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Astrophysical Rates for the 6He(𝑝, 𝛾)7Li Reaction *
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Angular distribution of the 6He(𝑑, 𝑛)7Li reaction at 𝐸c.m.=9.1MeV is measured in inverse kinematics for the first
time. The proton spectroscopic factors for the ground and first excited states of 7Li are derived by using the
distorted wave Born approximation analysis. The astrophysical rates of 6He(𝑝, 𝛾)7Li reaction are then deduced
and fitted with an expression of REACLIB.

PACS: 21.10.Jx, 25.40.Lw, 26.35.+c DOI: 10.1088/0256-307X/28/5/052102

The standard Big Bang nucleosynthesis (SBBN)
model provides a reliable framework for understand-
ing the origin and evolution of the Universe because
of the success in explaining the large abundance of
4He with accuracy of one percent. The SBBN model
is also successful in predicting primordial abundances
of 2H and 3He. However, there are clear discrepan-
cies between calculations and observations of lithium
abundances since the discovery of a plateau for lithium
abundance in mental-poor halo stars by the Spites.[1]

According to the SBBN model, the abundances of
hydrogen, deuterium, helium and lithium only depend
on the baryon to photon ratio 𝜂. Using the precise
value of 𝜂 = (6.14 ± 0.25) × 10−10 determined by
Wilkinson Microwave Anisotropy Probe (WMAP),[2]

the 7Li to hydrogen ratio in mass fraction is pre-
dicted to be (7Li/H)𝑝 = (4.15+0.49

−0.45) × 10−10,[3] while
the primordial lithium abundance is determined to be
(Li/H)𝑝 = 1.23+0.68

−0.32 × 10−10 [4] in metal-poor stars on
the Spite plateau, about a factor three lower than cal-
culation. Even worse, the abundance of 6Li is about
three orders of magnitudes higher than that predicted
by the SBBN model.

Those differences between calculations and obser-
vations are called the lithium problems. In the past
few years, some groups attempted to explain the large
discrepancies via the studies of both astrophysical ob-
servation and nucleosynthesis calculation, yet none of
them have been successful up to now. In the SBBN
network, 6He may be produced by the 4He(2𝑛,𝛾)6He
reaction,[5] and then affects the abundances of 6Li and
7Li through its 𝛽− decay and 6He(𝑝,𝛾)7Li reaction, re-
spectively.

In this Letter, angular distribution of the
6He(𝑑,𝑛)7Li reaction is measured in inverse kinemat-

ics at 𝐸c.m. = 9.1 MeV for the first time. The
proton spectroscopic factors for the ⟨7Li𝑔.𝑠.|6He+𝑝⟩
and ⟨7Li0.48|6He+𝑝⟩ bound systems are derived based
on the distorted wave Born approximation (DWBA)
analysis. The astrophysical 𝑆-factors and rates of
the 6He(𝑝, 𝛾)7Li which include the contributions of
6He(𝑝, 𝛾)7Lig.s. and 6He(𝑝, 𝛾)7Li0.48 reactions are then
deduced.
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Fig. 1. Angular distribution of the 6He(𝑑, 𝑛)7Li reaction
at 𝐸c.m. = 9.1MeV together with the DWBA calculations.

The experiment is carried out at the secondary
beam facility[6−8] of the HI-13 tandem accelerator,
Beijing. The setup and more details have been de-
scribed in Ref. [9] and the measured 6He(𝑑, 𝑛)7Li an-
gular distribution is shown in Fig. 1, which includes
the contributions from the ground and first excited
states in 7Li because these two states can not be sep-
arated for their energy difference is less than the en-
ergy spread of 6He beam. According to the theoret-
ical calculation, the proton spectroscopic factors in
7Li ground and first excited states are equal to each
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other.[10] The DWBA code is adopted in the analysis
of data and the calculated angular distributions are
presented in Fig. 1. The proton spectroscopic factors
for the ground and first excited states of 7Li are de-
duced to be 0.42–0.06.

In the energy region of astrophysical interest, the
6He(𝑝, 𝛾)7Lig.s. and 6He(𝑝, 𝛾)7Li0.48 cross sections are
dominated by 𝐸1 radiative capture of 𝑠-wave proton
into the ground and first excited states of 7Li. Ac-
cording to the traditional direct capture model,[11,12]

the cross section can be expressed as

𝜎 =
16𝜋

9

(︂
𝐸𝛾

~𝑐

)︂3
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⃒⃒⃒⃒2
, (1)

where 𝐸𝛾 is the emitted 𝛾-ray energy; 𝑣 is the rela-
tive velocity between target nucleus and proton; 𝐼1,
𝐼2 and 𝐼𝑓 are the spins of target nucleus, proton and
compound nucleus, respectively; 𝑒eff = 𝑒𝑍/𝐴 repre-
sents the proton effective charge for the 𝐸1 transition
in the potential produced by a target nucleus with
mass number 𝐴 and atomic number 𝑍; 𝑘 =

√
2𝜇𝐸cm~

stands for the incident wave number; 𝑆𝑙𝑓 𝑗𝑓 is the
proton spectroscopic factor of the compound nucleus;
𝑤𝑙𝑖(𝑘𝑟) refers to the distorted radial wave function for
the entrance channel; 𝑢𝑙𝑓 (𝑟) denotes the radial wave
function of the bound state proton in compound nu-
cleus which can be calculated by solving the respective
Schrödinger equation. A Woods–Saxon potential with
the standard geometrical parameters 𝑟0 = 1.25 fm and
𝑎 = 0.65 fm is adopted and the depths are automati-
cally adjusted to reproduce the proton binding ener-
gies.

In order to extrapolate the cross section down to
the low energies of astrophysical interest, the astro-
physical 𝑆-factor is defined as

𝑆(𝐸) = 𝐸𝜎(𝐸) exp(−2𝜋𝜂), (2)

where 𝜂 is the Sommerfeld parameter,

𝜂 =
𝑍1𝑍2𝑒

2

~𝜐
= 0.1575𝑍1𝑍2

(︁ 𝜇

𝐸

)︁ 1
2

, (3)

𝜇 is the reduced mass of the system, 𝑍1 and 𝑍2 are
the atomic number of target nucleus and proton.

To calculate the wave function 𝑤𝑙𝑖(𝑘𝑟) in Eq. (1),
one has to know the optical potential parameters
of the elastic scattering of the 6He+𝑝 system at
𝐸c.m. <1 MeV, which can be obtained by analyzing
the 6He(𝑝, 𝑝)6He angular distribution. However, no
experimental data are available at such low energy
presently. We assume that the imaginary part of
the potential is negligible.[13] A Wood–Saxon poten-
tial is adopted for the real part, the radius and dif-
fuseness parameters are set to be the standard values

𝑟0 = 1.25 fm and 𝑎 = 0.65 fm.
In general, the potential depth of the continuum

state plays an important role. To investigate the
importance of the potential depth 𝑉0 on the direct
radiative capture cross section, we calculate the as-
trophysical 𝑆-factors 𝑆(𝐸, 𝑉0) at 𝐸 = 0, which are
scaled to the 𝑆-factors calculated with pure Coulomb
wave function 𝑆(0, 0), for the 6He(𝑝, 𝛾)7Lig.s. and
6He(𝑝, 𝛾)7Li0.48 reactions. The results are present in
Fig. 2, it demonstrates the sensitivity of the astrophys-
ical 𝑆-factors to the choice of the scattering poten-
tial depth 𝑉0. In such a case, the depth must be
fixed by fitting the volume integral of potential per
nucleon.[14,15] Although the optical potential changes
considerably for different systems, the volume integral
of potential per nucleon is relatively a more stable
quantity.
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Fig. 2. 𝑆-factors at energy 𝐸 = 0 as a function
of the depth 𝑉0 scaled to the 𝑆-factors 𝑆(0, 0) for
the 6He(𝑝, 𝛾)7Lig.s. and 6He(𝑝, 𝛾)7Li0.48 reactions. The
depths 𝑉0 used in the calculations are indicated.
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Fig. 3. 𝑆-factors for the 6Li(𝑝, 𝛾)7Beg.s. reaction, the ex-
perimental data (filled circles) are taken from Ref. [16].

The 6Li(𝑝, 𝛾)7Beg.s. reaction, whose cross sections
have been measured at low energies,[16] is shown in
Fig. 3. The potential depth of 6Li+𝑝 system is deter-
mined to be 41.3±2.0 MeV by fitting the experimental
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data using the weight least square method, which can
be used by 6He+𝑝 system since both 6Li and 6He have
the same atomic number.

The cross sections for the 6He(𝑝, 𝛾)7Li reaction
are extracted with the obtained spectroscopic factor
and the potential parameters (𝑉0 = 41.3 ± 2.0 MeV,
𝑟0 = 1.25 fm, 𝑎 = 0.65 fm). Compared with the theo-
retical results calculated by Timofeyuk,[17] our results
are higher than that from the folding model and com-
plex optical potential calculations, while lower than
that using the standard nuclear potential and pure
Coulomb potential calculations. However, our results
are in agreement with the folding model calculation
when the difference of the spectroscopic factor is con-
sidered.

According to Eq. (2), the energy dependence of the
astrophysical 𝑆-factor for the 6He(𝑝, 𝛾)7Li reaction is
extracted as shown in Fig. 4, which contains the con-
tributions of 6He(𝑝, 𝛾)7Lig.s. and 6He(𝑝, 𝛾)7Li0.48 reac-
tions. The 𝑆(0) factor is found to be 111.9±21.6 eVb.
The error results from the uncertainties of spectro-
scopic factor (14%) and the potential parameters
(13%).
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Fig. 4. Astrophysical 𝑆-factors as a function of 𝐸c.m. for
the 6He(𝑝, 𝛾)7Li reaction, which contain the contributions
of 6He(𝑝, 𝛾)7Lig.s. and 6He(𝑝, 𝛾)7Li0.48 reactions.

Usually, the temperature dependence of reaction
rate for the direct capture can be calculated by[18]

𝑁𝐴⟨𝜎𝑣⟩ =𝑁𝐴

(︂
8

𝜋𝜇

)︂1/2
1

(𝑘𝐵𝑇 )3/2
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× exp
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− 𝑏

𝐸1/2
− 𝐸

𝑘𝑇

]︁
𝑑𝐸, (4)

where 𝑁𝐴 is the Avogadro number, 𝑘𝐵 represents the
Boltzmann constant and 𝑏 is given by

𝑏 =
(2𝜇)1/2𝜋𝑒2𝑍1𝑍2

~
, (5)

the square of 𝑏 is the so-called Gammow energy.
By substituting 𝑆-factors given in Fig. 4 into

Eq. (4), the 6He(𝑝, 𝛾)7Li direct radiative capture re-
action rates are obtained, as shown in Fig. 5, which

also contains the contributions of 6He(𝑝, 𝛾)7Lig.s. and
6He(𝑝, 𝛾)7Li0.48 reactions.

The present total reaction rates as a function of
temperature 𝑇9 (in units of 109 K) are fitted with an
expression used in the astrophysical reaction rate li-
brary REACLIB:[19]

𝑁𝐴⟨𝜎𝑣⟩ = exp
[︀
15.638 − 0.0428983𝑇−1

9

− 4.05561𝑇
−1/3
9 − 4.37573𝑇

1/3
9

+ 0.32091𝑇9 − 0.0224889𝑇
5/3
9

+ 1.21365 ln𝑇9

]︀
. (6)

The fitting errors are less than 1% in the temperature
range from 𝑇9 = 0.01 to 𝑇9 = 10.
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Fig. 5. Temperature dependence of the 6He(𝑝, 𝛾)7Li re-
action rates. The solid, dashed and dotted lines are the
central value, upper and lower limit, respectively.

In summary, the measurement of differential cross
sections for the 6He(𝑑, 𝑛)7Li transfer reaction has been
carried out at 𝐸c.m. = 9.1 MeV. The 𝑆-factors and as-
trophysical rates for 6He(𝑝, 𝛾)7Li direct radiative cap-
ture reaction are then deduced by using the extracted
proton spectroscopic factors. The BBN network cal-
culation which includes 4He(2𝑛, 𝛾)6He(𝛽−𝜈)6Li and
4He(2𝑛, 𝛾)6He(𝑝, 𝛾)7Li is underway.

References
[1] Spite F and Spite M 1982 Astron. Astrophys. 115 357
[2] Spergel D N, Verde L, Peiris H V, Komatsu E, Nolta M R,

Bennett C L, Halpern M, Hinshaw G, Jarosik N, Kogut A,
Limon M, Meyer S S, Page L, Tucker G S, Weiland J L,
Wollack E and Wright E L 2003 Astrophys. J. Suppl. 148
175.

[3] Coc A, Vangioni-Flam E, Descouvemont P, Adahchour A
and Angulo C 2004 Astrophys. J. 600 544.

[4] Ryan S G, Beers T C, Olive K A, Fields B D and Norris J
E 2000 Astrophys. J. 530 57(L).

[5] Görres J, Herndl H, Thompson I J and Wiescher M 1995
Phys. Rev. C 52 4

[6] Bai X X, Liu W P, Qin J C, Li Z H, Zhou S H, Li A L,
Wang Y B, Cheng Y H and Zhao W R 1995 Nucl. Phys. A
588 273(C)

[7] Liu W P, Li Z H, Bai X X, Wang Y B, Lian G, Zeng S, Yan
S Q, Wang B X, Zhao Z X, Zhang T J, Tang H Q, Yang B

052102-3

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1086/377226
http://dx.doi.org/10.1086/380121
http://dx.doi.org/10.1086/312492
http://dx.doi.org/10.1103/PhysRevC.52.4
http://dx.doi.org/10.1016/0375-9474(95)00151-P
http://dx.doi.org/10.1016/S0168-583X(02)01892-X


CHIN. PHYS. LETT. Vol. 28,No. 5 (2011) 052102

F, Guan X L and Cui B Q 2003 Nucl. Instrum. Methods
B 204 62

[8] Liu W P, Li Z H, Bai X X, Lian G, Guo B, Zeng S, Yan S
Q, Wang B X, Shu N C, Wu K S and Chen Y S 2005 Nucl.
Phys. A 758 110(C)

[9] Li Z H, Li E T, Guo B, Bai X X, Li Y J, Yan S Q, Wang
Y B, Lian G, Su J, Wang B X, Zeng S, Fang X and Liu W
P 2010 Eur. Phys. J. A 44 1

[10] Rudchik A A, Rudchik A T, Kozeratska G M, Ponkratenko
O A, Koshchy E I, Budzanowski A, Czech B, Kliczewski
S, Siudak R, Skwirczyńska I, Szczurek A, Mezhevych S Y,
Kemper K W, Choiński J, Czosnyka T and Glowacka L 2005
Phys. Rev. C 72 034608

[11] Rolfs C 1973 Nucl. Phys. A 217 29.
[12] Li Z H, Liu W P, Bai X X, Guo B, Lian G, Yan S Q, Wang

B X, Zeng S, Lu Y, Su J, Chen Y S, Wu K S and Shu N C
2005 Phys. Rev. C 71 052801(R)

[13] Su J, Li Z H, Guo B, Liu W P, Bai X X, Zeng S, Lian G,

Yan S Q, Wang B X and Wang Y B 2006 Chin. Phys. Lett.
23 55

[14] Su J, Li Z H, Guo B, Bai X X, Li Z C, Liu J C, Wang Y B,
Lian G, Zeng S, Wang B X, Yan S Q, Li Y J, Li E T, Fan
Q W and Liu W P 2010 Chin. Phys. Lett. 27 052101

[15] Camargo O, Guimarães V, Lichtenthãler R, Scarduelli V,
Kolata J J, Bertulani C A, Amro H, Becchetti F D, Jiang
H, Aguilera E F, Lizcano D, Martinez-Quiroz E and Garcia
H 2008 Phys. Rev. C 78 034605

[16] Switkowski Z E, Heggie J C P, Kennedy D L, Sargood D
G, Barker F C and Spear R H 1979 Nucl. Phys. A 331 50.

[17] Timofeyuk N K and Thompson I J 2000 Phys. Rev. C 61
044608

[18] Guo B, Li Z H, Liu W P and Bai X X 2007 Chin. Phys.
Lett. 24 1

[19] Thielemann F K, Arnould M and Truran J 1987 Advances
in Nuclear Astrophysics ed Vangioni-Flam E et al (Gir-sur-
Yvette: Editions Frontiers)

052102-4

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1016/j.nuclphysa.2005.05.164
http://dx.doi.org/10.1140/epja/i2010-10944-8
http://dx.doi.org/10.1103/PhysRevC.72.034608
http://dx.doi.org/10.1016/0375-9474(73)90622-2
http://dx.doi.org/10.1103/PhysRevC.71.052801
http://dx.doi.org/10.1088/0256-307X/23/1/017
http://dx.doi.org/10.1088/0256-307X/27/5/052101
http://dx.doi.org/10.1103/PhysRevC.78.034605
http://dx.doi.org/10.1016/0375-9474(79)90300-2
http://dx.doi.org/10.1103/PhysRevC.61.044608
http://dx.doi.org/10.1088/0256-307X/24/1/001

	Title
	Fig. 1
	Eq. (1)
	Eq. (2)
	Eq. (3)
	Fig. 2
	Fig. 3
	Fig. 4
	Eq. (4)
	Eq. (5)
	Eq. (6)
	Fig. 5
	References

