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Abstract

This paper investigates the proton capture reactions 'Be(p,y)°B,
2Cip.y)™N, “N(p,y)*0, and ™N(p,y)**C in the proton-proton (p-p) chain and
Carbon-Nitrogen-Oxygen cycle (CNO), which are essential for comprehending the
development of main sequence stars in the initial stages of spiral and elliptical
galaxy formation. This study investigates proton capture reactions in spiral and
elliptical galaxies. The excitation functions were summarized, which describe the
energy dependence of the nuclear reaction cross-sections, to analyze the (p,y)
interaction cross-sections of "Be(p,y)’B, “C(p,y)N, *N(p,y)**0, and **N(p, y)**C,
in the p-p series and CNO cycle with energy up to 8 MeV. In this work, the
theoretical values from the ENDF/B-VII library were compared with the estimated
database of proton capture cross-sections in hydrogen-burning stellar objects from
CSC-GM and TALYS. Cross-sections can be calculated at low energies within the
p-p chain and CNO cycle. Therefore, we were able to calculate the proton capture
cross-sections of four of the investigated nuclear reactions, "Be(p,y)°B, **C(p,y)"N,
YN (p,y)*®0, and N(p,y)**C, which are part of the p-p chain and CNO cycle in
stellar nucleosynthesis in galaxies.
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1. Introduction

Astronomical observations of the luminosity and chemical makeup of galaxies, stars,
and supernova events, as well as the interstellar medium, provide evidence for nuclear
processes [1-5]. How a particle is emitted during a nuclear reaction is essential for learning
about the nucleus [6]. Nuclear reactions transpire as a result of the interaction between
nuclei, protons, photons, and other particles. For example, in addition to photons and
nucleons, protons (p), deuterium (d), tritium (t), neutrons (n), and the initial elements to be
generated (H, He, Li, and Be), all interact with one another via nuclei [7-10]. Nuclear physics
and astrophysics rely heavily on the neutron capture reaction [11]. All the atoms in the
universe that are heavier than hydrogen and helium are made through nuclear reactions; this
includes stars and nuclear reactors, both of which produce energy via nuclear processes [9].
Thermonuclear reaction rates in stars result in high-temperature differences, and these
temperature variations further separate processes of the proton-proton (p-p) chain and the
Carbon-Nitrogen-Oxygen (CNO) cycle, which are the two main hydrogen burning
mechanisms in stars. Only a few interactions occur at insignificant rates at any stage of star
evolution [12]. Primary processes create elements directly from nucleons and simple nuclei
(like hydrogen and helium) in the same location where nucleosynthesis occurs. These
processes are typical of the first generation of stars. Secondary processes depend on pre-
existing elements produced by earlier stars. These pre-existing elements are incorporated into
new stars and undergo further nucleosynthesis [13, 14].

Stars operate primarily through thermonuclear fusion reactions, which are primarily
responsible for producing energy and creating the various nuclei inside the star. Proton-
proton reaction chains and the CNO cycle, a group of nuclear reactions that convert hydrogen
into helium, make burning hydrogen possible. For example, **N(p,y)*°O is considered the
bottleneck of the first CNO cycle, and it controls the rate of its occurrence as well as the

© 2024 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
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star’s arrival at the point where its brightness stops (its exit from the main sequence stage)
and the burning of CNO in it.

The outward pressure from fusion reactions counteracts the internal gravitational pull
in the first stage of hydrostatic combustion, maintaining the star's stability. A p-p chain
enables hydrogen fusion. This process entails the amalgamation of hydrogen nuclei (protons)
to generate helium while simultaneously discharging energy. The fusion process that is most
prevalent in low-mass stars, such as the Sun, is known as the dominant fusion process. On the
other hand, hydrogen burning in intermediate-mass stars and massive stars occurs through the
CNO cycle. This method employs carbon, nitrogen, and oxygen as catalysts to transform
hydrogen into helium. The CNO cycle has greater temperature dependence and efficiency in
the higher core temperatures of these more massive stars [15].

In nuclear physics, star activity and the universe's observables are inextricably linked to
nuclear structure. Understanding cross-sections (o) for numerous types of nuclear reactions is
crucial for interpreting astrophysical phenomena and developing the future of nuclear
reactors [16, 17]. The cross-section represents the likelihood of a reaction occurring when
two particles collide. The scattering cross-section is a quantitative measure of the frequency
at which a specific interaction occurs between radiation and a target. More specifically, the
cross-section is the rate of scattering as a function of the incoming radiation flux, which is
calculated by dividing the number of particles that hit the target surface in a second by the
surface area, assuming that the incoming radiation is composed of "particles,” such as
protons or neutrons. The number of energy levels per unit energy, or level density, is the
number of energy levels per unit energy. This density level is a key factor that determines the
cross-section of a nuclear reaction [18]. The standard units used to quantify cross-sections of
nuclear reactions are barns (b). A scattering cross-section signifies an effective area whose
size is proportional to the probability of interaction between the radiation and the target.
Specifically, hydrogen burning occurs in intermediate-mass and massive stars via the CNO
cycle [19, 20].

In the universe, the proportion of H and He is roughly 73% and 25% of the overall
mass, respectively; C, N, and O are the most prevalent elements in the universe, following H
and He [21]. The explanation of star existence relies on nuclear processes. The primary
mechanism by which hydrogen undergoes combustion entails the fusion of four protons,
forming a solitary “He nucleus. Hydrogen can undergo conversion into helium using two
distinct reaction chains [22-26].

The cross-sections of specific proton capture reactions, known as "p-p fusion" give the
Sun and other stars their energy. It occurs in the core of stars that are cooler than 15 x10° °K
and involves a reaction cycle that produces 25MeV of energy. The temperature at which a p-
p cycle occurs is lower than that of the CNO cycle. Prominent bodies, including the Sun,
divide the p-p chain into three discrete pathways called the ppl, ppll, and pplll chains. The
proton-proton fusion reaction ppl in stars, including the Sun, commences with the collision of
two protons (p or *H), which results in the formation of a heavy hydrogen atom ?H. During
the second stage, the weak interaction between a 2H nucleus and a proton produces a *He
nucleus, releasing extremely energetic gamma rays. In the final stage, the fusion of two *He
nuclei forms a stable *He nucleus. This process also releases two more protons (2'H), which
initiate the next round of the reaction. The Sun undergoes a continuous process in which it
transforms around 655x10° tons of H into 650x10° tons of “He every second. When stars
have masses greater than around 2 Mg and core temperatures greater than 18 x10° °K, a
unique chemical process known as the carbon-nitrogen cycle is the principal means of
generating energy through the fusion of hydrogen into helium. The original situation is the
final reaction of the ppl chain, but the later reaction could continue into the ppll or pplll
chains.
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The CNO cycle is the primary mechanism for the stable burning of hydrogen in stars,
occurring within a temperature range of 20x10° to 130x10° °K. The following sequence of
processes elucidates the conversion of hydrogen into helium in this stellar cycle, specifically
for stars exceeding the mass of the Sun. The CNO cycle includes successive steps: When the
12C element absorbs a proton, it changes into >N and emits gamma rays. N, an unstable
isotope, undergoes radioactive decay and transforms into **C. The half-life of this decay
process is around 10 minutes. The *3C isotope undergoes proton capture, resulting in the
emission of a gamma ray and the transformation into the N isotope, which undergoes
proton capture, resulting in the emission of a gamma ray and the transformation into °O. The
50 isotope undergoes a B+ decay and converts into *>N. Ultimately, the *°N isotope seizes a
proton and then releases “He to complete the cycle and revert to *2C [15, 25, 27-38].

The process by which two nuclei combine to form a compound nucleus is known as
nuclear fusion. This is the basis for nucleosynthesis in stars. Reactions in the field of nuclear
physics are frequently written as A(a,b)B [39], where a is the projectile, A is the target
nucleus, (B) represents the combination's relatively heavy nucleus, and (b) represents the
lighter result. Specifically, a y ray is the lighter result in a radiative capture. The capture
reactions, whether (p,y) or (a,y), make up a significant fraction of all nuclear events relevant
to astrophysics. The Coulomb barrier is the electrical repulsion that two nuclei experience
from each other's positive charges before they fuse. Most stellar scenarios occur at
temperatures ranging from 10’ to 10° K, starting at the Coulomb barrier threshold and going
up to a few MeV [40]. The phenomenon known as quantum tunnelling, in which a particle's
wave function may pass through potential barriers greater than its kinetic energy, is the origin
of these processes [41, 42].

Penzias [43] Examining interstellar molecules has allowed the study of the galactic
proportions of stable isotopes Si, C, N, O, S, and hydrogen. The results of this study
indicated that there is a faster rate of star formation in the area of the galactic centre due to
the increased amount of processed material, especially *C. Lalremruata et al. [44] used
Talys-1.0, a nuclear simulation code with predefined general variables, to calculate excitation
functions for the (n,p) reaction on 5 isotopes of nickel (°®Ni, ®Ni, ®*Ni, °2Ni, and ®**Ni).

Rosario et al. [45] study concluded that the potential of galaxies transitioning from
active production of stars to inactivity is more likely to contain low- and moderate-luminosity
active galactic nuclei (AGNSs). They showed that AGNs are more frequently observed in
starforming host galaxies. Pritychenko and Mughabghab [46] presented astronomical rates of
reaction and neutron thermal cross sections for 843 reactants from the Evaluated Nuclear
Data File (ENDF). Mason et al. [47] figured out how to group fifty galaxies into groups
based on their shapes, ranging from late-type spiral galaxies (Sc, Sd, and Sm) to elliptical
galaxies (E). Although most galaxies appear to contain an active galactic nucleus (AGN), the
spectrum exhibits unique characteristics due to the sample AGN's luminosity. Ismail et al.
[48] utilized the TALYS 1.6 code and gamma-ray incidence energies of up to 20 MeV and
calculated the reaction cross-section of the 2°U(g,f) for multiple-level density simulations.
Chemseddine et al. [49] predicted the chemical evolution of AGBn stars and understood their
influence on the development of our galaxy (the Milk Way).

This article highlights a noteworthy display by the Laboratory for Underground
Nuclear Astrophysics (LUNA), which significantly enhanced our understanding of the
evolutionary mechanisms of AGB stars and the complexities associated with nuclear
synthesis. LUNA has undertaken focused investigations into many reactions crucial for
producing light components in the outer layer of hydrogen-burning material. The
investigation of proton capture cross-sections on 'O and ‘|0 has improved our
understanding of the expected oxygen isotope ratios originating from AGB stars most CNO
cycle activities, for which first data is now available.
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2. Method of Calculating Cross-Section o

Nuclear reaction rates are essential for investigating stars' energy generation and
nucleosynthesis processes. Astrophysical reaction rates describing the change in the
abundances due to nuclear reactions in an astrophysical environment are functions of the
densities of the interacting nuclei, their relative velocities, and reaction cross-section [50, 51].
Nuclear physics ‘role in understanding nucleosynthesis and stellar evolution involves
measurements or computations of fundamental quantities, such as reaction cross-sections,
nuclear masses, and B-decay rates. The various important capture reactions to understand the
p-process nucleosynthesis are (n, y), (p, v), (o, y), etc. The present study focused on the
proton capture (p,y) reaction.

In the study of nuclear synthesis processes inside stars, nuclear reaction rates are one of
its basic components, as they describe the change in the abundance of elements resulting
from nuclear reactions inside stars [52, 53]. The role of nuclear physics is to contribute to
understanding the evolution of stars by measuring or calculating the interactions cross-
sections. For this reason, different capture reactions are important in understanding the p
process, which is focused on in this work on the (p, y) reactions within the p-p reaction
chains and the CNO cycle. The cross-section of these reactions with the energy of the centre
of mass of the reaction system E < Ec is [54]

1
o =S(E) E exp (—211 n(E)) (1)

2
where S(E) is the scattering matrix of the reaction, and n:% is the Somerfield parameter,

Z; and Z; are the atomic numbers of the interacting nuclei, e is the elementary charge, 7% is
the reduced Planck'’s constant, and v is the relative velocity of the nuclei in the center-of-mass
frame.

The ENDF library contains data on nuclear reactions for astrophysics, especially cross-
sections of capture reactions, for example for stars AGB [55], suitable for understanding P-S
processes. The proton capture cross-section rate is defined by the following formula [55]

m?2 2
2 *® E.m
KT) = —MJ En)E n_2 dE 2
o (KT) T (KD ). o (En)En exp(exp KT (my + my; ) 40 (2)
m2 2
2 © Elm
KT) = — mitm2 f EL)EL n 2 dEL 3

where K and T are Boltzmann constant and the temperature of the system, respectively, E is
the relative kinetic energy of the proton relative to the target, EL is the laboratory energy of
the system, and m;, m, are the masses of the proton and the target, respectively.

The total cross-section gives the proton capture reaction according to the Glanber
Model

dg™
k2

| F(g™)I* (4)

o=

where F(g™) is the scattering capacity for such a reaction within the Glanber Model, which
is given in the form [54, 56]:
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o
F(3™) = 5 [ dbed™ < ¥, O 11 ~Tli € PITj € T (1 - FipITO O 5)

where 1 is the target core, P is the projectile core, k is the momentum of the projectile, ¥, is
the intrinsic wave function of the projectile, Wa is the wave function in the (a) plane,
©, and ©, are the eigenvector functions of the target and the (a) plane, b is the impact
factor between the projectile and the target, and g is the transferred momentum.

3. Results and Discussion

The work focused on analyzing the cross-sections of the (p,y) reactions for ‘Be(p,y)®B,
2C(p,y)°N1, “N(p,y)*0, and **C(p, v)*N in the p-p chain and CNO cycle. The study used
two programs and compared their results with the available experimental data in the
ENDF/B-VII library [3, 57, 58]. The estimated values for nuclear fusion cross-sections in
hydrogen-burning stellar objects were compared with the theoretical data obtained from the
ENDF/B-VII library [49,50] of spiral and elliptical galaxies [59]. The initial contact was
"Be(p,y)’B, followed by **C(p, v)**N for spiral galaxies, **N(p, v)*°0, and **C(p, y)**N for
elliptical galaxies. The TALYS computer coding system can simulate nuclear reactions and
calculate cross-sections across a wide energy range, from 1 keV to 1 GeV, making it a
valuable tool for studying various nuclear processes in astrophysics and nuclear physics [57].

The calculation results of the theoretical cross-section values using the CSC-GM and
TALYS models are presented in Figs. 1-4 with data from the ENDF/B-VII library. The first
and second forms for spiral galaxies were used. Fig. 1 shows the reaction cross-sections for
"Be(p,y)®B in a pplll chain between 0 and 8 MeV based on simple calculations. The star
generation rate is extremely high in both the CSC-GM and ENDF systems. While in the
TALYS system, the cross-section of the star formation rate is less steep than in the two cases
mentioned above. Despite the increase in values, TALYS restricted the reaction cross-section
value to approximately 5 MeV energy. Simultaneously, the CSC-GM computer, TALYS
code, and ENDF systems demonstrated a rise in the energy range between 6.5 MeV and 8
MeV.

10
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81 |- - -TALYES et

o (mb)
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1 2 3 4 5 =] 7 8

Energy of Proton (MeV)

Figure 1: A theoretical cross-section estimate for the 'Be(p,y)°B reaction at 8 MeV for a spiral
galaxy.
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Fig. 2 shows the C(p,y)"*N reaction cross-section accumulating in the CNO cycle.
This figure illustrates how the theoretical results from TALYS and ENDF agree well and
how the data closely matches ENDF at about 4 MeV. This signifies the continuation of the
fusion process. The second characteristic of CSC-GM is that it does not begin at a particular
value of cross-section, whereas ENDF and TALYS begin above 0.001mb and near 0.004 mb,
respectively. This is due to the proportion of components that undergo fusion. The likelihood
of the reaction occurring inside one program varies, and the best program that emerged is the
CSC-GM since starting from 0 means that the fusion process began at zero. The procedure
continued and produced the most significant probability of 0.008 mb. This suggests that
spiral galaxies have very young stars rich in gaseous and stellar material, which reflects a
high level of nuclear fusion activity in young stars.
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0.010 ] —— CSC-GM
------ENDF
1---TALTES| 7 .- -
ooosH e
=
£ - e
= 0.006 - - e
B - -
0.004 -
-
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r
0.002 +
T T T T T T T T T T T T T
1 2 3 4 5 6 7 8

Energy of Proton (MeV)
Figure 2: The theoretical cross-sections for the ““C(p,»)"*N reaction at 8 MeV for a spiral galaxies.

For elliptical galaxies in the CNO cycle, the third and fourth reaction cross-section
estimates are N (p, «)*?C, and this reaction involves a p interacting with a *°N nucleus. The
proton is absorbed, and an alpha particle () is emitted, resulting in the formation of a 2c
nucleus, as shown in Eq. (6)

15N+p—)12C+(X (6)

BC(p, v)*N reaction involves a proton (p) interacting with a *C nucleus. The proton is
absorbed, and vy is emitted, resulting in the formation of 14N nucleus, as shown in Eq.(7)

BC + p—Nty ™

The Fig. 3 demonstrates a strong correlation between the cross-section and the proton
energy, reaching 800 eV. All cross-section measurements indicate an increasing trend up to
roughly 7 MeV but have stable and consistent values after 7 MeV, indicating very high
temperatures. This is because the heavy element in the nuclear fusion process and the
likelihood of the reaction happening rise dramatically, and this rise is thought to be extremely
quick. This relationship between star creation and occurrence indicates that elliptical galaxies
have older stars and poorer star formation.
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Figure 3: The theoretical cross-sections for the **N(p, y)**C) reaction at 8 MeV for elliptical
galaxies.

The *C(p, g)**N reaction studied is the fourth reaction in the elliptical galaxies and the
last *2C(p,y)™*N reaction in the CNO cycle. The difference in the cross-section calculations
performed by each computer program can be observed. The discordance between the CSC-
GM, TALYS, and the ENDF computer data up to 2.5 MeV was noted, and there was a good
agreement at 2.5 MeV. Also, as the line from CSC-GM decreased to 2.5 MeV, the line from
TALYS increased. The literature has no experimental data for the 2C(p.y)"’N (See Fig. 4).
The C(p, )N is a direct capture (Q= 7.55. MeV) interaction that is dominated by the E1
transition from the incoming s-d wave to the bonnal wave of three states and the next four
excited states in **N. This interaction exhibits astrophysical behavior in the stars, mainly in
the CNO cycle. The difference in cross-sections for the three models can be noted because
the abundance of *C changes in the stellar medium to have N as the heaviest stable odd-
odd nucleus. Fig. 4 shows that the cross-section of this capture interaction showed a strong
peak for a calculations by the CSC-GM and ENDF energy Ep ~1 MeV, while a large
difference in cross-section in TALYES. A fair agreement of the results is shown in Ep =3
MeV for the ENDF and TALYES.

Bep.)N

0.8

— CSC-GM

g (mb)

Energy of Proton (MeV)
Figure 4: The theoretical cross sections of the **C (p,)"*N reaction at 8 MeV for an elliptical
galaxy.
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4. Conclusions

A key component of our knowledge of the evolution of galaxies is the cross-section of
star formation in their core regions. Given that they represent a major portion of the ongoing
star formation in nearby galaxies and contain significant quantities of hydrogen and helium
gases, rings of star-forming nuclei are important characteristics in this perspective. In this
study, the star formation rates in spiral and elliptical galaxies were analyzed using the proton
capture of the star formation cross-section in these systems. In the present article, the cross-
section of the (p, v) interactions for 'Be, **C, **C, and N nuclei within the p-p chain and
CNO cycle in stars were computed in the energy range from (0-8) MeV using TALYS 1.6
and CSC-GM computer codes. For these nuclei, cross-sections can be calculated at low
energies within the p-p chain and CNO cycle. The results in CSC-GM showed that spiral
galaxies have high star formation rates because the interaction cross-sections for "Be(p,y)°B
in a p-p chain increase to 8 MeV. Our findings indicated a significant variation in the cross-
section in TALYES, but a prominent peak for o estimated by CSC-GM and ENDF, at energy
Ep =1 MeV in the proton capture interaction cross-section. TALYES and ENDF agreed quite
well with the Ep =3 MeV values. Interaction cross-section estimates were performed for
elliptical galaxies in the CNO cycle. The results showed that elliptical galaxies have older
stars and less star formation. As a result, spiral galaxies have plenty of gas (such as H and
He) and dust molecules responsible for star formation. In contrast, elliptical galaxies
appeared to have exhausted all their energy sources, leaving relatively little energy available
for the birth of young stars.
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