evaluated files. The
evaluation was adopted in evaluated nuclear data projects
and then underwent a series of benchmark testing. The
testing included sensitivity analysis and cross-section
adjustments based on benchmark experiments. The
results demonstrated that the evaluation performed poorly
mainly due to concerns with the capture cross section in*E-mail: luiz.leal@irsn.fr
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the energy region 22.6 to 454 eV (Ref. 3), indicating a
need for increasing the capture cross section. However no
issue with the fission cross section was found. A close
inspection of the problem reviewed that a low value of
the average gamma-capture width was responsible for the
very low-capture cross section. It should be pointed out
that no reliable capture cross-section measurements
existed at the time in the energy range above 100 eV.
There existed capture cross-section data but these data
were not systematically included in the evaluation due to
issues such as normalization and background. Hence the
235U was revised on the basis of integral results and
sensitivity analysis. The revised 235U evaluation was
made available in the ENDF, JEFF, and JENDL projects.
The ENDF release, including the revised 235U resonance
parameter evaluation, was named ENDF/B-VI.4. A
detailed description of the 235U evaluation is given in
Ref. 4. The JENDL project adopted the evaluation up to
500 eV and used an unresolved resonance representation
above 500 eV to help improve the results of the fast
critical assembly benchmark (FCA) (Ref. 5). The revised
evaluation gave a high-capture cross section that did not
support the FCA benchmark results. A similar scenario
observed with the FCA benchmark calculations was also
observed with the ZEUS benchmark. These divergences
with integral benchmark calculations prompted the pro-
posal for a subgroup of the Working Party on
International Nuclear Data (WPEC) to investigate the
235U capture problem.6 The results of the WPEC critical-
ity calculations showed an overestimation of the 235U
capture cross section of about 10%. The WPEC recom-
mendation was that rather than re-evaluating the 235U
resonance parameters based solely on integral benchmark
results, new capture cross-section measurements should
be made to confirm the findings of the WPEC subgroup.
Hence, time-of-flight (TOF) capture cross-section mea-
surements were planned and performed independently at
the Rensselaer Polytechnic Institute (RPI) (Ref. 7) and at
the Los Alamos National Laboratory (LANL) (Ref. 8).
These new measurements were used together with the
computer code SAMMY to update the 235U resonance
parameters in the energy range from thermal to 2.25 keV.
The results demonstrated an improvement in benchmark
calculations. However, despite all efforts to address the
capture issue in the resonance region, the problem with
the fission standard cross section still remained. Recently
measured fission cross-section data carried out at the
n_TOF machine located at the European Organization
for Nuclear Research (CERN) in Geneva provided strong
support to the fission standard values. Indeed, normal-
ization of the n_TOF fission cross-section data in the

energy range 7.8 to 11.0 eV supported the standard
value in this energy range but also reinforced the standard
averaged fission cross-section values in the resonance
region above 100 eV. Hence, the resonance parameter
evaluation was revised with the inclusion of the n_TOF
experimental fission data.

II. 235U RESONANCE EVALUATION IN THE ENERGY RANGE
10−5 eV TO 2250 eV

II.A. External Energy Level Determination

An accurate representation of the external resonance
contributions is essential for the fitting of the experi-
mental data. For instance, the long-range interference
effects inherent in the R-matrix methodology preclude
finding a good fitting of the experimental fission data if
the external resonance contributions are not properly
taken into account. The external resonance levels are
meant to reproduce the interference effects of reso-
nances below 0 eV and above 2250 eV in the energy
range 0 to 2250 eV. An infinite number of energy levels
exist. However a truncated set of 10 external energy
levels—five below 0 eV (bound levels) and five above
2250 eV—were determined to mockup the effect of the
numerous energy levels. The bound levels contain a
negative energy close to 0 eV, with a very small neutron
width that is responsible for the bending of the energy
dependence of the η Eð Þ(eta) at low energy9 that leads to
an improved calculation of the Doppler reactivity
effects. They are listed in Table I for which each reso-
nance is described by the resonance energy Er, gamma
width Γγ, neutron width Γn, two fission widths Γf1 and
Γf2, and the spin and parity Jπ. An accurate representa-
tion of the external resonance contribution provides the
grounds to determine the effective scattering radius. The
analysis of high-resolution transmission data led to an
effective scattering radius of 9.602 fm following a simi-
lar procedure as explained in Ref. 4.

II.B. Experimental Data Base

The main features of the new resonance parameter eva-
luation are the addition of new cross-section measurements
done at LANL, RPI, and the n_TOF. Capture cross-section
measurements done at LANL and RPI were central to unveil
issues with the capture cross section above 100 eV. The
fission cross-section measurements carried out at n_TOF
supported the standard cross-section values. Furthermore,
the evaluation was done including high-resolution
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transmission, fission cross-section, and eta measurements
that were accounted for in previous 235U evaluations. The
experimental data used in the resonance parameter evaluation

are displayed in Table II in which TOF is indicated by L,
thickness by n, and temperature by T. The Reich-Moore
approach of the SAMMY code was used for fitting the

TABLE I

Energy Bound Levels and Energies Above 2.25 keV

Er Γγ Γn Γf1 Γf2
Jπ(eV) (meV) (meV) (meV) (meV)

Energy bound levels −75.405 47.781 507.274 −487.090 −443.345 3−

−5.253 36.797 12.170 195.681 −160.038 4−

−0.481 39.228 0.088 129.661 −80.535 3−

−0.432 38.024 0.033 167.072 −8.283 4−

−3.657 × 10−5 39.988 6.461 × 10−8 −0.509 0.935 4−

Energy levels above
2.25 keV

2281.325 44.083 12.459 155.711 458.850 4−

2284.014 41.147 3802.461 1956.501 22.864 3−

3312.563 47.228 11457.530 474.421 571.292 3−

3819.129 38.494 1242.316 −511.662 67.709 4−

4500.997 33.681 33.8.548 286.623 364.141 3−

TABLE II

Experimental Data Included in the SAMMY Resonance Analysis

Reference
Energy Range

(eV) Data

Transmission

Harvey et al.10 (ORNL/1986) 0.4 to 68.0 L = 18 m, n = 0. 03269 atom/barn, and T = 77 K
Harvey et al.10 (ORNL/1986) 4.0 to 2250.0 L = 80 m, n = 0. 00233 atom/barn, and T = 77 K
Harvey et al.10 (ORNL/1986) 4.0 to 2250.0 L = 80 m, n = 0. 03269 atom/barn, and T = 77 K
Spencer et al.12 (ORNL/1984) 0.01 to 8.0 L = 18 m, n = 0.001468 atom/barn, and

Fission

Gwin et al.37 (ORNL/1984) 0.1 to 20.0 L = 25.6 m and T = 293.6 K
Weston and Todd14 (ORNL/1992) 100.0 to 2250.0 L = 86.5 m and T = 293.6 K
Weston and Todd38 (ORNL/1984) 14.0 to 2250.0 L = 18.9 m and T = 293.6 K
Paradela et al.13 (n_TOF/2010) 0.7 to 1000.0 L = 185 m and T = 293.6 K
Danon7 (RPI/2011) 100.0 to 2250.0 Yield

L = 25.56 m, n = 0. 004357 atom/barn, and T = 293.6 K
Wagemans et al.39 (Geel/1988) 0.001 to 0.4 L = 18 m and T = 293.6 K

Eta

Wartena et al.40 (Geel/1987) 0.0018 to 1.0 L = 8 m and T = 293.6 K
Weigmann et al.35 (ILL/1990) 0.0015 to 0.15 Chopper, T = 293.6 K
Moore et al.16 (ORNL/1978) 1.6 to 100 L = 13.4 m and T = 293.6 K polarized neutron and polarized target

Capture

Danon7 (RPI/2011) 100.0 to 2250.0 Yield
L = 25.56 m, n = 0. 004357 atom/barn, and T = 293.6 K

Jandel et al.8 (LANL/2012) 100.0 to 2250.0 L = 25.45 m and T = 293.6 K
Perez et al.15 (ORNL/1973) 0.01 to 200.0 L = 39.7 m and T = 293.6 K
De Saussure et al.41 (RPI/1967) 0.01 to 2250.0 L = 25.2 m and T = 293.6 K
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data. A total of 3170 resonance levels were identified in the
energy range 0 to 2250 eV to reproduce the experimental data
within the data uncertainty. The spin-separated fission data
were used below 100 eV to verify the resonance spin assign-
ment. The data correspond to fission cross-section measure-
ments done at the Oak Ridge Electron Linear Accelerator
(ORELA) for the two s-wave spin states J ¼ 3� and
J ¼ 4�. The total cross-section fitting was based on the
high-resolution transmission data taken at ORELA by
Harvey et al.10 A consistent SAMMY sequential Bayes’
fitting was carried out using the experimental data listed in
Table II. The procedure has allowed the generation of reso-
nance parameter covariance which is not a topic involved in
the present paper.

II.C. 235U Resonance Parameter Evaluation

The ground state spin and parity of the 235U target is
7

2

�
and

1

2

þ
for the incident neutron, leading to two possi-

bilities for the channel spins which are s ¼ 3� and
s ¼ 4�. The total angular momentum for the compound
nucleus will assume values between l � sj j and l þ sj j
where l is the relative neutron-nucleus angular momen-
tum which values define the s-wave for l ¼ 0, p-wave for
l ¼ 1, etc. For the evaluation performed in this work, it
was assumed that all the resonances observed were
s-wave. Table III shows the p-wave penetrability as a
function of energy, for four energies relative to the
s-wave penetrability. It may happen that few portions of
the observed resonances are p-wave and also that some
small p-wave resonances are missing. These p-wave reso-
nances were not identified in the experimental data base
used. However the sole use of s-wave has not prevented
obtaining a good fit of the experimental data.

The values displayed in the second column of
Table III are calculated with ρ2 ¼ 3:321� 10�6E, where
E is the incident neutron energy in eV.

Before starting the fitting of the data shown in
Table II, a careful examination of the experimental con-
ditions was done. Experimental resolution, normalization,
background, multiple-scattering, data alignment, etc.,
were inspected to assure consistency with the data set.
A sequential analysis of the data shown in Table II was
carried out with the SAMMY code to achieve a reason-
able fit of the data with an acceptable χ2. Not only the
resonance parameters were let to vary, but also normal-
ization, resolution parameters, etc., were also searched.

The two experimental η Eð Þ values at the low energy
were fitted with the SAMMY code. The η Eð Þ shape
observed in the experimental is followed by the fitting of
the data. The bending effect perceived is the result of the
interference effects of the bound level placed at the energy
−3.657 × 10−5 eV with a very small neutron width. The
fitting is displayed in Fig. 1. The η Eð Þ shape at low energy
dictates the improvements on the calculated reactivity tem-
perature coefficient as will be seen in Sec. III. The standard
recommended number of neutrons per fission at thermal
(0.0253 eV) of 2.4257 was used in the η Eð Þ calculation.

The fitting of the cross section at low
energy provided a good representation of the thermal
cross-section values in good agreement with the standard
indicated values.11 The values are listed in Table IV.

Also listed in Table IV are the ENDF/B-VII.1
thermal values. The ENDF/B-VII.1 thermal capture is
lower than the standard value by about 0.64%, the
scattering is higher by about 7.27%, and the fission
cross sections are essentially the same. The impact of
these differences in the calculation of the Doppler
reactivity effects will be discussed in Sec. III.B.
Fitting of the n_TOF fission cross-section data was

TABLE III

p-wave (l ¼ 1) Penetrability Factor Relative to the s-wave
(l ¼ 0) Penetrability Factor p0 ¼ ρ

Energy (eV)
p1
p0

¼ ρ2

ρ2þ1

1 3.32 × 10–6

100 3.32 × 10–6

500 1.66 × 10–3

1000 3.31 × 10–3

2000 6.60 × 10–3 Fig. 1. Comparison of the experimental and calculated
η Eð Þ in the thermal energy range.
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performed in the energy range 0.7 to 2250 eV. The
n_TOF fission data were normalized in the energy
range 7.8 to 11 eV according to the standard value in
this energy range which is 246.396 ± 1.244 b.eV.
Rather than fitting the normalized fission data, a deci-
sion was made to use the data without the normaliza-
tion and to include the standard fission integral value
in the fitting process as part of the experimental data
for the SAMMY code. It was noted that, as a result of
this procedure, the average values of the fission cross
section related to the standard were straightforwardly
fitted. The 7.8 to 11 eV calculated fission integral
obtained with the resonance parameters is 246.854,
which is in good agreement with the standard values

The results of the fitting of Harvey et al.,10

Spencer et al.,12 and Paradela et al.13 are shown in
Fig. 2. An examination of the transmission data of
Harvey revealed an inconsistency with the remaining
data set around the energy 4.25 eV. It was discovered
that the issue was due to an impurity of 181Ta present
in the target sample. Although the data reduction was

suitably done, it appears that the 181Ta impurity was
not completely removed.

It is interesting to note that the fission integral value in
the energy region 7.8 to 11.0 eV led to a normalization of
the Weston and Gwin fission data of about 2%. The fitting
of the Weston and Todd14 and Paradela et al.13 is shown in
Fig. 3 in the energy range 100 to 400 eV. The resolution of
the n_TOF data is excellent, displaying the details of the
Porter-Thomas–like fluctuations not seen in the Weston
data at this energy range as indicated in the oval.

Two measured capture data at LANL and RPI, respec-
tively, were used in the resonance evaluation above
100 eV. The capture data of Perez et al.15 were used
below 200 eV. The three data sets are displayed in Fig. 4
together with SAMMY fit in the energy range 100 to
200 eV. As can be seen, the resolution of the RPI data is
excellent for use in the resonance analysis. The TOF
lengths for the three measurements are about the same,
with the main difference on the neutron burst width. In the
energy range 100 to 200 eV the SAMMY fit was based on
the Perez et al.,15 Danon,7 and Jandel et al.8 capture data.
Above 200 eV the fitting relied mainly on the RPI data.

II.D. Average Resonance Parameters Values

Average values of the 235U resonance parameters
were determined in the energy up to 100 eV for 207
resonances using the SAMDIS module of the SAMMY
code system.2 The SAMMY fitting of the spin-separated
fission cross section16 for the J ¼ 3� and J ¼ 4� states
in the energy range 2 to 100 eV is shown in Fig. 5. The
high-resolution transmission data, fission cross-section

Fig. 2. Comparison of the SAMMY fit of the experimental
data.

Fig. 3. SAMMY fitting of the fission cross-section data
of Weston and Todd14 and Paradela et al.13 in the energy
range 100 to 400 eV.

TABLE IV

Standard Values and Resonance Parameter Results

Parameter

Standard
Values
(barns)

Values Obtained with
the New Resonance
Parameter Evaluation

(barns)

ENDF/
B-VII.1
(barns)

σf 584.4 ± 1.0 584.4 ± 4.2 584.897
σγ 99.3 ± 0.7 99.2 ± 3.1 98.664
σs 14.1 ± 0.2 14.1 ± 0.8 15.112
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data, and the spin-separated fission data have allowed
resolving the majority of resonances up to 100 eV, pro-
viding a good estimation of the average values of the
resonance parameters.

The average values for the total angular momentum
J ¼ 3� and J ¼ 4� are presented in Table V. They cor-
respond to the average of energy level spacing, s-wave
strength function, average of fission width, and gamma
capture average.

III. TESTS OF THE NEW 235U RESONANCE PARAMETER
EVALUATION ON REACTIVITY PREDICTIONS

Tests of the new 235U resonance parameter evaluation
were done using very recent integral benchmark

measurements carried out at the IPEN/MB-01 reactor17

that have been accepted for inclusion in the IRPhE hand-
book. This new benchmark is named the inversion point
of the isothermal reactivity coefficient of the
IPEN/MB-01 reactor. The main reasons for this choice
are given in the following paragraphs.

Several studies18,19 made with the IPEN/MB-01 reac-
tor core configuration suggested a very high sensitivity of
the isothermal reactivity coefficient to the shape and
magnitude of the thermal 235U cross sections. The
IPEN/MB-01 facility has quite a few unique features
that favor the neutron thermal energy region. Several
calculated responses have been found to be very sensitive
to the thermal nuclear data, particularly to those of 235U.
The intent of this paper is to describe how the isothermal
reactivity coefficient has been used to test the new 235U
cross-section evaluation. The inversion point of the iso-
thermal reactivity coefficient is by definition the tempera-
ture where the reactor response becomes positive. The
inversion point has similar sensitivity trends to the ther-
mal and subthermal 235U cross sections as the isothermal
reactivity coefficient of the IPEN/MB-01 reactor does.
Such quantity will provide excellent grounds for testing
the new 235U resonance parameter evaluation regarding
the reactor temperature evolution. The inversion point has
been found to be an adequate experimental quantity that
is used to validate methodologies and nuclear data
libraries for reactivity coefficient determination. Its
experimental determination does not require any sort of
computed correction factors or any quantity that comes
either from calculations or from another experiment. By
contrast, the isothermal reactivity coefficients are not a
directly measured quantity but rather they are constructed
on the basis of the experimental determination of the
reactivity. The reactivity between two points at different
temperature is not measured directly; rather it is inferred
by employing a reactivity meter together with a set of
delayed neutron parameters. These parameters are
obtained either by numerical approach or by experiments.

Fig. 5. SAMMY fitting of the spin-separated fission
cross section of Moore et al.16

TABLE V

Average Value of 235U Resonance Parameters Up to 100 eV

J ¼ 3� J ¼ 4�

Energy level spacing (eV) 1.13 ± 0.07 0.83 ± 0.04
s-wave strength function
(� 104)

0.84 ± 0.05 0.96 ± 0.05

Fission width (meV) 269.3 ± 51.8 158.2 ± 15.8
Gamma capture width (meV) 40.0 ± 0.9 39.5 ± 0.8

Fig. 4. Comparison of the SAMMY fit of the capture
data.
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However, the delayed neutron parameters are physical
quantities of very difficult experimental or numerical
determination which will impose restrictive uncertainty
on the isothermal reactivity coefficient. The proposed
experimental quantity employed here will avoid this sort
of difficulty. The inversion point of the isothermal reac-
tivity coefficient of the IPEN/MB-01 reactor constitutes a
very stringent test for the 235U nuclear data. Three con-
figurations will be employed for the new 235U resonance
parameter test.

III.A. Facility Description

The IPEN/MB-01 reactor is a zero power critical
facility specially designed for measurements of a wide
variety of reactor physics parameters to be used as experi-
mental benchmark data for checking the efficiency of
nuclear data libraries commonly used in reactor analysis
and design. The IPEN/MB-01 reactor reached its first
criticality on November 9, 1988, and since then it has
been utilized for basic reactor physics research and as
part of a laboratory system for academic purposes. The
facility consists of a 28 × 26 square array of UO2 fuel
rods 4.3% enriched and cladded by stainless steel
(SS-304) inside a light water tank. The control banks
are composed of 12 Ag-In-Cd rods and the safety banks
of 12 B4C rods. The pitch of the IPEN/MB-01 reactor
was chosen to be close to the optimum moderator ratio
(maximum k∞). This feature favors the neutron thermal
energy region events, and at the same time provides the
isothermal reactivity coefficient of the IPEN/MB-01 reac-
tor core with an inversion point. This facility has a well-
defined geometric and material data composition. Many
experiments carried out at the IPEN/MB-01 reactor have
been included in international benchmark handbooks
for several critical configuration experiments20,21 and
several other classical reactor physics experiments.22

Additional information regarding the IPEN/MB-01 reac-
tor and facility is available in benchmark reports
LEU-COMP-THERM-077 (Ref. 20) for the standard
core and LEU-COMP-THERM-044 (Ref. 20) for the
core with stainless steel rods.

III.B. Benchmark Description

The benchmark experiments were based on the stan-
dard 28 × 26 fuel rod configuration as shown in Fig. 6.
Three configurations were employed for the test of the
new 235U resonance parameters. The differences among
them reside in the central region of the core.
Configuration A considers the central region filled with

fuel rods. Configuration B considers the central region
filled with SS-304 rods. The SS-304 rods are the
same as those described in LEU-COMP-THERM-044.
Configuration C considers the central region filled with
water. The experiments23,24 proceeded in the following
way: Instead of heating the reactor system, as is usual in
experiments considering temperature variation, the reactor
system is cooled down. The initial temperature and its
range vary from configuration to configuration. For exam-
ple, for configuration A the water was cooled down to
~8.5°C. Employing the heating/cooling system of the
facility, the temperature is allowed to increase in a step-
wise manner. For each step, the reactor system is allowed
to reach thermal equilibrium. The BC1 control bank is
always kept in a fixed position while the fine adjustment
to reach criticality is performed by continuously adjusting
the axial position of the BC2 control bank. The tempera-
ture and the critical control bank axial positions for each
step are recorded for further analysis. The inversion point
of the isothermal reactivity coefficient is inferred by fit-
ting the BC2 critical control bank position as a function of
the temperature based on a second order polynomial func-
tion. The inversion point is the temperature where the
minimum of such curve occurs.

The final evaluated results for the inversion point are
shown in Table VI. The final total uncertainties (1σ)
combine the geometric and material uncertainties and
the experimental uncertainties.

The experimental results on the inversion point of
the isothermal reactivity measurements can be used for
testing the 235U cross sections in the low energy range.
In addition, one should note that the shape of the cross
section in the low energy region is intimately corre-
lated with entire resonance region. Hence the nuclear
data evaluation test on the basis of the isothermal
reactivity measurements impacts the thermal and
epithermal energy ranges. The shape of the 235U fission
and capture cross sections below 5 eV is displayed on
Fig. 7. Another interesting point to note is that the shift
in the neutron spectrum due to the neutron thermaliza-
tion provides essentials for testing the thermal neutron
scattering models. This item is not a part of the present
work. The shift in the neutron spectrum is due to the
fact that the actual neutrons effective temperature is
larger than the nominal reactor temperature.25 The var-
iations of the neutrons effective temperature drives the
reactivity swing due to the shape of the 235U fission
and absorption cross sections (see Fig. 7). The inver-
sion point of the isothermal reactivity is extremely
sensitive to the shape of the 235U fission and capture
cross sections.
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It should be pointed out that the IPEN reactor core
is slightly under-moderated uranium-water lattice with
a neutron spectrum with a corresponding average neu-
tron lethargy causing fission (EALF) of about 0.2 eV as
indicated in the International Criticality Safety
Benchmark Evaluation Project (ICSBEP) Handbook.20

This feature is confirmed by the fact that the water
density contribution to the reactivity is negative in
nominal conditions.19 The hydrogen absorption repre-
sents a negligible effect due the under-moderated

uranium-water lattice. In addition, the Doppler reactiv-
ity effect is also negative mainly due to the 238U
resonance capture.

TABLE VI

Final Values for the Inversion Points of the Isothermal
Reactivity Coefficient of the IPEN/MB-01 Reactor and

Corresponding Total Uncertainties

Configuration A Configuration B Configuration C

14.99 ± 0.24°C 21.54 ± 0.24°C 22.36 ± 0.26°C

Fig. 7. The 235U fission and capture cross section below
5 eV.

Fig. 6. Core configurations of the IPEN/MB-01 reactor considered in the benchmarks.
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III.C. Calculation Methodology

The inversion point of the isothermal reactivity coef-
ficient of the IPEN/MB-01 is an interesting benchmark
problem. Its theoretical treatment may vary depending on
the judgment of a reactor physics specialist and on the
available computational resources. The approach adopted
here is to make keff calculations for a temperature range
that covers the interval from the lowest to the highest
temperature of the experimental data, keeping the control
banks at their critical positions of 20°C in all the calcula-
tions. All physical quantities that have temperature
dependence such as cross sections [Doppler effect and
S(α, β)], material density (water for example), etc., must
be taken into account in the analysis. Subsequently, the
reactivity change due to the temperature variation relative
to the 20°C can be calculated as

ρi ¼
ðki � k20Þ
ðki � k20Þ ; ð1Þ

where ki is the keff for temperature Ti, and k20 is the keff
at 20°C, respectively. The theoretical determination of
the inversion point is based on the behavior of the
reactivity change as a function of temperature. This
reactivity shows a maximum value for which the tem-
perature corresponds to the inversion point of the iso-
thermal reactivity coefficient.

The theoretical analyses applied to the inversion point
of the isothermal reactivity coefficient of the IPEN/MB-01
reactor were carried out in a deterministic approach
employing the coupled systems NJOY/AMPX-II/TORT
codes.26 The NJOY code system27 (version 2012.50) is
used for the multigroup and pointwise cross-section gen-
eration, AMPX-II (Ref. 28) is used for the generation of
the few-group weighting cross sections, and TORT
(Ref. 29) [a three-dimensional (3-D_ SN transport theory
code] is used to calculate keff for the reactor core. The
calculations were carried out in two ways: (1) using the
entire ENDF/B-VII.0 (Ref. 30) as the basic nuclear data
library, and (2) using the new 235U evaluation, which is
available at the Nuclear Data Bank of the Nuclear Energy
Agency31 with the remainder nuclides taken from
ENDF/B-VII.0.

The calculation scheme used in the analyses is shown
in Fig. 8. The thermal scattering law for hydrogen bound
in water was obtained with the LEAPR module of NJOY.
The nuclear data were generated in the interval from 4°C
to 32°C in steps of 2°C.

The RECONR, BROADR, UNRESR, THERMR, and
GROUPR modules of NJOYare used in order to reconstruct
and to Doppler broaden the cross sections, to calculate the
self-shielding effects in the unresolved resonance region, to
build the scattering matrices in the thermal region, and to
transform these data intomultigroup parameters, respectively.
The next step was the production of a set of broad group

Fig. 8. Schematic diagram for the calculational methodology.
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energy library using the AMPX-II package. The pointwise
and fine multigroup cross sections produced in the previous
step were transferred to AMPX-II by two in-house interface
modules25 called BRDROL and AMPXR. The self-shielding
treatment in the resolved resonances was carried out by the
ROLAIDS module of AMPX-II. The neutron spectra and
subsequent cross section collapsing in the several regions of
the IPEN/MB-01 reactor were carried out by XSDRNPM.
The ROLAIDS module of AMPX-II employs the collision
probability method considering pointwise cross sections and
accounts for both space and energy self-shielding. The
ROLAIDS method also considers the mutual shielding
among the actinides present in the problem. XSDRNPM is
a one-dimensional code and solves the transport equation
using the SN method. First, the XSDRNPM cell model con-
sidered an infinite array of fuel pin square cells. The kinf
spectral calculations were performed in a cylindrical geome-
try in the fine group structure considering a white boundary
condition at the outer boundary of the cylindrized cell. The
group cross sections for all nuclides were homogenized in a
fine group level. Next, these data are merged with those of
other regions such as radial, top and bottom reflectors, and so
on. Finally, XSDRNPM considers radial and axial slices of
the IPEN/MB-01 reactor to get the final spectra for the broad
group collapsing. The broad group cross sections of the con-
trol rods, guide tube, and bottom plugs were obtained using a
super-cell model. This set of fine multigroup libraries was
collapsed to a set of broad groups. At this point, the cross-
section library is problem dependent. The order of scattering
(Legendre order expansion) was P3 throughout the analysis.
Finally, the broad group library is conveniently formatted to
the TORT (3-D Discrete Ordinates Code) format using the
GIP (Ref. 32) program. Subsequently, with the broad group
cross-sections libraries previously generated, TORT per-
formed keff calculations considering a fully 3-D geometric
modeling of the IPEN/MB-01 reactor core.

The fully 3-D geometric setup for the TORTcalculations
was considered in the X-Y-Z geometry and P3 approximation.
The mesh distribution comprises 52 mesh intervals in
X direction, 50 mesh intervals in Y direction, and 81 mesh
intervals in Z direction, for a total of 210 600 intervals. These
intervals are represented by 10 numbers of material zones.
The boundary conditions considered were void at top and
bottom and at the left and right borders of the problem. The
convergence criterion for the criticality calculations was set
to the 10−5 for the flux and the fission source and 10–6 for the
eigenvalue.

As suggested in Ref. 19 the multigroup library for all
nuclides that take part in the benchmarkmodel was generated
in 620 groups of energy. These data were collapsed in a
structure of 16 groups with 5 thermal groups employing the

XSDRNPM module of AMPX-II. TORT was run consider-
ing this broad group structure and S16P3. These were the
group structure and SN order to be used in the theoretical
analyses of the inversion point of the isothermal reactivity
coefficient of the IPEN/MB-01 reactor. A complete detail of
the broad group library generation can be found in Ref. 19.

The whole pattern of calculations as shown in Fig. 8
(cross-section generation and subsequent TORT keff calcu-
lations) was considered for the entire temperature interval
spanning from 4°C to 32°C. Equation (1) was employed for
the determination of the reactivity variation as a function of
the temperature. Finally, the NJOY/AMPX-II/TORT ana-
lyses follow all recommendations of Ref. 19.

In order to illustrate the results from the methodology
NJOY/AMPX-II/TORT for the several temperatures con-
sidered in the analyses, Table VII shows keff and reactiv-
ities relative to the 20°C case for configuration A and
ENDF/B-VII.0 library.

The reactivity as a function of the temperature was
subsequently least-square fitted in a second order poly-
nomial function as

ρðTÞ ¼ A0 þ A1T þ A2T
2 ; ð2Þ

where ρðTÞ represents the reactivity at temperature T
in °C, and Ak is the k’th polynomial coefficient. The
expansion polynomial coefficients are shown in the
Table VIII.

The corresponding covariance matrix for the polyno-
mial coefficients (σAiAj) is shown in Table IX.

TABLE VII

Calculated keff and Reactivities Relative to the
20°C Case for Configuration A

Temperature (°C) keff Reactivity (pcm)

4.0 0.999465 5.41
6.0 0.999504 9.32
8.0 0.999549 13.84

10.0 0.999563 15.20
12.0 0.999558 14.72
14.0 0.999542 13.17
16.0 0.999519 10.86
18.0 0.999470 5.91
20.0 0.999411 0.00
22.0 0.999333 −7.84
24.0 0.999230 −18.08
26.0 0.999131 −28.02
28.0 0.999021 −39.03
30.0 0.998905 −50.69
32.0 0.998780 −63.21
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The inversion point can be determined as the max-
imum of Eq. (2):

Tinv ¼ � A1

2A2
: ð3Þ

The error propagation to the inversion point is given by

σ2Tinv
¼ ∂Tinv

∂A1

� �2

σ2A1
þ ∂Tinv

∂A2

� �2

σ2A2

þ 2
∂Tinv

∂A1

� �
∂Tinv

∂A2

� �
σA1A2 ; ð4Þ

with

∂Tinv
∂A1

¼ � 1

2A2
ð5Þ

and

∂Tinv
∂A2

¼ A1

2A2
2

; ð6Þ

and where σA1
, σA2

, and σA1A2
are the elements of the

covariance matrix shown in Table IX. The uncertainty in
the theoretical inversion point arises from the least
squares approach. It is a property of the fitting data and
the fitting function chosen to describe the phenomenon.

The final result for the inversion point and its corre-
sponding uncertainty is obtained by applying Eqs. (3)
through (6) and is equal to 10.85 ± 0.20°C (1σ). The

calculation/experiment comparisons for configuration A
are shown in a graphical form in Fig. 9.

The inversion point of the isothermal reactivity coef-
ficient for configurations B and C were obtained in a
similar approach. Figures 10 and 11 show the theory/
experiment comparison for these configurations.

Tables X and XI summarize for ENDF/B-VII.0 and for
the new 235U evaluation, respectively, the theory-experiment
comparison of the inversion point of the isothermal reactivity
coefficient of the IPEN/MB-01 as well as the error on the
isothermal reactivity coefficient. This last quantity is
explained during the analyses of the theoretical and experi-
mental data below. For clarity, the results shown in Tables X
and XI for the (C-E)/E (%) are also displayed in Fig. 12.

TABLE IX

Covariance Matrix for the Polynomial Coefficients

A0 A1 A2

A0 1.71821 −0.20132 0.005
A1 −0.20132 0.02718 −7.22E-04
A2 0.005 −7.22E-04 2.01E-05

Fig. 9. Calculated reactivity variation and BC2 control
bank critical position as a function of temperature for
configuration A.

Fig. 10. Calculated reactivity variation and BC2 control
bank critical position as a function of temperature for
configuration B.

TABLE VIII

Polynomial Coefficients for Configuration

A0 −6.44569 ± 1.31080
A1 3.87034 ± 0.16486
A2 −0.17839 ± 0.0045
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The differences for the inversion point (ΔTinv), as
shown in Tables X and XI are negative which is consistent
with the underprediction of the calculated isothermal reac-
tivity coefficient shown in previous works (see Refs. 18
and 19 for instance). This implies that the calculated
reactivity coefficient is smaller than the experimental
one. Furthermore, (ΔTinv) shown in Tables X and XI within
the uncertainty range of one σ are invariant for the three
configurations considered in this work. This characteristic
shows that the experiments, evaluation, and the theoretical
analysis are consistent from configuration to configuration.
There appears to be a systematic bias which might reside
in the basic nuclear data utilized in the analyses. The
largest difference from the experimental value is

−4.30°C, which is shown in configuration C. At first
glance there appears to be a considerable discrepancy in
the theory/benchmark comparison. This discrepancy is
well outside of the 3σ range of the benchmark uncertainty.
However from the experimental curve of the isothermal
reactivity coefficient of the IPEN/MB-01 reactor,19 one
may note that for every 1°C variation in the temperature
scale there is a variation of nearly 0.416 ± 0.0031 pcm/°C
in the reactivity coefficient. Therefore, for a variation
of −4.30°C, there is a variation (or error) of
−1.79 ± 0.12 pcm/°C in the isothermal reactivity coeffi-
cient (αiso). This deviation is a considerable improvement
from older evaluations which for a long time showed a
systematic discrepancy of −5.0 pcm/°C (Ref. 33).
Nonetheless, when the new nuclear data evaluation for
235U is used the error in the reactivity coefficient determi-
nation is −0.73 ± 0.12 pcm/°C which attends the desired
accuracy (−1.0 pcm/°C) (Ref. 34) for the calculation of the
reactivity coefficient. In this aspect, the whole methodol-
ogy and the nuclear data library considered in this work
attain the desired accuracy for the determination of the
isothermal reactivity coefficient. A good part of the
improvements in the agreement between calculated and
benchmark values for the isothermal reactivity coefficient
is due to the incorporation of the new η-shape of 235U
(Ref. 35) in ENDF/B-VII.0 and in the new resonance
parameters of the 235U evaluation. For completeness and
better understanding of this work, Tables X and XI contain
the values of the variation or error of the isothermal
reactivity coefficient due to the variation of the calculated
inversion point relatively to the experimental values for all

Fig. 11. Calculated reactivity variation and BC2 control
bank critical position as a function of temperature for
configuration C.

TABLE X

Theory/Benchmark Comparison of the Inversion Point for ENDF/B-VII.0

ENDF/B-VII.0

Calculated Inversion Point (°C)
(C-E)/E ± (1σ)

(%)
ΔTinv
(°C)

αisoerror
(pcm/°C)

Configuration A
Benchmark Value = 14.99 ± 0.24 (°C)

10.85 ± 0.20 −27.65 ± 1.80 −4.15 ± 0.32 −1.72 ± 0.13

Configuration B
Benchmark Value = 21.54 ± 0.24 (°C)

17.30 ± 0.10 −19.69 ± 1.00 −4.24 ± 0.26 −1.76 ± 0.11

Configuration C
Benchmark Value = 22.36 ± 0.26 (°C)

18.06 ± 0.10 −19.23 ± 1.05 −4.30 ± 0.28 −1.79 ± 0.12
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three configurations considered in this evaluation. Finally,
the isothermal reactivity errors found in this work are
consistent with previous work (Ref. 19) which shows a
maximum error of −0.90 ± 0.05 pcm/°C considering
ENDF/B-VI.8 (Ref. 36). In this aspect, the experiments
and evaluation of the inversion point of the isothermal
reactivity coefficient of the IPEN/MB-01 reactor show
consistency and completeness.

IV. CONCLUSIONS

Re-evaluation of the 235U resonance parameter has
been performed to address issues with standard fission

cross-section values in the resolved resonance region.
The experimental data entered in the evaluation are
well represented and the standard values are repro-
duced. The present work demonstrates that the 235U
resonance evaluation in the thermal range represents
an improvement compared to previous 235U resonance
evaluations in existing cross-section libraries. The
benchmark calculations were carried out by taking
into account the IPEN/MB-01 benchmark evaluation
recently approved for inclusion in the IRPhE handbook,
which has been found to be extremely helpful to test
the 235U nuclear data for thermal reactor applications.
The reactor evaluated quantity used in the calculations
is the inversion point of the isothermal reactivity coef-
ficient of the IPEN/MB-01 reactor. This quantity
showed to be very sensitive to the 235U nuclear data,
mainly to the shape of η Eð Þ. The analyses revealed that
there is a considerable improvement in theory/experi-
ment predictions when the new 235U resonance para-
meters are considered in the analyses. The maximum
error in the prediction of the isothermal reactivity is
−0.73 ± 0.12 pcm/°C, which is within the desired
accuracy of the determination of this integral response.
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