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Abstract: We study radiative p!>N capture on the ground state of 'O at stellar energies within the framework of a
modified potential cluster model (MPCM) with forbidden states, including low-lying resonances. The investigation
of the "*N(p,¥0)"°O reaction includes the consideration of 3§ resonances due to E1 transitions and the contribution
of the 3P, scattering wave in the p + N channel due to the 3P; —s 3P, M1 transition. We calculated the astro-
physical low-energy S-factor, and the extrapolated S (0) turned out to be within 34.7-40.4 keV-b. The important role
of the asymptotic constant (AC) for the "*N(p,y()'°O process with interfering 35 (312) and 35, (962) resonances is
elucidated. A comparison of our calculation for the S-factor with existing experimental and theoretical data is ad-
dressed, and a reasonable agreement is found. The reaction rate is calculated and compared with the existing rates. It
has negligible dependence on the variation of AC but shows a strong impact of the interference of 35(312) and
35,(962) resonances in reference to the CNO Gamow windows, especially at low temperatures. We estimate the
contribution of cascade transitions to the reaction rate based on the exclusive experimental data from Phys. Rev. C.
85, 065810 (2012). The reaction rate enhancement due to the cascade transitions is observed from 79 > 0.3 and
reaches the maximum factor ~ 1.3 at 79 = 1.3. We present the Gamow energy window and a comparison of rates for
radiative proton capture reactions >N(p,y)"*0, “*N(p,y) "0, "“N(p,y)"0, and "*N(p,y)'°O obtained in the frame-
work of the MPCM and provide the temperature windows, prevalence, and significance of each process.
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I. INTRODUCTION

Stellar burning depends on the star's initial mass and
can proceed through either the p — p chain or the Carbon-
Nitrogen-Oxygen (CNO) cycle, fusing hydrogen to heli-
um through chain fusion processes - sequence of thermo-
nuclear reactions that provides most of the energy radi-

2C(p.y) NB ) Cp.y) “N(p.y) 50BN
—>

Therefore, the CNO bi-cycle produces three electron
neutrinos from the B* decay of N, O, and ""F and is

ated by the hot stars [1-3]. Unlike the p—p chain, the
CNO cycle is a catalytic one that converts four protons
into one helium nucleus but does so via reactions on the
pre-existent seed isotopes of carbon, nitrogen, and oxy-
gen nuclei. The carbon, nitrogen, and oxygen isotopes act
just as catalysts in the CNO cycle. The CNO bi-cycle in-
volves the following chains of nuclear reactions:

ISN([), a,)lZC

1
ISN(p,7)160(1),7)17F(,3+V)17O(p,a')14N. ( )

also referred to as the "cold" CNO cycle [4]. The CN
cycle contains no stable *N and 'O isotopes that decay

Received 2 November 2023; Accepted 17 January 2024; Published online 18 January 2024
* Supported by the Ministry of Science and Higher Education of the Republic of Kazakhstan (AP09259174)

 E-mail: tkachenko.alessya@gmail.com

©2024 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

044104-1


http://orcid.org/0000-0002-7747-3426
http://orcid.org/0000-0002-9319-0135
http://orcid.org/0000-0002-0011-4062
http://orcid.org/0000-0002-3122-1944
http://orcid.org/0000-0002-8739-1969

S. B. Dubovichenko, A. S. Tkachenko, R. Ya. Kezerashvili et al.

Chin. Phys. C 48, 044104 (2024)

to the stable isotopes °C and "N, respectively. The cata-
lytic nuclei are lost from the process via the leak reaction
N(p,y)'0, and the subsequent reactions in (1) restore
the catalytic material, generating '°O and heavier iso-
topes, leading to the accumulation of the *He and "N
nuclei. This second branch produces ''F, which under-
goes B decay with the emission of the 1.74 MeV elec-
tron neutrinos. Thus, the "N(p,y)'°O process represents a
branching reaction linking the alternative NO channel of
the CNO cycle that produces the stable oxygen isotopes
[5]. Therefore, in the CNO cycle, the proton capture reac-
tion on N allows two possible channels: the branch of
the cycle "N(p,*He)"C and the branch of the cycle
N(p,y)'® O reactions intersecting at the '*N nucleus.

The rate of the CN with respect to the NO cycle de-
pends on the branching ratio of the “N(p,y)'°O and
N(p,@)"C reaction cross sections. The probability for
the "N(p,y)"°O process to occur is about one for every
thousand of the second [6]. Thus, the contribution to the
overall nuclear energy production is negligible, while the
consequences on the nucleosynthesis are critical [7].
Therefore, in the case of an active NO cycle, the correct
evaluation of the *N(p,)'%0 reaction is crucial to prop-
erly predict the abundances of all the stable '°O, 'O, and
80 isotopes and their relative ratios [8-10]. The reaction
rates ratio depends on how much nucleosynthesis of '°O,
170, and 'O takes place during CNO burning [8].

Since the first experimental study of the "N(p,y)'°O
reaction in 1952 [11], experimental data [6, 12—17] for
the total cross sections of the radiative p'°N capture in
the energy region from 80 keV to 2.5 MeV were collec-
ted [18, 19]. The analysis of existing experimental meas-
urements of the low-energy "N(p,y)'°O reaction shows
that the cross section data differ substantially at lower en-
ergies.

In the past, multiple theoretical approaches from po-
tential cluster models to multilevel R-matrix formalisms
[5, 16, 20—23] were used to describe the "N(p,y)'®O re-
action cross section at stellar energies and astrophysical
S-factor, which is the main characteristic of this process
at low energies. In the framework of the selective reson-
ant tunneling model [24], the "N(p,y)'®O cross section
and S-factor have been studied [25]. Most recently, the
astrophysical S-factor for the radiative proton capture
process on the "N nucleus at stellar energies are studied
within the framework of the cluster effective field theory
[26, 27]. The authors performed the single channel calcu-
lations considering only the contribution of the first res-
onance into a cross section [26] and then reported the res-
ults by including two low-energy resonances [27].

This study continues the investigation on the reac-
tions for the radiative capture of protons on light atomic
nuclei [28, 29] and considers the radiative proton capture
on "N at astrophysical energies in the framework of a
modified potential cluster model (MPCM). Within the

MPCM, over thirty reactions of radiative capture of pro-
tons, neutrons, and other charged particles on light atom-
ic nuclei were considered, and results are summarized in
[30, 31]. References [28, 29] provide the basic theoretic-
al framework of the MPCM approach for describing the
charged-particle-induced radiative capture reactions. Cal-
culation methods based on the MPCM of light nuclei with
forbidden states (FS) are used [32]. The presence of al-
lowed states (AS) and FS are determined based on the
classification of the orbital states of clusters according to
Young diagrams [33]. Our analysis is data driven: the po-
tentials of intercluster interactions for scattering pro-
cesses are constructed based on reproduction of elastic
scattering phase shifts, considering their resonance beha-
vior or the spectra of the levels of final nucleus. For
bound state (BS) or ground state (GS) of nuclei in cluster
channels, intercluster potentials are built based on a de-
scription of binding energy, asymptotic normalization
coefficient (ANC), and mean square radius [28, 29, 31].

The modified model includes a classification of orbit-
al states according to Young's diagrams. This classifica-
tion leads to the concept of “forbidden states” in interac-
tion potentials. In particular, for the GS of the p'>N sys-
tem, the potential has a deeply bound state, which is the
FS, and the second BS is the GS of the '°O nucleus in this
channel. The concept of forbidden states makes it pos-
sible to effectively consider the Pauli principle for multi-
nucleon systems when solving problems in cluster mod-
els for a single-channel approximation. The current study
is based on the detailed classification of orbital states in
the p +>N channel using Young's diagrams, as de-
scribed previously in Ref. [22].

In this study, we investigate a radiative p'°N capture
on the GS of '®O within the framework of the MPCM.
For the first time, the contribution of the *P, scattering
wave in the p + "N channel due to 3p, — 3p, M1 trans-
ition is considered. Our approach allows us to analyze the
explicit contribution of each transition into the S-factor
and show the origin of the interference for E1 transitions.

The rest of this paper is organized as follows. Section
II presents a structure of resonance states and construc-
tion of interaction potentials based on the scattering phase
shifts, mean square radius, asymptotic constant, and BS
or GS of the '°O nucleus. The results of calculations of
the astrophysical S-factor and reaction rate for the proton
radiative capture on '°N are presented in Secs. III and IV,
respectively. In the same sections we discuss a comparis-
on of our calculation for the S-factor and reaction rate
with existing experimental and theoretical data. Conclu-
sions are presented in Sec. V.

II. INTERACTION POTENTIALS AND STRUC-
TURE OF RESONANCE STATES

The E1 transitions from resonant 3S;-—scattering
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states are the main contributions to the total cross section
of the radiative proton capture on "°N to the GS of '°O
[5]. There are two S, resonances in the channel of p +
N in continuum, given as follows:

1. The first resonance appears at an energy of 335(4)
keV with a width of 110(4) keV in the laboratory frame
and has a quantum numbers J*, T =17, 0 (see Table
16.22 in [34]). This resonance is due to the triplet 35,
scattering state and leads to E1 transition to the GS. In
the center-of-mass (c.m.) frame, this resonance is at an
energy of 312(2) keV with a width of 91(6) keV and cor-
responds to the resonant state of the '°O at an excitation
energy of Ey =12.440(2) MeV (see Table 16.13 in [34]).
However, in the new database [35], an excitation energy
of E, = 12.445(2) MeV and a width of I’ = 101(10) keV in
the c.m. are reported for this resonance.

2. The second resonance is at an energy of 1028(10)
keV with a width of 140(10) keV in the laboratory frame
and has quantum numbers J*=1" and T =1 [34]. This
resonance is also due to the triplet 3S, scattering, which
results in E1 transition to the GS of '°O. In the c.m., the
resonance emerges at an energy of 962(2) keV with a
width of I'=139(2)keV, corresponding to an excitation
energy of E, = 13.090(2) MeV of '°O in a new database
[35]. In the database [34] for this resonance, an excita-
tion energy of Ex =13.090(8) MeV and a width of I'=
130(5) keV in the c.m. are reported.

The compilation of experimental data on the 3S; res-
onances is presented in Table 1.

The other resonances are reported in databases [34,
35]. The third resonance has an energy of 1640(3) keV
with a width of 68(3) keV in the laboratory frame and
quantum numbers J*, T = 1%, 0. This resonance can be
due to the triplet P, scattering, which results in the M1
transition to the GS. The resonance is at an energy of
1536(3) keV with a width of 64(3) keV in the c.m. that
corresponds to an excitation energy of 13.664(3) MeV of
'O [34], and in Ref. [35], an excitation energy of
13.665(3) MeV and a width of 72(6) keV in the c.m. are
reported. However, this resonance was observed only in
measurements [13], and in the later measurements [16,
17], the resonance is absent. Therefore, we will not con-
sider it in our calculations. The next resonance is excited
at an energy of 16.20(90) MeV (J”, T =17,0); it has a
larger width of 580(60) keV in the c.m., and its contribu-
tion to the reaction rate will be small. In addition, in the
spectra of '°0 [34], another resonance is observed at an
excitation energy of 16.209(2) MeV (J*, T =1%,1) with a
width of 19(3) keV in the c.m. However, the resonance
energy is too large and its width too small to make a no-
ticeable contribution to the reaction rates.

The cascade transitions via two very narrow 2~ reson-
ances, and the 0~ and 3~ resonances in the 0.40<
Er 5 1.14 MeV range [17, 36, 37] are considered for the
reaction rate calculations. These cascading transitions are

included in the NACRE II [19] reaction rate calculations
and appear at high Ty. There are two 2~ resonances [17]
at excitation energies of 12.53 MeV and 12.9686 MeV
and widths of 97(10) eV and 1.34(4) keV [35]. When one
considers transitions to the GS with 0%, onlyM2 trans-
itions, which have a very small cross section, are pos-
sible here, and we do not consider them. In addition, due
to such small widths, their contribution to the reaction
rate will be very small. The measurement of the excita-
tion functions of the three dominant cascade transitions
allows one to estimate the contributions from these trans-
itions. In Ref. [5], capture processes to the GS and three
excited states E, =6.049 MeV, 6.130 MeV, and 7.117
MeV are considered, which gives S(0)=41(3)keV-b in
total and 40(3) keV-b for the GS. It is shown that the 1~
and two 2" resonances do not affect the value of the S-
factor. Two 3~ resonances at E,=13.142 MeV and
13.265 MeV decay into the GS due to the E3 transition,
and their contribution is negligible [5].

On the background of strong E1 transitions, the next
one in the long-wave expansion of the electromagnetic
Hamiltonian is the magnetic dipole M1 transition [38]. In
the case of "N(p,y0)'°0, M1 transition is allowed by se-
lection rules. It occurs as a direct capture from the non-
resonance scattering wave P, to the '°O 3 p, state. The
intensity of the M1 partial transition depends on the dis-
torted *P; wave only and is related to the corresponding
interaction potential. Our M1 partial cross section estima-
tions in plane-wave approximation show near order of
magnitude suppression. The inclusion of the p-wave in-
teraction in p+'°N channel enhances the M1 transition.
The interaction potential could be constructed based on
an elastic "N(p,p)"°N scattering to describe the 3P,
phase shift. The phase shifts should satisfy the following
conditions: 1) at E =0, 6:p, = 180°, according to the gen-
eralized Levinson theorem [32]; ii) fit the exsisting p-
wave "N(p,p)"N scattereng data; iii) have a non-reson-
ace behavior. Below, we find potential parameters that
provide reasonable phase shifts. Therefore, in the calcula-
tions, we consider only the above two 3S, resonance
transitions and non-resonance *P; scattering for the M1
transition to the 'O GS.

We should distinguish M1 capture from the non-res-
onance P, scattering wave to the '°O 3P, state and M1
de-excitation of 1" level at 13.665 MeV to the GS. As
pointed by deBoer et al. [5], "The 1" level at E, = 13.66
MeV could decay by M1 de-excitation to the ground state
but no evidence for this is observed (contrary to Ref.
[13])." As mentioned above, we do not consider the con-
tribution of M1 de-excitation (1" level at 13.665 MeV) to
S(E).

For total radiative capture cross section calculations,
the nuclear part of the p°N interaction potential is con-
tracted using the Gaussian form [28, 29, 31]:
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V(r, JLS {f}) = =Vo(LS, {fexp (~a(JLS,{fHr*). (2)

The parameters a and V; in Eq. (2) are the interaction
range and strength of the potential, respectively.

The strength and the interaction range of the potential
(2) depend on the total and angular momenta, the spin,
JLS, and Young diagrams {f} [30, 31]. For a description
of the 3§, scattering states, we use the corresponding ex-
perimental energies and widths from Table 1. Coulomb
potential is chosen as the point-like interaction potential.

Construction of the potentials that give the energies
and widths of 3S(312) and 3S,(962) resonances repor-
ted in literature is challenging. One has to find the optim-
al parameters of the potentials for the description of E1
transitions that lead to the fitting of the experimental res-
onance energies and the widths of both interfering reson-
ances. For the 35, (962) resonance, the obtained optimal
parameters of the interaction potential for reproducing the
resonance energy E.s =962(1) keV and width T = 131
keV are reported in Table 2. The situation is more com-
plicated with the 3S,(312) resonance. While it is possible
to reproduce the position and width of the 35,(312) res-
onance rather accurately, considering the interference of
38 resonances gives different sets of optimal parameters
for the potential. We found three sets I — III of optimal
values for V, and a parameters reproducing exactly the
energy of the first resonance Egpeoy =312(1) keV.
However, the width Iy varies in the 125-141 keV
range.

The dependence of the elastic p'°N scattering phase
shifts for the E1 transitions on the energy is shown in

Table 1.

Fig. 1(a). The calculation of the S, phase shifts with the
parameters for the S scattering potential without FS from
Table 2 leads to a value of 90°(1) at energies 312(1) and
962(1) keV. Our calculations of the phase shifts for the
351(312) resonance with the parameter sets I- III show
very close energy dependence in the entire energy range
up to 5 MeV at a fixed resonance position.

In elastic p"°N scattering spectra at energies up to 5
MeV, there are no resonance levels with J* =0%,1*,2 ex-
cept for those the mentioned above and widths greater
than 10 keV [34]. Therefore, for potentials of non-reson-
ance *P-waves with one bound FS, parameters can be
determined based on the assumption that, in the energy
region under consideration, their phase shifts are practic-
ally zero or have a gradually declining character [29]. For
such potential, the optimal parameters are V, = 14.4 MeV
and @, = 0.025 fm™. The result of calculating the P-phase
shifts with such potential at an energy of up to 5 MeV is
shown in Fig. 1(a). To determine the values of phase
shifts at zero energy, we use the generalized Levinson
theorem [32]. Therefore, the phase shifts of the potential
with one bound FS should begin from 180°. In the en-
ergy region E., <5 MeV, the P, phase shift has gradu-
al energy dependence and is almost constant up to
E.n. $2.2 MeV.

Itis interesting to compare experimentally determ-
ined phase shifts with our calculations. Although in Ref.
[40], the elastic scattering of protons from "N was stud-
ied and authors measured the excitation functions of
“N(p,p)"N over the proton energy range from 0.6 to 1.8
MeV at some laboratory angles, no phase shifts were re-

Data on the 35 resonance states in the p + '’N channel. E is the excitation energy, Ers and T are the experimental reson-

ance energy and width, respectively. Epcory and T'ineory are the resonance energy and the width, respectively, obtained from the present

calculations
28+, E./MeV Eres/keV [res/keV Eheory’keV Ttheory /keV
12.440(2) [34] 312(2) [34] 91(6) [34]
3$1(312) 312 125141
12.445(2)[35] 317(2) [35] 101.5(10) [35]
13.090(8) [34] 962(8) [34] 130(5) [34]
351(962) 962 131
13.090(2) [35] 962(2) [35] 139(2) [35]
Table 2. Parameters of interaction potentials Vo and a for the GS and continuum states. The Cw is a dimensionless constant that cor-

responds to the range of the experimental ANC of 12.88-14.76 fm ' [21, 23]. The theoretical widths, Tiheory, for the resonances 35
(312) and 35,(962) are calculated using the corresponding parameters of the potentials. Vo and I'ncory are given in MeV and keV, re-

spectively, a in fm?, and ANC in fm™2.

ot 3Py, GS 381 (312), E1 351(962), E1 3Py, M1
Vo o ANC Cw Vo Ctheory Vo o Ttheory Vo o
I 976.85193 1.1 1449 205 10193 0.0028 141
II 1057.9947 12 1371 194 1.0552  0.0029 131 105.0675 1.0 131 144 0.025
I 1179.3299 135  12.85 1.8 1.0902 0.003 125
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(color online) Dependence of the elastic p'>N scattering phase shifts on the energy. (a) Calculations are performed by using

the potentials with parameters from Table 2. The phase shifts for the 35(312) resonance is calculated using set I and is shown by the
dash-dotted curve. The dotted and dashed curves represent the phase shifts for the 35,(962) resonance and 3Py, respectively. The ex-
perimental data are from Ref. [39]. (b) Energy dependence of the resonant phase shifts 6z; and 6x, calculated using the experimental

resonance widths of 91 keV and 130 keV, respectively. Reconstructed scattering resonant phase shifts 6z and 6z, are calculated using

Eq. (3) and considering the tangent function periodicity. The inset shows the result of the calculation using Eq. (3).

ported. No systematic experimentally determined phase
shifts have been reported at energies of astrophysical in-
terest. Absolute differential cross sections were meas-
ured for the reactions ""N(p,p)"°N [41], and spins and
parities are discussed, with resonances suggesting the ex-
istence of excited states in '°O. In Ref. [42], the authors
carried out a phase-shift analysis of the cross section for
the energy interval of 8—15 MeV. Angular distributions
of the cross section and analyzing power for the elastic
scattering of protons from "’N were measured for the en-
ergy interval of 2.7-7 MeV [39], and a phase-shift ana-
lysis of the data was performed. The results of our calcu-
lations for the 3P, phase shift along with the experiment-
al data [39] are presented in Fig. 1(a).

The main assumption in all previous studies of the
N(p,7)"%0 reaction was that direct and resonant radiat-
ive capture cross sections and their interferences contrib-
ute to the total cross section. The direct radiative capture
process is considered, assuming a potential peripheral ra-
diative capture for a hard sphere scattering [13, 43—46].
However, phase shifts are generally extracted from the
experimental data analysis without separating the poten-
tial and resonant terms [47, 48]. We follow this ansatz.
Consequently, the E1 transition amplitudes are construc-
ted based on a single radial scattering wave function re-
sembling a continuous and smooth resonance energy de-
pendence. Both 3S | phase shifts obtained with these scat-
tering wave functions depend on the energy, as shown in
Fig. 1(a). Therefore, we have only the interference
between two partial £1 matrix elements, in contrast to all
previous considerations.

The resonant phase shift is given by the usual expres-
sion [13, 48]

Or = tan

-1
2(E - Eres) ’ (3)

where T is the width of a resonance. In Fig. 1(b), the en-
ergy dependence of the resonant dz; and dx, phase shifts
for the resonance widths of 312 keV and 962 keV is
presented, respectively. The comparison of the phase
shifts for the FE1 transitions via the 3S,(312) and
351(962) resonances with the resonant phase shifts dg,
and g, shows their different energy dependence.

We construct the potential for '°O in GS with J*, T =
0%, 0 in p">N-channel based on the following characterist-
ics: the binding energy of 12.1276 MeV, the experiment-
al values of 2.710(15) fm and 2.612(9) fm [34] for the
root mean square radii of '°O and "N of [49], respect-
ively, and a charge and matter proton radius of 0.8414 fm
[50]. The potential should also reproduce the AC. The
corresponding potential includes the FS and refers to the
3p, state.

Usually, for a proton radiative capture reaction of as-
trophysical interest, one assumes that it is peripheral, oc-
curring at the surface of the nucleus. If the nuclear pro-
cess is purely peripheral, then the final bound-state wave
function can be replaced by its asymptotic form, so the
capture occurs through the tail of the nuclear overlap
function in the corresponding two-body channel. The
Coulomb interaction determines the shape of this tail and
is proportional to the asymptotic normalization coeffi-
cient. The role of the ANC in nuclear astrophysics was
first discussed by Mukhamedzhanov and Timofeyuk [51]
and in Ref. [52]. These works paved the way for using the
ANC approach as an indirect technique in nuclear astro-
physics; see Refs. [45, 53—60], the citations therein, and
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the most recent review [46].

We construct a potential with the FS *P, state using
the experimental ANC given in Ref. [21] that relates to
the asymptotics of the radial wave function as y.(R) =
CW_,1412(2koR). The dimensional constant C is linked
with the ANC via the spectroscopic factor S . In our cal-
culations, we exploited the dimensionless constant [61]
Cy, which is defined in [29] as Cy = C/ 2k, where ky is
wave number related to the binding energy. In Ref. [21],
the values 192(26) fm™ and 2.1 were reported for the
ANC and spectroscopic factor, respectively. In Ref. [23],
the dimensional ANC includes the antisymmetrization
factor N in the radial overlap function, as clarified by the

authors in [59]. The factor N is defined as
1/2 -
A Al
N= = ——— where x and A are the atom-
X (A-x)!x!

ic mass numbers of the constituent nucleus from the x
and A—x nucleons, respectively [62]. If x=1, then
N = VA and, for the reaction “N(p,y,)'°O, N =4. Thus,
using the experimental square of the ANC of 192+26
fm ™' [21, 23], we obtained the interval for the dimension-
less AC used in our calculations: Cy = 1.82—2.09, which
corresponds to the ANC of 12.88-14.76 fm'?. In our
calculations, for the proton mass, we use m,=
1.00727646677 amu [50], "N mass = 15.000108 amu
[63], and the constant 7*/m, = 41.4686 MeV-fm?, where
my = 931.494 MeV is the atomic mass unit (amu).

The N(p,)"%0 is the astrophysical radiative capture
process, in which the role of the ANC is elucidated [46].
In Table 2, three sets of parameters for the *P, GS poten-
tial and AC Cy are listed. The asymptotic constant Cy is
calculated over averaging at the interval of 5—10 fm.
Each set results in a binding energy of 12.12760 MeV,
root mean square charge radius of 2.54 fm, and matter ra-
dius of 2.58 fm. However, the sets of Cy result in differ-
ent widths of the 3S;(312) resonance.

Notably, there is one important benchmark for the
choice of optimal sets for the interaction potential para-
meters for the first £1(312) resonance. The experimental
values of the total cross section 0e,(312) =6.0+£0.6 pb
[6] and 6.5+0.6 pub [16] are in excellent agreement with
the existing data, i.e, 6.3 pb [14] and 6.5+0.7 pb [12].
Simultaneous variation of Cy for the GS and parameters
Vo and o for the 3S(312) was implemented to ensure the
value of the cross section Oineory(312)=5.8-59 pb
matches the experimental data. The result of this optimiz-
ation is presented in Table 2 as sets I - II1.

Table 2 summarizes the potential parameters used in
the case where the MPCM works reasonably well for a
radiative proton capture in the ""N(p,y,)'°O reaction.

We sum up the procedure and choice of potential
parameters as follows:

1. We construct the nucleon-nuclei potentials that
produce the channel binding energy with the requested

accuracy 10~ MeV. There are a few such potentials;

2. The experimental ANC is used as a criterion for
choosing the potential that provides the required asymp-
totic behavior of the radial wave function at the fixed
binding energy. Thus, the variety of wave functions is
constrained within the upper and lower limits for the
ANC: 12.88 —14.76 fm " for *'N(p,)'°0;

3. An additional test of the wave functions repro-
duces the matter and charge radii with a precision of ~
5% and the 0,(312) cross section within experimental
uncertainties;

4. For the continuous spectrum, the parameters of the
potential are fixed using the resonance energy and width
above threshold. An additional source of the S-factor un-
certainty relates to uncertainties of the resonance energy
and width;

5. This procedure gives the model's uncertainty bands
for the S-factor.

III. ASTROPHYSICAL S-FACTOR

The astrophysical S-factor is the main characteristic
of any thermonuclear reaction at low energies. The
present analysis focuses primarily on extrapolating the
low-energy S-factor of the reaction "N(p,y)'°O into the
stellar energy range. Since the first experimental study of
the N(p,70)'°O reaction in 1960 [12], experimental data
[6, 13, 16, 17, 19] for total cross sections of the radiative
PN capture in the energy region from 80 keV to 2.5 MeV
have been collected. These experimental studies verified
and confirmed that the radiative p°N capture is domin-
ated by the first two interfering resonances at 312 keV
and 962 keV with the quantum numbers J*, T =17, 0 and
J*, T =17, 1, respectively.

A. EI1 transitions

The E1 transitions are the main input parts of the ra-
diative capture amplitude for the '"N(p,y,)'°O reaction.
Therefore, accurate determination of the resonance cap-
ture cross sections for these transitions is required to
avoid one of the main sources of uncertainty. The radiat-
ive resonance capture to the BSs is reviewed in Ref. [46].
Following Ref. [29], after algebraic calculations using
quantum numbers related to the "N(p,y)'°O reaction, one
can write the cross section for the radiative capture p'>N
to the GS of '°O as

i (Eam) = 7 (5)3(i— U )2|1<k;E1>|2. (4)

9h2 k mp, misy

In Eq. (4), u is the reduced mass of the proton and
N nucleus, K = E,/hc is the wave number of the emit-
ted photon with energy E,, k is relative motion wave
number, and
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. . 2
|I(k;E1)|2 — 6_16351(3‘2)11 +e_l§351(962)12‘

=L + L +2cos (655,312 = 035,060 ) [ o (5)

While constructing the radial matrix element in Eq. (4),
squared by the modulus, we explicitly point out in Eq. (5)
the importance of scattering S -matrix for analyzing the
interference effects (see, for example, Ref. [43]).
Note that, for non-interfering amplitudes, the phase-shift
factor exp(—d,,) converts to the unit in the final general
expression for the total cross sections [29-31]. Below, we
demonstrate that 2cos (635,312 — 635,062 I11> of the inter-
ference term plays an important role in the whole treated
energy region, especially for the reaction rate at low tem-
peratures (see insert in Fig. 4).

In Eq. (5), the overlapping integral between the ini-
tial x; and final y, state radial functions I(k) = fow Xirypdr
includes the interior and asymptotic regions via the con-
tinuous functions. The specific behavior of the proton rel-
ative motion in the field of the '’N nucleus is considered
via the nuclear interaction potential V(r). That is, accord-
ing to the declared above ansatz. Note that in the cluster
model's single-channel approach, the actual asymptotic
behavior of radial WF is necessary for their proper nor-
malizing [43].

From Eq. (5), in the E1 resonance —GS transitions,
the interference of3S;(312) and 3S,(962) resonances con-
tributes to the cross section. The interference is determ-
ined as the difference between the 635,12 and 5,962
phase shifts via the factor cos (53 51312y — 03 51(962)). We de-
pict the behavior of this factor as a function of energy in
Fig. 2(a) using the phase shifts shown in Fig. 1. One can
conclude that the contribution of the interfering term into
the E1 transition cross section is very significant at ener-
gies of up to 2.5 MeV.

To illustrate the role of the factor cos(dss,312—
6331(962)) , we replace the 35,312 and 3,962y phase shifts
by the resonant dz and 6z, (3). In this case, the factor
cos(6g1 —Jr2) depends on the widths of the resonances.
We calculate the energy dependence of the cos(dr; — dr2)
by varying the width of the resonances from experiment-
al values I'z; =91 keV and I'k, =130 keV [34] up to ar-
bitrary values 'z = 120 keV and 'z, =250 keV (the up-
per and lower curves in Fig. 2, respectively). The results
of the calculations are shown in Fig. 2 as a shaded area.
We can conclude that the factor cos(dz; —dxo) 1s sensitive
to the width of the resonances at the energy interval of
about 400—-800 keV and significantly increases the de-
structive interference term.

B. Analysis of S-factor

The results of calculations for the astrophysical S-
factor based on the potential parameters given in Table 2
and the compilation of experimental data [6, 13, 16, 17,

1.0
0.8
0.6
0.4
0.2
0.0
-0.2
04
-0.6
0.8
1.0
Fig. 2.
005(6351(3]2)—(5351(%2)) (green curve) and cos(Sgi —6r2)

T T

500 1500 2500 3500 4500

E, ., keV

(color online) Energy dependence of the factors

co8(3; - &)

—— MPCM, cos(35 (31) - J2s,(962)) |
COS(8g1 - Sry) 7]

(shaded area). The upper and lower curves of the shaded area
are obtained with the 6z; and 6z, resonant phase shifts calcu-
lated for the experimental T'x; =91 keV, I'z, = 130 keV and ar-
bitrary I'z; = 120 keV, I'r, =250 keV widths, respectively.

19] are presented in Fig. 3(a). Notice that the contribu-
tion of the 2" level at the excitation energy of 12.97 MeV
was considered in Ref. [5] using the R-matrix approach.
The contribution of this transition to the GS is much
smaller than the non-resonance M1 3P, — 3P, trans-
ition. The contribution of the interference of the 35 ,(312)
and 3S,(962) resonances results in a significant increase
in the S-factor at energies of up to 300 keV. One can see
the discrepancies between the experimental data and the-
oretical calculation at energies where the minimum of the
S-factor is observed. This is related to the destructive in-
terference of the 3S,(312) and 35 ,(962) resonances at this
energy due to the factor cos(dss, 312 —63s,062). This
factor has its minimum at about 500 keV, as depicted in
Fig. 2. The minimum of the S-factor is reproduced pre-
cisely within the R-matrix approach [5] when the authors
are considering the different reaction components' contri-
butions in the fitting of the *N(p,)'°O reaction data (see
Fig. 49, [5]). Only by using the set of fitting parameters
can it be described in the region of 0.5 MeV between the
resonances for the S-factor [5].

The shaded areas in Fig. 3(a) show the range of S(E)
changes for different AC values. Thus, the values of
transition amplitudes are governed by the AC. At an en-
ergy of 30-60 keV, the S-factor is practically constant,
and the corresponding value can be considered as the S-
factor at zero energy. Thus, the theoretical calculation
predicts the very smooth behavior of S(E) at very low en-
ergies that converge to S(0) =35.2(5) keV'b for Cy = 1.8
(ANC of 12.85 fm™?). The increase in the AC leads to an
increase in S(0). The variation of the AC within the ex-
perimental uncertainties leads to the increase of the -
factor up to S(0) =39.6(8) keV-b for Cy =2.05 (ANC of
14.49 fm™"?). Therefore, depending on the value of the
AC, S(0) varies in the range of 34.7—-40.4 keV-b. Our
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(color online) Astrophysical S -factor of radiative p'°N capture on the GS of '°O. The shaded areas for the partial E1 and M1

and total S-factors correspond to the calculations with parameter sets I (upper curves) and III (lower curves), fromTable 2. (b) Astro-

physical S-factor obtained with parameter set II, from Table 2. The shaded area refers to the variation of the cos(6z1— 6z ) factor for the

interference term and corresponds to the shaded area in Fig. 2.

predictions overlap with the S(0) factor reported in Ref.
[21]. Note that in Ref. [27], the value of 29.8(1.1) keV-b
was obtained in the effective field theory framework.
However, [27] describes the experimental S-factor with
resonances energies ~ 360-370 keV and widths = 250—
350 keV for the first resonance and resonances energies
~ 960-970 keV and widths = 155-160 keV for the
second resonance, which are very far off from the experi-
mental data.

Letus consider, as an example, a different calcula-
tion scenario for the S-factor to understand the discrepan-
cies between the experimental data and theoretical calcu-
lation at energies where the S-factor has the minimum.
The value and position of the minimum are determined
by the destructive interference of 3S,(312) and 3S,(962)
resonances. We calculate the S-factor using Eq. (5) and
the parameter set II from Table 2. However, we replace
the factor cos (5351(312)—6351(962)) with cos(dz; —r2). The
factor cos(Sr1 —dgo) is considered using the same para-
meters for the widths, as shown in Fig. 2. The result of
the contributions of all transitions to the S(E) is shown
by the shaded area in Fig. 3(b). Thus, we demonstrate
that, by varying the factor —1 <cos(dg —0r) <1 and
considering the widths of resonances as parameters, the
MPCM can reproduce the position and value of the S (E)
minimum. Notably, at very low energies, both factors
cos (035,312 — G35, 062)  and  cos(Gr —0g)  coincide:
cos (035,312 — G35, (962)) = €OS(Gr1 —Op2) ~ 1, as shown in
Fig. 2. Thus, S(0) is not sensitive to this factor. However,
the variation of this factor is important for describing the
value and position of the S (E£) minimum.

The contribution of the M1 non-resonant transition to
the GS S-factor comes out of the MPCM through the P,
scattering state and has significance at energies
E..n <500 keV. This contribution increases as the en-

ergy decreases. Considering the M1 transition requires
experimental (p,p) phase shifts. The elastic ’N(p, p)""N
cross sections are measured only at energies higher than
2.7 MeV [42]. The low energy elastic scattering experi-
mental data are desirable to evaluate the intensity of the
3p, — 3P, M1 transition.

What is the contribution of each transition to the
S(0)? E1(312 keV) provides 15.5 keV-b (41%), E1(962
keV) gives 3.9 keV-b (10%), M1 gives 2.6 keV-b (7%),
and the interference term gives 15.7 keV-b (42%).

R-matrix calculations reproduce the interference min-
imum. Our consideration of the destructive interference
of 35,(312) and 3§,(962) resonances did not reproduce
the minimum of the S-factor precisely. Considering an-
other state is thus justified if it has the same quantum
numbers J” =1 as the resonances already considered.
Such a state will interfere with the first two 1~ reson-
ances. As mentioned in Sec. II, a resonance exists in the
O spectrum at a very high excitation energy E, =
16.20(90) MeV. This is higher than the 3S,(312) reson-
ance by 3.76 MeV and 3.11 MeV higher than the
351(962). Our numerical calculations revealed that the ef-
fect of this third state in the spectrum of 1~ resonances is
negligible, and its interference does not influence the
value or position of the S-factor minimum.

In Table 3, the experimental data for the GS astro-
physical S-factor in the measured energy ranges are giv-
en. The experimental range of energy is dramatically dif-
ferent, resulting in different values of S(Eny,). In Ref.
[13], the cross section is measured for the highest energy.
The cross section for the lowest energy E.., =70 keV,
which is near the Gamow range, is reported in Ref. [6]. It
is obvious that the extrapolation of S(E) to the S(0) us-
ing each listed experimental energy range will yield dif-
ferent values of the S(0), which may sometimes be dra-
matically different.
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Table 3. Experimental data on the astrophysical S-factor of the *N(p,y)'°O reaction. The values of S (Emi) listed in rows 1 and 2 are
taken from Fig. 8 in Ref. [16].
Reference E:m./keV Experimental range Ein/keV S (Emin)/keV-b

1 Hebbard et al., 1960 [12] 206 — 656 230 138.6+15.2

2 Brochard et al., 1973 [14] 234-1219 256 215.1+27.3

3 Rolfs & Rodney, 1974 [13] 139-2344 139 124.2+£52.6

4 Bemmerer et al., 2009 [15] 90-230 90 384+54

5 LeBlanc et al., 2010 [16] 123 -1687 123 53+7.1

6 Caciolli ez al., 2011 [6] 70-370 70 52+4

7 Imbriani et al., 2012 [17] 131-1687 131 48.4+4.8

The determination of S(0) relies on the dual ap-
proach of experimental measurement of the cross section
complemented by theoretical interpretation and extrapola-
tion from the experimental range of energy to zero en-
ergy. In Table 4, the estimates of the astrophysical S-
factor at zero energy S(0) obtained using the R-matrix
fits of different sets of experimental data, different model
calculations, and extrapolation of the experimental data
are listed. By varying the fitting method, the authors ob-
tained different values of S(0) (see, for example, Ref.
[23]). The theoretical evaluation of astrophysical S(E)
and its extrapolation to S(0) are also model dependent.
Consequently, the uncertainties in the computed S-factor
can be significant [64]. The extrapolation is of insuffi-
cient accuracy because of the difficulties in fully account-
ing for the complexities of the reaction mechanisms [65].

At ultra-low energies, the energy dependence of the
S-factor can be modified using "a screening effect." The
Coulomb screening effects in the laboratory plasma and
astrophysical environment are discussed in detail in Refs.
[67-70]. Despite various theoretical studies conducted
over the past two decades, a theory has not yet been
found to explain the cause of the exceedingly high values
of the screening potential needed to explain the data [71].

Our expectation is that the screening considerations
will increase S (0). The lack of parameters for the screen-
ing potential in the p'>N medium does not allow us to es-
timate the role of the screening effect in the '* N(p,y)'°O
reaction. However, if one considers the estimation in
[72], the enhancement of the S-factor at energies of ~70
keV corresponding to the LUNA lower data is approxim-
ately 11%.

IV. REACTION RATE

The reaction rates for nuclear fusion are the critical
components for stellar-burning processes and the study of
stellar evolution [4]. In stellar interiors, where the inter-
acting particles follow a Maxwell-Boltzmann distribu-
tion, the reaction rate describes the probability of nuclear
interaction between two particles with an energy-depend-
ent reaction cross section o (E). The reaction rate of pro-

Table 4. Values of the astrophysical S(0) factor of the
N(p,7)"®O reaction. Estimations for the values of the S(0)
are obtained based on experimental data from the references
listed in the parentheses.

Reference S(0)/ keV-b

32 ([12])
64+6 ([13])
~50-55 ([13])

Rolfs & Rodney, 1974 [13]

Barker, 2008 [20]

~35([12])
Mukhamedzhanov et al., 2008 [21] 36.0£6
LeBlanc et al., 2010 [16] 39.6+2.6
Huang et al., 2010 [66] 21.1
Mukhamedzhanov et al., 2011 [23] 33.1-40.1
Xu et al., 2013 [19] 45+
deBoer et al., 2013 [5] 40+3
Dubovichenko et al., 2014 [22] 39.5-43.35
Son et al., 2022 [26] 30.4 ([6])

753+12.1 ([13])
34.1£0.9 ([16])
298+ 1.1 ([17])

Son et al., 2022 [27]

Present work 34.7-40.4

The results for S(0) 35.2 + 0.5* and 39.6 + 0.8” are obtained for AC:
Cy= 1.8 (ANC of 12.85 fm"?) and Cy=2.05° (ANC of 14.49 fm'?).

ton capture processes can be written as [48, 73]

kgT

8\'"? E
=N, (7) (kgT)™? / S(E)e > exp (——) dE
T kBT

(6)

In Eq. (6), N4 is the Avogadro number, u is the re-
duced mass of two interacting particles, kz is the
Boltzmann constant, 7 is the temperature of the stellar en-
vironment, and the factor e approximates the per-

Na{ov) =N, <7i) " (kgT)™>? / o(E)Eexp <—£> dE
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meability of the Coulomb barrier between two point-like
charged particles.

A. N(p,7)'O reaction rate

The reaction rate can be numerically obtained in the
framework of the standard formalism outline in Ref. [18]
based on the S-factor, which includes the contributions of
all transitions shown in Fig. 3 and the fractional contribu-
tions of E1 transitions and the *P; — 3p, M1 transition
to the "N(p,70)"°O reaction rate. In Fig. 4, the reaction
rate and fractional contributions of each transition to the
reaction rate are presented. The inset in Fig. 4 shows the
contribution of each resonance and *P, — 3P, transition
with respect to the total reaction rate as a function of the
astrophysical temperature. Such a representation is use-
ful to understand the relevance of each transition at a giv-
en temperature. At 7y =0.01, the fractional contribution
from the 312 keV resonance is 71%, while the fractional
contributions of the 962 keV resonance and non-reson-
ance transition *P; — 3P, are 16% and 13%, respect-
ively. In contrast, at temperature Ty = 10, the fractional
contribution from the 962 keV resonance is 89%, and the
contributions of the 312 keV resonance and 3P, — 3P,
transition are commensurate: 6% and 5%, respectively.
The E1 transitions from the 312 keV and 962 keV reson-
ances have maximal fractional contributions of 95% and
93% at To = 0.4 and Ty = 4.1, respectively. The fractional
contribution from the non-resonance *P, — 3P, trans-
ition increases as the energy decreases.

The interference of the 3S,(312) and 35 ,(962) reson-
ances requires special consideration. The solid line in the
inset in Fig. 4 shows the fractional contribution of the in-
terference term between the 35,(312) and 35,(962) res-
onances to the total reaction rate. In the Gamow CNO
window Ty =0.01-0.03, the contribution of the interfer-
ence term to the total reaction rate is 41%, up to Ty =0.1.
In the temperature interval Ty =0.01-0.1, the contribu-
tion of the interference term to the total reaction rate is
~40%, while at Ty = 3—10, the contribution of this term
does not exceed ~ 11%. For the stellar CNO temperature
range Ty =0.1-0.5, the contribution of the interference
term drops from ~ 40% to ~ 12.5%. The destructive inter-
ference is observed in the range from 79 =0.89 to
Ty = 1.36 but at a level of ~ 2%. From the end of this in-
terval up to Ty = 10, a moderate constructive interference
increase is observed from zero up to 11%.

The dependence of the reaction rate of the
N(p,70)'°O radiative capture as a function of temperat-
ure for the astrophysical temperature between 79 =0.01
and Ty =10 is shown in Fig. 4. The results of the reac-
tion rates for sets I — III are shown via a single solid
curve in Fig. 4. The reaction rates for "N(p,)'"®O were
reported earlier in Refs. [16, 18, 19]. We normalized the
reaction rate obtained with the R-matrix approach [16],
NACRE [18], and NACRE II [19] reaction rates by divid-

3 15N(p,"/0)160

=y
o
w

present work

E1(962 keV)/Total

D S RLLIoR

SN
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102 10 T, 10° 10'
Fig. 4. (color online) (a) Dependence of the reaction rate of
the N(p,70)'"°0 radiative capture on the astrophysical tem-
perature. The solid curve presents our calculations for the sum
of E1 and M1 transitions performed for potentials with the
sets of parameters from Table 2. The inset shows the fraction-
al contributions of the reaction rates from the 3§, resonances
at 312 keV and 962 keV and the non-resonance transition
3p, — 3p,, with respect to the reaction rate of "N(p,y0)'°0,
as functions of astrophysical temperature.

ing the corresponding data on the reaction rate obtained
in the present calculation. The dependence of these ratios
as a function of the astrophysical temperature is shown in
Fig. 5. One can see the agreement between the reaction
rate [16] obtained for the GS transition and our calcula-
tion. Notably, the agreement is also observed for the as-
trophysical factor; the range of our results for S(0)
347<S5(0)<404 keV'b and the range of 37<S(0) <
42.2 keV-b from [16] overlap. In the S(0) calculations in
[16], the ANC of 23+3 fm* used is approximately 3
times larger than the experimental value [21]. Therefore,
one can conclude that the reaction rate is weakly respons-
ive to the value of S(0).

One can see the significant discrepancies in the reac-
tion rates, particularly, for NACRE [18] and NACRE II
(includes the GS and two 27,07, and 3~ resonances) [19]
data at temperatures T9=0.1 and T,y =1, respectively,
where the ratios reach the maximum. While the differ-
ence between [16] and our "N(p,y,)'°O and NACRE II
at To>0.3 isunderstandable, the significant disagree-
ment in the reaction rates between [16] and that obtained
in the present study for the GS transition compared to
NACRE [18], which is also parametrized for the GS
transition, is puzzling. Perhaps, this disagreement is re-
lated to the experimental data [12, 13] used for the para-
metrization of the reaction rate reported in NACRE [18],
which were excluded in NACRE 1I [19], in favor of the
post-NACRE data.

The reaction rates reported in [19] include cascade
transitions via two 2~ resonances and 0~ and 3~ reson-
ances of '°O in the 0.40 < Ex < 1.14 MeV range [17, 34,
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36, 64]. It is stated in Ref. [19] that the enhancement of
the ratio around 7y = 1 seen in Fig. 5 is owing to the con-
tribution of the cascade transitions, which are not in-
cluded in NACRE [18]. In Refs. [17, 37], partial cross
sections of the radiative proton capture to the GS, 1°(07),
2m4(37), and 4"(17) excited states are measured and con-
verted to the astrophysical S-factors of the *N(p,7)'°O,
PN(P,Y6050)'°0, "N(p,¥6130)'°0, and "N(p,y7.117)'°O
reactions. The experimental data on (p,y:1), (p,72), (p,Y4)
were reported by Imbriani et al. [37] as cascade trans-
itions. We estimate the contribution of these transitions in
the framework of the MPCM based on the experimental
data presented by Imbriani et al. [37] because the exact
calculations of the cascade transitions are out of the scope
of this study.

The experimental data [17, 37] for the S-factors listed
in the EXFOR database [74] (Hokkaido University Nuc-
lear Reaction Data Centre) were used and interpolated
with the Origin Pro 2018 software [75]. The interpola-
tion enables the construction of the energy-dependent

Total S — fact
factor f(E)= w, where the "Total S-factor"
GS S —factor

corresponds to the sum of the "N(p,y,)'°O and cascade
transitions ISN(P,Y(ﬁoso))mO, ISN(P,Y(mso))mO, and
“N(p,yonn)'®0O, and "GS S-factor" refers to
BN(p,70)'%0. Introducing this factor into Eq. (6),

8 1/2
[Na{o V)]s =Na (ﬂﬂ) (kgT)™"? / S(E)

x f(E)e ™™ exp (—%) dE, @)

one can estimate the contribution of the cascade trans-
itions. Thus, [N4{ov)],, is a modified GS reaction rate,
which effectively includes the cascade transitions to the
excited states of '°O: N(p,¥6.050)'°O, "N(p,¥6.130))'°O,
and 151\1(?0’(7117))160.

The dependence of factor f(E) and the ratio of the
total experimental S-factor, i.e., the sum of the contribu-
tions from the GS and cascade transitions and the reac-
tion rate for the GS transition on the proton energy in the
c.m. and astrophysical temperature, respectively, is
shown in Fig. 6. The factor f(E) increases 14 times at
E.n =600 keV. At temperatures above Ty = 0.3, the cas-
cade gamma-ray transitions to the excited BSs contribute
to the total reaction rate. Therefore, the enhancement of
the ratio [Na(oVv)],, /Na{ov)gs at To>0.3 is due to the
contribution of the cascade transitions: ""N(p,¥.0s0))'°O,
15N(p,7(6‘130))160, and 15N(p,7(7,117))160. In the temperat—
ure range of about 7y = 1 — 1.3, we have a maximum of ~
30% deviation of the total rate from the *N(p,y,)'°O GS
transition rate and a deviation of ~ 15% at Ty = 10. Thus,
our estimations based on the experimental partial S-
factors contradict the peculiar enhancement behaviour of
the ratio reported in NACRE II at 0.4 < Ty < 10. The lat-

1 Angulo et al., 1999 (NACRE)
6 L2 LeBlanc et al., 2010 I 3 ]
3 Xu et al., 2013 (NACREIl) /3

present work [ '
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Fig. 5.
radiative capture on the '*N reaction rate from NACRE [18]
(curve 1), [16] (curve 2), NACRE II [19] (curve 3), and the
present calculation on the astrophysical temperature in the
range of T9=0.01-10. The shaded areas within the dashed
curves represent the uncertainties from NACRE and NACRE
II. The calculations from NACRE [18], LeBlanc et al. [16],
and the present study are given for the GS transition; the

(color online) Dependence of the ratio of the proton

NACRE I parametrization includes the GS transition and
transitions via two 2" resonances and 0 ~ and 3" resonances
[19].
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Fig. 6. (color online) Dependence of the ratio of the total re-

action rate, which is the sum of contributions from the
N(p,70)"*0 and cascade transitions "N(p,y.0s0))"°O,
PN(p.76.130)"°0, and "N(p,y.117)'°O and the reaction rate
for the GS transition on temperature. The experimental data
reported in Ref. [17] are used in calculations. The inset shows
the dependence of the factor f(E) on the proton energy in the
c.m.

ter calls for a careful theoretical investigation of the con-
tributions of the two interfering 2™ resonances at 12.530
MeV and 12.9686 MeV and the two interfering 3™ reson-
ances at 13.142 MeV and 13.265 MeV.

The results of the R-matrix calculations of the reac-
tion rate [16] are parametrized in the form
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a;10°
Ny(ov) =# exp [ax/Ty” = (To/a3)*] [1.0+asTo +asTs |
9

ag10° ag10°
+ 63/2 eXP(a7/T9)+ 783/2 exp[ag/Tg]
Ty Ty

®)

and calculations with the parameters from [16] yielded
x* =20.8. However, by varying the parameters, we get a
much smaller value of y? = 0.4. The corresponding para-
meters are given in the first column in Table Al in the
Appendix. The parametrization coefficients of the reac-
tion rate obtained in the framework of MPCM for the
analytical expression (8) with the parameters from Table
2 are presented in the Appendix and result in values of
x> =0.084, x> =0.086, and y* = 0.09 for sets I, II, and III,
respectively. We also present the parametrization coeffi-
cients for [N(ov)],, for set II.

B. Comparison of the rates for proton capture reac-
tions on nitrogen isotopes

Two stable nitrogen isotopes, '“N and '°N, exist, and
all other radioisotopes are short-lived. Among the short-
lived isotopes, the longest-lived are >N and "N, with
half-lives of about 11 ms and 9.965 min, respectively,
and they are of nuclear astrophysics interest. A radiative
proton capture on nitrogen isotopes in the reactions

12 N(p,y)"*0-source of CNO seeds {
13 14

N(p,y) "O—hot CNO only
' N(p,y)"*O—cold and hot CNO {

> N(p,y)'®O —hot CNO

The reaction rates of the framed processes are calcu-
lated within the framework of the same model, MPCM.
The temperature window, prevalence, and significance of
each process are considered. The radiative proton
12N(p,7)130, 13N(p,7)140, 14N(p,7)150, and 15N(p, 7)160
processes have the same Coulomb barrier, and, accord-
ing to Eq. (6), the reaction rates will differ only due to the
different values of S(E) and reduced mass u of interact-
ing particles in the entrance channel. The reduced masses
of the pairs p'2N, p"®N, p'N, and p"*N are always less
than the proton mass and are within the range 0.9294 amu
<u<0.9439 amu. Therefore, the influence of the re-
duced mass on the reaction rates of proton capture on ni-
trogen isotopes is negligible and can be omitted. There-
fore, the rates of these processes completely depend on
the S-factor of the reaction. Figure 7 gives an overview of

12N(p,7)130, 13N(p,7)140, 14N(p,7)150, and 15N(p,7)160
produces the short-lived '*O, '*O, and 'O isotopes with
half-lives of ~ 6 ms, ~ 71 s, and ~ 122 s, respectively,
and a stable %0 nucleus. These radiative capture reac-
tions caused by the electromagnetic interaction are signi-
ficantly slower than reactions induced by strong interac-
tions. Therefore, these slow reactions control the rate and
time of cycles of oxygen isotope nucleosynthesis at par-
ticular astrophysical temperatures.

The authors of Ref. [76] suggested and discussed
three alternative paths for rapid processes of the CNO
cycle leading to the formation of '*O through the break-
out reactions °C(a,p)"N and ""C(p,y)"N. These three
branches of reaction sequences involve *N(p,y)"*O and
BN(p,y)" O processes. Thus, these processes are of par-
ticular interest for nuclear astrophysics. In the MPCM
framework, the radiative proton capture on nitrogen iso-
topes >N, N, and '“N were investigated [28, 77, 78]. Be-
cause the reactions '*N(p,y)"?0, "N(p,y)"“0O, and
"“N(p,y)" 0 and the present study of ’N(p,y)'°O are con-
sidered on the same footing within the MPCM, compar-
ing the reaction rates helps in understanding the relev-
ance of each process at a given astrophysical temperature.
Thus, we compare the reaction rates for the *N(p,y)"0,
BN(p,y)"0, “N(p,y)"0, and ""N(p,y)'°O reactions in-
volved in the different chains of the CNO cycles as fol-
lows:

L 1C(p, )P N(p,y)POB )" N...[89%] or
- MCp PN OB p) P C...[11%]

2C(p. Y N(p. ™0 (Bv) [ N(p. )" (8*v) * N(p,e)'*C

2C(p,y)"* N(B*v) C(p,y)* N(p,y)0[(B*v)* N(p,a)'*C
O(p, )" FB* ) "O(p, ) N(p,.»)*O(B*v)[* N(p.y)"“O

0(p,y)"* F(B"v) *0(p,y)* N(p.n)"®0(8*v) 7 F (B'v) 'O

the reaction rates for typical CNO temperatures and ex-
plosive hydrogen burning scenarios. The "N(p,y)"°O re-
action is the fastest one with the biggest rate up to
Ty ~0.175; p"N is the slowest process up to Ty~ 0.1,
and it controls the rate and time of nucleosynthesis
cycles. Notably, the "N(p,y)'°O reaction rate becomes
the dominant one at the temperature and explosive hydro-
gen burning scenarios in stars. The analysis of the result
presented in the inset in Fig. 7 indicates that only in the
temperature windows of 0.18 <57y <1.14 and 0.66 <
Ty <3 is the reaction “N(p,y)'°O slower than the
BN(p,y)*O and "N(p,y)"O reactions, respectively.
Hence, this slow reaction controls the rate and time of
nucleosynthesis cycles.

Presenting the reaction rates of proton radiative cap-
ture is important. The radiative hydrogen burning in-

044104-12



The astrophysical S-factor and reaction rate for *N(p,y)'°O within the modified...

Chin. Phys. C 48, 044104 (2024)

T T
---= 2N(p,y)"0 - _:_r'-___":_“.
102+ _ . _ - 1N(p,y) 0 _’,./"' B
- - -Np)'*0 g
16, -
- g )"0
W 107 (p1) ]
g T T T ™
) 7S~ |
g» 108 1 50/1* 0 —~ \7.<'\.\ 1]
4 [ FAEAEEN
\Z Fr=—=.d VAERANENE
Y ]
z 107 01k I N
1 MO‘\/'GO \:/-‘,g
1o R
10- / - - \\‘ './ 130/150 -
.i' 1 e 1
£ 0.01 01 7 1 10
10-23 4 1 9
0.01 0.1 1 10
To
Fig. 7. (color online) Reaction rates of the radiative proton

capture on nitrogen isotopes leading to the production of oxy-
gen isotopes as a function of astrophysical temperature. The
inset shows the fractional contributions from '’N(p,y)"0,
BN(p,y)™0, and "“N(p,y)""O with respect to the *N(p.,y)'"°O
reaction rate as a function of astrophysical temperature.

duced nucleosynthesis at specific temperatures has the
Gamow peak energy [48, 79]

1

Ey= [; (212:¢?) ’%(kBT)Z} ' (10)

d
which is defined by the condition @fG(E: T)=0, where

Je(E,T)=e" eXP( knT
proton and nitrogen 1sot0pes in the entrance channel
Z, =1 and Z, =7 for (10) in keV for temperature 7o, one
obtains

) is a Gamow function. For the

Ey = 466.4353 [uT?] ", (1)

and the effective energy range determined by the Gamow
range AE¢ (in keV) around the Gamow energy Ej is

1
EG = [,lT
AEg = 452.9821 [uT?| (12)

Thermonuclear reactions mainly occur over the
Gamow energy window from Ey—AEg/2 to Ey+AEg/2
except in the case of narrow resonances [48]. From Egs.
(11) and (12), clearly, the Gamow peak energies and
ranges for the '*N(p,7)"*0, *N(p,y)" 0, “N(p,y)"0, and
"N(p,y)'°O reactions are completely determined by the
astrophysical temperature. The variation of the reduced
mass within 0.9294 amu <u <0.9439 amu changes the
Gamow peak energy and the energy range only within
0.5% and 0.3%, respectively.

It is useful to present the reaction rate for a particular
temperature range along with the Gamow window of
CNO reactions for the radiative proton capture on nitro-
gen isotopes. The corresponding results of the calcula-
tions are shown in Figs. 8 and 9. Notably, the main diffi-
culty in determining reliable reaction rates of the
12N(p,7)130, BN(]?,'}/)MO, 14N(p,7)150, and ISN(p’,y)IGO
reactions for the CNO cycles is the uncertainty in the
very low cross sections at the Gamow range. Develop-
ments within the low-energy underground accelerator fa-
cility, LUNA, in the Gran Sasso laboratory [80] and re-
cent improvements in the detection setup [81] make tak-
ing direct measurements of nuclear reactions near the
Gamow range feasible. This advantage has been demon-
strated in the "N(p,y)"O reaction, which was success-
fully measured down to energies of 70 keV at LUNA
[82].

V. CONCLUSION

We present the results of the calculations and analys-
is of the astrophysical S-factor and reaction rate for the
PN(p,y)'O reaction in the MPCM framework with for-
bidden states, including low-lying 3S, resonances and
3p, —3 Py Mltransition. The intercluster potentials of
the BS, constructed based on the obvious requirements
for describing the binding energy and AC in
the p'>Nchannel of the GS, and the scattering potentials
describing the resonances make it possible to reproduce
the behavior of available experimental data for the total
cross section of radiative proton capture on the ’N nucle-
us at astrophysical energies. However, it is not as precise
as theR-matrix fitting [5].

The interference of the 3S,(312) and *S,(962) reson-
ances significantly increases theS—factor at energies of
up to 300 keV. The consideration of the interfering 35,
resonances and the contribution of the 3P, scattering
wave in the p + "N channel due to the *P, — 3P, M1
transition increases the S —factor at low energies. Our res-
ult for the M1 transition is related to the corresponding
phase shifts. Within our model, we demonstrated that the
contribution of the M1 transition from the non-resonance
3P, scattering wave to the “N(p,7,)'°O cross section
really exists and contributes ~ 7% to the S(0). Thus, sys-
tematic and precise low-energy elastic proton scattering
data on "N are needed to determine phase shifts at ener-
gies E.,,. <2 MeV. The extrapolation of the S —factor at a
low energy yields 35.2 = 0.5 keV'b and 39.6 +
keV-b, depending on the value of the asymptotic con-
stant, which turned out to be within 34.7-40.4 keV'b.
This clarifies the important role of the asymptotic con-
stant for the "N(p,y0)'°O process, where the interfering
381(312) and 35 ,(962) resonances contribute the most to
the cross section. Comparing our calculation for S(0)
with existing experimental and theoretical data showed
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2N(p,7)"0, BN(p,)"0, "“N(p,y)"0, and *N(p,y)'°O reactions.

reasonable agreement with experimental measurements.
Interestingly, the values of S(0) were consistent with
each other, regardless of various R-matrix method ap-
proaches [5, 16, 19-21, 23] and the present MPCM calcu-
lations. The deviations of S(0) in different approaches
were within the accuracy of the main sources of uncer-
tainties.

The reaction rate was calculated and parametrized us-
ing the analytical expression at temperatures ranging
from Ty =0.01 to Ty = 10 and compared with the existing
rates. The reaction rate had negligible dependence on the
variation of AC. However, it showed a strong impact on
the interference of the 3S,(312) and 3S,(962) resonances,
especially at Ty, in reference to the CNO Gamow win-
dows. We estimated the contribution of the cascade trans-
itions to the reaction rate. The enhancement of the ratio of
the sum of the GS and cascade transitions and the GS
transition at To9 > 0.3 is due to the contribution of the
BN, ¥6050)'°0, "N(p,¥6130)'°0, and "N(p,y7.117)'°O
processes.
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APPENDIX A: PARAMETERS FOR ANALYTIC-
AL PARAMETRIZATIONS

Parametrization coefficients for the analytical expres-
sion (8) of the *'N(p,y)'%O reaction rate data in Ref. [16]
and those obtained within the framework of MPCM are
presented in Table Al. The sets of parameters I, 11, and
III from Table 2 lead to the three sets of parametrization
coefficients for Eq. (8). Set II, with x* =0.093 presents
the parametrization coefficients for Eq. (8) when data
[37] for the transitions “N(p,¥050))"°0, “N(p.¥.130))
0, and "N(p,y¢.117))'°0 are considered based on Eq.
.
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Table Al. Parameters of analytical parametrization of the reaction rate of p'>N capture. The parameters for the reaction rate presen-
ted in Ref. [16] with x? = 0.4 and results obtained in the present MPCM calculation.
Parameters for [16] Parameters for MPCM Parameters for MPCM Parameters for MPCM
x> =04 Set I, y2 = 0.084 Set II, x2 = 0.086 Set II,,, x* = 0.093 Set III, x% = 0.09
i ai ai ai aj ai
1 0.4874952 1.0375 1.00436 0.90521 0.92832
2 —15.22289 —15.41934 -15.4231 —-15.39278 —15.42226
3 0.8597972 2.19708 2.17155 2.09762 2.16317
4 6.734083 0.10981 0.10166 0.47779 0.11569
5 —2.462556 —-0.01995 -0.01655 —-0.04484 -0.01654
6 0.7971639 1.67272 1.72304 1.55827 1.68868
7 —2.930568 -3.0594 -3.06727 -3.03021 -3.07264
8 3.224569 4.38681 4.20809 4.93559 3.97887
9 —11.00680 —12.10183 -12.09517 -12.52017 -12.10662
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