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The 77Se(n, γ ) reaction is of importance for 77Se abundance during the slow neutron capture process in
massive stars. We have performed a new measurement of the 77Se radiative neutron capture cross section at
the Neutron Time-of-Flight facility at CERN. Resonance capture kernels were derived up to 51 keV and cross
sections up to 200 keV. Maxwellian-averaged cross sections were calculated for stellar temperatures between
kT = 5 keV and kT = 100 keV, with uncertainties between 4.2% and 5.7%. Our results lead to substantial
decreases of 14% and 19% in 77Se abundances produced through the slow neutron capture process in selected
stellar models of 15M⊙ and 2M⊙, respectively, compared to using previous recommendation of the cross section.

DOI: 10.1103/PhysRevC.107.065805

I. MOTIVATION

The slow neutron capture process (s process) is responsible
for about half of the elemental abundances between Fe and
Bi in our solar system. The s process proceeds by a series
of neutron captures on an iron seed distribution, with neutron
capture being slower than β decays, resulting in a reaction
flow that closely follows the valley of stability. A key nuclear
physics quantity impacting on abundances produced in the s

process is the neutron capture cross section averaged over the
Maxwellian velocity distribution present in the stars, called
Maxwellian averaged cross section (MACS). The weak com-
ponent of the s process occurs in massive stars during He core
and C shell burning phases at neutron densities of around
108 cm−3 [1]. This stellar site primarily contributes to the
production of elements between Fe and Sr, which are ejected
into the interstellar medium during the later core collapse
supernova explosion. A recent study [2] found that present
uncertainties in the 77Se(n, γ ) rate have the largest impact on
77Se abundances predicted to be produced in the s process
in massive stars compared to any other neutron capture or
β-decay rate.

Existing experimental data on the 77Se(n, γ ) cross sec-
tion at the relevant stellar energies are scarce. In massive stars,
the s process takes place at stellar temperatures between 0.35
and 1 GK, which corresponds to kT ≈ 30 and 90 keV, respec-
tively, hence neutron capture cross sections are required to be
known up to a few hundred keV energy. There is only one
previous measurement of the neutron capture cross section at
neutron energies En above 10 keV by Kamada et al. [3,4],
who determined cross sections from 15 to 100 keV and at
≈510 keV in five neutron energy intervals (see Sec. III C).
Measurements of 77Se +n reactions at lower neutron energy,
including determination of some neutron resonance parame-
ters, are published in [5–10]. Of these, Refs. [6–8] provide
information on spin and partial radiative and neutron widths
Ŵγ and Ŵn for a few observed resonances for En < 4 keV.
These experimental resonance parameters form the basis of
the evaluation by Mughabghab [11] and the latest ENDF/B-
VIII.0 library [12].

Since MACS at stellar temperatures is given by cross sec-
tion at neutron energies from keV to hundreds of keV, a new
measurement of the 77Se(n, γ ) cross section was performed
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TABLE I. Properties of the samples used in the experiment.

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

77Se metal 0.9916 20 77Se(99.66); 74Se(0.02); 76Se(0.14); 78Se(0.09)
80Se(0.05); 82Se(0.04)

197Au metal 0.6441 20 197Au (100)
C-nat graphite 2.65 20 12C (98.93); 13C (1.07)

at the Neutron Time-of-Flight (n_TOF) Facility at CERN [13]
making use of the facility’s excellent energy resolution in the
relevant neutron energy range. The details of the experiment
are presented in Sec. II, data analysis and the 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 measurement presented in this work was conducted
at the Neutron Time-of-Flight facility (n_TOF) at CERN. At
n_TOF, neutrons are produced by spallation reactions of a
20 GeV/c proton beam from the Proton Synchrotron (PS) ac-
celerator impinging on a massive lead target. The proton beam
is pulsed with a frequency of 0.8 Hz and an rms time width
of 7 ns. Water and borated water layers around the spallation
target act as moderator and coolant, resulting in a neutron
spectrum ranging from thermal neutron energies to ≈1 GeV.
More details about the facility can be found in Ref. [14].
The n_TOF facility operates two experimental areas: one at
a distance of 185 m from the spallation target (EAR-1), and
one at 20 m (EAR-2). The 77Se(n, γ ) experiment took place
at EAR-1, taking advantage of the excellent neutron energy
resolution available (0.11% at 10 keV neutron energy [14]).

The 77Se sample consisted of 1 g of 99.66% enriched Se
metal powder which was pressed into a cylindrical shape of
2 cm diameter and 0.7 mm thickness. The sample was glued
on a thin Mylar backing foil fixed onto an aluminum ring.
In addition, a 197Au sample was used in the experiment to
normalize the data, and an empty sample holder and natural
carbon sample were used to estimate the background. The
dimensions and composition of all samples used in the ex-
periment are listed in Table I. The prompt γ radiation emitted
after neutron capture was detected with a set of four liquid
scintillation detectors filled with deuterated benzene (C6D6),
which were optimized to achieve an extremely low sensitivity
to scattered neutrons [15]. Data were recorded by means of
14-bit digitizers operated at a sampling rate of 1 GHz. The
data acquisition is triggered just before the proton beam hits
the spallation target, and signal waveforms are written to disk
for 100 ms after the trigger, corresponding to a minimum neu-
tron energy of ≈0.02 eV. Signal arrival times and amplitudes
are then extracted offline by applying a dedicated pulse-shape
algorithm [16].

III. DATA ANALYSIS AND RESULTS

A. Experimental capture yield

The neutron flight path length was determined as 183.95 ±
0.04 m using known low-energy resonances in the 197Au +n

reaction [12]. Following conversion of the time-of-flight data
to neutron energy, counting spectra can be converted to cap-
ture yield Y (En) using the expression

Y (En) = f (En)
C(En) − B(En)

ǫ(En)�(En)
. (1)

Here, C are measured counts at a given neutron energy En,
B are background counts, ǫ is detection efficiency, � is the
neutron fluence, and f is normalization, which accounts for
the sample not fully covering the neutron beam as well as
inaccuracies in detector response simulations (discussed in
Sec. III A 3).

1. Detection efficiency

The detection efficiency of a C6D6 scintillator depends on
the γ -ray energy, hence the efficiency of detecting a neu-
tron capture event depends on the deexcitation pattern of
the compound nucleus. To compensate for its variation from
different resonances, we used the total energy detection prin-
ciple in conjunction with the pulse height weighting technique
(PHWT) [17]. It is based on applying a pulse height depen-
dent weight to each signal, resulting in a detection efficiency
that is proportional to the excitation energy of the compound
nucleus. The weighting function was calculated using sim-
ulations of the detector response to monoenergetic γ rays
ranging from 100 keV to 10 MeV using GEANT4 Monte Carlo
code [18], including a detailed geometry of the experimental
setup. The analysis threshold for deposited energy ED > 200
keV was adopted. The impact of low-energy transitions and
electron conversion on the weighting function were taken into
account by simulating neutron capture cascades for the 77Se
and Au samples with the code DICEBOX [19]. We estimate that
the PHWT, including threshold corrections, introduces a 3%
uncertainty to the capture yield.

2. Background subtraction

The background was measured by recording spectra with-
out neutron beam (ambient background), and spectra with
beam on an empty sample holder. The contribution of these
background components relative to the sample spectrum is
shown in Fig 1.

In addition, background may be caused by neutrons being
scattered from the sample. While the detection setup itself has
been optimized for low sensitivity to these scattered neutrons,
some residual background may be induced due to capture
events in any other material present in the experimental area.
For resonance fitting, this background was taken into account
by assuming a constant background below the resonance.
For the unresolved resonance region, the background was
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FIG. 1. Weighted counts as a function of neutron energy for
the 77Se sample (black), empty sample holder (blue), and ambient
experimental area background (red).

determined using a natural carbon sample (see Table I), as
the carbon neutron scattering cross section is ≈2000 times
higher than capture in the neutron energy region of interest.
The spectra measured with the carbon sample were scaled for
areal density and scattering cross sections and then subtracted
from the 77Se spectrum. The level of this background relative
to 77Se was at most 1.5% in the relevant neutron energy
region. Assuming 20% uncertainty in the background deter-
mination, dominated by the uncertainty of the 77Se scattering
cross section, the uncertainty on the capture yield due to the
background subtraction is 0.3%.

3. Neutron fluence and normalization

The energy dependence of the neutron flux at n_TOF EAR-
1 was measured using the reference reactions 10B(n, α) and
235U(n, f ) in a separate campaign [20], with uncertainties
ranging from 1% to 5% in the energy range of interest. In
addition, the neutron fluence is continuously monitored with
a set of off-beam silicon detectors using 6Li(n, t ) reactions on
a thin 6LiF sample deposited on a Mylar backing. An absolute
normalization factor f (En) is required to account for the fact
that the neutron beam size (which slightly varies with neutron
energy) is larger than the sample, and to correct for any in-
accuracies in the solid angle coverage of the detectors used
in the GEANT4 simulations. Selenium yields were normalized
to the 4.9 eV resonance in the 197Au(n, γ ) reaction, using
the saturated resonance technique [21]. The thickness of the
gold sample was chosen so that all neutrons incident on the
Au target are captured and produce a γ -ray cascade, allowing
determination of f (En) at En = 4.9 eV with high accuracy.
The energy dependence of normalization caused by the energy
dependence of the neutron beam size was determined in de-
tailed simulations of the neutron transport from the spallation
target to the experimental area and verified experimentally
[14]. Corrections never exceeded 2%. The uncertainty of the
f (En) is 1%.

B. Parameters of isolated resonances

Neutron resonances in the capture yield determined in
equation (1) were analysed using the multilevel multi-channel

R-matrix code SAMMY [22]. SAMMY fits resonance param-
eters, i.e., resonance energy ER and neutron and radiative
widths for a given resonance spin J and parity π . Experi-
mental effects, such as resonance broadening due to thermal
motion of atoms (Doppler broadening) and the resolution of
the experimental facility, as well as multiple interaction and
self shielding of neutrons in the sample material, are taken
into account. In general, capture data alone do not allow one
to reliably determine all resonance parameters, Ŵγ , Ŵn, ER,
J , and π . Thus the table in the Supplemental Material [23]
provides only resonance energy ER and capture kernel K ,
defined as

K = g
Ŵγ Ŵn

Ŵγ + Ŵn

, (2)

with

g =
2J + 1

(2I + 1)(2s + 1)
, (3)

where I is the spin of the ground state of the target nucleus
(Iπ = 1

2
−

for 77Se), and s = 1
2 is the neutron spin. Values for

all identified resonance structures up to 51 keV are tabulated
in the Supplemental Material [23]. The uncertainties listed
in the table are only those coming from the fit. Systematic
uncertainties comprise 3% from PHWT, 1% from normaliza-
tion, 1% to 5% from flux, and 0.01% in sample composition
and mass. The total systematic uncertainty is thus 3.3% below
neutron energy of 100 eV, 3.7% between 100 eV and 10 keV,
and 5.9% above 10 keV. Figure 2 then compares the SAMMY

fit to the data for several energy regions.
The resonance spins, considered in SAMMY fitting, are

known only for a very restricted set of resonances. For reso-
nances listed in the ENDF/B-VIII.0 database [12], we used
the spin assignment from this database for the majority of
them. Three s-wave resonances at 483, 1780, and 2033 eV
[6,7] had their spins reassigned based on analysis of the γ -ray
energy spectra deposited in C6D6 detector.

Following s-wave neutron capture on 77Se, a resonance
with Jπ = 0− or 1− can be formed, while 78Se has predom-
inantly only 0+ and 2+ states below an excitation energy of
≈3 MeV. Direct γ -ray transitions from J = 0− resonances
to these states are then expected to be very weak, while the
transitions from J = 1− can be significantly stronger. There-
fore, the spectral shape is expected to be different for the
different resonance spins for deposited energy ED � 8 MeV
(the neutron separation energy of 77Se is Sn = 10.498 MeV
[24]). Figure 3 illustrates this feature. Panel (a) shows the
noticeable excess of intensity for high ED from 1− resonances
with respect to 0− resonance (note that counts for ED > Sn are
observed due to the C6D6 detector’s poor energy resolution).
To increase statistics a sum of three strong 1− resonances is
shown. The energy spectra are normalized in the total number
of counts. Spins of all the 1− resonances were assigned by
Coté et al. [6], while the spin of the 211-eV 0− resonance was
assigned by Refs. [6–8].

Panel (b) then gives a fraction of counts for
ED = 8–10.5 MeV to the total number of counts for s-wave
resonances with sufficient statistics. Resonances with the
highest fraction definitely have J = 1. This should be the case
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FIG. 2. Examples of SAMMY fits (red) to 77Se(n, γ ) yield data
(black).

of all resonances above the indicated line. For all resonance
below the line we then considered J = 0, although those with
the ratio close to the line could still have Jπ = 1−. Using
this criterion, the 483-eV resonance had spin reassigned from
the ENDF value of 1− to 0−, and resonances at 1780 and
2033 eV from 0− to 1−. It should be noted that from these
three cases, only the 483 eV resonance had its spin in ENDF
assigned based on experimental data [6], while the other two
had spins assigned based on the random number method [12].
In practice, it shows that values of K obtained under different
assumptions on resonance spin are fully consistent within
uncertainties. This feature allows determination of the cross
section using the kernel K without firm knowledge of the
resonance Jπ .

C. Unresolved resonance region

Although resonance kernels for individual resonance struc-
tures were determined for neutron energies up to 51 keV, from

(b)

FIG. 3. (a) Deposited energy spectra for one 0− resonance and a
sum of three 1− resonances. (b) Fraction of counts for deposited en-
ergy ED = 8–10.5 MeV to the total number of counts for resonances
with sufficient statistics. The line indicates the adopted threshold
to differentiate between the two spin assignments (Jπ = 0− and 1−

below and above the line, respectively) used in resonance fits with
SAMMY. Empty squares indicate resonances where no measured spin
data are available in Refs. [6–8].

about 20 keV onward we expect that a non-negligible fraction
of resonances is either not completely resolved or missed due
to a combination of worsening of neutron energy resolution
and lower counting statistics. Missing resonances would then
lead to an underestimation of MACS deduced from listed
capture kernels K . Therefore, we extracted the unresolved
resonance region (URR) cross section in the energy region of
20–200 keV. Using simulations based on a statistical model
(see below), we estimate that missing resonances below 20
keV account at most for ≈1.5% of the MACS for any kT ;
this fraction is much smaller than the obtained uncertainty of
MACS.

Data in the URR region had neutron scattering background
subtracted based on carbon sample data (see Sec. III A 2),
and the experimental yield was corrected for multiple neutron
interactions and self-shielding. The latter corrections were
estimated using a Monte Carlo code which takes into account
the sample properties, as well as neutron capture and scatter-
ing cross sections from the JEFF 3.3 library [25]. The same
approach has been used in the analysis of n_TOF data from a
number of previous experiments; see Ref. [26] and references
therein. Corrections to the measured yield were around 3%
in the relevant energy range. Besides the systematic uncer-
tainties considered for resolved resonances, the contributions
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TABLE II. Cross sections for several average neutron energies
measured by Kamada et al. [3] compared to averaged cross sec-
tions obtained in this work. The listed uncertainties represent the
statistical and systematic contributions.

Kamada et al. n_TOF

Average Cross Energy Cross
energy section interval section
(range) (keV) (mb) (keV) (mb)

21 (15–25) 619 ± 24 17–25 663 ± 40
30 (25–35) 514 ± 20 25–35 558 ± 34
45 (35–55) 420 ± 16 35–55 453 ± 27
70 (55–100) 326 ± 12 55–85 350 ± 21

due to scattered neutrons (0.3%) and multiple-interaction and
self-shielding correction (0.5%) affect the total systematic
uncertainty in the URR cross section. The flux uncertainty is
5% up to 100 keV neutron energy and 2% in the 100–200 keV
energy region. The total systematic uncertainty in URR is thus
5.9% below 100 keV and 3.8% above that energy.

We can compare our URR cross section to the only other
available measurement by Kamada et al. [3,4], who provide
spectrum averaged cross sections in four energy intervals from
15 to 100 keV. Table II shows a comparison of their results
(obtained from neutron spectra shown in Fig. 2 of Ref. [3]) to
our cross sections, which have been averaged over an energy
interval that results in the same average neutron energy as data
by Kamada et al. Our averaged cross sections are consistently
7–8% higher, but still in agreement with Kamada et al. within
uncertainties.

Figure 4 shows our cross section in the URR compared
to recent evaluations ENDF/B-VIII.0 [12], JEFF 3.3 [25],
JENDL-4 [27], and TENDL 2021 [28]. Up to 100 keV neutron
energy, ENDF, JEFF, and JENDL evaluations underestimate
our cross section by about 10–15% on average and TENDL
by almost 40%, while for 100–200 keV neutron energies JEFF
and JENDL underestimate the cross section by ≈20%, ENDF
by ≈30%, and TENDL by ≈40%.

D. Average resonance parameters

Using the individual resonance parameters obtained from
SAMMY fitting, some of the average resonance parameters can
be constrained. For instance, for resonances with Ŵn ≫ Ŵγ ,
gŴγ and Ŵn can be reasonably determined. Values of Ŵn al-
low in some cases identification of s-wave character of the
resonance. For the determination of average resonance param-
eters, we assumed that there are no unresolved doublets or
even more complex structures below 17 keV.

Due to the limitations in the time-of-flight method in un-
ambiguously assigning spins, we cannot easily obtain Ŵγ

for a significant fraction of resonances. However, for the
strongest resonances in Ŵn (with Ŵn ≫ Ŵγ and K ≈ gŴγ )
that are definitely of the s-wave character we can adopt the
following approach. If we assume that the Ŵγ distribution is
independent of resonance spin and parity then we can write
〈gŴγ 〉 = 〈g〉 × 〈Ŵγ 〉. An estimate of 〈g〉 can be obtained if

FIG. 4. A comparison of the 77Se(n, γ ) URR cross section ob-
tained in this work with evaluations [12,25,27,28] and FITACS [29] fit
to our data.

the spin distribution of considered resonances is known. We
estimated 〈g〉 for these resonances using simulations based
on the statistical model, i.e., assuming Porter-Thomas dis-
tribution of reduced neutron widths, normal distribution of
Ŵγ , and Wigner spacing of neighboring resonances with the
same Jπ . Furthermore, the spin dependence from Ref. [30]
was assumed along with parity independence of the resonance
density.

Considering 43 resonances below 17 keV with SAMMY

fits resulting in Ŵn > 15K , we obtain 〈Ŵℓ=0
γ 〉 ≈ 410(50) meV

(including 7% uncertainty in 〈g〉 coming from the statisti-
cal model), which is in a good agreement with 〈Ŵℓ=0

γ 〉 =
390(54) meV provided by Mughabghab [11]. It is to be noted
that the 〈Ŵγ 〉, as well as Ŵγ distribution width σŴγ

, might not
be identical for all resonance spins and parities. Specifically,
simulations based on the statistical model of the nucleus with
the DICEBOX [19] code indicate that 〈Ŵγ 〉 from 1− resonances
can be expected to be larger by about 10–20% than for the
other s- and p-wave resonances.

The strongest resonances in terms of Ŵn can be also
used for determination of the s-wave neutron strength func-
tion S0. From the neutron energy region below 17 keV
we obtained S0 = 1.5(2) × 10−4, in agreement with S0 =
1.49(38) × 10−4 available in Ref. [11]. The analysis of the
sum of Ŵn in various regions also indicated that S1 = 2.4(6) ×
10−4 considering channel radius R = 1.35A1/3 fm = 6.03 fm.

For determination of D0, a method similar to that used in
the analyses of previous n_TOF measurements [26,31,32] was
adopted. We compared the observed number of resonances
with a kernel higher than a threshold with predictions from
aforementioned simulations based on the statistical model.
Several different thresholds and maximum neutron energies
were adopted in testing. All their combinations yielded results
consistent with D0 = 110(15) eV. The deduced D0 was found
to be largely independent of exact values of Sℓ and parameters
of Ŵγ distributions if their values were consistent with those
mentioned above. Our D0 value is in agreement with 110(11)
eV reported in Ref. [11].

We also used URR cross section data in the range
En = 20–200 keV to estimate average resonance parame-
ters using the FITACS package in SAMMY [22,29]. Fixing
D0 to 110 eV and setting channel radius to R = 6.03 fm
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yielded S0 = 1.38(34) × 10−4, S1 = 2.31(28) × 10−4, S2 =
2.58(41) × 10−4, Ŵℓ=0

γ = Ŵℓ=2
γ = 369(37) meV, and Ŵℓ=1

γ =
380(18) meV. The S0, S1, and Ŵℓ=0

γ are in a good agreement
with the values deduced from resolved resonances. We note
that S1 = 4.3(10) × 10−4 in Ref. [11] is significantly larger
than the value found in our analysis.

IV. STELLAR CROSS SECTIONS

AND ASTROPHYSICAL IMPLICATIONS

The Maxwellian averaged cross section (MACS) is defined
as

MACS =
2

√
π

1

(kT )2

∫ ∞

0
Eσ (E ) exp

(

−
E

kT

)

dE . (4)

We calculated MACSs for kT values from 5 to 100 keV,
covering stellar temperatures of roughly 0.06–1.2 GK by com-
bining three neutron energy regions: (i) below 20 keV we used
the resonance parameters determined in SAMMY, (ii) from 20
to 200 keV we used the URR cross section derived from our
data, and (iii) above 200 keV we used cross section from JEFF
3.3 scaled by a factor of 1.18, corresponding to the previously-
mentioned difference between JEFF 3.3 and n_TOF cross
sections in the 100–200 keV range. 20% uncertainty was
assumed for the latter region.

Due to the high temperatures in stellar environments, nu-
clei may not only be present in their ground state, but also in
thermally excited states. This means that the effective stellar
MACS∗ does not correspond to the ground state one deter-
mined in a laboratory experiment, but needs to be corrected to
take into account neutron capture on the excited states. In the
case of 77Se, nearly 100% of nuclei are expected to be in their
ground state for stellar temperatures around 0.1 GK, while this
number reduces to ≈38% at 1 GK. TALYS 1.9 [33] was used to
calculate theoretical ground state MACS and stellar MACS∗

values. For this calculation, we renormalized average level
spacing and radiative widths to those obtained from resolved
resonance data analysis, while leaving all other parameters in
their default settings. For the ground state MACS we obtained
values lower than the experimental data with a difference of
about 15% for all values of kT .

TALYS calculations using the JLM (Jeukenne, Lejeune, and
Mahaux) optical model potential [34] then resulted in MACS
values lower by 10–25% than the default potential depend-
ing on kT . Thus, in order to estimate the contribution of
nuclei in excited states to MACS∗, we adopted the results
from calculations with the default optical model potential with
25% uncertainty. We then employ the procedure described
in Refs. [35,36], by combining our experimental ground-
state MACS with excited state contributions calculated using
TALYS, to determine updated MACS∗ and its uncertainties.
While experimental ground state MACS exhibit uncertainties
from 4.2% at kT = 5 keV to 5.7% at kT = 100 keV, MACS∗

uncertainties range from 4.2% at kT = 5 keV to 18% at
kT = 100 keV.

Table III lists n_TOF MACS and MACS∗ for kT between
5 and 100 keV and MACS from the KADoNiS v0.3 database
[37]. The latter come from calculations by Bao et al. [38]

TABLE III. Maxwellian-averaged cross section values calculated
for the 77Se(n, γ ) reaction based on n_TOF experimental data com-
pared to values available in KADoNiS v0.3 for energies kT between
5 and 100 keV. MACS values consider only ground-state contribu-
tion, while MACS∗ also includes excited state contributions at given
kT .

kT n_TOF n_TOF KADoNiS v0.3
(keV) MACS (mb) MACS∗ (mb) MACS (mb)

5 1485 ± 63 1485 ± 63 999
10 995 ± 48 995 ± 48 695
15 794 ± 41 794 ± 41 582
20 680 ± 36 680 ± 36 510
25 605 ± 33 604 ± 34 458
30 550 ± 30 548 ± 33 418 ± 71
40 475 ± 25 467 ± 35 360
50 423 ± 21 406 ± 39 319
60 384 ± 19 357 ± 42 287
80 326 ± 17 283 ± 44 240
100 283 ± 16 233 ± 42 205

and are 24–32% lower across the entire temperature range
compared to the n_TOF MACS.

The experimentally determined MACS can be also used
for constraining models used in reaction codes for cross
section calculation. TENDL 2021 library [28] provides pre-
dictions of MACS for kT = 30 keV obtained with different
models used in the TALYS 1.96 reaction code [33]. These
predictions cover a broad range of values from 200 to 700
mb. TENDL also offers a set of 12 preferred models with
calculated MACS range of 295–527 mb. Our experimental
value agrees within the uncertainty only with two of these 12
models.1

We quantified the impact of our new MACS∗ for a 15M⊙
star with a subsolar metallicity of Z = 0.006. The stellar
structure was computed in Ref. [40], and the choice of this
specific metallicity was motivated by the peak in weak s-
process elements production that occurs at Z = 0.006 (details
in Ref. [40]). We calculated the full nucleosynthesis in a
postprocessing step using the multizone nucleosynthesis code
MPPNP [41]. Compared to using the default 77Se(n, γ ) MACSs
(KADoNiS v0.3), the MACS∗ values obtained in this study
lead to a reduction of 14% of 77Se abundances, while other
isotopic abundances are only negligibly affected.

A further investigation of effects induced by our MACS∗

on the s-process nucleosynthesis has been conducted with
stellar models of low-mass AGB stars computed with the
FUNS code [42–44]. Two models, with metallicities represen-
tative of the galactic halo (Z = 0.002) and disk (Z = 0.02),
and mass equal to 2M⊙ were considered. The adoption of the
new MACS∗ results in a 19% and 14% lower 77Se production,
respectively. No other meaningful variations are found for the
Z = 0.002 model, while only modest increases (�5%) in the

1Experimental MACS agreement was found for models 9 and 10 in
TENDL 2021. TENDL results and model descriptions are available
at [39].
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abundance of other heavy isotopes occurs for the Z = 0.02
one, with respect to the models computed using the KADoNiS
v0.3 77Se MACS.

V. SUMMARY

The 77Se(n, γ ) cross section was measured up to 200 keV
neutron energy at the n_TOF facility at CERN. Resonance
energies and capture kernels for neutron energies up to 51 keV
were determined using the R-matrix code SAMMY, and the un-
resolved cross section was determined up to 200 keV neutron
energy. All resonances above 4 keV are reported for the first
time, and we have identified new resonances also below 4 keV.
Obtained individual resonance parameters allowed constrain-
ing of average resonance parameters. These parameters were
fully consistent with those obtained using FITACS code from
the unresolved resonance region and (with the exception of
S1) also with values available in Ref. [11]. Our unresolved
cross section between 15 and 100 keV is about 7–8% higher
than the only available measurement by Kamada et al. [3].

Maxwellian averaged cross sections were calculated for kT

between 5 and 100 keV. They are up to 32% higher than the

values recommended in the KADoNiS v0.3 database for all
stellar temperatures. We have investigated the impact of our
new cross section results on s-process nucleosynthesis in a
massive star and found a 14% decrease of 77Se abundances
for a 15M⊙, Z = 0.006 star compared to using KADoNiS v0.3
MACS values. Similarly, 19% and 14% decreases were found
in 77Se abundance in Z = 0.002 and Z = 0.02 stars of mass
2M⊙, respectively.
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