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Abstract. The design and operation of innovative nuclear systems requires a better knowledge of the capture
and fission cross sections of the Pu isotopes. For the case of capture on ?**Pu, a reduction of the uncertainty in
the fast region down to 8-12% is required. Moreover, aiming at improving the evaluation of the fast energy range
in terms of average parameters, the OECD NEA High Priority Request List (HPRL) requests high-resolution
capture measurements with improved accuracy below 2 keV. The current uncertainties also affect the thermal
point, where previous experiments deviate from each other by 20%. A fruitful collaboration betwen JGU Mainz
and HZ Dresden-Rossendorf within the EC CHANDA project resulted in a *?Pu sample consisting of a stack
of seven fission-like targets making a total of 95(4) mg of >*?Pu electrodeposited on thin (11.5 gm) aluminum
backings. This contribution presents the results of a set of measurements of the >*?Pu(n,y) cross section from
thermal to 500 keV combining different neutron beams and techniques. The thermal point was determined at
the Budapest Research Reactor by means of Neutron Activation Analysis and Prompt Gamma Analysis, and
the resolved (1 eV - 4 keV) and unresolved (1 - 500 keV) resonance regions were measured using a set of four
Total Energy detectors at the CERN n_TOF-EARI.

1 Motivation for measuring >*>Pu(n,y)
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in one of its reports that the capture cross section of >*’Pu Neutron energy (eV)
should be measured with an accuracy of 8-12% between BRR: n_TOF-EAR1:

2 keV and 500 keV [1], corresponding to the unresolved
resonance region (URR). Moreover, the PROFIL post-
irradiation experiments indicated that JEFF-3.1(=JEFF-
3.3) could be overestimating the 2*’Pu(n,y) cross section
in the URR by 14% [2]. This discrepancy requires a
consistent evaluation of the fast region in terms of reso-
nance parameters. For this reason, the NEA included in
its HPRL [3] the need for high-resolution 2**Pu(n,y) mea-
surements in its resonance region (RRR) between 0.5 eV .
and 2 keV. Last, the discrepancies in this cross section also 2 C?mp!ementa'_‘y beams and techniques
affect the thermal point, for which the 20% spread of ex- with high quality *2Pu targets

perimental values [4] leads to a deviation of 15% between
the different evaluated libraries [5-7].

Figure 1. 2**Pu(n,y) cross section as a function of the neutron
energy indicating the energy regions studied in this work using
complementary neutron beams and different experimental tech-
nique.

To provide a comprehensive measurement of this cross
section in three neutron energy regions of interest (ther-
mal, RRR and URR), different neutron beam facilities and
*e-mail: jlerendegui @us.es experimental techniques have been used in this work (see
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Figure 1). The thermal point was measured in the PGAA
facility at the Budapest Research Reactor [8] and the re-
solved and unresolved resoance regions at n_TOF facility
at CERN [9].

A key factor for the success of the measurements has
been the use of high quality **?Pu samples. A set of
seven thin targets, each of 45 mm in diameter, were pro-
duced by electrodeposition of 95(4) mg of >*?Pu enriched
t0 99.959% on thin (11.5 um) aluminum backings. These
fission-like targets feature a uniquely high ratio of actinide
mass to neutron reaction rate on the target backings, hence
improving the capture to background ratio with respect to
other target designs [10].

3 Experiment at the Budapest Research
Reactor

3.1 Experimental facility and analysis methods

The experimental campaign was carried out at the Bu-
dapest Research Reactor (BRR). The neutron irradiations
were performed at the PGAA facility, featuring a thermal-
equivalent neutron flux of 1.2-10% n/cm?/s and an average
energy of 12 meV [8]. Four of the seven 2**Pu targets
available were assembled in two separate sandwiches that
were used as samples.

One sample was irradiated together with a '°” Au one
and the ?*’Pu thermal cross section was determined by
the activation technique measuring the y-rays from the 8-
decay of >*Pu and '"®Au in a low background measur-
ing station equipped with a HPGe detector. During the
irradiation of the second sample, the prompt y-rays from
the excited compound nucleus?*3Pu were measured using
a HPGe detector. A more detailed description of the ex-
periment and analysis can be found in Ref. [11].

3.2 Results of the >*’Pu thermal capture cross
section

Previous measurements of the thermal capture cross sec-
tion of 2*?Pu [4] deviate to each other by up to 20%, as
shown in Figure 2. A recent measurement of the thermal
point by Genreith et al. did not achieve enough accuracy
to solve the previous discrepancies. In this work, the com-
bination of different experimental methods has led to three
compatible values for the thermal capture cross section of
242py;.

e Activation: Capture cross section determined from the
decay of the produced **Pu nuclei relative to the '’ Au
thermal capture cross section. Consistent results were
obtained for the four decay lines of *3Pu analyzed,
which combined led to a value of 18.7(14) b.

e PGAA single-line: The partial y-ray production cross
section of the 287 keV prompt y-ray was found to be
7.1(4) b, which leads to a thermal capture cross sec-
tion of 17(3) b, using the absolute emission probability
P»7=0.41(7) [12]). This method is limited by the large
(17%) uncertainty of P,g7.

o PGAA unfolding method: The capture cross section
calculated using the energy-weighted sum rule applied
to the full unfolded >**Pu(n,y) spectrum (i.e. only full
energy deposition) is 19.2(13) b. The description of this
method can be found elsewhere [11]. In this approach,
the absolute normalization to cross section is determined
using the partial cross section for the 287 keV line men-
tioned above.
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Figure 2. Thermal capture cross section values obtained in this
work compared to previous experiments and the recommended
values in the evaluated data libraries.

The weighted average of the results in this work,
18.9(9) b, improves the accuracy with respect to the lat-
est trials, thus helping to solve the existing discrepancies.
From the results in Figure 2, we conclude that our results
are in good agreement with the previous measurements
from Butler et al., Durham et al. and Bendt & Journey.
On the other hand, the large value of Marie et al. can be
now regarded as an outlier. The lowest value in Figure 2,
the activation result by Genreith et al., yields 20.0(14) b af-
ter renormalization with the new intensity for the 84 keV
decay line and becomes compatible with ours.

All the data sets in Figure 2 excluding the outlier of
Marie et al. are compatible with 18.8(4) b, in very good
agreement with our results. Comparing to the evalua-
tions, this work supports JEFF-3.3 (18.79 b), while the
ENDEF-VIIL.O (21.28 b) evaluation, that gives significantly
more weight to the result by Marie et al., and JENDL-4.0
(19.98 b) seem to overestimate the cross section by 13%
and 6%, respectively.

4 Experiment at the CERN n_TOF facility
4.1 Experimental facility and analysis methods

The neutron capture cross section of >*’Pu has been mea-
sured by means of the Time-of-Flight technique at the
high-resolution n_TOF facility (CERN), featuring one of
the highest instantaneous neutron fluxes worldwide. The
seven fission-like targets mentioned above were combined
in a back-to-back stack [10]. This innovative target design
has strongly reduced the background and the corrections
associated to the y-ray attenuation, neutron self-shielding
and multiple scattering, among others. The experiment
was carried out in the first experimental area (EAR1), lo-
cated at 185 m from the spallation neutron source [13],
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using an array of four C¢Dg scintillators to measure the
prompt capture y-rays of 2*?Pu. The Total Energy De-
tection method [14] was applied to determine the capture
yield.

I
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Figure 3. Total counting rate per pulse of 2**Pu and contribution
of the different background components. The counting rate in the
URR (E, > 1keV)is dominated by the beam related background
(dummy) (see text for details).

The capture yield of >*?Pu has been determined from
1 eV to 500 keV after a careful data reduction process de-
scribed in detail in Refs. [15, 16]. One of the key points of
the analysis is the assessment of the different background
contributions, shown together with the total counts in Fig-
ure 3. The subtraction of the background, dominated by
the dummy, was specially challenging in the URR, where it
accounts for about 85% of the total measured counts. The
222Pu(n,y) data have been reported up to 500 keV thanks
to the correction for the (n, ) contribution using Monte
Carlo simulations of the capture to fission efficiency ratio.
A thorough minimization of the uncertainties was carried
out, leading to a total systematic uncertainty in the capture
yield which ranges from just 3% in the resonance region
up to 12% in the URR.

4.2 Resolved Resonance Region from 1 eV to 4
keV

The capture cross section of 2**Pu has been extracted in the
resonance region with a systematic uncertainty of only 5%
(3% of the yield combined with 4% of the sample mass),
which meets the requirements of the NEA-HPRL. A de-
tailed description of the analysis of the RRR can be found
in Ref. [15].

The R-Matrix analysis of the experimental capture
yield (SAMMY) allows describing the cross section in
terms of individual resonance parameters (RP). The good
energy resolution of the facility and the large accumu-
lated statistics have enabled the analysis of individual res-
onances up to 4 keV, while RP from previous capture
measurements were only reported up to 1.3 keV (see Fig-
ure 4). The individual resonance parameters of 251 reso-
nance have been extracted, 180 of which had never been
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Figure 4. Capture yield measured at n_TOF together with the
SAMMY fit showing that our analysis includes resonances above
the current limit of JEFF-3.2 (=JEFF-3.3).

reported before in any neutron capture measurement. Our
analysis indicates a ~4% higher capture cross section com-
pared to JEFF-3.2 in terms of weighted average of reso-
nance kernels ratio (~6% higher compared to the recent
measurement at DANCE [20]).

The cross section at low energies is dominated by the
2.67 eV resonance, hence the relevance of obtaining ac-
curate RP. A successful R-Matrix fit of this resonance re-
quired the inclusion of the Crystal Lattice Model (CLM)
for the Doppler broadening as shown in Figure 5. The
extracted resonance parameters are E,=2.67625(3) eV,
I',=25.4(6) meV and I',=2.0965(19) meV, leading to a
radiative kernel 4.2% larger than in ENDF/B-VIIL.0 and
JEFF-3.3 [5, 6], while DANCE reports a resonance inte-
gral larger than the value in ENDF/B-VIILO by 2.4% [20].
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Figure 5. SAMMY fits and residuals of the first >**Pu resonance
using Free Gas (FGM) and a Crystal Lattice (CLM) models for
the Doppler broadening. The cross section obtained using the
resonance parameters in JEFF-3.2 (=ENDF/B-VII.1) is shown
as a reference.
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Statistical model calculations, validated with different
experimental observables, have allowed us to estimate the
number of missed s-wave and visible p-wave resonances,
based on the values of the reduced neutron widths. This
statistical study has enabled to tag several resonances as
p-wave candidates, ten of which are below 500 eV and are
already considered as such in ENDF/B-VII.1.

The average resonance parameters have been calcu-
lated from the large set of analyzed s-wave resonances.
From this analysis we obtained Sp=0.91(8)-10~*, more ac-
curate than in previous experiments and compatible with
the values in the literature [15]. As for the average ra-
diative width, the recommended value from our work is
(I',)=24.8(5) meV, significantly larger than most of the
values in the literature and only compatible with JEFF-
3.2 [5] and RIPL [17]. Last, the analysis of the ob-
served number of s-wave resonances compared to the re-
sults of the statistical simulations mentioned before leads
to a value of Dy=15.8(8) eV, consistent with JEFF-3.2, but
significantly larger than the value in ENDF/B-VIIL.1 and
RIPL.

4.3 Unresolved Resonance Region from 1 to 500
keV

The average capture cross section in the URR has been
calculated from the capture yield measured at n_TOF un-
der the thin target approximation. The level of the system-
atic uncertainty, dominated by the background subtraction,
ranges from 8 to 12%, meeting the target accuracy for the
design for innovative nuclear systems in the energy range
from 1 to 500 keV [1]. At higher energies, the data are
not reported due to the large uncertainty associated to the
correction for the contribution of the (n.f) channel. The
reader is referred to Ref. [16] for the details of the analysis
in the URR.

The measured cross section has been described in
terms of average resonance parameters by means of a

250 —
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200 ©  Wisshak and Kappeler (1978) ]
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Figure 6. Capture cross section of 2*?Pu in the URR obtained
in this work compared to the previous measurements available
in EXFOR. The cross section has been multiplied by the square
root of the neutron energy to remove the 1/v dependence of the
cross section.

Hauser-Feshbach calculation allowing width fluctuations
with the SAMMY/FITACS code. The fitted values of
So and (I') )o are consistent with those extracted from the
RRR.

Our measurement is the first to provide **Pu(n,y) data
in the full energy range of interest from 2 to 500 keV and
shows a good agreement with the two previous measure-
ments by Wisshak and Képpeler for neutron energies be-
tween 10 and 250 keV [18, 19], as shown in Figure 6. On
the other hand, Figure 6 indicates that the strong reduc-
tion of the cross section suggested by the recent measure-
ment in DANCE [20] is not confirmed by our results. The
capture cross section in this work is, in average, ~10-14%
lower than JEFF-3.2 (=JEFF-3.3) in the energy range from
1 to 250 keV, in line with the interpretation of the PROFIL
post-irradiation experiments [2].

5 Summary and conclusions

This work presents a series of measurements of the cap-
ture cross section of 2*>Pu from thermal to 500 keV using
complementary neutron beams and different experimental
techniques. The results presented in this manuscript were
obtained from two different experiments carried out at the
Budapest Research Reactor (BRR) and the n_TOF-EARI1
facility at CERN using a set of high-quality **Pu targets.

The new 2*’Pu(n,y) data solve the existing discrepan-
cies at thermal thank to the improved accuracy. In the res-
onance region, the high resolution of n_TOF-EARI has
allowed to extract a large set of resonance parameters up
to 4 keV. Last, this work provides the the first data set in
the URR covering the full energy range from 1 to 500 keV,
and the results support the trend indicated by the PROFIL
experiments to reduce the capture cross section in JEFF-
3.2. In summary, the comprehensive measurement in this
work shall contribute to a consistent re-evaluation of this
cross section in the full energy range of interest.
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