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New determination of the 7Be ground state spectroscopic factor and
the 6Li(p,γ)7Be astrophysical S(E) factors *
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Abstract: The ‘lithium problem’ in Big Bang nucleosynthesis (BBN) has recently focused on reactions involving 7Be.

The 6Li(p,γ)7Be reaction can provide us not only with information about 6Li destruction but also with information

about 7Be production. In the present work, the proton spectroscopic factor in 7Be is extracted to be 0.70± 0.17

from the angular distribution of 7Be(d, 3He)6Li at Ec.m. = 6.7 MeV. This value is then used to compute the direct

component of the astrophysical 6Li(p,γ)7Beg.s. S(E) factors and determine the resonance parameters from the total

S(E) factors.
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1 Introduction

According to the standard Big Bang model, the uni-
verse starts from a singularity of extremely high tem-
perature and density. Primordial nucleosynthesis takes
place between 10 seconds and 20 minutes after Big Bang.
Big Bang nucleosynthesis (BBN) [1] is the starting point
of the elements, and can tell us not only the evolution
of the elements but also the thermal history of the early
universe. In the standard theory of BBN (SBBN), the
abundances of 2H, 3He, 4He and 7Li depend on only
one cosmological parameter, the baryon-to-photon ratio,
which can be constrained with high accuracy measure-
ment of the Cosmic Microwave Background (CMB). Us-
ing the data from the precision observations of the CMB
radiation by the Wilkinson Microwave Anisotropy Probe
(WMAP) [2, 3], the BBN predictions for the primor-
dial abundances of 2H and 4He are in good agreement
with the observations. However, for 7Li, there is a sig-
nificant discrepancy between BBN predictions and the
abundance derived from metal-poor halo stars [4].

The results from SBBN network calculations [5] show
that the primordial 7Li was mainly produced from 7Be
via electron capture decay. Such being the case, the
‘lithium problem’ in BBN should be focused on the re-
actions involving 7Be. The 3He(α,γ)7Be reaction is the

leading process to produce 7Be, and it has been studied
intensively [6–14]. As a supplementary reaction to pro-
duce 7Be, the 6Li(p,γ)7Be reaction, which is crucial for
the consumption of 6Li and the formation of 7Be, has also
attracted widespread attention in recent years [15–31].
It is commonly believed that direct capture dominates
the 6Li(p,γ)7Be reaction at low energy. However, He et
al. [30] found a broad resonance in the astrophysically
interesting energy region in 2013, which will change the
evaluation of the contribution of this reaction to BBN
and the 7Be(p,γ)8B solar neutrino reaction. The re-
produced astrophysical S(E) factors using the R-matrix
method cannot describe the experimental data well, and
further study will help us to understand the properties
of this low energy resonance.

In this article, we will reanalyze the angular distri-
bution of 7Be(d, 3He)6Li measured in inverse kinematics
with a secondary 7Be beam, which was described in de-
tail in our previous work [32]. The proton spectroscopic
factor in the 7Be ground state is extracted with the dis-
torted wave Born approximation (DWBA) analysis and
then used to compute the direct capture component of
the astrophysical 6Li(p,γ)7Be S(E) factors. The S(E)
factors measured by He et al. [30] and Switkowski et
al. [18] are then reanalyzed with our current experimen-
tal results.

Received 17 January 2018, Revised 28 March 2018, Published online 27 April 2018

∗ Supported by National Natural Science Foundation of China (11375269, 11490563, 11505117), Natural Science Foundation of Guang-
dong Province (2015A030310012), National Basic Research Program of China (2013CB834406) and National Key Research and Develop-
ment Program of China (2016YFA0400502)

1) E-mail: zhli@ciae.ac.cn
©2018 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

065001-1



Chinese Physics C Vol. 42, No. 6 (2018) 065001

2 Extracting the proton spectroscopic
factor in the 7Be ground state

The differential cross sections of 7Be(d, 3He)6Li at
Ec.m. = 6.7 MeV were measured using the second beam
facility [33] of the HI-13 tandem accelerator in Beijing.
The experimental setup is similar to previous [34–36] ex-
periments, and a detailed description can be found in
Ref. [32]. Here, we focus on the extracting the 7Be pro-
ton spectroscopic factor from the angular distribution of
7Be(d, 3He)6Li.

The spins and parities of 6Li and 7Be (ground state)
are 1+ and 3/2−, respectively. The cross section of the
6Li(p,γ)7Be reaction is comprised of the s-wave proton

transition to 1p3/2 and 1p1/2 orbit in 7Be ground state.
The relations between the experimental differential cross
section and the one from DWBA calculation can be ex-
pressed as

σexp=S3He[S
7Be
p3/2σp3/2(θ)+S

7Be
p1/2σp1/2(θ)], (1)

where σexp and σlj(θ) denote the measured and theoreti-

cal differential cross sections respectively. S
7Be
lj and S3He

stand for the nuclear spectroscopic factors for the 7Be→
6Li + p and 3He → d + p virtual decays. Knowing the
value of S3He , S

7Be
p3/2 and S

7Be
p1/2 can then be extracted by

normalizing the theoretical differential cross sections to
the experimental data with Eq. (1).

Table 1. The optical potential parameters used in the DWBA calculations. The Coulomb radius parameter rC =
1.3 is adopted for all channels. V and W are the depths in MeV, and r and a are the radius and diffuseness in fm.

channel V rV aV W rW aW Ws rs as VSO rSO aSO Ref.

d+7Be 95.7 1.05 0.86 59.6 1.43 0.55 3.5 0.75 0.50 [37]

d+7Be 83.9 1.15 0.81 16.5 1.34 0.68 [37]

d+7Be 88.1 1.17 0.72 0.09 1.33 0.67 12.3 1.33 0.67 3.5 1.07 0.66 [38]
3He + 6Li 150.2 1.20 0.72 38.4 1.40 0.88 2.5 1.20 0.72 [37]

The DWBA calculation code TWOFNR [39] is
adopted to obtain the theoretical differential cross sec-
tions. The spectroscopic factor of 3He → d + p has
already been embedded in the code. The peripheral am-
plitudes of the reaction make a dominant contribution
to the differential cross sections in the forward peak re-
gion. Therefore, the differential cross sections at the for-
ward angles are used to extract the spectroscopic factor
of 7Be. The compound nucleus contribution, which has
little impact on the spectroscopic factor, can be consid-
ered to be isotropic in the present DWBA calculations.
The optical potential parameters for both entrance and
exit channels are listed in Table 1. These parameters
are taken from Ref. [37] and Ref. [38]. For the con-
venience of the calculations, these potential parameters
have been put in the TWOFNR code. With the theo-
retical ratio of S

7Be
p3/2 and S

7Be
p1/2, the spectroscopic factors

in ground state of 7Be are deduced to be S
7Be
p3/2 = 0.47 ±

0.10, 0.41 ± 0.09, 0.38 ± 0.09 and S
7Be
p1/2 = 0.31 ± 0.07,

0.28 ± 0.06, 0.25 ± 0.06 by the three sets of optical po-
tential parameters. The average values are 0.42 ± 0.10
and 0.28 ± 0.07, and the errors mainly result from the
uncertainties of optical potential parameters (10%) and
the statistics (22%). Therefore the total proton spec-
troscopic factor S

7Be
tot = S

7Be
p3/2 + S

7Be
p1/2 can be deduced

to be 0.70 ± 0.17, and the corresponding ANC is 1.84
± 0.45 fm−1/2. The alpha transfer reaction channel of
7Be(d,6Li)3He is also taken into account in the present
calculation. It has little effect on the extracted spectro-
scopic factor because the cross sections of alpha transfer
reaction are about two orders of magnitude smaller than

the one nucleon transfer reaction at forward angles, but
it can reproduce the differential cross section at the back-
ward angles well. The normalized angular distributions
with these optical potential parameters are presented in
Fig. 1. The present spectroscopic factors are in good
agreement with the shell-model values [40], the Green’s
function Monte Carlo calculational values [41], the value
extracted from the 6Li(3He,d)7Be angular distributions
by Burtebayev et al. [42], and our previous results with
the 7Li(6Li, 7Li)6Li elastic transfer reaction [43].

Fig. 1. (color online) The experimental and calcu-
lated angular distributions of 7Be(d, 3He)6Li at
Ec.m. = 6.7 MeV. The solid circles represent the
experimental data from the present work. The
curves with different colors are the calculation re-
sults with three sets of optical potential parame-
ters and the alpha transfer channel.
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3 Astrophysical 6Li(p,γ)7Be S(E) factor

According to the experimental data in Ref. [30], there
are two main processes in the proton radioactive capture
reactions at stellar energies, e.g. the direct capture and
the resonant capture processes. The direct capture of the
6Li(p,γ)7Be reaction is dominated by the E1 transition
of the proton from incoming s wave to bound p state.
The cross section can be computed using the traditional
direct capture model [36, 44, 45]

σdc =
16π

9

(

Eγ

~c

)3
e2eff
k2

1

~v

(2If+1)

(2I1+1)(2I2+1)
Slj

×

∣

∣

∣

∣

∣

∣

∞
∫

0

r2wli(kr)ulf (r)dr

∣

∣

∣

∣

∣

∣

2

, (2)

where Eγ is the γ-ray energy. eeff=eN/A stands for the
proton effective charge for the E1 transition for a target
nucleus (A, Z). v is the relative velocity between pro-
ton and 6Li. k denotes the wave number of the proton.
I1, I2 and If are the spins of the proton, 6Li and 7Be,
respectively. wli(kr) refers to the distorted radial wave
function for the continuum, and ulf (r) the radial wave
function of the bound state of 7Be. The astrophysical
S(E) factor is a rescaled variant of the cross section that
accounts for the Coulomb repulsion between the charged
reactants. It is defined as

S(E)=Eσ(E)exp(EG/E)1/2, (3)

where the Gamow energy EG=0.978Z2
1Z

2
2µ MeV, and µ

is the reduced mass of the system.
Using the spectroscopic factor (Slj = 0.70 ± 0.17)

deduced from the 7Be(d,3He)6Li transfer reaction, the
cross section and the astrophysical S(E) factor for the
direct capture process of the 6Li(p,γ)7Be reaction can
then be calculated by Eq. (2) and Eq. (3). The code
FRESCO [46] was adopted in the present calculations.
The wave functions for both bound and continuum states
were computed by solving the Schrödinger equation us-
ing a Woods-Saxon form potential with the standard ge-
ometrical parameters (r = 1.25, a = 0.65). The poten-
tial depth for the bound state is adjusted to reproduce
the binding energy. For the continuum potential, the
depth can be fixed by scaling the direct component of
6Li(p,γ)7Be, which can be determined by the edge of
the broad resonant peak. The influence of the imaginary
potential is very small compared to the real potential
and thus can be neglected in the calculation. The di-
rect component (Sdc) of the astrophysical S(E) factors
deduced with the above process is presented by the blue
dashed curve in Fig. 2.

In order to explain the total S(E) factors of
6Li(p,γ)7Be, the contribution of the broad resonance at
low-energy region is indispensable. The cross section of

the one-level resonance capture can be expressed by the
Breit-Wigner formula

σrc=
π

k2
ωΓp(E)Γγ(E)

(E−Er)2+Γ 2
t (E)/4

, (4)

where Er is the resonant energy. ω represents the pro-
duction of the statistical factor, which can be calculated
with the spin parameters by the expression

ω=
2Jf+1

(2Jp+1)(2Jt+1)
, (5)

where Γp(E), Γγ(E) and Γt(E) are the observable par-
tial width of the resonance in the channel 6Li + p, the
observable radiative width for the decay of the given res-
onance into the ground state of 7Be, and the total width,
respectively. The three widths are all energy dependent,
and their relations to the experimental partial and radia-
tive widths can be found in Ref. [36]. The astrophysical
S(E) factor of the resonant component can also be com-
puted with Eq. (3).

Fig. 2. (color online) The astrophysical S(E) fac-
tors of 6Li(p,γ0)

7Be. The solid and dashed curves
are the best fitting result for the total S(E) fac-
tors and the direct component of the astrophysi-
cal S(E) factors, respectively. The data with solid
circles represent the experimental S(E) factors by
He et al. [30], and those with open circles are de-
termined by Switkowski et al. [18]. All the experi-
mental data are multiplied by the branching ratio
to the ground state.

The S(E) factors of 6Li(p,γ)7Beg.s. have been cal-
culated by using a simple direct-resonant interference
model [45]. The analysis can produce the best fit with
many unphysical parameter sets, thus more known pa-
rameters are needed to give meaningful results. It is
very difficult to measure the low energy resonance, espe-
cially for the hundreds keV resonance in 7Be. Bouchez
et al. [47] introduced two low-energy states in 7Be from
the determination of the 6Li(p, 3He)4He angular distribu-
tions. Neither of these states is observed in p-6Li scat-
tering and 3He-4He scattering [48]. Mani and Dix [49]
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reported a level of unknown spin and parity in 7Li by p
+ 7Li scattering; the corresponding level in the mirror
nucleus 7Be would lie near the binding energy of 6Li + p.
In 2013, He et al. [30] found a level at 195 keV from the
proton capture reaction. The proposed resonant param-
eters cannot reproduce the 6Li(p,γ)7Be S(E) factor very
well. In this case, we instead do the analysis with the
R-matrix code AZURE [50], which is designed to model
low-energy nuclear reactions involving charged particles,
γ-rays, and neutrons. The code allows for stricter con-
straints on the fitted parameters than the simple direct-
resonant interference model.

With the direct capture S(E) factors obtained from
the present work and the S(E) factors measured by He et
al. [30] and Switkowski et al. [18], the resonance param-
eters can then be obtained by fitting the 6Li(p,γ)7Beg.s.

S(E) factors. To do this, we think about two possible
cases, namely the resonance dominated by the proton
width or by the alpha width. In the analysis, the chan-
nel radius is fixed to be 3.4 fm. For the first case, we get
the same result as He et al. [30]. For the second case,
our best fitting results are (Er = 145 keV, Γp(Er) = 10.2

eV, Γγ(Er) = 7.6 eV and Γα(Er) = 232 keV ). The test
for goodness of fit, χ2min, is 15.4. One can see from Fig. 2
that the resonant parameters extracted from the present
work can reproduce the total S(E) factors of 6Li(p,γ)7Be
very well.

4 Summary and conclusion

In summary, we have extracted the proton spectro-
scopic factor of the 7Be ground state from the angular
distribution of 7Be(d,3He)6Li, and deduced the direct
capture components of the 6Li(p,γ)7Be reaction. The
data have been used to fit the experimental total S(E)
factors [30] and obtained the resonance parameters of the
3/2+ broad resonance level in 7Be.

The existence of the broad resonance in the 1p
shell nuclei has been observed in the 11C(p,γ)12N [51],
12C(p,γ)13N [45], 12N(p,γ)13O [52], and 13N(p,γ)14O [36]
reactions. Such a situation may be common for 1p shell
nuclei, and therefore affect stellar nucleosynthesis for the
light nuclei.
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