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The "Se(n, y) Se cross section has a high impact on the abundances of ®Se produced during the slow
neutron capture process (s process) in massive stars. A measurement of the "*Se radiative neutron capture cross
section has been performed at the Neutron Time-of-Flight facility at CERN using a set of liquid scintillation
detectors that have been optimized for a low sensitivity to neutrons. We present resonance capture kernels up
to 70 keV and cross section from 70 to 600 keV. Maxwellian-averaged cross section (MACS) values were
calculated for stellar temperatures between k7' = 5 and 100 keV, with uncertainties between 4.6% and 5.8%.
The new MACS values result in substantial decreases of 20-30% of "3Se abundances produced in the s process
in massive stars and AGB stars. Massive stars are now predicted to produce subsolar ®Se / ®Se ratios, which
is expected since "®Se is an s-only isotope, while solar "*Se abundances have also contributions from other

nucleosynthesis processes.

DOI: 10.1103/PhysRevC.110.065805

I. INTRODUCTION

Approximately half of the observed elemental abundances
in the solar system are attributed to the slow neutron capture
process (s process), which is defined by a series of neutron
captures and B decays starting with an iron seed distribu-
tion. The s process is characterized by neutron capture rates,
which are slower than S-decay rates, causing the process to
follow the line of stability closely. The s- process is typically
subdivided into the weak, main, and strong components, of
which the weak s process is of particular relevance to this
work. This component occurs during He core and C shell
burning stages in massive stars with neutron densities of ap-
proximately 108 cm™3 [1], primarily contributing elements
between Fe and Sr, which are ejected into the interstellar
medium during the later core collapse supernova explosion.
The impact of current uncertainties in nuclear reaction rates on
predicted abundances in the weak s process has been studied
by Nishimura et al. [2]. They identified that uncertainties in
"7Se(n, y)"8Se and "®Se(n, y) °Se have the largest impact
on uncertainties of '’Se and "8Se abundances, respectively.

The n_TOF Collaboration recently reported a measurement
of 77Se(n, Y) 78Se cross section [3], while this work presents
the results for the "®Se(n, ) 7Se reaction.

In stellar environments, particles are in thermal equilib-
rium and follow a Maxwellian velocity distribution. Hence,
the effective interaction cross section is expressed by the
Maxwellian-averaged cross section (MACS), which is calcu-
lated from the neutron capture cross section averaged over the
Maxwellian spectrum. The weak s process occurs at stellar
temperatures ranging between 0.35 and 1 GK, which cor-
responds to kT values of kT = 30 and 90 keV. Currently,
the MACS values used in most stellar models come from
the KADoNiS v0.3 database [4], which quotes ~15% cross
section uncertainties for all kT values for "*Se.

Cross section measurements used as inputs for MACS cal-
culations should span the neutron energy range of few keV to
a few hundred keV. Presently, the nuclear database ENDF/B-
VIIL.O [5] relies on data from a compilation by Mughabghab
[6], which provides neutron resonance parameters for the
8Se(n, y)7’Se reaction. The Mughabghab compilation is
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TABLE I. Properties of the samples used in the experiment.

Sample Chemical form Mass (g) Diameter (mm) Sample composition (%)

8Se metal 1.989 20 785e(99.39), #Se(0.04), 7°Se(0.04), "7Se(0.17)
80Se(0.32), $2Se(0.04)

97 Au metal 0.5960 20 197 Au (100)

C-nat graphite 2.650 20 12 (98.93), 3C (1.07)

based on several prior measurements [7-9] and provides spin
and parity J”, partial radiative widths I, and neutron widths
I', for twenty resonances up to 40.5 keV. Further neutron
capture cross section data at stellar energies are available on
EXFOR [10]. Namely, Kamada et al. [11] provide averaged
neutron capture cross sections over five energy intervals (four
intervals between 15 to 100 keV, and at around ~550 keV),
obtained using the time-of-flight (TOF) technique. Rugel et al.
[12,13] determined cross sections using a quasi-Maxwellian
neutron spectrum around k7 = 25 keV by activation and sub-
sequent accelerator mass spectrometry (AMS). Two other ac-
tivation measurements have been performed: one by Herman
et al. [14] in the 0.5-1.3 MeV neutron energy range, and one
by Siddappa et al. [15] at 25 keV. In these two measurements,
"Se products were identified using gamma-ray counting.

The details of the experimental campaign presented in this
work are provided in Sec. II, data analysis and results are
described in Sec. III, the calculation of Maxwellian averaged
cross sections and astrophysical implications are discussed in
Sec. IV, and a summary is provided in Sec. V.

II. MEASUREMENT

The experiment was performed at the neutron time-of-
flight facility n_TOF at CERN [16]. An intense neutron beam
was generated by spallation induced in a large lead target
using 20 GeV/c proton beams from the Proton Synchrotron
(PS). The proton beams are pulsed with a frequency of 0.8 Hz
and have an rms time width of 7 ns. Target cooling and neutron
moderation are performed using layers of water and borated
water around the lead target. The resultant neutron spectrum
ranges from thermal (25 meV) to ~1 GeV. The measurement
was performed at the experimental area 1 (EAR-1) flight path
at a distance of 185 m from the spallation target, exhibiting
an excellent neutron energy resolution (for example, 0.11% at
10 keV neutron energy [16]).

The 78Se sample consisted of 2 g of isotopically enriched
(99.39%) Se. The sample was initially in the form of a metal
powder, which was subsequently pressed into a cylindrical
shape of 2 cm diameter and 1.7 mm thickness. In addition,
measurements were performed with a Au sample of the same
diameter for normalization, and a natural carbon sample of
the same diameter to measure neutron scattering backgrounds.
The sample backings were made of a thin Mylar foil stretched
on an aluminum holder. Table I provides the details of dimen-
sions, masses, and compositions of the samples used as part
of this work.

A capture setup was used for measuring y rays consisting
of four liquid scintillation detectors, filled with deuterated
benzene (C¢Dg). The detectors have been specifically opti-

mized to to minimize their sensitivity to scattered neutrons
[17]. The detectors were placed 11 cm upstream of the sample
position, making an angle of about 125 degrees with respect
to the neutron beam. The detector output was digitized using
14-bit analog-to-digital converters (ADCs) at a rate of 1 GHz,
which were triggered using a signal from the proton beam
just before its arrival at the spallation target. The signals
were recorded for 100 ms following the trigger (equivalent to
~(0.02 eV neutron energy), and signal amplitudes and detec-
tion times were extracted ofline using a dedicate pulse-shape
algorithm [18].

II1. DATA ANALYSIS AND RESULTS

A. Experimental capture yield

The neutron flight path was calibrated using well-known
low-energy capture resonances in gold [5], and was deter-
mined to be 183.95 & 0.04 m. Then, time-of-flight spectra
were converted to neutron energy spectra, and the capture
yield Y (E,) was calculated using the expression

C(En) - B(En)

Y(E,) = f(En) COE) ey
C are measured unweighted counts (pulse height weighting is
discussed below) with the sample in-beam at a given neutron
energy E,, B is the background determined as described in
Sec. I A2, € is the capture cascade detection efficiency, ®
is the neutron fluence, and f is a normalization factor, which
accounts for the sample not fully covering the neutron beam
as well as inaccuracies in detector response simulations (dis-
cussed in Sec. IIT A 3).

1. Detection efficiency

The efficiency of detecting a capture event depends on the
specific y-ray decay path of the compound nucleus. This vari-
ation was compensated for by using the total energy detection
principle (TED) in conjunction with the pulse height weight-
ing technique (PHWT) [19]. The TED principle can be ap-
plied to detection systems with low efficiency, where at most
one y ray per capture event is detected. For a detector where
the efficiency of detecting a y ray, €, is proportional to its en-
ergy, E, , it can be shown that the efficiency to detect a capture
event is proportional to the excitation energy of the compound
nucleus, i.e., €, « S, + E., [20,21]. Here, S, is the neutron
separation energy, and E, is the center-of-mass energy.

y-ray detectors usually do not exhibit the proportionality
of €, and E,. Proportionality is achieved by applying an
amplitude (pulse-height) dependent weight on each detected
event. Weighting functions were calculated using simulations
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FIG. 1. Weighted counts as a function of neutron energy for
the "8Se sample (black), empty sample holder (blue), and ambient
experimental area background (red).

of the detector response to monoenergetic y rays ranging from
200 keV to 10 MeV using the GEANT4 Monte Carlo code [22],
based on a detailed geometry of the experimental setup. The
analysis threshold for deposited energy Ey, > 200 keV was
adopted for calculating the weighting functions. To estimate
the correction to the yield due to transitions with energies
below Ey, and transitions without y-ray emission, cascades
were simulated using the code DICEBOX [23,24]. Uncertainties
due to the PHWT can be as low as 2% [19]. Considering also
the corrections required due to threshold effects, we estimate
a 3% uncertainty on the capture yield from the application of
PHWT.

2. Background subtraction

Background events in our spectra stem from ambient back-
ground present in the experimental area without the beam,
in-beam background from neutron reactions not originating
from the sample (measured with beam and an empty tar-
get holder), and elastic neutron scattering background from
the sample. Figure 1 shows spectra of the ambient and in-
beam backgrounds compared to the "3Se sample. While the
ambient background is important at low neutron energies,
the in-beam background (empty holder) contributes over the
whole neutron energy range of interest.

The scattering component of the background originates
from neutrons scattered in the sample and being captured in
the surrounding material and producing y rays. In the resolved
resonance region (RRR), a constant background was assumed
over the width of a resonance. For the unresolved resonance
region (URR) above 70 keV neutron energy, a natural carbon
sample (see Table I) was used to estimate the level of this
background component. The neutron scattering to capture
cross section ratio in natural carbon is ~2 x 10° in the rel-
evant energy region [25]. The yield measured with the carbon
sample was scaled by sample areal densities and scattering
cross sections of carbon and 7®Se, respectively, and then sub-
tracted from the "8Se spectrum. The level of this background
relative to "3Se capture was around 15% on average. 10%
uncertainty in the background determination was assumed,
originating mainly from uncertainties in the "®Se scattering
cross section based on TENDL 2021 evaluation [26], resulting

in an uncertainty on the capture yield due to the background
subtraction of 1.5%.

3. Neutron fluence and normalization

The neutron flux as a function of neutron energy at n_TOF
EAR-1 was evaluated using the reference reactions '"B(n, a)
and 2°U(n, f) [27], with uncertainties ranging from 1% to 5%
in the energy range of interest. A further check of neutron flu-
ence is provided by off-beam silicon detectors using ’Li(n, t)
reactions on a thin °LiF sample deposited on a Mylar backing.

The normalization f was determined using the gold reso-
nance at 4.9 eV in conjunction with the saturated resonance
technique [28]. The size of the neutron beam, and hence the
normalization, varies slightly with neutron energy, requiring
corrections to the capture yield of at most 2%. This correction
was determined in neutron transport simulations from the lead
target to the experimental area and confirmed with dedicated
measurements [16]. The resulting uncertainty of f(E,) is 1%.

B. Parameters of isolated resonances

The multilevel, multichannel R-matrix code SAMMY [29]
was used for analysis of the resonances observed in the cap-
ture yield spectra. SAMMY fits are used to extract resonance
parameters: resonance energy Eg, and neutron and radiative
widths '), and I'y,, for a given resonance spin J and parity
. Resonance broadening due to thermal motion of atoms
(Doppler broadening) and the resolution of the experimen-
tal facility are taken into consideration during the fitting.
SAMMY also accounts for the effects of multiple interac-
tion and self-shielding of neutrons in the sample. Typically,
capture experiments cannot be used alone to determine all
resonance parameters of interest for a given resonance (I',,,
I',, Eg, J, and ), but in addition to Er the resonance fits are
also sensitive to the resonance capture kernels K defined as

K — r,r, )
= ng ¥T, s
with
2J +1
4 3)

TR+ D25+ D)

where [ = 0 is the spin of the ground-state of the target
nucleus "8Se, and s = % is the neutron spin. The extracted
resonance energies and kernels up to 70 keV along with fit-
ting uncertainties are listed in Appendix A. A bound level
representing an s-wave resonance was taken into account
for the SAMMY cross section calculation, with an energy of
—3.870 keV, a gamma width of 236 meV, and a neutron width
of 4216 meV based on Ref. [30].

Systematic uncertainties in the RRR comprise 3% from
PHWT, 1% from normalization, 1% to 5% from flux, and a
0.01% in sample composition and mass, yielding a total sys-
tematic uncertainty of 3.3% below neutron energy of 100 eV,
3.7% between 100 eV and 10 keV, and 5.9% above 10 keV.
Examples of SAMMY fits for several neutron energy regions
are shown in Fig. 2.
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data (black) for several neutron-energy regions.

C. Unresolved resonance region

Individual resonance structures are considered in the anal-
ysis up to 70 keV, while data between 70 and 600 keV are
treated as the URR. The upper limit was chosen to avoid
the background from inelastic neutron scattering due to the
presence of an excited state at 614 keV in "8Se [31]. As men-
tioned in Sec. IIT A 2, the carbon sample was used to subtract
the neutron scattering background, which contributed 1.5%
to the URR-specific uncertainty along with the systematic
uncertainty contributions listed in Sec. III B. Multiple neutron
interactions and self-shielding effects were investigated using
a Monte Carlo code, which takes into account the sample
properties as well as neutron capture and scattering cross
sections from the ENDF/B-VIIL.O library [5]; however, the
resulting correction was found to be negligible. The flux un-
certainty is 5% up to 100 keV neutron energy and 2% in the
100-600 keV energy region. The total systematic uncertainty
in URR is thus 6.2% below and 4.2% above 100 keV.

At higher E,, especially those close to the adopted URR
limit, capture events may also occur in which the formed "Se

TABLE II. Cross sections for several average neutron energies
measured by Kamada et al. [11] compared to results obtained in
our work. Uncertainties in our data represent both the statistical and
systematic contributions.

Average Cross Cross
energy section (mb) section (mb)
(range) (keV) Kamada et al. n_TOF
20 (15-25) 89.5+ 4.3 89.8+ 6.8
30 (25-35) 86.6+ 3.7 90.8 + 6.3
44 (35-55) 67.5+ 2.9 764+ 5.2
69 (55-100) 541+ 22 498+ 3.2
550 (460-622) 314+ 14 38.0+1.7

nucleus is at an excitation energy higher than the neutron
separation energy (6962.83 keV [32]) even after y-ray emis-
sion and may subsequently decay via neutron emission. Using
DICEBOX code, we verified that the fraction of such events is
very small, below 103 for E, = 600 keV, and therefore this
effect has been neglected in the analysis.

D. Comparison with available cross section data

Our URR cross section can be compared with time-of-
flight data obtained by Kamada et al. [11]. Kamada et al.
provide spectrum averaged cross sections in four energy in-
tervals from 15 to 100 keV, and also at ~550 keV, where the
neutron energy distribution has a spread of a few tens of keV,
as shown in Fig. 2 of Ref. [11]. For comparison, we average
our cross sections over the same neutron energy spectrum as
the data by Kamada et al. [33]. This comparison is shown in
Table II.

Our averaged cross sections are in good agreement for the
15-25 and 25-35 keV neutron energy intervals, while our
value for the 35-55 keV region is 13% higher (1.5 standard
deviations), and 8% lower for the 55-100 keV region (1.1
standard deviations). Our value for the ~550 keV range is
21% higher (3 standard deviations).

There are three activation measurements we can further
compare our results to. The measurement performed by Sid-
dappa et al. [15] used a Sb-Be neutron source producing 25 +
5 keV neutrons. The reported 98 + 14 mb cross section in
that measurement is in agreement within uncertainties with
our value of 92.8 + 5.8 mb averaged over 20-30 keV neu-
tron energy range. The only remaining measurement provided
on EXFOR [10] is an activation measurement by Herman
et al. [14] using neutrons from the *H(p, n) *He reaction. Of
the four neutron energy bins investigated therein, only the
530(140)-keV bin partly overlaps with our measurement. If
our data are supplemented by normalized JENDL-5 [34] data
above 600 keV (discussed in Sec. IV), our averaged cross
section from 390-670 keV is 36.2 £ 2.3 mb, which is con-
siderably larger than than the 15.6 ==2.6 mb value reported
by Herman et al. The 25-keV cross section obtained by Rugel
et al. [12] is addressed in Sec. IV below due to the approx-
imately Maxwellian nature of the neutron flux used in that
measurement, allowing for comparison between our MACS
and their work.

065805-5



N. V. SOSNIN et al.

PHYSICAL REVIEW C 110, 065805 (2024)

20.08]; il it
_5 — FITACS
§0.07 JEFF 3.3
prn e = ENDF/B-VIII.O
80'06,_ ’ JENDL5S

— - TENDL21

e o b b b

|
100 200 300 400 500 600
Neutron energy (keV)

0.4f
0'2':]’\ ‘

VLA IAR v
ofh e

Ty

esiduals

Tl v
£y

R
S
o

0.4

100 200 300 400 500 600

FIG. 3. ®Se(n, y) °Se cross sections from 70 to 600 keV and
FITACS [35] fit to our data. Our results are shown alongside eval-
uations [5,25,26,34], and residuals are shown in the bottom panel.
The residuals here are defined as the difference between our data and
evaluation divided by our data.

Figure 3 shows our URR cross section compared to recent
evaluations ENDF/B-VIIL.O [5], JEFF 3.3 [25], JENDL-5
[34], and TENDL 2021 [26]. JEFF and TENDL underestimate
our cross section by around 20%; JENDL is consistently lower
by around 7%; and ENDF agreement varies substantially
across different neutron energy intervals, from underesti-
mating our data by ~10% between 100 and 200 keV, to
near-perfect agreement in the 200400 keV region, to over-
estimating the data by ~11% in the 500-600 keV region.

E. Average resonance parameters

Analysis of individual resonance parameters obtained from
SAMMY fits was performed with the aim of constraining aver-
age resonance parameters. Although we list only resonance
energies and kernels K in Table V (Appendix A), additional
information can be reliably obtained in some cases. Specifi-
cally, for resonances with I',, 3> I, (and I';, not significantly
smaller than experimental energy resolution), both gI',, and
'), can be reasonably determined. Resonances at low E, with
large I',, are then definitely of s-wave (£ = 0) nature. These
resonances of spin J = % (g = 1) along with their I', and ',
values are listed in Table VI (Appendix B). We verified that
there is only a very low probability (exact value of which
depends on actual value of neutron strength function for £ = 1
neutrons, S;) that any of these resonances is of p-wave origin.

In practice, as indicated by Fig. 2, the resolution of in-
dividual resonances might become difficult at larger neutron
energies, and some of the fitted structures above neutron
energies of about 30—40 keV could correspond to resonance

multiplets. We thus considered only resonances below 30 keV
in the determination of average resonance parameters.

To estimate (I',="), we exploited resonances listed in Ta-
ble VI. For all but the resonance at 382 eV, SAMMY fits yield
I', > 20 K in these cases, the capture kernel K is practically
determined by gI',. The parameters of the 382 eV reso-
nance are then also deemed reliable based on observations in
Refs. [7-9]. These resonances yield (I',=") = 203(11) meV.
The relative width of T', distribution is expected to reach
10-30% according to statistical-model calculations performed
with the DICEBOX code [23,24], while the experimental value
is close to 30%. The (F]’f:O) value is in a perfect agreement
with the RIPL-3 [36] value of 230(60) meV, but deviates
by more than one standard deviation from 173(18) meV in
the latest issue of the Atlas of Neutron Resonances [30]. We
would like to note that the value in Ref. [30] is based on
the analysis of the cross section in the unresolved resonance
region and it is not consistent with any isolated resonance
results published in the past [7-9].

Strong resonances in I, can be also used to determine the
s-wave neutron strength Syp. From the sum of reduced neu-
tron widths, I',,./T eV/E,, we obtained Sy = 1.6(4) x 10™;
this result is consistent for all available neutron energies.
References [30] and [36] evaluate S, = 1.28(49) x 10~* and
1.30(40) x 10~*, respectively, in a good agreement with our
value.

Similarly to several previous n_TOF measurements
[3,37,38], average s-wave level spacing Dy was determined
by counting resonances with kernels above a threshold as pre-
dicted by statistical model simulations. As p-wave resonances
significantly contribute, the spin and parity dependence or
level density must be considered. The spin dependence for the
back-shifted Fermi-gas model from Ref. [39] was assumed
along with parity independence. Following tests with sev-
eral thresholds and maximum neutron energies, the resulting
Dy was found to be 1400(150) eV. We checked that differ-
ent assumptions on spin dependence yield fully consistent
Dy. References [30] and [36] provide Dy = 1480(200) and
1500(300) eV, again in a very good agreement with our result.

Values of average resonance quantities for £ = 1 avail-
able in literature typically suffer from very large uncer-
tainty: Ref. [30] evaluates S; = 1.73(100) x 10~* and D; =
515(350) eV, while Ref. [36] S; = 3.5(10) x 10~* and D; =
500(250) eV. The only quantity with a small uncertainty is
(T5=") = 172.8(8.7) meV from [30] but this quantity is (sim-
ilarly to (I'5=)) derived from a fit to the cross section data.

Although determination of (Fﬁ) for £ > 0 from only
capture data is rather complicated, SAMMY fits indicate
that (Fle) is close to (Ff,zo). Similar values of (I',) for
resonances of all involved spins and parities are indeed ex-
pected from statistical model calculations with DICEBOX code
[23,24]; the possible difference of (I',) depends on models
of level density and y-ray strength functions used and is
typically about 10%, although it can reach up to about 20%.

Assuming the above-determined value of Sy (needed for
estimates of contribution of s-wave resonances) and the chan-
nel radius R = 1.234'3 + 0.8 fm = 6.06 fm [40], we also
tried to estimate the p-wave neutron strength S;. Data for all
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TABLE III. Neutron strengths S, and average radiative widths (I‘f) obtained from FITACS fits for different values of s-wave resonance
spacing Dy and £, the maximum considered ¢ contribution. Note that FITACS assumes (I';=%) = (I';=?) and (I'}=") = (T',=*). For comparison,
values obtained from RRR are shown in the last line.

Dy (eV) . So (x1074) Si (x1074) S, (x1074) S5 (x1074) (F'=%) (meV) (=) (meV)
1400 2 1.88(50) 2.84(68) 1.42(24) 248(9) 213(15)
1400 3 1.88(50) 2.86(69) 1.89(37) 0.40(12) 209(12) 209(15)
1500 2 1.89(50) 2.91(70) 1.56(25) 265(9) 220(16)
1500 3 1.89(50) 2.91(71) 2.15(42) 0.46(13) 220(12) 214(16)
1400(150) 1.6(4) 2.9(8) 203(11)

neutron energies are then consistent with §; = 2.9(8) x 1074,
Finally, our aforementioned result for Dy means that D; =
490(50) eV from our data.

We also estimated average resonance parameters using our
cross section in the URR (i.e., for energies 70—-600 keV)
with the help of the FITACS package [29,35], which uses
Hauser-Feshbach theory to calculate cross section based on
user-provided partial radiative widths Ff; and neutron strength
functions S, for an adjustable range of neutron orbital mo-
menta ¢, as well as s-wave level spacing Dy. To get a
reasonable fit, we had to consider maximum neutron orbital
momentum of at least £,,x = 2. In practice, predictions of
TALYS code [41] indicate that £,,,x = 3 should be used.

Resonance parameters obtained for two different assumed
values of Dy and £,,,, are listed in Table III (the fit shown
in Fig. 3 corresponds to Dy = 1400 eV and £,.x = 3; how-
ever, fits for all the settings shown in Table III are visually
indistinguishable). Channel radius was set to 6.06 fm. Fixing
Dy to 1400 eV yields D; = 487¢eV, D, =317eV, and D3 =
257 eV, while fixing Dy to 1500 eV results in D; = 521 eV,
D, =340¢eV, and D3 = 275eV. These average resonance pa-
rameters for £,x = 3 are in a good agreement with those
extracted from resolved resonances for £ =0 and £ = 1. We
have a few comments about the FITACS results. First, use of
slightly different Dy yields virtually unchanged S, while (I, )
is modified in the way that (I, ) /D remains the same. Second,
the cross section is dominated by £ = 1 contribution from a
few keV up to about 150 keV and by £ = 2 up to the max-
imum considered energy of 600 keV. Finally, we would like
to stress that the actual cross section in individual presented
bins is expected to fluctuate around a smooth trend given by
FITACS due to contribution of finite number of resonances. The
observed fluctuations are fully consistent with the expectation
from statistical model predictions.

cross section from 600 keV to 10 MeV based on JENDL-5
[34]. Since the JENDL-5 cross section was consistently lower
by 7% compared to our data in the overlapping energy region,
we scaled the evaluation by a factor of 1.07 (see Fig. 3).
The evaluation component of the cross section contributes a
small fraction of the final MACS, providing around 1% of
the MACS value for kT = 100 keV. There is no uncertainty
in the JENDL-5 evaluation of "3Se, but for that isotope both
JENDL-5 and TENDL are based on state-of-the-art models
and parameters that can produce cross section with similar
uncertainties, which are available in TENDL. Based on the
version TENDL-2019 [26], an uncertainty of 60% was as-
signed to the evaluation component.

MACSs were calculated for values of kT between 5 and
100 keV, and the results of the calculation along with the
uncertainties are listed in Table IV. Furthermore, the table lists
MACS values from the KADoNiS v0.3 database [4], which
are based on the measurement in Ref. [13] analyzed with
AMS and based on a quasi-Maxwellian neutron spectrum for
kT =25 keV (and which presents preliminary results of the
measurement discussed in full by Rugel ef al. [12]). MACS
uncertainties obtained in this work range from 4.6% to 5.8%,
and MACS values are ~50% larger than KADoNiS for all k7.

The TENDL 2021 library [26] lists MACS predictions
for kT = 30 keV obtained with different model sets imple-
mented in the TALYS 1.96 reaction code [41]. Considering 12
“preferred” models, the predicted MACS values range from

TABLE IV. Maxwellian-averaged cross section values calculated
for the "Se(n, ) reaction presented in this work compared to eval-
uated MACS available in KADoNiS v0.3 for energies kT between 5
and 100 keV.

kT (keV) n_TOF MACS (mb) KADOoNiS v0.3 MACS (mb)

IV. STELLAR CROSS SECTIONS AND ASTROPHYSICAL 5 247411 160
IMPLICATIONS 10 165.4£8.6 109

The Maxwellian averaged cross section (MACS) is defined 15 130.4+7.2 87

as 20 111.7£6.3 74
o 25 98.1+5.7 66

2 1 E 30 89.5+5.2 6010

. 50 71.54+3.9 46

In this work, the MACS was calculated based on a cross ¢ 67.84+3.6 43
section comprising three neutron-energy regions: (i) RRR 80 60.543.1 38
based on SAMMY results below 70 keV, (ii) URR based on our 100 56.34+2.8 35

data between 70 and 600 keV, and (iii) normalized evaluated
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FIG. 4. Impact on 15M, stellar abundances for Z = 0.006 (in
black) and Z = 0.001 (in red) based on "Se(n, ) ”Se MACS cal-
culated in this work. The Y axis shows ratio of abundances Xy

calculated as part of this work divided by abundances Xy based on
KADOoNiS v0.3.

69.0 to 81.0 mb, with ten values in the range of 78-81 meV.
Our experimental value, 89.5 + 5.2 mb, disagrees with all of
these 12 models.

The impact of the new MACS values on stellar nucle-
osynthesis was studied for two massive star models and one
low-mass AGB star model at different metallicities. The mas-
sive star structures are both from Ref. [42], with an initial
mass of 15Mg and initial subsolar metallicities Z = 0.006
and Z = 0.001. The full nucleosynthesis was calculated by
performing a postprocessing step, using the multizone nucle-
osynthesis code MPPNP [43]. The abundances were extracted
at the end of carbon shell burning. The impact of our new
MACS values on stellar abundances is shown in Fig. 4,
comparing MPPNP runs using the standard nuclear reaction
network (including the new "’Se MACS from Ref. [3]), and
with the new "8Se MACS obtained in this study. The 7®Se
abundance was reduced by about 30%, while there are also
small effects on abundances of heavier isotopes.

Furthermore, the ratio of abundances of "3Se to the s-only
isotope 7%Se was found to be approximately 1.8 for Z = 0.006
and 2.2 for Z = 0.001. This difference is due to a higher
activation of the ’Ne(a, n) Mg neutron source in the hotter
and denser Z = 0.001 model. This leads to a higher neutron
density and, considering how the typical peak neutron density
during carbon-shell burning is a few times 10'> cm™3 [42], to
a higher rate of neutron capture on the unstable °As (half-
life of 26.254 hours [44]), hence “bypassing” "°Se. Our new
MACS allow for the calculated ratio of abundances at both
metallicities to be below the solar value of 2.5, unlike using
default KADONIS values, which results in a ratio of ~2.6.
This represents a remarkable improvement in the comparison
with observations. Indeed, "®Se is expected to be produced
also by the r process, hence, its abundance ratio to the s-only
76Se at the end of carbon shell burning must be below the
observed solar ratio.

Although AGB stars do not provide the dominant contribu-
tion to the galactic selenium budget (for example, see Fig. 11
of Prantzos et al. [45]), we calculated 2M, AGB models using
the FUNS code [46—48] with metallicities representative of the
galactic halo (Z = 0.002) and disk (Z = 0.02). The adoption

b1
< 103 et g e TSI TN, m-,w\"#':,‘_'_.:.-\
> 09 :
g Y ige
sZ 08 :
Q o 2M,, Z=0.02
. 0.75E_. -
ﬁ S > —
& 09
T 0%
3 ( 8Se -
3 087'9 = L 2M,,, Z=0.002
=80 80 100 120 140 160 180 200

Atomic mass

FIG. 5. Impact on 2M, stellar abundances for Z = 0.02 (top
panel) and Z = 0.002 (bottom panel) based on "Se(n,y)”Se
MACS calculated in this work. Vertical axis shows ratio of abun-
dances X{py calculated based on this work divided by abundances
Xiigr based on KADoONIS v0.3.

of the new MACS lowered the predicted surface abundance
of Se at the end of the AGB phase by 28% and 23%,
respectively. By contrast, only minor variations are found for
other heavy element isotopes. Full results are shown in Fig. 5.

V. SUMMARY

A measurement of the "3Se(n, y)7°Se cross section up to
neutron energy of 600 keV was performed at the n_TOF facil-
ity, CERN. Energies and kernels of more than 200 resonance
structures up to 70 keV neutron energy were extracted using
the R-Matrix code SAMMY, significantly expanding the list
of 20 previously-identified resonances reported in the avail-
able nuclear data libraries. As individual resonances cannot
be reasonably identified above 70 keV, we determined only
the cross section above that energy. The upper reached limit,
600 keV, is given by the opening of inelastic scattering chan-
nel slightly above this energy. FITACS code was used to fit the
obtained 70-600 keV cross section, and the extracted average
resonance parameters were found to be in agreement with the
results derived from individual resonances fitted with SAMMY.

The measured cross section was used in combination with
data from JENDL-5 to calculate MACS for kT values between
5 and 100 keV, which were found to be ~50% larger for all
kT than those evaluated in the KADoNiS v0.3 database. The
impact of the obtained MACS values on calculated s-process
8Se abundances was investigated for four stellar models. 32%
reduction in abundances was identified for 15M¢, Z = 0.006
stellar model, and 28% and 23% decreases were found for
2M, stellar models with respective metallicities of Z = 0.002
and Z = 0.02.
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APPENDIX A: RESONANCE ENERGIES AND KERNELS TABLE V. (Continued.)
. 78 .
See Table V for a hs.t of '°Se capture resonance energies Energy (€V) Kernel (meV)
and kernels extracted using SAMMY as part of this work.
17854.9(4) 318(15)
TABLE V. Resonance energies and kernels identified in 18035.4(6) 133(9)
8Se(n, y) Se reaction. Listed uncertainties represent only the fit- 18359.9(8) 63(19)
ting contribution, and systematic uncertainties are discussed in text. 18595.8(5) 267(19)
Bound level information based on Ref. [30] used for RRR cross 18672(3) 244(17)
section calculation was of s-wave character and had energy of 19804.9(9) 55(29)
—3.870keV, I, =236 meV, and I',, = 4216 meV. 19978(2) 157(11)
20258.2(7) 125(8)
Energy (eV) Kernel (meV) 20320(1) 126(9)
381.862(4) 102.8(2) 20629.3(9) 152(12)
20812(2) 47(7)
843.951(8) 14.7(1)
20908.8(8) 119(8)
1350.99(2) 14.1(2)
21142.9(2) 109(85)
1627.1(1) 0.59(6)
21901(2) 230(17)
2012.05(3) 164(1)
23534.1(8) 184(106)
2389.11(2) 87(1)
23577(1) 217(19)
3198.7(2) 204(3)
23813.8(8) 286(17)
3822.67(3) 202(5)
24054(2) 214(14)
4599.17(4) 171(3)
24311.0(4) 62(45)
4716.66(7) 66(2)
24931.0(2) 88(72)
4950.97(7) 82.2(1)
25634.3(4) 260(53)
5484.1(1) 39(1)
25958(2) 229(15)
5635.2(1) 155(3)
26226(2) 148(52)
5684.3(2) 30(1)
26274(2) 135(16)
6123(1) 215(7)
26321.4(2) 96(79)
6259.1(3) 12(1)
26367(3) 49(13)
6730.95(9) 113.13(3)
26613.7(2) 131(97)
6791.8(2) 186(5)
26867.5(9) 346(20)
7567.4(1) 81(2)
27507(3) 237(21)
7762.7(2) 70(3)
27853(1) 247(15)
8146.3(2) 25(1)
28090(1) 148(47)
8965.0(9) 26(5)
28322(1) 441(24)
8976.5(7) 41(8)
29159(7) 140(23)
8994.3(2) 382(11)
29283(3) 220(27)
9200.1(3) 119(13)
29392(2) 351(27)
9217(2) 141(19)
29645.8(8) 98(65)
9436.3(2) 79.8(1)
29865(2) 35121
9664.2(4) 39(3)
30747(1) 312(22)
10378.8(2) 80(4)
31090(1) 405(28)
10908(3) 287(20)
31368(1) 240(17)
10980.2(3) 181(11)
31461.3(7) 134(95)
11302.9(2) 144(6)
31860(12) 303(47)
11628.0(3) 125(6)
31931(2) 246(28)
12053.7(2) 196(8)
32549.7(4) 301(203)
12360.0(4) 219(8)
32863(2) 156(15)
12979.0(3) 400(12)
33306(2) 442(34)
13296.9(3) 47(39)
34337.5(2) 64(49)
14214.3(3) 147(7)
34531.1(2) 112(90)
14280.4(6) 72(5)
34604.1(5) 143(104)
14467.9(3) 156(16)
34779.8(3) 42(35)
14783.7(3) 252(13)
34962.7(2) 83(67)
14947.8(3) 208(2)
35015.1(3) 144(108)
15658.5(4) 282(14)
35306(4) 521(47)
15877.6(4) 120(6)
35656(2) 352(72)
16839.2(4) 282(16)
35801.9(6) 122(84)
17032.3(6) 258(13)
17135.3(5) 148(8) 35960.6(2) 51(37)
: 36150.3(4) 52(44)
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TABLE V. (Continued.)

TABLE V. (Continued.)

Energy (eV) Kernel (meV) Energy (eV) Kernel (meV)
36534(2) 208(24) 53709(5) 265(30)
37444.9(2) 65(58) 53901(6) 218(36)
37621(3) 279(39) 54315.3(3) 122(94)
37701(2) 276(37) 54490(5) 267(36)
37913.8(5) 90(76) 54694(4) 299(51)
38110(5) 198(31) 55153.5(3) 162(122)
38251(3) 272(65) 55660(5) 241(70)
38710(6) 185(27) 55909.2(10) 185(139)
39083(7) 206(32) 56617(5) 181(28)
39302(4) 368(38) 56827(6) 160(24)
39492.6(3) 107(87) 57090.1(9) 233(162)
39875(6) 228(33) 57708(4) 311(34)
40495.0(5) 168(120) 58133.7(3) 113(83)
41149.7(3) 98(80) 58664(4) 410(50)
41218(5) 374(47) 58814(2) 274(183)
41829(3) 266(27) 58993.0(6) 226(191)
42161(4) 397(35) 59256(8) 530(57)
42405(3) 300(30) 59509.2(4) 130(92)
42736(4) 507(38) 60073(5) 399(38)
43254.8(2) 43(39) 61143(9) 667(76)
43593(4) 262(38) 61346(6) 218(44)
43835.8(2) 169(127) 61706(6) 420(47)
43938.7(8) 100(79) 61951(2) 138(101)
44040(14) 756(91) 62265.9(2) 74(52)
44628(3) 343(33) 62499.0(10) 330(243)
45239(4) 460(37) 63265.9(3) 81(59)
45444(4) 197(28) 63638(7) 614(63)
45893.7(3) 218(153) 64128.4(7) 172(124)
45980(3) 487(51) 64257(4) 274(159)
46482(4) 433(38) 64722.1(5) 251(177)
47126.0(2) 114(90) 65104.3(4) 269(195)
47661(5) 609(47) 65418.5(2) 70(59)
48031(3) 328(31) 65650.3(3) 68(59)
48276(4) 270(35) 65837.5(6) 76(64)
48576(4) 177(26) 66151(8) 413(56)
49026(5) 230(30) 66359.0(3) 103(83)
49251(9) 241(36) 66503.2(3) 57(48)
49647(3) 329(41) 67177.3(6) 80(58)
49907(7) 180(32) 67257(10) 119(45)
50153(9) 335(50) 67410.4(5) 155(108)
50288.2(9) 196(149) 67623.2(4) 255(184)
50798(3) 271(33) 67884.7(3) 73(62)
51081(3) 160(110) 68186(7) 406(68)
51241(4) 391(37) 68275.3(2) 84(71)
51378(2) 263(182) 68526(7) 258(161)
52195(2) 362(139) 68588.2(3) 87(72)
52368(2) 366(208) 69058.3(5) 175(135)
52952.3(3) 135(104) 69413.1(3) 248(176)
53119(5) 490(49) 69943.3(3) 139(116)
53329(6) 118(23) 70068.7(3) 83(61)
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APPENDIX B: NEUTRON WIDTHS OF RESONANCES ASSIGNED AS s WAVE

See Table VI for a list of energies and partial width extracted using SAMMY for likely 78Se capture resonances identified as

likely s-wave.

TABLE VI. Energies and neutron and gamma partial widths obtained from SAMMY fits for likely s-wave
resonances of spin J = % Only fitting uncertainties are provided.

Energy (eV) I, (meV) I, (meV)
381.862(4) 347(1) 146.1(6)
3198.7(2) 12700(225) 207(3)
5635.2(1) 3930(203) 162(4)
6123(1) 63800(2740) 216(7)
6791.8(2) 7280(361) 191(5)
9217(2) 33300(3960) 142(19)
10908(3) 97200(7120) 288(20)
12360.0(4) 6410(708) 226(8)
18672(3) 62800(6310) 245(18)
19978(3) 31100(4740) 158(11)
21901(2) 36200(5800) 232(17)
23577(1) 7660(2690) 223(19)
24054(2) 16000(3250) 217(14)
25958(2) 14800(3300) 233(15)
29159(7) 40100(16600) 141(23)
29288(3) 15300(7220) 223(27)
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