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THEORETICAL MODELING OF RADIATIVE PROTON CAPTURE
IN LIGHT NUCLEI OF THE CARBON - NITROGEN - OXYGEN CYCLE
USING A DIRECT CAPTURE APPROACH

The radiative proton capture reactions 2C(p, y)**N, ¥“N(p, y)*°0, and Y"O(p, y)*®F have been investigated within the
framework of a direct capture model employing Woods - Saxon potentials. These reactions play a fundamental role in
hydrogen burning through the carbon - nitrogen - oxygen (CNO) cycles in stellar interiors. Nuclear structure inputs
constrained by experimental data have been used to calculate astrophysical S-factors and scattering phase shifts. The
calculated results show good agreement with available measurements, accurately reproducing both non-resonant
contributions and narrow resonance features in the *2C(p, v)**N and YO(p, v)'®F reactions. The rate-limiting behavior of
the N(p, v)*°O reaction in the CNO-I cycle has also been described with satisfactory precision. The findings provide
improved inputs for stellar nucleosynthesis modeling and contribute to the understanding of low-energy nuclear capture

processes relevant to astrophysics.

Keywords: radiative proton capture, CNO nuclear cycle, astrophysical S-factor, direct capture model, stellar

nucleosynthesis.
1. Introduction

Nuclear reactions are fundamental processes that
govern both the structure of atomic nuclei and the
evolution of stars [1, 2]. Among these, radiative cap-
ture reactions hold special significance for both
nuclear physics and astrophysics [3]. Radiative cap-
ture involves the absorption of a projectile, such as a
proton or neutron, by a target nucleus, followed by
the emission of gamma radiation. These reactions
play a central role in stellar energy generation and the
nucleosynthesis of chemical elements in diverse
astrophysical environments [4, 5].

Radiative capture reactions are broadly classified
into neutron capture and proton capture. Neutron cap-
ture dominates the slow (s-) and rapid (r-) synthesis
of heavier elements [6]. In contrast, proton capture
reactions are central to hydrogen-burning cycles, par-
ticularly the carbon - nitrogen - oxygen (CNO) chain,
which governs energy generation in stars more mas-
sive than the Sun [7, 8]. Within this cycle, reactions
such as C(p, )N, “N(p, y)**0, and *C(p, y)**N
regulate the rate of energy output and influence stellar
lifetimes and elemental abundances. The importance
of these reactions has grown significantly since the
mid-20th century, driven by advancements in detec-
tion techniques, accelerator technology, and theoret-
ical models including R-matrix theory and statistical
codes such as TALYS [9, 10].

Despite considerable progress, major challenges
remain in measuring low-energy cross-sections due to

the Coulomb barrier, necessitating the use of indirect
methods and extrapolation techniques [11]. These
uncertainties directly affect the modeling of stellar
nucleosynthesis and the understanding of astrophysi-
cal phenomena. Seminal studies [12, 13] have high-
lighted the importance of statistically robust extrapo-
lation methods, such as Monte Carlo uncertainty
propagation and Bayesian S-factor analysis, in
improving the reliability of low-energy reaction rate
estimates for astrophysical applications. Recent
efforts have also sought to reduce these uncertainties
through indirect approaches and improved global
optical models [14, 15]. Evaluated nuclear data libra-
ries such as JINA REACLIB and NACRE remain
crucial in this context.

In this study, a theoretical and phenomenological
analysis of three key proton capture reactions
2C(p, 1)°N, ¥“N(p, v)**0, and YO(p, v)*°F has been
conducted. These reactions were chosen for their cru-
cial role in stellar hydrogen burning and their sensi-
tivity to the physical conditions within stellar inte-
riors. By examining these reactions, the accuracy of
reaction rates and astrophysical S-factors used in stel-
lar models can be improved, and deeper insights into
nuclear structure phenomena such as resonance
behavior and level densities near the proton threshold
can be gained. These reactions were selected not only
for their key roles in the CNO cycle but also because
improved theoretical models can directly impact the
accuracy of stellar evolution models and the predic-
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tion of CNO neutrino fluxes, a topic of current inte-
rest following the first detection of solar CNO neutri-
nos. Moreover, these reactions serve as essential
benchmarks for validating nuclear reaction theories
and for providing tighter constraints in astrophysical
network calculations. The ultimate goal of this work
is to support a more precise determination of S-factors
and reaction rates at stellar energies. The insights
obtained are expected to enhance the predictive accu-
racy of nuclear reaction networks in stellar evolution
models and to shed further light on the role of these
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reactions in stellar energy generation and elemental
synthesis [12, 13].

2. Role of selected proton capture reactions
in the CNO cycle

Proton-induced radiative capture reactions, speci-
fically *2C(p, v)°N, *N(p, v)*°0, and O(p, v)*°F, are
recognized as key processes within the CNO cycles,
which dominate hydrogen burning in stars exceeding
approximately 1.3 solar masses [2]. The main
branches of the CNO cycles are illustrated schemati-
cally in Fig. 1.
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Fig. 1. The CNO cycle. (See color Figure on the journal website.)

The reaction **C(p, y)**N serves as the entry point
into the CNO-I cycle, enabling the catalytic conver-
sion of carbon into nitrogen through a sequence of
proton captures and beta decays [3]. The **N(p, y)**O
reaction proceeds at a significantly lower rate and
represents the rate-limiting step in the cycle, thereby
exerting a controlling influence on stellar energy pro-
duction and neutrino fluxes [4]. In parallel, the
Y"O(p, v)*®F reaction contributes to the CNO-II
branch, becoming particularly relevant at elevated
stellar temperatures. This reaction affects the nucleo-
synthesis of fluorine isotopes and the distribution of
oxygen isotopes in stellar environments [9]. Accurate
determination of the cross-sections for these reactions
is essential for constraining astrophysical models of
stellar structure, evolution, and nucleosynthesis. The
analysis of these key reactions forms the basis for the
theoretical work presented in the subsequent sections.

While previous studies have extensively
employed R-matrix formalism and statistical models
such as TALYS, this study provides an alternative
phenomenological approach that offers simplicity,
computational efficiency, and sufficient accuracy for
stellar modeling at low energies. The combination of
phase shift analysis and direct capture (DC) forma-
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lism presented here also offers insights that comple-
ment more computationally intensive methods.

3. Theoretical consideration

Radiative proton capture reactions of the form
a+b — c+y constitute fundamental processes in
nuclear astrophysics, particularly in stellar hydrogen
burning. In these reactions, a light projectile b is
absorbed by a target nucleus a, forming a compound
nucleus ¢ while emitting a gamma photon to conserve
energy and angular momentum. These capture pro-
cesses are responsible for both the synthesis of ele-
ments and the generation of stellar energy in environ-
ments such as the proton-proton (p-p) chain, the CNO
cycles, and the s-, r-, and proton (p-) capture pro-
cesses. At the low thermal energies characteristic of
stellar interiors, radiative capture is predominantly
governed by the DC mechanism, wherein the projec-
tile is directly captured into a bound state without the
formation of a compound nucleus. This process is
theoretically described by solving the two-body
Schrodinger equation for both the continuum and
bound states using an effective nuclear potential. The
resultant wave functions are subsequently employed
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to calculate electromagnetic transition probabilities,
cross-sections, and the astrophysical S-factor [16].

3.1. Bound state wave functions
and angular momentum coupling

The total bound state wave function is defined as:
ul (r
¥, (F)= U 1)y (7). 1)

The term W, (F) represents the total wavefunction

of the system, characterized by the particular total
angular momentum J and its associated projection M,

uy (r) the radial wave function, and Y™ (¢) the
spin-angular function, which is defined as:

Yo =2 (IM M, [IM)[jm[1. M, ),
with

[im=>" Yio (F) )

where 7y, is the spinor wavefunction of particle b

and (jmI,M,|IM) a Clebsch - Gordan coefficient

is employed here. Radiative capture reactions are
modeled within a two-body potential framework,
where the interaction between the nuclei of the target
and the projectile is described by the Schrédinger
equation. For a bound state [17], the radial component
of the time-independent Schrdédinger equation is
expressed as:

the effective potential combines central, spin-orbit,
and Coulomb interactions

Ve (1) =V, (1) +Veo (r)+Ve () . 4)

The central potential is defined by the Woods - Saxon

(WS) form
Vo(r)=—V{1+exp(r_R°ﬂ (5)

&

and the spin-orbit potential is expressed as:

and the potential for Coulombs is defined as:

2
ZoZ48 , forr >R,
r
V.(r) = . (7
c(N) Z.Z,6° r’ )
3—— | forr<R.
2R, R?

The parameter Zi represents the nucleus’ charge num-
ber i (where i = a, b). Rc is the Coulomb radius, typi-
cally set equal to Ro. The spin-orbit interaction in
Eq. 6 is formulated using the pion Compton wave-

length, given as i= 1.414fm. The parameters
m_c

Vo, Vso, Ro, a0, Rso, and ao are carefully adjusted to

reproduce the observed ground state energy Eg (or

that of an excited state) [18]. The radial wavefunction
is then normalized according to:

© 2
_[O|u,j(r)| dr=1. (8)
3.2. Bound and continuum states

For bound states (E < 0), wave functions decay at
large r. For continuum states:

1 m - + io)
uéu(r—’oo):'\/ﬁ[m '(r) =S, H! )(r)]e ®),

9)

Here, H,(i) (r) are Coulomb wavefunctions given by:

H* (r)=G, (r) iR (r). (10)

This expresses the Coulomb wavefunctions H(r)

as combinations of the Coulomb functions of the
regular Fy and irregular Gi. o is the Coulomb phase

shift, and the scattering matrix is given by S, =e”™,

where )3 is the nuclear phase shift. To extract the
alteration in phase, the numerical solution is matched
to the known asymptotic form at a matching radius R,
using the logarithmic derivative:

dug, /dr
oy =| —5—| - (11)
uEIj r=R
This leads to the scattering matrix expressed as:
B G -iF —a, (G, —iF|) (12)

"G +iF —ay (G +iF)
A resonance occurs when the phase shift satisfies:

dd
=0, and —~
dE

d?s,,

T > 0. (13)

Ef

Ef
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The resonance width is given by:

(14)

3.3. Electromagnetic transitions

Electric multipole transitions dominate radiative
capture processes. The transition operator of
multipolarity Ap is: |

O, =&, 1Y, (), (15)

where the effective charge e) accounts for the center-
of-mass correction:

A A
e :Zbe(_%J +zae[%j . (1)

The reduced matrix element for a multipole transition
is formally represented as:

(3no, Jo>=(—1)J'+'a”o“\/(23+1)(2JO+1){Jj j I}j}<lj|l(’)m|| lojo)s )

where the single-particle radial matrix element is
given by

i

(18)

‘rka‘

l, j0> = ex\/ﬁ_[:dr rhup (rjuk,

(r)-
3.4. Cross-sections and astrophysical S-factor

The cross-section for photo-dissociation is given

by:
201
J E, dB (k)
hc de ’
(19)
where E =E +|E,|, with |E;| signifies the binding
energy of the two-body system comprising particles

'a' and 'b'. For transitions occurring between bound
states:

Mgy
h?k

*)

o (E,) - (2m)* (A +12) (

A[(2n+uT

_(2n)’ (a+1) (EJZ“ .

A[(2n+ 1] Lhe
xB (il jpdo = 113)3(E, —~E,~E,)., (20)

where E; and E; are the energies of the initial and final
states. The radiative capture cross-section by detailed
balance:

2(2IC+1) ®)

O] @

(rc)
Om)

(E,). 1)

Summing over all allowed transitions and including
spectroscopic factors (SFs) C°S., the total capture
cross-section onr is given by

o, (E) Zw(czs)i GE:;))J(E).

As follows is the definition of the astrophysical

(22)
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A7)

's-factor for the direct acquisition of charged particles
to a continuum state to a bound state:

s“(E)=Eo, (E)e”™®,

2
with (E)= 22

hv 23)

All numerical calculations were performed using
the computational framework described in Ref. [8].
The wave functions of the bound states were obtained
by numerically solving the radial Schrodinger equa-
tion employing the Numerov method in both inward
and outward directions. A surface-matching tech-
nigue was employed to determine the eigenenergies
accurately. For continuum states, the radial equation
was integrated using a Runge - Kutta algorithm, and
the scattering phase shifts were extracted by matching
the numerical solutions to the analytical Coulomb
wave functions in the asymptotic region. Electromag-
netic transition matrix elements were calculated
within the single-particle approximation.

In addition to the non-resonant DC component,
resonant capture and its interference with DC make
essential contributions to the total radiative cross-sec-
tion, particularly near narrow or isolated resonance
states. To include these effects, the total capture
amplitude is expressed as the coherent sum of the DC
and resonant amplitudes:

f&m ::“4DC +_J%e§

The corresponding total cross-section is therefore
given by

S(E) o Ape [P +] A [ +2Re(Ape - A ), (25)

(24)

where the first two terms represent the independent
DC and resonant contributions, while the third term
accounts for their mutual interference. The resonant
amplitude is modeled using a single-level Breit -
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Wigner form [1, 3]:

T,(E)T,(E)

E N |
B g Sirr2

(26)

where Eg is the resonance energy, I'=T", +T", is the
total resonance width, and ' (E) and I (E) are

the energy-dependent proton and gamma partial
widths, respectively. The interference term

2Re( Ay - Az, ) may enhance or suppress the cross-

section depending on the relative phase between the
two amplitudes. In the present work, this interference
is treated consistently with the angular momentum
coupling and electromagnetic multipole transition
rules for each reaction channel. The inclusion of both
the resonant and interference terms ensures that the
model accurately reproduces the observed line shapes
and S-factor energy dependence in the regions domi-
nated by narrow resonances.

SFs were employed to scale the electromagnetic
transition strengths used in calculating the radiative
capture cross sections. Unless explicitly stated other-
wise, SFs were assumed to be unity, reflecting the sin-
gle-particle dominance typically associated with low-
energy DC reactions. For the **C(p, y)™*N reaction,
we retain SF = 1.00 without variation, as the transition

is well established in the literature to be of nearly pure
single-particle character [19], and experimental data
support this assumption with minimal model depen-
dence. For the *N(p, y)°0 and *’O(p, y)*®F reactions,
we adopt SF values constrained by prior experimental
and theoretical studies. Specifically, SF=0.51 is
used for “*N(p, y)*0, based on shell-model and DC
analyses from Schroder et al. [20], while SF = 0.85 is
adopted for YO(p, v)*®F in accordance with transfer
reaction data reported by Newton et al. [21]. To eva-
luate the impact of uncertainty in SF on the calculated
astrophysical S-factors, we conducted a sensitivity
analysis assuming a 15 % variation in the adopted
SF values. The resulting changes in the zero-energy
S-factor, S(0), are presented in Table 1. For the
YUN(p, v)*®0 and YO(p, y)®F reactions, the cor-
responding uncertainties in S(0) are approximately +8
and +7 %, respectively. These results demonstrate
that while the SF contributes moderately to the ove-
rall uncertainty in S-factor predictions, its influence is
non-negligible in the context of precision astrophysi-
cal modeling. The computed transition strengths,
including the adopted SFs, were then used to evaluate
radiative capture cross sections as functions of the
center-of-mass energy. The corresponding astrophy-
sical S-factors were derived by applying Coulomb
barrier corrections using the Sommerfeld parameter
[16].

Table 1. Nuclear structure parameters for selected (p, y) reactions

Reaction o I In E,, MeV Vi SE Ajg(s)) (;(l)use Fto Relatlvgz/0 change,
C (p, 1)"N 12 | pwe | O 1.94 —4165 | 1.00 Not applicable N/A
“N (p,n)"0 32 | sy | 17 0.504 | -4679 |0.51 +0.06 keVb +8
170 (p, v)8F 1- dsp | 5/2* 14 —-34.58 0.85 +0.05 keV-b +7

4. Results and discussion

The analysis of radiative proton capture reactions
within the CNO cycle has been performed using the
DC model outlined in Sec. 2, incorporating a WS
potential framework. Standard potential parameters,
as listed in Table 2, provide the input for the calcula-
tions, including the central and spin-orbit well depths,
reduced radius ro, and diffuseness ao, which are
selected based on established values validated in low-

energy nuclear reaction studies. Nuclear structure
inputs specific to each reaction are compiled in
Table 1, including ground-state spin-parity assign-
ments, binding energies Ey,, potential depths Vy, and
SF for the compound nuclei **N, **0, and *®F. These
parameters are essential for accurately calculating
astrophysical S-factors and cross sections and have
been chosen to maintain consistency with both theo-
retical expectations and available experimental data.

Table 2. Standard WS potential parameters used in the theoretical modeling of radiative proton capture
reactions, including geometric and depth parameters for central and spin-orbit potentials

Parameter Value Notes
ro 1.2 fm Radius parameter
a, 0.60 fm Diffuseness
Vso —9.8 MeV Spin-orbit potential depth
Ro = Rc=Rsp ro (A + 1) fm Geometric scaling with mass number

ISSN 1818-331X AJAEPHA ®I3UKA TA EHEPTETUKA 2025 T.26 Ne4
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In the following subsections, each reaction will be
examined individually, and the calculated obser-
vables will be systematically compared with experi-
mental results to evaluate the accuracy of the model.

12C(p, v)N reaction. The radiative capture reac-
tion 2C(p, v)N is one of the essential processes in
the carbon - nitrogen cycle of stellar nucleosynthesis.
This section presents the key physical quantities
involved in modeling the reaction using the WS
potential framework and systematically compares
theoretical predictions with experimental data to eva-
luate the accuracy of the model.

Fig. 2 displays the radial dependence of the
nuclear potential employed for this reaction, calcu-
lated using the WS potential. The potential demon-
strates the characteristic behavior of a mean-field
nuclear interaction, exhibiting a steep attractive well
that reaches approximately —30 MeV near the origin
and gradually approaches zero beyond a radial dis-

r, fm
Fig. 2. WS nuclear potential U(r) for the 2C(p, y)*N
reaction, showing the radial dependence of the interaction.
(See color Figure on the journal website.)

The calculated astrophysical S-factor for the
2C(p, )N reaction as a function of the center-of-
mass energy is presented in Fig. 4. The theoretical
S-factor (solid red line) is critically compared with
experimental data (open circles) from C.D. Nesaraja
et al. [19]. The model reproduces the overall energy
dependence and absolute scale of the S-factor across
a wide energy range, including the low-energy
domain (below 1 MeV) that is most relevant for stel-
lar interiors. A pronounced resonance is observed
near Ecm =0.422 MeV, corresponding to the well-
known J" = 1/2* excited state in **N. The peak struc-
ture and magnitude of the S-factor at this energy are
accurately described, confirming that the chosen WS
potential parameters and SF provide a realistic depic-
tion of the transition dynamics and nuclear structure.
At energies below the resonance, the S-factor exhibits
the expected exponential decline due to the Coulomb
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u fm41/2

tance of about 6 - 7 fm. This shape captures both the
strong short-range nuclear attraction and the long-
range Coulomb repulsion essential for modeling
bound and scattering states. The corresponding nor-
malized radial wave function, u(r), for the ground
state of the N nucleus is shown in Fig.3. The
wave function exhibits a pronounced peak around
r = 3.5 - 4.0fm, representing the most probable
separation distance between the captured proton and
the 2C core. The amplitude decays exponentially at
larger radii, reflecting the quantum mechanical tun-
neling through the Coulomb barrier, a key feature
governing low-energy radiative capture probabilities
in stellar environments. The behavior of u(r) is con-
sistent with the observed binding energy and the
adopted SF (SF = 1.00) for this reaction, indicating a
predominantly single-particle character of the capture
process.

T T | T | T
0.6 — —
1ZC(p,V)13N
0.4 [— —
0.2 —]
0 | | |
0 5 10 15 20

r, fm
Fig. 3. Normalized radial wave function u(r) for the *N
ground state in the *2C(p,y)**N reaction, illustrating
bound-state behavior. (See color Figure on the journal
website.)

suppression of the entrance channel. The model cal-
culations track the measured data down to approxi-
mately 0.05 MeV, demonstrating the reliability of the
direct-capture formalism and the appropriateness of
the potential and nuclear structure inputs. The calcu-
lated S-factor values deviate from the experimental
data by less than 8 % across the energy range of 0.05
to 1 MeV, with a root-mean-square deviation of
0.07 keV-b, indicating satisfactory agreement within
experimental uncertainties. Minor discrepancies at
the lowest energies may be attributed to experimental
errors or limitations in the treatment of subthreshold
contributions, which are not explicitly modeled in the
present approach.

The phase shift analysis of the elastic scattering
process is shown in Fig.5, where the energy
dependence of the scattering phase shift (solid blue
line) and its derivative (dotted red line) are plotted.
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Fig. 4. Astrophysical S-factor for the *2C(p, y)*N reac-

tion as a function of center-of-mass energy. Theoretical

results (solid line) are compared with experimental data

(open circles) [19]. (See color Figure on the journal web-

site.)
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A clear resonance feature is identified near
Er = 0.136 MeV, corresponding to the same J* = 1/2*
state in **N responsible for the resonance in the cap-
ture cross-section. The phase shift exhibits the cha-
racteristic Breit - Wigner behavior, rapidly increasing
through n/2 at the resonance energy. The sharp peak
in the derivative of the phase shift provides an inde-
pendent confirmation of the narrow width and long
lifetime of this intermediate state. Such phase shift
behavior is essential for enhancing the capture cross-
section and demonstrates that the adopted WS poten-
tial reliably reproduces the resonance properties
observed experimentally. The dominance of the E1
electromagnetic transition in this reaction arises from
the favorable overlap between the incoming p-wave
proton and the psz ground state of N, consistent with
a strong single-particle contribution. This nuclear
structure feature explains the relatively high astro-
physical S-factor observed near the resonance and
highlights the sensitivity of the reaction to the details
of the potential and angular momentum coupling.
Overall, the theoretical model successfully captures
both the resonant and non-resonant behavior of the
2C(p, v)*N reaction, with implications for accurately
modeling energy production in stars undergoing CNO
hydrogen burning. The results reinforce the validity
of using the DC approach with WS potentials to
describe low-energy nuclear reactions relevant to
astrophysics.

HN(p, 7)1°0 reaction. The radiative proton cap-
ture reaction *N(p, y)*®O plays a crucial role in
hydrogen-burning processes within stars, serving as
the rate-limiting step in the CNO-I cycle. This reac-
tion controls the overall pace of energy production in
stars more massive than the Sun and directly influ-
ences CNO neutrino fluxes and stellar lifetimes. Pre-
cise modeling of this reaction is essential for accurate
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Fig. 5. Scattering phase shift and its derivative for the 2C + p
system, highlighting the resonance at Eg = 0.136 MeV. (See
color Figure on the journal website.)

0.5

stellar evolution simulations and cosmological age
determinations.

The calculated WS nuclear potential for the
YN + p system is presented in Fig. 6. The potential
well reaches a depth of approximately —27 MeV with
a surface region near 6.5 fm. These parameters are
chosen to reproduce the empirical binding energy of
the 'O final state and to ensure the correct asymptotic
behavior of the bound-state wave function. The nor-
malized radial wave function u(r) for the dominant
bound state of *O (J"=3/2%, Ex =6.793 MeV) is
shown in Fig. 7. The wave function exhibits a peak
near r =4 fm, corresponding to the most probable
separation distance between the captured proton and
the N core. The wave function decays exponentially
at larger radii, reflecting the expected quantum tun-
neling behavior. The adoption of the SF of 0.51 for
this state reflects the mixed nuclear configuration and
reduced single-particle occupancy, which directly
influences the magnitude of the calculated S-factor.
This reduced SF value is consistent with previous
experimental studies and shell-model calculations
that indicate configuration mixing in *°O.

The astrophysical S-factor for the N(p, y)*°O
reaction is plotted in Fig. 8 as a function of center-of-
mass energy. The theoretical S-factor (solid line), cal-
culated using the WS potential and including E1 tran-
sitions, is compared with experimental data from
multiple sources [20, 22, 23]. The model accurately
reproduces both the general energy dependence and
the absolute scale of the experimental S-factor, par-
ticularly in the sub-MeV region where DC dominates.
A prominent resonance is observed at Ecm =~ 0.259 MeV,
corresponding to the well-known J*=1/2* state in
0. This resonance enhances the S-factor signi-
ficantly and is well captured by the theoretical model.
The observed resonance arises from the constructive
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0

r, fm
Fig. 6. WS potential U(r) for the “N(p, y)**O reaction
showing the radial dependence of the nuclear interaction.
(See color Figure on the journal website.)

6

0T | | | | 5
r “N(p, v)**O 7
10° = E
© F -
% L S-FWS ]
S L
- E xp-2 3
E C A A Exp-3 i
1
& C ]
10° LS —
ol L
0 0.4 0.8 1.2 1.6 2 2.4
Ecm, MeV

Fig. 8. Astrophysical S-factor for the *N(p, v)*°0 reaction
as a function of center-of-mass energy. Theoretical curve
(solid line) compared with experimental data [20, 22, 23]
(symbols). (See color Figure on the journal website.)

interference of the incoming s-wave proton with the
bound state wave function, leading to a temporary
formation of a compound state that enhances the
capture cross-section. The calculated S-factor values
deviate from the experimental data by less than 10 %
in the energy range of 0.1 - 0.5 MeV, with a root-
mean-square deviation of approximately 0.05 keV"b,
demonstrating satisfactory agreement within experi-
mental uncertainties. The non-resonant background is
also well reproduced, with the reduced SF appro-
priately suppressing the low-energy DC cross-
section. The phase shift analysis for elastic scattering
in the “N+p system is shown in Fig.9. The
scattering phase shift (solid line) and its energy
derivative (dotted line) reveal a clear resonance
feature near Er = 0.239 MeV. The phase shift rapidly
increases through 7/2 at this energy, consistent with
the Breit - Wigner resonance profile, while the sharp
peak in the derivative indicates a relatively narrow
resonance width. The narrowness of the derivative
peak suggests a long-lived intermediate nuclear state,
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Fig. 7. Normalized radial wave function u(r) for the 0

bound state in the 4(p, y)*°O reaction. (See color Figure

on the journal website.)
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Fig. 9. Scattering phase shift and its derivative for the N + p
system, highlighting the resonance at Er = 0.239 MeV. (See

color Figure on the journal website.)

0.3

whose properties are crucial for accurately modeling
both the resonant and non-resonant capture compo-
nents. Variations in the adopted WS potential para-
meters by +5 % lead to corresponding changes in the
calculated S-factor of approximately 8-12 % in the
astrophysically relevant energy window, highlighting
the sensitivity of low-energy capture cross-sections to
nuclear structure inputs. Similarly, uncertainties in
the SF contribute directly to the normalization of the
S-factor. The accurate description of the “N(p, y)**O
reaction is of particular importance for astrophysical
applications. As the slowest step in the CNO cycle,
this reaction rate governs the overall energy genera-
tion rate in stars with masses exceeding ~1.3 MQ®.
Furthermore, it influences the production of solar
CNO-cycle neutrinos, which have recently been
detected by the Borexino experiment, providing a
new window into stellar interiors. Improved precision
in the “N(p, y)™O S-factor directly impacts age esti-
mates of globular clusters, solar model calibrations,
and the interpretation of stellar evolution timescales.
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The results presented here contribute to reducing
these key uncertainties and demonstrate the utility of
the DC model in providing reliable inputs for astro-
physical reaction networks.

70(p, )'8F reaction. The YO(p, v)'®F reaction
plays a central role in the nucleosynthesis pathways
of the CNO-11 and CNO-III cycles, contributing to the
synthesis and destruction of **F in stellar environ-
ments. This reaction is of particular astrophysical
interest due to the * decay of '®F, which can produce
observable 511 keV gamma-ray signatures in classi-
cal novae and other explosive astrophysical scenarios.
Accurate knowledge of the S-factor for this reaction
is therefore essential for modeling stellar nucleosyn-
thesis, interpreting gamma-ray observations, and con-
straining reaction network calculations.

The WS potential employed in the present study
for the 1O + p system is shown in Fig. 10. The poten-

0

Fig. 10. Radial dependence of the WS nuclear potential
U(r) used in the calculation of the Y’O(p, y)'®F reaction.
(See color Figure on the journal website.)

AS T 1 T 1 T 1T T 7 T 7 T T T ] T T T 1T

40

770 (p, V) eF

35

N w
5} o

N
o

S-F WS
O O S-FExp

S-factor, keV-b

=
o

b %
b

0 O O ) ) O ) B ) B
100 150 200 250 300 350 400 450 500 550 600

Ecm., keV

wn

Fig. 12. Calculated astrophysical S-factor for the YO(p, v)*®F
reaction as a function of center-of-mass energy. The
experimental data points are taken from Ref. [21]. A narrow
resonance is observed near Ecm =0.69 MeV. (See color
Figure on the journal website.)
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tial depth of approximately —34.6 MeV and diffuse-
ness of 0.6 fm are selected to reproduce the binding
energy of the ®F ground state and ensure the proper
asymptotic behavior of the bound-state wave func-
tion. The radial dependence reflects the finite range
of the nuclear interaction and matches established
potential parameterizations used in previous low-
energy capture studies.

The corresponding bound-state radial wave func-
tion, depicted in Fig. 11, exhibits a pronounced peak
at approximately 3 fm and the expected exponential
fall-off at large radii. This behavior underlines the
importance of Coulomb barrier penetration in deter-
mining the low-energy capture probability. The wave
function’s spatial localization in the nuclear surface
region plays a key role in defining the overlap
between the initial scattering state and the final bound
state.

08 ——F—— 71—

170(p, y)'eF

12

Fig. 11. Normalized radial wave function u(r) of the ‘°F
ground state formed in the O(p, y)'®F reaction. (See
color Figure on the journal website.)
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Fig. 13. Scattering phase shift and its derivative for
the O+p system, highlighting the resonance at
Er =0.69 MeV. (See color Figure on the journal website.)
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The calculated astrophysical S-factor for the
Y"0(p, v)*®F reaction is presented in Fig. 12, together
with experimental data from Ref. [21]. The DC com-
ponent dominates the S-factor at sub-MeV energies,
exhibiting the expected gradual rise with increasing
center-of-mass energy as the penetrability through the
Coulomb barrier improves. A pronounced narrow
resonance is identified at E, = 0.69 MeV, correspon-
ding to the well-known J® = 1* state in ‘®F.

The present theoretical calculations reproduce the
experimental S-factor data with deviations of appro-
ximately 10% or less across the energy range
of 100-600 keV. The root-mean-square deviation
between the model predictions and the measured
values is estimated to be 0.06 keV-b, confirming the
adequacy of the DC model combined with the
adopted nuclear structure inputs. Minor discrepancies
in the energy interval 300—400 keV may arise from
unaccounted low-energy resonances, interference
effects between resonant and non-resonant ampli-
tudes, or experimental systematics, as previously sug-
gested in Ref. [21]. These discrepancies warrant fur-
ther investigation using complementary experimental
and theoretical microscopic approaches. The choice
of spectroscopic factor SF=0.85, constrained by
independent transfer reaction studies, reflects the
partial occupancy of the relevant nuclear configu-
ration in *®F and scales the calculated cross-section
accordingly. This parameter ensures consistency with
the observed absolute S-factor magnitude and under-
scores the sensitivity of capture probabilities to
underlying nuclear structure effects.

The elastic scattering phase shift analysis is shown
in Fig. 13, where the energy dependence of the scat-
tering phase shift and its derivative reveals the narrow
resonance at E, = 0.69 MeV. The phase shift exhibits
the characteristic Breit - Wigner rise through m/2,
while the derivative displays a sharp Lorentzian peak
centered at the resonance energy. The narrow width
of this peak reflects a relatively long-lived interme-
diate state with weak coupling to the entrance chan-
nel, consistent with the small resonance width
observed experimentally. The angular momentum
considerations further confirm the | = 0 character of
the entrance channel, which facilitates strong cou-
pling to the J* = 1* bound state through E1 transitions.
Variations of the central potential depth by +5 % lead
to corresponding changes in the S-factor of approxi-
mately 10 % in the energy range below 600 keV. This
level of theoretical sensitivity highlights the
importance of accurate nuclear structure inputs, par-
ticularly the choice of potential geometry and the SF,
in modeling radiative capture cross-sections at stellar
energies. The accurate description of the O(p, v)*®F
S-factor has significant implications for astrophysics.
In quiescent hydrogen-burning conditions, this reac-
tion regulates the flow between the CNO-II and
CNO-1II cycles and influences the isotopic abun-

dances of oxygen and fluorine. In explosive hydrogen
burning, such as in novae, the production of F
governs the early gamma-ray emission through posi-
tron annihilation. The results of this study, which pro-
vide both validated theoretical cross-sections and
phase shift analyses, offer valuable inputs for updated
stellar nucleosynthesis models and reaction rate
libraries, such as JINA REACLIB.

5. Conclusions

In this study, we have theoretically investigated
the radiative proton capture reactions *C(p, y)©°N,
YN(p, y)*0, and 'O(p, v)*®F using a DC model with
WS potentials. These reactions are key components
of the CNO cycle, which governs hydrogen burning
in stars more massive than approximately
1.3-1.5 MQ.

For the **C(p, y)**N reaction, the calculated astro-
physical S-factors successfully reproduce the experi-
mental data across the energy range 0.05-1 MeV,
with a maximum deviation of less than 8 % and an
RMS deviation of 0.07 keV-b. The model accurately
describes the resonance at Ecm. = 0.422 MeV, as con-
firmed by the phase shift analysis, which shows the
characteristic behavior of a narrow resonance. The
YN(p, y)*°O reaction, which determines the overall
rate of the CNO-I cycle, was also described with good
agreement. The theoretical S-factor matches experi-
mental results within 10 % below 0.5 MeV, including
the reproduction of the narrow resonance near
Ecm. = 0.259 MeV. The use of a spectroscopic factor
SF = 0.51 adequately reproduces the reduced non-
resonant capture cross-section, and the sensitivity
analysis shows that variations in the potential depth
change the S-factor by about 8-12 %. For the
Y0(p, v)*®F reaction, the model reproduces both the
non-resonant behavior and the narrow resonance at
Ecm. = 0.69 MeV, corresponding to the J* = 1" state in
. The calculated S-factors deviate by less than
10 % from the experimental values, with an RMS
deviation of 0.06 keV-b. The associated phase shift
analysis independently confirms the presence and
position of this resonance. The accurate modeling of
this reaction is relevant for the synthesis of ®F in
novae and its observational consequences in gamma-
ray astronomy.

The overall consistency between the theoretical
predictions and experimental data across all three
reactions demonstrates the applicability of the DC
model combined with WS potentials. The results con-
tribute to improved reaction rate inputs for stellar
models, particularly for processes sensitive to the
CNO cycle in both hydrostatic and explosive burning
environments. Future improvements may include the
use of microscopic nuclear structure models and more
detailed uncertainty quantification to enhance the pre-
dictive power of the calculations.
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TEOPETUYHE MOJIEJTIOBAHHS PATIAIIIMHOI'O 3AXOILIEHHS ITPOTOHIB
Y JET'KUX AAPAX IIUKJTY BYTJIEID - A3OT — KHCEHb
3 BUKOPUCTAHHAM MOJEJII IPAMOTI'O 3AXOIIJIEHHSA

Peaxuii panianiiinoro 3axomnenns npotoris 2C(p, v)BN, “N(p, v)*°0 1a YO(p, v)*®F 6yno mocmigkeHo B paMkax
MOJIEN MPSIMOTO 3aXOIUICHHS 3 BUKOPUCTaHHIM NoTeHiaiiB Bynca - Cakcona. Lli peakuii BimirpatoTh pyHIaMEHTAIBHY
POJIb y TOPiHHI BOAHIO Yepe3 NUKIN BYTJIenb - a30T - kuceHb (CNO) y Hagpax 3ipok. BXiaHi 1aHi npo CTpyKTypy A1pa, 3
ypaxyBaHHIM €KCIepUMEHTaNbHOI iH(opMallil, Oyl0 BHKOPHUCTAHO AJSI PO3PAxXyHKY acTpodizuuHux S-(aktopiB Ta
(da3zoBUX 3CyBiB po3cifoBaHHA. Po3paxoBaHi pe3yibTaTH AEMOHCTPYIOTH HOOpPY BIATIOBIAHICTE 3 JOCTYIHHMH
eKCIIePUMEHTATBHUMH JaHUMH, TOYHO BiITBOPIOIOYH SIK HEPE30HAHCHI BHECKH, TaK i By3bKOPE30HAHCHI OCOOIMBOCTI B
peakuiax 2C(p, y)**N Ta O(p, v)'®F. Tloseninky peakuii “*N(p, y)*°0 B nukni CNO-I takox Oyno onmcaHo i3
3a[I0BITFHOI0 TOYHICTIO. Pe3ynmpTatu mocnimpkeHHs 3a0e3MedyoTh MOKPALICHHS AAHWUX UL MOJENIOBAHHS 30PSHOTO
HYKJICOCHHTE3y Ta CIPHUSIOTH PO3YMIHHIO HU3BKOCHEPIeTHYHHX IPOLECIB 3aXOIUICHHS B sApax, IO CTOCYIOTHCS
acTpoQi3uKH.

Kniouosi cnosa: paniauiiine 3aX0omuieHHs IPOTOHIB, siaepHuit ki CNO, actpodizndnuii S-akrop, Moaenb npsiMoro
3aXOIUICHHS, 30PSHUN HYKJICOCHHTES.
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