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Abstract The 233U(n,f) cross section was measured in a
wide energy range (18 meV-170 keV) at the n_TOF facility
at CERN, relative to 6Li(n,t) and 10B(n,oc) standard reactions,
with high resolution and accuracy, with a setup based on a
stack of six samples and six silicon detectors placed in the
neutron beam. In this paper we report on the results in the
region between 18 meV and 10 keV neutron energy. A res-
onance analysis has been performed up to 200 eV, with the
code SAMMY. The resulting fission kernels are compared
with the ones extracted on the basis of the resonance param-
eters of the most recent major evaluated data libraries. A com-
parison of the n_TOF data with the evaluated cross sections is
also performed from thermal to 10 keV neutron energy for the
energy-averaged cross section in energy groups of suitably
chosen width. A good agreement, within 0.5%, is found on
average between the new results and the latest evaluated data
files ENDF/B-VIIL.O and JEFF-3.3, as well as with respect to
the broad group average fission cross section established in
the framework of the standard working group of IAEA (the
so-called reference file). However, some discrepancies, of up
to 4%, are still present in some specific energy regions. The
new dataset here presented, characterized by a unique combi-
nation of high resolution and accuracy, low background and
wide energy range, can help to improve the evaluations from
the Resolved Resonance Region up to 10 keV, also reducing
the uncertainties that affect this region.

1 Introduction

The neutron-induced fission of 233U is one of the most impor-
tant reactions for applications, in particular related to energy
production. Its cross section at thermal and from 0.15 to
200 MeV neutron energy is an established standard, widely
employed in a variety of fields, from neutron flux measure-
ments to dose evaluation for radiation protection purposes
[1]. Outside the standard range, the 235U(n,f) Cross section
can also be used as reference, although the presence of
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resonances and resonance-like structures up to ~ 10 keV
makes the use of this cross section less straightforward. While
recently the cross section integral between 7.8 and 11 eV
has been adopted as an additional standard, with associated
uncertainty of 1.2%, uncertainties of the order of a few per-
cent still persist in the Resolved Resonance Region (RRR,
corresponding to E;, < 2.25 keV), as well in the Unresolved
Resonance Region (URR, extending up to 25 keV), with
some discrepancies between different evaluated data files.

In order to try to solve discrepancies in current libraries for
235U and other key isotopes relevant for nuclear applications,
a Collaborative International Evaluation Library Organiza-
tion (CIELO) was established in 2013, coordinated by the
Nuclear Energy Agency (NEA) of the Organization for Eco-
nomic Cooperation and Development (OECD). A detailed
description of this project and related results can be found in
[2]. Despite the achieved progress within this framework for
several reactions, open questions and differences in the eval-
uations still remain, documented in two different datasets,
adopted by different evaluated data libraries. Differences of
the order of a few percent still persist on some crucial reac-
tions, including the 235U(n,f) reaction outside the standard
region. In an attempt to reduce the uncertainties, new col-
laborative efforts are being undertaken, such as the INDEN
project coordinated by IAEA [3], that aims at improving the
evaluation methodology and producing updated nuclear data
files. In this respect, while re-analysis and combination of
previous data can lead to some improvements, a major uncer-
tainty reduction can be achieved by incorporating new, high
resolution and high accuracy data, that can help to sort out
existing discrepancies. In this respect, the n_TOF facility [4]
is currently one of the best suited facilities worldwide for
collecting new data on the 235U(n,f) cross sections in the
Resolved and Unresolved Resonance Regions, thanks to the
very convenient features of the neutron beam, in particu-
lar the high resolution, the wide energy range and the low
background. An overview of the facility and of the fission
experimental program at n_TOF can be found in [5].

Data from n_TOF in the RRR collected with Parallel Plate
Avalanche Counters (PPAC) (Ref. [6], hereafter referred to
as Paradela’s data) were already made available in 2016, and
have been used in the recent ENDF/B-VIII and JEFF-3.3
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evaluations. On average they showed a good agreement up
to 2 keV with the TAEA reference file (being ~ 1% lower),
while a larger difference was observed relative to ENDF/B-
VII (being ~ 2% higher). A difference of 3% has also been
reported by Capote et al. [7] between ENDF/B-VII and the
new IAEA CIELO evaluated cross section between 100 eV
and 2.25 keV (the latter being consistent with the IAEA 2017
reference file, see Fig. 2 in [7]). We recall that the ENDF/B-
VIIL.O evaluation, officially released in 2018 [8, 9], has now
adopted the IAEA CIELO evaluations for the considered
reaction. Paradela’s data in the RRR [6, 10] have also been
used in the new JEFF-3.3 evaluation, officially released in
2017 [11] 12. However, as will be shown in this work, small
differences between ENDF/B-VIIL.0 and JEFF-3.3 on the
25U(n,f) cross section up to 10 keV still persist.

Paradela’s data mentioned above were collected in the
long flight-base experimental area (EAR1) of n_TOF, and
are therefore characterized by a high resolution (AE/E <
10‘3). However, those data were not the result of a dedicated
measurement relative to a standard, such as the °Li(n,t) or
10B(n,a), being the 33U sample used as reference for other
actinide samples measured simultaneously. Rather, the cross
section was extracted relative to the neutron flux that had
previously been determined on the basis of various standards,
including the 235U(n,f) reaction itself, with a relatively low
resolution and an uncertainty of up to 5% in the keV region
[13]. Furthermore, the energy range did not extend down
to thermal energy, hindering an accurate normalization to a
well established standard. As a consequence, the data were
normalized to the cross section integral in the region between
7.8 and 11.0 eV, and the value of 246.4 b-eV in the JAEA
20009 reference file was used to that purpose (at that time not
yet adopted as an additional standard, the currently adopted
standard value being 247.5 b-eV).

Recently, a measurement was performed at n_TOF specif-
ically dedicated to the high-resolution, high-accuracy mea-
surement of the 233U(n,f) reaction in the whole energy region
from thermal to 170 keV neutron energy. The main aim of
that measurement was to investigate a discrepancy that had
previously been noted in the 10-30keV energy range. Details
on the measurement, the experimental setup and the analysis
procedure can be found in Ref. [14]. The main features of
this new dataset are that the 23°U(n,f) cross section is mea-
sured directly relative to the 6Li and 9B standards, and that
the energy range encompasses the thermal point and extends
up to 170 keV, i.e. in the standard regions, so that a high con-
fidence on the absolute normalization can be achieved. The
present paper complements the previous publication [14],
by reporting the pointwise data in the range from thermal to
10keV, in an attempt to provide some of the most accurate and
high-resolution data achieved so far on the B5U(n,f) cross
section in the Resolved and Unresolved Resonance Region.

The results here reported could help to solve existing discrep-
ancies between different evaluations, providing an important
contribution to future upgrades of evaluated libraries and/or
ongoing collaborative efforts, such as the INDEN project of
TIAEA, with the final goal of improving the accuracy of this
important cross section in this energy region.

The paper is organized as follows: the main features of the
experimental setup and procedure are described in Sect. 2,
and cross section determination in Sect. 3. A resonance anal-
ysis up to 200 eV is reported in Sect. 4, together with a
comparison of the resulting fission kernels with current ver-
sions of major libraries. Energy-averaged cross section data
from thermal to 10 keV neutron energy are presented and
discussed in Sect. 5, in comparison with current and past
evaluations and previous experimental data. Conclusions are
drawn in Sect. 6.

2 Experimental setup and data analysis

The experimental apparatus consists of a stack of six Si-
detectors with six samples, two of each 6Li, 19B and 235U
isotope, mounted in between in a closely-packed geometry
[14]. The main features of the setup were: a large solid angle
coverage, the possibility of detecting reaction products both
in the forward and backward direction, a feature particularly
important for the 5Li(n,t) and 1°B(n,a) reactions, affected
by angular anisotropy of the emitted charged particle that
starts becoming relevant for neutron energy above a few keV.
Finally, the setup was characterized by a good particle iden-
tification capability, of importance for background rejection.
The setup was hosted in a vacuum chamber placed on the
neutron beam line, with thin windows at the air—vacuum
interface. The measurement was performed in the experi-
mental area (EAR1) positioned at the end of the 183.49 (2) m
long neutron flight path. In this area, the energy resolution of
the neutron beam goes from 3-10~* at thermal up to 107> at
10 keV [4].

The 23 U(n,f) cross section was determined directly rela-
tive to the °Li(n,t) and '°B(n,a) reactions, whose cross sec-
tions are standards of measurement all the way from thermal
to 1 MeV. Another important feature of the measurement was
the large energy range covered, extending from thermal neu-
tron energy to 170 keV. Relative to Paradela’s data mentioned
above, the new measurement has the advantage of including
both the thermal point and an energy region above 150 keV,
where the 23°U(n,f) cross section is standard, thus allow-
ing for an accurate normalization of the data in the whole
energy range measured. In fact, the dataset here presented
is one of the most complete in terms of energy range cov-
ered, and accurate in terms of reference reactions used, as
well as in normalization. Combined with the high resolution
and low background of the n_TOF neutron beam in EARI,

@ Springer
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the wide energy range and high accuracy makes the present
dataset rather unique in the landscape of experimental cross
sections available on the 233U(n,f) reaction in the Resolved
and Unresolved Resonance Regions, and suitable for verify-
ing current major evaluations, possibly identifying residual
problems (if any). To this aim, we perform here a thorough
comparison of the data with three libraries: ENDF/B-VII,
ENDF/B-VIIL.O and JEFF-3.3 (evaluated cross sections in
the JENDL-5 library are similar to ENDF/B-VIIIL.O and are
therefore not included in this comparison).

3 Cross section determination

The yield with coarse energy binning from thermal to
170 keV neutron energy has already been reported in Ref.
[14] and uploaded on the nuclear data repository EXFOR
[15]. In this paper we report on the analysis of the data,
up to 10 keV, with the higher resolution required to per-
form a resonance analysis and a more detailed comparison
with evaluated data libraries. These data will then be made
available on EXFOR for dissemination and possible use in
future evaluations of the 23U(n,f) reaction in the Resolved
and Unresolved Resonance Regions.

The main features of the present data, in terms of
background, normalization and uncertainty estimates, have
mostly been discussed in [14]. We recall here that, thanks to
the characteristics of the n_TOF facility and the low mass
of the detectors, the measurement is affected by a negligi-
ble background. This feature is particularly important in the
valleys between resonances, as it leads on the one hand to a
more reliable resonance analysis in the tails, and on the other
hand to a more accurate determination of the energy-averaged
cross section, both affected by a non-negligible contribution
of the valleys. The low background of the measurement is
evident in Fig. 1, where the n_TOF data in the valleys are
comparable to, or lower than, the evaluated cross sections,
showing in some regions structures not present in the eval-
uations, and that could have been previously masked by a
higher background. These structures are statistically signif-
icant, as they cannot be due to contaminants whose content
in the samples was certified below 107, and in several cases
were also observed in Paradela’s data [6].

As already mentioned, an important feature of the present
data is that the cross section is extracted directly from the
ratio of the measured count-rate for the 233U sample to the
reference °Li and '°B samples. This procedure completely
removes the effect of structures, in particular absorption dips,
that are typically present in the neutron flux, related to the
neutron source itself or to windows at the air-vacuum inter-
face on the neutron beam line. At n_TOF, the presence of a
thick Al window produces several larger dips, while a 0.2%
Zn content produces smaller dips that however could lead to

@ Springer

a few percent error in the cross section determination (as will
be shown in Sect. 5).

As discussed in [14], the normalization of the measured
cross section was performed relative to the cross section inte-
gral in the neutron energy range between 7.8 and 11.0 eV,
recently adopted as a standard (247.5 + 3 b-eV) [16]. The
combination of the systematic uncertainty on the standard
(1.2%) with the statistical error on the measured integral
(0.4%) results in an overall uncertainty of 1.3% up to 1 keV.
Above this energy an additional 0.8% uncertainty on the effi-
ciency corrections has to be considered, leading to a total
value of 1.5% (being other energy-dependent uncertainties
negligible in the range considered in this work). The peculiar
features of the n_TOF neutron beam and of the experimen-
tal setup and the adopted procedure for the normalization of
the results makes the present measurement one of the most
accurate ever performed on this reaction. Finally, a funda-
mental feature of the present dataset (as compared to most
previous ones), is the wide energy range covered in a single
measurement, that makes possible to directly compare the
data with the 23> U(n,f) cross section standard in two regions,
i.e. at thermal and around 150 ke V. The very good agreement
observed at those energies (shown in Sect. 5) provides high
confidence on the cross section values in the whole energy
region, here reported.

In the following, we present the results and a comparison
with evaluated nuclear data of major libraries, by perform-
ing on the one hand a resonance analysis at lower energy, and
on the other hand by averaging the measured cross section in
wider energy bins up to 10 keV. The present data are also com-
pared with some previous datasets characterized by similar
resolution. The new, high accuracy and high resolution data
on this important reaction could be beneficial for checking the
reliability of current evaluations in major data libraries, pos-
sibly identifying residual shortcomings for future updates.

4 Resonance analysis

A resonance analysis was performed with the SAMMY code
[17], within the Reich—-Moore approximation, from thermal
to 200 eV. Although the limit of the Resolved Resonance
Regionis currently assumed at 2.25 keV, and resonance struc-
tures are observed even above this limit, in the present work
we have considered only resonances up to 200 eV, since at
higher energy the clustering of resonances becomes domi-
nant, and the number of missing levels increases. Further-
more, up to this energy the n_TOF neutron beam resolu-
tion function has a negligible influence, being the resolution
essentially dominated by Doppler broadening. It should be
considered that even at this low energy, several resonance
structures are made of clusters of unresolved resonances,
due to the small average level spacing, as compared to their
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Fig. 1 Measured 23U(n,f) cross section in the 1-10 eV neutron energy range, compared with evaluated data. The high resolution of the n_TOF
data makes possible to distinctly observe small structures in the valleys between resonances, clearly testifying the low background

natural width and to the effect of the Doppler broadening.
Finally, above 200 eV a more statistically meaningful com-
parison with libraries and previous datasets can be performed
by averaging the cross section in suitably wide energy bins
as discussed in Sect. 5.

In the SAMMY fits, initial input parameters of the reso-
nances were taken from the latest evaluated data files, either
ENDEF/B-VIILO or JEFF-3.3. The energy, neutron and cap-
ture widths were kept fixed, while both fission widths were
left free, with a fudge factor set at 0.1 (corresponding to the
possibility of modifying the value by 10% for each itera-
tion). The numerical n_TOF resolution function was used in
the fits. In order to check the consistency of the normalization
value for the n_TOF yields, the corresponding parameter was
initially left free when fitting the energy region from 20 meV
to 10 eV. The values obtained using initial resonance param-
eters from the ENDF/B-VIIIL.0 and JEFF-3.3 were 0.993 and
0.997, respectively, indicating that the normalization of the
n_TOF yield was consistent with evaluated cross sections
within a few per mill. For the fits from 10 to 200 eV neutron
energy, the normalization parameters were kept fixed at the
values mentioned above. For the resonance fits in the whole
neutron energy region analysed, the level of background was
initially left free, showing that the resulting values were in all
cases negligible. Figure 2 shows the experimental data with
the results of the SAMMY fit (initial resonance parameters
from ENDF/B-VIIL.0) in the whole range from thermal to
200 eV neutron energy, along with the residuals defined as

the difference between fit and data divided respectively by the
data (and expressed in percent) and by the data standard devi-
ation. The quality of the fits in selected energy regions can
also be appreciated in Fig. 3. The experimental fission yield
and the result of the resonance analysis performed within
this work are represented by the symbols, with their statisti-
cal uncertainty, and by the red curve, respectively. They are
compared with the fission yield calculated by SAMMY on the
basis of the resonance parameters of the two most recent eval-
uated data libraries, represented in the figures by the green
curve (for clarity, the comparison with ENDF/B-VIII.O and
JEFF-3.3 is shown separately). For most resonances, the new
fit and evaluated fission yields are indistinguishable, indicat-
ing a very good agreement between the n_TOF data reported
here and the evaluated cross sections. In some cases, however,
the evaluations fall short of reproducing the observed reso-
nances, as can be inferred from the differences between the
red and the green curve in Fig. 3. Most of the differences are
observed in the neutron energy range between 20 to 100 eV
(as confirmed by the analysis of the energy-averaged cross
section in Sect. 5). The ranges in Fig. 3 correspond to regions
where larger differences between data and evaluations were
found.

A more quantitative comparison can be performed by con-
sidering the fission widths. However, although this is clearly
the most important parameter to be determined from the res-
onance analysis of fission data, the values of such width are
correlated to the neutron and, to a lesser extent, the capture
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Fig. 2 Measured yields of the 233 U(n,f) reaction, together with the result
of resonance analysis performed with the SAMMY code, using initial
parameters from ENDF/B-VIILO, between 18 meV and 200 eV (top

widths, which may be different in the two major libraries. As
a consequence, it is more appropriate, when comparing the
experimental data with both libraries, to consider the fission
kernel defined as follows,

Fn(Ff1 + Ffz)
I+l + I‘f1+1"f2

Kyp= ey

Here g is the spin factor, I', and I', are the neutron and cap-
ture width, respectively, while I'f; and I'r, the two fission
widths. Figure 4 shows the ratio of the experimental fission
kernels to the ones extracted using the ENDF/B-VIIIL.O and
JEFF-3.3 resonance parameters. The error bars represent the

@ Springer

panel). The residuals between fit and data in percent (middle panel) and
in standard deviation units (bottom panel) are also reported in the figure

uncertainty in the SAMMY fit, and are essentially related to
the statistical uncertainty on the n_TOF fission yield data.
A very good agreement is observed on average between the
present data and both major libraries. Indeed, a weighted
average of 1.0037(3) and 1.0016(2) is found for the ratio
relative to ENDF/B-VIIL.0 and JEFF-3.3, respectively. How-
ever, as already mentioned, differences of several percent can
be observed for some resonances (or cluster of resonances),
mostly small ones, as can be inferred from the large error
bars. As for the large discrepancy at 1.3 eV, it casts some
doubts on the existence of a resonance in that region, on the
tail of the much larger resonance at 1.14 eV. Nevertheless,
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Fig. 3 Example of SAMMY fits of 23>U(n,f) resonances from the
present n_TOF yield data (red curves and symbols, respectively) com-
pared with yields calculated in SAMMY from resonance parameters
of the two most recent libraries, ENDF/B-VIILO and JEFF-3.3 (green

the weighted root mean square of the ratio, that provides an
indication of the width of the ratio distribution, turns out to be
also small, being less than 1% for both libraries (0.0096 and
0.0064 for ENDF/B-VIILO and JEFF-3.3, respectively). This
further implies that the two libraries are essentially equiva-
lent and on average closely reproduce the observed n_TOF
resonances up to 200 eV.

5 Energy-averaged fission cross sections from thermal
to 10 keV neutron energy

While the resonance analysis shown above can provide some
indications on the accuracy of the evaluations up to 200 eV,
a more complete comparison can be performed, all the way
from thermal to 10 keV neutron energy, by considering the
average cross sections in wider energy bins. Similar compar-
isons in this sense have been reported in the literature both
between data and libraries (see for example Ref. [6]) and
between evaluated data files [7, 11]. In particular, in Refs. [6,
7], it was shown that the cross sections in ENDF/B-VII were
higher than the IAEA reference file and Paradela’s data, by
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curves). Where differences exist, the red and green curve depart from
each other. The arrow around 22 eV in the top left plot indicates one
of the structures mentioned in the text that was possible to observe in a
valley due to the low background

several percent. Following the CIELO project, a modifica-
tion was introduced in ENDF/B-VIIIL0O, which adopted the
resulting evaluations (mostly based for this reaction on the
IAEA reference file). Similarly, the new version of JEFF-3.3
was shown to reproduce the latest standard evaluations [1],
as well as the previous one [18] in the neutron energy range
100-2000 eV (see Table 3 in [11]).

Taking advantage of the wide energy range of the present
n_TOF data, we have performed a complete comparison
with the two current evaluations, as well as with the pre-
vious ENDF/B-VII, with the aim of verifying improvements
and/or residual differences. The comparison over the full
energy range measured at n_TOF is shown in Fig. 5, where
the reported R values represent the relative difference (i.e.
residuals) between the current data and the evaluations.

data
R =100% - (— — 1) 2)
reference

For a more detailed analysis the whole neutron energy
region from thermal to 10 keV has been divided in differ-
ent panels in Fig. 6. It has to be considered, however, that
between 10 and 30 keV the new evaluations still show an
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important discrepancy relative to the n_TOF data, as already
discussed in Ref. [14], linked to the node description used
in the standard evaluation. The chosen energy binning is 10
bins/decade, a value that fulfils the best compromise between
the need of a reasonable resolution and that of minimizing
statistical fluctuations, in particular in the keV energy region.

The measured energy-averaged cross section was obtained
from the fission yield dividing by the areal density of the
sample (number of atoms/barn). In this respect, the self-
absorption correction is not taken into account, as the small
thickness of the 23°U samples used in the n_TOF measure-
ment results in a negligible effect, of the order of 107*.
For the evaluations, the energy-averaged cross section was
derived from the pointwise values, by first interpolating them
(according to the library prescriptions) at a very fine resolu-
tion (2000 bins/decade), and then integrating the resulting
cross section over the same energy intervals of the experi-
mental data (i.e. 10 bins/decade). In the plots, a generally
good agreement of the new libraries with the n_TOF data
can be observed, in the whole energy region from thermal to
10keV. On the contrary, the older ENDF/B-VII library shows
a rather large systematic discrepancy, being the n_TOF data
considerably higher than the evaluations by several percent,
from a few hundred meV to a few keV. While the under-
estimate of the cross section in ENDF/B-VII in the recently
established standard from 7.8 to 11.0 eV had been previously
reported, as compared to the IAEA reference value (see for
example Ref. [6]), a somewhat unexpected finding is the dis-
crepancy in the 100-300 meV neutron energy. In these two
energy ranges, the recent re-evaluation within the CIELO
project, adopted in the most recent libraries, has led to a sub-
stantial improvement of the cross section, relative to previous
evaluated data, as demonstrated by the very good agreement
with the present n_TOF data. However, some discrepancies
can still be noted even for the new libraries. Atlow energy, up
to approximately 1 eV, the n_TOF cross sections are slightly
lower than JEFF-3.3 evaluations, by around 1%, while they
are in good agreement with the ENDF/B-VIII.O evaluations.
On the contrary, the two libraries mostly agree in the range
1-100 eV, but the n_TOF data are systematically higher than
both of them at a few eV and between 20 and 80 eV. It is
interesting to note that in that range there were only slight
changes in the new evaluations with respect to the previous
ones (see comparison with ENDF/B-VII). It should be also
noted that, as shown previously, important differences are
observed in the resonances in that range, therefore calling
for a better evaluation of the resonance parameters in future
library releases.

In the 100 eV to 1 keV range, no particular problems
are observed, except for a 2% discrepancy around 200 eV
neutron energy. Finally, the comparison in the 1 to 10 keV
range highlights a problem around 2 keV. This energy corre-
sponds approximately to the limit of the Resolved Resonance
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Fig. 5 Relative difference R 10%

between the 235U(n,f)
energy-averaged cross section 8%
measured at n_TOF in the full
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evaluated cross section from
major current data libraries,
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Region in the libraries, and at least part of the observed dis-
crepancy could be attributed to the difference of treatment
in the evaluation between the RRR and URR. After a care-
ful investigation, however, we have come to the conclusion
that most probably this is not the reason for the differences
between the present n_TOF data and evaluations. A com-
parison with previous data, in particular Paradela’s ones [6],
shows a large difference between 2 and 3 keV (a difference is
also observed, relative to Weston [19], although smaller). In
this region, the n_TOF flux exhibits a small dip, as it can be
appreciated in the neutron flux determined in the measure-
ment here reported from the 5Li(n,t) and '°B(n,a) reactions
(see Fig. 11 of Ref. [14]). The dip can be attributed to the
2.63 keV resonance in the total cross section of %*Zn (dom-
inated by elastic scattering). Zinc is present in the neutron
source at n_TOF, being a 0.2% contaminant of the Al alloy
6082, used for the window at the interface between the spal-
lation target and the vacuum beam line. Being the dip small
and barely visible in the adopted energy distribution of the
neutron beam in EAR1 [13], it was not accounted for in the
analysis of Ref. [6], in which the cross section was extracted
relative to that energy distribution. It can therefore be con-
cluded that the difference relative to the IAEA reference file
observed in Ref. [6] around 2 keV neutron energy is essen-
tially related to the mentioned absorption dip, and it cannot
be excluded that a similar problem might also be present in
other previous datasets, as already mentioned. As it can be
noted in Fig. 6, in the recent evaluations the cross section has
been increased in that energy bin, and agree better with the
present data. A reminiscence of the problem might however

still be present at slightly lower energy, being the n_TOF
data in the bin at 2 keV higher, by 3% and 6% relative to
ENDEF/B-VIILO and JEFF-3.3, respectively. A re-evaluation
of the cross section in this energy region might therefore be
needed to account for the new evidences here discussed.

The overall performance of the two most recent evaluated
data libraries, in reproducing the new n_TOF data reported
here can be inferred from Fig. 7, that shows the weighted
average deviation of the evaluated cross sections from the
present data, in the full energy range examined, i.e. between
thermal and 10 keV, and in four sub-ranges. The employed
weight is the inverse of the square of the statistical error. From
the figure, one can appreciate the large improvements in the
most recent libraries, following the CIELO project, relative
to the previous one. Overall, both ENDF/B-VIII.O and JEFF-
3.3 agree with the new data within less than half a percent, a
remarkable result, in particular if compared with the system-
atic difference of the present data relative to ENDF/B-VII
by 2%. However, it should be noted that such a good overall
agreement with the most recent evaluations is the result of
positive and negative deviations in different energy regions
that compensate each other. Nevertheless, in all ranges the
agreement with the two current evaluated data libraries is
around 1%, except for the 1-100 eV range, where a 2% dif-
ference is observed for ENDF/B-VIIL.O, mostly related to
a problem in the 20-80 eV region, as shown in Fig. 4 by
the ratio between the resonance kernels and in Fig. 6 by the
comparison of the energy-averaged cross sections.

Itis also interesting to compare the present data with a few
previous experimental datasets, that have been considered in

@ Springer



147 Page 10 of 13

Eur. Phys. J. A (2022) 58:147

5%

AR this work to ENDF/B-VII.1

4% [ OR this work to ENDF/B-VIII.0
OR this work to JEFF-3.3

3% 4

i

i i :@“H%Ei
7

B et

2 HhRe

3% |

-4%
-5%

0.01 0.1 En[eV] 1
5%
4% |

5

3% |

]

2% |

1% t
R q
i e g T L e T C ey - B e Do) e
% | +
2% F

.
3% [["AR this work to ENDF/B-VIL1
4% [| OR this work to ENDF/B-VIIL.O

OR this work to JEFF-3.3

-5%

100 En [eV] 1000

Fig. 6 Comparison of the present n_TOF cross section averaged in
10 bins/decade, with energy-averaged cross sections from the two most
recent evaluated data libraries, ENDF/B-VIII.0 and JEFF-3.3. The older
ENDF/B-VII library is also included in the comparison, showing the
substantial improvement in current evaluations relative to previous ones.
In some energy regions, differences of several percent are still present

10% :
8% [ + 4 ;
6% [
4% | i + [11 & $ i é @ il
2% @ ? ? A % 0
R 6 i
OO/D """""""""""""""" ¢' & S $ ——————— ¢ _______________ <>
®
2% |
]
4% [
&% | AR this work to ENDF/B-VII.1
OR this work to ENDF/B-VIIL.0
-8% | + OR this work to JEFF-3.3
-10% .
1 10 En[eV] 100
10%
8% f
6% [
a% | +
2% L
PO T . S B ; ________________________________
2%
4% | A
-6Y
% I~ AR this work to ENDF/B-VII.1 o
8% || OR this work to ENDF/B-VIII.O d
OR this work to JEFF-3.3
-10%
1000 En [eV] 10000

in current evaluated files. The four panels represent different neutron
energy ranges, from thermal to 1 eV (upper left panel), from 1 to 100 eV
(upper right), from 100 eV to 1 keV (bottom left) and finally from 1 to
10 keV (bottom right). The purple triangles show the ratio between the
present data and ENDF/B-VII, the blue squares the ratio to ENDF/B-
VIILO and the green circles the one to JEFF-3.3

Fig. 7 Weighted average of the 4%
relative difference R between the -
n_TOF data of this work and the
most recent evaluations, as well
as a previous version of the 3%
ENDEF library, in the overall "
energy range from thermal to
10 keV, and in smaller ranges.
The error bars represent the
statistical uncertainty of data.
The systematic uncertainty, not
included, is due to the
normalization to the 7.8-11 eV
integral and is 1.3% [14]

2%

Weighted R

1%

0%

B this work to ENDF/B-VII.1
B this work to ENDF/B-VIII.0
B this work to JEFF-3.3

-1%
Full range

@ Springer

th-1 eV 1-100 eV 100eV-1keV 1-10keV



Eur. Phys. J. A (2022) 58:147

Page 11 of 13 147

Fig. 8 The relative difference R 10%
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past and current evaluations. In particular, the comparison
has been done relative to Paradela’s data [6], and the earlier
measurements of Weston [19], Mostovaya [20], Blons [21].
Such a comparison is shown in Fig. 8. Figure 9 shows the
weighted average of the relative difference R for the n_TOF
data of this work with respect to previous results in selected
energy ranges. It should be considered that the range covered
by the present and earlier datasets do not completely over-
lap, being 0.66 eV to 10 keV for Paradela [6], 9.73 eV to
200 keV for Weston [19], 78 eV to 20 keV for Mostovaya
[20], and 17.5 eV to 30 keV for Blons [21]. In each case the

1-100 eV 100eV-1keV 1-10keV

comparison was performed only in the region where the pre-
vious data overlap, totally or partially, with the present ones.
All previous datasets considered in this work have no data
from thermal to 1 eV energy, so that no comparison could
be performed in that region. Relative to the data of Weston
[19], the results presented here are systematically higher by
1 to 2%, while they are higher relative to Paradela’s data [6]
by 0.7% in the 1-100 eV range and 1.8% in the 1-10 keV
region. This difference is most probably related on the one
hand to a slightly less accurate normalization of those data,
and on the other hand to the larger uncertainty in the neutron
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Table 1 Energy-averaged cross

section from 100 eV to 2 keV. IAEA 2009 IAEA 2017 JEFF-3.3 This work

calculated from the IAEA

standards of 2009 [18] and 2017  (eV) (beV) (beV) (beV) (beV)

[1], the latest JEFF-3.3 7.8-11 246.4(12) 247.5(30) 246.9 247.5 (11)

evaluations (all from Table 3 of

Ref. [11]), and the n_TOF data V) (b) (b) (b) (b)

reported in this work. The 100-200 21.17(11) 21.3(3) 21.02 21.07(10)

p

integrated cross section mn the. 200-300 20.69(11) 20.8(3) 20.77 20.99(14)

7.8-11.0 eV range, used in this

work for normalization, is also 300-400 13.13(7) 13.2(2) 13.22 13.04(13)

included in the Table. Its quoted ~ 400-500 13.78(8) 13.92) 13.49 13.66(14)

uncertainty is statistical only 500-600 15.17(9) 15.22) 15.2 15.16(17)
600-700 11.51(7) 11.57(15) 11.53 11.55(15)
700-800 11.10(6) 11.15(14) 11.1 11.19(16)
800-900 8.21(5) 8.25(11) 8.15 8.01(14)
900-1000 7.50(4) 7.54(10) 7.37 7.42(14)
10002000 7.30(4) 7.34(10) 7.29 7.36(06)

Table 2 The cross section in barns interpolated at neutron energy E;, = 25.3 meV from the data of this work, as compared with the reference values
in the libraries and the IAEA standard value of 2017. The quoted uncertainty is statistical only

IAEA 2017 ENDF/B-VII ENDF/B-VIILO JEFF-3.3 This work
(b) (b) (b) (b) (b)
587.3 585.0 586.7 584.5 586.2 (33)

flux used as reference for extracting the cross section, in par-
ticular above 1 keV. These elements gave rise to a systematic
uncertainty of 2.6% whereas the uncertainty in our current
data is 1.3%. Finally, an almost perfect overall agreement,
within 1%, can be observed between present data and the
ones from Mostovaya [20] and Blons [21], although in both
cases this is the result of a combination of a positive differ-
ence from 1 to 100 eV, and a negative one at higher energy (of
a few per mill from 100 eV to 1 keV and around 1% and 3%
in 1-10 keV range, for Mostovaya and Blons, respectively).

The n_TOF energy-averaged cross sections from 100 eV
to 2 keV in several energy groups are compared with the
IAEA reference files and with the JEFF-3.3 evaluations in
Table 1 (that essentially reproduces Table 3 of Ref. [11] with
the addition of the present results). The table also includes the
energy-integrated cross section between 7.8 and 11 eV, now
adopted as an additional standard. It is interesting to note the
almost perfect agreement between the present data and the
TAEA reference files of 2009 and 2017, that have now been
adopted in the latest version of the ENDF/B library, as well
as with the new JEFF-3.3 evaluation, demonstrating the reli-
ability on average of this last library as well as of the IAEA
reference file. In Table 2 we report the interpolated cross
section value at 25.3 meV along with the reference values
in the libraries and the IAEA standard value. As previously
mentioned, the agreement within a few per mill between the

@ Springer

present data and the standard value (and that of major evalua-
tions) provides high confidence on the accuracy of the present
dataset.

6 Conclusions

The 233 U(n,f) cross section was determined with high accu-
racy and high resolution from thermal to 170 keV, in a ded-
icated measurement performed at n_TOF in the experimen-
tal area at the end of the 184 m long flight-path. The cross
section was extracted from a direct ratio measurement, rel-
ative to the 6Li(n,t) and the 1OB(n,ot) standard reactions. A
compact, Si-based setup placed in the neutron beam was used
for the detection of the reaction products. Data have been
collected both in the forward and in the backward direction,
to minimize the uncertainty related to angular anisotropy in
the charged particle emission from the reference reactions.
The normalization has been performed in the 7.8-11.0 eV
energy region, using the recommended IAEA standard value
of 247.5 (30) b-eV. The resulting cross sections were checked
against the standard at thermal and 150 keV neutron energy.
This procedure has resulted in a very low uncertainty of 1.3%.
Such a high accuracy, combined with the high resolution and
the wide energy range covered, makes the data reported here
among the most complete and reliable ever collected in the
RRR and URR.
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The results have been compared with recent evaluated
data libraries, that have included the outcome of the CIELO
project, devoted to improving cross section evaluations for
applications. In particular, we have compared resonance fis-
sion kernels and energy-averaged cross sections with the val-
ues extracted from the two most recent evaluated libraries,
ENDEF/B-VIIL.O and JEFF-3.3, as well as with the previ-
ous ENDF/B-VII library. An overall good agreement is
observed, within 0.5%, with the new evaluations, with a sig-
nificant improvement relative to previous versions. However,
a more detailed comparison shows that discrepancies still
exist between present data and all evalutions in some spe-
cific energy regions, namely at a few eV, between 20 and
80 eV, and around 2 keV. The availability of the present data
on EXFOR might help to improve future evaluations in these
regions, and to solve remaining discrepancies.
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