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Important role of the spin-orbit interaction in forming the 1 Õ2¿ orbital structure in Be isotopes

N. Itagaki,1,* S. Okabe,2 and K. Ikeda1
1RI-Beam Science Laboratory, RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama 351-0198, Japa

2Center for Information and Multimedia Studies, Hokkaido University, Sapporo 060-0810, Japan
~Received 23 March 2000; published 26 July 2000!

The structure of the second 01 state of10Be is investigated using a microscopica1a1n1n model based
on the molecular-orbit~MO! model. The second 01 state, which has dominantly the (1/21)2 configuration, is
shown to have a particularly enlargeda-a structure. The kinetic energy of the two valence neutrons occupying
along thea-a axis is reduced remarkably due to the stronga clustering and, simultaneously, the spin-orbit
interaction unexpectedly plays an important role in making the energy of this state much lower. The mixing of
states with different spin structure is shown to be important in negative-parity states. The experimentally
observed small-level spacing between 12 and 22 (;300 keV! is found to be evidence of this spin-mixing
effect. 12Be is also investigated using thea1a14n model, in which four valence neutrons are considered to
occupy the (3/22)2(1/21)2 configuration. The energy surface of12Be is shown to exhibit similar characteris-
tics, that the remarkablea clustering and the contribution of the spin-orbit interaction make the binding of the
state with the (3/22)2(1/21)2 configuration properly stronger in comparison with the closedp-shell
(3/22)2(1/22)2 configuration.

PACS number~s!: 21.10.2k, 21.60.Gx
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I. INTRODUCTION

Numerous experiments using unstable nuclear be
have succeeded in revealing exotic properties ofb-unstable
nuclei, including a neutron halo structure@1–3#. Especially,
the shift of the closed-shell structure is a characteristic
havior of systems with weakly bound neutrons. The con
butions of thesd shell have been analyzed inN58 nuclei.
For example, Barkeret al. predicted that the lifetime of12Be
should be lengthened due to the mixing of thesd shells,
when the single-particle orbits in12Be are determined to re
produce the levels in11Be @4#. This prediction has been
proven by the measurement, and recently, a calculation
shown that the slowb decay of12Be to 12B can be explained
by an admixture of thesd shell in 12Be (N58) in which the
closedp-shell component must be less than 30%@5#. This
shows that the concept of magic numbers is vague in12Be.

On the other hand, ana-a structure is well established i
the Be and B regions. Typically in9Be, a microscopica
1a1n model has reproduced the properties of low-lyi
states including the level inversion of 1/22 in thep shell and
1/21 in the sd shell @6,7#. Also in 10Be, the microscopic
a-cluster models have been applied@8–11#. Recently, von
Oertzen has surveyed these nuclei and shown that the ex
mental evidence is compiled and states of these nuclei
grouped into rotational bands with different configurations
neutron~s! arounda-a structures@12#. We have quantitively
shown all these rotational bands and made clear the me
nism for the lowering of thesd orbits related with the clus
tering of thea-a core @13#.

According to our previous results for10Be, the main prop-
erties of this nucleus have been well described by thea
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0556-2813/2000/62~3!/034301~8!/$15.00 62 0343
s

-
i-

as

ri-
re
f

a-

1a1n1n model, where the orbits for the two valence ne
trons are classified based on the molecular-orbit model.
dominant configuration of the two valence neutrons for
second 01 state is (1/21)2, and the level inversion betwee
1/22 and 1/21 in 9Be also holds in10Be. Here, the two
valence neutrons stay along thea-a axis, and reduce the
kinetic energy by enhancing thea-a distance~up to around
4 fm!. Therefore, the 1/21 orbit in this case is not a spherica
s wave, but a polarized orbit with thed-wave component.
This feature ofsd mixing in the 1/21 orbit can be qualita-
tively interpreted in terms of deformed models~@220# ex-
pression in the Nilsson diagram!.

The main purpose of this paper is to show the mechan
for the appearance of this (1/21)2 configuration in low-lying
energy in detail. In our previous work, the calculated exci
tion energy of the second 01 state has been higher by;5
MeV without the spin-orbit interaction than the experimen
one @13#. The spin-orbit interaction has been found to d
crease the excitation energy by 3 MeV by adding a sin
optimal wave function withS51. Hence, it is necessary t
analyze the contribution of the spin-orbit interaction mo
precisely to clarify the lowering mechanism of the seco
01 state. The other reduction mechanism of the kinetic
ergy by more accurate description of the neutron-tail sho
also be taken into account.

First, the spin-orbit interaction is able to contribute to t
second 01 state, when spin-triplet states for the valence n
trons are included among the basis states. If the 1/21 state
consists of the pures orbit, naturally there is no contribution
of the spin-orbit interaction. In Be isotopes, the state conta
the d-orbit component. However, the spin-orbit interactio
again vanishes, when the two valence neutrons occupy a
the a-a axis, since two neutrons with the same spatial d
tribution construct only the spin-singlet state. This has be
the situation in traditional MO models@8,9#. It will be shown
that when one of the valence neutrons deviates from thea-a
axis, the spin-triplet state can be constructed, and the s
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orbit interaction strongly acts between this state and
original (1/21)2 configuration with the spin singlet. The ex
tension of the model space also enables us to improve
description of the neutron tail. We estimate the reduction
the kinetic energy due to the improvement of the neutron t
These improvements will be shown to largely decrease
excitation energy of the second 01 state, and that the calcu
lated energy just corresponds to the experimental value.

Using the present extended MO model, negative-pa
states in10Be are also investigated. The mixing of differe
spin structure (S50,S51) is found to also be important in
the negative-parity states. TheK-mixing effect strongly acts
on the 22 state, and the calculated small-level spacing
tween 12 and 22 (;300 keV! agrees with the experimenta
value.

Also, in 12Be these two important mechanisms for lowe
ing the (1/21)2 configuration are examined. In12Be, the
configuration for four valence neutrons around thea-a core
is considered to correspond to the two pair configurati
(3/22)2 and (1/21)2. These two pair configurations appear
the ground 01 state and the second 01 state of10Be, respec-
tively. The energy surface for the ground state of12Be will
be shown, in which the spin-orbit interaction is seen to ma
the binding for the (3/22)2(1/21)2 configuration properly
stronger in comparison with the (3/22)2(1/22)2 configura-
tion. This is related to the breaking of theN58 ~closed
p-shell! neutron-magic number.

This paper is organized as follows. In Sec. II, we summ
rize a description of the single-particle orbits around the t
a clusters based on the MO model. In Sec. III, the contrib
tion of the spin-orbit interaction to the (1/21)2 configuration
and the reduction of the kinetic energy due to an impro
ment of the neutron-tail are considered. These effects
discussed in detail for the second 01 state of 10Be ~A!, for
the negative parity states of10Be ~B!, and for 12Be ~C!. The
conclusion is given in Sec. IV.

II. EXTENDED MOLECULAR ORBITAL MODEL

We introduce a microscopica1a12n model for 10Be
and a1a14n model for 12Be. The neutron configuration
are classified according to the molecular-orbit picture@14#.
The details of the framework are given in Ref.@13#; here, the
essential part is presented.

The Hamiltonian is the same as in Ref.@13#, and consists
of a kinetic-energy term, a central two-body interaction ter
a two-body spin-orbit interaction term, and a Coulomb int
action term

H5(
i

Ti2Tc.m.1(
i , j

Vi j 1(
i , j

Vi j
ls

1(
i , j

e2

4r i j
~12tz

i !~12tz
j !. ~1!

The effective nucleon-nucleon interaction is Volkov No.
@15# for the central part and the G3RS spin-orbit term@16#
for the spin-orbit part, as follows:
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Vi j 5$V1e2a1r i j
2
2V2e2a2r i j

2
%$W2M PsPt1BPs2HPt%,

~2!

Vi j
ls5V0

ls$e2a1r i j
2
2e2a2r i j

2
%LW •SW P31, ~3!

whereP31 is a projection operator onto the triplet odd sta
The parameters areV15260.650 MeV,V2561.140 MeV,
a150.980 fm22, anda250.309 fm22 for the central inter-
action, and V0

ls52000 MeV, a155.00 fm22, and a2

52.778 fm22 for the spin-orbit interaction. We employ th
Majorana exchange parameterM50.6 (W50.4), the Bar-
tlett exchange parameterB50.125, and the Heisenberg ex
change parameter,H50.125, for the Volkov interaction~us-
ing B andH, there is no neutron-neutron bound state!. All of
these parameters are determined from thea1n and a1a
scattering phase shifts and the binding energy of the deut
@7#.

The total wave function is fully antisymmetrized and e
pressed by a superposition of terms centered to different r
tive distances between the twoa clusters~d! with various
configurations of the valence neutrons. The projection to
eigenstates of angular momentum~J! is performed numeri-
cally. All nucleons are described by Gaussians with the
cillator parameter~s! equal to 1.46 fm. Thea clusters lo-
cated atd/2 and2d/2 on thez axis consist of four nucleons

f (a)5GRa

p↑ GRa

p↓ GRa

n↑ GRa

n↓ xp↑xp↓xn↑xn↓ . ~4!

G represents Gaussians

GRa
5S 2n

p D 3/4

exp@2n~rW2RW a!2#, n51/2s2,

RW a5$deW z/2, 2deW z/2%. ~5!

Each valence neutron (fcixci) around thea-a core is ex-
pressed by a linear combination of local Gaussians:

fcixci5(
j

gjGR
n
j xci , ~6!

GR
n
j 5S 2n

p D 3/4

exp@2n~rW2RW n
j !2#, n51/2s2. ~7!

The level structure is solved by superposing basis states
different a-a distances and configurations after the angu
momentum projection.

In the MO model, valence neutrons are expressed b
linear combination of orbits around twoa clusters. The orbit
around eacha cluster is called the atomic orbit~AO!. Here,
we note that the valence neutrons and neutrons in tha
clusters are identical particles, and antisymmetrization
poses the AO forbidden space. The lowest AO has one n
and parity minus, which is thep orbit. When a linear com-
bination of two AOs (p orbit! around the left-a cluster and
the right-a cluster is summed up by the same sign, the
sultant MO also has negative parity and one node. In
case, the MO is restricted to spread along an axis perp
1-2
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IMPORTANT ROLE OF THE SPIN-ORBIT . . . PHYSICAL REVIEW C 62 034301
dicular to thea-a ~z! axis, which is the so-calledp orbit. It
cannot spread along thez axis where the twoa clusters are
already located. If twop orbits are summed up by differen
signs, the resultant MO has two nodes and positive pa
This MO can spread to all directions, and the optimal dir
tion becomes thez direction. This is the so-calleds orbit,
and the energy becomes lower as the distance between ta
clusters increases.

In Be isotopes, the low-lying orbits withKp53/22, 1/21,
and 1/22 are important; these are classified based on the
mode1. The 1/21 state is thes orbit, and the spin-orbit in-
teraction splits thep orbit to 3/22 and 1/22. In the present
framework, each valence neutron is introduced to hav
definite Kp at the zero limit of centers of local Gaussia
($Rn

j %) describing the spatial distribution of the orbit. Th
precise positions of$Rn

j % are determined variationally fo
eacha-a distance before the angular-momentum projecti
Since the values of$Rn

j % are optimized to be finite, the orbit

are not exactly the eigenstate ofKp, and are labeled asK̄p.
In 10Be, when two valence neutrons occupy these sin

particle orbits, three configurations with the totalK̄5K̄1

1K̄250 are generated. For the ground state, valence n
trons occupy orbits withK̄p53/22 andK̄p523/22; thesep
orbits are expressed as linear combinations ofpx andpy :

F~3/22,23/22!5A@f1
(a)f2

(a)~fc1xc1!~fc2xc2!#, ~8!

fc1xc15$~px1 ipy!1a1~px1 ipy!2a%un↑&, ~9!

fc2xc25$~px2 ipy!1a1~px2 ipy!2a%un↓&. ~10!

Each MO is constructed from two AOs around a left a
right a cluster. We introduce a variational parameter~a! on
the a-a axis (z axis!; and (px6 ipy)1a is px6 ipy , whose
center is1a on the z axis; and (px6 ipy)2a is px6 ipy ,
whose center is2a on thez axis. Here, the spatial part an
the spin part ofK̄ in Eqs.~9! and ~10! are introduced to be
parallel, for which the spin-orbit interaction acts attractive
The spin-up valence neutron hasK̄1

p53/22 (rY11un↑&), and

the spin-down valence neutron hasK̄1
p53/22 (rY121un↓&).

There (px)1a , (px)2a , (py)1a , and (py)2a are expressed a
the combination of two Gaussians, whose centers are sh
by a variational parameter~b! perpendicular to thez axis. For
example,

~px!1a5GaeWz1beWx
2GaeWz2beWx

,

~py!1a5GaeWz1beWy
2GaeWz2beWy

. ~11!

These parametersa andb, are optimized by using the coolin
method in antisymmetrized molecular dynamics~AMD !
@17–21# for eacha-a distance.

The s-orbit pair (1/21)2 is prepared, where eachs orbit
is expressed by subtracting two AOs at1a5d/2 and 2a
52d/2:

F~1/21,21/21!5A@f1
(a)f2

(a)~fc1xc1!~fc2xc2!#, ~12!
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fc1xc15$~pW !1a2~pW !2a%un↑& a5d/2, ~13!

fc2xc25$~pW !1a2~pW !2a%un↓& a5d/2, ~14!

where

~pW !6a5~G1bW2G2bW !6a . ~15!

Since thes orbit has two nodes, the direction of the orbit
not limited due to the Pauli principle. It can thus take
directions. Therefore, the direction and value of parametebW
for the center of the Gaussians are optimized. As a resu
is optimized to the direction of thea-a axis. This basis state
shares the dominant component of the second 01 state.

III. RESULTS OBTAINED USING THE EXTENDED MO
MODEL SPACE

A. JpÄ0¿ states in 10Be

Before giving the results, we summarize the calcula
energies and the optimala-a distance for three configura
tions@(3/22)2, (1/22)2, and (1/21)2] discussed in Ref.@13#.
In Fig. 1, the 01 energy curves ofF(3/22,23/22),
F(1/21,21/21), andF(1/22,21/22) in 10Be are presented
as a function of thea-a distance (d). These configurations
are the dominant components of the first, second, and t
01 states in10Be, respectively.

The energy ofF(1/21,21/21) ~dominant component o
02

1) becomes lower asd increases, and the energy becom
minimum at ana-a distance of 4–5 fm. However, it shoul
be noted that the energy difference betweenF(1/21,
21/21) and F(3/22,23/22) in Fig. 1 is about 11 MeV.
This is much larger than the experimental excitation ene
of the second 01 state~6.26 MeV @22#! by 5 MeV.

There are two reasons for this lack of binding energy b
MeV in the second 01 state. One is that the contribution o
the spin-orbit interaction is not taken into account; the ot
is that the tail of the valence neutron is not correctly d
scribed. As for the spin-orbit interaction, in the tradition
MO model, the spin-orbit interaction has not contributed

FIG. 1. The 01 energy curve forF(3/22,23/22), F(1/22,
21/22), and F(1/21,21/21) as a function of thea-a distance
(d).
1-3
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N. ITAGAKI, S. OKABE, AND K. IKEDA PHYSICAL REVIEW C 62 034301
the 01 state with this configuration. This is because the t
valence neutrons occupy the same spatial configurations
opposite spin direction, and construct a spin-singlet st
Since it is impossible for two valence neutrons with the sa
spin direction to occupy the sames orbit along thea-a axis,
the spin-triplet state is prepared by making one of the
lence neutrons deviate from thea-a axis. As for the tail
effect of the valence neutrons, in this analysis, the tail
havior is expressed by the superposition of local Gaussi

These two improvements are shown for theF(1/21,
21/21) configuration with the optimala-a distance of 4 fm.

The optimized parameterbW is 2.02eW z ~fm! @13#. As listed in
Table I, the spin-singletF(1/21,21/21) configuration has a
01 energy of246.3 MeV. As shown in Eqs.~12!–~15!, each
valence neutron is described as a linear combination of
local Gaussians. When we optimize their linear combinati
the energy slightly decreases to247.7 MeV @noted asS
50 (s)2 in Table I#. Next, the contribution of the spin-orb
interaction is taken into account to this spin-singlet state
preparing the spin-triplet state (Sz51). One of the valence
neutrons (fc1xc1) occupies thes orbit, and another one
(fc2xc2) with the same spin direction deviates from thea-a
axis. The later one is described by a local Gaussian cent
at RW ; fc2xc25GRW un↑&. The calculated energy surface fo
the second 01 state as a function of the parameterRW is given
in Fig. 2. The orthogonality of the second 01 state to the
ground 01 state is ensured in this calculation. The point
thex-z plane in Fig. 2 shows the position of the parameterRW ,
and the contour map shows the total energy obtained
taking into account this coupling with the spin-triplet state
The lowest energy of250.9 MeV is seen atRW 5(x,z)
5(1.0,2.0) ~fm! on the energy surface. The contribution
the spin-orbit interaction decreases the energy by more
3 MeV in comparison with the case of the spin-singlet sta
Although the energy of such a spin-triplet state, itself,
much higher than that ofF(1/21,21/21) by about 20 MeV,
the large coupling between the spin-singlet and spin-trip
states enables the spin-orbit interaction to attractively act
a result, more than half of the under-binding by 5 MeV f

TABLE I. The energy convergence of the second 01 of 10Be.
The a-a distance is fixed to 4 fm. The row noted asF(1/21,
21/21) shows the energy of theF(1/21,21/21) configuration,
and the rowS50 (s)2 shows the energy when a linear combinati
of local Gaussians is optimized. The row spin-orbit shows the
ergy including the coupling with the spin-triplet state. The row t
shows the calculated energy when the tail of the valence neutro
further expressed by theSz50 basis states. The values in parenth
ses give the energy difference with the previous row.

Number of Gaussians
for one valence neutron 01 energy

F(1/21, 21/21) 4 246.3
S50 (s)2 4 247.7 (21.4)
spin-orbit 24 251.2 (23.5)

tail 44 252.9 (21.7)
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the second 01 state is explained by this spin-orbit contribu
tion.

To see this effect more correctly, a lot of spin-tripl
states with differentRW values are adopted. The employedRW
values are 0.0, 1.0, 2.0~fm! for thex direction~perpendicular
to thea-a direction! and 0.0, 1.0, 2.0, 3.0, 4.0~fm! for thez
direction~thea-a direction!. In Table I, the column noted a
spin-orbit gives the energy of the second 01 state when these
15 spin-triplet states with differentRW values are superposed
The calculated energy is251.2 MeV; this is lower than the
energy minimum point in Fig. 2 by only 300 keV. This
because the spin-triplet basis states around the core ha
large overlap with each other, and those apart from the c
do not contribute to this coupling. This result shows that
contribution of the spin-orbit interaction for the (1/21)2 state
is approximately taken into account when we employ o
one Slater determinant on the energy surface.

In this calculation, many spin-triplet states are employ
however, it should be noted that the spin-singlet state is o
represented by theF(1/21,21/21) configuration. Thus, to
improve the tail of the valence neutron in the second 01 state
of 10Be, it is necessary to superpose further theSz50 basis
states with many differentRW values, which contain the spin
singlet component. The distance ofa-a is 4 fm, where one
of the valence neutrons (fc1xc1) occupies thes orbit, and
the other valence neutrons (fc2xc2) with the opposite spin
direction is described by local Gaussian centered atRW . The
later one has the form offc2xc25GRW un↓&. We superpose 15
basis states withSz50, and the employedRW values are 0.0,
1.0, 2.0 ~fm! for the x direction ~perpendicular to thea-a
direction! and 0.0, 1.0, 2.0, 3.0, 4.0~fm! for the z direction
~thea-a direction!. As listed in Table I, the energy become
252.7 MeV. These basis states increase the binding of
second 01 state by 1.5 MeV compared with251.2 MeV for
the third row. Here, it is noted that theseSz50 basis states
contain both the spin-single and spin-triplet componen
However, the increase of the binding energy by adding th

-
l
is

-

FIG. 2. The energy surface of the second 01 state of10Be. The
total energy including the coupling effect between the (1/21)2 con-
figuration and the spin-triplet configuration is shown. Thea-a dis-
tance is optimal 4 fm, and the spheres showa clusters. The axes
~fm! show the position of the Gaussian-center of one valence n
tron in the spin-triplet state which deviates from thes orbit.
1-4
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IMPORTANT ROLE OF THE SPIN-ORBIT . . . PHYSICAL REVIEW C 62 034301
Sz50 basis states is due to the spin-singlet basis states, s
it is considered that the functional space of the spin-trip
states are already exhausted by theSz51 states. These re
sults show that by taking into account both the spin-or
interaction~spin-triplet basis states! and the tail effect~spin-
singlet basis states!, the underbinding for the second 01 state
by 5 MeV is fully explained. The calculated excitation e
ergy of the second 01 state agrees with the experiment
one.

To confirm the component of the spin-triplet configur
tions introduced, the expectation value of the spin squ
(Ŝ2) in the second 01 state of 10Be was calculated. The
value is 0.26. This means that the spin-triplet configurat
mixes in this state by about 13%.

In this analysis, thea-a distance is restricted to 4 fm, bu
we now examine the contribution of the spin-orbit intera
tion with respect to thea-a distance. Table II gives the
contribution of spin-orbit interaction for the second 01 state
with thea-a distance of 3, 4, and 5 fm. The column noted
S50 (s)2 gives the energy for theF(1/21,21/21) configu-
ration, where the linear combination of Gaussians is o
mized. The column noted as1Sz51 gives the energy when
we include the spin-orbit interaction by employing the sp
triplet basis states. The results show that the smaller is tha-
a distance, the larger is the contribution of the coupling w
the spin-triplet state. When thea-a distance is 5 fm, the
coupling increases the binding energy by about 3 MeV; ho
ever, when thea-a distance is 3 fm, the coupling increas
the binding energy by about 4.5 MeV. Therefore, the co
pling with the spin-triplet becomes stronger as thea-a dis-
tance becomes small. The column noted as1Sz50,1 gives
the energy when we further include the spin-singlet ba
state to express the tail of the valence neutron. This ef
does not have a strong dependence on thea-a distance, and
almost constantly decreases the binding energy by 1.5 M

Finally, the calculation where all of these basis states w
differenta-a distance are superposed is performed based
the generator coordinate method~GCM!. When we super-
pose all of the basis states in Table II, the calculated ene
of the second 01 state becomes254.3 MeV. Here, we su-
perpose the basis states witha-a distances of 3, 4, 5, and
fm, and the spin-triplet states are represented by one S

TABLE II. The second 01 energy of 10Be for eacha-a dis-
tance. The rowS50 (s)2 shows the energy of theF(1/21,
21/21) configuration, where a linear combination of local Gau
ians is optimized. The row1Sz51 represents the energy includin
the coupling betweenS50 (s)2 and the spin-triplet state. The row
1Sz50,1 represents the energy including the coupling betweeS
50 (s)2 and both the spin-singlet and the spin-triplet states. T
values in parentheses give the energy difference with theS50
state.

a-a distance
~fm!

S50 (s)2

~MeV!
1Sz51
~MeV!

1Sz50,1
~MeV!

3 244.5 248.9 (24.4) 250.6 (26.1)
4 247.7 251.2 (23.5) 252.9 (25.0)
5 246.9 250.0 (23.1) 251.5 (24.6)
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determinant for eacha-a distance, which correspond to th
minimum point on the energy surface~Fig. 2!. This calcu-
lated energy of254.3 MeV is lower than a result calculate
with only theF(1/21,21/21) configuration~employeda-a
distances are the same! by 4.6 MeV.

B. Negative-parity states in 10Be

We examine this spin-mixing effect for the negativ
parity states in10Be. Here, one of the valence neutrons
introduced to occupy ap orbit with negative parity; anothe
one occupies as orbit with positive parity. In this way, two
configurations withSz50 andSz51 can be constructed. Th
Sz50 basis state@F(3/22,21/21)# hasKp512:

F~3/22,21/21!5A@f1
(a)f2

(a)~fc1xc1!~fc2xc2!#, ~16!

fc1xc15$~px1 ipy!1a1~px1 ipy!2a%un↑&, ~17!

fc2xc25$~pW !1a2~pW !2a%un↓&. ~18!

This basis state gives247.7 MeV for 12 and 246.7 MeV
for 22 at the optimala-a distance of 3 fm. This energy
splitting between 12 and 22 by 1 MeV is much larger than
the experimental value of 300 keV~experimentally, the ex-
citation energies of the 12 state and the 22 state are 5.96 and
6.26 MeV, respectively!. At first, we only examine the tai
effect of the valence neutrons withSz50. We introduce a
parameterRW for fc2xc2, which originally occupies thes
orbit:

fc2xc25GRW un↓&. ~19!

However, even if we superpose states with many differ
positions (RW ), the energy splitting between these states
still about 1 MeV (12 state is249.9 MeV and the 22 state
is 248.9 MeV!. The employedRW values are 0.0, 1.0, 2.0
~fm! for the x direction ~perpendicular to thea-a direction!
and 0.0, 1.0, 2.0, 3.0, 4.0~fm! for the z direction (a-a di-
rection!.

Therefore, to improve this discrepancy, we next inclu
the basis states withSz51; F(3/22,1/21). TheSz51 basis
state generatesKp522 band. As a result of the calculation
the energy of the 22 state with Kp522 ~spin triplet! is
found to be accidentally close to the energy of the 22 state
with Kp512 projected from theSz50 basis states. Thus
the coupling effect between theSz50 basis states and th
Sz51 basis states is larger for the 22 state than for the 12

state, and the energy splitting becomes comparable to
experimental one. To see this effect, we superpose manSz

51 basis states characterized by the Gaussian centeRW ;
fc2xc25GRW un↓&. When we include many states with diffe
ent RW values in our basis states, the energies beco
251.6 MeV (12) and251.2 MeV (22). The employedRW
values are 0.1, 1.0, 2.0~fm! for the x direction and 0.0, 1.0,
2.0, 3.0, 4.0~fm! for thez direction. The experimental sma
level splitting between 12 and 22 is found to be evidence o
the spin vibration in the 22 state.

-

e

1-5



e
e
s

-
n

he
,

he
s
it

e
t

the

p
ou-

.

a-

tate

N. ITAGAKI, S. OKABE, AND K. IKEDA PHYSICAL REVIEW C 62 034301
C. The structure of 12Be

The large contribution of this spin-orbit interaction will b
discussed concerning12Be. In the previous subsection, w
have discussed for10Be that this effect is more important a
the a-a becomes smaller, and in12Be, we show that the
distance is smaller than that of the second 01 state of 10Be.
In 12Be, four valence neutrons rotate around twoa clusters
and, mainly, two configurations are important for the 01

ground state@23#. One is (3/22)2(1/22)2 for the four valence
neutrons, which corresponds to the closedp-shell configura-
tion of the neutrons at the zero limit of thea-a distance. The
other configuration is (3/22)2(1/21)2, where two of the four
valence neutrons occupy thes orbit. It is necessary to com
pare the energy of these two configurations as a functio
the a-a distance. The configurations of (3/22)2(1/22)2 and
(3/22)2(1/21)2 are constructed as follows:

F~3/22,23/22,21/22,1/22!

5A@f1
(a)f2

(a)~fc1xc1!~fc2xc2!~fc3xc3!~fc4xc4!#,

~20!

fc1xc15$~px1 ipy!1a1~px1 ipy!2a%un↑&, ~21!

fc2xc25$~px2 ipy!1a1~px2 ipy!2a%un↓&, ~22!

fc3xc35$~px2 ipy!1a1~px2 ipy!2a%un↑&, ~23!

fc4xc45$~px1 ipy!1a1~px1 ipy!2a%un↓&, ~24!

F~3/22,23/22,1/21,21/21!

5A@f1
(a)f2

(a)~fc1xc1!~fc2xc2!~fc3xc3!~fc4xc4!#,

~25!

fc1xc15$~px1 ipy!1a1~px1 ipy!2a%un↑&, ~26!

fc2xc25$~px2 ipy!1a1~px2 ipy!2a%un↓&, ~27!

fc3xc35$~pW !1a2~pW !2a%un↑& a5d/2, ~28!

fc4xc45$~pW !1a2~pW !2a%un↓& a5d/2. ~29!

The dotted line in Fig. 3 shows 01 energies of
(3/22)2(1/21)2 and the dashed line shows (3/22)2(1/22)2

with respect to thea-a distance. When thea-a distance is
small, for example 2 fm, the dominant configuration of t
four valence neutrons is (3/22)2(1/22)2 for the ground state
which corresponds to the closedp-shell configuration at the
limit of the a-a distance, zero. On the other hand, t
(3/22)2(1/21)2 configuration for the four valence neutron
becomes lower as thea-a distance is increased. However,
is still higher than the (3/22)2(1/22)2 configuration by a few
MeV. Here, we show the importance of the coupling b
tween the (3/22)2(1/21)2 configuration and the spin-triple
state for the last two neutrons ((1/21)2). The spin-triplet
state for (1/21)2 is introduced as follows:
03430
of
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F~3/22,23/22,1/21,GRW u↑&)

5A@f1
(a)f2

(a)~fc1xc1!~fc2xc2!~fc3xc3!~fc4xc4!#,

~30!

fc1xc15$~px1 ipy!1a1~px1 ipy!2a%un↑&, ~31!

fc2xc25$~px2 ipy!1a1~px2 ipy!2a%un↓&, ~32!

fc3xc35$~pW !1a2~pW !2a%un↑& a5d/2, ~33!

fc4xc45GRW un↑&. ~34!

The coupling between the (3/22)2(1/21)2 configuration and
the spin-triplet states is shown in Fig. 4 as a function of
parameterRW . The point on thex-z plane in Fig. 4 shows the
Gaussian-centerRW in the spin-triplet state. The contour ma
shows the energy calculated by taking into account this c

FIG. 3. The 01 energies for the (3/22)2(1/21)2 configuration
~dotted line! and the (3/22)2(1/22)2 configuration~dashed line! in
12Be. In the solid line, the couplings among the (3/22)2(1/21)2

configuration, an optimalSz51 state, andSz50 states are included
The resultant state almost degenerates with the (3/22)2(1/22)2 con-
figuration.

FIG. 4. The energy surface of the ground state of12Be. The total
energy including the coupling effect between the (3/22)2(1/21)2

configuration and the spin-triplet configuration for the last two v
lence neutrons is shown. Thea-a distance is optimal 3 fm, and the
spheres showa clusters. The axes~fm! show the position of the
Gaussian-center of one valence neutron in the spin-triplet s
which deviates from thes orbit.
1-6
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pling with the spin-triplet state. Thisa-a distance is 3 fm,
and this optimal distance is smaller than that for the sec
01 state of10Be by about 1 fm, since two of the four valenc
neutrons occupy the (3/22)2 configuration and increase th
binding energy of the system. Because of this effect,
coupling effect of the spin-triplet states is more importa
than in the case of the second 01 state of10Be. The minimal
point of the surface shows that the energy gain due to
couplings is about 4 MeV in12Be.

The solid line in Fig. 3 shows the 01 energy calculated by
taking into account the coupling effect between t
(3/22)2(1/21)2 configuration and theSz50,1 basis states fo
the last two valence neutrons. Due to the spin-orbit coupl
the energy is almost the same as that of (3/22)2(1/22)2 cor-
responding to the closedp-shell configuration. Furthermore
the energy of (3/22)2(1/21)2 is suggested to become eve
lower than (3/22)2(1/22)2 when the pairing effect betwee
(3/22)2 and (1/22)2 is taken into account. These effects pl
crucial roles in accounting for breaking of theN58 magic
number.

IV. CONCLUSION

The second 01 state of 10Be has been shown to be cha
acterized by thes orbit of the two valence neutrons in term
of the molecular orbit~MO! model. The two valence neu
trons stay along thea-a axis ~the 1/21 orbit! and reduce the
kinetic energy by enlarging thea-a distance. This simple
description for the second 01 state gives a higher excitatio
energy by 5 MeV compared to the experimental one.
improve the description, spin-triplet basis states which h
not been included in the traditional MO models are prepa
by allowing a deviation of the neutron orbit from one ju
along thea-a axis. Thus, the spin-orbit interaction can b
taken into account, and the calculated second 01 state be-
comes lower by 3.5 MeV. The precise description of t
neutron-tail also decreases the excitation energy by 1.5 M
The discrepancy between the experimental excitation en
and the calculated one is compensated by these two eff

The spin-mixing effects were studied for the negative p
ity state of 10Be. If we restrict ourselves to theSz50 basis
state, this energy splitting between the 12 state and 22 state
K
to

Un
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is about 1 MeV, which is much larger than the experimen
value of 303 keV. As a result of adding basis states w
Sz51, where the spin directions of the two valence neutro
are the same, theK mixing occurs especially for the 22 state.
The contribution of theSz51 state is larger for the 22 state.
The resultant energy splitting becomes comparable to
experimental one. Therefore, the experimental small le
splitting between 12 and 22 is considered to be a result o
the spin vibration induced by the spin-orbit interaction in t
22 state.

The coupling with the spin-triplet basis states is also i
portant in the case of12Be. Without the spin-triplet basis
state, the energy of the configuration (3/22)2(1/21)2 is much
higher than that of the closedp-shell configuration
@(3/22)2(1/22)2# by 4 MeV. However, the energy o
(3/22)2(1/21)2 is drastically decreased by coupling with th
spin-triplet states. This is because the effect becomes st
ger as thea-a distance becomes shorter, and12Be has an
optimala-a distance around 3 fm, which is smaller than t
second 01 state of 10Be by 1 fm. The study shows that a
energy of (3/22)2(1/21)2 is almost the same a
(3/22)2(1/22)2, or even lower. This effect is suggested
play a crucial role in accounting for the dissipation of t
N58 magic number in12Be. It is an interesting subject to
analyze the binding mechanism and properties of the gro
state by taking into account the pairing mixing among sta
with configurations of (3/22)2(1/22)2, (3/22)2(1/21)2, and
(1/22)2(1/21)2. A detailed analysis is going to be performe
not only for this state, but also for excited states where n
states with cluster structure have been recently observed
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