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We provide the first experimental cross section of the 73Asðp; γÞ74Se reaction to constrain one of the
main destruction mechanisms of the p nucleus 74Se in explosive stellar environments. The measurement
was done using a radioactive 73As beam at effective center-of-mass energies of 2.9 and 2.3 MeV=nucleon.
Along with the total cross-section measurement, statistical properties of the 74Se compound nucleus were
extracted, constraining the reaction cross section in the upper Gamow window of the γ process. The impact
of the experimentally constrained reaction rate on 74Se production in Type II supernovae was investigated
through Monte Carlo one-zone network simulations. The results indicate that the overproduction of 74Se by
Type II supernova models cannot be resolved by nuclear physics alone and point toward the need for a more
detailed understanding of the astrophysical conditions of relevance for the γ process.
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Beyond iron, there is a group of rare, stable, neutron-
deficient isotopes between 74Se and 196Hg known as the p
nuclei. Even though they constitute only a small fraction of
the heavy nuclear species, understanding their production
mechanism has been a fundamental question in nuclear
astrophysics since the field’s inception [1] and remains a
focus of research today [2–4]. The most widely accepted
scenario for the formation of p nuclei is the γ process,
which involves the disintegration of preexisting neutron-
rich heavy seed material through a series of photon-induced
reactions [5–7]. This process is thought to occur in the ONe
layers of Type II core collapse supernovae (CCSN) [8,9]
and in thermonuclear Type Ia supernovae [2,10,11]. In such
environments, high temperatures of T ∼ 2–3.5 GK guide
the nuclear flux through consecutive ðγ; nÞ reactions toward
unstable, proton-rich species, followed by a combination of
ðγ; pÞ or ðγ; αÞ reactions. After the explosion, the produced
radioactive isotopes decay back to stability via βþ=electron
capture decays, reaching the elusive p nuclei. As p-nuclei
abundances cannot be derived from stellar spectra, our
knowledge of their isotopic distribution in the Solar System
comes primarily from primitive meteorites, which preserve
a near-solar composition for many heavy elements, serving
as the main benchmark in testing γ-process models [6,7].
Modeling the γ process requires a complex network of

thousands of nuclear reactions, most of which involve
radioactive nuclei. Due to the scarcity of experimental
cross sections, reaction rates are typically determined
from Hauser-Feshbach statistical model calculations [12].
However, those predictions become increasingly uncertain
for reactions involving nuclei further from stability [6,13].
While several indirect approaches can help constrain these
rates, direct measurements remain the most reliable since
they best resemble the stellar environment where the
reactions occur. It is therefore essential to perform direct
measurements to reduce these uncertainties and improve
the accuracy of theoretical models. Despite extensive
experimental efforts over the past decades to measure cross
sections relevant to the γ process on stable nuclei [14–23],
until today there has been only one measurement involving
a radioactive beam within the Gamow window [24]
(∼1.3–4.0 MeV in the center-of-mass system [25]) and
two at energies higher than those relevant for the γ process
[26,27]. The combination of small cross sections and
low radioactive beam intensities makes such measurements
particularly challenging, and therefore, they remain an active
pursuit at many radioactive beam facilities. In this Letter, we
present the first measurement of the 73Asðp; γÞ74Se cross
section within the γ-process Gamow window using a radio-
active 73As beam and investigate its impact on the production
of the lightest p nucleus, 74Se.
While CCSN models [28–31] show variations in the

production of the p nuclei, 74Se is often found to be
overproduced compared to solar abundances [32]. To explore
whether this overproduction arises from reaction-rate

uncertainties, the production and destruction mechanisms
of 74Se have been a topic of study for more than a decade.
Specifically, the 74Seðp; γÞ75Br [33–36], 70Geðα; γÞ74Se [37],
and 74Seðn; γÞ75Se [38] reactions have been measured
directly. The last unmeasured reaction that significantly
affects the final 74Se abundance is the 74Seðγ; pÞ73As, which
has been identified as a key reaction to destroy 74Se [39].
As matter in the stellar plasma is thermally excited, it is

often advantageous to experimentally measure the radiative
capture reactions of positive Q value, in this case the
73Asðp; γÞ74Se reaction, to reduce the stellar enhancement
effect [40]. The rate of their photon-induced counterparts
can then be inferred through the detailed balance theorem
[25]. In CCSN models [28–30], 74Se is found to be mostly
produced near the upper end of the γ-process temperature
range, around 3 GK. The corresponding Gamow window
for the 73Asðp; γÞ74Se reaction is between 1.7 and
3.5 MeV [25].
In this energy region, the theoretically predicted cross-

section uncertainty arises primarily from uncertainties in
the statistical properties of the 74Se compound nucleus,
namely, the nuclear level density (NLD) and γ-strength
function (γSF). This uncertainty can be quantified with
open source statistical modeling codes such as TALYS [41].
For this particular reaction, the uncertainty calculated using
default NLD and γSF model parameters available within
TALYS varies by a factor of ≈6. However, it has been seen
that, particularly for unstable isotopes, this approach may
underestimate the theoretical uncertainty [42,43]. In this
Letter, we provide the first cross-section measurement of
the 73Asðp; γÞ74Se reaction within the Gamow window, as
well as constraints in the statistical properties of 74Se,
significantly reducing the uncertainty of the final produc-
tion of 74Se in CCSN.
The experiment took place at the Facility for Rare

Isotope Beams, Michigan State University. A radioactive
73As beam was produced from a source sample evaporated
in the batch-mode ion source [44,45]. The beam was charge
bred to the 23þ charge state, accelerated to 3.1 and
3.7 MeV=nucleon in the ReA reaccelerator facility [46],
and delivered onto a hydrogen gas-cell target in the
experimental end station. The γ rays produced by the
reaction were detected using the Summing NaI(Tl) (SuN)
detector [47] and were analyzed using the γ-summing
technique [48]. A detailed description of the experimental
setup and analysis technique can be found in Refs. [49,50]
from the proof-of-principle experiment, and the main
components are briefly summarized here.
The target was a 4-cm-long gas cell made of plastic

positioned at the center of the SuN detector. It had a 2-μm-
thick molybdenum (Mo) entrance window, a 5-μm-thick
exit window, and was filled with hydrogen gas at a pressure
of ≃600 Torr. The interior and the front surfaces of the cell
were lined with tantalum to minimize beam interaction with
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the plastic and to reduce background. Surrounding the
target was the barrel-shaped SuN detector [47]. SuN is
divided into eight optically isolated segments and can
provide three main types of spectra: total absorption spectra
(TAS), sum of segments (SoS), and multiplicity. TAS
corresponds to the full energy deposited in the detector,
SoS corresponds to the sum of the energy spectra recorded
by each segment, and multiplicity indicates how many
segments recorded energy in each event [48].
Proton capture on the 73As beam forms a 74Se compound

nucleus at an excited state EX ¼ Qþ ECM, where Q ¼
8.549ð4Þ MeV [51] and ECM is the total kinetic energy in
the center-of-mass system. Adding all γ rays originating
from a single cascade forms the so-called “sum peak” in the
TAS spectrum with energy equal to EX. The integral of the
sum peak corresponds to the number of reactions detected,
which represents the ratio of the number of reactions taking
place and the number of projectiles impinging on the target,
namely, the experimental yield, Y [47].
The sum peak had background contributions from two

main sources: cosmic-ray background and beam-induced
background. For the former, the Scintillating Cosmic Ray
Eliminating ENsemble (SuNSCREEN), an array of nine
plastic scintillator bars arranged in a roof-like configuration
above SuN, was utilized as a veto detector [52]. Events
recorded by SuN in coincidence with SuNSCREEN were
rejected, reducing our cosmic-ray background by approx-
imately a factor of 3. Any remaining cosmic-ray back-
ground contributions were removed by utilizing the
pulsed structure of the beam. The beam was delivered in
80-μs-long pulses every 200 ms, and data were recorded
continuously with two time gates: one for the beam-on
intervals and another for the background data between
pulses, which were normalized to the length of the time
gates and subtracted. The beam-induced background origi-
nated mainly from fusion evaporation reactions of the beam
with the molybdenum entrance foil. To account for this
background, data were collected both with the cell filled
with hydrogen gas and with it empty. After the cosmic-ray
background subtraction, the empty-cell data were normal-
ized on the high energies of the spectra (between 13 and
18 MeV), where no contributions are expected from the
reaction of interest, and then subtracted from the filled-cell
data. Finally, Doppler corrections were applied on a seg-
ment-by-segment basis, as described in Refs. [49,50,53].
The final sum peak, along with the filled-cell and scaled
empty-cell data for the beam energy of 3.7 MeV=nucleon,
is shown in Fig. 1.
In addition to Doppler broadening, the sum peak broad-

ens due to energy straggling of the beam as it passes
through the cell’s entrance foil, resulting in the broadened
structure shown in Fig. 1. This straggling introduces a
distribution of excitation energies EX, which must be
considered when calculating the detection efficiency, ϵ.
Furthermore, the SuN detector’s efficiency depends on the

multiplicity and energy of individual γ rays of each cascade
[47]. To address these considerations in the efficiency
calculation, the γ-ray deexcitation of each EX contributing
in the sum peak was simulated using the RAINIER code [54]
and modeled to the detector’s response function using
GEANT4 [55]. Further details on this process can be found
in Refs. [49,50]. To avoid considering only s-wave proton
capture, the spin and parity distribution of the simulated entry
states in RAINIER was obtained from TALYS 1.96 [41]. The
simulated TAS, SoS, andmultiplicity spectrawere fit using a
χ2 minimization code [56] to extract each EX’s contribution
to the experimental spectra. The ratio of the experimental
yield Y to the detector efficiency ϵ was calculated as a linear
combination of integrals of the simulated sum peaks,
weighted by each energy’s contribution.
The uncertainty associated with the ratio Y=ϵwas largely

dominated by the statistical uncertainty of the background
subtraction. For the measurement with beam energy of
3.7 MeV=nucleon, the statistical uncertainty was ∼18%.
Unfortunately, the second measurement, with beam energy
of 3.1 MeV=nucleon, suffered from very low statistics, and
the associated uncertainty was ∼72%. Smaller contribu-
tions to the uncertainty included a ∼6% uncertainty
introduced from the normalization method of the empty-
cell data as well as a ∼13% uncertainty from the different
statistical model inputs used in RAINIER. The overall
uncertainties for Y=ϵ were ∼24% and ∼74% for the 3.7
and 3.1 MeV=nucleon beam energies, respectively. The
efficiency in detecting γ rays from the deexcitation of the
74Se compound nucleus was found to be 48(7)%. More
details can be found in Ref. [57].
The target areal density was calculated from the average

gas cell pressure recorded during each measurement and

FIG. 1. Doppler-corrected TAS spectra showing the background
subtraction for the sum peak for the 73Asðp; γÞ74Se reaction at
beam energy of 3.7 MeV=nucleon. The black histogram corre-
sponds to the gas cell filled with hydrogen gas, the orange
histogram corresponds to the empty gas cell scaled, and the blue
histogram is the fully subtracted sumpeakwith the band indicating
the statistical uncertainty of the background subtraction.
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the gas cell’s dimension, with an associated uncertainty of
∼5%. The number of projectiles was calculated based on
frequent current measurements on a Faraday cup directly
upstream of the SuN detector, accounting for the beam
charge state of 23þ, which introduced an ∼8% uncertainty
to the total incident particles, Nb.
To account for the thickness of the hydrogen gas target,

an effective center-of-mass energy, Eeff , was calculated as
described in Ref. [58]. This energy corresponds to the point
within the target where half of the reaction yield is
produced. For nonresonant reactions, a linear decrease in
cross section can be assumed across the volume of the
target, where the beam loses approximately 250 keV, as
calculated using SRIM [59]. The slope of the decreasing
cross section along this energy range was obtained from
statistical model calculations [60]. The thickness of the
entrance Mo foil was measured using Rutherford back-
scattering spectrometry at Hope College and was deter-
mined to be 1.93ð12Þ mg=cm2, introducing an uncertainty
of ∼40 keV=nucleon in the beam energy. Additional
uncertainty associated with Eeff includes the energy strag-
gling of the beam as it traverses through the Mo foil (∼2%)
and the hydrogen gas (∼1%) and the uncertainty of the
beam energy delivered in ReA (∼1%). The uneven energy

straggling distribution from SRIM led to asymmetric uncer-
tainty in the effective energy.
The cross sections derived from experimental data

(Table I) are shown in Fig. 2 compared with standard
statistical model calculations using the NON-SMOKER [60]
and TALYS 1.96 [41] codes. The color coding of the TALYS

calculations is discussed in the next paragraphs. The
calculated cross sections are in agreement within uncer-
tainty of the NON-SMOKER cross section, but the central
value is higher than the predictions by ∼18% and ∼24% for
the higher and lower energies, respectively. The large
statistical uncertainty of the lower energy data point vastly
exceeds the spread of the TALYS predictions, and therefore,
this data point is excluded for the remainder of this
analysis. The higher-energy data point provides a strong
constraint on the cross section and is used to constrain the
statistical properties of the 74Se compound nucleus.
The choice of the NLD and γSF models in RAINIER

significantly affects the shape of the simulated spectra,
especially the SoS spectrum. Therefore, the ability of the
NLD and γSF model combinations to describe the simu-
lated compound nucleus is reflected in the χ2 from the fit of
the TAS, SoS, and multiplicity spectra. In Ref. [49], this
allowed for the identification of suitable parameter combi-
nations for the analytical descriptions of the NLD and γSF.
In this Letter, this methodology was expanded to character-
ize all possible NLD and γSF model combinations available
in TALYS.
Within TALYS 1.96 there are six NLD [61–67], nine E1

[68–76], and three M1 [77] γSF models available, as well as
the ability to include a low-energy enhancement (upbend)
in the M1 strength function [78–80]. The resulting 324
available NLD and γSF model combinations were used as
input in RAINIER, simulated in GEANT4, and fit to the
experimental TAS, SoS, and multiplicity spectra as
described above. The ability of each model combination
to reproduce the experimental spectra was reflected in a
“score” calculated based on the χ2 of each model, as
exp ð−χ2=2NbinsÞ, where a higher score corresponds to a
better description of the data. The normalization of the χ2 to
the number of data points (bins) in the respective spectrum,
Nbins, was chosen such that each type of spectrum con-
tributed equally to the overall score independently of how
many bins it contained, an approach that has been adopted

FIG. 2. The measured cross section of the 73Asðp; γÞ74Se
reaction (black dots) compared with standard NON-SMOKER

theoretical calculations [60], represented by a red dashed line,
and default TALYS 1.96 calculations [41], depicted in blue lines. The
color coding of the TALYS calculations reflects the ability of each
model combination to simultaneously describe the experimental
spectra and the calculated cross section. More details in text.

TABLE I. Measured cross section of the 73Asðp; γÞ74Se reaction. The first column represents the initial beam
energy in the laboratory system, and the second column the center-of-mass effective energy of the reaction. The third
column shows the total number of incident particles, the fourth column the total number of reactions that occurred
Y=ϵ, and the last shows the measured cross section.

Initial beam
energy (MeV=nucleon)

Effective energy
Eeff (MeV)

Total incident
particles Nb

Total number of
reactions Y=ϵ

Cross section
σ (mb)

3.7 2.95þ0.05
−0.06 ð2.51� 0.21Þ × 1010 6193� 1480 3.11� 0.80

3.1 2.35� 0.05 ð1.67� 0.14Þ × 109 152þ112
−95 1.15þ0.86

−0.73
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before in the calibration of nuclear models with contribu-
tions from multiple data types [81–83]. As an example, the
comparison between the experimental and simulated spec-
tra for the SoS is shown in Fig. 3. The simulated spectra,
color coded based on their scores, correspond to default
TALYS model combinations. Further investigation of the
individual parameters of each model was beyond the scope
of this Letter, as this methodology is sensitive only to the
product of NLD and γSF and not the individual absolute
values.
Aside from their ability to reproduce the experimental

spectra, the model combinations were also scored based on
their proximity to the obtained cross section, accounting for
the uncertainty in cross section and energy. The cross-
section uncertainty was assumed to be Gaussian, whereas
the energy uncertainty distribution was assumed to follow
the energy straggling distribution from SRIM. More details
on this calculation can be found in Ref. [57]. Two proton
optical model potentials were considered, namely the
default TALYS parametrization by Koning and Delaroche
[84] as well as the description introduced by Jeukenne et al.
[85,86] used by the NON-SMOKER code.The overall ability of
each of the resulting 648 model combinations to simulta-
neously describe the experimental TAS, SoS, and multi-
plicity spectra along with the cross section was calculated
from the product of all four scores and is reflected in the
color of each TALYS calculation in Fig. 2.
To investigate the impact of this measurement on the

production of 74Se in CCSN, Monte Carlo one-zone
simulations were performed using the NuGrid code PPN

[87,88] in a similar manner as in Ref. [89]. The CCSN
model was adapted from Ref. [30] for a 20M⊙ progenitor,
although it should be noted that a similar impact is expected
for any CCSN model reaching comparable peak

temperatures during the shock wave propagation. In the
20M⊙ model by Ref. [30], the maximum production of 74Se
occurs in the inner ONe layer, at mass coordinate
M ¼ 2.93M⊙. Here, the temperature trajectory exhibited
a plateau at peak temperature T ¼ 3.08 GK.
The TALYS cross sections were converted to reaction

rates, and for the peak temperature of T ¼ 3.08 GK, each
reaction rate was weighted based on the total score of the
corresponding model, an approach akin to Bayesian model
averaging [90–92]. From the resulting reaction rate dis-
tribution, 10 000 rates were randomly sampled in a
Monte Carlo (MC) method, and in each realization of
the PPN code, the rate of the 73Asðp; γÞ74Se reaction [and its
inverse, 74Seðγ; pÞ73As] was adjusted accordingly. The
produced 74Se mass fraction as a function of time is shown
in Fig. 4. The blue band corresponds to the 95th percentile
of the MC sampled rates with the median prediction shown
in a darker blue line. The red dashed line corresponds to the
mass fraction produced using the JINA-REACLIB rate [93]
that adopts the NON-SMOKER cross section, and the orange
dotted lines are the mass fractions obtained with the
minimum and maximum rates obtained from TALYS 1.96.
As mentioned previously, the experimentally measured

73Asðp; γÞ74Se cross section used in the current simulations
is ∼18% higher than that of NON-SMOKER, which is
adopted by the JINA-REACLIB database. That being said,
the two rates are still consistent within experimental
uncertainty, as shown in Fig. 2. Consequently, although
a slightly lower mean 74Se production is suggested here,
the expected final 74Se abundance from CCSN models

FIG. 3. The χ2 minimization fits of the SoS spectrum for the
73Asðp; γÞ74Se reaction at a beam energy of 3.7 MeV=nucleon.
The black line represents the experimental spectrum, and
the various blue lines correspond to the simulated spectra for
the combinations of the NLD and γSF models from TALYS 1.96.
The varying shades of blue in each line reflect different scores,
where darker tones represent a better description of the exper-
imental spectrum.

FIG. 4. Final 74Se mass fraction produced during a 20M⊙
CCSN as a function of time calculated using NuGrid PPN

one-zone simulations [87,88] (see text for details). The blue
band corresponds to the 95th percentile of the MC sampled
73Asðp; γÞ74Se reaction rates with the median prediction shown in
a darker blue line. The red dashed line corresponds to the default
JINA-REACLIB reaction rate [93] and the orange dotted lines to
the minimum and maximum reaction rates from TALYS 1.96. The
inset shows the final 74Se mass fraction distribution obtained in
the MC simulations relative to JINA-REACLIB.
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remains in good agreement with previous predictions using
the JINA-REACLIB rate. Importantly, the presently
reported abundance deviation is not enough to suggest that
the observed overproduction of 74Se in models of CCSN is
driven by uncertainties in the 73Asðp; γÞ74Se reaction rate.
Nevertheless, comparing the full width at half maximum of
the distribution of final 74Se mass fractions to the corre-
sponding TALYS uncertainty shows that the measurement
reduces the uncertainty due to this reaction rate by approx-
imately a factor of 2, providing a more constrained and
reliable input for future sensitivity studies. In conclusion, this
Letter strongly constrains the most significant nuclear
physics uncertainty related to the synthesis of 74Se and
indicates that the overproduction of 74Se points toward the
need for a more detailed understanding of the γ-process
conditions such as a different seed distribution, density,
temperature, or even a contribution from another process.
In summary, this Letter presents the first measurement of

the 73Asðp; γÞ74Se reaction cross section using a radioactive
73As beam and only the second radioactive beam experiment
of a γ-process reaction within the Gamow window. The
measured cross section was higher than the theoretical
prediction from NON-SMOKER, but still in agreement within
experimental uncertainty. The cross-section data, alongwith
TAS, SoS, and multiplicity spectra, were used to character-
ize various nuclear level density and γ-ray strength function
models from TALYS, allowing for the extraction of an
experimentally constrained cross section across the entire
Gamow window of the γ process. This characterization
enabled the determination of an experimentally constrained
reaction rate, which was used in Monte Carlo one-zone
network simulations of the γ process in Type II supernovae.
The uncertainty in the final 74Se mass fraction from the
73Asðp; γÞ74Se reaction is reduced by a factor of two. This
Letter resolves the remaining nuclear physics uncertainties
affecting the production of 74Se and indicates that changes in
astrophysical models of the γ process are required to explain
the solar p-nuclei abundances.
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