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1Grand Accélérateur National d’Ions Lourds (GANIL),
CEA/DSM - CNRS/IN2P3, BP 55027, F-14076 Caen Cedex, France

2NSCL/FRIB Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
3Physics Institute of Rosario (CONICET), Bv. 27 de Febrero 210 bis, S2000EZP Rosario, Argentina

4Department of Physics and Chemistry FCEIA(UNR),
Av. Pellegrini 250, S2000BTP Rosario, Argentina

(Dated: January 27, 2016)

Background:
According to standard stellar evolution, lithium abundance is believed to be a useful indicator of
the stellar age. However, many evolved stars like red giants show huge fluctuations around expected
theoretical abundances that are not yet fully understood. The better knowledge of nuclear reactions
that contribute to the creation and destruction of lithium can help to solve this puzzle.
Purpose: In this work we apply the Gamow shell model (GSM) formulated in the coupled-channel
representation (GSM-CC) to investigate the mirror radiative capture reactions 6Li(p, γ)7Be and
6Li(n, γ)7Li.
Method: GSM offers the most general treatment of couplings between discrete resonant states
and the non-resonant continuum. The cross-sections are calculated using a translationally invariant
Hamiltonian with the finite-range interaction which is adjusted to reproduce spectra, binding ener-
gies and one-nucleon separation energies in 6−7Li, 7Be. The reaction channels are built by coupling
the wave functions of ground state 1+1 and excited states 3+1 , 0+1 , 2+1 of 6Li with the projectile wave
function in different partial waves.
Results: We include all relevant E1, M1, and E2 transitions from the initial continuum states to
the final bound states J = 3/2−1 and J = 1/2− of 7Li and 7Be. Our microscopic astrophysical factor

for the 6Li(p,γ)7Be reaction follows the average trend of the experimental value as a function of the
center of mass energy. For 6Li(n, γ)7Li, the calculated cross section agrees well with the data from
the direct measurement of this reaction at stellar energies.
Conclusion: We demonstrate that the s-wave radiative capture of proton (neutron) to the first
excited state Jπ

= 1/2+1 of 7Be (7Li) is crucial and increases the total astrophysical S-factor by about
40 %.

PACS numbers: 03.65.Nk, 31.15.-p, 31.15.V-, 33.15.Ry

I. INTRODUCTION

The structure of low-lying states in nuclei around the
beta-stability valley, i.e., low-energy spectra, nuclear mo-
ments, electromagnetic transitions, is well described by
the standard shell model (SM). In a vicinity of the neu-
tron or proton drip lines, the atomic nucleus becomes
weakly bound or even unbound in the ground state,
and hence the description of its basic properties requires
an explicit consideration of the coupling to the scat-
tering continuum and decay channels. The comprehen-
sive description of bound states, resonances and scatter-
ing many-body states within a single theoretical frame-
work is possible in the Gamow shell model (GSM) [1–
3]. The attempts to reconcile the SM with the reaction
theory inspired the development of the continuum shell
model [4, 5] and the GSM in the channel representation
[6, 7].

GSM is the rigged Hilbert space generalization of the
SM [3]. Many-body states are expanded in the basis of
Slater determinants spanned by bound, resonance and
(complex-energy) non-resonant scattering states of the
complete single particle (s.p.) Berggren ensemble [8]. In

the past, GSM has been applied mainly to describe the
structural properties of many-body bound states, reso-
nances and their decays. However, due to the lack of sep-
aration between different decay channels in GSM, one can
not describe the nuclear reaction processes directly. In
order to describe both the nuclear structure and reactions
in a unified theoretical framework, the GSM has been re-
cently formulated in the coupled-channel (CC) represen-
tation [6, 7]. The GSM-CC approach has been applied to
the low-energy elastic and inelastic proton scattering [6]
and proton or neutron radiative capture reactions [7].

The low-energy proton radiative capture reactions play
an important role in the nuclear astrophysics, in partic-
ular in the nucleosynthesis of light and medium-heavy
elements. In recent years, much interest has been de-
voted to the study of reactions which can produce 7Be in
the stellar environment [9], especially to the 6Li(p, γ)7Be
reaction which is crucial for the consumption of 6Li and
the formation of 7Be. This reaction can contribute to
the understanding of solar neutrino problem and pp-II,
pp-III reaction chains since it produces 7Be which is de-
stroyed by the 7Be(p, γ)8B reaction. The 6Li(p, γ)7Be
reaction has been studied either by direct proton capture
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measurements [10–14] or by the analyzing-power exper-
iments with the polarized proton beams [15]. Theoret-
ical studies of this reaction have been done in the po-
tential model [16–20] and in various cluster model ap-
proaches [21–23].

6Li(n, γ)7Li is the mirror reaction of 6Li(p, γ)7Be. In
nuclear astrophysics, lithium isotopes have attracted a
great interest because of the puzzled abundance of 6Li
and 7Li. Whereas 7Li in hot, low-metallicity stars is sup-
posed to come from the Big Bang nucleosynthesis, 6Li is
believed to originate from the spallation and fusion re-
actions in the interstellar medium [24]. Therefore, the
abundance ratio of 6Li and 7Li could be considered as
an effective time scale of the stellar evolution [25]. In
this context, the 6Li(n, γ)7Li reaction is a direct bridge
between these two isotopes whose cross section may influ-
ence their abundance ratio significantly. The 6Li(n, γ)7Li
cross section at stellar energies either has been measured
by the direct neutron capture [26], or extracted from the
inverse reaction 7Li(γ,n)6Li [27–29]. Theoretical inves-
tigations of this reaction have been done using either the
direct capture model [30] or the cluster approach [31, 32].

In the present paper, we will apply the microscopic
GSM-CC approach to study the low-energy spectra and
cross-sections in the mirror radiative capture reactions:
6Li(p, γ)7Be and 6Li(n, γ)7Li. The paper is organized
as follows. The general formalism of GSM-CC approach
and the solution of the GSM-CC equations are briefly
presented in Sec. II. Results of GSM-CC calculations are
discussed in Sec. III. The detailed descriptions of low-
energy spectra of 7Be and 7Li, as well as the proton and
neutron radiative capture processes on the target of 6Li
are given in Sec. III A and Sec. III B respectively. Fi-
nally, the main conclusions of the work are summarized
in Sec. IV.

II. THE GAMOW SHELL MODEL IN THE
COUPLED-CHANNEL REPRESENTATION

A. The GSM Hamiltonian

To remove spurious center of mass (c.m.) excitations
in the GSM wave functions, the Hamiltonian is usually
written in the intrinsic nucleon-core coordinates of the
cluster-orbital shell model (COSM) [33]:

Ĥ =
Nval

∑
i=1

(
ˆ⃗p2
i

2µi
+Ucore(r̂i))+

Nval

∑
i<j

(V (ˆ⃗ri − ˆ⃗rj) +
ˆ⃗pi⋅ ˆ⃗pj
Mcore

) (1)

where Nval is the number of valence nucleons, Mcore is
the mass of the core, µi is the reduced proton or neutron
mass, Ucore(r̂) is the single-particle (s.p.) potential which
describes the field of a core acting on each nucleon. The
last term in Eq. (1) represents the recoil term, and V (ˆ⃗ri−
ˆ⃗rj) is the two-body interaction between valence nucleons.

By introducing a one-body mean-field U(r̂i), the GSM

Hamiltonian can be recast in a form:

Ĥ = Ûbasis + T̂ + V̂res (2)

where T̂ is the kinetic term, Ûbasis is the potential which
generates the s.p. basis:

Ûbasis =
Nval

∑
i=1

(Ucore(r̂i) +U(r̂i)) (3)

and the residual interaction is given by V̂res:

V̂res =
Nval

∑
i<j

(V (ˆ⃗ri − ˆ⃗rj) +
ˆ⃗pi⋅ ˆ⃗pj
Mcore

) −
Nval

∑
i=1

U(r̂i). (4)

B. The GSM coupled-channel equations

The antisymmetric eigenstates of GSM-CC can be
expanded in the complete basis of channel states (

∣r, c⟩ = Â(∣r⟩⊗ ∣c⟩):

∣c⟩ = ∣Tc; `c jc τc⟩ (5)

Â ∣Ψ⟩ = ∣Ψ⟩ = ⨋
c

∫
∞

0
dr r2uc(r)

r
∣r, c⟩ (6)

where ∣Tc⟩ is the target state, `c, jc and τc are the or-
bital momentum, total momentum and isospin projection
quantum numbers of the projectile, respectively, Â is the
antisymmetrization operator, and uc(r)/r are the anti-
symmetrized channel wave functions.

By inserting Eq. (6) in the Schrödinger equation and
then projecting it onto a given channel basis state ⟨r′, c′∣,
one obtains the GSM-CC equations:

⨋
c

∫
∞

0
dr r2 (Hc′,c(r′, r) −EOc′,c(r′, r))

uc(r)
r

= 0, (7)

where

Hc′,c(r′, r) = ⟨r′, c′∣Ĥ ∣r, c⟩ (8)

and

Oc′,c(r′, r) = ⟨r′, c′∣r, c⟩ (9)

are the Hamiltonian and the norm matrix elements in the
channel representation, respectively.

The channel state ∣r, c⟩ can be constructed using a com-
plete Berggren set of s.p. states [8] which includes bound
states, resonances, non-resonant scattering states from
the contour in the complex k-plane [1–3]:

∣r, c⟩ =∑
i

ui(r)
r

∣φrad
i , c⟩ (10)

where ∣φrad
i , c⟩ = Â(∣φrad

i ⟩⊗ ∣c⟩), ui(r)/r = ⟨φrad
i ∣r⟩, and

∣φrad
i ⟩ is the radial part.
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For large projectile momentum, the antisymmetry be-
tween the low-energy target states and the high-energy
projectile states can be neglected. Hence, the expansion
(10) can be written as:

∣r, c⟩ =
imax−1

∑
i=1

ui(r)
r

∣φrad
i , c⟩

+ ∣r⟩⊗ ∣c⟩ −
imax−1

∑
i=1

ui(r)
r

∣φi;cproj
⟩⊗ ∣ctarg⟩ (11)

where imax denotes the index from which the antisym-
metry effects are neglected, ∣φi;cproj

⟩ and ∣ctarg⟩ represent
the projectile and target states, ∣r⟩ ⊗ ∣c⟩ and ∣φi;cproj⟩ ⊗
∣ctarg⟩ stand for non-antisymmetrized states. In the case

i ≥ imax, the GSM Hamiltonian (2) splits into Ĥproj and

Ĥtarg terms acting on ∣φi;cproj
⟩ and ∣ctarg⟩, respectively:

Ĥproj ∣φi;cproj
⟩ = Ei,cproj

∣φi;cproj
⟩ ;

Ĥtarg ∣ctarg⟩ = Ectarg ∣ctarg⟩ . (12)

Then, the matrix elements of the Hamiltonian
Hc′,c(r′, r) and the overlap Oc′,c(r′, r) can be calculated
with the help of expansion (11) and Eq. (12). One ob-
tains:

Hc′,c(r′, r) = −
h̵2

2µc
(1

r

∂2(r⋅)
∂r2

− `c(`c + 1)
r2

− k2
ctarg)

× δ(r − r
′)

r2
δc′,c + Vc′,c(r′, r) . (13)

In this equation, k2
ctarg = 2µEctarg/h̵2 and µc is the re-

duced mass of the projectile in the channel c. The
channel-channel coupling potential Vc′,c(r′, r) is given by:

Vc′,c(r′, r) = Ubasis(r)
δ(r − r′)

r2
δc′,c + Ṽc′,c(r′, r) (14)

where Ṽc′,c(r′, r) contains the channel couplings and ex-
change terms of the Hamiltonian:

Ṽc′,c(r′, r) =
imax

∑
i,i′=1

ui′(r′)
r′

ui(r)
r

⟨i′, c′∣Ĥ ∣i, c⟩

−
imax−1

∑
i=1

ui(r′)
r′

ui(r)
r

(Ei,cproj
+Ectarg)δc′,c , (15)

where ∣i, c⟩ = Â(∣i⟩⊗ ∣c⟩). In the same way, for Oc′,c(r′, r)
one obtains:

Oc′,c(r′, r) =
δ(r − r′)

r2
δc′,c + Õc′,c(r′, r) (16)

where Õc′,c(r′, r) contains the channel couplings and
exchange terms arising from the antisymmetrization of
channels:

Õc′,c(r′, r) =
imax

∑
i,i′=1

ui′(r′)
r′

ui(r)
r

⟨i′, c′∣O∣i, c⟩

−
imax−1

∑
i=1

ui(r′)
r′

ui(r)
r

δc′,c . (17)

Due to the antisymmetry between the projectile and
target states, different channel basis states ∣r, c⟩ are
nonorthogonal which leads to a generalized eigenvalue
problem. To solve it, the orthogonal channel basis states

(∣r, c⟩o = Ô− 1
2 ∣r, c⟩) are applied:

o ⟨r′, c′∣r, c⟩o =
δ(r′ − r)

r2
δc′c (18)

where Ô is the overlap operator. Then, the GSM-CC
equations (7) become:

⨋
c

∫
∞

0
dr r2(o ⟨r′, c′∣Ĥo∣r, c⟩o −Eo ⟨r

′, c′∣Ô∣r, c⟩o)

× o ⟨r, c∣Ψo⟩ = 0 (19)

where Ĥo = Ô
1
2 ĤÔ

1
2 , and ∣Ψo⟩ = Ô1/2 ∣Ψ⟩. With a substi-

tution: ∣Φ⟩ = Ô ∣Ψ⟩, the generalized eigenvalue problem in
Eq. (19) can be transformed into a standard one:

⨋
c

∫
∞

0
dr r2(o ⟨r′, c′∣Ĥ ∣r, c⟩o−Eo ⟨r

′, c′∣r, c⟩o)o ⟨r, c∣Φ⟩ = 0 .

(20)

In the nonorthogonal channel basis, these CC equations
become:

⨋
c

∫
∞

0
dr r2 ⟨r′, c′∣Ĥm∣r, c⟩ wc(r)

r
= Ewc

′(r′)
r′

(21)

where wc(r)/r ≡ ⟨r, c∣Ô 1
2 ∣Ψ⟩ = o ⟨r, c∣Φ⟩, and

Ĥm = Ô− 1
2 ĤÔ− 1

2 is the modified Hamiltonian.
In the calculation of the matrix elements of Ĥm, it is

convenient to introduce a new operator ∆̂ (Ô− 1
2 = ∆̂+ 1̂).

Then, the matrix elements of Ĥm are calculated as:

Hm = (∆+ 1̂)H(∆+ 1̂) =H +H∆+∆H +∆H∆ . (22)

By inserting (22) in CC equations (21) and replacing

matrix elements ⟨r′, c′∣Ĥ ∣r, c⟩ using Eqs. (13)-(14), one
obtains the CC equations for the reduced radial wave
functions wc(r)/r:

(− h̵
2

2µc
(1

r

∂2(r⋅)
∂r2

− `c(`c + 1)
r2

) + V (loc)
c (r)) wc(r)

r

+∑
c′
∫

∞

0
dr′ rr′2

V
(non-loc)
c,c′ (r, r′)

rr′
wc′(r′)
r′

= (E −Ectarg)
wc(r)
r

. (23)

In this equation, V
(loc)
c is the local potential:

V
(loc)
c (r) = Ubasis(r), and the non-local potential is given

by:

1

r′r
V
(non-loc)
c′,c (r′, r) = Ṽc′,c(r′, r) + ⟨r′, c′∣Ĥ∆̂∣r, c⟩

+ ⟨r′, c′∣∆̂Ĥ ∣r, c⟩ + ⟨r′, c′∣∆̂Ĥ∆̂∣r, c⟩ .
(24)
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The radial channel wave functions uc(r)/r are then ob-
tained from the solutions of Eq. (23) using the equation:

uc(r)
r

= wc(r)
r

+∑
c′
∫

∞

0
dr′ r′2 ⟨r, c∣Ô

1
2 ∆̂Ô

1
2 ∣r′, c′⟩ wc

′(r′)
r′

.

(25)

C. Solution of the GSM-CC equations

Using a generalization of the equivalent-potential

method [7], the local V
(loc)
c (r) and non-local

V
(non-loc)
c,c′ (r, r′) potentials in Eq. (23) are replaced

by the equivalent local potential V
(eq)
c,c′ (r):

V
(eq)
c,c′ (r) = V (loc)

c (r)δc′,c

+∑
c′
∫

∞

0
dr′

1 − Fc′(r)
wc′(r)

V
(non-loc)
c,c′ (r, r′)wc′(r′) ,

(26)

and the source term Sc(r):

Sc(r) =∑
c′
∫

∞

0
dr′ Fc′(r)V (non-loc)

c,c′ (r, r′)wc′(r′) . (27)

Fc′(r) in Eqs. (26), (27) is the smoothing function [7] to

cancel divergences of the equivalent potential V
(eq)
c,c′ (r)

close to the zeroes of wc(r).
With these substitutions, the GSM-CC equations (23)

become

∂2wc(r)
∂r2

= (`c(`c + 1)
r2

− k2
c)wc(r)

+ 2µc
h̵2

(∑
c′
V
(eq , sy)
c,c′ (r)wc′(r) + S(sy)c (r))

(28)

where k2
c = 2µc(E −Ectarg)/h̵2. Eqs. (28) are solved iter-

atively to determine the equivalent potential, the source
term, and the mutually orthogonal radial wave functions
wc(r). Starting point for solving these equations is pro-
vided by a set of radial channel wave functions {wc(r)}
obtained by the diagonalization of GSM-CC equations
(21) in the Berggren basis of channels.

III. DISCUSSION AND RESULTS

The differential cross-sections for proton or neutron ra-
diative capture reactions can be expressed using the ma-
trix elements of electromagnetic operators between the
antisymmetrized initial and final states. The detailed dis-
cussion of relevant cross-sections and various approxima-
tions in these calculations, such as the long-wavelength
approximation and the treatment of antisymmetry in the

many-body matrix elements of the electromagnetic oper-
ators, can be found in Ref. [7].

The radiative capture cross section for a final state of
the total angular momentum Jf is:

σJf (Ec.m.) = ∫
2π

0
dϕγ ∫

π

0
sin θγdθγ

dσJf (Ec.m., θγ , ϕγ)
dΩγ

(29)

and the total cross section is thus:

σ(Ec.m.) =∑
Jf

σJf (Ec.m.) . (30)

Instead of the total cross-section, for the radiative cap-
ture of charged particles one often uses the astrophysical
S factor:

S(Ec.m.) = σ(Ec.m.)Ec.m.e
2πη (31)

which removes the exponential dependence of the cross
section at low energies due to the Coulomb barrier.
η in Eq. (31) is the Sommerfeld parameter: η =
(mZ1Z2)/(h̵2k), where Z1 and Z2 are the proton num-
bers of the projectile and target nuclei.

A. Results for the 6Li(p, γ)7Be reaction

In the GSM and GSM-CC calculations for 6Li, 7Be,
and 6Li(p, γ)7Be we take 4He as the inert core. For
each considered partial wave: l=0, 1, and 2, the poten-
tial generated by the core is given by the Woods-Saxon
(WS) potential with the spin-orbit term (see Table I) and
the Coulomb potential of radius rCoul=2.5 fm. For the
two-body force, we use the Furutani-Horiuchi-Tamagaki
(FHT) finite-range two-body interaction [34, 35]. Pa-
rameters of the FHT interaction, which were adjusted to
reproduce binding energies of low-lying states and proton
separation energies in 6Li and 7Be, are given in Table II.
Detailed introduction of the FHT interaction in the con-
text of GSM calculation can be found in Ref. [7].

GSM and GSM-CC calculations are performed in two
resonant shells: 0p3/2 and 0p1/2, and several shells in
the non-resonant continuum along the discretized con-
tours: L+s1/2 , L+p1/2 , L+p3/2 , L+d3/2 , and L+d5/2 . Each contour

consists of three segments joining the points: kmin=0.0,
kpeak = 0.15− i0.14 fm−1, kmiddle=0.3 fm−1 and kmax=2.0
fm−1, and each segment is discretized with 7 points.
Hence, GSM and GSM-CC calculations are performed in
107 shells: 22 p3/2 and p1/2 shells, and 21 s1/2, d3/2 and
d5/2 shells. To reduce the size of the GSM Hamiltonian
matrix, the basis of Slater determinants is truncated by
limiting the occupation of p3/2, p1/2, s1/2, d3/2 and d5/2
scattering states to two particles.

1. Spectrum of 7Be

In GSM calculations with the FHT interaction (see
Table II), the ground state of a target nucleus 6Li is
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TABLE I. Parameters of the WS potential of the 4He core
used in the GSM and GSM-CC description of 6Li, 7Be, and
6Li(p, γ)7Be.

Parameter Protons Neutrons
a 0.65 fm 0.65 fm
R0 2.0 fm 2.0 fm
Vo 47.571 MeV 52.212 MeV

Vso(l = 1) 6.14 MeV 3.088 MeV
Vso(l = 2) 6.14 MeV 3.088 MeV

TABLE II. Parameters of the FHT interaction in GSM and
GSM-CC calculations in 6Li, 7Be, and 6Li(p, γ)7Be. The su-
perscripts C, SO, and T stand for central, spin-orbit, and
tensor, respectively, and the indices “s” and “t” stand for
singlet and triplet.

Parameter Value

νCt,t 13.883 MeV

νCs,t -8.510 MeV

νCs,s -14.158 MeV

νCt,s -7.226 MeV

νSOt,t -1181.084 MeV

νSOs,t 0 MeV

νTt,t 17.86 MeV fm−2

νTs,t -1.298 MeV fm−2

bound with respect to 4He by 3.658 MeV, which is close
to the experimental value 3.698 MeV. Reaction channels
in GSM-CC calculations are built by coupling the ground
state Jπtarg = 1+ and the excited states Jπtarg = 3+1 ,0

+
1

and 2+1 of 6Li with the proton in partial waves: s1/2,

p1/2, p3/2, d3/2 and d5/2. The composite states of 7Be

([6Li(Jπtarg)⊗p(l, j)]J
π
f ) are 3/2−1 , 1/2−1 bound states, and

7/2−1 , 5/2−1 , 5/2−2 resonances.
The energy spectrum and the proton separation energy

in 7Be, as obtained in GSM and GSM-CC calculations,
are compared with the experimental data [36] in Fig. 1.

In GSM-CC calculations, the two-body part of Ĥ from
which the channel-channel coupling potentials Vc,c′ are
calculated, have been rescaled by the small multiplicative
corrective factors c(Jπ) for Jπ = 3/2−1 , 1/2−1 states to com-
pensate for the missing correlations due to the omission of
non-resonant channels build by coupling the continuum
states of 6Li with the proton in different partial waves.

These scaling factors are: c( 3
2

−) = 1.021, c( 1
2

−) = 1.051.
One can see in Fig. 1 that the calculated energy lev-

els and proton separation energies are in good agreement
with the experimental data, especially for the low-lying
bound states 3/2−1 and 1/2−1 . The 7/2−1 state, which lies
in-between the [4He − 3He] and [6Li − p] decay thresh-
olds, is a narrow resonance. In our GSM-CC calculation,
this state is bound because the [4He(Jπρ ) ⊗3 He(Jπρ )]J

π
f

reaction channel is missing in the basis.
The broad resonances 5/2−1 (Γexp ≃ 1.2 MeV) and 5/2−2

(Γexp ≃ 0.4 MeV), lying above the [4He−3He] and [6Li−p]

-10

-8

-6

-4

-2

E 
[M

eV
]

5/2-
2

5/2-
1

7/2-
1

6Li(1+)+p

1/2-
1

3/2-
1 Exp GSM GSM-CC

7Be

FIG. 1. Calculated energy levels of 7Be in GSM and GSM-
CC are compared to the experimental data [36]. Energies are
given relative to the energy of 4He.

decay thresholds, are also resonances in our framework
and decay by the proton emission. The calculated width
is smaller than found experimentally, partially due to the
missing [4He(Jπρ )⊗3 He(Jπρ )]J

π
f reaction channel.

2. Astrophysical S-factor for 6Li(p, γ)7Be reaction

Having calculated the antisymmetrized initial (6Li)
and final (7Be) GSM wave functions, we can begin the
discussion of proton radiative capture cross-section cal-
culation for the reaction 6Li(p, γ)7Be.

The description of electromagnetic transitions requires
effective charges for proton and neutron. We use the
standard values for E1 and E2 effective charges. For E1
transitions, we take [37]:

epeff = e(1 − Z
A

) ; eneff = −eZ
A

(32)

Z and A are the proton number and the total number
of nucleons, respectively. The standard values for E2
transitions are

epeff = e(1 − Z
A
+ Z

A2
) ; eneff = −e Z

A2
. (33)

There are no effective charges for M1 transitions.
Resonances in the spectrum of a composite A-nucleon

system (7Be) correspond to the peaks in the radia-
tive capture cross section at the c.m. energy: Ec.m. =
E
(A)
i [GSM-CC] − E(A−1)

0 [GSM]. Here E
(A)
i [GSM-CC]

is the GSM-CC energy of the resonance ’i’ in the nucleus

A, and E
(A)
0 [GSM] is the GSM ground state energy of

the target nucleus (A − 1) (6Li in the studied case).
The experimental proton separation energy in 6Li is

S
(exp)
p = 4.593 MeV. The final nucleus 7Be has three
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states: 3/2−1 , 1/2−1 , and 7/2−1 below the one-proton emis-
sion threshold. The calculated proton separation energy

in 7Be is S
(th)
p = 5.613 MeV, and agrees well with the ex-

perimental value S
(exp)
p = 5.606 MeV. The 5/2−1 and 5/2−2

resonances above the one-proton decay threshold should
be seen as peaks in M1 and E2 transitions.
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FIG. 2. Plot of the E1 astrophysical factor for the
6Li(p, γ)7Be reaction. The solid line represents the exact,
fully antisymmetrized GSM-CC calculation for the capture
to both the ground state Jπ

= 3/2−1 and the first excited state

Jπ
= 1/2−1 of 7Be. The dashed and dotted lines show separate

contributions for the capture to the ground state and the first
excited state, respectively.
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FIG. 3. The same as in Fig.2 but for the M1 transitions. The
two peaks correspond to the 5/2−1 and 5/2−2 resonances of 7Be.

All relevant E1, M1, E2 transitions from the initial
continuum states (Ji = 3/2−,1/2−,7/2−,5/2−) in 7Be to

0.0 0.5 1.0 1.5 2.0
Ec.m. (MeV)

0

1

2

3

4

5

SE
2
(b

ar
n.

eV
)
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FIG. 4. The same as in Fig.2 but for the E2 transitions. The
two peaks correspond to the 5/2−1 and 5/2−2 resonances of 7Be.

the final bound states (Jf = 3/2−1 ,1/2
−
1) have been in-

cluded. Figs. 2-4 show the separate contributions to the
total S-factor in 6Li(p, γ)7Be reaction: SE1 for E1 tran-
sitions (Fig. 2), SM1 for M1 transitions (Fig. 3), and SE2

for E2 transitions (Fig. 4). The solid lines in Figs. 2-4
show results of the fully antisymmetrized GSM-CC cal-
culations for the capture to both the ground and the
first excited states of 7Be composite nuclei. The dashed
and dotted lines in these figures correspond to GSM-CC
calculations for capture to the ground and first excited
states in 7Be, respectively.

As compared to M1 and E2 transitions, the E1 transi-
tions contribute most to the total astrophysical S factor.
This is consistent with results of previous studies [16, 21]
which found that the E1 multipolarity and l = 0,2 incom-
ing partial waves dominate in the gamma-ray transitions.
There is no resonant contribution in E1 transitions. The
contribution of the capture to the first excited state of
7Be increases the value of SE1 factor by ∼ 40% (see Fig.
2).

Although the SM1 factor is negligible at low energies,
its contribution increases fast in the region of 5/2−1 and

5/2−2 resonances. In this range of excitation energies,
the M1 contribution of the capture to the ground state
strongly dominates over the contribution of the first ex-
cited state (see Fig. 3). For both M1 and E2 tran-
sitions, one can see 5/2−1 and 5/2−2 resonances of 7Be
at Ec.m. = 1.126 MeV and Ec.m. = 1.543 MeV, respec-
tively. These resonances are observed experimentally at
Ec.m. = 1.1242 MeV and Ec.m. = 1.604 MeV, respectively.

The E2 transitions contribute little to the total S fac-
tor. In general, SE2 is ∼103 smaller than SE1. Only in the
narrow range of excitation energies around the 5/2−2 reso-
nance, the contribution of E2 transitions become sizable
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(see Fig. 4).
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FIG. 5. (Color online) Plot of the total astrophysical factor
for the 6Li(p, γ)7Be reaction. Data are taken from Refs. [12]
(open squares), [14] (filled circles), [38] (filled triangles),
[11] (open triangles), [10] (open stars), and [39] (filled stars–
only 1/2− contribution). The solid line represents the exact,
fully antisymmetrized GSM-CC calculation for the capture to
both the ground state Jπ

= 3/2−1 and the first excited state
Jπ
= 1/2−1 of 7Be. GSM-CC calculations of separate contribu-

tions from the capture to either the ground state or the first
excited state of 7Be are shown with the dashed and dotted
lines, respectively.

The calculated total astrophysical S factor by GSM-
CC is compared with the experimental data [10–12, 14,
38, 39] in Fig. 5. Switkowski et al. [12] (open squares in
Fig. 5) measured 6Li(p, γ)7Be cross section over a wide
energy range of astrophysical interest. These data are
well described by the GSM-CC calculations except for
the lowest experimental point at Ec.m. = 140 keV.

Bruss et al. [39] reported the contribution from the
capture to the first excited state Jπ = 1/2−1 of 7Be (filled
stars in Fig. 5). A strong decrease of this contribution
with increasing c.m. energy is not seen in GSM-CC calcu-
lations which, on the contrary, predict a weak dependence
on energy of this contribution to the total astrophysical
factor S(Ec.m.).

Recently, He et al. [14] (filled circles in Fig. 5) reported
a sudden drop of the total astrophysical factor S(Ec.m.)
at low energies and predicted a new positive parity res-
onance, 1/2+ or 3/2+, at Ec.m. ≃ 0.195 MeV. We do not
confirm this experimental finding in our calculations.

The energy dependence of the astrophysical S fac-
tors has been studied by Prior et al. [15] who showed
that S(Ec.m.) has a negative slope towards low ener-
gies, while an earlier measurement indicated a positive
slope [13]. In our studies, the slope of S(Ec.m.) is neg-
ative, and SGSM−CC(0)=88.34 b⋅eV is close to the ac-
cepted experimental value Sexp(0) =79±18 b⋅eV. GSM-
CC results agree also qualitatively with other theoretical

studies of this reaction [16, 19, 21], but predict a lower
value for S(0).

0.0 0.5 1.0 1.5 2.0
Ec.m. (MeV)

0

20

40

60

80

100

120

SE
1
(b

ar
n.

eV
)

as-nlwa

nas-nlwa

as-lwa

FIG. 6. Plot of the E1 astrophysical factor for the
6Li(p, γ)7Be reaction. The solid line represents the exact,
fully antisymmetrized GSM-CC calculation. The calculations
in the long wavelength approximation are represented by the
dashed and dotted lines in the fully antisymmetrized and non-
antisymmetrized cases, respectively.
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FIG. 7. The same as in Fig.6 but for the M1 transitions. The
two peaks correspond to the 5/2−1 and 5/2−2 resonances of 7Be.

The long-wavelength approximation simplifies the cal-
culation of matrix elements of the electromagnetic tran-
sitions. The quality of this approximation and the role
of the antisymmetry of initial and final states is tested in
Figs. 6-8. For E1, both the long-wavelength approxima-
tion and the absence of antisymmetry in the channel state
∣r, c⟩, i.e. ∣r, c⟩ ≡ ∣r⟩ ⊗ ∣c⟩, decrease the E1 contribution
to the total astrophysical S factor (see Fig. 6). However,
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FIG. 8. The same as in Fig.6 but for the E2 transitions. The
two peaks correspond to the 5/2−1 and 5/2−2 resonances of 7Be.

whereas the long-wavelength approximation reduces the
S factor by ∼ 5%, the absence of the antisymmetry in
the calculation of the matrix elements of the electromag-
netic operators reduces it by almost ∼ 50%. For M1
and E2 transitions, the long-wavelength approximation
nearly does not change SM1 and SE2, while the lack of an-
tisymmetry of initial and final states increases the value
of SM1 by a factor ∼ 4 at the first resonance peak and
a factor ∼ 2 at the second resonance peak (see Fig. 7).
The antisymmetrization is significant for SE2 only at the
resonance peak (see Fig. 8).

B. Results for the 6Li(n, γ)7Li reaction

In this section, we shall discuss the mirror reaction of
the radiative proton capture reaction 6Li(p, γ)7Be. Both
reactions are described in the same valence space with
the shells in the non-resonant continuum taken along the
same discretized contours: L+s1/2 , L+p1/2 , L+p3/2 , L+d3/2 , and

L+d5/2 . The WS potential of 4He core in GSM and GSM-

CC studies of 6Li, 7Li, and6Li(n, γ)7Li is given in Ta-
ble III. The radius of the Coulomb potential is rCoul=2.5
fm. Parameters of the FHT Hamiltonian are given in
Table IV.

1. Spectrum of 7Li

For the parameters of the GSM Hamiltonian given in
Tables III and IV, the ground state of 6Li is bound by
3.70016 MeV with respect to 4He. Reaction channels are
generated by coupling the GSM states Jπtarg = 1+,3+1 ,0

+
1 ,

and 2+1 of 6Li with the neutron in partial waves: s1/2,

TABLE III. Parameters of the WS potential of 4He core used
in the description of 6Li, 7Li nuclei, and 6Li(n, γ)7Li reaction.

Parameter Protons Neutrons
a 0.65 fm 0.65 fm
R0 2.0 fm 2.0 fm
Vo 53.122 MeV 46.468 MeV

Vso(l = 1) 3.208 MeV 6.27 MeV
Vso(l = 2) 3.208 MeV 6.27 MeV

TABLE IV. Parameters of the FHT interaction in GSM and
GSM-CC calculations in 6Li, 7Li, and 6Li(n, γ)7Li. For more
details, see the caption of Table II.

Parameter Value

νCt,t 16.868 MeV

νCs,t -8.587 MeV

νCs,s -14.176 MeV

νCt,s -7.683 MeV

νSOt,t -1181.015 MeV

νSOs,t 0 MeV

νTt,t 17.852 MeV fm−2

νTs,t -1.241 MeV fm−2

p1/2, p3/2, d3/2 and d5/2. The composite states of 7Li

([6Li(Jπtarg) ⊗ n(l, j)]J
π
targ) are 3/2−1 , 1/2−1 bound states,

and 7/2−1 , 5/2−1 , 5/2−2 resonances.
The energy spectrum of states in 7Li and the neu-

tron separation energy are compared in Fig. 9 with the
experimental data [36]. In GSM-CC calculations, the

two-body part of Ĥ for Jπ = 3/2−1 , 1/2−1 states has been

rescaled by the small multiplicative factors: c( 3
2

−) = 1.02,

c( 1
2

−) = 1.047 to correct for the omission of non-resonant
channels that are built by coupling the continuum states
of 6Li with the neutron in different partial waves.

-12

-9

-6

-3

GSM-CC

E 
[M

eV
]

5/2-
2

5/2-
1

7/2-
1

6Li(1+)+n

1/2-
1

3/2-
1 Exp. GSM

7Li

FIG. 9. Energy spectrum in GSM and GSM-CC calculation
for 7Li. Energies are given relative to the energy of 4He core.

One can see in Fig. 9, that the experimental data
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are well reproduced by the GSM and GSM-CC calcu-
lations. 7/2−1 and 5/2−1 states, which lie in-between the
[4He − 3He] are bound in our GSM-CC calculation be-

cause the [4He(Jπρ )⊗3 H(Jπρ )]J
π
f reaction channel is ab-

sent in the basis. The resonance 5/2−2 (Γexp ≃ 89 keV), ly-
ing above the [4He−3He] and [6Li−n] decay thresholds, is
also a resonance in our studies. The calculated width for
this state Γth ≃ 38 keV is smaller than found experimen-
tally, partially due to the missing [4He(Jπρ )⊗3 H(Jπρ )]J

π
f

reaction channel.

2. Cross section for 6Li(n, γ)7Li reaction

The experimental neutron separation energy in 7Li is
Sn = 7.249 MeV. This nucleus has four bound states
Jπ = 3/2−1 , 1/2−1 , 7/2−1 , and 5/2−1 below the neutron emis-
sion threshold. The calculated neutron separation energy
is Sth

n = 7.242 MeV, in good agreement with the experi-
mental data. The 5/2−2 resonance above the one-neutron
decay threshold can be seen as the peak both in M1 and
E2 transitions.

Figs. 10-12 show separate contributions from E1, M1
and E2 transitions to the total cross section of the reac-
tion 6Li(n, γ)7Li. All relevant transitions from the initial
continuum states (Ji = 3/2−,1/2−,7/2−,5/2−) to the final
bound states Jf = 3/2−1 ,1/2

−
1 are included. The solid lines

in Figs. 10-12 show results of the fully antisymmetrized
GSM-CC calculations for the radiative neutron capture
to both the ground state and the first excited state of
7Li. The dashed and dotted lines in these figures show
contributions from the capture to the ground state and
the first excited state, respectively.
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FIG. 10. The same as in Fig.2 but for the 6Li(n, γ)7Li reac-
tion.

From Figs. 10-12, we can see that E1 transitions con-
tribute most to the total neutron radiative capture cross
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FIG. 11. The same as in Fig.2 but for the M1 transitions in
the 6Li(n, γ)7Li reaction. The peak corresponds to the 5/2−2
resonance of 7Li.
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FIG. 12. The same as in Fig.2 but for the E2 transitions in
the 6Li(n, γ)7Li reaction. The peak corresponds to the 5/2−2
resonance of 7Li.

section. There is no resonant contribution in E1 transi-
tions. The capture to the first excited state increases the
E1 part of the total cross section by ∼ 40%.

In M1 and E2 transitions, the resonant contributions
are not negligible. One can see a fast growth of the cross-
section around the 5/2−2 resonance (see Fig. 12). In this
resonant M1 contribution, the radiative neutron capture
to the first excited state is negligible. The 5/2−2 resonance
can be seen in both M1 and E2 transitions. The peak
of the resonance is at Ec.m. = 0.2383 MeV in GSM-CC
calculations, in agreement with the data (Ec.m. = 0.2096
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MeV).
E2 provides the least contribution to the total cross

section. Except for the narrow region excitation energies
around the 5/2−2 resonance, σE2 is smaller by a factor

∼103 than σE1 (see Fig. 12).
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FIG. 13. Plot of the total cross section for the reaction
6Li(n, γ)7Li. The data are taken from Ref. [26] (filled
squares), Ref. [27] (filled triangles), Ref. [28] (filled circles),
and Ref. [29] (filled stars). The solid line shows results of
the fully antisymmetrized GSM-CC calculation of the neu-
tron radiative capture cross section to both the ground state
Jπ
= 3/2−1 and the first excited state Jπ

= 1/2−1 of 7Li.

The total cross sections for the 6Li(n, γ)7Li reaction is
compared with the experimental data [26–29] in Fig. 13.
The three data points at stellar energies [26] obtained by
the direct measurement of the cross section in this reac-
tion, are well reproduced by our calculations. At higher
energies (Ec.m. > 0.5 MeV), the calculated cross-sections
overshoot the experimental data [27–29] by ∼ 20%. These
data have been extracted from the photodisintegration
cross sections of 7Li into the n−6Li channels.

The neutron radiative capture cross section at very low
energies can be extracted using the expansion:

σ(Ec.m.) =
8.12828√
Ec.m.

− 0.496429+ 2.78499
√
Ec.m. (34)

Applying this formula to GSM-CC numerical data, one
finds: σ(GSM-CC) = 51.41 mb at Ec.m. = 0.025 eV, in a
fair agreement with the experimental data reported in
Refs. [40–42], and slightly above the data given in Ref.
[43–45].

The long-wavelength approximation and the role of the
antisymmetry of initial and final states in the calcula-
tion of matrix elements of the electromagnetic transi-
tions is investigated in Figs. 14-16. One can see that
the long-wavelength approximation in the calculation of
E1, M1 or E2 transition matrix elements for this reac-
tion is nearly perfect. On the contrary, the antisymmetry
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FIG. 14. The same as in Fig.6 but for the 6Li(n, γ)7Li reac-
tion.
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FIG. 15. The same as in Fig.6 but for M1 transitions in
6Li(n, γ)7Li reaction. The peak corresponds to the 5/2−2 res-

onance in 7Li.

of initial and final states is essential for the calculation of
transition matrix elements. It enhances strongly the E1
component in the radiative neutron capture cross sec-
tion, even at low excitation energies (see Fig. 14), and
diminishes the M1 component in this cross sections by
a factor ∼ 5 at the 5/2−2 resonance peak (see Fig. 15).
Moreover, the E2 contribution to the neutron radiative
capture cross section increases by a factor ∼ 4 at this res-
onance (see Fig. 16) if the antisymmetry is carried out
exactly.
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FIG. 16. The same as in Fig.6 but for the E2 transitions
in 6Li(n, γ)7Li reaction. The peak corresponds to the 5/2−2
resonance of 7Li.

IV. CONCLUSIONS

GSM in the coupled-channel formulation provides the
unified description of low-energy nuclear structure and
reactions. In the present studies, we have applied the
GSM-CC approach to describe proton and neutron radia-
tive capture processes on 6Li. These reactions are of in-
terest in nuclear astrophysics, mainly in connection with
the problem of puzzled abundances of 6Li and 7Li iso-
topes. According to standard stellar evolution scenario,
the lithium content is considered to be an indicator of the
stellar age. It is easily destroyed at relatively low tem-
peratures in mixing processes between stellar surface and
hot internal layers so that at the end of the stellar lifetime
the lithium content is believed to be depleted. However,
a large spread in lithium abundances have been observed
also among the evolved stars, on the red giant branch and
the asymptotic giant branch, what is one of the puzzles
of modern astrophysics.

In our studies of 6Li(p, γ)7Be and 6Li(n, γ)7Li reac-
tions, we used a translationally invariant Hamiltonian
with the finite-range FHT interaction between valence
nucleons. Parameters of this interaction have been ad-
justed to reproduce spectra of 6Li, 7Li, 7Be as well as the
relevant one-nucleon separation energies. As compared
to the GSM, the configuration space in the GSM-CC is
limited both by the restriction on a number of excitations
into the states of a non-resonant continuum and the ab-
sence of reaction channels build from the non-resonant
continuum states of 6Li. These two approximations in

GSM-CC numerical calculations are corrected a posteri-
ori by the tiny adjustment of channel-channel coupling
potentials. The calculated spectra of 6Li, 7Li, and 7Be,
as well as the proton (neutron) radiative capture cross
section in the 6Li(p, γ)7Be (6Li(n, γ)7Li) reaction are in
good agreement with the data.

In both reactions, we find that the s-wave radiative
capture of proton (neutron) to the first excited state
Jπ = 1/2+1 of 7Be (7Li) is important and increases the
total astrophysical S-factor by about 40 %. The s-wave
capture of nucleons in these mirror reactions is partic-
ularly important for the E1 component of the S-factor.
It is also essential for the E2 contribution at the 5/2+2
resonance.

At present, the experimental information about the
role of the first excited state in these reactions is re-
stricted to a single measurement [39] in 6Li(p, γ)7Be.
This is insufficient to test the GSM-CC calculations
which yield a correct magnitude of this contribution but
its energy dependence is different than reported by Bruss
et al. [39].

In our studies we found that the antisymmetry of the
initial and final states plays a key role in the calculation
of the matrix elements of E1 and M1 operators at all en-
ergies of the astrophysical interest, and matrix elements
of E2 operator at the position of the 5/2+2 resonance. On
the contrary, the long-wavelength approximation in the
calculation of radiative capture cross-sections is safe in
these mirror reactions.

In future, the inclusion of non-resonant channels build
by the non-resonant scattering states of a target nucleus
coupled to the incoming nucleon in different partial waves
will further increase the intrinsic consistency of the GSM-
CC calculation. The extension of the GSM-CC to de-
scribe reactions with composite projectiles (d,α...) is now
in progress and will allow to include the reaction chan-
nels like [4He(Jπρ ) ⊗3 H(Jπρ )]J

π
f which are neglected at

present but are important to describe the decay width of
5/2+1 , 5/2+2 resonances in 7Be and 7/2+1 , 5/2+1 , and 5/2+2
resonances in 7Li.
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[41] G.L. Molnár, Zs. Révay, T. Belgya, and R.B. Firestone,
Appl. Radiat. Isot. 53, 527 (2000).
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