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Photodisintegration reaction rates involving charged particles are relevant to the p-process nucleosynthesis that
aims at explaining the production of stable neutron-deficient nuclides heavier than iron. In this study, considering
the compound and pre-equilibrium reaction mechanisms, the cross sections and astrophysical rates of (y, p)
and (y, @) reactions for about 3000 target nuclei with 10 < Z < 100 ranging from stable to proton dripline
nuclei are computed. To study the sensitivity of the calculations to the optical model potentials (OMPs), both
the phenomenological Woods-Saxon and the microscopic folding OMPs are taken into account. The systematic
comparisons show that the reaction rates, especially for the (y, «) reaction, are dramatically influenced by the
OMPs. Thus, better determination of the OMP is crucial to reduce the uncertainties of the photodisintegration
reaction rates involving charged particles. Meanwhile, a y-beam facility at Extreme Light Infrastructure—
Nuclear Physics (ELI-NP) is being developed which will open new opportunities to experimentally study the
photodisintegration reactions of astrophysical interest. Considering both the important reactions identified by the
nucleosynthesis studies and the purpose of complementing the experimental results for the reactions involving p
nuclei, the measurements of six (y, p) and eight (y, @) reactions based on the y-beam facility and the Extreme
Light Infrastructure Silicon Strip Array (ELISSA) for the detection of charged particles at ELI-NP are proposed.
Furthermore, the GEANT4 simulations on these (y, p) and (y, «) reactions are performed using the calculated
cross sections and the features of the y-beam facility and the ELISSA detector at ELI-NP. Simultaneously
satisfying the minimum detectable limit of the experimental yield and the particle identification of protons and
« particles, the minimum required energies of the y beam to measure the six (y, p) and eight (y, ) reactions
are estimated. It is shown that the direct measurements of these photonuclear reactions based on the y-beam
facility at ELI-NP within the Gamow windows at the typical temperature of 7y = 2.5 for the p-process are fairly
feasible and promising. We believe that this pivotal work will guide the future photodisintegration experiments
at ELI-NP. Furthermore, the expected experimental results will be used to constrain the OMPs of the charged
particles, which can eventually reduce the uncertainties of the reaction rates for the p-process nucleosynthesis.
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I. INTRODUCTION

In massive star evolution and stellar explosive site, the
astrophysical p-process [1-12] is an important method of
nucleosynthesis to produce the stable and proton-rich nu-
clei beyond iron which cannot be reached by the s- and
r-processes. The common picture is that the p-nuclei are
synthesized by photodisintegration of the pre-existing s- and
r-processes nuclei via the (y, n), (y, p), and (y, o) reactions.
The dominant nuclear flows of the p-process go towards the
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neutron-deficient region through the (y, n) reactions. Along
the isotopic paths, the proton separation energies become
progressively smaller, while the corresponding energies for
the neutrons go up. As a result, the flows to more neutron-
deficient isotopes are hindered, and sometimes are deflected
by the (y, p) and (y, o) reactions. The typical temperature of
the p-process is between To = 1.5 (Ty is the temperature in
units of 10° K) and Ty = 3.5.

For the complete determination of p-process, accurate
knowledge of the capture and photodisintegration reaction
rates for about 3000 stable and proton-rich nuclei is necessary.
Although significant efforts have been made to study the
reactions involved in the p-process, available experimental
information, especially for the unstable and exotic nuclei, are
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still limited [13-17]. To evaluate the reaction rates for which
the experimental data are not available yet, state-of-the-art
nuclear reaction models with the nuclear structure knowledge
deduced by the microscopic models should be taken into ac-
count [18-20]. However, the theoretical estimates, for exam-
ple, within the framework of the Hauser-Feshbach statistical
model, remain uncertain due to the lack of complete nuclear
structure knowledge, such as the nuclear potential of the «
particle at the energy region far below the Coulomb barrier
[21-23]. On the other hand, research opportunities on the
measurements of the photonuclear reactions [24] including
the (y, p) and (y, ) channels at the energy range of astro-
physics interest, based on the new developed y-beam facility
at Extreme Light Infrastructure—Nuclear Physics (ELI-NP),
are quite promising and are expected to bring new experimen-
tal constraints on the p-process nucleosynthesis [25].

In the present study, the reaction mechanism and reaction
model, as well as the OMPs for protons and « particles used
for the calculations, are briefly described in Sec. II. The sys-
tematic computations of the cross sections and astrophysical
rates for the (y, p) and (y, «) reactions on about 3000 target
nuclei are performed, and the results are presented in Sec. III,
in which the measurements of the important (y, p) and (y, «)
reactions for the p-process nucleosynthesis are proposed as
well. The realistic GEANT4 simulation for the measurements of
these important reactions at the energy range of astrophysics
interest based on the y-beam facility at ELI-NP is conducted,
and correspondingly the explicit results are given in Sec. IV.
A summary is presented in Sec. V.

II. THEORY
A. Reaction mechanism and model

The compound nucleus contribution (CNC) is usually
dominant in the reaction in the energy range of astrophysics
interest, which is well described by the Hauser-Feshbach
model [26]. This model relies on the fundamental Bohr hy-
pothesis that the reaction occurs by means of the intermediary
formation of a compound nucleus that can reach a state of
thermodynamic equilibrium. The formation of a compound
nucleus occurs if the nuclear level density (NLD) in the
compound nucleus, at the excitation energy corresponding to
the projectile incident energy, is sufficiently high [27-29].

Provided the reaction A +y = B + b (b = proton or o
particle) represents the photon excitation on the nucleus A
resulting in the residual nucleus B with an emitted proton or
«a particle, the corresponding binary cross section of the CNC
can be written as

O_CNC(E) —

A B
ZZUEYN—EV—>B‘+h(E)' (1)

x=0 x=0

The summations Y 7 and Y"”_, where the energy level
scheme is represented by the xth excited states (x = 0 refers
to the ground state), take over all the possible states (ground
and excitation states) of the target A and the residual nucleus
B. Each state is characterized by its spin S, parity 7}, and
excitation energy E7 for the target A (and similarly for the
residual nucleus B).

. . CNC .
The expression of the cross section 0%, gy, (E) is

given by (e.g., Refs. [19,30])
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where E,, is the incident energy of y, k is the wave number of
the relative motion, /,,,x is the maximum value of the relative
orbital momentum, J and IT are the total angular momentum
and the parity of the compound nucleus, Sa- is the spin of
the target A¥, S, is the spin of photon, A is the multipolarity
of photon (total angular momentum), /; is the relative orbital
momentum of the target A* and photon, Sp: is the spin of
the residual nucleus B*, S}, is the spin of the emitted particle
(proton or « particle here), Jj, is the total angular momentum
of the emitted particle, /7 is the relative orbital momentum
of the residual nucleus B* and the emitted particle, Ej is the
energy of the emitted particle, C,, is the channel label of the
initial system (A* + y) designated by C, = (v, Sy, E,, Eax,
Sax, wax), Cp is the channel label of the final system (B~ + b)
designated by Cp = (b, Sp, Ep, Ep~, Spx, mps), (Sgy =1if
a7, (—1)"=I1 and 0 otherwise, 87, = 1 if wgem, (=) =
IT and O otherwise, m, is the parity of the photon, 7} is the
parity of the emitted particle, T is the transmission coefficient,
> cij 8Z(TCJZ]‘(EC)) is the sum of the transmission coefficient
T for all of the possible decay channels C of the compound
nucleus, and W is the width fluctuation correction factor for
which different approximate expressions are described and
discussed in Ref. [31]. In particular, the transmission coef-
ficient for the particle emission is determined by the optical
potentials between the two interacting particles, while the
photon transmission coefficient relies on the y-ray strength
function.

The pre-equilibrium contribution (PEC) may become sig-
nificant for the increasing energy or for the involved nuclei
of which the compound nucleus does not have time to reach
the thermodynamic equilibrium. The pre-equilibrium process
can occur after the first stage of the reaction but long before
the statistical equilibrium of the compound nucleus is reached.
One of the most widely used models to describe the PEC is the
(one- or two-component) exciton model [32], in which the
nuclear state is characterized by, at any moment during
the reaction, the total energy and the total number of particle
(p)-hole (h) above and below the Fermi surface. Particles and
holes are referred to as excitons. Furthermore, it is assumed
that all possible ways of sharing the excitation energy between
different particle-hole configurations at the same exciton num-
ber, n = p + h, have an equal a priori probability. The basic
starting point of the exciton model is a time-dependent master
equation which describes the probability of the transitions to
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more and less complex p-h states, as well as the transitions
to the continuum (emission). The complete formalism of the
exciton model can be found in Ref. [32].

B. Optical model potentials (OMPs)

The nuclear ingredients, required for the reaction model
calculation, can be extracted by the basic nuclear structure
properties. Whenever available, the nuclear ingredients are
taken from the experimental data, and if not, are deduced
by the parametric phenomenological and microscopic models.
The optical model potential (OMP) is an essential input for
the calculations of the nuclear reaction properties, especially
for the capture and photodisintegration reactions involving
charged particles. In the present study, both of the parametric
phenomenological and microscopic folding OMPs are em-
ployed to quantitatively and systematically study the cross
sections and the reaction rates for (y, p) and (y, «) reactions
on about 3000 stable and proton-rich nuclei.

The Koning-Delaroche global phenomenological OMP
with the Woods-Saxon form for the system of (nucleon +
target) is described in detail in Ref. [33], which was com-
pletely verified by the extensive experimental data of nucleon-
induced reactions with the incident energies from 1 keV up to
200 MeV and the target masses range from A =24 to A =
209. This OMP is based on a smooth and unique functional
form for the energy dependence of the potential depths and
the physically constrained geometry parameters. The explicit
expression reads

UE,r)=—=V,(E,r)—iWy(E,r)—iWy(E,r)
+ Voo (E, 1) + Ve (r), &)

where V, and W, ; are the real and imaginary components of
the volume-central (v) and surface-central (s) potentials; V.,
is the spin-orbit potential; and V,. is the Coulomb potential,
respectively. The central potentials are separated into energy-
dependent well depths and energy-independent form factors,
namely

V.Wy(E,r) =V, Wy(E) x f(r, Ry, a) )
and
Wi (E,r) = —4a;W,(E) x d(f(r, Ry, a,))/dr.  (5)
The form factor f is in a Woods-Saxon form
f(r. Ri.ai) = {1 +expl(r — R)/a; 1}~ 6)

where the geometry parameters are the radius R; = r;A'/3
with A being the atomic mass number and the diffuseness a;.
The OMP parametrization for proton in a function of Z, A,
and incident energy E, deduced by the explicit expressions in
Ref. [32], is used for the present calculation.

On the other hand, the Bruyeres—le-Chatel renormalization
[34] of Jeukenne-Lejeune-Mahaux [35,36], referred as JLMB,
is the global microscopic nucleon-nucleus OMP adjusted on
the experimental data of the nuclei from A =30 to A = 240
and for the energies ranging from 10 keV up to 200 MeV.
The JLMB OMP has been phenomenologically renormalized
in Refs. [34,37] to improve the agreement between the exper-
imental observables and the predictions for a large set of data.

The JLMB OMP for a given nuclear matter density p =
Pn + pp and asymmetry o = (o, — pp)/p reads

V(E,r) = Av(E)[Vo(E) + Avi(E)aVi(E)]
+idw (E)IWo(E) + Awi(E)aWi(E)], (7)

with E being the incident nucleon energy; Vo(E), Vi(E),
Wo(E), and W, (E) being the real isoscalar, real isovector,
imaginary isoscalar, and imaginary isovector components, re-
spectively; and Ly (E), Ay (E), Aw(E), and Ay (E) being the
respective renormalization factors. The explicit expressions
can be found in Ref. [34].

The JLMB OMP has been extensively used for the nuclear
astrophysics applications [19,30] and here is also employed
for the present calculations of the cross sections and the reac-
tion rates. In particular, the matter density (o, and p,) [38,39]
predicted by the Hartree-Fock-Bogoliubov (HFB) method
based on the BSk21 Skyrme interaction are used to calculate
the four components of the JLMB potential in Eq. (7) on the
basis of local density approximation applied to the Briickner-
Hartree-Fock calculation of the nuclear matter [35,36].

For the system of (« particle + target), the phenomenolog-
ical Woods-Saxon OMP with the expressions of Egs. (3) and
(4) are considered. The OMP parameters of depth, radius, and
diffuseness are determined by fitting the most available cross
sections of « particle-induced reactions below the Coulomb
barrier on the target nuclei within the mass number of
45 < A < 209 [40,41], and the explicit expressions of these
parameters with E, A, and Z dependencies can be found in
Refs. [42,43]. Since the experimental data below the Coulomb
barrier are used to derive the potential parameters, this poten-
tial would be especially proper to calculate the cross sections
and the reaction rates at the low energy range of astrophysics
interest and thus is used in the present calculation for the
(y, o) reaction.

Meanwhile, global OMP for the system of (o particle
+ target) is proposed by Ref. [44], taking into account the
strong energy dependence and the nuclear structure effects
characterizing the a-nucleus interaction [45]. The real part
of this potential is obtained using a microscopic double-
folding procedure over the M3Y effective nucleon-nucleon
interaction, which can be described as

Vpr(E,T)
= // Pp(rp) o (r) Vet (E, o = pp + 01,

s=|r+r,— r,|)d3rpd3rr. ()

In Eq. (8), p, and p; are the density distributions of the
projectile and the target, respectively; r is the separation
of the centers of mass of the target and the projectile; and
Uesr 1S the effective nucleon-nucleon interaction, which de-
pends on the energy E and the local densities p, and p;. A
phenomenological imaginary potential consisting of both the
volume [Eq. (4)] and the surface [Eq. (5)] components with a
Woods-Saxon form [Eq. (6)] is employed.
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FIG. 1. Comparisons of the (y, p) cross sections calculated by the phenomenological Woods-Saxon and the JLMB folding OMPs for eight
p-nuclei targets of 4Se, ¥Sr, 2?Mo, “°Ru, '92Pd, '%°Cd, "'?Sn, and '*°Te. The results calculated by the Woods-Saxon and the JLMB OMPs are
respectively shown as the black solid lines and the red dash lines. The computations of Ref. [18] are shown as the blue dash-dotted lines for

comparisons.

A significant improvement on this OMP of « particle is to
import the dispersion relation linking the double-folding real
parts with M3Y interaction and the phenomenological imagi-
nary part with Woods-Saxon parametrization. Such additional
constraint on the relation between the real part of the potential
and the imaginary one can reduce the ambiguities in deriving
the analytic expression of the potential from the experimental
data. It is demonstrated that a large group of experimental data
on the a-particle elastic scattering and the o-particle-induced
reactions at the energies of astrophysics application are well
reproduced by the dispersive OMP. Global «-particle OMP
with the dispersion relation between the M3Y double-folding
real part and the phenomenological Woods-Saxon imaginary
part is used for the present calculation. The HFB-21 matter
densities [38,39] are taken into account to generate the M3Y
real part.

III. CALCULATION RESULTS AND SUGGESTIONS
FOR PHOTONUCLEAR MEASUREMENTS

A. Systematical calculations

TALYS [46] is a software package for the simulation of
nuclear reactions, which provides a complete description of all
reaction channels and observables, and many state-of-the-art
nuclear models covering all the main reaction mechanisms
encountered in light-particle-induced nuclear reactions are
included. The program is optimized for incident projectile
energies ranging from 1 keV to 1 GeV on the target nuclei
with mass numbers between 10 and 410. It includes photon,
neutron, proton, deuteron, triton, 3He, and « particle as both
projectiles and ejectiles, and single-particle as well as multi-
particle emissions and fission. TALYS is designed to calculate
the total and partial cross sections, the residual and isomer

production cross sections, the discrete and continuum y -ray
production cross sections, the energy spectra, the angular
distributions, the double-differential spectra, and the recoil
cross sections.

For the (y, p) and (y, «) reactions on about 3000 stable
and proton-rich target nuclei, the calculations of the cross
sections and the astrophysical reaction rates are performed
with TALYS 1.8, which generate the results illustrated in
Figs. 1-4. The nuclear structure ingredients used for the
TALYS computations are explicitly presented as follows. The
nuclear masses are taken from the Atomic Mass Evaluation
2016 (AME2016) [47] whenever available, while the HFB-
21 nuclear masses [38] are taken into account when the
AME2016 data are not available. The discrete experimental
levels compiled in RIPL-3 library [48] and the continuum
level spectrum represented by the NLDs are both consid-
ered in the calculations of the photonuclear reactions. The
NLDs are theoretically determined by the microscopic HFB
plus a combinatorial approach [49] that can well reproduce
the low-lying cumulative number of the experimental levels.
The photon strength functions obtained from the HFB plus
quasiparticle random phase approximation (QRPA) [50] are
used to calculate the electromagnetic transmission coefficients
for the photon channel. The OMPs described in Sec. II B are
employed to determine the transmission coefficients for the
particle channels. Specifically, the phenomenological Woods-
Saxon OMPs [33] and the microscopic JLMB folding OMPs
[34-37] are respectively used for the calculations of the
(y, p) reactions, and two sets of results are correspondingly
obtained. Similarly, for the (y, ) reactions, two sets of results
are also computed using the phenomenological Woods-Saxon
OMPs [42,43] and the microscopic M3Y folding OMPs [44],
respectively.
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FIG. 2. Comparisons of the (y, o) cross sections calculated by the phenomenological Woods-Saxon and the M3Y folding potentials for
twelve p-nuclei targets of 74Se, “Mo, “°Ru, ®Ru, '2Pd, '°Cd, "?Sn, *°Te, *?Ba, “Sm, *8Gd, and '®*Os. The results calculated by the
Woods-Saxon and the M3Y OMPs are respectively shown as the black solid lines and the red dashed lines. The computations of Ref. [18] are

shown as the blue dash-dotted lines for comparisons.

B. Comparisons of the results

The comparisons of the (y, p) cross sections calculated by
the Woods-Saxon OMPs and the JLMB OMPs are shown in
Fig. 1 for eight p-nuclei of 74Se, 84Sr, Mo, “°Ru, '2Pd,
106Cq, '28n, and '*°Te. It is found that at the energy range
below E.., = 20 MeV, there is no dramatic disparity of the
cross sections calculated by these two types of the OMPs.
The comparisons of the (y, ) cross sections calculated by
the Woods-Saxon OMPs and the M3Y OMPs are shown in
Fig. 2 for 12 p-nuclei of "*Se, **Mo, **Ru, **Ru, '2Pd, '%°Cd,
H2gp, 120Te 132Ba, 14Sm, “8Gd, and '3*Os. We can see
that in Fig. 2, the differences of the (y, o) cross sections
calculated by the two types of OMPs could reach one order
of magnitude for most studied nuclei at the energy range of
astrophysics interest. Since there is no direct measurement on
the cross section of (y, p) and (y, @) reactions below E, =
20 MeV, we compare our theoretical results in Figs. 1 and 2
to the available (y, p) and (y, @) cross sections calculated by
the Hauser-Fechbach model [18]. Fair agreements for most
(y, p) cross sections are found, while for (y, «) reactions,
evident differences can be seen for the targets of 102pyg,
120Te, and '*0s. The large discrepancy among the (y, «)
cross sections shown in Fig. 2 indicates that the OMPs for
«a particle, especially at the astrophysical energy range below

Coulomb barrier, has not been determined very well, which
could be the main source to cause the uncertainties of cross
sections.

Furthermore, for the systematical investigation of the sen-
sitivity of astrophysical reaction rate to the OMP, the com-
parisons of the (y, p) reaction rates for about 3000 stable
and proton-rich nuclei with 10 < Z < 100, calculated by the
microscopic folding JLMB OMP and the phenomenological
Woods-Saxon OMP, are performed, and similar comparisons
are also carried out for the (y, ) reaction rates calculated by
the microscopic folding M3Y OMP and the phenomenologi-
cal Woods-Saxon OMP. Figures 3 and 4 respectively represent
in the (N, Z) plane the ratio of the (y, p) and (y, &) reaction
rates at Ty = 2.5 calculated by the microscopic folding OMPs
to those calculated by the phenomenological Woods-Saxon
OMPs. It is demonstrated that the differences of (y, ) re-
action rates could be one order of magnitude, especially for
the proton-rich nuclei with 40 < Z < 80 that can significantly
contribute to the p-process nucleosynthesis.

C. Proposed photonuclear experiments

The systematic comparisons reveal that the photodisinte-
gration reaction rates involving charged particles, especially
for the (y, @) reaction, can be dramatically influenced by the
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FIG. 3. Representation in the (N, Z) plane of the ratios of the
(y, p) astrophysical reaction rates at To = 2.5 calculated by the
microscopic folding JLMB OMPs to those calculated by the phe-
nomenological Woods-Saxon OMPs for about 3000 targets of the
stable and proton-rich nuclei.

OMP. Therefore, the experimental studies of the photodisinte-
gration reactions are proposed, and the OMP can be extracted
and constrained by fitting the measured photonuclear data at
the energy range of astrophysics interest, which are expected
to be essentially used for the better determination of the
reaction rates.

Although any new knowledge of the nuclear reactions
involved in the p-process is helpful, the experimental infor-
mation of some specific photodisintegration reactions that
can significantly affect the p-process nucleosynthesis is in
particular desirable. Therefore, it is critical to identify the
key photodisintegration reactions in the p-process nucleosyn-
thesis, especially the (v, p) and (y, o) reactions, that need
prioritizing for the experimentally study. Recently, the uncer-
tainties of the p-nuclei production originated by the variations
of the astrophysical reaction rates are systematically studied,
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FIG. 4. Representation in the (N, Z) plane of the ratios of (y, o)
astrophysical reaction rates at Ty = 2.5 calculated by the microscopic
folding M3Y OMPs to those calculated by the phenomenological
Woods-Saxon OMPs for about 3000 targets of the stable and proton-
rich nuclei.

using the state-of-the-art Monte Carlo procedure [11,12], and
the important reactions for determining the abundance of the
p-nuclei are identified. In the present study, the key reactions
of (y, p) and (y, «) identified by Refs. [11,12] are initially
considered as the candidates of the photonuclear measure-
ment. Furthermore, by explicitly checking the half-lives of
the nuclei involved in these candidate reactions, it is found
that many of them cannot be experimentally studied via the
photonuclear channel, due to the unavailability of the radiative
targets. However, among these candidate reactions, the (y, p)
reaction on the target nuclei of #Sr, Mo, **Nb, and *°Ru
as well as the (y, o) reactions on the target nuclei of *Se
and °°Ru could be measured, if the availabilities of the targets
are merely considered. These six reactions are selected for the
simulation studies of the photonuclear measurements.

Besides the important reactions selected according to the
astrophysical simulation, it is also worthwhile to conduct
the measurements of some interesting (y, p) and (y, )
reactions on the targets of p-nuclei. This is mainly be-
cause the inverse processes (e.g., the capture reactions) of
such (y, p) and (y, «) reactions have been experimentally
studied or cannot be measured due to the unavailability
of the radiative targets. For example, the measurements
of °Ge(a, y)"*Se [51], °Zr(«, ¥ )**Mo [52], *Zr(p,y)**Nb
[53], **Mo(a, y)*®Ru [54], and '®Cd(e, y)'"?Sn [55] have
been performed, while the experiments of "*As(p, y)"*Se,
l“In(p, ]/)HZSI], 140Nd((¥, y)144sm’ and ISOW(Ol, )/)18405
cannot be conducted because the radiative targets are not
available. It is expected that the experiments of some inter-
esting (y, p) and (y, «) reactions on the targets of p-nuclei
would be able to provide the significant supplements of the
nuclear properties (e.g., the OMP) to the studies of p-process
nucleosynthesis.

Therefore, considering both the important reactions identi-
fied by the nucleosynthesis studies and the purpose of comple-
menting the experimental results for the interesting reactions
involving p-nuclei, in the present study we eventually desig-
nate six (y, p) reactions on the targets of "*Se, 3*Sr, **Mo,
93Nb, *Ru, and ''?Sn, and eight (y, «) reactions on the targets
of 74Ge, %Mo, °Ru, *®Ru, 102Pd, 1IZSn, 144Sm, and '#40s as
the candidates for the further experimental campaigns. The re-
alistic GEANT4 simulations of these 14 photonuclear measure-
ments at ELI-NP will be conducted in the following section.

IV. SIMULATION OF PHOTONUCLEAR MEASUREMENTS
BASED ON ELI-NP

A. y-beam facility at ELI-NP

The Extreme Light Infrastructure-Nuclear Physics (ELI-
NP) is aiming to use extreme electromagnetic fields for nu-
clear physics research [56], with a high power laser system
and a very brilliant y-beam system. The technology involved
in the construction of both systems is at the limits of the
present-day technological capabilities. The high-brilliance
narrow-bandwidth y beam, produced via Compton backscat-
tering of a laser beam off a relativistic electron beam, will
be delivered at ELI-NP, with spectral density of 10* pho-
tons/s/eV, energies up to 19.5 MeV, and bandwidth of 0.5%.
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The main features of the y beam can be found in Ref. [57].
The research program of ELI-NP covers a broad range
of the key topics in frontier fundamental physics and nuclear
physics [58,59]. In particular, thanks to the excellent features
of the y beam, ELI-NP will provide unique opportunities
to experimentally study the y-induced reactions of nuclear
astrophysics interest.

B. Development of charged particles detector at ELI-NP

For the detection of charged particles, the silicon detector
is one of the best solutions because it can guarantee an excep-
tional energy resolution and has essentially 100% efficiency.
For the photonuclear reactions of astrophysical relevance, the
energies of the emitted charged particles range from a few
hundred keV to a few MeV, so the low-threshold detector
is necessary. Meanwhile, the kinematical identification is a
viable option to separate the interesting particles from others.
In practice, the silicon strip array has been successfully ap-
plied for the nuclear astrophysics studies, for example, at the
Oak Ridge Rutgers University Barrel Array (ORRUBA), the
Array for Nuclear Astrophysics Studies with Exotic Nuclei
(ANASEN) [60], the Advanced Implantation Detector Array
[61], and the silicon strip particle detector array TIARA
[62]. With a common effort by ELI-NP and INFN-Laboratori
Nazionali del Sud (INFN-LNS) in Catania, Italy, the Extreme
Light Infrastructure Silicon Strip Array (ELISSA) is being
developed [25]. The GEANT4 simulation [63] proves that a
barrel configuration of ELISSA is particularly suited as it not
only guarantees very good resolution and granularity but also
ensures a compact detection system and a limited number of
electronics channels. The final design of ELISSA consists of
three rings of 12 X3 position-sensitive detectors produced by
Micron Semiconductor Ltd. [64] in a barrel-like configura-
tion, with the assembly of four QQQ3 segmented detectors
produced by Micron Semiconductor as the end caps of both
sides. Such configuration ensures a total angular coverage
of 20 < 0 < 160 in the laboratory system. Furthermore, the
prototype of ELISSA has been constructed and tested at
INFN-LNS with the a-particle source and the 11-MeV ’Li
beam, and the preliminary experimental results show that the
energy resolution is less than 1% and the position resolution
reaches 1 mm [65-68].

C. GEANT4 simulation: Algorithm

The experiments of the six (y, p) reactions and eight (y, o)
reactions identified in Sec. III C are simulated with the help of
GEANT4-GENBOD approach [69], which is a data-based Monte
Carlo program aiming to accurately simulate the specific
photonuclear reactions in the framework of GEANT4. The
(y, p) and (y, ) cross sections calculated by the microscopic
folding OMPs in Sec. IIT A are incorporated in the simulation
as the inputs to generate the spectra and experimental yields
of the emitted charged particles. In the simulation, the features
of the y-beam facility at ELI-NP with the photon intensity
of 10* photons/s/eV and the energy bandwidth of 0.5% [57]
are taken into account, and the configuration of ELISSA [25]
is implemented accordingly. A double-layer structure of the

target is used for the simulation, consisting of a 10-um target
foil facing the y beam and a 0.266-um carbon backing.

Besides the photonuclear reactions, the incident y beam
can further induce a Compton effect and pair production in
the target, which is also taken into account by invoking the
electromagnetic physical process in the simulation. In order to
separate the interesting charged particles from others, discrim-
ination should be made on the energy spectra of the outgoing
particles including electron, photon, proton, and « particle. In
fact, the background event rate of Compton effect and pair
production is rather small. The energy deposit of the electron
background is as low as several hundred keV, which can be
readily removed by introducing a negligible threshold on the
detector. Therefore, the key issue is to distinguish the products
from the photonuclear nuclear reactions. The possibility of
using the kinematical method for disentangling the charged
particles emitted from the photodisintegration reactions of
astrophysical relevance will be investigated in the following
parts.

D. GEANT4 simulation: Spectra

For a given photonuclear reaction A(y, b)B, the peak
energy of the emitted particle can be calculated by the kine-
matical equation of

E Ms E, 9
b= s B+ ) ©)

where Mp and M, are the atomic masses of the residual
nucleus and the emitted particle, respectively. In the present
case, b denotes proton or « particle, E, is the energy of
the incident y beam, and Q is the Q value of the reaction
A(y, b)B. It can be seen that from Eq. (9), the peak energy
of the emitted proton is generally different from that of the
emitted o particle, due to the discrepancy between the Q value
of the (y, p) reaction and that of the (y, «) reaction. Such
difference, as an energy gap, can be expressed by

AE = E,— E,
Mg

—E o
MR+M( + Qy.)

m(E + OQw.p)- (10)

The existence of AE is beneficial to the disentanglement of
the charged particles, though the ELISSA detector already
ensures a high-energy resolution, as mentioned above. Obvi-
ously, the larger energy gap (A E) indicates the better particle
identification between proton and « particle.

It is worth noting that in principle the particle disentangle-
ment can be performed based on the kinematics of the emitted
particles. However, the theoretical calculations show that the
angular dependence of the (y, p) and (y, «) reactions is very
weak, and the nearly isotropic angular distributions of proton
and « particle are obtained due to the dominant contribution
from the compound reaction mechanism at the low energy
range of astrophysics interest. Therefore, the entire energy
spectra remains as an effective way of particle identification.
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FIG. 5. The energy spectra of o particle (solid line) and proton (dash line) from the photodisintegration reactions on the targets of "*Se,
%Ru, and ''?Sn at E, = 9.5 MeV [(a), (c), and (e)] and E, = 10 MeV [(b), (d), and (f)], respectively.

The simulated energy spectra of proton and o particle
emitted from the y-induced reactions on 74Se, Ru, and ''>Sn
are obtained and shown in Fig. 5. Two different y-induced
energies, 9.5 and 10 MeV, are used for the simulation. The
energy gap AE for the (y, p) and (y, ) reactions on "Se is
approximately 4.5 MeV, and for those reactions on *°Ru and
11281, AE increases to ~5.5MeV. The energy gaps obtained
by the simulation are in good agreement with the values
estimated via Eq. (10), which reveals the reasonability of the
present simulation.

Meanwhile, Fig. 5 shows that the proton energies are much
lower than the «-particle energies, due to the larger separation
energies of proton. Furthermore, the energy spectra of proton
are visibly narrower than those of « particle, because of the
longer energy range and the weaker energy loss of proton in
the target. In Fig. 5, we can see that at £, < 10 MeV, the
peak energy of proton is as low as 1.0-3.5 MeV, and the
peak energy of « particle is in the range of 5.0-8.0 MeV.

This means that the « particle can be readily identified in
the measurement. The background of the « particle generated
by the photonuclear reaction on the Carbon backing can
hardly impact the measurement, because the cross section of
MLC(y, a) is much less than those of the studied targets. On
the other hand, compared to the case of « particle, the proton
is potentially likely to be contaminated by the background
events of electron generated by the y-beam interaction with
the target foil and carbon backing. However, this kind of
background event rate is rather small [69].

E. GEANT4 simulation: Reaction yields

The total reaction yield at a given incident y-beam energy
can be obtained by integrating the energy spectra. At the
incident y-beam energy range of 8—15 MeV, the simulated
(y, p) reaction yields for the six targets of 74Se, 34Sr, 2Mo,
SNb, °Ru, and ''?Sn are shown in Fig. 6, and the simulated
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FIG. 6. The proton yield (count per day) of the (y, p) reaction on
the targets of 74Se, ¥Sr, Mo, **Nb, *Ru, and ''?Sn. The thickness
of target is set as 10 pm.

(y, «) reaction yields for the eight targets of 74Se, Mo,
96.98Ry, 192Pd, '!2Sn, **Sm, and '%*Os are shown in Fig. 7,
respectively. In general, the experimental yields of both proton
and « particle drop dramatically with the decrease of the inci-
dent y-beam energy. For the targets of 74Se, %°Ru, and 1%Sn,
the a-particle yields are lower by one order of magnitude than
the proton yields at the same incident y-beam energy.

The required energies of the y beam which can satisfy
the minimum measurable limit of the experimental yield
is necessary to evaluate the feasibility of the photonuclear
measurement. In the present simulation, the minimum mea-
surable limit for proton or « particle is set as 100 counts per
day. We choose such relative larger amount of the minimum
measurable limit (100 counts per day) in order to account
for the uncertainties of the theoretical cross sections, as the
experimental yields are simulated based on the theoretical
cross sections. To meet this criteria of the detectable limit,
the minimum required energies of the y beam for the (y, p)
and (y, «) reactions are deduced. For the six (y, p) reactions
of ™Se, %Sr, Mo, »Nb, Ru, and '"?Sn, the minimum
required energies of the y beam (E;h) are 9.6, 10.3, 9.3,
8.1, 9.2, and 9.4 MeV, respectively. That is, the (y, p) cross
sections down to several nanobarns can be measured. For the
(y, @) reactions of 74Se, %Mo, °Ru, and *®Ru, the minimum
required energies of the y beam (E;h) are 8.5, 7.7, 7.8, and

8.5 MeV, respectively. The (y, «) reactions of '2Pd, ''?Sn,
and '**Sm share approximately the same E!" = 8.6 MeV, and

E;h for the 184Os(y, o) reaction is as low as 8.3 MeV.

F. Discussion of the photonuclear measurements

A more important issue is to estimate the minimum re-
quired energies of the inducing y beam for the measurements
of the (y, p) and (y, @) reactions, simultaneously satisfying
both the minimum measurable limit of the experimental yield
(100 count per day) and the particle disentanglement between
proton and « particle. At first, we note that the threshold
energy of the (y, o) reaction is usually lower than that of
the (y, p) reaction. Therefore, below the threshold energy
of the (y, p) reaction, only « particles can be found if the

experimental yield reaches the detectable criteria of 100 count
per day. In this situation, no particle identification needs
to be performed, which is the advantage for the «-particle
detection.

When the y-beam energy rises above the threshold en-
ergy of the (y, p) reaction, protons would be detected if
the experimental yield reaches the detectable limit. However,
such experimental event of protons could not be identified
because of the overlapping spectra of proton and « particle.
For example, in Fig. 5(a), the spectra of protons cannot be
separated from the spectra of o particles at £, = 9.5 MeV
for 7Se(y, p) reaction; hence, the experimental yield can no
longer be counted accurately. It is known from Sec. IV D that
the minimum required energy of the y beam for "*Se(y, p)
reaction that meets the measurable limit of 100 count per day
is 9.6 MeV. However, according to the simulation result for
the energy spectra, such minimum energy has to be moved
upward by 0.3 MeV if the particle disentanglement is taken
into account simultaneously. Similarly, in order to satisfy the
measurable criteria including both the minimum detectable
limit of experimental yield (100 count per day) and the
particle identification between proton and « particle, the min-
imum required energy of the y beam for 3*Sr(y, p) reaction
raises by 0.3 MeV approximately, and for *Ru(y, p) and
128n(y, p) reactions it raises by 0.2 MeV. For “*Mo(y, p)
and **Nb(y, p) reactions, such minimum required energy of
the y beam remains the same as given by Sec. IV D. Note
that because of the extremely low cross section for *>Mo(y, «)
reaction, the experimental yield of « particle would not influ-
ence the detection of proton around and above the incident
y-beam energy of 9.3 MeV.

Beyond the minimum required energy of the y beam for
the (y, p) reactions described as above, the experimental
yields of proton and « particle are comparable. In this energy
range, thanks to the sufficiently large gap (AE introduced
in Sec. IV C) between the energy spectra of proton and o
particle, it is possible to perform the particle identification.
In general, both the (y, p) and (y, «) reactions can be mea-
sured simultaneously, when the energy of the inducing y
beam is larger than the proton separation energy by about
1.0-2.0 MeV. This means that the minimum detectable cross
section is in the order of 10~* mb.

The feasibility to perform the experiments of the six (y, p)
reactions on "*Se, %Sr, 2 Mo, >Nb, 96Ru, and %Ru as well
as the eight (y, &) reactions on "*Se, **Mo, *°Ru, **Ru, 1°Pd,
128n, 1%Sm, and ' O0s directly in their respective Gamow
windows [14,70,71] are further evaluated. For these reactions,
the Gamow windows at Ty = 2.5, as a typical temperature of
the p-process, are calculated and illustrated by the length of
the lines in Fig. 8. Meanwhile, the minimum required energies
of the inducing y beam that satisfy the measurable criteria
including both the minimum detectable limit (100 counts per
day) of the reaction yields and the particle identification are
correspondingly shown in Fig. 8 by the pentagram points.
For the (y, p) reactions in Fig. 8(a), the Gamow windows
locate above the minimum required energies of the inducing
y beam. This means that the measurements of these (y, p)
reactions can be readily conducted in the energy ranges of the
Gamow windows at Ty = 2.5. In Fig. 8(b), it is shown that the
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The thickness of target is set as 10 um.

"4Se(y, a) reaction can be measured in the entire energy range
of the Gamow window at Ty = 2.5. However, the experiments
of the rest of the (y, o) reactions could be conducted only in
10-70% of the entire Gamow windows at 7y = 2.5 (the upper
parts of the lines above the pentagram points shown in Fig. 8),
due to the insufficient experimental yields of these (y, «)
reactions below the minimum required energies of the induc-
ing y beam. According to this feasibility investigation, it is
suggested that the experiments of "*Se(y, «) and **Mo(y, p)
reactions based on the y-beam facility at ELI-NP could be
given precedence.

So far, only the ground state of the residual nucleus gen-
erated by the photodisintegration is taken into account in
the present simulation and discussion. This is because the
contribution from the photodisintegration occurring to the
ground state of the residual nucleus is generally dominant,
when the inducing y-beam energy is relatively lower (e.g.,
a few MeV higher than the particle separation energy). How-
ever, the proportion of the produced residual nuclei in their
excited states may be considerable when the inducing energy
of the y beam increases. In this case, it is important to

12+
92M§6Ru
11+

further investigate the possibility of disentangling the reaction
products in different final states, which can be practically
done, for example, by distinguishing the emitted « particle
from the (y, ap) and (y, o) channels. Such relevant studies
of the photonuclear reactions involving the excited states are
in progress, which would allow us to better discriminate the
influence of the OMP, apart from other nuclear properties, on
the reaction yields.

V. SUMMARY

The photodisintegration reaction rates involving charged
particles are of relevance to the p-process nucleosynthesis that
aims at explaining the production of the stable and neutron-
deficient nuclides heavier than iron observed up to now in
the solar system exclusively. In the present study, considering
the compound and pre-equilibrium reaction mechanisms, we
compute the cross sections and the astrophysical reaction rates
for the (y, p) and (y, ) reactions on about 3000 target nuclei
with 10 < Z < 100 ranging from the valley of B stability
to the proton drip line. Furthermore, the phenomenological
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FIG. 8. The Gamow windows (shown as the length of the lines) at 7y = 2.5 and the minimum required energies of the incident y beam
(solid pentagrams) satisfying the measurable criteria of both the minimum detectable limit (100 count per day) and the particle identification
for (a) the (y, p) reactions on the targets of ™*Se, % Sr, Mo, *>Nb, *°Ru, and *®Ru, and (b) the (y, ) reactions on "*Se, **Mo, **Ru, **Ru,

102pq, 1128, 14Sm, and '**Os.
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Woods-Saxon and microscopic folding OMPs are both used
in the present calculation to investigate the sensitivity of the
reaction rate to the OMP. According to the systematic compar-
isons of the present calculations and the previous results, fair
agreements of the studied (y, p) cross sections are obtained,
but the evident differences of the cross sections for the (y, o)
reactions on the targets of 102pq, 129Te, and '3*Os are found.
Furthermore, for about 3000 target nuclei, the ratios of the
reaction rates computed by the Woods-Saxon OMP to those
computed by the folding OMP at Ty = 2.5 are represented on
the N-Z plane, which reflects that the (y, o) reaction rates,
especially for the proton-rich nuclei with 40 < Z < 80 that
significantly contribute to the p-process, are very sensitive to
the OMP of « particle. Therefore, it is revealed that the better
determination of OMP, especially at the energy range below
the Coulomb barrier, is crucial to reduce the uncertainties
of the photodisintegration reaction rates involving charged
particles.

A new y-beam facility at ELI-NP is being developed,
and it will open new opportunities for experimentally study-
ing the photodisintegration reactions of astrophysics interest.
Furthermore, the development of the charged particles de-
tector ELISSA allows us to measure the photodisintegration
reactions involving charged particles. Considering both the
important reactions identified by the nucleosynthesis studies
and the purpose of complementing the experimental results
for the reactions involving p-nuclei, the measurements of
six (y, p) reactions on 74Se, 34Sr, 22Mo, ?>Nb, %°Ru, and
%Ru, as well as eight (y, «) reactions on "*Se, **Mo, *°Ru,
BRu, '2pd, 1128n, “Sm, and '3*0s, are proposed based
on the y-beam facility and the ELISSA detector at ELI-
NP. In particular, the GEANT4 simulations for these (y, p)
and (y, o) reactions of astrophysics interest are conducted

using the calculated cross sections and the features of ELI-
NP and ELISSA, and the energy spectra and reaction yields
of the emitted charged particles are subsequently obtained.
Moreover, taking into account the measurable criteria of both
the minimum detectable limit for the experimental yield (100
counts per day) and the particle identification for protons and
a particles, the minimum required energies of the inducing
y beam to measure the six (y, p) and the eight (y, o) re-
actions are estimated, which locate within their respective
Gamow windows at Ty = 2.5. Therefore, it is quite feasible
and prospective to conduct the experiments of these proposed
(y, p) and (y, «) reactions directly within the energy ranges of
the Gamow windows at 79 = 2.5. Eventually, we expect that
the present pivotal work will guide the future measurements
of the photodisintegration reactions at ELI-NP. The future
experimental results will be used to constrain the OMPs of
the charged particles, which can reduce the uncertainties of
the reaction rates for the p-process nucleosynthesis.

ACKNOWLEDGMENTS

The authors gratefully thank the anonymous reviewers for
the insightful comments and suggestions. This work is sup-
ported by Extreme Light Infrastructure Nuclear Physics (ELI-
NP) Phase II, a project co-financed by the Romanian Gov-
ernment and by the European Regional Development Fund -
the Competitiveness Operational Programme, (1/07.07.2016,
COP, ID 1334), National Natural Science Foundation of China
(Grant No. 11675075), and Natural Science Foundation of
Hunan Province, China (Grant No. 2018JJ2315). W.L. appre-
ciates the support from the Youth Talent Project of Hunan
Province, China (Grant No. 2018RS3096).

[1] M. Arnould and C. Brihaye, Astron. Astrophys. 1, 193 (1969).

[2] S. E. Woosley and W. M. Howard, Astrophys. J. Suppl. 36, 285
(1978).

[3] M. Rayet, N. Prantzos, and M. Arnould, Astron. Astrophys.
227,271 (1990).

[4] M. Rayet, M. Arnould, M. Hashimoto, N. Prantzos, and K.
Nomoto, Astron. Astrophys. 298, 517 (1995).

[5] M. Arnould and S. Goriely, Phys. Rep. 384, 1 (2003).

[6] S. Fujimoto, M. Hashimoto, O. Koike, K. Arai, and R. Matsuba,
Astrophys. J. 585, 418 (2003).

[71 W. Rapp, J. Gorres, M. Wiescher, H. Schatz, and F. Kippeler,
Astrophys. J. 653, 474 (2006).

[8] T. Hayakawa, N. Iwamoto, T. Kajino, T. Shizuma, H. Umeda,
and K. Nomoto, Astrophys. J. 685, 1089 (2008).

[9] C. Travaglio, R. Gallino, T. Rauscher, N. Dauphas, F. K. R.
Roepke, and W. Hillebrandt, Astrophys. J. 795, 141 (2014).

[10] M. Pignatari, K. Gobel, R. Reifarth, and C. Travaglio, Int. J.
Mod. Phys. E 25, 1630003 (2016).

[11] T. Rauscher, N. Nishimura, R. Hirschi, G. Cescutti, A. S. J.
Murphy, and A. Heger, Mon. Not. R. Astron. Soc. 463, 4153
(2016).

[12] N. Nishimura, T. Rauscher, R. Hirschi, A. S. J. Murphy, G.
Cescutti, and C. Travaglio, Mon. Not. R. Astron. Soc. 474, 3133
(2018).

[13] H. Utsunomiya, P. Mohr, A. Zilges, and M. Rayet, Nucl. Phys.
A 777, 459 (2006).

[14] P. Mohr, Z. Fiilop, and H. Utsunomiya, Euro. Phys. J. A 32, 357
(2007).

[15] J. Glorius, M. Knorzer, S. Miiller, N. Pietralla, A. Sauerwein, K.
Sonnabenda, C. Wilzlein, and M. Wiescher, Prog. Part. Nucl.
Phys. 66, 379 (2011).

[16] T. Rauscher, N. Dauphas, 1. Dillmann, C. Frohlich, Z. Fiilop,
and G. Gyiirky, Rep. Prog. Phys. 76, 066201 (2013).

[17] L. Dillmann, R. Plag, Z. Fiilop, F. Kippeler, A. Mengoni, and
T. Rauscher, Nucl. Data Sheets 120, 191 (2014).

[18] T. Rauscher and F.-K. Thielemann, At. Data Nucl. Data Tables
88, 1 (2004).

[19] S. Goriely, S. Hilaire, and A. J. Koning, Astron. Astrophys. 487,
767 (2008).

[20] M. Beard, S. Frauendorf, B. Kédmpfer, R. Schwengner, and M.
Wiescher, Phys. Rev. C 85, 065808 (2012).

[21] E. Somorjai, Z. Fiilép, A. Z. Kiss, C. E. Rolfs, H. P. Trautvetter,
U. Greife, M. Junker, S. Goriely, M. Arnould, M. Rayet et al.,
Astron. Astrophys. 333, 1112 (1998).

[22] T. Rauscher, Phys. Rev. Lett. 111, 061104 (2013).

[23] A. Simon, M. Beard, B. S. Meyer, and B. Roach, J. Phys. G:
Nucl. Part. Phys. 44, 064006 (2017).

[24] T. Rauscher, Nucl. Phys. News 28, 12 (2018).

054601-11


https://doi.org/10.1086/190501
https://doi.org/10.1086/190501
https://doi.org/10.1086/190501
https://doi.org/10.1086/190501
https://doi.org/10.1016/S0370-1573(03)00242-4
https://doi.org/10.1016/S0370-1573(03)00242-4
https://doi.org/10.1016/S0370-1573(03)00242-4
https://doi.org/10.1016/S0370-1573(03)00242-4
https://doi.org/10.1086/345982
https://doi.org/10.1086/345982
https://doi.org/10.1086/345982
https://doi.org/10.1086/345982
https://doi.org/10.1086/508402
https://doi.org/10.1086/508402
https://doi.org/10.1086/508402
https://doi.org/10.1086/508402
https://doi.org/10.1086/589938
https://doi.org/10.1086/589938
https://doi.org/10.1086/589938
https://doi.org/10.1086/589938
https://doi.org/10.1088/0004-637X/795/2/141
https://doi.org/10.1088/0004-637X/795/2/141
https://doi.org/10.1088/0004-637X/795/2/141
https://doi.org/10.1088/0004-637X/795/2/141
https://doi.org/10.1142/S0218301316300034
https://doi.org/10.1142/S0218301316300034
https://doi.org/10.1142/S0218301316300034
https://doi.org/10.1142/S0218301316300034
https://doi.org/10.1093/mnras/stw2266
https://doi.org/10.1093/mnras/stw2266
https://doi.org/10.1093/mnras/stw2266
https://doi.org/10.1093/mnras/stw2266
https://doi.org/10.1093/mnras/stx3033
https://doi.org/10.1093/mnras/stx3033
https://doi.org/10.1093/mnras/stx3033
https://doi.org/10.1093/mnras/stx3033
https://doi.org/10.1016/j.nuclphysa.2004.06.025
https://doi.org/10.1016/j.nuclphysa.2004.06.025
https://doi.org/10.1016/j.nuclphysa.2004.06.025
https://doi.org/10.1016/j.nuclphysa.2004.06.025
https://doi.org/10.1140/epja/i2006-10378-y
https://doi.org/10.1140/epja/i2006-10378-y
https://doi.org/10.1140/epja/i2006-10378-y
https://doi.org/10.1140/epja/i2006-10378-y
https://doi.org/10.1016/j.ppnp.2011.01.038
https://doi.org/10.1016/j.ppnp.2011.01.038
https://doi.org/10.1016/j.ppnp.2011.01.038
https://doi.org/10.1016/j.ppnp.2011.01.038
https://doi.org/10.1088/0034-4885/76/6/066201
https://doi.org/10.1088/0034-4885/76/6/066201
https://doi.org/10.1088/0034-4885/76/6/066201
https://doi.org/10.1088/0034-4885/76/6/066201
https://doi.org/10.1016/j.nds.2014.07.038
https://doi.org/10.1016/j.nds.2014.07.038
https://doi.org/10.1016/j.nds.2014.07.038
https://doi.org/10.1016/j.nds.2014.07.038
https://doi.org/10.1016/j.adt.2004.07.001
https://doi.org/10.1016/j.adt.2004.07.001
https://doi.org/10.1016/j.adt.2004.07.001
https://doi.org/10.1016/j.adt.2004.07.001
https://doi.org/10.1051/0004-6361:20078825
https://doi.org/10.1051/0004-6361:20078825
https://doi.org/10.1051/0004-6361:20078825
https://doi.org/10.1051/0004-6361:20078825
https://doi.org/10.1103/PhysRevC.85.065808
https://doi.org/10.1103/PhysRevC.85.065808
https://doi.org/10.1103/PhysRevC.85.065808
https://doi.org/10.1103/PhysRevC.85.065808
https://doi.org/10.1103/PhysRevLett.111.061104
https://doi.org/10.1103/PhysRevLett.111.061104
https://doi.org/10.1103/PhysRevLett.111.061104
https://doi.org/10.1103/PhysRevLett.111.061104
https://doi.org/10.1088/1361-6471/aa6bb4
https://doi.org/10.1088/1361-6471/aa6bb4
https://doi.org/10.1088/1361-6471/aa6bb4
https://doi.org/10.1088/1361-6471/aa6bb4

H. Y. LAN et al.

PHYSICAL REVIEW C 98, 054601 (2018)

[25] O. Tesileanu, M. Gai, A. Anzalone, C. Balan, J. S. Bihalowicz,
M. Cwiok, W. Dominik, S. Gales, D. G. Ghita, Z. Janas et al.,
Rom. Rep. Phys. 68, S699 (2016).

[26] W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).

[27] J. J. Cowan, E.-K. Thielemann, and J. W. Truran, Phys. Rep.
208, 267 (1991).

[28] S. Goriely, Nucl. Phys. A 605, 28 (1996).

[29] T. Rauscher, F.-K. Thielemann, and K.-L. Kratz, Phys. Rev. C
56, 1613 (1997).

[30] Y. Xu, S. Goriely, A. J. Koning, and S. Hilaire, Phys. Rev. C 90,
024604 (2014).

[31] S. Hilaire, C. Lagrange, and A. J. Koning, Ann. Phys. 306, 209
(2003).

[32] A. J. Koning and M. C. Duijvestijn, Nucl. Phys. A 744, 15
(2004).

[33] A.J. Koning and J. P. Delaroche, Nucl. Phys. A 713, 231 (2003).

[34] E. Bauge, J. P. Delaroche, and M. Girod, Phys. Rev. C 63,
024607 (2001).

[35] J. P. Jeukenne, A. Lejeune, and C. Mahaux, Phys. Rev. C 10,
1391 (1974).

[36] J. P. Jeukenne, A. Lejeune, and C. Mahaux, Phys. Rev. C 16, 80
1977).

[37] E. Bauge, J. P. Delaroche, and M. Girod, Phys. Rev. C 58, 1118
(1998).

[38] S. Goriely, N. Chamel, and J. M. Pearson, Phys. Rev. C 82,
035804 (2010).

[39] Y. Xu, S. Goriely, A. Jorissen, G. L. Chen, and M. Arnould,
Astron. Astrophys. 549, A106 (2013).

[40] V. Avrigeanu, P. E. Hodgson, and M. Avrigeanu, Phys. Rev. C
49, 2136 (1994).

[41] M. Avrigeanu, A. C. Obrej, F. L. Roman, V. Avrigeanu, and W.
von Oertzen, At. Data Nucl. Data Tables 95, 501 (2009).

[42] V. Avrigeanu, M. Avrigeanu, and C. Méndilescu, Phys. Rev. C
90, 044612 (2014).

[43] V. Avrigeanu and M. Avrigeanu, Phys. Rev. C 91, 064611
(2015).

[44] P. Demetriou, C. Grama, and S. Goriely, Nucl. Phys. A 707, 253
(2002).

[45] A. M. Kobos, B. A. Brown, R. Lindsay, and G. R. Satchler,
Nucl. Phys. A 425, 205 (1984).

[46] A. J. Koning, S. Hilaire, and M. C. Duijvestijn, NRG Report
No. 21297/04.62741/P, 2004 [http://www.talys.eu]

[47] G. Audi, M. Wang, A. H. Wapstra, F. G. Kondev, M. Mac-
Cormick, X. Xu, and B. Pfeiffer, Chin. Phys. C 36, 1287 (2012).

[48] R. Capote et al., Nucl. Data Sheets 110, 3107 (2009).

[49] S. Goriely, S. Hilaire, and A. J. Koning, Phys. Rev. C 78,
064307 (2008).

[50] S. Goriely, E. Khan, and M. Samyn, Nucl. Phys. A 739, 331
(2004).

[51] Z. Fiiliip, A.Z. Kiss, E. Somorjai, C. E. Rolfs, H. P. Trautvetter,
T. Rauscher, and H. Oberhummer, Z. Phys. A 355, 203 (1996).

[52] S.J. Quinn, A. Spyrou, A. Simon, A. Battaglia, M. Bowers, B.
Bucher, C. Casarella, M. Couder, P. A. DeYoung, A. C. Dombos
et al., Phys. Rev. C 92, 045805 (2015).

[53] A. Spyrou, S. J. Quinn, A. Simon, T. Rauscher, A. Battaglia,
A. Best, B. Bucher, M. Couder, P. A. DeYoung, A. C. Dombos
et al., Phys. Rev. C 88, 045802 (2013).

[54] P. Demetriou, A. Lagoyannis, A. Spyrou, H. W. Becker, T.
Konstantinopoulos, M. Axiotis, and S. Harissopulos, AIP Conf.
Proc. 1090, 293 (2009).

[55] P. Scholz, F. Heim, J. Mayer, C. Miinker, L. Netterdon, F.
Wombacher, and A. Zilges, Phys. Lett. B 761, 247 (2016).

[56] V. Zamfir, Nucl. Phys. News 25, 34 (2015).

[57] C. A. Ur, D. L. Balabanski, G. Cata-Danil, S. Gales, I. Morjan,
O. Tesileanu, D. Ursescu, I. Ursu, and N. V. Zamfir, Nucl. Inst.
Meth. B 355, 198 (2015).

[58] D. L. Balabanski, R. Popescu, D. Stutman, K. A. Tanaka, O.
Tesileanu, C. A. Ur, D. Ursescu, and N. V. Zamfir, Europhys.
Lett. 117, 28001 (2017).

[59] S. Gales, D. L. Balabanski, F. Negoita, O. Tesileanu, C. A.
Ur, D. Ursescu, and N. V. Zamfir, Phys. Scr. 91, 093004
(2016).

[60] S.D. Pain, J. A. Cizewski, R. Hatarik, K. L. Jones, J. S. Thomas,
D. W. Bardayan, J. C. Blackmon, C. D. Nesaraja, M. S. Smith,
R. L. Kozub, and M. S. Johnson, Nucl. Instrum. Methods B 261,
1122 (2007).

[61] C.J. Griffin, T. Davinson, A. Estrade, D. Braga, 1. Burrows, P.
Coleman-Smith, T. Grahn, A. Grant, L. J. Harkness-Brennan,
M. Kogimtzis et al., PoS(NIC XIII) 204, 097 (2015).

[62] TIARA Collaboration, W. N. Catford, R. C. Lemmon, M.
Labiche, C. N. Timis, N. A. Orr, L. Caballero, R. Chapman,
M. Chartier, M. Rejmund, and H. Savajols, Eur. Phys. J. A 25,
245 (2005).

[63] D. Lattuada, D. L. Balabanski, S. Chesnevskaya, M. Costa, V.
Crucilla, G. L. Guardo, M. La Cognata, C. Matei, R. G. Pizzone,
S. Romano, C. Spitaleri, A. Tumino, and Y. Xu, Eur. Phys. J.
Web Conf. 165, 01034 (2017).

[64] Micron Semiconductor, https://www.micron.com.

[65] M. La Cognata, A. Anzalone, D. L. Balabanski, S. Ches-
nevskaya, V. Crucilla, D. M. Filipescu, G. L. Guardo, M.
Gulino, D. Lattuada, C. Matei et al., JINST 12, C03079
(2017).

[66] G. L. Guardo, A. Anzalone, D. L. Balabanski, S. Chesnevskaya,
W. Crucilla, D. Filipescu, M. Gulino, M. La Cognata, D.
Lattuada, C. Matei et al., Eur. Phys. J. Web Conf. 165, 01026
(2017).

[67] S. Chesnevskaya, D. L. Balabanski, D. Choudhury, M. La
Cognata, P. Constantin, D. M. Filipescu, D. G. Ghita, G. L.
Guardo, D. Lattuada, C. Matei et al., Eur. Phys. J. Web Conf.
165, 01011 (2017).

[68] S. Chesnevskaya, D. L. Balabanski, D. Choudhury, P. Con-
stantin, D. M. Filipescu, D. G. Ghita, G. L. Guardo, D. Lattuada,
C. Matei, A. Rotaru, and A. State, JINST 13, T05006 (2018).

[69] W. Luo, H.-Y. Lan, Y. Xu, and D. L. Balabanski, Nucl. Instrum.
Methods A 849, 49 (2017).

[70] G. Gamow, Z. Phys. 51, 204 (1928).

[71] P. Mohr, M. Babilon, D. Galaviz, K. Sonnabend, K. Vogt, and
A. Zilges, Nucl. Phys. A 719, 90c (2003)

054601-12


https://doi.org/10.1103/PhysRev.87.366
https://doi.org/10.1103/PhysRev.87.366
https://doi.org/10.1103/PhysRev.87.366
https://doi.org/10.1103/PhysRev.87.366
https://doi.org/10.1016/0370-1573(91)90070-3
https://doi.org/10.1016/0370-1573(91)90070-3
https://doi.org/10.1016/0370-1573(91)90070-3
https://doi.org/10.1016/0370-1573(91)90070-3
https://doi.org/10.1016/0375-9474(96)00162-5
https://doi.org/10.1016/0375-9474(96)00162-5
https://doi.org/10.1016/0375-9474(96)00162-5
https://doi.org/10.1016/0375-9474(96)00162-5
https://doi.org/10.1103/PhysRevC.56.1613
https://doi.org/10.1103/PhysRevC.56.1613
https://doi.org/10.1103/PhysRevC.56.1613
https://doi.org/10.1103/PhysRevC.56.1613
https://doi.org/10.1103/PhysRevC.90.024604
https://doi.org/10.1103/PhysRevC.90.024604
https://doi.org/10.1103/PhysRevC.90.024604
https://doi.org/10.1103/PhysRevC.90.024604
https://doi.org/10.1016/S0003-4916(03)00076-9
https://doi.org/10.1016/S0003-4916(03)00076-9
https://doi.org/10.1016/S0003-4916(03)00076-9
https://doi.org/10.1016/S0003-4916(03)00076-9
https://doi.org/10.1016/j.nuclphysa.2004.08.013
https://doi.org/10.1016/j.nuclphysa.2004.08.013
https://doi.org/10.1016/j.nuclphysa.2004.08.013
https://doi.org/10.1016/j.nuclphysa.2004.08.013
https://doi.org/10.1016/S0375-9474(02)01321-0
https://doi.org/10.1016/S0375-9474(02)01321-0
https://doi.org/10.1016/S0375-9474(02)01321-0
https://doi.org/10.1016/S0375-9474(02)01321-0
https://doi.org/10.1103/PhysRevC.63.024607
https://doi.org/10.1103/PhysRevC.63.024607
https://doi.org/10.1103/PhysRevC.63.024607
https://doi.org/10.1103/PhysRevC.63.024607
https://doi.org/10.1103/PhysRevC.10.1391
https://doi.org/10.1103/PhysRevC.10.1391
https://doi.org/10.1103/PhysRevC.10.1391
https://doi.org/10.1103/PhysRevC.10.1391
https://doi.org/10.1103/PhysRevC.16.80
https://doi.org/10.1103/PhysRevC.16.80
https://doi.org/10.1103/PhysRevC.16.80
https://doi.org/10.1103/PhysRevC.16.80
https://doi.org/10.1103/PhysRevC.58.1118
https://doi.org/10.1103/PhysRevC.58.1118
https://doi.org/10.1103/PhysRevC.58.1118
https://doi.org/10.1103/PhysRevC.58.1118
https://doi.org/10.1103/PhysRevC.82.035804
https://doi.org/10.1103/PhysRevC.82.035804
https://doi.org/10.1103/PhysRevC.82.035804
https://doi.org/10.1103/PhysRevC.82.035804
https://doi.org/10.1051/0004-6361/201220537
https://doi.org/10.1051/0004-6361/201220537
https://doi.org/10.1051/0004-6361/201220537
https://doi.org/10.1051/0004-6361/201220537
https://doi.org/10.1103/PhysRevC.49.2136
https://doi.org/10.1103/PhysRevC.49.2136
https://doi.org/10.1103/PhysRevC.49.2136
https://doi.org/10.1103/PhysRevC.49.2136
https://doi.org/10.1016/j.adt.2009.02.001
https://doi.org/10.1016/j.adt.2009.02.001
https://doi.org/10.1016/j.adt.2009.02.001
https://doi.org/10.1016/j.adt.2009.02.001
https://doi.org/10.1103/PhysRevC.90.044612
https://doi.org/10.1103/PhysRevC.90.044612
https://doi.org/10.1103/PhysRevC.90.044612
https://doi.org/10.1103/PhysRevC.90.044612
https://doi.org/10.1103/PhysRevC.91.064611
https://doi.org/10.1103/PhysRevC.91.064611
https://doi.org/10.1103/PhysRevC.91.064611
https://doi.org/10.1103/PhysRevC.91.064611
https://doi.org/10.1016/S0375-9474(02)00756-X
https://doi.org/10.1016/S0375-9474(02)00756-X
https://doi.org/10.1016/S0375-9474(02)00756-X
https://doi.org/10.1016/S0375-9474(02)00756-X
https://doi.org/10.1016/0375-9474(84)90073-3
https://doi.org/10.1016/0375-9474(84)90073-3
https://doi.org/10.1016/0375-9474(84)90073-3
https://doi.org/10.1016/0375-9474(84)90073-3
http://www.talys.eu
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1088/1674-1137/36/12/002
https://doi.org/10.1016/j.nds.2009.10.004
https://doi.org/10.1016/j.nds.2009.10.004
https://doi.org/10.1016/j.nds.2009.10.004
https://doi.org/10.1016/j.nds.2009.10.004
https://doi.org/10.1103/PhysRevC.78.064307
https://doi.org/10.1103/PhysRevC.78.064307
https://doi.org/10.1103/PhysRevC.78.064307
https://doi.org/10.1103/PhysRevC.78.064307
https://doi.org/10.1016/j.nuclphysa.2004.04.105
https://doi.org/10.1016/j.nuclphysa.2004.04.105
https://doi.org/10.1016/j.nuclphysa.2004.04.105
https://doi.org/10.1016/j.nuclphysa.2004.04.105
https://doi.org/10.1007/BF02769685
https://doi.org/10.1007/BF02769685
https://doi.org/10.1007/BF02769685
https://doi.org/10.1007/BF02769685
https://doi.org/10.1103/PhysRevC.92.045805
https://doi.org/10.1103/PhysRevC.92.045805
https://doi.org/10.1103/PhysRevC.92.045805
https://doi.org/10.1103/PhysRevC.92.045805
https://doi.org/10.1103/PhysRevC.88.045802
https://doi.org/10.1103/PhysRevC.88.045802
https://doi.org/10.1103/PhysRevC.88.045802
https://doi.org/10.1103/PhysRevC.88.045802
https://doi.org/10.1063/1.3087031
https://doi.org/10.1063/1.3087031
https://doi.org/10.1063/1.3087031
https://doi.org/10.1063/1.3087031
https://doi.org/10.1016/j.physletb.2016.08.040
https://doi.org/10.1016/j.physletb.2016.08.040
https://doi.org/10.1016/j.physletb.2016.08.040
https://doi.org/10.1016/j.physletb.2016.08.040
https://doi.org/10.1080/10619127.2015.1035942
https://doi.org/10.1080/10619127.2015.1035942
https://doi.org/10.1080/10619127.2015.1035942
https://doi.org/10.1080/10619127.2015.1035942
https://doi.org/10.1016/j.nimb.2015.04.033
https://doi.org/10.1016/j.nimb.2015.04.033
https://doi.org/10.1016/j.nimb.2015.04.033
https://doi.org/10.1016/j.nimb.2015.04.033
https://doi.org/10.1209/0295-5075/117/28001
https://doi.org/10.1209/0295-5075/117/28001
https://doi.org/10.1209/0295-5075/117/28001
https://doi.org/10.1209/0295-5075/117/28001
https://doi.org/10.1088/0031-8949/91/9/093004
https://doi.org/10.1088/0031-8949/91/9/093004
https://doi.org/10.1088/0031-8949/91/9/093004
https://doi.org/10.1088/0031-8949/91/9/093004
https://doi.org/10.1016/j.nimb.2007.04.289
https://doi.org/10.1016/j.nimb.2007.04.289
https://doi.org/10.1016/j.nimb.2007.04.289
https://doi.org/10.1016/j.nimb.2007.04.289
https://doi.org/10.22323/1.204.0097
https://doi.org/10.22323/1.204.0097
https://doi.org/10.22323/1.204.0097
https://doi.org/10.22323/1.204.0097
https://doi.org/10.1140/epjad/i2005-06-171-4
https://doi.org/10.1140/epjad/i2005-06-171-4
https://doi.org/10.1140/epjad/i2005-06-171-4
https://doi.org/10.1140/epjad/i2005-06-171-4
https://doi.org/10.1051/epjconf/201716501034
https://doi.org/10.1051/epjconf/201716501034
https://doi.org/10.1051/epjconf/201716501034
https://doi.org/10.1051/epjconf/201716501034
https://www.micron.com
https://doi.org/10.1088/1748-0221/12/03/C03079
https://doi.org/10.1088/1748-0221/12/03/C03079
https://doi.org/10.1088/1748-0221/12/03/C03079
https://doi.org/10.1088/1748-0221/12/03/C03079
https://doi.org/10.1051/epjconf/201716501026
https://doi.org/10.1051/epjconf/201716501026
https://doi.org/10.1051/epjconf/201716501026
https://doi.org/10.1051/epjconf/201716501026
https://doi.org/10.1051/epjconf/201716501011
https://doi.org/10.1051/epjconf/201716501011
https://doi.org/10.1051/epjconf/201716501011
https://doi.org/10.1051/epjconf/201716501011
https://doi.org/10.1088/1748-0221/13/05/T05006
https://doi.org/10.1088/1748-0221/13/05/T05006
https://doi.org/10.1088/1748-0221/13/05/T05006
https://doi.org/10.1088/1748-0221/13/05/T05006
https://doi.org/10.1016/j.nima.2017.01.010
https://doi.org/10.1016/j.nima.2017.01.010
https://doi.org/10.1016/j.nima.2017.01.010
https://doi.org/10.1016/j.nima.2017.01.010
https://doi.org/10.1007/BF01343196
https://doi.org/10.1007/BF01343196
https://doi.org/10.1007/BF01343196
https://doi.org/10.1007/BF01343196
https://doi.org/10.1016/S0375-9474(03)00973-4
https://doi.org/10.1016/S0375-9474(03)00973-4
https://doi.org/10.1016/S0375-9474(03)00973-4
https://doi.org/10.1016/S0375-9474(03)00973-4

