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Detailed study of the astrophysical direct capture reaction
6Li(p, γ ) 7Be in a potential model approach
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The astrophysical S factor and reaction rates of the direct capture process 6Li(p, γ ) 7Be are estimated within a
two-body single-channel potential model approach. Nuclear potentials of the Gaussian form in the 2P3/2 and 2P1/2

waves are adjusted to reproduce the binding energies and the empirical values of the asymptotic normalization
coefficients (ANC) for the 7Be(3/2−) ground and 7Be(1/2−) excited bound states, respectively. The parameters
of the potential in the most important 2S1/2 scattering channel were fitted to reproduce the empirical phase shifts
from the literature and the low-energy astrophysical S factor of the LUNA Collaboration. The obtained results
for the astrophysical S factor and the reaction rates are in very good agreement with available experimental data
sets. The numerical estimates reproduce not only the absolute values, but also the energy dependence of the S
factor and the temperature dependence of the reaction rates of the LUNA Collaboration. The estimated 7Li/H
primordial abundance ratio of (4.67 ± 0.04) × 10−10 is consistent with recent big bang nucleosynthesis result of
(4.72 ± 0.72) × 10−10 after the Planck telescope observation.
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I. INTRODUCTION

One of the main problems of nuclear astrophysics is an
estimation of the present-day abundances of light elements
[1,2]. The nuclear fusion processes with elements D (2H),
He, and Li are important in the big bang nucleosynthesis
(BBN) models. However, a large part of present-day observed
Li, Be, and B abundances are due to contribution of galactic
cosmic-ray spallation processes [3].

It is established that less than half of of the present-day
7Li abundance in the solar system was produced during the
BBN processes, and a large part was synthesized in stars [4].
At the same time, the present-day observed abundance of the
6Li element is almost exclusively produced by cosmic-ray
spallation processes of heavy nuclei [5]. The Spite plateau for
the 7Li primordial abundance, observed in old metal-poor halo
stars, does not exist for the 6Li element abundance [6,7].

The main source of the primordial 6Li abundance in
the BBN is believed to be a nuclear direct capture re-
action d (α, γ )6Li, while the reactions 6Li(p, α)3He and
6Li(p, γ ) 7Be are the most destructive channels [8,9]. A

*tursune@inp.uz
†turakulov@inp.uz
‡tursunmahatovkahramon@gmail.com

precise experimental results for the astrophysical S factor,
reaction rates of the d (α, γ )6Li direct capture process, and
the primordial abundance of the 6Li element obtained by
the LUNA collaboration at an underground facility [10,11]
have been accurately described within the three-body model
[12–16]. The theoretical model reproduced not only the abso-
lute values but also the energy dependence of the astrophysical
S factor and the temperature dependence of the reaction rates
due to the correct treatment of the isospin mixing of about
0.5% in the final state. However, the primordial abundance
of the 7Li element is still a big challenge for all the nuclear
astrophysics community around the world, since the astro-
nomically observed abundance of this element is about three
times less than the present-day BBN estimate [17].

Thus, the 6Li/7Li isotopic ratio is important for specify-
ing the lithium production mechanisms, either via cosmic-ray
spallation processes [18] or via stellar evolution [19], which
modify the primordial 7Li abundance. For this purpose,
an accurate estimation of the astrophysical S factor of the
6Li(p, γ ) 7Be direct capture process is necessary. The cross
section of this process influences many astrophysical scenar-
ios, including BBN and stellar evolution.

From the experimental side, very few measurements of
the astrophysical S factor of the above reaction have been
performed. The experiments were usually carried out at higher
energies due to the Coulomb barrier problem, so extrapolation
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to the low-energy region was necessary. In addition, the en-
hancement due to the electron screening effect must be taken
into account [20]. The total uncertainty of the old data set from
Ref. [21] is significant (∼15%), which makes an extrapolation
to the low astrophysical-energy region quite difficult [22].
The most intriguing results have been reported in Ref. [23],
which found a resonance at around 200 keV above the p +6 Li
threshold with Jπ = 1/2+. However, that resonance was not
seen in the data set for the 3He(α, γ )7Be capture reaction
[24]. Recent direct measurement of the 6Li(p, γ ) 7Be capture
reaction by the LUNA Collaboration also does not support the
existence of such a resonance [25].

The astrophysical 6Li(p, γ ) 7Be direct capture reaction
has also been studied within various theoretical models,
such as a potential model [26], a Gamow shell model [27],
cluster models [7,28,29], and R-matrix fits [23,25,30]. The
most successful description of the direct LUNA data has
been reached within the asymptotic normalization coeffi-
cient (ANC) method [31]. The empirical values of the ANC
for the 6Li +p →7 Be(3/2−) and 6Li +p →7 Be(1/2−) vir-
tual transitions to the 7Be(3/2−) ground and 7Be(1/2−)
excited bound states have been derived within the distorted-
wave Born approximation (DWBA) from the analysis of
the 6Li(3He, d ) 7Be transfer reaction. Then on the base of
deduced values of ANC the astrophysical S factor of the
6Li(p, γ ) 7Be direct capture reaction has been estimated at
low energies [31]. As was proved in many cases, indirect
techniques like the ANC method or the Trojan horse method
can give important clues to the understanding of BBN (see,
e.g., Ref. [32] for a review). However, the above work does
not give a detailed information on the specific contribution
of each entry channel to the capture process. In other words,
contributions of the partial E1, E2, and M1 astrophysical S
factors are not shown. On the other hand, the model does
not probe the most important experimental data for the re-
action rates of the LUNA Collaboration [25]. These studies
are important for nuclear physics, since they allow one to find
the most realistic p + 6Li potential parameters in each partial
wave, both in the bound and scattering channels. Only a model
which simultaneously reproduces the absolute values and the
energy dependence of the astrophysical S factor and temper-
ature dependence of the reaction rates can be considered as
fully realistic.

Very recently, a detailed study of the above 6Li(p, γ ) 7Be
direct capture process at astrophysical energies was performed
within the potential model [28]. Various versions of the po-
tential model have been suggested; however, none of them
describe the astrophysical S factor and the reaction rates si-
multaneously. More precisely, the temperature dependence of
the reaction rates of the LUNA Collaboration [25] was not
reproduced within that model. Thus, the question of whether a
potential model can simultaneously describe the astrophysical
S factor and the reaction rates remains open.

The aim of present work is a detailed study of the
6Li(p, γ ) 7Be astrophysical direct capture reaction at low
energies within a single-channel potential model where a
channel spin is fixed by S = 1/2. Potential cluster models
can simultaneously describe the properties of bound states
and scattering data [7,28]. They can reproduce phase shifts,

binding energy, and an ANC. The importance of knowledge
of the ANC in nuclear reactions and astrophysical processes
and indirect ANC method was demonstrated in particular in
Refs. [33–37]. A realistic potential model is constructed based
on the results of the ANC study of Ref. [31] and the potential
models of Refs. [28,38]. In other words, we demonstrate that
the present potential model is able to reproduce the empirical
ANC values for the 7Be(3/2−) ground and 7Be(1/2−) excited
bound states deduced in Ref. [31] in addition to the exper-
imental bound state energies. Construction of the potential
model was performed within the standard technique [28,39].

We use the Gaussian nuclear potential [40–42] with the
appropriate Coulomb part. This choice is equivalent to the
choice of the Woods-Saxon nuclear potential. The two-
parameter Gaussian potential together with the Coulomb term,
leads to the correct asymptotic form of the wave function
(Whittaker function) like the Woods-Saxon potential. This is
why the two different Gaussian and Woods-Saxon potential
models yield the same results for the low-energy nuclear as-
trophysics processes.

The potential parameters in the 2S1/2 wave are adjusted
to reproduce the empirical phase shifts [28,38] and the ex-
perimental astrophysical S factor of the LUNA Collaboration
[25]. Then the ability of the model to reproduce the empir-
ical reaction rates will be examined. Most interestingly, we
present both absolute values and temperature dependence of
the theoretical reaction rates in comparison with the results of
the LUNA Collaboration.

The article is organized as follows: the theoretical model
will be described in Sec. II. Section III is devoted to the
analysis of numerical results. Conclusions are given in the last
section.

II. THE BASIC FORMALISM OF THE TWO-BODY
SINGLE-CHANNEL MODEL

A. Wave functions

According to the single-channel potential model [43–45],
the initial and final states are defined by the factorized wave
functions as

�J
lS = u(lSJ )

E (r)

r
{Yl (r̂) ⊗ χS (ξ )}JM (1)

and

�
Jf

l f S′ = u(l f S′Jf )(r)

r
{Yl f (r̂) ⊗ χS′ (ξ )}Jf M f , (2)

respectively. The radial wave functions of the initial p- 6Li
scattering states in the 2S1/2, 2P1/2, 2P3/2, 2D3/2, 2D5/2, 2F5/2,
2F7/2 partial waves are described as solutions of the two-body
Schrödinger equation[

− h̄2

2μ

(
d2

dr2
− l (l + 1)

r2

)
+ V lSJ (r)

]
u(lSJ )

E (r) = Eu(lSJ )
E (r),

(3)

where μ is the reduced mass of proton and 6Li nucleus,
1/μ = 1/m1 + 1/m2, and V lSJ (r) is a two-body potential in
the partial wave with quantum numbers l (orbital angular

065801-2



DETAILED STUDY OF THE ASTROPHYSICAL DIRECT … PHYSICAL REVIEW C 108, 065801 (2023)

momentum), S (spin), and J (total angular momentum).
The wave function u(l f S′Jf )(r) of the final 2P3/2 ground and
2P1/2 excited bound states are defined as solutions of the
bound-state Schrödinger equation. The Schrödinger equation
is solved using the high-accuracy Numerov algorithm. At
large distances the asymptotics of the scattering wave function
must satisfy the condition

u(lSJ )
E (r) = cos δlSJ (E )Fl (η, kr) + sin δlSJ (E )Gl (η, kr),

(4)
where k is the wave number of the relative motion, η is the
Zommerfeld parameter, Fl and Gl are regular and irregular
Coulomb functions, respectively, and δlSJ (E ) is the phase shift
in the partial wave with quantum numbers (l, S, J ).

The p-6Li two-body nuclear potential is chosen in the
Gaussian form as [7,28]

V lSJ (r) = V0 exp(−α0r2) + Vc(r), (5)

where the Coulomb part of the potential is based on the point-
like charges [7,28].

B. Cross sections of the radiative-capture process

The cross section, the astrophysical S factor and the re-
action rates are estimated using the accurate wave functions
of the initial and final states. The total cross section of the
radiative-capture process is expressed as a sum of cross sec-
tions for each final state [44,45]:

σ (E ) =
∑
Jf λ�

σJf λ(�), (6)

where � = E (electric transition) or M (magnetic transition),
λ is a multiplicity of the transition, Jf is the total angular
momentum of the final state. For a particular final state with
total angular momentum Jf and multiplicity λ we have [44]

σJf λ(�) =
∑

J

(2Jf + 1)

[S1][S2]

32π2(λ + 1)

h̄λ([λ]!!)2 k2λ+1
γ C2(S)

×
∑

lS

1

k2
i vi

| 〈
�

Jf

l f S′
∥∥M�

λ

∥∥�J
lS

〉 |2, (7)

where l and l f are the orbital momenta of the initial and
final states, respectively; ki and vi are the wave number and
speed of the p-6Li relative motion in the entrance channel,
respectively; S1 and S2 are spins of p and 6Li; S′ = S = 1/2
due to the use of the single-channel approximation. The kγ =
Eγ /h̄c is the wave number of the photon corresponding to
energy Eγ = Eth + E , where Eth is the threshold energy for
the breakup reaction γ + 7Be → 6Li +p. Constant C2(S) is a
spectroscopic factor [22]. Within the potential approach where
the bound and scattering properties (energies, phase shifts and
scattering length) are reproduced, a value of the spectroscopic
factor must be taken equal to 1 [46]. We also use shorthand
notations [S] = 2S + 1 and [λ]!! = (2λ + 1)!!.

The reduced matrix elements are estimated between the
initial �J

lS and final �
Jf

l f S′ states. The electric transition

TABLE I. Central VM nuclear potential parameters for the p- 6Li
interaction in different partial waves.

2S+1LJ V0 (MeV) α0 (fm−2) CLJ (fm−1/2) E
7Be
FS (MeV)

2S1/2 −52.0 0.297 −5.81
2P3/2 −76.6277 0.1750 2.191
2P1/2 −74.8169 0.1731 2.070
2D3/2 −86.0 0.094 −6.95
2D5/2 −88.0 0.094 −7.75
2F5/2 −111.6 0.10
2F7/2 −44.34 0.05

operator in the long-wavelength approximation reads as

ME
λμ = e

A∑
j=1

Zjr
′
j
λYλμ(r̂′

j ), (8)

where �r′
j = �r j − �Rcm is the position of the jth particle in the

center-of-mass system.
The magnetic transition operator reads as [43,44]

MM
1μ =

√
3

4π

A∑
j=1

[
μN

Zj

A j
l̂ jμ + 2μ j Ŝ jμ

]

=
√

3

4π

[
μN

(
A2Z1

AA1

A1Z2

AA2

)
l̂rμ + 2(μ1Ŝ1μ + μ2Ŝ2μ)

]
,

(9)

where μN is the nuclear magneton, μ j is the magnetic moment
and l̂ jμ (μ = −1, 0,+1) is the projection of the orbital angu-
lar momentum of jth particle. The projection of the orbital
angular momentum of the relative motion is denoted as l̂rμ.

The explicit expressions for the reduced matrix elements
of the electric and magnetic transition operators were given in
Ref. [45]. In the above equations the spins of the particles are
S1 = Sp = 1/2 and S2 = S(6Li) = 1, and magnetic momenta
are taken as μp = 2.792847μN and μ(6Li) = 0.822μN for the
first and second particles, respectively.

Finally, the astrophysical S factor of the process is related
to the cross section as [47]

S(E ) = E σ (E ) exp(2πη). (10)

III. NUMERICAL RESULTS

A. Astrophysical S factor of the 6Li(p, γ ) 7Be reaction

The wave functions of initial and final states are found
from the numerical solution of the Schrödinger equation in
the entrance and exit channels with the p − 6Li central nu-
clear potentials of the Gaussian-form as defined in Eq.(5)
with the corresponding point like Coulomb part. Hereafter the
parameter values h̄2/2u = 20.9008 MeV fm2, 1 u = 931.494
MeV, mp = 1.007 276 47 u, m(6Li) = 6.013 477 46 u, and
h̄c = 197.327 MeV fm are used in numerical calculations.

The parameters of the Gaussian-form central potential
model VM are presented in Table I. The modified potential
model VM differs from the original model VD of Ref. [28]
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FIG. 1. Phase shift in the 2S1/2 partial wave of the p-6Li scat-
tering state within the potential model VM . The experimental phase
shifts are taken from Ref. [38].

in the 2S1/2, 2P1/2, 2P3/2, 2D3/2, and 2D5/2 partial waves,
while keeping the parameter values unchanged in the F - wave
scattering channels.

The parameters of the modified VM potential in the 2P3/2

and 2P1/2 partial waves are fitted to reproduce the ex-
perimental binding energies E (3/2−) = −5.6068 MeV and
E (1/2−) = −5.1767 MeV and the empirical squared ANC
values of 4.81 ± 0.38 fm−1 and 4.29 ± 0.27 fm−1 for the
7Be(3/2−) ground and 7Be(1/2−) excited bound states, re-
spectively. The empirical values of ANC were obtained from
the analysis of the experimental differential cross section of
the proton-transfer reaction using a modified DWBA approach
in Ref. [31].

The parameters of the modified VM potential in the 2S1/2

partial wave were fitted to reproduce the experimental phase
shifts from Ref. [38] and the direct data of the LUNA Col-
laboration for the astrophysical S factor of the 6Li(p, γ ) 7Be
capture reaction at low energies [25]. The calculated phase
shifts for the p- 6Li scattering in the 2S1/2 partial wave using
modified VM potential are presented in Fig. 1 in comparison
with the experimental data from Ref. [38]. It shows that E1
transitions to the final P states play the main role in the syn-
thesis reaction 6Li(p, γ ) 7Be. Therefore, the parameters of the
VM potential in the S wave can be adjusted to the experimental
values of the astrophysical S factor of the LUNA Collabora-
tion. In other words, from phase-equivalent potentials one can
choose a model which can describe the experimental astro-
physical S factor at low energies at a satisfactory level. The
parameters of the model in the D-wave scattering channels
are fitted to reproduce the astrophysical S factor at larger
energies. As was noted in the Introduction, the main point
here is a question of whether a potential model constructed
in such a way will be able to reproduce simultaneously the
both absolute values and temperature dependence of the reac-
tion rates of the LUNA Collaboration without any additional
parameters. This check is realistic in a sense that a correct
model must describe the both absolute values and temperature

FIG. 2. The contributions of the E1 transition operator to the
astrophysical S factor within the VM potential model from different
initial scattering states to the final 7Be(3/2−) ground state.

dependence of the reaction rates, as was demonstrated in the
study of the direct capture process α(d, γ ) 6Li [14,45].

Energies of the forbidden states in the 2S1/2, 2D3/2, 2D5/2

partial waves of the p- 6Li relative motion are given in the last
column of Table I. The Pauli forbidden states in all S and D
waves correspond to the orbital configuration [s5 p2] [28].

The partial contributions of the E1 transition to the astro-
physical S factor for the VM potential from different initial
scattering states to the final 7Be(3/2−) ground state are shown
in Fig. 2. As is seen from the figure, the dominant contribu-
tion corresponds to the 2S1/2 → 2P3/2 transition in the whole
energy region up to 1 MeV.

Within the cluster model, the effect of antisymmetriza-
tion in the p + 6Li nuclear system is taken into account by
means of the Pauli forbidden state in the S wave. In Fig. 3
we examine the effect of the antisymmetrization between the
proton and the nucleons of 6Li with the help of the supersym-
metric transformation (SUSY) method of the initial S-wave
potential [48]. The SUSY transformation of the initial S-wave

FIG. 3. Effect of the SUSY transformation of the S-wave poten-
tial on the E1 astrophysical S factor within the potential model VM .
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FIG. 4. The partial contributions of the E2 and M1 transition
operators to the astrophysical S factor from different initial scattering
states to the final 7Be(3/2−) ground state within the VM potential
model.

potential removes the forbidden bound state from the spec-
trum, while keeping unchanged the phase-shift description.
Then we calculate the astrophysical E1 S factor with the
SUSY transformed potential. In this way we remove the effect
of antisymmetrization for the direct capture process. As can be
seen from the figure, the result of the SUSY transformation
of the original S-wave potential with a forbidden bound state
is crucial for the astrophysical E1 S factor. After the SUSY
transformation the astrophysical S factor increases approxi-
mately by factor 2 in the low energy region, thus the difference
between the theoretical results and experimental data becomes
noticeably large. The effect is connected with a nodal char-
acter of the S-wave scattering wave function in the internal
region for the initial potential with a forbidden state. After the
SUSY transformation, the node disappears, which increases
the absolute value of the overlap integral of the initial scatter-
ing and final bound state wave functions. This means that the
effect of antisymmetrization, which was taken into account by
means of the forbidden states in the cluster model, is essential
for the direct capture reaction 6Li(p, γ ) 7Be. And without
the antisymmetrization effects (in other words, without the
S-wave forbidden state), the experimental data for the astro-
physical S factor and the reaction rates could not be described
by the theoretical model.

The partial contributions of the E2 and M1 transitions
to the astrophysical S factor from different initial scattering
states to the final 7Be(3/2−) ground state are shown in Fig. 4.
As can be seen from the figure, these contributions are negligi-
ble compared to the contribution of the E1 transition in Fig. 2.
They differ by more than three orders of magnitude.

In Fig. 5 the partial contributions of all E1, E2 and M1
transitions to the astrophysical S factor from different initial
scattering states to the final 7Be(1/2−) excited bound state are
presented. As can be noted here, the most important contribu-
tion comes from the E1 transition 2S1/2 → 2P1/2.

Figure 6 shows a comparison of the contributions of the
E1, E2, and M1 transition operators to the astrophysical S fac-
tor of the 6Li(p, γ ) 7Be synthesis process. As can be seen from

FIG. 5. Contributions of the E1, E2, and M1 transition operators
to the astrophysical S factor from different initial scattering states
to the final 7Be(1/2−) excited bound state within the VM potential
model.

the figure, the E1 transition yields a dominant contribution in
the entire energy range up to 1.0 MeV. The contributions of
E2 and M1 transitions are much more suppressed. Even the
contribution of the E2 transition is less than the contribution
from the E1 transition by three orders of magnitude at low
energy region close to 0 and by two orders of magnitude
around the energy value E = 1 MeV.

A comparison of the theoretical astrophysical S factor of
the radiative direct capture 6Li(p, γ ) 7Be reaction with the
experimental data sets from Refs. [21,23,25,49] is shown in
Fig. 7. As can be seen from Fig. 7, the calculated astrophysical
S factor with the VM potential model is in good agreement
with the direct experimental data of the LUNA Collaboration
[25] at low energies. It also gives an overall good description
of other experimental data sets in the energy range below 1.0
MeV except for the data set from Ref. [23].

FIG. 6. Contributions of E1, E2, and M1 transition operators
to the astrophysical S factor of the 6Li(p, γ ) 7Be synthesis process,
calculated within the potential model VM .
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FIG. 7. Astrophysical S factor of the radiative direct capture
6Li(p, γ ) 7Be reaction, calculated with the potential VM in compar-
ison with the experimental data from Refs. [21,23,25,49].

In Table II we give the calculated values of the as-
trophysical S factor of the direct 6Li(p, γ ) 7Be capture
reaction separately for the ground 7Be(3/2−) and first excited
7Be(1/2−) bound states and their sum, at several energies,
including the zero and Gamow energy of E = 15.1 keV. The
zero-energy astrophysical S factor was determined by using
the asymptotic expansion method of Ref. [42].

B. Reaction rates of 6Li(p, γ ) 7Be process and primordial
abundance of the 7Li element

In nuclear astrophysics, among the most important in-
put quantities for the estimation of primordial abundances
of chemical elements in the big bang model of the Uni-
verse are the rates of the basis nuclear reactions. The
reaction rate NA(σv) is calculated on the basis of calculated
cross-section of the process with the help of the following
expression [22,50]:

NA(σv) = NA
(8/π )1/2

μ1/2(kBT )3/2

∫ ∞

0
σ (E )E exp(−E/kBT )dE ,

(11)

where kB is the Boltzmann coefficient, T is the temperature,
NA = 6.0221 × 1023 mol−1 is the Avogadro number. The re-
duced mass μ is determined from the reduced mass number

TABLE II. The calculated values of astrophysical S factors for
the ground 7Be(3/2−) and first excited 7Be(1/2−) (E∗ = 0.429
MeV) bound states and their sum at energies E = 0, 15.1, and 25
keV.

E∗ S(0) S(15.1 keV) S(25 keV)
(MeV) (eV b) (eV b) (eV b)

0.0 60.0 59.32 48.67
0.429 30.31 29.97 24.54
Total 90.31 89.29 73.21

TABLE III. Theoretical estimates of the direct 6Li(p, γ ) 7Be cap-
ture reaction rate NA(σv) (cm3mol−1s−1) in the temperature interval
106 � T � 1010 K (0.001 � T9 � 10).

T9 VM T9 VM

0.001 3.10×10−29 0.14 3.53×10−1

0.002 6.75×10−22 0.15 4.86×10−1

0.003 2.39×10−18 0.16 6.51×10−1

0.004 4.09×10−16 0.18 1.09×100

0.005 1.57×10−14 0.20 1.69×100

0.006 2.53×10−13 0.25 4.02×100

0.007 2.32×10−12 0.30 7.74×100

0.008 1.44×10−11 0.35 1.30×101

0.009 6.73×10−11 0.40 1.97×101

0.010 2.53×10−10 0.45 2.80×101

0.011 8.06×10−10 0.5 3.77×101

0.012 2.24×10−9 0.6 6.13×101

0.013 5.60×10−9 0.7 8.95×101

0.014 1.27×10−8 0.8 1.22×102

0.015 2.69×10−8 0.9 1.57×102

0.016 5.33×10−8 1 1.95×102

0.018 1.78×10−7 1.25 2.99×102

0.020 5.02×10−7 1.5 4.10×102

0.025 3.99×10−6 1.75 5.23×102

0.030 1.92×10−5 2 6.38×102

0.040 1.88×10−4 2.5 8.65×102

0.050 9.44×10−4 3 1.09×103

0.060 3.20×10−3 3.5 1.30×103

0.070 8.46×10−3 4 1.51×103

0.080 1.88×10−2 5 1.90×103

0.090 3.67×10−2 6 2.26×103

0.10 6.53×10−2 7 2.60×103

0.11 1.08×10−1 8 2.92×103

0.12 1.67×10−1 9 3.23×103

0.13 2.48×10−1 10 3.51×103

A = A1A2/(A1 + A2) for the p + 6Li system. When a variable
kBT is expressed in units of MeV it is convenient to use a
variable T9 for the temperature in units of 109 K according to
the equation kBT = T9/11.605 MeV. In present calculations
T9 varies within the interval 0.001 � T9 � 10.

In these new variables the above integral for the reaction
rates can be expressed as

NA(σv) = 3.7313 × 1010A−1/2 T −3/2
9

×
∫ ∞

0
σ (E )E exp(−11.605E/T9)dE . (12)

The numerical values of the theoretically estimated reac-
tion rates for the 6Li(p, γ ) 7Be direct capture process are given
in Table III. A comparison of the calculated reaction rates with
the direct experimental data of the LUNA Collaboration [25]
and the results of the NACRE II compilation [26], normalized
to the NACRE rate [22], are presented in Fig. 8 in the temper-
ature range from T9 = 0.001 to T9 = 1. As can be seen from
the figure, the theoretical reaction rates obtained in present
work are in good agreement with the direct data of the LUNA
Collaboration.
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FIG. 8. Comparison of the calculated reaction rates in present
potential model for the direct 6Li(p, γ ) 7Be capture process with the
results of Refs. [25,26], normalized to the NACRE rate. The shaded
area presents the error bar of the LUNA data [22].

In other words, the present theoretical model reproduces
not only the absolute values of the reaction rates of the direct
experimental data of the LUNA Collaboration, but also the
temperature dependence of the reaction rates. As was noted
in the Introduction, this point is the most important result of
the model, since it does not use any additional parameters for
reproducing the LUNA data for the reaction rates. Of course,
a success of the theoretical model is connected with a realistic
description of the p + 6Li interaction in important scattering
and bound-state channels.

On the other hand, the reproduction of the absolute values
of the experimental data for the astrophysical S factor does not
give a guarantee that the theoretical reaction rate reproduces
the empirical reaction rate and its temperature dependence.
This is due to the fact that the astrophysical S factor of the
LUNA Collaboration was measured within some error bar,
which changes with the energy. Additionally, the reaction
rate also was extracted with some error, which depends on
the temperature. Indeed, from Fig. 8 one can find that the
theoretical reaction rate is almost parallel to the experimental
line and the boundaries of the shaded area up to T9 = 0.1,
which means that their behavior is almost the same.

As mentioned above, for the estimation of the primor-
dial abundance of the 7Li element the theoretical reaction
rate needs to be approximated with the help of an analytical
polynomial expression. In our case the numerical results of
reaction rate in Table III are reproduced within 0.86 percent
by using the following analytical formula:

N16(σv) = p0T −2/3
9 exp

( − 8.413T −1/3
9

)
× (

1 + p1T 1/3
9 + p2T 2/3

9 + p3T9 + p4T 4/3
9

)
+ p5T −3/2

9 exp
( − 5.634T −1

9

)
, (13)

The coefficients of the analytical approximation are given in
Table IV.

TABLE IV. Fitted values of the coefficients of analytical approx-
imation for the direct capture reaction 6Li(p, γ ) 7Be.

Model p0 p1 p2 p3 p4 p5

VM 1.032 × 106 0.369 −0.929 0.492 −0.075 8.197

On the basis of the theoretical reaction rates and with
the help of the updated PARTHENOPE 3.0 code [51] we have
estimated a contribution from the 6Li(p, γ ) 7Be direct capture
reaction to the primordial abundance of the 7Li element. If
we use the Planck 2018 data for the baryon density parameter
�bh2 = 0.02240 ± 0.00010 (or η10 = 6.1322 ± 0.0274) [52]
and the new precision neutron lifetime τn = 879.4 ± 0.6 s
from the Particle Data Group [53], for the 7Li/H abundance
ratio we have an estimate (4.67 ± 0.04) × 10−10 within the
present potential model, which is in good agreement with the
BBN result (4.72 ± 0.72) × 10−10 after the Planck observa-
tion in Ref. [4].

IV. CONCLUSION

The Astrophysical direct nuclear capture reaction
6Li +p → 7Be +γ was studied within the two-body
single-channel potential model approach. The nuclear 6Li −p
potentials of a Gaussian form with the corresponding
Coulomb part have been examined. The parameters of the
potential in the partial 2P3/2 and 2P1/2 waves were fitted
to reproduce the binding energies and the empirical values
of ANC for the 7Be(3/2−) ground and 7Be(1/2−) excited
bound states, respectively. The parameters of the potential
in the most important 2S1/2 scattering wave were fitted to
reproduce the empirical phase shifts from the literature
and the low-energy astrophysical S factor of the LUNA
Collaboration. It is shown that the E1 transition from
the initial S wave to the final P waves yields a dominant
contribution to the astrophysical S factor of the direct capture
process. The obtained results for the astrophysical S factor
of the 6Li(p, γ ) 7Be reaction are very consistent with the last
experimental data of the direct measurement of the LUNA
Collaboration and other important experimental data sets from
the literature in the energy region up to 1 MeV. The theoretical
reaction rates calculated within the model reproduce the both
absolute values and temperature dependence of the LUNA
data.

The estimated 7Li/H abundance ratio of (4.67 ± 0.04) ×
10−10 is in good agreement with the recent BBN ratio of
(4.72 ± 0.72) × 10−10 after the Planck observation.
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