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1. Introduction

The nuclear landscape that defines the nuclear physics territory is quite
interesting for number of reasons. On the one hand, it motivates exhaustive
research efforts to stretch the existing limits of nuclear existence and deter-
mine the endpoints of dripline by experimentally producing new elements,
on the other hand, it poses serious challenges to our understanding — to ex-
plain the formation, as well as the abundance of some of the existing nuclei,
lying on the proton rich side of the stability valley, though well within the
limits of nuclear landscape. Currently, it contains approximately four thou-
sand isotopes of elements, which are basic building blocks for the universe,
having about three hundred isotopes stable and remaining others unsta-
ble [1]. Production of these stable as well as unstable isotopes is understood
through the nucleosynthesis process, which involves number of nuclear reac-
tions. Production of nuclei lying up to iron mainly proceeds by H burning,

(27)
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He burning, CNO cycle, α, e, and few other processes, and the abundance of
the nuclei up to iron can be reasonably explained through the reaction net-
works formed by these nuclei. Any further formation of nuclei heavier than
iron is expected to involve additional reaction processes, proposed firstly
by Burbidge et al. and Cameron, where subsequent β decay and neutron
capture processes [2, 3] play major role. These neutron capture processes
are characterized by two different mechanisms: the rapid neutron capture
process, by which synthesis of approximately half of the nuclei are formed
heavier than iron, occurs in highly explosive stellar environment leading to
the formation of r-nuclides, those located on the neutron rich side of valley
of nuclear stability, and the process is known as r-process. The other process
is slow neutron capture process, which happens in stellar helium and carbon
burning environment leading to the formation of s-nuclides, those situated
at the bottom of the valley of nuclear stability and the process is commonly
termed as s-process. The neutron capture s- and r-processes are responsible
for the formation of bulk of heavy elements. However, the series of these
processes leaves about thirty five nuclei between 74Se to 196Hg, blocked by
neutron capture, s- and r-processes. These nuclei are expected to be formed
by the p-process and are called p-nuclei [2].

The p-nuclei are much less abundant (except for 92,94Mo and 96,98Ru) in
comparison to other nuclei, heavier than iron, which are formed by neutron
capture, r- and s-processes [4, 5]. The possible sites and scenarios responsi-
ble for p-process are still under discussion, though it is largely agreed that
p-process proceeds through a large network of photo-disintegration reac-
tions, such as (γ, n), (γ, p), (γ, α) and potential sites for the p-process are
the explosively burning Ne/O shells in the shock-heated envelopes of type II
supernova explosions where a pre-existing s/r-seed distribution is eroded by
photon-induced reactions at temperatures between 2–3 GK [6–9]. There
have been limited experimental attempts employing different techniques to
measure relevant cross sections using activation method, in-beam methods
(angular distributions method and γ-summing technique), γ-induced reac-
tions and techniques in inverse kinematics with varying projectile energy
range [10–14].

Although experimental cross sections data provide key information to
calculate the abundance of the p-nuclei, yet such experimental observations
are scarce because of two major limitations for performing these experi-
ments. Firstly, in the laboratory target, nucleus is always in its ground
state, while target nucleus lies in thermally excited state under stellar con-
ditions and secondly, in the case of heavy nuclei, high nuclear level density
and high Coulomb barriers also make the experimental efforts quite chal-
lenging. Moreover, typical p-process reaction network calculation involves
nearly two thousand nuclei and approximately twenty thousand reactions,
and most of the nuclei involved in this reaction network are unstable. Thus,
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it is very difficult to perform a large number of experiments in laboratory
and to understand the p-process nucleosynthesis solely through experimen-
tal measurements. Thus, theoretical considerations are genuinely required
to supplement experimental studies and provide input for the network cal-
culations to meet the shortfall of cross-sections data. Even if experimental
cross-section data are available, very often these data are not fully commen-
surable with the energy regime of the stellar situation. In such cases, cross
sections obtained with theoretical models can be normalized to the available
experimental data. If the uncertainty of the energy dependence of the cal-
culated cross section is small, this method provides a safe extrapolation to
the relevant stellar energies from the measured energies.

In the theoretical framework, reaction cross-section results are obtained
by the Hauser–Feshbach [15] statistical model calculations and this cross
section is used to calculate the astrophysical reaction rates, which is further
required for p-process network studies based on theoretical models [16]. The
parameters i.e nuclear level density, optical potential, γ-ray strength func-
tion, and nuclear masses enter as an input for the calculation of cross sec-
tions with the statistical model code. The theoretical calculations depend
on the reliability of these inputs and hence the uncertainty in calculated
cross-section results depend on the uncertainties of these inputs. Therefore,
it is highly desired to ensure the reliability of model inputs by calculating as
many experimental observables as possible and compare with the experimen-
tal observations. Statistical model codes e.g. MOST [17], SMARAGD [18, 19],
NON-SMOKER [20–22] and TALYS [23] have been used widely for the nu-
clear reaction calculations. TALYS code covers most of the major reaction
mechanisms which are important for light particle induced nuclear reactions
i.e. direct, pre-equilibrium, and compound mechanisms to calculate the to-
tal reaction probability, and the code is optimized for large projectile energy
range from 1 keV to 200 MeV [23, 24].

In the present work, we have calculated the cross section and reaction
rate for proton and alpha capture reactions for 102Pd, 120Te, 124,126Xe, and
130,132Ba in the Hauser–Feshbach statistical model (using TALYS 1.6), using
microscopic and phenomenological optical potential obtained using densities
calculated from the relativistic mean field (RMF) approach. The assessment
of the reliability of the nuclear densities, used as an input for reaction stud-
ies, has been performed by comparing ground state properties of the nuclei
i.e. binding energy, r.m.s. matter radii, and r.m.s. radii, calculated by RMF
model [25] with the corresponding experimental observations. We have used
microscopic optical model potential (JLM) [26] and phenomenological op-
tical model potential (KD03) [27] for the nuclear reaction calculations. In
the microscopic optical model, the nucleon–nucleon effective interaction is
folded with the matter density distribution to quantify the strength and
shape of the nuclear potential, while in the case of phenomenological optical
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model, the Woods–Saxon form has been taken into account for the determi-
nation of depth and parametrization has been used to best fit with existing
experimental data. The paper is presented in the following manner. The
mathematical formalism is described in Section 2. The results are presented
and discussed along with the comparison with theoretical as well as exper-
imental existing results in Section 3. At last, conclusion and summary are
given in Section 4.

2. Mathematical formalism

The reaction cross section σµν(Eij) of reaction iµ(j, o)mν from the target
state iµ to the excited state mν of the final nucleus can be written as

σµν(Eij) =
π}2/(2µijEij)

(2Jµi + 1)(2Jj + 1)

∑
J,π

(2J + 1)

×
Tµj

(
E, J, π,Eµi , J

µ
i , π

µ
i

)
Tµo
(
E, J, π,Eνm,J

ν
m, π

ν
m

)
Ttot(E, J, π)

, (1)

where Eij denotes the excitation energy, J denotes the spin, and π is the
parity of excited states. The Ttot =

∑
ν,o T

ν
o describes the transitions to all

possible bound and unbound states ν in all energetically accessible exit chan-
nels o including the entrance channel i. Again, in this case, the contribution
of the thermally excited states has to be estimated. The necessary energy
Eij for the tunneling is independent of the excitation energy, and hence the
contribution of the excited states to the reaction cross section and reaction
cross-section rate is much smaller in comparison to the (γ, p) reactions.

The cross sections are used to determine the stellar reaction rates (which
are required for stellar evolution models to determine the formation of heavy
nuclei), and can be written as

〈σv〉 =

(
8

πµ

)1/2 NA

(KT )3/2

∞∫
0

σµν(Eij)E exp

(
−E
KT

)
dE , (2)

where NA is the Avogadro number, KT is the thermal energy and E is
the centre-of-mass energy. Another important task is to find the effective
energy range for the cross sections to be calculated for the proton and alpha
capture reactions. Following equations ((3) and (4)) are used to determine
a relevant energy range E0−∆/2 ≤ E ≤ E0 +∆/2 within which the nuclear
cross sections have to be known [28]

E0 = 0.12204
(
µAZ1

2Z2
2T9

2
)1/3

, (3)

∆ = 0.23682
(
µAZ1

2Z2
2T9

5
)1/6

, (4)
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where E0, ∆ are in the units of MeV, T9 is the plasma temperature in GK,
and µ = A1A2/(A1 + A2) is the reduced mass. The statistical model needs
optical potential for reaction cross-section calculation, which further requires
nuclear densities as input. In this work, relativistic mean field densities have
been used as RMF is proved to be one of the most successful approaches
among the existing mean field theories. In the relativistic mean field model,
the nuclear many-body system is understood in terms of interacting parti-
cles baryons and mesons through mean field. The parameters of the model
are phenomenologically fitted in accordance to the saturation properties of
nuclear matter [29, 30]. RMF theory explains well salient features of finite
nuclei such as binding energy of ground states, various excited states, de-
formation, charge radii, density profile and nuclear halo, etc. In the last
three decades, the RMF model has been successfully used to explain the
properties of finite nuclei as well as infinite nuclear matter [31–34]. One of
the major attractive features of the RMF formalism is that the spin-orbit
strength, other associated spin properties and associated nuclear shell struc-
ture automatically arise from meson–nucleon interaction [35, 36].

The details of RMF model and solving the equations for finite nuclei
and nuclear matter can be found in the literature [33, 37–39]. The basic
ingredient is the relativistic Lagrangian density for a nucleon–meson many-
body system [33, 39]

L = ψ̄i{iγµ∂µ −M}ψi +
1

2
∂µσ∂µσ −

1

2
m2
σσ

2 − 1

3
g2σ

3 − 1

4
g3σ

4 − gsψ̄iψiσ

−1

4
ΩµνΩµν +

1

2
m2
wV

µVµ +
1

4
c3(VµV

µ)2 − gwψ̄iγµψiVµ −
1

4
BµνBµν

+
1

2
m2
ρR

µRµ − gρψ̄iγµτψiRµ −
1

4
FµνFµν − eψ̄iγµ

(1− τ3i)
2

ψiAµ . (5)

The field for the σ meson is denoted by σ, that for the ω meson by Vµ and
for the isovector ρ meson by Rµ. Aµ denotes the electromagnetic field. The
ψi are the Dirac spinors for the nucleons whose third component of isospin is
denoted by τ3i. Here, gs, gw, gρ, and e2

4π = 1
137 are the coupling constants for

σ, ω, ρ mesons and photon, respectively. g2, g3, and c3 are the parameters
for the nonlinear terms of σ and ω mesons. M is the mass of the nucleon
and mσ, mω and mρ are the masses of the σ, ω, and ρ mesons, respectively.
Ωµν , Bµν and Fµν are the field tensors for the V µ, Rµ and the photon fields,
respectively [39].

3. Results and discussion

There are a number of parameter sets available for solving standard RMF
Lagarangians, but in this work, we have used NL3* [40] parameter set as it
has been found to study nuclear observable across the nuclear landscape in
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different nuclear mass region. The nuclear structure for the nuclei considered
in the present work has been studied as a benchmark test to check the nuclear
model reliability regarding shape and density. For this, we have calculated
binding energy and r.m.s. charge radii of all the nuclei under consideration.
Further, we have used relativistic mean field densities to calculate the JLM
potential which is required as an input for calculating nuclear cross section
and reaction rates.

3.1. Ground state properties — nuclear densities, binding energy,
and r.m.s. charge radii

In Table I, we have presented the calculated ground state properties i.e.
binding energy and r.m.s. charge radii for all nuclei under consideration along
with the experimentally observed values. The root mean square (r.m.s.)
charge radius (rc) is obtained from the point proton r.m.s. radius through
the relation given below [33]

rc =
√
r2p + 0.64 , (6)

TABLE I

Comparison of calculated ground state properties of nuclei under consideration
with the data available. The experimental values for B.E./A are taken from [41]
and for rc are taken from [42].

B.E./A (in MeV) rc (in fm)

Nucleus RMF EXPT. RMF EXPT.
102Pd −8.564 −8.580 4.475 4.482
120Te −8.456 −8.477 4.734 4.703
124Xe −8.421 −8.437 4.760 4.762
126Xe −8.431 −8.443 4.765 4.770
130Ba −8.396 −8.405 4.820 4.828
132Ba −8.402 −8.409 4.823 4.830
103Ag −8.540 −8.537 4.492 4.503
121I −8.436 −8.441 4.752 —
125Cs −8.398 −8.399 4.788 4.788
127Cs −8.412 −8.411 4.791 4.793
131La −8.373 −8.370 4.843 —
133La −8.382 −8.378 4.845 —
106Cd −8.524 −8.539 4.528 4.534
128Ba −8.386 −8.396 4.816 4.826
134Ce −8.336 −8.366 4.852 —
136Ce −8.370 −8.373 4.868 4.873
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considering the size of proton radius as 0.8 fm. One can see from the results
given in the table that our calculated results agree well with the experimental
results. It is important to mention here that, since the charge radius rc
matches excellently with experimental results, therefore, one can reliably
comment on the density profiles as well as density-dependent properties
calculated using RMF densities which are employed to calculate the optical
potential, for reaction cross-section calculations.

3.2. Cross section and reaction rate

The cross section and reaction rates have been calculated using two dif-
ferent optical potential i.e. KD03 potential and microscopic JLM potential
through TALYS code using RMF densities. As discussed in previous section,
these nuclear densities were separately calculated using RMF formalism and
were added to TALYS source files manually for calculating the potential and
further the cross section were calculated at astrophysically relevant energy
windows. We have compared these reaction cross-section calculations with
the available experimental data. The cross-section results have been plotted
in the energy range of 2.5–6 MeV for proton capture and 9.5–14.5 MeV for
the alpha capture reaction, and for reaction rate results temperature range
2 to 5 GK for proton capture and 4.5 to 7.5 GK for alpha capture reaction
relevant to the Gamow Window. The results are displayed in Figs. 1–4,
where we have shown the results of our calculations and compared with
experimentally as well as theoretically available data.

Comparison of proton capture cross section and alpha capture cross sec-
tion (as a function of energy in centre-of-mass frame) is presented (for 102Pd,
120Te, 124,126Xe,130,132Ba) in Figs. 1 and 2 respectively. In all the figures,
calculated results with JLM potential and KD03 potential are showed us-
ing solid lines and dotted lines respectively. Dashed lines represent NON-
SMOKER results and experimental data points with error bars are also
shown. Comparison of proton capture rates and alpha capture rates (as a
function of temperature) for these nuclei is given in Figs. 3 and 4 respectively.
Cross section and reaction rate results (experimental) for 102Pd(p, γ)103Ag
have been taken from Ozkan et al. [43]. In this experiment, an activation
technique was used in which gamma rays from decays of reaction prod-
ucts were detected off-line by two hyper-pure germanium detectors in a
low background environment. Experimental data for the cross section of
120Te(p, γ)121I is taken from Guray et al. [44]. In this experiment, an acti-
vation technique was used and the cross section were deduced from the ob-
served gamma-ray activity, which was detected off-line by two clover HPGe
detectors mounted in close geometry. Experimental results of cross sec-
tion for 124Xe(α, γ)128Ba have been taken from Halász et al. [45]. In this
experiment, cross sections was measured with the activation technique us-
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Fig. 1. Comparison of proton capture cross section for 102Pd, 120Te, 124Xe, and
130Ba (as a function of energy in centre-of-mass frame).

ing a thin window 124Xe gas cell. Cross-section results (experimental) for
130Ba(p, γ)131La are taken from Netterdon et al. [46]. In this experimental
work, cross-section values were measured by the activation technique. After
the irradiation with protons, the reaction yield was determined by the use of
gamma-ray spectroscopy using two clover-type high-purity germanium de-
tectors. Experimental data for 130Ba(α, γ)134Ce was obtained using the ac-
tivation technique with HPGe detector [47]. In the case of 102Pd(α, γ)104Cd,
120Te(α, γ)124Xe, 124Xe(p, γ)125Cs, 126Xe(p, γ)127Cs, and 126Xe(α, γ)130Ba,
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Fig. 2. Comparison of alpha capture cross section for 102Pd, 120Te, 124Xe, and
130Ba (as a function of energy in centre-of-mass frame).

132Ba(p, γ)133La and 132Ba(α, γ)136Ce, no experimental results are available,
hence the calculated results are given as prediction and are also compared
with the other theoretical results (NON-SMOKER).

One can see from the results displayed that our results obtained through
JLM as well as KD03 potential are quite similar in nature, qualitatively as
well as quantitatively but show some difference from NON-SMOKER results,
and the present work approach can describe the experimental results in a few
cases. One can also see that the difference between JLM, KD03 and NON-
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Fig. 3. Comparison of proton capture rates for 102Pd, 120Te, 124,126Xe, and
130,132Ba (as a function of temperature).

SMOKER results are small at lower energy/temperature ranges but becomes
considerable for the higher energy/temperature ranges. Cross-section results
for proton capture reactions displayed in Fig. 1 and our predictions are very
close to experimental results with only exception of 102Pd(p, γ)103Ag result.
For the case of 124Xe(p, γ)125Cs, 126Xe(p, γ)127Cs and 132Ba(p, γ)133La, due
to unavailability of experimental results, they are displayed only with exist-
ing theoretical predictions. We find that our results have similar trend with
the NON-SMOKER results. The alpha capture cross-section results are plot-
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Fig. 4. Comparison of alpha capture rates for 102Pd, 120Te, 124,126Xe, and 130,132Ba
(as a function of temperature).

ted in Fig. 2 and only for 124Xe(α, γ)128Ba and 130Ba(α, γ)134Ce reactions
experimental results are available, for other cases, we compared our predic-
tions only with available theoretical results. In the case of 124Xe(α, γ)128Ba
reaction, JLM and KD03 results perfectly match with the experimental re-
sults, while the NON-SMOKER results are larger by a factor of 2–3 than
our results. Moreover, our results for cross section are in a good agree-
ment with the existing experimental results except for 102Pd(p, γ)103Ag and
130Ba(α, γ)134Ce cross-section results. We have also compared the NON-
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SMOKER astrophysical reaction rate results with our calculations for the
proton and alpha capture reactions (graphed in Figs. 3 and 4) considered
in the present work to see how much extent present work reaction rates
differ from the preexisting results. Only the experimental reaction rate for
102Pd(p, γ)103Ag is available, which has been shown in Fig. 3. We find that
our reaction rate results are smaller than the astrophysical rates calculated
using NON-SMOKER formalism by a factor of 1–3 approximately.

Considering this comparative analysis, it can be said that the present
work for the cross section and reaction rate calculations provide reasonable
results to explain experimental data, however, these results need to be fur-
ther improved to have better agreement with the experimental results. Also,
it could be worthwhile to see the effect of nuclear level density in such reac-
tion studies along with the study of more astrophysical reactions, involving
stable as well as unstable nuclei. Specifically, this kind of approach to study
nuclear structure and reactions in coherent manner, involving microscopic
nuclear inputs certainly opens up an avenue for reducing the uncertainty
in theoretical tools being adopted for calculating nuclear reaction cross sec-
tions, to be further used for reaction network calculations.

4. Conclusion

In the present work, nuclear structure and reaction studies have been
performed for the p-nuclei under consideration. The nuclear structure ob-
servables have been calculated by relativistic mean field model (RMF) and
the results have been found to be in the excellent agreement with the exper-
imental results. This can be taken as a measure of reliability for using these
RMF densities for the calculation of cross section and reaction rate with mi-
croscopic and phenomenological optical potential using nuclear reaction code
(TALYS). The calculated cross sections and reaction rates results are found
to be in a good agreement with the experimental results as well as theoret-
ical (NON-SMOKER) results. As reaction network for the nucleosynthesis
of heavy nuclei requires the reaction cross sections and reaction rates data,
in bulk, at high temperature so the present study will be helpful to fulfill
this need. The aim of our study is to perform more reliable nuclear reaction
calculations, which are coherent with nuclear structure studies as well. Such
approach will help reducing the uncertainty in theoretical calculations and
will limit the number of models and parameter sets available for explaining
plethora of nuclear observables across the nuclear landscape. Most impor-
tantly, such studies are necessary to better understand the formation and
abundance of p-nuclei.
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