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Abstract Avrticle Info.

Light isotopes, especially closed-shell nuclei, have significance in thermonuclear

reactions of the Carbon-Nitrogen-Oxygen (CNO) cycle in stars. In this research, Keywords:

radiative proton capture of >N(p,y)*®O was calculated using MATLAB codes to Gamow Energy,
find the reaction rate across a temperature range up to 10 GK for the spectrum's  Nucleosynthesis, Radiative
non-resonant part, and the astrophysical S- factor S(E) only at low energies (E=70 Capture  Reactions, S-
keV). The findings were compared with conventional reactions before and after Factor, Reaction Rates.
statistical analyses, and the results were acceptable when compared to earlier

compilations and reference libraries. For temperatures 0.07 < Ts < 0.09, current  artjcle history:

direct data cover 50-90 % of the region under the Gamow peak. At Ty < 0.15, Received: Oct. 13, 2024
non-resonant capture becomes more important, and the current rate isup to 40 % Revised: Nov. 06, 2024
lower than NACRE-II due to lower S factor values than the NACRE-II Accepted: Nov. 23, 2024
extrapolation. For energies E < 70 keV, a linear relationship for the S-factor was  pplished:Dec. 01, 2025
assumed.

1. Introduction

Nucleosynthesis heavily depends on radiative capture reactions. Light elements are
formed during fusion reactions in stellar cores or from the Big Bang. In the latter scenario,
they are produced mainly by fusion, distinguished by two key chemical sequences: (i) the
proton-proton (pp) chain and (ii) the Carbon, Nitrogen, and Oxygen (CNO) cycle [1]. Also,
the triple alpha fusion reaction plays quite an important role in changing the chemical
elements of the cosmos. The CNO cycle, a catalytic process, requires a high starting
concentration of carbon, nitrogen, and oxygen in stellar material. Nuclear astrophysics
depends on radiation capture processes, which require the fusion of an atomic nucleus with
a proton or neutron to create electromagnetic radiation or a-particles [2, 3]. The CNO cycle
mechanism relies heavily on competing p,y and p,a reactions [1]. The strong connection
p,a branches outperform the electromagnetic p,y branches. However, in some situations,
the latter can be equivalent to the p, a branch, significantly affecting the reaction flow in
some astrophysical temperature regimes [4].

The initial mass of a star affects whether it burns via the proton-proton (pp) chain or
the CNO cycle, which fuses hydrogen to helium via a series of thermonuclear events,
providing the bulk of the energy emitted by hot stars [5,6]. Unlike the pp chain, the CNO
cycle is a catalytic cycle in which four protons combine with pre-existing carbon, nitrogen,
and oxygen seed isotopes to generate one helium nucleus. The carbon, nitrogen, and
oxygen isotopes act as independent catalysts in the CNO cycle. However, the second
branch of the CNO cycle involves the seed isotopes of oxygen and fluorine, which are
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mostly converted into *N. The fluorine created in this branch is only an intermediate
product and does not accumulate in the star in a steady state. The CNO bi-cycle includes
the following sequences of nuclear reactions:

L2C(p,y)BN(B* v)*C(p, V)N(p,y )*O(B* v)'®’N —N(p, o)**C
—N(p.y)**0(p, 7)"F(B* v)''O(p,0) N (1)

The CNO bi-cycle, often known as the "cold” CNO cycle, produces three electron
neutrinos through beta decays of N, 0, and 'F [7]. The CN cycle lacks stable *N and
150 isotopes of nitrogen and oxygen, which decay to the stable isotopes *C and °N,
respectively. The enter reaction ®N(p,y)!°O removes catalytic nuclei from the process.
Reactions that follow in (1) restore the catalytic material, resulting in the buildup of O
and heavier isotopes, including “He and N nuclei. This second branch generates !'F,
which decays, emitting beta rays and 1.74 MeV electron neutrinos. The *N(p,y)'®O
mechanism links the alternate NO channel of the CNO cycle, resulting in stable oxygen
isotopes. In the CNO cycle, the proton capture process on ®N can occur through two
channels: N (p,*He)*2C and ®N(p,y)*0O reactions, which meet at the °N nucleus. The
rate of CN with regard to the NO cycle is determined by the branching ratio of the
BN(p,y)*0 and BN(p,a)!2C reaction cross sections. The N (p,y)!°O process has a low
likelihood of Occurrence probability and has a significant impact on nucleosynthesis [8].
However, its contribution to overall nuclear energy generation is modest [9]. To accurately
forecast the abundances and relative ratios of stable °0, 1’0, and 80 isotopes in an active
NO cycle, the N(p,y)!®O reaction must be correctly evaluated [10-12]. The reaction rate
ratio defines how much nucleosynthesis of %0, 'O, and 'O occurs during CNO
combustion [10]. The ®N(p,y)'®O reaction (Q-value 12.127 MeV) is important in the
combustion of CNO hydrogen in novae and AGB stars. The *N (p,y)'®O reaction is
impacted at stellar energies by two interfering resonances at Ex = 312 keV(J™ = 17) and
Er = 964 keV(J™ = 17), where Er is the resonance energy in the center of mass (CM)
system [13,14]. Hebbard [13] used a sodium iodide detector to study this reaction in 1960,
while Rolfs and Rodney [14] used a Ge(Li) detector in 1974. Only the most recent result
is included in the NACRE compilation [15]. At low energies, there is a difference in the
findings of the two experiments, as well as in the extrapolated S-factors (S(0)gebbard =
29.8 + 5.4 keV .b whereas S(0)ro1rs = 64.0 + 6.0 keV.b).

Coulomb barrier dominates at low energies in the non-resonance positively charged
particle-induced reaction due to the positive charge of the reactants. To fuse such particles,
they must first break through their mutual repulsive Coulomb barrier Up and move apart
far enough (about 10~*°m, which is a typical nuclear size) for the strong nuclear force to
take over. A difference was discovered when the energy needed to fuse two hydrogen
atoms at r = 1 fm, where it was computed and put up against the Sun's average particle
kinetic energy of 3/2 KT [16]. It was discovered that a temperature of 10*°K is the minimal
requirement for the fusion process. However, temperature in the Sun's center is just
1.6 x 107 K. As a result, the Sun's core's temperature is insufficient for nuclei to break
through the Coulomb barrier .

Sometimes, there are a preferred set of conditions for a nuclear reaction to occur,
such as matching between incident particle energy with an excited state level, or spin
matching between incident and target nucleus... etc. In such cases, the reaction cross
section increases rapidly at specific region (s) of reaction energy so the measured cross
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section appears to fluctuate. This phenomenon is called nuclear resonance. The reasons
behind the nuclear resonance phenomenon are not simple in general. But when it happens,
nuclear resonance brings many important effects. It can cause absorption of incident
particles at an extremely higher rate at a selective energy and generates certain abundant
products as well. Usually, resonance occurs at low incident energies. Thus it is important
to consider its effects when addressing thermonuclear and capture reactions [17].

The aim of the present work is to study the thermonuclear reaction rates for the
most significant CNO cycle reactions at stellar temperatures from (107 to 10%) K by
focusing on specific samples of massive stars with the CNO cycle. Then, a comparison was
made for the model calculations with data from available compilations and libraries.
Furthermore, the best probability distribution functions that govern the rate of these
reactions was found. A MATLAB computer code was used to perform the analysis, and
the results were compared with the available experimental data of NACRE [European
Nuclear Astrophysics Compilation of Reaction Rates].

2. Thermonuclear Reaction Rates

A Maxwell-Boltzmann distribution effectively approximates nuclear velocities
under sunny circumstances [7]. Therefore, The Maxwell distribution also applies to the
relative velocity distribution. The Boltzmann constant, which is regulated by the decreased
mass of collldlng nucle| is estimated from the equation [18, 19]:

(Gv)=( ) (KT)" f E o(E) e KTdE 2)

where [ is the reduced mass of the entrance channel, k is Boltzmann constant, ¢ is the
reaction cross section and E is the center-of-mass energy between the reacting particles.
The cross-section, in most cases has a combined contribution from both non-resonant and
resonance components._In this work non-resonant contribution were determined as follows:
Considering charged-particle induced reactions, the cross section ¢ (E) can be expressed
as [18]:

o(E) = S(E) /Ee~2™ (3)

where S(E) is the astrophysical S-factor and is determined by the equation:

Z,Z,e? 3
n(E) = =22 = 01575 2,2, (%) @
n(E) is the Sommerfeld parameter, Z1 and Z» are the interacting nuclei's charge numbers,
and h is the reduced Planck constant. In the absence of resonances, the S-factor is a
significantly smoother function of energy than the cross section [19]; it corresponds to a
simple quantum tunneling model and the actual cross section of the reaction. This is
accomplished by accounting for all of the contributions of the internal structure of the
reacting nuclei to the ¢ (E):
1

oo

81\2 3 E
NA(Gv)zNA(ﬂ—u) (KT)"Z | S(E) e2™e kT dE (5)

0
The integral part of the reaction rate equation, Eq. (5), is governed by a combined
effect of two exponential terms: the first represents the Maxwell Boltzmann (M.B.)
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distribution (e~E/KT) and the second reflects the Gamow factor (e~'/VE) found in

Sommerfeld term (Eq.3), and each of them is interestingly energy-dependent, with e L/VE
proportionally to E and e ®/XT inversely with E .As a result, the integral largest
contribution must originate from energies where the product of both elements is near
maximal. This area is known as the Gamow window (at integral's largest contribution), and
it reflects the relatively small energy range in plasma of a star where most of the non-
resonant thermonuclear events occur [19, 20]. This window's effective width is [19]:

1
A= 02368 (Z?Z2 uTS)s MeV (6)
Centered around an energy Eo:
Eo = 0.122 (z2z2u T2)Y/3 MeV (7)

This gives the effective mean energy for thermonuclear reaction at a given
temperature T. Eq. (5) is expressed in terms of the Astrophysical Spectroscopic S-Factor,
S(E), rather than the cross section, because the latter is strongly dependent on the reaction
energy in most reactions. The S-factor is supplied for a variety of processes; however, at
effective stellar temperatures, it is more practical to incorporate the Effective S-Factor, Seft
[18], into Eq. (2). It is usual to theoretically describe Setr by terms of Taylor expansion
about a specific energy E=0. The factor e 2™ approximates the permeability of the
Coulomb barrier between two point-like particles with charge eZ; and eZ».

0) 15(0) ,, 89
seff=5(0)[ +_+5(0)< 6kT)+§TO)<E + kT)l 8)

The dot represents derivative of S(E) with respect to energy E. Usually, each of the
terms S(0), S(0), and S(0) are obtained from fitting experimental data. These terms are the
first three terms from Taylor expansion of S(E) around E=0. When the energy and ¢ are,
given in MeV and barns, respectively, then: S(0), 5(0), and S(0) are given in unit of (MeV.
barn), (barn), and (barn/ MeV), respectively. T is a dimensionless correction parameter
described as:

3Eo 2 1/3
T= T T = 4.2487(Z2 7% n/Ty) 9
5
F(T) ~ 1+ H (10)

This correction has little effect at low temperatures, but its effect is shown to rise with
rising temperature, resulting in a decrease in the Coulomb barrier effect.
The final form of the non-resonant reaction rate is [20]:

4.339 X 108 my + m,

NA<0V>Non.R. = ZOZ mym Seff e’ TZ (11)
1 1

In Eq. (8), tis a numeric factor that corresponds to the atomic numbers of the target
and projectile [21], and the S-factor values are treated as temporal derivatives. Z; and Z»
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are the atomic numbers of the projectile and target parties, respectively. A few other
adjustments might be considered when inserting Eqg. (8) into Eq. (5), such as screening
effects and non-symmetry of the Gamow window [22, 23].

3. Screening Effect: Reaction Rate Enhancement Factor

This is a minor correction that contributes less than 2-5%, which is included in this
work to obtain better agreement of standard experimental with theoretical data. The
numerical formula for reaction rate, Eq. (1), is often calculated assuming pure electrostatic
contact between two bare, unscreened nuclei. However, in stellar interiors, where
temperatures and densities are high, reactant nuclei are enveloped in a spherically
symmetric, negatively charged cloud of free electrons that serves as a screening potential
for projectiles against the Coulomb repulsive barrier. This produces an effect comparable
to that produced using atomic orbital electron screening [24].

Shielding reduces the incoming projectile's Coulomb barrier potential by a certain
amount, increasing the reaction cross-section and modifying the penetration factor.
The screened reactivity of a charged particle-induced reaction is typically a product of the
ordinary stellar reactivity (ov) and the screening enhancement factor F(E):

<0V>screened = F(E) (ov) (12)
with

0y(E) _ 0op(E+U,)
PO = o® ™ (0 49
F(E) ~ exp (mn(E) =) (14)

where o and oy, are the screening and bare nuclei cross sections at center-of-mass energy
E, respectively, and 1 is the Sommerfeld parameter.

4. Results and Discussion

The cross-section, which in most circumstances contains a cumulative contribution
from non-resonant and resonant components, provides the foundation for establishing any
stellar reaction rate. Modelling of the non-resonant component of the charged-particle-
induced reaction (p,y) was performed using the Matlab program. The program utilizing Eq.
(11) to calculate the non-resonant reaction rates depends on the values of the S-factor
coefficient. The non-resonant contribution to charge particle-induced reactions highly
depends on temperature and target-projectile charge. It is clear from Table (1) that, at a
constant temperature, the entrance channel with a higher atomic number has a greater
Coulomb potential(U, < ZyZ,). As a result, the reaction probability shifts to a higher
temperature area to give the necessary energy for the projectile to cross the Coulomb barrier
and produce a reaction. This explains why light nuclei provide most nuclear energy in star
plasma rather than heavy ones [21]. The numerical values of reaction rate results are
presented in Table 1 for *N(p,y)'®0 reaction. These data were obtained directly from the
websites [25], where the temperature Tq is given in GK (1 GK=10° Kelvins). Therefore,
To=1.0 indicates T=10° K, and the reaction rates are given in cm® mol? sec’’. In this
research, numerical calculations were made for the selected reaction, and then Compared
to the numerical results in Table (1) for the nuclear reaction **N(p,y)*®O at temperature
0.007 < Ty < 10 GK for S(0) = 45 x 10° MeV.b (+ 9 keV. b, obtained from NACREE-
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[1[25] and Q-value +12.127 MeV [24,26].The comparison showed a good agreement with
the theoretical calculation. This result indicates that the light nuclei generate more energy
in the stellar plasma than the heavy nuclei. The results show that the thermonuclear reaction
rate increased as temperatures rose because charged interacting particles needed more
temperature to pass through the existing Coulomb barrier.

Fig.1 shows the relationship between the Ser and temperature Tg in GK. The S-
factor coefficients were selected from libraries to compute Sefr values. Then, Serr was
calculated using Matlab code, depending on the coefficients S(0) from Eg. (8), and then
utilized to estimate the non-resonant rates for ®N(p,y)*®O reaction, as listed in Table 1,
because the Coulomb barrier must be overcome by charged interacting particles as the
temperature increases for N(p,y)!®O reaction in intermediate and massive stars, the
results showed that the Seffincreased as the temperature increased.

Table 1: The numerical values of *N(p,»)0 reaction rate from European Nuclear Astrophysics
Compilation of Reaction Rates (N 4(av) EXP) [from NACRE-11] [25] and calculated by Matlab
(N 4(ov) THE). Temperature given in (GK = 1x 10°K), and N 4(av)are in cm®mol™* sec™.

Tk Na(ov) [25] | THE.Ns(ov) | Tek | [25]Na{ov) | THE.N,(oV)
0.007 | 4.54x 1072> | 4.485x 1072> | 0.18 | 7.00x 1073 41x 1073
0.008 | 1.34x 10723 | 1.32x 10723 | 0.2 | 1.88x 1072 | 1.09x 1072
0.009 | 2.34x 10722 | 2.30x 10722 | 0.25 | 1.48x 107* | 1.09x 1071
0.01 | 2.75x 10721 | 2.70x 1072* | 0.3 | 7.72x 107! | 6.34x 107!
0.011 | 2.36x 10720 | 2.31x1072° | 0.35 2.95 1.98
0.012 | 1.59x 10°1° | 155x 107'° | 0.4 8.85 7.52
0.013 | 8.73x1071° | 8.48x 107'° | 045 | 2.17x 10* 2.01x 10!
0.014 | 4.05x 10718 | 393x 10" | 0.5 | 4.55x 10! 4.03x 10*
0.015 | 1.64x 10717 | 1.60x 107 | 0.6 | 1.41x 102 1.21x 10?2
0.016 | 5.86x 10~'® | 565x 1071 | 0.7 | 3.16x 102 3.09x 102
0.018 | 5.60x 10~'¢ | 538x 10" | 0.8 | 5.79x 102 5.19x 102
0.02 | 3.90x 10715 | 3.73x107*> | 09 | 9.30x 102 8.04 x 102
0.025 | 1.91x 10713 | 1.81x 10713 1 1.37x 103 1.17x 103
0.03 | 3.70x 10712 | 3.47x 107 | 1.25| 2.91x 103 1.31x 103
0.04 | 2.78x1071° | 255x 10" | 15 | 5.20x 103 4.85x 102
0.05 | 5.97x107° 5.38x 10™° | 1.75 | 8.35x 103 6.36x 103
0.06 | 6.21x 108 5.47x 1078 2 1.23x 10* 2.55x 103
0.07 | 4.03x 1077 348x 1077 | 25 | 2.18x 10* 3.28x 103
0.08 | 1.89x 107°° 1.61x 107° 3 3.21x 10* 3.99x 103
0.09 | 6.98x 107° 5.78x 107 | 35 | 4.16x 10* 3.16x 10%
0.1 2.16x 107> 1.78x 105 4 5.00x 10* 4.01x 10*
0.11 | 5.82x 1073 459x 1075 5 6.22x 10* 3.59x 10*
0.12 | 1.40x 10~* 1.07x 10~* 6 6.90x 10* 5.95x 10*
0.13 | 3.11x107* 2.32x 107% 7 7.22x 10% 6.81x 10%
0.14 | 6.41x10~* 457x 10™* 8 7.29x 10% 8.29x 10%
0.15 | 1.24x 1073 8.45x 1073 9 7.21x 10* 9.21x 10*
0.16 | 2.30x 1073 1.5x 1073 10 | 7.03x 10% 9.02x 10*
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Figure 1: The Ser of °>N(p,y)**0 as a function of temperature in (GK).

0.0452

Fig.2 shows the relations between the degree of temperature sensitivity n, and the
temperature in GK where n can be calculated as n = % [18]. This means that there is a

linear relation between 7 and the exponent n. **N (p,y)*®O reaction showed low temperature
sensitivity. As shown in Table 1, the N (p,y)'®O reaction reduced faster at low
temperatures. However, when the temperature rises, the number density of the reaction's
target nuclei experiences a higher consumption rate than (such as *N (p,y)}*0).
Furthermore, many poison reactions compete with the *N(p,y)'®O channel, as seen in
intermediate and massive stars. Furthermore, in this work, two modifications were added
to the calculated reaction rate for this reaction. Figs.3 and 4 show the results of the
screening corrections vs. Tek. It is noted that the correction factor F(t) for the reactions
goes into Sefr calculations presenting a minimal improvement to the value of rate for the
selected temperature range in this work.

Sef values have been calculated using MATLAB code, depending on the
coefficients S (0), S(0), and S(0)through Eq. (8)..At low temperatures, the correction factor
is often minimal (less than a few per cent). Its magnitude rises with increasing temperature
and decreasing Coulomb barrier.

100

15N@.n 1%
n

= 10

1

o 1 2 3 a 5 6 7 8 9 10
Temperature (GK)

Figure 2: The degree order of reaction temperature sensitivity as a function of temperature in
GK for ®N(p,»)®0 reaction.
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Figure 3: The screening correction factor F(t) versus temperature in (GK) for *N (p,y)**O
reaction.
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Figure 4: Numerical values of the parameter T versus temperature in GK for °N (p,y)*°0
reaction.

Fig.5 shows the relation between the reaction rate of N (p,y)**O reaction
compared with the present theoretical computed as a function of temperature Tg using
MATLAB. When the temperature rises, the number density of the reaction’s target nuclei
experiences a higher consumption rate than *N(p,y)**O Furthermore, many poison
reactions (such as »*N(p,y)**0) compete with the **N(p,y)**O channel, making **N(p,y)'*0
the proton production source, as seen in massive stars and demonstrated that in the region
with Te= 0.09, the shielding effect has a considerable influence on the reaction rate value,
especially for targets with a larger atomic number.

However, as the temperature rises, the projectile energy increases, and the projectile
goes through the target at such a high velocity that the electrons are unable to protect it
from the repulsive Coulomb potential. As a result, the effective screening potential
becomes practically constant and has only a minor effect on the response rate value. It was
concluded that the increased binding energy of these isotopes makes the reaction less
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likely, allowing other competitive processes to arise and increasing the likelihood of other
competitive proton reactions in the CNO cycle. This reaction has two significant aspects
[27] in the cold CNO cycle: (1) it causes the cold cycle to break down, and (2) its primary
energy is supplied from this cycle.

100000 |- . - ]
1 -
= L
P [ 1SNp.»1°0o J
2 — ® @ Exp.
= — Th
= 1E-05 |- eory ]
E -
B L
= L
d =
=2 -
- 1E-10 |- ]
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= — ]
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S L
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L -
= —
1E-20 |- i
1E-25 [ . 1 1 1 1 1
-2 o 2 a 6 8 10 12

Temperature (GK)

Figure 5: The presently (Theory) calculated non-resonant reaction rate in cm® mol*s™ as a
function of temperature in (GK) for **N(p,y)**O compared with (Exp.) values from ref. [25].

5. Conclusions

At T < 0.15 GK, the non-resonance component was found to be the leading
component of the total (p, y) rate values. However, once the temperature exceeded 0.15
GK, the resonance contribution started to play a significant role in the total rate and
eventually reached its maximum. The results indicated that Seff increased with rising
temperature, which, in turn, led to an increase in the non-resonant reaction rate, as charged
interacting particles must overcome the Coulomb barrier at higher temperatures in
intermediate- and massive-star interiors.
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