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We report high-resolution measurements of the **Mo(n, ) “*Mo cross section in the neutron energy range
from a few eV up to about 250 keV, performed at the n_TOF facility (CERN), and of the **Mo(n, tot) cross
section up to 32 keV, measured at GELINA (JRC Geel). A combined R-matrix analysis of capture and transmis-
sion data yields significantly improved neutron-resonance parameters for **Mo. A total of 186 resonances were
observed in this analysis, of which 127 were not present in latest evaluations. The resulting Maxwellian-averaged
cross section at stellar temperatures relevant to the slow neutron-capture process (s-process) is approximately
25% lower than previous evaluations and literature values. To assess the astrophysical impact of the revised
cross section, we performed s-process nucleosynthesis calculations for low-mass asymptotic giant branch stars.
Despite the substantial reduction in the **Mo(n, y)*Mo rate, the final yields vary by only 3%-4%. This
demonstrates that the isotopic budget of **Mo in asymptotic giant branch stars is primarily governed by the
branching flow at **Nb rather than by the neutron-capture destruction on **Mo itself. The new cross section thus
helps disentangle nuclear cross-section uncertainties from branching-flow effects in the s-process production of
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I. INTRODUCTION

The molybdenum isotopic chain provides a stringent test
for nucleosynthesis models because its seven stable iso-
topes originate from different astrophysical processes [1].
The neutron-deficient isotopes *>Mo and **Mo (mostly) are
commonly associated with the p-process (i.e., the photodisin-
tegration or y-process), while **Mo is produced exclusively
by the slow neutron-capture process (s-process), '"’Mo is
predominantly of rapid neutron-capture process (r-process)
origin, and the remaining isotopes (*’Mo, *’Mo, and **Mo)
receive mixed s- and r-process contributions. This diver-
sity makes Mo a sensitive probe of the interplay between
neutron-capture and charged-particle processes in stellar en-
vironments. Among these isotopes, **Mo is of special interest
because its abundance can be affected by the s-process con-

tribution coming from the branching at **Nb [2], making
precise knowledge of neutron-capture cross sections essential
for reliable nucleosynthesis modeling.

Isotopic compositions measured in presolar silicon carbide
(SiC) grains provide direct constraints on stellar nucleosyn-
thesis [3]. These microscopic stardust particles, isolated from
primitive meteorites, retain the isotopic signatures of their
parent stars. The majority of presolar SiC grains are inferred
to originate from low-mass asymptotic giant branch (AGB)
stars [4], the main stellar site of the s-process [5]. Compar-
isons between grain isotopic data and AGB model predictions
therefore depend sensitively on the adopted nuclear reac-
tion network, in particular on reliable neutron-capture cross
sections. Reported discrepancies between predicted and mea-
sured Mo isotopic abundances [6—8] have underscored the
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need for improved nuclear data, including an accurate deter-
mination of the **Mo(n,y ) ®Mo cross section.

Along the s-process path, >*Nb captures a neutron to form
radioactive **Nb, which can either 8 decay to **Mo or capture
an additional neutron. The final **Mo abundance therefore
depends on the competition between neutron capture and S
decay at **Nb. Quantifying this branching requires precise
neutron-capture cross sections of both **Mo and **Nb in order
to disentangle nuclear-rate effects from stellar-model uncer-
tainties [9]. Its astrophysical relevance is further supported by
spectroscopic observations of Nb in intrinsic AGB stars and
in barium stars enriched through mass transfer from a former
AGB companion [10,11].

The existing experimental database for the **Mo(n,y)
reaction is limited in precision and exhibits significant in-
consistencies among evaluated libraries. A recent study
of previously published measurements [12] revisited the
neutron-resonance parameters of Mo isotopes below E, = 5
keV and identified discrepancies and the impact of possible
systematic effects in earlier experiments [13—17]. In particu-
lar, that study Ref. [12] demonstrated that current evaluated
nuclear data files fail to adequately reproduce the available
n + %Mo data. Consistent with this picture, the recommended
Maxwellian-averaged cross section (MACS) derived from
different evaluations shows noticeable differences. Accord-
ing to the KADoNiS v0.3 compilation [18], the dominant
source of MACS used in astrophysical calculations, the rec-
ommended MACS for **Mo(n,y) at kT = 30 keV is 102 £ 20
mb [19], while at temperatures relevant to low-mass AGB
stars (kT = 8 keV), the MACS values derived from different
evaluated libraries (210 mb for ENDF/B-VIII.1 [20], 204 mb
for JEFF-4.0 [21], and 230 mb for JENDL-5.0 [22]) differ at
the 10%—-20% level. Such discrepancies translate directly into
uncertainties in s-process abundance predictions and compli-
cate the interpretation of branching effects at **Nb.

The energy region of interest for the **Mo(n,y) cross sec-
tion in astrophysics calculations can be estimated from the
cumulative of the MACS as a function of neutron energy
for different values of k7. Figure 1 illustrates that neutron
energies between approximately 1 and 20 keV dominate the
MACS at s-process temperatures, and 95% of the MACS at
90 keV can be obtained from cross sections below 250 keV.
The spread among current evaluations in this astrophysically
relevant energy window, together with the deficiencies identi-
fied in previous analyses [12], clearly demonstrates the need
for new high-resolution capture and transmission measure-
ments. The present work addresses this requirement using a
highly enriched **Mo sample and a combined experimental
approach.

II. SAMPLE DETAILS

To reduce the contamination from other molybdenum
isotopes, a highly enriched Mo sample was used. The molyb-
denum sample was enriched at 98.97% in **Mo, all other
molybdenum isotopes were present at levels below 0.7%. The
isotopic abundances of the different Mo isotopes in the sample
are reported in Table 1.
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FIG. 1. The cross section of **Mo(n,y) reaction as available in
ENDF/B-VIIIL.1 and its cumulative contribution to the MACS at
different temperatures.

The sample consisted of metallic Mo powder, pressed into
a self-sustaining disk with 20 mm diameter and sealed under
vacuum in thin plastic bags to avoid loss of material. The
mass of the sample was 1.9526(3) g, corresponding to an areal
density of 3.960(4) x 1073 at/b. While this large thickness
increases the probability of multiple neutron interactions in
the sample and therefore requires sizable multiple-scattering
corrections, it ensures an adequate signal-to-background ratio.
To check the enrichment of the sample and the effect of
the grain size in the experimental measurements, two addi-
tional ™Mo samples were prepared using metallic powder
with 350 um and <5 wm grain size, respectively. The main
characteristics of all the molybdenum samples are reported
in Table II. In addition to the molybdenum samples, gold
(5.834 x 10~* at/b), lead (3.338 x 1073 at/b), and carbon
(8.703 x 1073 at/b) samples were used for normalization and
background determination. All these samples have the same
shape and intercepted the same fraction of the neutron beam.

III. CAPTURE MEASUREMENT

The radiative capture cross-section measurement was per-
formed in 2022 at the n_TOF 185 m experimental area
(EAR1), exploiting the time-of-flight (TOF) technique and the
total energy detection method [23]. The measurement covered
neutron energies from a few eV up to E,, = 250 keV. The cross
section was determined through an R-matrix analysis up to
76 keV. At higher energies, the resolution of the facility does
not allow the use of this approach. For energies between 50
and 250 keV, the capture cross section was obtained using
the unresolved resonance region (URR) approach, using the

TABLE 1. Declared abundances of the enriched molybdenum
powder.

92M0 94M0 95M0 96M0 97M0 98M0 IOOMO

0.63% 9897% 0.36% 0.01% 0.01% 0.01% 0.01%
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TABLE II. Mass and areal densities of the **Mo enriched and
"Mo samples.

Sample Mass Areal density
D (2) (at/b)
Mo 1.9526(3) 3.960(4) x 1073
MMo-5 pm 2.014(2) 4.006(4) x 1073
"Mo-350 wm 1.989(2) 3.958(4) x 1073

same procedure described in previous work [24]. The cross
section in the energy range of 50 to 76 keV was obtained using
both approaches, and the results can be compared by checking
that the two techniques produce consistent results.

A. Experiment at n_TOF - EAR1

The n_TOF facility [25] features two broad-spectrum
neutron beam lines for time-of-flight studies. Neutrons are
generated by 20 GeV/c protons from the CERN PS impinging
on a massive lead-target assembly [26] serving as a spalla-
tion target. A 4 cm layer of borated water (H,O with 1.28%
H3;BO3) moderates the initially fast spectrum, yielding neu-
tron energies from a few meV to the GeV region. Pulses
are delivered with a frequency lower than 1 Hz, preventing
overlap between neutrons of consecutive bunches.

The capture measurement reported here was performed in
EARI, the farthest experimental area, because EAR1 provides
the best energy resolution for the study of resonance cross sec-
tions. In fact, the energy resolution is AE,/E, = 4.3 x 107*
at E, = 100 eV and AE,/E, = 1.1 x 1073 at E, = 10 keV
[25,26].

During the experiment, we used a capture setup to measure
the y rays originating from the **Mo(n,y) reaction, and we
monitored the neutrons impinging on the sample with a flux
monitor.

The capture setup consisted of four liquid scintillation
detectors based on deuterated benzene (C¢Dg), each with a
volume of approximately 1 L. These detectors, which are
well known for their suitability in (n,y) measurements [23],
were specially refined in previous work [27] to suppress back-
ground originating from sample-scattered neutrons reaching
the detector. The low neutron sensitivity achieved with these
detectors is particularly important for the present measure-
ment, as the ratio of the radiative capture to elastic cross
section can be as small as 0, /o, ~ 1073.

The detectors were positioned opposite each other, forming
a 135° angle with respect to the neutron beam axis, at a dis-
tance of roughly 8 cm from the center of the Mo sample. This
geometrical configuration minimized the background due to
scattered in-beam y rays and reduced systematic effects due
to the anisotropy in the angular distribution from primary y
rays following p-wave neutron resonances.

The number of neutrons impinging on the sample was
monitored by means of a low-mass, SLi-based, neutron de-
tector [28], while the energy dependence of the neutron
flux was derived in a dedicated study [29]. More specifi-
cally, the evaluated flux is obtained through a combination
of dedicated measurements performed with several detector

systems based on neutron cross-section standards defined
in Ref. [30].

For both capture and flux systems, signal digitization was
carried out using TELEDYNE SP-Devices flash-ADC mod-
ules with 14-bit resolution. Each channel features 512 MB of
on-board memory, allowing continuous recording over time
windows of up to 100 ms, thereby covering neutron energies
down to about 18 meV in EAR1. Four ADC channels were
dedicated to the C¢Dg detectors operating at a sampling rate
of 1 GSample/s, while four additional channels were assigned
to the neutron flux monitors, sampled at 62.5 MSample/s.

Neutron kinetic energy E, cannot be simply obtained as the
ratio of the geometrical flight path Ly to the measured time
of flight TOF,,, because TOF,, also includes the moderation
time inside the target assembly. As discussed in Ref. [25], the
moderation-time distribution is usually expressed as an equiv-
alent distance A(E,), which depends on the neutron energy.
The effective flight path is therefore L(E,) = Ly + (A(E,)),
where (A(E,)) is the average of the distribution obtained from
Monte Carlo simulations. This average, about 19 cm, varies
only weakly with neutron energy in the range of interest. The
kinetic energy can then be calculated as

1 (Lo + <A<E,,>>>2

E,=-m
2 TOF,,

where m,, represents the neutron mass, TOF,, is the measured
time-of-flight defined as TOF,, =t — (t, — Ly/c + 19) where
t is the signal time, ¢, is the time of arrival of the y-flash, and
79 is a time offset. The kinetic energy is then evaluated through
arecursive procedure that converges after a few iterations. The
value Ly = 183.92(4) m was determined by fitting the well-
known low-energy resonances of '°’Au from the JEFF-4.0
evaluation [21]. Moreover, a time offset of 7)o = —26.22(3) ns
was obtained by fitting the ' Au resonances up to 1.5 keV.

ey

B. Capture-yield determination

The neutron-capture yield Y (E,), defined as the fraction of
the neutron beam inducing a capture reaction in the sample,
was determined following Ref. [23]:

1 Cw(En) - Bw(En)
A
Sﬂ + EI1A+1 d’l’l(El’l)

Here, Cy,(E,) is the weighted C¢Dg counting rate for the
sample under investigation, i.e., either **Mo or '’ Au, N is
an energy-independent normalization constant, and S, de-
notes the neutron separation energy of the compound nucleus
(S, = 6.15 MeV and S, = 7.37 MeV for "®Au and **Mo,
respectively). The term S, + E, ﬁ represents the detector
efficiency obtained when using the total-energy detection
technique [23]. The term A represents the mass number of the
target nucleus, B, (E,) are the weighted background counts,
and ¢,(E,) is the neutron fluence.

To implement the total-energy detection method, the C¢Dg
array was used together with the Pulse Height Weighting
Technique (PHWT) [31,32]. This technique ensures that the
detection efficiency for a capture event is directly proportional
to the total y-ray energy released in the event. The weighting
functions (WFs) were calculated on the basis of GEANT4 [33]

Y(E,) =N

©))
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Monte Carlo simulations. More specifically, the response of
the detection setup was first simulated for monoenergetic y
rays, and the resulting spectra were then convoluted with the
detector resolution. The WFs were finally obtained by consid-
ering only events above the detection threshold, set to 180 keV
for the first three detectors, and 240 keV for the last one. Since
both the discrimination threshold and the detector resolution
significantly affect the quality of the WFs, particular care was
devoted to determining the experimental resolution as well as
the energy calibration of the detectors.

The iterative procedure used for this purpose consisted of
(1) extracting the energy resolution from experimental spectra
acquired with standard 137Cs and #8Y sources, as well as a
composite Am—Be y-ray source; (ii) broadening the simulated
spectra using this energy-resolution function until reproduc-
ing the measured spectra; (iii) performing a fine calibration
of the detectors, obtained from the best agreement between
simulated and measured spectra.

After applying the WFs to the experimental C¢Dg counting
rates—thus obtaining C,, (E, )—the normalization N in Eq. (2)
was determined using the saturated-resonance technique [23]
applied to the 4.9 eV s-wave resonance in '*7 Au(n,y).

The determination of the L"‘Mo(n,y) cross section starting
from the capture yield is described in Sec. V A for the energy
region up to 76 keV and in Sec. V C for energies between 50
and 250 keV. In the former, the cross section is parametrized
in terms of resonance parameters, while in the latter it is com-
pared with a statistical model calculation based on average
resonance parameters.

C. Background subtraction

The background in the capture data, B,, in Eq. (2), was
studied through dedicated measurements to evaluate its main
components: (i) time-independent background, (ii) neutron
beam interactions with anything other than the sample, (iii)
sample-scattered neutrons, and (iv) in-beam y rays.

The first component, due to ambient radioactivity and ac-
tivation of experimental materials, was determined from a
beam-off measurement. Activation of the Mo samples is neg-
ligible, as the capture product is the stable > Mo isotope. The
second component was determined with an empty-sample-
holder measurement, accounting for beam-related effects
unrelated to the sample. The third component, due to y
rays from sample-scattered neutrons captured in surround-
ing materials, was evaluated using a graphite sample; the
empty-sample counts, normalized to neutron intensity, were
subtracted from the spectra. The fourth component, mainly
2.2 and 0.48 MeV y rays from neutron capture in H and B of
the moderator, was estimated with the lead measurement. The
background component given by the in-beam y rays was first
disentangled from the counts coming from neutron scattering
in the lead sample by subtracting the spectra from graphite,
normalized to neutron intensity. This background contributes
above 300 eV (TOF,, ~ 7.7 x 10° ns) and reflects the com-
bined neutron slowing-down and flight-path effects.

To remove the statistical fluctuations in the shapes of the
time-dependent background components, we performed a fit
of the experimental TOF spectra. The different components

o . o‘ ey B,mw;m‘ ]

1 0-3 E 'I‘wt Pty b —— Neutron scattering  —— B,(t) =
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10* D R -
2 B 3
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6
778138 (ns)

FIG. 2. Experimental spectra for empty background (red), neu-
tron scattering (black), and in-beam y rays (blue) together with the
fitted curves. The fitted background components are shown together
with their confidence intervals. The region of interest is between
2.5 x 10* ns and 3.0 x 10% ns, corresponding to a neutron kinetic
energy of 270 keV and 20 eV, respectively.

were fitted using combinations of exponential curves to bet-
ter reproduce the experimental histograms. The uncertainty
on the background components associated with the fit was
evaluated using the confidence interval of the fit. To obtain
the total background for **Mo, the neutron scattering and
in-beam y-ray background levels were adjusted using dedi-
cated measurements performed with a 2*’Bi black resonance
filter in the beam and adjusting the background to the black
resonances at 800 eV, 2 keV, and 12 keV. The total background
obtained with the black resonance technique [23] can be
expressed as

Bw(t) = BO + Bempty(t) + fanBn(t) + fyRVBy(t)7 (3)

where individual terms correspond to the background sources
(i)—(iv) mentioned at the beginning of the section, f, and f,
are the scaling factors for the in-beam y rays and the neutron
scattering background components obtained using the black
resonances, while R,, and R, are scaling factors defined as

_ Zyo NMo o (Uel,M0> npo

= )
(Oer,c) nc

The values of the scaling factors obtained from the fit
of the black resonance dips are f, =0.69(5) and f, =
0.75(5), respectively. The experimental spectra for the three
time-dependent background components together with the re-
spective fit and confidence intervals are shown in Fig. 2

The time-of-flight spectra of **Mo together with the differ-
ent background components and their uncertainties is shown
in Fig. 3. The residual background still present in the capture
yield after this procedure was estimated and corrected by
using SAMMY during the resonance fitting.

R

“)

Y — 9
Zpp, npyp

D. Quality assessment and discussion of uncertainties

Particular care was taken in evaluating the systematic un-
certainties. The main source of uncertainties comes from the
normalization, PHWT, background evaluation and subtrac-
tion, sample characteristics, and neutron flux. The uncertainty
of the normalization factor depends on the difference between
the electromagnetic cascade in '’ Au and **Mo below the
detection thresholds. Two different effects can introduce such
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FIG. 3. Weighted C¢Dg time-of-flight spectrum of Mo sam-
ple, together with background components and their uncertainties.
The region of interest is between 2.5 x 10* ns and 3.0 x 10° ns,
corresponding to a neutron kinetic energy of 270 keV and 20 eV,
respectively.

uncertainty: low-energy photons and conversion electrons. To
estimate the uncertainty in the normalization given by these
effects the technique discussed in Ref. [34] was applied. The
count loss attributable to the detector threshold was estimated
by means of Monte Carlo simulations. The y cascades and
conversion electrons emitted following the deexcitation of
198 Au and > Mo were simulated using the DICEBOX code [35].
In DICEBOX, experimental data are combined with statistical
models to ensure the completeness of the level scheme. The
response of the detectors to the simulated cascade was ob-
tained with Geant4 simulations and subsequently convoluted
with the experimental resolution estimated using calibration
sources. The comparison of the simulated and experimental
spectrum from one s-wave resonance of **Mo is shown in
Fig. 4. The correction due to the weighted count loss below
the detector threshold was calculated for both '°” Au and **Mo
samples, resulting in 3.3% and 2.7%, respectively. Therefore,
the bias in the normalization due to the lost events, calcu-
lated as the difference between the correction factors for Au
and **Mo, is 0.6%. The value of the correction deviated by
less than 0.5% for the different detectors and with different
simulated spin-parities; therefore, this value was used to es-
timate the total systematic uncertainty in the normalization
procedure, together with the positioning error and the error

—— %Mo(n,y) 3

10° = E

£ —— DICEBOX+GEANT4 -

102 = =

1] = 3

Lk ]

5 10-

1=

107 ‘

0 1 2 3 4 5 6 7 8

Deposited energy (MeV)

FIG. 4. Comparison of the experimental spectra of deposited en-
ergy in the 1540 eV resonance of **Mo (blue) compared with the
expected spectrum simulated with DICEBOX and convoluted with the
detector resolution using Geant4 (red).

TABLE III. Summary of the correlated uncertainties.

Source of Resolved Resonance Unresolved Resonance
uncertainty Region (RRR) Region (URR)
Normalization 1.5% 1.5%

PHWT 2% 2%

Sample mass 1.5% 1.5%

Neutron flux 2% 2%
Background 1% 3%

Total 3.7% 4.6%

in the area evaluation, leading to a total uncertainty on the
normalization of 1.5%.

The uncertainty on the PHWT was evaluated by studying
the deviation between the weighted response of the detectors
and the total energy of the cascade. Any deviation from unity
of this ratio can be considered an uncertainty in the appli-
cation of the PHWT. The deviation observed for both '’ Au
and **Mo samples was below 2.0% for the majority of the
energy range; therefore, this value has been assumed for the
uncertainty on the WF.

The areal density of the sample was obtained with an
uncertainty below 0.5% from a measurement of the weight
and the area. The area of the **Mo sample was obtained
with a microscope system from Mitutoyo [36]. The isotopic
enrichment of the **Mo sample, as declared by the provider,
was verified by comparing the results of its transmission mea-
surement with those obtained from two natural molybdenum
samples measured at the 50 m flight path of the Geel Electron
Linear Accelerator (GELINA). More specifically, the fitted
isotopic abundance of the **Mo sample was found to be within
1.3% of the declared value. Therefore, an uncertainty of 1.5%
was assumed for the **Mo sample enrichment. Additional
transmission measurements using pressed-pellet samples with
the same dimension of the isotopically enriched one were
performed at the 10 m flight path of GELINA to evaluate the
effect of the grain size of the **Mo sample. From a comparison
of the transmission obtained with the 5 and the 350 um sam-
ples, no deviation was observed in the transmission spectra,
confirming the absence of effects given by inhomogeneity
in the powder. The experimental details and results of these
additional transmission measurements are reported in Ref.
[37]. For the estimation of the uncertainty in the evaluated
neutron flux, a systematic uncertainty of 2%, as obtained
during the commissioning of the neutron flux, was assumed.
The uncertainty related to the background subtraction is given
by the uncertainty on the evaluated background, as described
in Sec. IITC, and the signal-to-background ratio. From the
results of the background evaluation, an indetermination of
the background level below 6.5% was observed. Considering
that the signal-to-background ratio is approximately 2 in the
URR and can reach values as high as 100 in the resonance
region, this corresponds to a propagated uncertainty in the
capture yield—attributable to background subtraction—on the
order of 1% in the resolved resonance region (RRR) and 3%
in the URR. The list of all the uncertainties is reported in
Table II1.
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IV. TRANSMISSION MEASUREMENTS

Transmission experiments using natural and **Mo samples
were performed at the time-of-flight facility GELINA. Details
about the accelerator and the neutron-producing target can be
found elsewhere [38,39]. The measurements were performed
at the 10 m measurement station of flight path 13, which forms
an angle of 18° with the normal of the face of the moderator
viewed in the flight path. The accelerator was operated at
400 Hz, and the measurements were carried out with the
moderated neutron spectrum. A shadow bar made of Cu and
Pb was placed close to the uranium target to reduce the inten-
sity of the y-ray flash and the fast neutron component. The
samples and detector were placed in an acclimatized room to
keep them at a temperature of 20°C. The sample was placed at
7.7 m from the moderator while the SLi scintillator was placed
in a metallic castle at 10.86 m. The samples were placed on
an automatic sample exchanging system controlled by the data
acquisition (DAQ) system.

Two permanent black resonance filters of Co and Na were
used to continuously monitor the background at 132 and
2850 eV and to account for the impact of the sample on
the background [23]. Additional runs with Na (2850 eV), Co
(132 eV), W (21.1 eV), and Ag (5.2 eV) black resonance
filters were performed to estimate the different background
components. The neutron beam passing through the sample
and filters was collimated to a diameter of about 1 cm and
detected by a 6.35-mm-thick and 101.6-mm-diameter NE912
Li-glass scintillator enriched to 95% in ®Li. The scintilla-
tor was connected through a boron-free quartz window to a
127 mm EMI 9823 KQB photomultiplier (PMT).

The TOF of a detected neutron was derived from the time
difference between the stop signal, obtained from the anode
signal of the PMT, and the start signal given at each electron
burst. This time difference was processed with a multihit fast
time coder with a 1 ns time resolution. The TOF and the
pulse height of each detected event were recorded in list mode
using a multiparameter data acquisition system developed at
the JRC Geel (BE). Details about the electronic setup and data
acquisition system are given in Ref. [40].

The **Mo sample used in transmission measurements is
the same as that used in capture measurements at n_TOF.
Two additional natural molybdenum samples were used in the
campaign. The natural samples were pressed pellets made of
powder with different grain sizes (5 and 350 um) with the
same 20 mm diameter as the enriched sample. These samples
were used to study the effect of grain size in transmission
measurements and to evaluate the isotopic enrichment of the
%Mo sample. Similarly to the enriched samples, the pressed
pellets made from ™Mo powder were put under vacuum in
thin plastic bags; the details of these additional transmission
measurements are reported in Ref. [37].

The experimental transmission Ty as a function of TOF
was obtained from the ratio of a sample-in measurement Cj,
and a sample-out measurement Cyy, both corrected for their
background contributions Bj, and By, respectively:

Cin — KB,
T ol = N, in in

_—. (&)
Cout - KBoul

The TOF spectra Cj, and C,y; were corrected for losses due
to the dead time in the detector and electronics chain. The data
reduction procedure to obtain Ty has been performed using
the Analysis of Geel Spectra (AGS) developed at the Institute
for Reference Materials and Measurements (IRMM) [41].
This package was used for dead-time correction, background
fitting and subtraction, and normalization. The program al-
lows a full propagation of the uncertainty starting from the
uncorrelated uncertainty due to counting statistics. The exper-
imental transmission obtained with AGS includes a complete
covariance matrix with correlated and uncorrelated uncertain-
ties. Since both the neutron flux intensity and energy profile
vary during the campaign, the sample-in and sample-out mea-
surements have been divided into short cycles of around 600 s
alternating between the different configurations. This proce-
dure reduces the uncertainty on the normalization to less than
0.25% [42]. A normalization factor of Ny = 1.0000(25) was
therefore included in Eq. (5) to account for this uncertainty.
All the spectra were normalized to the same bin-width and the
neutron intensity in the target Hall. The latter was measured
using the BF; monitors placed in different positions in the
target Hall. Only cycles for which the ratio between the total
counts in the transmission detector and in the neutron monitor
deviated by less than 1% were selected. The dead time of the
detection chain f; = 3305(25) ns was derived from a spectrum
of the time interval between successive events. The maximum
dead time correction was less than 20%. In Ref. [23], it has
been demonstrated that uncertainties due to such dead time
corrections are very small and can be neglected. The flight-
path length of L = 10.860(1) m was obtained from previous
measurements with ¥ using the reference resonance at
6.673 eV [43].

The background as a function of TOF was approximated by
an analytic expression applying the black resonance technique
[23]. The factor K = 1.00 (3) in Eq. (5) was introduced to
account for systematic effects due to the background model.
Its uncertainty was derived from a statistical analysis of the
difference between the observed black resonance dips and the
estimated background [42]. This uncertainty is only valid for
measurements with at least one fixed black resonance filter
placed in the beam [23].

The analytical function used for approximating the back-
ground was a sum of a time-independent and three time-
dependent components:

B(t) = Bo + B, (1) + By(t) + By, (7). (6)

The time-independent component By is related to the am-
bient background radiation and background contributions that
lost any time correlation. The first term is due to the detection
of 2.2 MeV y rays resulting from neutron capture in hydrogen
present in the moderator. The second term originates predom-
inantly from neutrons scattered inside the detector station.
The third one is attributable to slow neutrons from previous
accelerator cycles. This contribution was estimated by an ex-
trapolation of the TOF-spectrum at the end of the cycle. The
time shift 7y is the inverse of the accelerator frequency, i.e., 7y
= 2.5 ms for 400 Hz. The free parameters were derived from
the results of measurements with all the background filters
in the beam. The amplitude of the background was adjusted
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FIG. 5. Dead-time corrected TOF spectra resulting from trans-
mission measurements with the **Mo sample-in measurement at
the 10 m station of GELINA. The total background, together with
the time-independent and time-dependent background components
are shown. The region of interest is between 5 x 10° ns and 2.0 x
10° ns, corresponding to neutron kinetic energy of 30 keV and 20 eV,
respectively.

to the black resonance dips at 132 and 2850 eV due to the
presence of the Co and Na filters, respectively. The dead-
time-corrected sample-in TOF spectrum, together with the
background contributions resulting from the measurements of
the **Mo sample and fixed Co and Na black resonance filters
in the beam, is shown in Fig. 5.

V. CROSS SECTION ANALYSIS

The cross section for **Mo was obtained as a function of
resonance parameter for neutron energies below 76 keV using
the R-matrix code SAMMY. From the resonance parameters
obtained in this region, the Average Resonance Parameters
(ARP) for s- and p-wave resonances have been extracted.
The cross section for energies above 76 keV was obtained
using the URR formalism, and it was compared with statis-
tical model calculations performed with the ARP obtained in
this work.

A. RRR: Combined resonance shape analysis

The present capture data from n_TOF and the transmission
data from GELINA were analyzed using the R-matrix code
SAMMY [44]. Experimental effects due to neutron multiple
interactions (also referred to as multiple scattering) in the
sample, self-shielding, Doppler broadening, and experimental
resolution are properly taken into account within the SAMMY
code.

The resonance parameters reported in Ref. [12] were used
as initial values for the resonance shape analysis. The res-
onance energies Eg, as well as the partial widths I'), and
I',, were determined through a combined resonance shape
analysis (RSA) in the energy region E, < 32 keV. In the
energy region between 32 and 76 keV, only the capture
yield was available; therefore, only the capture kernel was
obtained from the fit. A total of 186 resonances were ob-
served in the energy region E,, < 76 keV; the 127 resonances
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FIG. 6. Combined resonance shape analysis of capture data from
n_TOF and transmission data from GELINA for the 4357 eV res-
onance. Results of simultaneous fit using J” = 0.5 (purple), J* =
0.57 (green), or J© = 1.5 (red) are reported.

above 21 keV were not present in the latest evaluations.
The spin and parity J™ (0.5 for s-wave resonances, and
either 0.57 or 1.5~ for p-waves) were kept fixed using
values reported in the literature, in particular for the s-
wave spin assignments obtained in Ref. [45], except for a
few cases where the simultaneous fit was not satisfactory
using the suggested spin-parity assignment. One example
of such a simultaneous fit for the 4357 eV resonance is
given in Fig. 6.

For neutron energies above 21 keV, resonance parameters
were not available in the literature. In these cases, when
both capture and transmission data were available, J* values
were assigned based on x? minimization and on the fitted
', values, which are expected to be concentrated around the
average value derived from data at lower neutron energies
and have a maximum value about two times the average, i.e.,
300-350 meV, as evaluated from statistical model calculations
performed with the DICEBOX code.

In Table IV, the results are reported together with the
uncertainties from the fitting procedure. Individual parameters
obtained from the combined fit of capture and transmission
are reported if the resulting uncertainty was below 50%. Other
examples of the combined RSA fits are given in Figs. 7 and
8. The fitted resonances in the energy region above 50 keV,
where only capture data are available, are shown in Fig. 9.
Compared with evaluations, one neutron resonance had to be
removed in the energy range covered in Table IV. This weak
resonance at 7.1 keV was assigned in previous molybdenum
experiments, but not observed in this work. The thermal cross
section of **Mo is strongly dominated by bound resonances.
For completeness, a bound resonance with parameters from
Ref. [46] was added to Table IV.

B. Statistical properties of resonance parameters

Resolved resonance parameters obtained in the previous
section were used to derive the basic statistical properties of
the resonances, following the same prescriptions in Ref. [34].
Parameters of individual resonances below 32 keV were
used to derive the average resonance parameters. During this
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TABLE IV. 1+ **Mo resonance parameters extracted from the TABLE IV. (Continued.)
simultaneous R-matrix analysis. The quoted uncertainties are from
the fit. Spin and parity are taken from Ref. [12]. The column with  Eo r, 8l p(ry,Ty) g, IW/T
p(I",, T',) reports the correlation between partial widths. (eV) Jr (meV) (meV) (%) (meV)
18826.7(3) 1.5~ 158(3)  10300(900) 23 306(6)
2 i Ty &l Py, To) &l /T 19160 32) 1.5~ 146(4)  2600(800) ) 262(6)
(eV) JT (mevV)  (meV) (%) (meV) 19642.4(4) 0.5~ 170(4)  5000(700) 12 165(4)
143 0.5F 128 148.8 20016.5(6) 0.5~  77(7) -89 70(3)
108.714(1) 0.5~ 146(3)  0.1715(7) 23 0.1713(7)  20199(1)  0.5%  98(4)  27000(2000) 16 97(4)
1051.481(9) 1.5~ 220(20) 4.57(4) 13 4.53(4) 20610.0(4)° 1.57 133(3) 11000(1000) 35 259(7)
1541.91(1)* 0.5t 123.3(4)  1672(7) -13 114.8(3) 21155.6(4) 0.57 230(20)  1200(700) -93 191(7)
1656.44(1) 1.5~ 170(30)  9.20(9) —24 8.95(8) 21259.73) 1.57 196(4)  5400(900) 18 366(8)
2174.113(8) 1.5~ 184(2)  440(10) —88 199(1) 21615.4(6) 0.5~ 105(4)  3000(1000) —-11 101(4)
3155.10(1)  1.5-  96(2) 380(30) -93 128(1) 21938.1(4) 1.57 163(4)  1200(800) =23 260(40)
3565.92(2) 0.5- 250(20)  260(30) —99 129(2) 22027.7(5)  0.5° -99 100(10)
3593.55(3)* 0.57 116.6(8) 2750(30) -8 111.8(7) 22594.03) 1.57 288(5)  8000(1000) 7 540(10)
4357.31(3)>¢ 0.5~ 333(2)  1700(30) —99 278.7(7) 22805.1(6) 0.5~ 114(8) —383 102(5)
4610.47(2)* 0.5t 122(1)  510(30) —62 98.5(9) 23470.7(8)  0.5%  94(5) =54 89(4)
4915.18(3)° 1.5 97(3) 470(60) -17 138(6) 23652.04) 1.57 159(4)  5000(1000) 28 300(9)
5122.14(3)° 0.5 166(2)  820(40) —-35 138(1) 23843.1(6) 0.5~ 126(4)  4000(1000) 32 123(5)
5418.6(2)* 0.5t 120(1) 20500(200) -6 119(1) 24240.2(7)  0.57 120(5)  8000(2000) -3 119(5)
5434(1) 0.5 1.2(5) 2 1.1(5) 25168.8(6) 1.5 142(4) 20000(3000) 34 279(7)
5937.62(6) 0.5~ 70(20) —99 52(6) 25435(1) 0.5~ 196(9) =70 178(7)
6015.8(2) 0.5 8.4(6) —74 7.8(4) 25839.0(9) 0.5 132(5) 6000(2000) 4 129(5)
6392.5(1) 0.5~ 25(5) —98 23(2) 26293.6(9) 0.57 140(60) —-98 84(7)
6700.96(5* 0.57 116(1)  1510(80) -2 108(1) 26469.0(6) 1.5~ 181(5) 11000(2000) 38 350(10)
6942.7(1) 1.5~ 30(3) —95 27.9(7) 26607.0(5) 1.5 145(4) 5000(2000) 27 280(10)
7844.83(6)* 0.5t 120(10)  300(100) —99 82(2) 26936(1) 0.5*  73(5) 15 71(5)
8254.25(5) 1.5~ 130(6)  600(100) —96 181(6) 27067(1) 0.5 178(7)  13000(2000) 13 175(6)
8585.45(6) 1.5 147(4)  1100(200) —87 231(4) 273042)  0.5%  75(4)  13000(3000) —14 74(4)
8636.88(8) 0.5~ 135(3)  800(100) —69 115(2) 27802.0(7)  0.57 280(70) =99 200(20)
9565.21(7) 1.5~ 133(9)  600(200) -97 187(8) 27955(1) 0.5 99(5) 28 96(5)
9678.5(1)* 0.5t  92(2)  700(200) —66 82(2) 28490.0(8) 0.5~ 170(30) -95 140(10)
9785.21(9)¢ 0.5~ 200(20)  500(100) —98 145(3) 29060(1)  0.5% 112(6)  6000(2000) =27 106(6)
10197.35(8) 1.5~ 136(2)  1500(200) —57 229(4) 29207.2(7) 1.57 215(5) 27000(3000) 33 420(10)
10504.8(1) 1.5~ 110(2)  3600(300) 44 208(3) 29863.6(7) 1.57 -99 210(10)
10732.08) 0.5t  78(4)  31700(800) —42 78(4) 30104(2) 0.5*  138(7) 30000(4000) 13 138(7)
10748.4(1) 1.5~ 166(4)  5100(400) 57 311(7) 30245(1) 1.57 190(80) —98 128(8)
11388.7(1) 1.5~ 120(10)  900(300) —98 190(3) 30535(1) 0.5 142(6)  5000(2000) 10 138(6)
11782.2(1)  1.5- 134(2)  1600(300) —59 230(4) 31012.7(7)  1.57  132(8) -84 240(10)
12175.2(1) 0.5~ 187(4)  1300(200) —61 163(3) 31547.4(7)  1.57 166(5)  7000(3000) 36 320(10)
12245.8(2) 0.5~ -99 70(10) 32259.3(7) 320(10)
12938.2(6) 0.5~ 16(2) -71 14(1) 32708.7(9) 225(9)
13377.42) 0.5~ 126(3)  3400(400) 43 122(3) 33111(2) 70(6)
13484.7(5) 0.5t 94(2)  19300(800) 20 94(2) 33410(1) 86(7)
13667.02)¢ 0.5~ 142(4)  1000(300) —66 125(3) 33796(4) 89(8)
13945.4(1) 1.5~ 278(6)  2200(300) —78 445(8) 34375(2) 370(20)
14070.6(2) 0.5~ 109(2)  3100(400) 14 105(2) 34766(2) 157(10)
15296.1(4) 0.5 106(3)  9900(800) 39 105(3) 35313(4) 140(10)
15663.43) 0.5~ —99 100(10) 35734(3) 100(10)
16716.1(6) 0.5~ 60(20) —98 44(3) 35864(2) 229(20)
17045.8(4) 0.5 90(30) —99 80(10) 35936(2) 224(20)
17272.6(4) 0.5~ 98(3)  1500(700) 9 92(4) 37211(2) 85(9)
17335.4(4) 1.5 40(10) —98 57(3) 37809(2) 191(20)
17471(1) 0.5~ 24(3) -77 21(2) 37895(2) 390(20)
17756.6(2) 1.5~ 158(7)  1800(700) —87 269(8) 38376(2) 290(20)
18103.4(5) 0.5t 105(3)  4900(800) 11 103(3) 38493(2) 135(10)
18282.6(4) 0.5~ 130(30) —98 100(4) 39045(2) 360(20)
18440.92) 1.5~ 110(10) —97 185(8) 39171(2) 420(20)

034623-9



R. MUCCIOLA et al.

PHYSICAL REVIEW C 114, 034623 (2026)

TABLE 1V. (Continued.)

TABLE 1V. (Continued.)

Ey r, 8l p(Ty, Ty) gL TW/T Ey r, 8l pry, Ty gl I,/T
V) J* (meV) (meV) (%) (meV) V) J* (meV) (meV) (%) (meV)
39391(2) 310(10) 63834(9) 320(20)
40116(2) 138(9) 64674(5) 620(30)
40898(4) 65(8) 65323(5) 510(30)
41238(5) 190(20) 65741(10) 70(40)
41338(2) 230(20) 65788(7) 200(20)
41873(2) 490(20) 66207(5) 640(30)
42219(2) 310(10) 66768(10) 340(30)
42398(4) 71(8) 67143(4) 380(30)
42783(1) 260(10) 67639(6) 310(20)
43201(3) 140(10) 68269(10) 190(20)
43319(3) 90(10) 68616(4) 270(20)
43622(2) 370(10) 69062(5) 240(20)
44167(2) 560(20) 69389(5) 650(30)
44971(2) 24020)  70106(8) 670(40)
45071(4) 150(10)  70532(5) 870(50)
45304(3) 130(10) 71145(10) 690(30)
45925(2) 310(20) 71854(5) 360(30)
46304(2) 280(20) 72380(7) 760(40)
46798(2) 410(20) 72672(5) 270(30)
47108(2) 510(20) 73228(7) 190(30)
47635(4) 100(10) 73526(10) 580(30)
47789(3) 190(20) 74930(10) 800(50)
47964(3) 480(20) 75378(20) 250(40)
48712(2) 350(70) 75719(6) 280(30)
48848(3) 240(10) =
49196(2) 260(20) bl;:{rm s-wave by shape or. from Ref. [45].
49472(5) 80(20) T changed to perform simultaneous fit.
49589(3) 540(20) dI;‘lrm p-wave by shape or from Ref. [45].
50306(2) 330(20) ssumed g = 1 from gI',,.
51552(2) 330(20) ¢Assumed g = 2 from gT",,.
51848(7) 270(20)
52119(3) 170(10)
52432(6) 180(10) analysis, we assumed that the parity of all resonances was
52812(6) 150(20) correctly assigned.
52962(4) 500(30) Neutron strength functions Sy and S; were derived from
53547(4) 440(20) a sum of reduced neutron widths below 32 keV. In practice,
54139(4) 380(20) a small correction for missed resonance strength was applied
54519(2) 400(20) considering the values of average resonance parameters listed
55655(5) 58030)  in Table V. The channel radius of R = 1.234'/3 + 0.8 fm =
S6139(5) 640(30) 6.4 fm was adopted for determination of §;.
56595(3) 610(20)
57786(3) 290(20)
58072(3) 250(20) )
58329(5) 310(20) TABLE V. Average resonance parameters from this work to-
58613(6) 130(20) gether with those from Musgrove [14], Mughabghab [46], and
58809(4) 420(20) RIPL-3 [47] for comparison.
59546(3) 410(20) .
59857(5) 170(20) This work Ref. [14] Ref. [46] Ref. [47]
60155(4) 61030)  p, (ev) 1470(260)  1150(350)  1694(390)  1320(180)
60919(5) 73030)  p, (ev) 460(80)  450(40)  508(47)
62131(10) 21020) 10 x S, 048(15) 04525  07034)  0.44(8)
62471(4) 36030) 0% x 8, 4.8(9) 752.5) 723267  722.7)
62607(10) 280(40) (1), (meV)  104(4) 135(20) 137(9) 135(15)
63029(6) 372300 (1)), (meV)  158(7) 175(30)  230(15)  188(10)
63299(4) S0030) g 173)
v
or 49(5)

vl
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FIG. 7. Combined resonance shape analysis of capture data from
n_TOF and transmission data from GELINA in the keV region.
Expected curves based on resonance parameters available in the
JENDL-5 evaluation are reported for comparison.

For determination of average resonance spacings Dy and
D, we assumed that positions of resonances with the same
spin and parity obey long-range correlations predicted from
the Gaussian Orthogonal Ensemble [48]. The values were then
obtained from the energy difference between the first and last
observed resonance. Similarly to Ref. [49], we further applied
the correction for possible subthreshold resonances and as-
sumed that the position of the last resonance can fluctuate.

The average radiation widths (I'y)o and (I')); and the
widths of I'), distributions or,o and or,o were determined
using the maximum likelihood fit assuming a Gaussian dis-
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FIG. 8. Combined resonance shape analysis of capture data from
n_TOF and transmission data from GELINA in the tens of keV
region. Expected curves based on resonance parameters available in
the JENDL-5 evaluation are reported for comparison.
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FIG. 9. Resonance shape analysis of capture data from n_TOF
above 50 keV. The residuals are shown in the bottom panel.

tribution of individual I', values, similarly to Ref. [50]. We
adopted all the resonances below 32 keV with the provided
[", for this purpose. The larger width of the distribution ot
than or o is expected from DICEBOX simulations, especially
for 1/2~ resonances. These simulations further expect the
average radiation widths for 1/27 to be larger than that for
3/2~ by about 10%—15%.

The resulting values of the average resonance parameters
for s- and p-wave resonances are reported in Table V and
are compared with those reported by Musgrove [14] and the
values reported in the work of Mughabghab [46] and in the
RIPL-3 compilation [47].

C. URR: Cross section in the continuum region

Above 76 keV, the experimental resolution became too
low to clearly resolve individual resonance structures, and the
cross section was obtained using the URR formalism. From
the capture yield obtained in the n_TOF measurement, it was
possible to extract the average **Mo(n,y) cross section be-
tween 50 and 250 keV with a coarse binning of 20 bins per
energy decade, as shown in Fig. 10. This cross section is
obtained after corrections for multiple scattering and the self-
shielding effect, estimated using Monte Carlo simulations as
described in Ref. [51]. The data are also corrected for the
effects of the contamination from other molybdenum isotopes,
using the isotopic composition in Table I. The corrections
applied to the cross section are of the order of 4% in all the
energy regions. The uncertainty of these corrections has been
estimated from the deviations in the correction obtained in the
different detectors, which accounts for an additional 2% in
the uncertainty in the cross section. Between 50 and 76 keV,
we obtained the cross section both from the URR approach
and from the individual resonance parameters reported in this
work as an average cross section in a bin. The good agree-
ment of the cross section from both approaches can be seen
in Fig. 10, and it confirms the accuracy of the background
subtraction and multiple scattering and self-shielding correc-
tions applied in the cross section determination in the URR
formalism.

Figure 10 also shows results of cross-section calcula-
tions using the statistical model. For these calculations, we
generated individual resonance sequences based on the av-
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FIG. 10. 94Mo(n,]/) cross section data in the unresolved reso-
nance region, obtained via numerical calculation (blue) and from
resonance parameters (orange). The experimental data obtained at
n_TOF are compared with a statistical model calculations based on
average resonance parameters from this work. Different contribu-
tions of neutrons with different £ are also reported. The experimental
data are also compared with evaluations and experimental data by
Musgrove [14].

erage resonance parameters, considering expected statistical
fluctuations of individual quantities. This approach allows us
to calculate not only expectation cross-section values but also
expected fluctuations in individual bins. The colored bands
represent standard deviations obtained from 500 simulated
sequences. In addition to the total capture cross section, we
also present contributions from individual neutron orbital
momenta for ¢ = 0-3. The average resonance parameters
from Table V were used for £ =0 and 1 contributions, in
particular Sy and (I',), were considered constant over the
shown interval, while D, decreased exponentially as in the
constant-temperature nuclear level-density model, i.e., Dy
exp(—E,/kT) with kT = 0.89 MeV [52]. As evident from
Fig. 10, the cross section induced by neutrons with £ = 2
and 3 is also not negligible, especially above about 100 keV.
To obtain these two components, an estimate of the average
parameters for d- and f-wave resonances was necessary. The
adopted S, = 0.6 x 10™* and S5 = 4.0 x 10~* correspond to
values for low neutron energies obtained from the TALYS 2.0
[53] default model. Average radiation widths were taken to
be equal to those obtained from resonances with the same
parity for £ =0 and 1, ie., (I'y)), = 104 meV and (I} )3 =
158 meV.

For determination of resonance spacing we considered
no parity dependence of level density. Based on D, and
D; reported in Table V, we adopted D;—;/, = 1470 eV and
Dj_3/, = 670 eV. For higher spins we considered the spin
cutoff parameter o, = 0.984%%° suggested for the constant-
temperature level density in Ref. [52], which yields D5, ~
540 eV and D7/, ~ 520 eV.

The resulting statistical model calculations of the cross
section in the unresolved resonance region yield values that
are in fair agreement with the experimental capture data, and
substantially lower than existing evaluations and experimental
data from Musgrove [14]. The cross section reported in the
ENDEF/B-VIIL.1 evaluation is systematically larger than the
data obtained in this work. JEFF-4.0 and JENDL4 evaluations

TABLE VI. Maxwellian-averaged capture cross sections of **Mo
(in mb) for different temperatures compared with the values in the
KADOoNIS database [19].

Thermal This work

energy Resonances URR Total

(keV) E, <76keV  76-250keV KADoNiS
5 237(9) 237(9) 321

8 180(7) 180(7)

10 156(6) <0.3 156(6) 200
15 118(4) 2.0(1) 120(4) 154
20 95(4) 6.0(3) 101(4) 128
23 84(3) 8.0(4) 92(3)

25 77(3) 10.0(5) 87(3) 113
30 65(2) 13(1) 78(3) 102(20)
40 48(2) 19(1) 67(2) 89
50 36(1) 24(1) 60(2) 81
60 28(1) 27(1) 55(2) 77
70 23(1) 29(2) 52(2)

80 19(1) 30(2) 49(2) 71
90 15.4(6) 31(2) 46(2)

100 13.1(5) 31(2) 44(2) 68

provide values of the cross section about 10%—30% lower than
ENDEF/B-VIIL.1, but still larger than our data, at least below
200 keV.

VI. ASTROPHYSICAL IMPLICATIONS

The cross section determined using the resonance param-
eters in Secs. VA and V C is convoluted with a Maxwellian
neutron energy distribution to obtain the so-called stellar cross
section or MACS, defined as

2 1 e E,
2 /0 Eno(En)exp<—ﬁ>dEn- ™)

The results are listed in Table VI for thermal energies be-
tween kT =5 and 100 keV, including the specific values
for the common s-process sites, e.g., for k7T = 8 and 23
keV related to He-shell burning in low-mass AGB stars and
kT =25 and 90 keV for the case of core-He and shell-C
burning in massive stars. The value for k7' = 30 keV is used
for comparison with the Karlsruhe Astrophysical Database
of Nucleosynthesis in Stars (KADoNiS) [19]. In this study,
the direct radiative capture component is considered to be
negligible. To evaluate the astrophysical impact of the newly
determined **Mo(n, ) > Mo reaction rate, we performed nu-
cleosynthesis calculations of low-mass AGB stars [54] using
the FUNS evolutionary code [55-57]. Specifically, we consid-
ered stellar models with initial masses of M = 2 and 3 M and
a metallicity of Z = 0.01.

In the framework of galactic chemical evolution, Mo is
primarily classified as a p-nucleus, i.e., a proton-rich isotope
not produced by neutron-capture processes [58]. However,
cosmochemical evidence derived from the analysis of presolar
SiC grains indicates a minor s-process contribution to its total
abundance, estimated at approximately 4% [7]. Consistent

MACS =
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with this picture, a net production of this isotope is predicted
to occur in AGB stars [59].

Despite the significant reduction in the new MACS—
approximately 25% lower than previous evaluations [19]—the
models used reveal only modest variations in the final surface
abundance of >*Mo, with an increase of 3%-4% with respect
to the yield obtained with the reference neutron capture cross
section. This limited sensitivity arises from the dynamics at
the **Nb branching point (f;,, = 2.04 x 10* yr) [60]. Dur-
ing the interpulse phase, the *C(a, n) %0 reaction releases
neutrons over thousands of years at moderate densities (n, ~
107 cm~3). Under these conditions, **Nb primarily decays to
%Mo, but the extended exposure time leads to nearly complete
destruction of this **Mo via neutron captures, independently
of the neutron-capture cross-section value. During subsequent
thermal pulses, the 2Ne(a, n)? Mg source drives neutron
densities to much higher values (1, > 10'© cm™3), pushing
the *Nb branching toward neutron capture rather than decay
and effectively shutting off **Mo production. Since the final
abundance is bottlenecked by limited production at the **Nb
branching point rather than by destruction efficiency, even a
substantial reduction in the **Mo(n, ) cross section translates
into only a marginal increase of the final yield.

A comprehensive comparison with the isotopic patterns
observed in presolar SiC grains [6,7] requires a complete
set of neutron-capture cross sections for all the molybdenum
isotopes and related branching-point nuclei. Recent mea-
surements of the 94Nb(n, y)95Nb reaction at n_TOF [61],
combined with the present **Mo(n, y) results, significantly
reduce the nuclear physics uncertainties in this critical branch-
ing region. In this context, the upcoming results from the
ongoing analysis of “*Mo(n, ) data at n_TOF will be crucial
to complete the picture of molybdenum neutron-capture rates,
refine the predicted isotopic ratios, and provide a more robust
test of the s-process contribution to the solar system molybde-
num inventory. With these experimental constraints in place,
the temperature-dependent **Nb B-decay rate under stellar
conditions will remain the primary source of uncertainty for a
complete understanding of the **Mo production in AGB stars.

VII. CONCLUSIONS

The 94Mo(n,y) %Mo cross section has been measured with
high resolution at n_TOF and consistently combined with
transmission data from GELINA within an R-matrix analysis
up to E, = 32 keV. A new and self-consistent set of neutron
resonance parameters has been extracted, including improved
determinations of neutron and radiative widths as well as their
correlations. A total of 186 resonances were observed in this
analysis, of which 127 were not present in latest evaluations.
These results lead to revised average resonance properties that
differ significantly from those adopted in current evaluated
libraries.

At higher energies, the cross section in the unresolved
resonance region, obtained from the resonance parameters
and by numerical integration, was compared with statistical
model calculations based on the extracted average param-
eters [i.e., Dy = 1470(260) eV, D; = 460(80) eV, (I',)o =
104(4) meV, (I',); = 158(7) meV, Sp = 0.48(15) x 107%,
and S; = 4.8(9) x 107*] and the average quantities estimated
for £ =2 and ¢ = 3. The extracted cross section is found to
be systematically lower than existing evaluations and previous
experimental measurements.

As a consequence, the resulting Maxwellian-averaged
cross sections are consistently lower than previous recommen-
dations over the entire temperature range. At k7 = 30 keV,
a value of MACS = 78 =3 mb is obtained, corresponding
to a reduction of approximately 25% with respect to earlier
compilations. Similar reductions are observed at temperatures
relevant to the s-process in AGB stars.

Despite this substantial decrease in the neutron-capture
rate, stellar nucleosynthesis calculations indicate that this
new neutron-capture rate produces only modest changes
(~3%—4%) in the final **Mo abundances. The isotopic budget
is therefore primarily controlled by the branching at **Nb
rather than by neutron capture on **Mo. The present results
significantly reduce the nuclear-physics uncertainties in this
key region and provide improved constraints for modeling
molybdenum isotopic patterns in stellar and cosmochemical
studies.

ACKNOWLEDGMENTS

This project has received funding from the ARIEL project
(“Accelerator and Research reactor Infrastructures for Ed-
ucation and Learning”) of the European Union’s Horizon
Europe Research and Innovation programme under Grant
Agreement No. 847594; as well as from EURO-LABS (Eu-
ropean Laboratories for Accelerator Based Sciences) of the
European Union’s Horizon Europe Research and Innova-
tion programme under Grant Agreement No. 101057511 and
SANDA (Supplying Accurate Nuclear Data for energy and
non-energy Applications) of the European Unions Horizon
Europe Research and Innovation programme under Grant
Agreement No. 847552. Part of this work was supported
by AEI/10.13039/501100011033 under Grant No. PID2022-
138297NB-C21 and Severo Ochoa CEX2023-001292-S was
given by AEI/10.13039/501100011033 funding agency. This
work was supported by the Italian Ministry of University
and Research (MUR) under the PRIN 2022 program, project
titled “RADAMES” (Grant No. 2022BAYM54). The authors
acknowledge support from all the funding agencies of partic-
ipating institutions.

DATA AVAILABILITY

Upon publication, the experimental data will be made pub-
licly available through the EXFOR database.

[1] C. Arlandini, F. Képpeler, K. Wisshak, R. Gallino, M. Lugaro,
M. Busso, and O. Straniero, Neutron capture in low-mass

asymptotic giant branch stars: Cross sections and abundance
signatures, Astrophys. J. 525, 886 (1999).

034623-13


https://doi.org/10.1086/307938

R. MUCCIOLA et al.

PHYSICAL REVIEW C 114, 034623 (2026)

[2] M. Lugaro, F. Herwig, J. C. Lattanzio, R. Gallino, and O.
Straniero, s-process nucleosynthesis in asymptotic giant branch
stars: A test for stellar evolution, Astrophys. J. 586, 1305
(2003).

[3] N. Liu, Presolar grains, in Treatise on Geochemistry, 3rd ed.,
edited by A. Anbar and D. Weis (Elsevier, Oxford, 2025),
pp. 113-145.

[4] N. Liu, S. Cristallo, and D. Vescovi, Slow neutron-capture
process: Low-mass asymptotic giant branch stars and presolar
silicon carbide grains, Universe 8, 362 (2022).

[5] R. Gallino, C. Arlandini, M. Busso, M. Lugaro, C. Travaglio,
O. Straniero, A. Chieffi, and M. Limongi, Evolution and nu-
cleosynthesis in low-mass asymptotic giant branch stars. II.
Neutron capture and the s-process, Astrophys. J. 497, 388
(1998).

[6] N. Liu, T. Stephan, S. Cristallo, R. Gallino, P. Boehnke, L. R.
Nittler, C. M. Alexander, A. M. Davis, R. Trappitsch, M. J.
Pellin, et al., Presolar silicon carbide grains of types Y and
Z: Their molybdenum isotopic compositions and stellar origins,
Astrophys. J. 881, 28 (2019).

[7] T. Stephan, R. Trappitsch, P. Hoppe, A. M. Davis, M. J. Pellin,
and O. S. Pardo, Molybdenum isotopes in presolar silicon car-
bide grains: Details of s-process nucleosynthesis in parent stars
and implications for r- and p-processes, Astrophys. J. 877, 101
(2019).

[8] S. Palmerini, M. Busso, D. Vescovi, E. Naselli, A. Pidatella,
R. Mucciola, S. Cristallo, D. Mascali, A. Mengoni, S.
Simonucci, and S. Taioli, Presolar grain isotopic ratios as
constraints to nuclear and stellar parameters of asymp-
totic giant branch star nucleosynthesis, Astrophys. J. 921, 7
(2021).

[9] G. Cescutti, R. Hirschi, N. Nishimura, J. d. Hartogh, T.

Rauscher, A. S. J. Murphy, and S. Cristallo, Uncertainties in

s-process nucleosynthesis in low-mass stars determined from

Monte Carlo variations, Mon. Not. R. Astron. Soc. 478, 4101

(2018).

S. Shetye, S. Van Eck, S. Goriely, L. Siess, A. Jorissen,

A. Escorza, and H. Van Winckel, Discovery of technetium-

and niobium-rich S stars: The case for bitrinsic stars, Astron.

Astrophys. 635, L6 (2020).

M. Busso, D. Lambert, L. Beglio, R. Gallino, C. Raiteri, and

V. Smith, Nucleosynthesis and mixing on the asymptotic gi-

ant branch. II. Carbon and barium stars in the galactic disk,

Astrophys. J. 446, 775 (1995).

[12] R. Mucciola, C. Paradela, G. Alaerts, S. Kopecky, C. Massimi,
A. Moens, P. Schillebeeckx, and R. Wynants, Evaluation of
resonance parameters for neutron interactions with molybde-
num, Nucl. Instrum. Methods Phys. Res. Sect. B 531, 100

(2022).

[13] H. Weigmann and H. Schmid, Neutron radiative capture in Mo,
Nucl. Phys. A 104, 513 (1967).

[14] A. d. L. Musgrove, B. Allen, J. Boldeman, and R. Macklin,
Average neutron resonance parameters and radiative capture
cross sectins for the isotopes of molybdenum, Nucl. Phys. A
270, 108 (1976).

[15] T. Wang, A. Meaze, M. Khandaker, M. Rahman, G. Kim, L.
Zhu, H. Xia, Z. Zhou, Y. Oh, H. Kang, et al., Measurement
of the total neutron cross-section and resonance parameters of
molybdenum using pulsed neutrons generated by an electron
linac, Nucl. Instrum. Methods Phys. Res. Sect. B 266, 561
(2008).

(10

—

[11

—

[16] S. Wynchank, J. Garg, W. Havens, Jr., and J. Rainwater, Neutron
resonance spectroscopy. V1. Mo, Sb, Te, and Pr, Phys. Rev. 166,
1234 (1968).

[17] G. Leinweber, D. Barry, J. Burke, N. Drindak, Y. Danon,
R. Block, N. Francis, and B. Moretti, Resonance parameters
and uncertainties derived from epithermal neutron capture and
transmission measurements of natural molybdenum, Nucl. Sci.
Eng. 164, 287 (2010).

[18] I. Dillmann, R. Plag, F. Képpeler, and T. Rauscher, KADoNiS
v0.3 — the third update of the karlsruhe astrophysical database
of nucleosynthesis in stars, EFNUDAT Workshop on Fast Neu-
trons — Scientific Workshop on Neutron Measurements, Theory
& Applications (2009), https://exp-astro.de/kadonis.

[19] Z. Y. Bao, H. Beer, F. Kippeler, F. Voss, K. Wisshak, and T.
Rauscher, Neutron cross sections for nucleosynthesis studies,
At. Data Nucl. Data Tables 76, 70 (2000).

[20] G. P. A. Nobre, R. Capote, M. T. Pigni, A. Trkov, C. M.
Mattoon, D. Neudecker, D. A. Brown, M. B. Chadwick, A. C.
Kahler, N. A. Kleedtke, M. Zerkle, A. 1. Hawari, C. W.
Chapman, N. C. Fleming, J. L. Wormald, K. Rami¢, Y. Danon,
N. A. Gibson, P. Brain, M. W. Paris, et al., ENDF/B-VIII.1: Up-
dated nuclear reaction data library for science and applications,
Nucl. Data Sheets 210, 1 (2026).

[21] Joint evaluated fission and fusion project, JEFF-4.0 evaluated
data: Neutron data, OECD Nuclear Energy Agency, 2025, https:
//data.oecd-nea.org/records/e9ajn-a3p20.

[22] O. Iwamoto, N. Iwamoto, S. Kunieda, F. Minato, S. Nakayama,
Y. Abe, K. Tsubakihara, S. Okumura, C. Ishizuka, T. Yoshida,
et al., Japanese evaluated nuclear data library version 5:
JENDL-5, J. Nucl. Sci. Technol. 60, 1 (2023).

[23] P. Schillebeeckx, B. Becker, Y. Danon, K. Guber, H. Harada, J.
Heyse, A. Junghans, S. Kopecky, C. Massimi, M. Moxon, et al.,
Determination of resonance parameters and their covariances
from neutron induced reaction cross section data, Nucl. Data
Sheets 113, 3054 (2012).

[24] N. V. Sosnin et al. (n_TOF Collaboration), Measurement of the
""Se(n, y) cross section up to 200 kev at the n_TOF facility at
CERN, Phys. Rev. C 107, 065805 (2023).

[25] C. Guerrero, A. Tsinganis, E. Berthoumieux, M. Barbagallo,
F. Belloni, F. Gunsing, C. WeiB, E. Chiaveri, M. Calviani, V.
Vlachoudis, S. Altstadt, S. Andriamonje, J. Andrzejewski, L.
Audouin, V. Bécares, F. Becvir, J. Billowes, V. Boccone, D.
Bosnar, M. Brugger, et al., Performance of the neutron time-of-
flight facility n_TOF at CERN, Eur. Phys. J. A 49, 27 (2013).

[26] R. Esposito et al. (n_TOF Collaboration), Design of the third-
generation lead-based neutron spallation target for the neutron
time-of-flight facility at CERN, Phys. Rev. Accel. Beams 24,
093001 (2021).

[27] P. Mastinu, R. Baccomi, E. Berthoumieux, D. Cano-Ott,
F. Gramegna, C. Guerrero, C. Massimi, P. M. Milazzo, F
Mingrone, J. Praena, G. Prete, and A. R. Garcia, New CgDg
detectors: Reduced neutron sensitivity and improved safety,
Report No. n_TOF-PUB-2013-002 (2013), https://cds.cern.ch/
record/1558147.

[28] S. Marrone, P. Mastinu, U. Abbondanno, R. Baccomi, E. B.
Marchi, N. Bustreo, N. Colonna, F. Gramegna, M. Loriggiola,
S. Marigo, et al., A low background neutron flux monitor for the
n_TOF facility at CERN, Nucl. Instrum. Methods Phys. Res.
Sect. A 517, 389 (2004).

[29] T. n_TOF Collaboration, High-accuracy determination of the
neutron flux at n_TOF (unpublished).

034623-14


https://doi.org/10.1086/367887
https://doi.org/10.3390/universe8070362
https://doi.org/10.1086/305437
https://doi.org/10.3847/1538-4357/ab2d27
https://doi.org/10.3847/1538-4357/ab1c60
https://doi.org/10.3847/1538-4357/ac1786
https://doi.org/10.1093/mnras/sty1185
https://doi.org/10.1051/0004-6361/202037481
https://doi.org/10.1086/175835
https://doi.org/10.1016/j.nimb.2022.09.019
https://doi.org/10.1016/0375-9474(67)90469-1
https://doi.org/10.1016/0375-9474(76)90130-5
https://doi.org/10.1016/j.nimb.2007.11.051
https://doi.org/10.1103/PhysRev.166.1234
https://doi.org/10.13182/NSE08-76
https://exp-astro.de/kadonis
https://doi.org/10.1006/adnd.2000.0838
https://doi.org/10.1016/j.nds.2026.04.001
https://data.oecd-nea.org/records/e9ajn-a3p20
https://doi.org/10.1080/00223131.2022.2141903
https://doi.org/10.1016/j.nds.2012.11.005
https://doi.org/10.1103/PhysRevC.107.065805
https://doi.org/10.1140/epja/i2013-13027-6
https://doi.org/10.1103/PhysRevAccelBeams.24.093001
https://cds.cern.ch/record/1558147
https://doi.org/10.1016/j.nima.2003.09.060

IMPROVED *Mo NEUTRON RESONANCE ...

PHYSICAL REVIEW C 114, 034623 (2026)

[30] A. D. Carlson, V. G. Pronyaev, D. L. Smith, N. M. Larson,
Z. Chen, G. M. Hale, F.-J. Hambsch, E. Gai, S.-Y. Oh, S.
Badikov, et al., International evaluation of neutron cross section
standards, Nucl. Data Sheets 110, 3215 (2009).

[31] U. Abbondanno, G. Aerts, H. Alvarez, S. Andriamonje, A.
Angelopoulos, P. Assimakopoulos, C. O. Bacri, G. Badurek,
P. Baumann, F. Becvit, et al., New experimental validation of
the pulse height weighting technique for capture cross-section
measurements, Nucl. Instrum. Methods Phys. Res. Sect. A 521,
454 (2004).

[32] A. Borella, G. Aerts, F. Gunsing, M. Moxon, P. Schillebeeckx,
and R. Wynants, The use of C¢Dg detectors for neutron in-
duced capture cross-section measurements in the resonance
region, Nucl. Instrum. Methods Phys. Res. Sect. A 577, 626
(2007).

[33] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo,
P. Arce, M. Asai, D. Axen, S. Banerjee, G. Barrand, F. Behner,
L. Bellagamba, J. Boudreau, L. Broglia, A. Brunengo, H.
Burkhardt, S. Chauvie, J. Chuma, R. Chytracek, G. Cooperman,
et al., Geant4—a simulation toolkit, Nucl. Instrum. Methods
Phys. Res. Sect. A 506, 250 (2003).

[34] M. Mastromarco, A. Manna, O. Aberle, J. Andrzejewski, L.
Audouin, M. Bacak, J. Balibrea, M. Barbagallo, F. Becvir,
et al., Cross section measurements of '>>3’Gd(n,y) induced
by thermal and epithermal neutrons, Eur. Phys. J. A 55, 9
(2019).

[35] F. Bec¢vér, Simulation of y cascades in complex nuclei with
emphasis on assessment of uncertainties of cascade-related
quantities, Nucl. Instrum. Methods Phys. Res. Sect. A 417, 434
(1998).

[36] https://www.mitutoyo.co.jp/eng/.

[37] R. Mucciola, Neutron capture and total cross section mea-
surements of *+%*Mo at n_TOF and GELINA, Ph.D. thesis,
University of Perugia, Italy, 2023.

[38] W. Mondelaers and P. Schillebeeckx, GELINA, a neu-
tron time-of-flight facility for neutron data measurements,
Research Infrastructures 11 2, 19 (2006).

[39] D. Tronc, J. Salomé, and K. Bockhoff, A new pulse
compression system for intense relativistic electron beams,
Nucl. Instrum. Methods Phys. Res. Sect. A 228, 217
(1985).

[40] C. Paradela Dobarro, J. Drohe, J. Heyse, S. Kopecky, S.
Moscati, L. Salamon, P. Schillebeeckx, D. Vendelbo, and R.
Wynants, Electronic setup for time-of-flight cross section mea-
surements at GELINA, Publications Office of the European
Union (2021).

[41] B. Becker, C. Bastian, F. Emiliani, F. Gunsing, J. Heyse, K.
Kauwenberghs, S. Kopecky, C. Lampoudis, C. Massimi, N.
Otuka, P. Schillebeeckx, and I. Sirakov, Data reduction and
uncertainty propagation of time-of-flight spectra with AGS,
J. Instrum. 7, P11002 (2012).

[42] 1. Sirakov, B. Becker, R. Capote, E. Dupont, S. Kopecky,
C. Massimi, and P. Schillebeeckx, Results of total cross sec-
tion measurements for '’ Au in the neutron energy region
from 4 to 108 keV at GELINA, Eur. Phys. J. A 49, 144
(2013).

[43] H. Derrien, L. C. Leal, N. M. Larson, and A. Courcelle, Neutron
resonance parameters of 233U and the calculated cross sections
from the Reich-Moore analysis of experimental data in the neu-
tron energy range from 0 keV to 20 keV, ORNL/TM-2005/241
(2005).

[44] N. M. Larson, Updated user’s guide for Sammy: Multilevel
R-matrix fits to neutron data using Bayes’ equations, Technical
Report No. ORNL/TM-9179/R8, Oak Ridge National Labora-
tory (2008).

[45] S. A. Sheets, U. Agvaanluvsan, J. A. Becker, F. Becvar, T. A.
Bredeweg, R. C. Haight, M. Krticka, M. Jandel, G. E. Mitchell,
J. M. O’Donnell, W. E. Parker, R. Reifarth, R. S. Rundberg,
E. I. Sharapov, 1. Tomandl, J. L. Ullmann, D. J. Vieira, J. M.
Wouters, J. B. Wilhelmy, and C. Y. Wu, Spin and parity
assignments for ****Mo neutron resonances, Phys. Rev. C 76,
064317 (2007).

[46] S. Mughabghab, Recommended thermal cross sections, reso-
nance properties, and resonance parameters for z = 1-60, in
Atlas of Neutron Resonances, 6th ed. (Elsevier, Amsterdam,
2018), pp. 89-822.

[47] R. Capote, M. Herman, P. Oblozinsky, P. Young, S. Goriely,
T. Belgya, A. Ignatyuk, A. Koning, S. Hilaire, V. Plujko, M.
Avrigeanu, O. Bersillon, M. Chadwick, T. Fukahori, Z. Ge, Y.
Han, S. Kailas, J. Kopecky, V. Maslov, G. Reffo, et al., Ripl
— reference input parameter library for calculation of nuclear
reactions and nuclear data evaluations, Nucl. Data Sheets 110,
3107 (2009).

[48] F. J. Dyson and M. L. Mehta, Statistical theory of the energy
levels of complex systems. IV, J. Math. Phys. 4, 701 (1963).

[49] 1. Knapovd, S. Valenta, B. Baramsai, T. A. Bredeweg, A.
Couture, C. Fry, M. Jandel, J. Kroll, M. Krticka, G. E. Mitchell,
J. M. O’Donnell, C. J. Prokop, G. Rusev, and J. L. Ullmann,
Spin assignment and statistical properties of neutron resonances
from '"*"'%Dy(n, y) and '’Er(n, y) measured at the DANCE
facility, Phys. Rev. C 106, 034607 (2022).

[50] C. Lederer-Woods, U. Battino, P. Ferreira, A. Gawlik, C.
Guerrero, F. Gunsing, S. Heinitz, J. Lerendegui-Marco, A.
Mengoni, R. Reifarth, A. Tattersall, S. Valenta, C. Weiss, O.
Aberle, J. Andrzejewski, L. Audouin, V. Bécares, M. Bacak,
J. Balibrea, M. Barbagallo, er al., Measurement of 73Ge(n,y)
cross sections and implications for stellar nucleosynthesis,
Phys. Lett. B 790, 458 (2019).

[51] F. Mingrone et al. (n_TOF Collaboration), Neutron capture
cross section measurement of 233U at the CERN n_TOF facility
in the energy region from 1 eV to 700 keV, Phys. Rev. C 95,
034604 (2017).

[52] T. von Egidy and D. Bucurescu, Systematics of nuclear level
density parameters, Phys. Rev. C 72, 044311 (2005); 73,
049901(E) (2006).

[53] A. Koning, A. Hilaire, and S. Goriely, TALYS: Modeling of
nuclear reactions, Eur. Phys. J. A 59, 131 (2023).

[54] M. Busso, R. Gallino, and G. J. Wasserburg, Nucleosynthe-
sis in asymptotic giant branch stars: Relevance for galactic
enrichment and solar system formation, Annu. Rev. Astron.
Astrophys. 37, 239 (1999).

[55] S. Cristallo, O. Straniero, R. Gallino, L. Piersanti, I
Dominguez, and M. T. Lederer, Evolution, nucleosynthesis, and
yields of low-mass asymptotic giant branch stars at different
metallicities, Astrophys. J. 696, 797 (2009).

[56] D. Vescovi, S. Cristallo, M. Busso, and N. Liu, Magnetic-
buoyancy-induced mixing in AGB stars: Presolar SiC grains,
Astrophys. J. Lett. 897, L25 (2020).

[57] D. Vescovi, S. Cristallo, S. Palmerini, C. Abia, and M. Busso,
Magnetic-buoyancy-induced mixing in AGB stars: Fluorine nu-
cleosynthesis at different metallicities, Astron. Astrophys. 652,
A100 (2021).

034623-15


https://doi.org/10.1016/j.nds.2009.11.001
https://doi.org/10.1016/j.nima.2003.09.066
https://doi.org/10.1016/j.nima.2007.03.034
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epja/i2019-12692-7
https://doi.org/10.1016/S0168-9002(98)00787-6
https://www.mitutoyo.co.jp/eng/
https://publications.jrc.ec.europa.eu/repository/handle/JRC35644
https://doi.org/10.1016/0168-9002(85)90263-3
https://doi.org/10.2760/477469
https://doi.org/10.1088/1748-0221/7/11/P11002
https://doi.org/10.1140/epja/i2013-13144-2
https://doi.org/10.1103/PhysRevC.76.064317
https://doi.org/10.1016/j.nds.2009.10.004
https://doi.org/10.1063/1.1704008
https://doi.org/10.1103/PhysRevC.106.034607
https://doi.org/10.1016/j.physletb.2019.01.045
https://doi.org/10.1103/PhysRevC.95.034604
https://doi.org/10.1103/PhysRevC.72.044311
https://doi.org/10.1103/PhysRevC.73.049901
https://doi.org/10.1140/epja/s10050-023-01034-3
https://doi.org/10.1146/annurev.astro.37.1.239
https://doi.org/10.1088/0004-637X/696/1/797
https://doi.org/10.3847/2041-8213/ab9fa1
https://doi.org/10.1051/0004-6361/202141173

R. MUCCIOLA et al.

PHYSICAL REVIEW C 114, 034623 (2026)

[58] M. Arnould and S. Goriely, The p-process of stellar nucleosyn-
thesis: Astrophysics and nuclear physics status, Phys. Rep. 384,
1 (2003).

[59] M. Lugaro, A. M. Davis, R. Gallino, M. J. Pellin, O. Straniero,
and F. Képpeler, Isotopic compositions of strontium, zirco-
nium, molybdenum, and barium in single presolar SiC grains
and asymptotic giant branch stars, Astrophys. J. 593, 486
(2003).

[60] B. Szanyi, A. Yagiie Lopez, A. 1. Karakas, and M. Lugaro,
Impact of T- and p-dependent decay rates and new (n,y) cross
sections on the s process in low-mass asymptotic giant branch
stars, Astron. Astrophys. 697, A48 (2025).

[61] J. Balibrea-Correa et al. (n_TOF Collaboration), First
%Nb(n, y) measurement: Constraining the nucleosynthetic ori-
gin of **Mo in presolar grains, Phys. Rev. Lett. 137, 082701
(2026).

034623-16


https://doi.org/10.1016/S0370-1573(03)00242-4
https://doi.org/10.1086/376442
https://doi.org/10.1051/0004-6361/202453089
https://doi.org/10.1103/538w-rhqb

