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Covalent isomeric state in 12Be induced by two-neutron transfers
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The α + 8He low-energy reactions and the exotic structures of 12Be are studied using the generalized two-center
cluster (α + α + 4N) model. In the two-neutron transfer reactions, α + 8Heg.s. → 6Heg.s. + 6Heg.s., a resonant
peak with J π = 0+ appears around E ∼ 1.3 MeV above the 6Heg.s. + 6Heg.s. threshold as the result of the
formation of the covalent superdeformation, which has a hybrid structure of covalent and ionic configurations for
the valence neutrons. The covalent superdeformation gives rise to an isomeric state with a sharp width of � ∼
400 keV, which is smaller by about one order of magnitude than the typical width observed in molecular
resonances above the Coulomb barrier. The energy-spin systematics for the two-neutron transfer reactions is
investigated, and our calculation predicts a sequence of resonant structures in the range of 3–14 MeV in the
center-of-mass energy with spins 0h̄–8h̄.
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There is a long history of prominent resonances that have
been observed in the low-energy reactions of light-ion sys-
tems, 12C + 12C,12 C + 16O, and 16O + 16O [1]. The observed
resonances are interpreted as “molecular resonances” (MRs)
in which two colliding nuclei are weakly coupled to each other
[2,3]. In similar light-ion systems with an additional neutron,
such as 12C + 13C and 16O + 17O, the transfer process of the
valence neutron was also investigated [4], but unfortunately,
the sharp resonances observed in the MR systems, 12C + 12C,
etc., were smeared out by adding a valence neutron. This is
considered a result of the stronger absorptions, and sharp
resonances are not clearly generated by the transfer process
in the mass region around the MR systems.

On the contrary, there is a possibility that sharp resonances
are excited by the coupling to transfer channels, in even
lighter systems with active neutrons, because of the transparent
character of lighter systems. This situation can be realized by
the slow scattering of a light neutron-rich nucleus. In view of
this, the authors discuss the formation of an isomeric state,
which has a width sharper than those of the MRs, in the
transfer reaction of a light neutron-rich system. Experimental
techniques for producing a slow Radioactive Ion (RI) beam
are now under development, and a low-energy 6He beam has
become available. In the latest experiment, 6He resonant scat-
tering by an α target was performed, and some characteristic
enhancements were observed in angular distribution [5] and in
excitation function [6].

A similar measurement is also possible for the neutron-
dripline nucleus, 8He, and the scattering of α+8He is planned
at GANIL [7]. The α + 8He colliding system is the candidate
manifesting an isomeric resonance excited by the neutron
transfer coupling. This is much lighter than the systems in
which the MRs were previously studied [1–3]. In addition,
during the collision, the valence four neutrons can easily
be exchanged between two α particles, because 8He has an
α + 4N structure with four weakly bound neutrons and an α

cluster, which is quite stable and inert. Due to these conditions,
α + 8He can be considered transparent, and the resonances
could be prominently excited by the neutron transfer process.

To investigate the resonance formation in the slow α +
8Heg.s. scattering, the reaction process should be treated
consistently with the low-lying bound states of the compound
system of 12Be, because the resonances correspond to excited
states, which are embedded in the continuum above the particle
decay threshold. In Be isotopes, including 12Be, molecular
orbitals (MO), such as π− and σ+ orbitals, associated
with covalent electrons in atomic molecules can successfully
describe the low-lying states [8]. In the study of α + 8Heg.s.

scattering, therefore, the covalent MO configurations and
the scattering process above the α + 8Heg.s. threshold must
be treated in a unified manner. For this purpose, we apply
the generalized two-center cluster model (GTCM) [9–11] to
the α + 8Heg.s. resonant scattering. The GTCM can cover the
low-lying MO configurations [8] as well as the ionic ones
excited as the XHe + Y He MRs (X, Y = 4 ∼ 8) [12–14] in
the continuum; hence, treating resonant phenomena observed
in slow scattering is possible.

Recently, we applied the GTCM to 12Be and showed that,
above the threshold of decay into two He-fragments, the ionic
XHe + Y He MRs and a new type of superdeformation (SD), a
covalent SD, which has a hybrid configuration of the covalent
and ionic structures, coexist within a small energy interval
of about 1 ∼ 2 MeV [11]. In Ref. [11], we investigated the
structural properties in an unbound region, and, in this rapid
communication, we mainly focus on the aspects of the reaction
dynamics. Specifically, we study the excitation and the decay
scheme of these coexisting resonances through the neutron
transfer reaction induced by the α + 8Heg.s. scattering.

The unified treatment of the formation of the intrinsic states
(MRs and MOs) and their coupling to the scattering continuum
can be achieved by the combined method of GTCM [10,11] and
Kamimura’s method [15], which was developed in Ref. [11].
In this method, the total wave function of 12Be is given by the
following linear combination

�Jπ (+) =
∑

β

ϕβ χ
(+)
β +

∑
ν

bν�̂
Jπ

ν . (1)
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The first term stands for the “open channels” labeled by β, on
which the scattering boundary condition is explicitly imposed
[10,16]. Here, ϕβ and χ

(+)
β denote the internal and relative

wave functions of the two scattering nuclei, and the whole nu-
cleons included in the nuclei are completely antisymmetrized.
We consider three rearrangement channels, α + 8Heg.s.,
6Heg.s. + 6Heg.s., and 5Heg.s. + 7Heg.s., as open channels.

The second term stands for the “intrinsic states” confined
within the interaction region, which is a linear combination of
the solutions obtained by diagonalizing the total Hamiltonian.
The basis of the intrinsic states, �̂Jπ

ν labeled by an eigenvalue
number ν, is damped in the asymptotic region. Therefore,
the second term describes the compound states formed before
decaying into the binary open channels. The �̂Jπ

ν is calculated
by the GTCM, and its explicit form is written as

�̂Jπ

ν =
∫

dS
∑

m

Cν
m(S) 
Jπ

m (S), (2)

with the basis function given by


Jπ

m (S) = P̂ J π

K=0 A


ψL(α)ψR(α)

4∏
j=1

ϕj (mj )




S

. (3)

The detailed explanation of Eq. (3) is given in Ref. [11], and
here we briefly explain these expressions. ψn(α)(n = L,R)
denotes the α cluster centered at the left (L) or right (R)
side with relative distance S [17]. The individual α core is
expressed by the (0s)4 configuration of the harmonic oscillator
(HO). ϕj (mj ) represents the atomic orbit (AO) state with
the 0p orbital for the valence neutrons localized around one
of the α clusters. Here, the index m is a set of quantum
numbers needed to specify the AO state: the direction of the 0p

orbital, the neutron’s spin, and its center (L or R). In Eqs. (2)
and (3), m represents a set of AOs for the four neutrons,
m = (m1,m2,m3,m4). The basis functions in Eq. (3) are fully
antisymmetrized by A and projected to the eigenstate of the
total spin-parity Jπ and its intrinsic angular projection K ,
which is restricted to the axial symmetric case (K = 0) [18] by
the projection operator P̂ J π

K . The �̂Jπ

ν describing the intrinsic
state is finally given by taking the superposition of Eq. (3) over
S and m as shown in Eq. (2).

As for the AO states of the four valence neutrons, m in
Eq. (2), we include all the possible configurations, and hence,
the model space of MO, where each valence neutron rotates
around the two centers simultaneously, is also covered [9]. We
use the Volkov No. 2 and the G3RS for the central and spin-
orbit parts of the nucleon-nucleon interaction, respectively.
The parameters in the interactions and the size parameter of the
HO are the same as those applied in Refs. [10] and [11], which
successfully reproduce the structural properties of 10,12Be. The
adopted parameter set reasonably reproduces the threshold
energies of α + 8Heg.s.,

6Heg.s. + 6Heg.s., and 5Heg.s. + 7Heg.s..
This is essential in the treatment of scattering phenomena.

By solving exactly the coupling between the open channels
and the intrinsic states, we calculated the scattering matrices
(S matrices) for the one- and two-neutron transfer reactions,
which are shown in Fig. 1. In this figure, we can clearly
understand the important role of the intrinsic states in forming
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FIG. 1. (Color) S matrices for the central collision of α +
8Heg.s.(J π = 0+). Panel (a) shows the S matrices of the elastic
scattering, while panels (b) and (c) show those for the final channels
of 6Heg.s. + 6Heg.s. and 5Heg.s. + 7Heg.s., respectively. The dotted and
solid curves represent the results calculated with the three open
channels and the full solutions of Eq. (1), respectively. The solid
circles represent the intrinsic states. The S matrices of the elastic
scattering are divided by a factor of four.

the sharp resonances. The dotted curves represent the S

matrices calculated only from the first term in Eq. (1), the open
channels. No resonant structures with sharp widths exist in the
results of the open channels. In the full solutions shown by the
solid curves, the sharp structures are generated by the coupling
with the intrinsic states (solid circles labeled by A–D). Each
peak is generated by a linear combination of all the intrinsic
states, but the dominant contribution in the individual peak is
a single intrinsic state, which is shown by the arrows. Because
the intrinsic states include the component of not only the open
channels but also of many kinds of closed channels, which
have a higher excitation energy than the resonance energy, the
coupling with the intrinsic states plays an important role in
reducing the resonance width.

It is naively expected that the coupled-channel calcula-
tion between the incident and exit channels is sufficient in
describing the two-neutron transfer reaction, α + 8Heg.s →
6Heg.s. + 6Heg.s.. In fact, such simple treatments have been
frequently employed as shown in Ref. [14], for instance. In the
present calculation of the open channels, the 5Heg.s. + 7Heg.s.

channel, which is never considered in the naive two-neutron
transfer approach, is included. However, no sharp resonances
appear even if the one-neutron transfer channel is coupled to
the incident and final channels. The inclusion of the intrinsic
states, which have a structure more complicated than that of
the incident and exit channels, is essential in describing the
formation of resonances with sharp widths.

There are four resonant peaks excited in the excitation
functions shown in Fig. 1. They are classified into two
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categories, the XHeg.s. +Y Heg.s. MR states (A–C) and the
covalent SD state (D), the details of which are explained as
follows:

(A) α + 8Heg.s. MR state. In the elastic channel [Fig. 1(a)],
we can see a strong enhancement around Ec.m. ∼ 1 MeV.
Around the peak energy, the elastic S matrix (Sel) is close
to −1 and, hence, |Sel| ∼ 1 and |1 − Sel|2 ∼ 4. This means
that the incident wave goes back to the incident channel after
passing through the intrinsic states. This is because, at this
peak energy, there is no open channel except for the incident
channel. Therefore, this enhancement can be interpreted in
terms of the MRs of the incident α +8 Heg.s. channel. In fact,
the amplitude of the wave function in this channel is enhanced
around the α − 8Heg.s. barrier-top distance, although many
kinds of other channels are strongly mixed in the inner region.

(B) 6Heg.s. + 6Heg.s. MR state. In addition to the enhance-
ment in the elastic channel, we can clearly observe similar en-
hancements in the exit channel of 6Heg.s. + 6Heg.s. [Fig. 1(b)].
A sharp resonance appears around Ec.m. ∼ 3 MeV, which
strongly correlates with the resonant peak in the elastic channel
[Fig. 1(a)]. This resonance has a large component of the
6Heg.s. + 6Heg.s. channel at the respective barrier-top distance:
hence, it corresponds to the MR of this channel. However,
this resonance has a nonzero partial decay width into the
α + 8Heg.s. channel as well.

(C) 5Heg.s. + 7Heg.s. MR state. Around Ec.m. ∼ 6 MeV,
a similar correlation appears in the S matrices between the
5Heg.s. + 7Heg.s. channel [Fig. 1(c)] and the 6Heg.s. + 6Heg.s.

channel [Fig. 1(b)]. At the resonance energy, the magnitude
of the former channel is much larger than that of the latter
one. Thus, this resonance corresponds to the 5Heg.s. + 7Heg.s.

MR. However, 5,7He are unbound nuclei, and this resonance
is strongly affected by the open channel of 6Heg.s. + 6He(2+

1 ),
which is not taken into account in the present calculation.
The threshold energy of this channel is almost the same
as that of 5Heg.s. + 7Heg.s.. Therefore, the resonance in the
5Heg.s. + 7Heg.s. channel would not be observed clearly in
two-neutron transfer experiments.

(D) Covalent SD state. In the 6Heg.s. + 6Heg.s. channel
[Fig. 1(b)], another characteristic enhancement can be seen
around Ec.m. ∼ 4 MeV (E ∼ 1.3 MeV measured from the
calculated threshold of 6Heg.s. + 6Heg.s.). At the resonance
energy, the magnitude of the respective S matrix element
increases up to ∼1. Because the unitarity condition of∑

f |Sf,i |2 = 1 holds in the present calculation without any
imaginary potentials, this enhancement means that the incident
flux flows mainly into the 6Heg.s. + 6Heg.s. channel. Around
this enhancement region, Sel is quite small due to the
unitarity condition, and |1 − Sel|2 becomes ∼1. [Fig. 1(a)].
This situation corresponds to the so-called shadow scattering
in the elastic channel, in which the incident flux is strongly
absorbed inside the interaction region and scattered as edge
waves around the boundary of the strong absorber.

In Ref. [11], we have discussed the intrinsic structure of the
resonance at Ec.m. ∼ 4 MeV as a covalent superdeformed state
(covalent SD), which has a hybrid configuration of covalent
and ionic structures. The schematic picture of the covalent SD
is shown on the left-hand side of the upper part of Fig. 2. In this
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FIG. 2. (Color) S matrix for the two-neutron transfer reactions,
α + 8Heg.s. → 6Heg.s. + 6Heg.s.(J π = 0+). The dotted lines represent
the threshold energy of the open channels considered in the calcula-
tion. In the upper part, the schematic picture of the covalent SD state
is shown.

configuration, two neutrons (red) occupy the 0p−wave AO,
which is perpendicular to the α–α axis (Lz = ±1) around each
α cluster, like 5He + 5He, while the remaining two neutrons
(blue) form the (σ+

1/2)2 bonding. Due to the formation of the
σ+ bonding, the α–α distance is increased, which amounts
to ∼5 fm. Because the radius of the α particle is taken to be
∼1.4 fm in the present model, this α–α distance corresponds
nearly to the hyperdeformation.

The calculated strong decay of the resonant state around
Ec.m. ∼ 4 MeV (E ∼ 1.3 MeV with respect to the 6Heg.s. +
6Heg.s. threshold) into 6Heg.s. + 6Heg.s. is due to the charac-
teristic structure of the covalent SD. Because the σ+ orbital
is constructed by 0pz(L) − 0pz(R), where 0pz(C) means
0pz wave with the center C, the covalent SD is given
by a linear combination of the (6He + 6He) + (5He + 7He)
configurations as shown in the upper part of Fig. 2. Here,
6He + 6He and 5He + 7He are constructed by a coherent
mixing of the asymptotic channels of the respective con-
figurations. This structure does not contain a component of
α + 8Heg.s., which is an open channel at the resonance energy.
Furthermore, the resonance energy is lower than the threshold
of 5Heg.s. + 7Heg.s., which is the lowest open channel in the
5He + 7He configuration. Therefore, the decay channel of the
covalent SD is restricted to 6Heg.s. + 6Heg.s.. This is the reason
why the S matrix corresponding to the covalent SD reaches the
unitary limit of |Sf,i |2 ∼ 1. Due to this limitation of the decay
channel, the covalent SD becomes an isomeric state with a
width of � ∼ 400 keV, which is comparable to the resonance
width of 12C + 12C at the Coulomb barrier [1]. Therefore, this
state should be called the “covalent isomeric state.”

The enhancement of the decay into 6Heg.s. + 6Heg.s. can be
supported by a recent experiment on the nuclear breakup of
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FIG. 3. (Color) The excitation functions of α + 8Heg.s. →
6Heg.s. + 6Heg.s.. The top panel shows the total cross section, which
is the summation of the partial cross sections for J π = 0+ ∼ 8+. In
the lower five panels, the partial cross sections for individual partial
waves are shown. The cross section of J π = 0+ is multiplied by a
factor of five.

12Be induced by the α target [19,20]. In this measurement, the
partial decay widths into the α + 8Heg.s. and 6Heg.s. + 6Heg.s.

channels together with their resonant spins are identified by
performing multipole decomposition analysis (MDA). As a
result of MDA, in the 6Heg.s. + 6Heg.s. channel, the resonant
peak is observed at Eexp ∼ 1.2 MeV above the 6Heg.s. + 6Heg.s.

threshold [19], which nicely agrees with our result of Ecal ∼
1.3 MeV. Furthermore, the observed resonance at Eexp ∼
1.2 MeV does not have a nonzero partial decay width into the
α + 8Heg.s. channel [20]. These observations are completely
consistent with the covalent isomeric state obtained by the
present calculation both in the decay scheme and in the energy
position of the resonant peak.

We performed the same kind of calculations for other
Jπ states and calculated the partial cross sections for α +
8Heg.s. → 6Heg.s. + 6Heg.s., which are shown in Fig. 3. In
the total cross section shown in the top panel, the present
calculation predicts a characteristic sequence of the resonant
peaks with different partial waves. The magnitude of the
partial cross section is especially large in the range of

Jπ = 2+ ∼ 6+ because of a multiplication by the kinematical
factor of 2J + 1. The width of the resonant structure becomes
broader as the partial wave is increased. In the higher spin
states, the resonance wave functions are pushed away out of
the interaction region due to the increase of the centrifugal
potential, which leads to a good overlap with the continuum
components of the open channels.

The excitation functions in Fig. 3 are the prediction for
the future experiment at GANIL [7]. Of course, in the real
experiment, there are some complicated processes such as the
effects of the breakup of 6,8He, the open channels with higher
threshold energies, and so on, which are not taken into account
in the present calculation. Therefore, predicting the magnitude
of the cross section itself is difficult, but the position of the
resonance energy and a sequence of the resonant spins could be
reasonably predicted by the present calculation. The excitation
functions shown in Fig. 3 correspond to the total cross section,
which is obtained by integrating over all scattering angles;
hence, to compare the present calculation with the experiment
in detail, the integration range of the scattering angle should
be taken to be the same as the angular range covered by the
detectors for the two scattered 6Heg.s. fragments.

In summary, we have studied the reaction dynamics of
two-neutron transfer reactions in the α + 8Heg.s. resonant
scattering by applying GTCM. We explored the coupling
effects between the open channels and the intrinsic states
and showed that the coupling effects are essential for the
formation of the sharp resonances. We found a characteristic
decay scheme for the resonance corresponding to the covalent
superdeformation. This resonance can decay only into the
specific channel, 6Heg.s. + 6Heg.s., and becomes an isomeric
state due to this characteristic decay scheme, which is
consistent with the recent observation of the nuclear breakup
of 12Be. It is very interesting to compare the present results
with the future experiment planned at GANIL. This is the
first study pointing out the formation of a covalent isomeric
state via a neutron transfer reaction, which shall be generally
observed in light neutron-rich nuclei, and systematic studies
are now proceeding.
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