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Szücs,1 Z. Halász,1 E. Somorjai,1 Z. Hons,7 J. Mrázek,7 R. E. Tribble,14 and A. M. Mukhamedzhanov14

1Institute for Nuclear Research (ATOMKI), H-4001 Debrecen, POB.51, Hungary
2Laboratori Nazionali del Sud - INFN, Via S. Sofia 62, 95123 Catania, Italy

3Institute of Nuclear Physics, Uzbekistan Academy of Sciences, 100214 Tashkent, Uzbekistan
4Physical and Mathematical Department, Gulistan State University, 120100 Gulistan, Uzbekistan

5Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
6Dipartimento di Fisica e Astronomia “E. Majorana”, Università di Catania, 95123 Catania, Italy
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Background: The 6Li(p, γ)7Be cross section influences a variety of astrophysical scenarios, including big bang
and stellar nucleosynthesis. In recent years, conflicting results of direct measurements have been published,
reporting contradictory low-energy trends.

Purpose: In order to shed light on the contradiction between the existing data sets, the reaction was studied
using the asymptotic normalization coefficient (ANC) technique which was up-to-now never used for this reaction.

Methods: To derive the ANC, the 6Li(3He, d)7Be transfer reaction, studied at the Department of Physics and
Astronomy of the University of Catania and at the John. D. Fox Superconducting Accelerator Laboratory at the
Florida State University, was re-analyzed focusing on the proton transfer mechanism [the α transfer process is
discussed in G.G. Kiss et al., Phys. Lett. B 807, 135606 (2020)]. The energy of the 3He beam impinging on a
6Li target was Elab = 3 MeV and Elab = 5 MeV. The yield of the emitted deuterons was measured with high
precision using silicon ∆E-E telescopes.

Results: From the DWBA analysis of the angular distributions of the emitted deuterons populating the ground

(E∗= 0.0 MeV; 3
2

−
) and the first excited (E∗= 0.429 MeV; 1

2

−
) states of 7Be, the ANCs for the 6Li + p → 7Be

system were deduced. Furthermore, the recently measured 6Li(p, γ)7Be reaction cross sections [D. Piatti et al.,
Phys. Rev. C 102, 052802 (2020)] were also analyzed within this theoretical framework. Excellent agreement
was found between ANC values derived indirectly and determined from the direct data, which strengthens the
conclusion of the present work. The astrophysical S-factor — at energies characterizing the Sun — for the
6Li(p, γ)7Be reaction was calculated using the weighted mean of the experimentally derived ANC values.

Conclusions: The result of the present comprehensive study supports the extrapolation of [D. Piatti et al., Phys.
Rev. C 102, 052802 (2020); G.X. Dong et al., J. Phys. G Nucl. Partic. 44, 045201 (2017); A. Gnech and L.E.
Marcucci, Nucl. Phys. A 987, 1 (2019)], thus disfavors the conclusions drawn in [J.J. He et al., Physics Letters
B 725, 287 (2013); Y. Xu et al., Nucl. Phys. A 918, 61 (2013)].

I. THE 6Li(p,γ)7Be REACTION:
ASTROPHYSICAL ROLE AND CROSS SECTION

INFORMATION

Understanding present-day light elements abundances
represents one of the most intriguing topic in
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‡ Deceased

astrophysics. Besides the role of D, 3He and Li as trac-
ers of the big bang nucleosynthesis (BBN), one has to
take into account1 the contribution of galactic cosmic-
ray spallation leading to the synthesis of a large fraction
of the observed Li, Be and B abundances [2].

1 Other contribution, in the special case of lithium, can be also
due to neutrino-driven nucleosynthesis in supernovae explosions
[1]
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Focusing on lithium isotopes, less than half of the
present solar system 7Li supply is thought to be produced
in the BBN, while a large fraction has been synthesized
in stellar scenarios [3]. In the case of 6Li, the amount
presently observed is almost exclusively produced by
cosmic rays [4], and the possibility of a primordial 6Li
plateau, similar to the one for 7Li2, is not presently con-
firmed (see [6] and references therein). It is believed that
the d(α, γ)6Li reaction is the main source of 6Li in the
early Universe, the 6Li(p, α)3He and 6Li(p, γ)7Be reac-
tions being the foremost destruction channels [7, 8].

Since the production mechanism of 6Li and 7Li are
completely different, the 6Li/7Li isotopic ratio can be
used either to constrain the lithium production mecha-
nisms and/or the galactic enrichment processes, e.g., the
role played by cosmic-ray induced spallation [9] or by
deep circulation in evolved stars [10], modifying the pri-
mordial 7Li abundance. For this purpose, an accurate
determination of the 6Li(p, γ)7Be astrophysical S-factor
is needed. Unfortunately, at present — as it is discussed
in the following paragraphs — the available experimen-
tal data are contradictory. Furthermore, the experiments
were performed typically at energies higher than the ones
of astrophysical interest, therefore extrapolation is nec-
essary. Moreover, the enhancement due to the electron
screening effect [11] has also to be taken into account.

As it was proven in other cases, indirect techniques
like Trojan Horse Method or asymptotic normalization
coefficient (ANC) can give important clues to the under-
standing of BBN (e.g. ref.[12] for a review).

Despite its high importance, experimental cross section
data on the 6Li(p, γ)7Be reaction are scarce ([6] and ref-
erences therein for the available data sets). The data set
most commonly recommended [13] for astrophysical cal-
culations is from 1979 [14] although the reported S-factor
is affected by sizeable total uncertainty (∼ 15%), making
the theoretical description of the data challenging and
the resulting extrapolation questionable.

In 2013, a new measurement was performed [15]. In
that work a Jπ = (1/2+, 3/2+) state in 7Be located at
about 200 keV above the 7Be→ p+6Li threshold was
suggested, but such resonance was not observed in the
3He(α,γ)7Be reaction at the corresponding energy [16].
This discrepancy triggered a new work of the LUNA col-
laboration [17], covering the energy region studied by
[15]. In the LUNA experiment the 6Li(p, γ)7Be astro-
physical S-factor was determined using a relative ap-
proach, by normalization to the one of the 6Li(p, α)3He
reaction. This novel measurement questions the presence
of the resonance reported in [15], the new experimen-
tal data being characterized by a smoothly increasing S-
factor towards lower energies. Electron screening effect
was corrected for by following the adiabatic approxima-

2 The so-called Spite-plateau refers to the constant 7Li abundance
as a function of metallicity observed in metal poor stars [5]

tion described in ref. [11], in agreement with the indirect
measurement [18].

The 6Li(p, γ)7Be cross section was also calculated using
different theoretical models (for summary see [6]). The
list includes a potential model [19], a Gamow shell model
[20], cluster models [6, 21] and R-matrix fits [15, 17, 22].
The results of the theoretical calculations can be sorted
into two groups, either including or neglecting the contri-
bution of the unconfirmed resonance. It is important to
point out that the most recent calculation [6], performed
with the cluster model, is able to reproduce the trend but
not the absolute value of the non resonant S-factor, and
accordingly a scaling factor is needed to match with the
available experimental data.

As a consequence of the difficulties outlined above, the
cross section (or equivalently the astrophysical S-factor)
of the 6Li(p,γ)7Be reaction is still known with large ex-
perimental uncertainties and the various extrapolated S-
factors differ significantly (by about 30%), making it very
hard to draw astrophysical conclusions. For this reason,
in the present work the astrophysical S6 1(E) factor of
the 6Li(p,γ)7Be reaction was experimentally determined
directly at solar energies, based on the ANC indirect
method [23]. The aim of this method is to deduce the
direct capture contribution to the radiative capture cross
section and consequently the astrophysical factor, by us-
ing the ANC’s which, in turn, are obtained by studying
peripheral transfer reactions. The direct capture cross
section of the 6Li(p,γ)7Be reaction is proportional to the
square of the ANC [24, 25] which can be determined ex-
perimentally via transfer reactions. In particular, the
study of the near barrier proton transfer 6Li(3He, d)7Be
reaction allows to determine the ANCs in 6Li + p→ 7Be
for both the ground and first excited (0.429 MeV) states
of the 7Be nucleus. This independent experimental ap-
proach using the ANC indirect method, up-to-now never
used to study the 6Li(p, γ)7Be reaction, not only im-
proves our understanding on the low energy behavior of
this reaction but also helps to identify the hidden sys-
tematic uncertainties of the measurements performed so
far. Furthermore, to increase the accuracy of the as-
trophysical S factor derived here, the the ANCs for the
6Li +p→ 7Be(g.s.) and 6Li +p→ 7Be(0.429 MeV) chan-
nels, were derived from the experimental total astrophys-
ical S-factor and the branching ratios of ref. [17], within
the modified two body potential method (MTBPM) [26].

This paper is organized as follows. The experimental
approach is presented together with details of the theo-
retical analysis in Sec. II. The extraction of the ANC pa-
rameters from the recently measured direct experimental
6Li(p,γ)7Be cross sections [17] are discussed in Sec. III.
Finally, the results and the consequences of the presented
comprehensive study are given in Sec. IV.
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II. THE STUDY OF THE 6Li(3He,d)7Be
TRANSFER REACTION AND THE

DETERMINATION OF THE ANC FOR THE
6Li(p,γ)7Be CAPTURE REACTION

A. Experimental details

To determine the ANCs for 6Li + p → 7Be ground
and first excited states, the angular distributions of the
deuterons emitted in the near barrier transfer reaction
6Li(3He, d)7Be were measured in a broad angular inter-
val — in particular, covering the forward hemisphere —
in parallel with the sub-Coulomb alpha transfer. More
details about the experiments are given in [27] and here
only the most important aspects are summarized.

To do so, we used 3He beams provided by the 3.5 MV
singletron accelerator of the Department of Physics and
Astronomy (DFA) of the University of Catania (Italy)
and the FN tandem accelerator at the John D. Fox Super-
conducting Accelerator Laboratory at the Florida State
University (FSU), Tallahassee (FL), USA. Angular dis-
tributions were measured at two energies (Elab. = 3 MeV
and Elab. = 5 MeV) using silicon ∆E-E telescopes fixed
on a remotely controlled turntable. Additional monitor
detectors were placed at fixed angles with respect to the
beam axis to check the target thickness and for normal-
ization purpose. 6LiF (enriched in 6Li by 95%) and pure
6Li targets (enriched in 6Li by 98%) were made by vac-
uum evaporation on Formvar backings, with thicknesses
ranging between 50-150 µg/cm2. In both experiments,
deuteron identification was achieved using the standard
∆E-E technique and the peak areas were derived by fit-
ting Gaussian functions for d0 and d1 groups, correspond-
ing to 7Be ground and first excited states. A typical one-
dimensional deuteron spectrum is presented in fig.1 (the
peaks corresponding to the 7Be ground and 1st excited
state are marked with d0 and d1, respectively). It can be
seen that the separation of the different deuteron groups
is sufficient to derive the yields for each reaction channel.
The resulting angular distributions are shown in fig.2 as
solid circles. Error bars include statistical, integration
and normalization uncertainties.

Unlike work [27], where the break up process of
6Li with the transfer of an alpha particle in the
6Li(3He,d)7Be reaction was investigated and therefore
the cross sections at large angles were analysed, here at-
tention is paid to study the break up of 3He and mea-
surements only in the region in the forward hemisphere,
where the direct mechanism of proton transfer domi-
nates.

B. Theoretical analysis and extraction of the
6Li+p→ 7Be ANCs

The experimental data were analyzed in the frame-
work of the modified Distorted-Wave Born Approxima-
tion (DWBA) approach [30]; the differential cross section

FIG. 1. 1D spectrum, deduced from signals of the 1st silicon
∆E-E telescope, positioned at the most forward configuration
(15◦ in the laboratory), at Elab. = 5 MeV beam energy. The
peaks (marked with d0 and d1) used for the analysis are in-
dicated, the integration was performed by fitting Gaussian
functions. More details on the experiment can be found in
[27].
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FIG. 2. Angular distributions of the 6Li(3He, d)7Be differ-
ential cross section, at 3He beam energies of Elab. = 3 ((a)
and (b)) and Elab. = 5 ((c) and (d)) MeV, for the popula-
tion of 7Be in its ground ((a) and (c)) and first (0.429 MeV)
excited ((b) and (d)) state. Error bars are generally smaller
than the size of the points. The gray lines indicate the calcu-
lated angular distributions including coupled channels effects,
for p-transfer off 3He. The red and blue curves are the same
calculations, but with other optical potentials from [28, 29].
Data are taken from [27]. The exclusion of CCE (not shown)
has a minor effect on the calculated angular distributions. For
details see text.
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(DCS) for the peripheral p-transfer reaction in the vicin-
ity of the forward peak of the angular distribution can
be written in the form:

dσ

dΩ
=

∑
j6Li−p

C2
6Li−p; j6Li−p

×

×R(DWBA)
p; j6Li−p

(Ei, θ; bd−p; jd−p
, b6Li−p; j6Li−p

), (1)

and

R
(DWBA)
p; j6Li−p

(Ei, θ; bd−p; jd−p
, b6Li−p; j6Li−p

) =

C2
d−p; jd−p

σ
(DWBA)
p; j6Li−p

(Ei, θ; bd−p; jd−p
, b6Li−p; j6Li−p

)

b 2d−p; jd−p
b 26Li−p; j6Li−p

(2)

where l6Li−p and j6Li−p are the orbital and total angu-
lar momenta of the transferred proton in the two-body
7Be = 6Li + p system, and s-wave for 3He → d + p is
taken into account (owing to its smallness, the d-wave
(ld−p = 2) contribution is ignored [31–33]). l6Li−p = 1
and j6Li−p = 1/2 and 3/2 correspond to the ground
and first excited (0.429 MeV) states of the 7Be nu-

cleus, respectively and σ
(DWBA)
p; j6Li−p

is the single-particle

DWBA cross section [34]. Furthermore, C2
6Li−p; j6Li−p

and C2
d−p; jd−p

are the ANCs for 6Li + p → 7Be and

d+p→ 3He, which determine the amplitudes of the tails
of the radial 7Be and 3He wave functions in the 6Li + p
and d + p channels [32]; bd−p; jd−p

, b6Li−p are the single-
particle ANCs for the shell-model wave functions for the
two-body 7Be = (6Li+p) and 3He = (d+p) bound states,
which determine the amplitudes of their tails; Ei is the
relative kinetic energy of the colliding particles and θ is
the center-of-mass emission angle.

According to [35], the s-wave ANC value for d + p →
3He was taken equal to 3.9±0.06 fm−1; this parameter is
in good agreement with the experimentally determined
one reported in [36]. As in [30, 37] the values of the
bd−p; jd−p

parameters for ld−p = 0 and jd−p = 1/2 can be
fixed by reproducing the corresponding ANC values en-

tering the R
(DWBA)
p; j6Li−p

(Ei, θ; bd−p; jd−p
, b6Li−p; j6Li−p

) func-

tion calculated for the one-step proton transfer mech-
anism. In eqs. 1 and 2, the ANCs C2

6Li−p; j6Li−p
for

6Li + p → 7Be as well as the free model parameters
b6Li−p; j6Li−p

are unknown.

Following eq. 1, the parametrization of the DCS makes
it possible to determine the unknown ANCs. To this aim,
for fixed values of Ei, θ, bd−p; jd−p

the Rp; j 6Li−p
(b6Li−p)=

R
(DWBA)
p; j 6Li−p

(Ei, θ; bd−p; jd−p
, b 6Li−p;j6Li−p

) function must

not depend on variation of the free parameter b6Li−p,
where b6Li−p ≡ b 6Li−p;j6Li−p

. The single-particle ANCs

strongly depend on the geometric parameters (radius r0
and diffuseness a) of the adopted Woods-Saxon poten-
tial, i.e., b6Li−p = b6Li−p(r0, a) [38]. Similarly to [38],

eq. 1 is then used to extract the experimental (“indirectly
determined”) values of squared ANCs (Cexp

6Li p; j 6Li p
)2 for

7Be ground and first excited states, and accordingly
the dσ/dΩ in the left hand side of eq.1 is replaced by
dσexp/dΩ, measured in the forward hemisphere, for each
of the experimental data points (θ= θexp) around the
main peak of the angular distributions.

As discussed in [27], the one-step proton transfer is
dominant in the forward hemisphere while one-step α
particle exchange is the dominant contribution to the
experimental differential cross section at large angles.
However, due to the steep decrease of the calculated
DCS approaching 90◦, interference of the two mecha-
nisms at small (forward) and large (backward) angular
regions is negligible. To extract the ANCs for 6Li + p→
7Be, the analysis of the angular distributions of the
6Li(3He, d)7Be reaction measured at the 3He beam en-
ergies of 3 and 5 MeV in the forward angular region was
performed within the post form of the modified DWBA
[30] using the LOLA code [34]. Following the prescription
in [23], we focused on the main peak in the angular distri-
bution, where the extraction of the ANC is most reliable
since ANC can be determined from peripheral transfer
reactions only. Thus, the analysis of the cross sections
in the region of the main maximum of the angular dis-
tributions (20◦÷ 40◦) gives the most precise information
about the direct one-step mechanism of proton transfer.

First, eight sets of optical potentials, obtained from the
global parametrization given in refs.[28, 29], in the input
and output channels were used. The calculations show
that the derived Rp; j 6Li−p

function is very sensitive to the

sets of the optical potentials. Thanks to the properties of
the ANC’s discussed later in the manuscript, it is weakly
dependent on the parameters of the potentials used in the
data analysis, provided that the reaction process is pe-

FIG. 3. The coupling schemes used in calculations of the
DCSs for the proton transfer 6Li(3He, d)7Be reaction and the
α-particle exchange 6Li(3He, 7Be)d reaction by coupled chan-
nels method.
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ripheral. In the further analysis we will take as reference
the potential leading to the calculated angular distribu-
tions shown as gray lines in fig.2. Consistent results are
obtained for the other potentials. The peripheral nature
of the transfer reaction for each experimental data point
(θexp) in the forward angular region was tested follow-
ing the procedure descried in ref.[38]. Namely, for the
chosen optical potentials in the entrance and exit chan-
nels, the geometrical parameters r0 and a of the Woods-
Saxon potential (having the Thomas spin-orbit term) of
the two-body 7Be = (6Li + p) bound state wave func-
tion were varied in the ranges 1.13≤ r0 ≤1.40 fm and
0.59≤ a ≤0.72 fm. The depth of the potential well was
adjusted to match the corresponding experimental bind-
ing energy for each (r0, a) pair. It was found that the
calculated Rp; j 6Li−p

function is practically independent

from varying the free parameters and changes within 2-
3%.

By normalizing the calculated DCSs to the correspond-
ing (θ = θexp) measured ones, the “indirectly deter-
mined” ANC values for 6Li + p → 7Be without and
with taking into account the channels coupling effects
(CCE) were derived. The squared ANCs values (C2

p),

their uncertainties for 6Li + p → 7Be (E∗ = 0.0 MeV;

Jπ = 3
2

−
and E∗ = 0.429 MeV; Jπ = 1

2

−
for ground

and first excited state of 7Be) obtained in the present
work with and without the CCE contributions at E3He

= 3.0 and 5.0 MeV and their weighted mean values are
listed in Table I. The values in square brackets are
the experimental (∆C2

exp; p) and theoretical (∆C2
th; p) un-

certainties, respectively. The experimental errors taken

into account in the present work are twofold: ∆
(1)
exp; p is

the relative uncertainty of each cross section value, in-
cluding statistical and normalization uncertainties and

∆
(2)
exp; 2 is the uncertainty of the ANC value of d + p →

3He as reported in ref.[35]. The theoretical uncertainty

∆th; p = ∆R
(DWBA)
p / R̄

(DWBA)
p corresponds to the av-

erage squared uncertainty of the calculated R function
values arising from the variation of the geometric pa-
rameters (r0 and a) of the adopted Woods-Saxon po-

tential, within the intervals mentioned above. R̄
(DWBA)
p

corresponds to the value of the R
(DWBA)
p function cal-

culated for the standard values of r0 and a (r0=1.25 fm
and a=0.65 fm). Finally, the total error ∆tot; p is calcu-
lated summing in quadrature the total experimental and
theoretical uncertainties.

The CCE contributions to the DWBA cross sec-
tions for each experimental point θexp from the for-
ward peak region were determined using the FRESCO
computational code [39]. Only one-step proton strip-
ping 6Li(3He, d)7Be was taken into account (similarly to
ref.[27], where only α-transfer was considered). In these
calculations, as shown in fig.3, the system of nine nucle-
ons in the entrance channel, 6Li +3 He, was replaced by
three subsystems: i) 3He +6 Li(g.s., Jπ= 1+; E∗= 2.185
MeV, Jπ= 3+); ii) d + 7Be(g.s., Jπ = 3/2−; E∗= 0.429

MeV, Jπ= 1/2−) and iii) 7Be(g.s., Jπ = 3/2−; E∗= 0.429
MeV, Jπ= 1/2−) + d. All states of the subsystems ii)
and iii) are coupled with the subsystem i) through pro-
ton (off 3He) and α-particle (off 6Li) transfers. Couplings
between ground and excited states of nuclei 6Li and 7Be
were calculated using the rotational model with the form
factor Vλ(r) = (δλ/

√
4π)dU(r)/dr for quadrupole transi-

tions (λ = 2). Here, δλ is a deformation length, which is
determined by δλ= βλR, where R and βλ are the nuclear
radius and a deformation parameter, respectively.

The reorientation effects, determined by the matrix el-
ement < E, Jπ|V2|E, Jπ > [39], were also included in the
coupling scheme. The deformation lengths δ2 were taken
equal to 3.0 fm for 6Li, and 2.0 for 7Be, which correspond
to β2 = 0.73 and β2 = 1.0, respectively. These values
are in a good agreement with the values obtained in refs.
[38] and [40] from the analysis of the 7Be(d, n)8B reaction
and the α + 6,7Li scattering, respectively. Spectroscopic
amplitudes for the 3He and 7Be nuclei in the (d + p)
and (3He +α) configurations, equal to 1.225 and 1.0913,
were taken from the theoretical calculations performed in
the framework of the translational invariant shell model
[41]. The remaining spectroscopic amplitudes were de-
termined by fitting the calculated angular distributions
to the experimental data. For the d − 6Li and d − 3He
core-core interactions in the proton transfer and α par-
ticle exchange mechanisms, the optical potentials were
adopted for the entrance (6Li + 3He) channel and only
the Coulomb component for the d + 3He potential were
used, respectively.

Calculations show that the CCE contribution to the
ANCs enhances their values from 1.0% to 6.0% for
6Li + p→ 7Be(g.s) and from 1.6% to 12% for 6Li + p→
7Be(0.429 MeV). The results of the calculations of the
DCSs normalized to the corresponding forward peak of
the angular distributions at θ = θexppeak (solid gray lines)
and their comparison with the experimental data are
displayed in fig.2. The weighted mean values of the
square of the ANCs for 6Li + p→ 7Be were found to be
4.81±0.38 fm−1 and 4.29±0.27 fm−1 for the ground and
first excited states of 7Be, respectively, and correspond to
their sum over j 6Li−p (j 6Li−p = 1/2 and 3/2). The differ-
ent contributions to the total uncertainties are detailed in
Table I. The overall uncertainties listed here correspond
to the averaged squared errors, including both experi-
mental errors in the dσexp/dΩ and the above-mentioned
uncertainty of the ANC for d + p → 3He (since this is
a common scaling factor, the error is propagated to the
final uncertainty after taking the average) as well as the
mentioned uncertainties in the Rp; j 6Li−p

function.

III. THE INVERSE APPROACH:
THEORETICAL ANALYSIS OF THE RECENT

HIGH PRECISION 6Li(p,γ)7Be DATA

To increase the accuracy of the astrophysical S-factor
calculation, the ANCs for the 6Li + p → 7Be(g.s.) and
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TABLE I. Summary of all uncertainties entering the evaluation of the ANC of the 6Li + p→ 7Be system. ∆
(1)
exp; p, ∆

(2)
exp; p and

∆th; p are calculated as described in the text. ∆tot; p = [(∆
(1)
exp; p)2 + (∆

(2)
exp p)2 + ∆2

th; p]1/2. Subscript p is neglected for ease of
reading.

6Li + p→ 7Be

C2
p [fm−1]

E3He E∗ θ without with ∆
(1)
exp ∆

(2)
exp ∆th ∆tot

[MeV] [MeV] [deg] CCE CCE [%] [%] [%] [%]
3.0 0.0 23.0 4.626±0.341 [0.080; 0.071; 0.323] 4.594±0.339 [0.079; 0.071; 0.322] 1.73 1.54 7.0 7.37

29.7 4.941±0.366 [0.091; 0.076; 0.346] 4.921±0.364 [0.090; 0.075; 0.344] 1.84 1.54 7.0 7.40
36.3 4.480±0.331 [0.081; 0.069; 0.314] 4.466±0.330 [0.081; 0.069; 0.313] 1.81 1.54 7.0 7.39

5.0 23.2 4.505±0.346 [0.126; 0.069; 0.315] 4.761±0.367 [0.133; 0.073; 0.333] 2.79 1.54 7.0 7.69
29.7 4.946±0.366 [0.090; 0.076; 0.346] 5.243±0.388 [0.096; 0.081; 0.367] 1.83 1.54 7.1 7.39
36.7 5.374±0.397 [0.095; 0.083; 0.376] 5.691±0.420 [0.100; 0.087; 0.398] 1.76 1.54 7.1 7.38

3.0 0.429 24.0 4.177±0.307 [0.068; 0.064; 0.292] 4.242±0.312 [0.069; 0.065; 0.297] 1.64 1.54 7.0 7.35
31.0 4.133±0.305 [0.072; 0.064; 0.289] 4.208±0.310 [0.074; 0.065; 0.294] 1.76 1.54 7.0 7.37
37.7 4.182±0.306 [0.063; 0.064; 0.293] 4.279±0.313 [0.065; 0.066; 0.299] 1.52 1.54 7.0 7.32

5.0 17.6 3.964±0.313 [0.130; 0.061; 0.277] 4.317±0.340 [0.142; 0.066; 0.302] 3.29 1.54 7.0 7.88
23.7 4.750±0.376 [0.158; 0.073; 0.332] 5.277±0.418 [0.177; 0.081; 0.369] 3.36 1.54 7.0 7.91
30.6 5.231±0.402 [0.147; 0.081; 0.366] 5.864±0.451 [0.164; 0.090; 0.410] 2.80 1.54 7.0 7.69

weighted mean values

3.0+5.0 0.0 4.752±0.208 [0.123; 0.074; 0.151] 4.807±0.382 [0.247; 0.076; 0.282] 1.54 3.17 4.38
3.0 4.665±0.241 [0.131; 0.072; 0.189] 4.643±0.239 [0.129; 0.072; 0.188] 1.54 4.05 5.16
5.0 4.952±0.347 [0.229; 0.076; 0.250] 5.242±0.372 [0.246; 0.081; 0.267] 1.54 5.04 7.02

3.0+5.0 0.429 4.199±0.172 [0.039; 0.068; 0.153] 4.295±0.274 [0.065; 0.072; 0.256] 1.54 3.65 4.10
3.0 4.165±0.184 [0.039; 0.064; 0.168] 4.244±0.188 [0.040; 0.065; 0.171] 1.54 4.04 4.42
5.0 4.555±0.542 [0.386; 0.071; 0.374] 5.023±0.662 [0.472; 0.079; 0.457] 1.54 8.21 11.91

6Li + p → 7Be(0.429 MeV) channels, were derived from
the experimental total astrophysical S-factor and the
branching ratios of ref. [17], within the modified two
body potential method (MTBPM) [26]. To this pur-
pose, we have applied the MTBPM to the analysis of the
6Li(p,γ)7Be S-factor [17], using the experimental branch-
ing ratio to separate the total experimental S-factor into
two contributions corresponding to the ground and first
excited states of the residual 7Be nucleus for all experi-
mental points of energy E, as described in the following
sections.

A. Basic formulas of MTBPM

According to the MTBPM (see also [24, 42, 43]), the
astrophysical S factors Slf jf (E) [or SaA(E) ] of the direct
radiative capture A(a, γ)B reaction has the form

Slf jf (E) = C2
lf jf

Rlf jf (E, blf jf ) . (3)

Here, C2
lf jf

(or C2
A−a;jf ) is the ANC for a + A → B.

Rlf jf is given by:

Rlf jf =
Ssplf jfA(E)

b2lf jf
, (4)

where Ssplf jf (E) is the single particle (sp) calculated astro-

physical S factor, blf jf is the single particle ANC, which
determines the amplitude of the tail of the radial com-
ponent of the bound A + a shell-model wave function
of B, calculated using the Schrödinger equation with a
suitable Woods-Saxon potential; lf (jf ) is a relative or-
bital (total) angular momentum of A and a particles in
nucleus B(a+ A). By enforcing the following additional
requirements [26]

Rlf jf (E, blf jf ) = f(E) (5)

and

C2
lf jf

=
Slf jf (E)

Rlf jf (E, blf jf )
= const (6)

for each energy E = Ei (i = 1, 2, ...N , N being the num-
ber of the experimental points), and by analysing the
experimental phase shifts for the a + A scattering, it is
possible to derive the “indirectly determined” (experi-
mental) value of the ANC (Cexplf jf

)2 and its uncertainty by

model-independent way. To obtain the value of the ANC,
the directly measured astrophysical S factors SexpaA (E) are
used instead of Slf jf (E) in Eq.6, i.e.

(Cexplf jf
)2 =

SexpaA (E)

Rlf jf (E, blf jf )
. (7)
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FIG. 4. The dependence of Rlf jf (E, blf jf ) [panels (a) and (c)] as a function of the single-particle ANC blf jf for the
6Li(p, γ)7Be(g.s.) [lf = 1 and jf = 3/2] (a) and for the 6Li(p, γ)7Be(0.429 MeV) [lf = 1 and jf = 3/2] (c) reactions at
E = 60 keV (minimum measured energy in [17]). The dependence of the ANCs C2

lf jf
[upper bands in panels (b) and (d)] and

of the spectroscopic factors Zlf jf [lower bands in panels (b) and (d)] on the single particle ANCs blf jf for the 6Li(p, γ)7Be(g.s.)

[left column, lf = 1 and jf = 3/2] (b) and for the 6Li(p, γ)7Be(0.429 MeV) [right column,lf = 1 and jf = 3/2] (d) reactions at
E = 60 keV. The width of the bands corresponds to the variation of the geometrical parameters of the adopted Woods-Saxon
potential.

B. Extraction of the ANCs from the recent direct
experimental data

Let us write lf (jf ) for the relative orbital (total) an-
gular momentum of 6Li and proton in 7Be(6Li+p). For
the 6Li(p,γ)7Be reaction populating the ground (E∗ =
0.0; Jπ = 3/2−) and first excited (E∗ = 0.429 MeV;Jπ =
1/2−) states of 7Be, the values jf are taken to be 1/2
and 3/2, the value of lf is taken to be equal to 1.
The ANC (Cexplf jf

)2 values for 6Li(p, γ)7Be(0 MeV) and
6Li(p, γ)7Be(0.429 MeV) were obtained by applying the
relations (3)-(7).

To this purpose, we vary the geometric parameters of
the adopted Woods-Saxon potential in the physically ac-
ceptable ranges 1.13 ≤ r0 ≤ 1.40 and 0.59 ≤ a ≤ 0.72 fm
with respect to their standard values (r0 = 1.25 fm and
a = 0.65 fm), and adjust the depth to fit the binding ener-
gies. Such variation of the r0 and a parameters changes
the single particle ANC with jf = 3/2 in the ranges

1.92 ≤ b1 3/2 ≤ 2.59 fm−1/2 for the ground state and

1.81 ≤ b1 3/2 ≤ 2.42 fm−1/2 for the first excited state of
7Be. The difference between values of the single-particle
asymptotic normalization coefficients b1 1/2 and b1 3/2 at

both considered proton bound states of the 7Be nucleus
is small (less than 0.3%).

In fig.4(a) and 4(c) the dependence of the
R1 3/2(E, b1 3/2) function on the single-particle ANC

b1 3/2 at E = 60 keV for 7Be ground and first excited
states is presented (minimum measured energy in
[17]). The width of the bands is the result of the weak
“residual” (r0, a) dependence of R1 3/2(E, b1 3/2) on
the parameters r0 and a (up to ±3%). For example,
the arithmetic averaged values of R1 3/2(E, b1 3/2) in
the intervals of b1 3/2 mentioned above are equal to
12.21 ± 0.34 and 7.06 ± 0.17 eV b fm at E = 60 keV
for 7Be ground and first excited states, respectively.
Variation of r0 and a changes R1 3/2(E, b1 3/2) in the
ranges 11.54 ≤ R1 3/2(E, b1 3/2) ≤ 12.80 eV b fm for the
ground state and 6.67 ≤ R1 3/2(E, b1 3/2) ≤ 7.37 eV b fm

for 7Be first excited state. The same dependence is also
observed for jf = 1/2.
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FIG. 5. Energy dependence of the p−6Li elastic-scattering
phase shifts for the 2S1/2 and the 4S3/2 partial waves. The
experimental data are taken from ref.[44] (the error bar is
smaller than the point size).

For E = 60 keV the dependence of the ANC C2
lf jj

and

of the spectroscopic factor Zlf jf on the single-particle
ANC blf jf with jf = 3/2 for ground and first excited

states of 7Be are presented in fig.4 (b) and 4(d), respec-
tively. Variation of r0 and a changes C2

1 jf
(jf = 1/2 and

jf = 3/2) in the ranges 2.03 ≤ C2
1 1/2 ≤ 2.25 fm−1 and

2.55 ≤ C2
1 3/2 ≤ 2.83 fm−1 for the ground state, 0.512 ≤

C2
1 1/2 ≤ 0.56 fm−1 and 4.00 ≤ C2

1 3/2 ≤ 4.42 fm−1 for the

first excited state of 7Be nucleus at E = 60 keV. The cal-
culated values of C2

1 3/2 and C2
1 1/2 are weakly depending

on the values of the single-particle asymptotic normal-
ization coefficients. Instead, changing r0 and a in the
same range causes a variation of the spectroscopic fac-
tor Z1 jf (jf = 1/2 and jf = 3/2) in the ranges 0.30 ≤
Z1 1/2 ≤ 0.57 and 0.38 ≤ Z1 3/2 ≤ 0.71 for the ground
state, 0.09 ≤ Z1 1/2 ≤ 0.16 and 0.70 ≤ Z1 3/2 ≤ 1.23 for

the first excited state of 7Be at E = 60 keV.

Therefore, the values of the spectroscopic factors Z1 3/2

and Z1 1/2 corresponding to the ground and first excited
states strongly depend on the single-particle ANCs. Sim-
ilar dependence is also observed for the other experimen-
tal energies. On the other hand, such weak dependence
of the ANCs on the blf jf parameters makes us confident

on the peripheral character of the 6Li(p, γ)7Be reaction.
This is a pivotal test for the further analysis, as already
done in [24].

To cross check the validity of the present approach, the
phase shifts of 6Li−p elastic scattering are calculated by
varying the parameters r0 and a of the adopted Woods-
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FIG. 6. The values of the ANCs, C2
13/2 for 6Li+p→7 Be(g.s.)

in panel (a) and for 6Li + p →7 Be(0.429MeV) in panel (b)
for each experimental energy point. The solid lines are the
present results weighted means. The width of each band is
the corresponding weighted uncertainty.

Saxon potential in the same intervals. As an illustration,
the results of the calculations corresponding to the 2S1/2

and 4S3/2 waves only are presented in fig.5. The band
width in fig.5 corresponds to the change of the calculated
values of phase shifts with respect to the variation of the
r0 and a parameters. As seen from fig.5, the experimental
phase shifts [44] are fairly well reproduced within the
uncertainty of about ±2.5%. The same results are also
obtained for the 2P1/2 waves.

Finally, for each of the thirty three experimental points
of energy E, the values of the ANCs Cexp1 jf

(jf = 1/2 and

jf = 3/2) for 6Li(p, γ)7Be(g.s.) and Cexp1 jf
(jf = 1/2

and jf = 3/2) for 6Li(p, γ)7Be(0.429 MeV) are obtained
by using the corresponding experimental astrophysical S-
factor from [17] in Eq.(6) in the place of S1 jf (E), and by
using the central values of R1 jf (E, blf jf ), correspond-
ing to the standard values of the parameters r0 and a
of the adopted Woods-Saxon potential (r0 = 1.25 and
a = 0.65 fm). To determine the values of the ANCs
C2

1 1/2 and C2
1 3/2 we use the assumption C2

1 1/2/C
2
1 3/2 '

Z1 1/2/Z1 3/2, where the Z1 1/2 and Z1 3/2 spectroscopic
factors are the theoretical values found in [45]. Here we
used Z1 3/2 = 0.54 and Z1 1/2 = 0.11 for the ground state
and Z1 3/2 = 0.86 and Z1 1/2 = 0.11 for the excited state

of 7Be (see [46] and references therein).

The calculated ANCs for all the experimental energy
points are shown in fig.6 as a function of the c.m. en-
ergy E. In the same figure, the solid line and the band
are used to mark the weighted means of the ANC values
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TABLE II. The weighted means of the ANC values (Cexp)2 for 6Li +p→ 7Be. Here, numbers in square brackets are statistical,
theoretical and experimental systematic uncertainties, respectively. For comparison, in the last column the ANCs from the
6Li(3He, d)7Be transfer reactions (sec.II B) are shown.

E∗ C2
1 1/2 C2

1 3/2 C2
1 1/2 + C2

1 3/2 C2
1 1/2 + C2

1 3/2

[MeV] [fm−1] [fm−1] [fm−1] [fm−1]
0.0 1.926± 0.256 [0.015; 0.018; 0.255] 2.419± 0.320 [0.018; 0.023; 0.319] 4.345± 0.576 [0.033; 0.041; 0.574] 4.81±0.38 fm−1

0.429 0.519± 0.067 [0.003; 0.004; 0.067] 4.052± 0.528 [0.024; 0.030; 0.527] 4.571± 0.595 [0.027; 0.033; 0.594] 4.29±0.27 fm−1

and the propagated uncertainty, respectively. The val-
ues of the weighted means for the ANC values for 7Be
ground and first excited states obtained from all experi-
mental data in [17] are equal to (Cexp1 1/2+1 3/2)2 = 4.345±
0.576 [0.033; 0.041; 0.574] fm−1 and (Cexp1 1/2+1 3/2)2 =

4.571 ± 0.595 [0.027; 0.033; 0.594] fm−1, respectively.
Here, numbers in square brackets are the statistical er-
rors, the theoretical uncertainties, and the contribution
due to the experimental systematic error affecting data
in [17], respectively. They include the total experimen-
tal errors in the corresponding experimental astrophysi-
cal S6 1 factor and the uncertainty on R1jf (E, blf jf ) (see
fig.4 (a) and (c)). It is important noting that, since the
systematic error of about 13% affects all the experimental
data [17], this component of the uncertainty has not been
used in the weighted average of the ANCs, but added
in quadrature to the resulting ANCs. The weighted
means of the ANC values for 6Li + p → 7Be(g.s.) and
6Li + p → 7Be(0.429MeV) are also given in tab.II, to-
gether with the uncertainties evaluated as discussed.

The above weighted mean values of ANCs are in excel-
lent agreement with the values of ANCs (4.81±0.38 fm−1

for the ground and 4.29±0.27 fm−1 for the first ex-
cited state of 7Be) extracted from the analysis of the
6Li(3He,d)7Be transfer reaction at E3He = 3 and 5 MeV,
confirming the accuracy of our analysis. For ease of com-
parison, such values of the ANCs are also shown in Ta-
ble II (rightmost column) along with the ANCs deduced
from the S-factor in [17].

IV. RESULTS AND CONSEQUENCES

The weighted means of the ANCs from the analysis of
the 6Li(3He,d)7Be transfer reaction were used to calcu-
late the total astrophysical S-factor for the 6Li(p, γ)7Be
reaction at low energies E, including E = 0. The cal-
culations were performed within the modified two-body
potential method [26].

The main contributions to the radiative capture reac-
tion 6Li(p, γ)7Be astrophysical S-factor comes from the
E1 transition. The contributions of M1 and E2 are neg-
ligible in the aforementioned energy region and below,
including solar energy. They vary from about 0.4% up to
about 1% as the energy increases. Therefore, they will
be neglected in the following calculations.

The results of the calculations and the comparison with
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4 0
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1 0 0

1 2 0
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FIG. 7. The experimental and calculated astrophysical S-
factor for the radiative-capture 6Li(p, γ)7Be reaction. Solid
green and black lines represent the results of this work for the
direct component of the astrophysical S factor, obtained using
the weighted average ANC values from the near-barrier pro-
ton transfer 6Li(3He,d)7Be reaction at E3He=3 and 5 MeV
and the one from the analysis of 6Li(p, γ)7Be reaction [17],
respectively. Blue solid triangles represent the bare-nucleus
astrophysical factor from ref.[17] (including systematic error),
red filled circles are the experimental astrophysical factor pub-
lished in [15], empty circles are taken from [14] and black solid
squares from [31].

the literature data are shown in fig.7 as a solid green

line.At E=0, the indirect S
(DC)
6 1 (E) (DC stands for direct

capture) equals 65.781 ± 5.227[3.380; 1.040; 3.859] eV·b
and 30.675 ± 1.957[0.464; 0.514; 1.828] eV·b for the
ground and the first excited states of 7Be, respectively,
leading to a total S-factor of 96.5±5.7 eV·b. This value
is in excellent agreement with the extrapolated S-factor
to zero energy (S(0) = 95 ± 9 eV·b) of [17], with an un-
certainty 1.6 times lower. It is worth noting that our
approach is entirely independent from their direct mea-
surement; possible systematic errors are independent and
of radically different nature than the ones affecting the
LUNA measurement [17], thus supplying an invaluable
validation of their results. Furthermore, the indirect re-
sult does not support the occurrence of the 200 keV res-
onance claimed in [15].

We also calculated the astrophysical factor of the
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TABLE III. The calculated values of S61 at energies E = 0, 15.1 keV and 25 keV using the weighted means of the ANC values
(Cexp)2 in tab.II. Also here figures in square brackets are statistical, theoretical, and experimental systematic uncertainties,
respectively.

E∗ S61(0.0 keV) S61(15.1 keV) S61(25 keV)
[MeV] [eV b] [eV b] [eV b]

0.0 59.46± 7.88 [0.45; 0.56; 7.85] 58.89± 7.80 [0.44; 0.55; 7.78] 58.48± 7.75 [0.44; 0.55; 7.72]
0.429 32.64± 4.25 [0.19; 0.24; 4.24] 32.32± 4.21 [0.19; 0.24; 4.20] 32.09± 4.18 [0.18; 0.23; 4.17]
total 92.10± 12.13 [0.64; 0.80; 12.09] 91.21± 12.01 [0.63; 0.79; 11.98] 90.57± 11.93 [0.62; 0.78; 11.89]
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FIG. 8. In (a) [E∗ =0 MeV] and (b) [E∗ =0.429 MeV] the
solid lines are the calculated astrophysical factors within the
MTBPM. The solid circles are the experimental astrophysical
S factor Sexp

61 (E) for the ground (a) and the first excited (b)
states of 7Be from ref. [17]. The width of the bands corre-
sponds to the uncertainty introduced by the variation of the
geometrical parameters of the adopted Woods-Saxon poten-
tial (theoretical error), summed to the experimental errors,
made up of two contributions: statistic and systematic uncer-
tainties. The latter is the dominant contribution (see text for
details).

6Li(p, γ)7Be reaction within the MTBPM [26], using the
values of ANCs obtained from the analysis of the exper-
imental astrophysical S-factors of the radiative capture
6Li(p, γ)7Be reaction [17]. In detail, the weighted average
values of the ANCs were used to calculate the astrophys-
ical factors corresponding to the ground and first excited
states of 7Be. These calculated astrophysical factors are
shown in fig.8 (a) and (b), respectively, while their sum
leading to the total astrophysical factor is shown as a
solid black line in fig.7. The values of S6 1 at different en-
ergies, calculated by using the values of ANCs obtained
from the 6Li(p, γ)7Be reaction, are given in tab. III.

In particular, for S61(E), the following values were
found: 92 ± 12 eV b for E = 0 and 91 ± 12 eV b for

E = 15.1 eV (the energy of the Gamow peak). Note
that the values of S6 1(0) and S6 1(15.1 keV) differ from
those S6 1(0) = 66.0 ± 9.9 eV b and S6 1(15.1 keV) =
75.0 ± 11.3 eV b [47], which were obtained within the
framework of the standard two-body potential model
with the assumption that the spectroscopic factors (SF)
are equal to 1. In fact, as can be seen from [46], the above
SFs cannot be determined unambiguously, and their val-
ues should not be assumed to be equal to 1, a priori. The
values of the total astrophysical factor at E = 0 calcu-
lated by using the ANC obtained from the 6Li(p, γ)7Be
reaction is in excellent agreement with the values calcu-
lated using the ANCs determined from the near-barrier
proton transfer 6Li(3He,d)7Be reaction at E3He = 3 and
5 MeV. The obtained 92 ± 12 eV b value is also in good
agreement with the extrapolated S-factor to zero energy
95 ± 9 eV b in [17]. The comparison with the results of
ref.[6] shows that the S6 1(0) value obtained in this work
is in good agreement with the “bare-nucleus” calculation
(about 95 eV b) in [6].

Moreover, the good agreement between the present-
work astrophysical factor and the electron-screening-
corrected S6 1 of [17] shows that either the electron
screening potential value from the adiabatic approxima-
tion is a good estimate of it or the uncertainty affecting
direct data is still not good enough to provide an accurate
determination of this parameter.
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