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Structure of excited states of10Be studied with antisymmetrized molecular dynamics
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~Received 21 May 1999; published 27 October 1999!

We study the structure of excited states of10Be with the method of variation after spin-parity projection in
the framework of antisymmetrized molecular dynamics. Present calculations describe many excited states and
reproduce the experimental data ofE2 and E1 transitions and the new data of theb transition strength
successfully. We include systematic discussions on the moleculelike structures of light unstable nuclei and the
important role of the valence neutrons based on the results obtained with the framework which is free from
such model assumptions as the existence of inert cores and clusters.@S0556-2813~99!05011-6#

PACS number~s!: 21.10.Pc, 21.60.2n, 27.20.1n, 02.70.Ns
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I. INTRODUCTION

Owing to the radioactive nuclear beams, the data of
stable nuclei are increasing rapidly. Recently the structur
excited states as well as the ground states are very attra
in the study of unstable nuclei. In the light nuclear regio
one of the important subjects has been the clustering
tures. The clustering structures of the ground states are
ready well known to be developed in some light ordina
nuclei such as7Li, 8Be, and20Ne. In the studies of the ligh
unstable nuclei the clustering structures were predicted
in the very neutron-rich nuclei@1–6#. It is natural that vari-
ous moleculelike states may appear in the excited state
light unstable nuclei because the excitation due to rela
motion between clusters is important in the light nuclear
gion. The clustering structure must be one of the import
aspects in understanding the exotic features of the unst
nuclei. However, there remain many mysterious problem
clustering development and the role of valence nucleon
the unstable nuclei. Our aim is to make a systematic stud
structure change with the increase of the excitation ene
We find new features of unstable nuclei such as ex
shapes and moleculelike structures in the excited states
try to understand the mechanism of the various structure

10Be, one of the challenges in the study of light unsta
nuclei, has been investigated experimentally in such re
tions as transfer and pick-up, as well as in the experime
with the technique of unstable nuclear beams. Recent exp
ments of the charge exchange reactions10B(3He,t)10Be @7#
let us know the strength of the Gamow-Teller transitions
the excited states of10Be. These new data ofb transition
strength which are deduced from the cross sections at
forward angle are very helpful for studying the structure
the excited states. The structure of10Be was and is studied
also theoretically by microscopic calculations, for examp
shell models@8,9#, cluster models@1,5,6#, Hartree-Fock@3#,
and antisymmetrized molecular dynamics@2,4#.

As for the shell-model studies onp-shell nuclei, calcula-
tions with the inclusion of the 2\v excitation with empirical
effective interactions were successful in fitting a wide ran
0556-2813/99/60~6!/064304~10!/$15.00 60 0643
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of the data for energy levels@8,9#. As far as the low-lying
states go, the properties of the structure can be descr
@10#, however, the model space is not large enough ye
study the structures of such states with the developed c
tering which may appear in the excited states of light nuc
For the large-basis shell model it is not easy to obtain the
empirical effective interactions. In the calculations with 4\v
model space with a microscopic effective interaction@11#,
the level structure in10Be is not well reproduced.

Many states of Be isotopes are understood in terms ofa
clustering structures. In the theoretical research on the st
ture of the ground states of Be isotopes such as Ref.@2#, it
was found that the developed 2a clustering structure in8Be
weakens in10Be because of the excess two neutrons. As
the excited states of10Be, the previous calculations@12# with
the simplest version~variation after parity projection! of an-
tisymmetrized molecular dynamics~AMD ! predicted that the
largely deformed states with the 2a12n clustering structure
construct a rotational bandKp512 in the low-energy region
which is supported by the experimental energy levels.

The problem of the abnormal spin parity 1/21 in the
ground state of11Be is considered to have a close relati
with the deformed non-normal parity states of10Be. In the
simple shell-model consideration the normal parity of11Be is
negative because of the valence neutron in thep1/2 shell,
however, the ground states is known to beJp51/21. It is
suggested that one of the reasons for the parity inversio
11Be is the energy gain of thesd1/2 mixing orbit in the pro-
lately deformed system due to developed clustering. T
sd1/2 orbit of neutrons in neutron-rich Be isotopes is inte
esting and essential to understanding the structure of l
neutron-rich nuclei and is easily connected with the d
formed structure of the non-normal parity states of10Be.
Furthermore, it is natural that the negative parity band due
the deformed states of10Be makes us imagine a correspon
ing positive parity band constructed by the analogous
formed intrinsic state where the neutrons in thesd1/2 orbit
play important roles.

Recently Von Oertzen proposed a dimer model@13# to
describe the excited states of Be and B isotopes system
©1999 The American Physical Society04-1
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cally. In the model, he assumed 2a clusters and the sur
rounding nucleons in molecular orbits which are similar
thes andp orbits of electrons in the molecule. The neutro
rich Be nuclei can be written by 2a and neutrons which
occupy the moleculelikes andp orbits. This idea is helpful
for understanding the level structure of many excited sta
of 9Be and 10Be and for studying the mechanism of th
deformation of Be isotopes.

Doté et al. studied Be isotopes by microscopic calcu
tions with the simplest version of AMD under a constraint
the deformation parameter@4#. They analyzed the single
particle orbits of the valence neutrons and found the imp
tance of molecular orbits. It was found that in the negat
parity state of10Be the main component of the valence ne
trons is the positive parity orbit which seems to be thes
orbit in terms of the dimer model. They tried to represent
excited 02

1 state of10Be by constructing 2p-2h states using
the wave function of the negative parity state which is co
sidered to be 1p-1h state. Comparing the optimum deform
tion parameters for three states 01

1 , 12, and 02
1 , they found

that the intrinsic deformation is larger in 12 than 01
1 and

largest in 02
1 . The results are consistent with those predic

by Von Oertzen. They calculated excited states 02
1 of 10Be

without assuming any cluster cores and confirmed that
2a cluster cores may exist in the excited states. Howe
since the total-angular-momentum projection was not d
microscopically, the discussion did not go beyond the intr
sic system and it is not easy to study other excited sta
They have not mentioned the data such asE1, E2, andb
transitions which are important in the study of excited sta

10Be has been studied with other microscopic mod
such as multicluster models@6#, AMD1GCM ~generator co-
ordinate method! @5#, and the parity-projected Hartree-Foc
~HF! calculations@3#. In the former two methods the exis
tence of a clusters was assumed. In the last work w
parity-projected HF calculations they assumed the exc
02

1 state to be a 2p-2h state by choosing the positive pari
eigenstate for the valence two neutrons. In the work with
calculations, the analysis was limited in the intrinsic syst
and it is not easy to study the higher excited states.

Our aim is to make systematic studies on the structure
many excited states of the light unstable nuclei with a mic
scopic model which is free from such assumptions as
inert cores, the existence of clusters, and the particle-h
configurations. For this aim we adopt a method of antisy
metrized molecular dynamics~AMD !. AMD has already
proven to be a very useful theoretical approach for the st
ture of the light nuclei@2,4,14,15#. In the AMD framework
basis wave functions of the system are written by Slater
terminants where the spatial part of each single-particle w
function is a Gaussian wave packet. In the previous works
the structure of Li, Be, and B isotopes@2#, we applied the
simplest version of AMD in which the energy variation
done after the parity projection but before the total-angu
momentum projection. It was found that the structure of
ground state changes rapidly between the shell-model-
structure and the clustering structure as the neutron num
increases up to the neutron-drip line. The AMD calculatio
06430
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succeeded in reproducing well the experimental data
electromagnetic properties such as the magnetic dipole
ments and the electric quadrupole moments. This is du
the flexibility of the AMD wave function which can repre
sent the clustering structures of light unstable nuclei with
assuming any inert cores and clusters.

In the present paper, we study the structure of the exc
states of10Be by performing variational calculations after th
spin-parity projection with finite-range interactions in th
framework of AMD. For higher states, AMD wave function
are superposed so as to be orthogonal to the lower states
AMD approach of the variation after spin-parity projectio
~VAP! has been already found to be advantageous for
study of excited states of the light nuclei and very useful
describing various moleculelike structures@15,16#. We do
not rely on any assumptions such as the inert cores,
single-particle orbits in the mean field, and the existence
clusters. By microscopic calculations of the expectation v
ues of the corresponding operators, we can acquire the
oretical values ofE2, E1, and b transitions which is the
valuable information of the excited states to be compa
directly with the experimental data.

In Sec. II, we explain the formulation of AMD for the
study of the nuclear structure of excited states. The effec
interactions are described in Sec. III, and the results are
sented in Sec. IV comparing with the experimental data.
Sec. V, detailed discussions on the structures and on
mechanism of the development of moleculelike structu
are made. Finally, a summary is given in Sec. VI.

II. FORMULATION

In this section we explain the formulation of AMD for th
study of the nuclear structure of the excited states.

A. Wave function

The wave function of a system is written by AMD wav
functions as

F5cFAMD1c8FAMD8 1•••. ~1!

An AMD wave function of a nucleus with mass numberA is
a Slater determinant of Gaussian wave packets:

FAMD~Z!5
1

AA!
A$w1 ,w2 , . . . ,wA%, ~2!

w i5fXi
xj i

t i :5
fXi

~r j !}expF2nS r j2
X i

An
D 2G ,

xj i
5S 1

2
1j i

1

2
2j i

D ,

~3!

where thei th single-particle wave functionw i is a product of
the spatial wave function, the intrinsic spin function and t
isospin function. The spatial partfXi

is presented by com
4-2
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plex parametersX1i ,X2i ,X3i , xj i
is the intrinsic spin func-

tion parametrized byj i , andt i is the isospin function which
is fixed to be up~proton! or down ~neutron! in the present
calculations. Thus an AMD wave function is parametriz
by a set of complex parametersZ[$Xni ,j i% (n51,3 andi
51,A), where theX i ’s indicate the centers of Gaussians
the spatial part and thej i ’s are the parameters for the dire
tions of the intrinsic spins.

If we consider a parity eigenstate projected from an AM
wave function, the total wave function consists of two Sla
determinants,

F~Z!5~16P!FAMD~Z!, ~4!

where P is a parity projection operator. In the case of
total-angular momentum eigenstate, the wave function o
system is represented by the integral of the rotated state

F~Z!5PMK8
J FAMD~Z!5E dVDMK8

J* ~V!R~V!FAMD~Z!,

~5!

for which the expectation values of operators are numeric
calculated by a summation of mesh points on the Eu
anglesV.

In principal, the total wave function can be the superp
sition of independent AMD wave functions. In order to co
struct higher excited states we consider superposition of
spin-parity-projected AMD wave functionsPMK8

J6 FAMD ,

F5cPMK8
J6 FAMD~Z!1c8PMK8

J6 FAMD~Z8!1•••. ~6!

The detail is mentioned later in Sec. II D.

B. Energy variation

We make variational calculations to find the state wh
minimizes the energy of the system:

^FuHuF&

^FuF&
, ~7!

by the method of frictional cooling. Regarding the friction
cooling method in AMD, the reader is referred to@2,14#. For
the wave functionF(Z) parametrized byZ, the time devel-
opment of the parameters is given by the frictional cool
equations

dXnk

dt
5~l1 im!

1

i\

]

]Xnk*

^F~Z!uHuF~Z!&

^F~Z!uF~Z!&
,

~n51,3 k51,A!, ~8!

djk

dt
5~l1 im!

1

i\

]

]jk*

^F~Z!uHuF~Z!&

^F~Z!uF~Z!&
, ~k51,A!

~9!

with arbitrary real numbersl andm,0. It is easily proved
that the energy of the system decreases with time. After
06430
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ficient time steps of cooling, the parameters for the wa
function of the minimum-energy state are obtained.

C. Lowest J6 states

In order to obtain the wave function for the lowestJ6

state, we perform the energy variation for the spin-par
eigenstates projected from an AMD wave function. In th
case the trial function isF5PMK8

J6 FAMD(Z). In the previous
works @2# with the simplest version of AMD for the study o
nuclear structure, the approach was a variation after only
parity projection but a variation before the total spin proje
tion ~VBP!. In the present paper, the approach is a variat
after the spin-parity projection~VAP!. First we make
VBP calculations to prepare an initial wave functio
FAMD(Z init) for the VAP calculations. We choose a
appropriateK8 quantum that gives the minimum diagon
energy of the spin-parity eigenstate

^PMK8
J6 FAMD~Z init!uHuPMK8

J6 FAMD~Z init!&

/^PMK8
J6

~Z init!uPMK8
J6

~Z init!&,

whereK8 is the component of the total-angular momentu
along the approximately principal axis in the intrinsic sy
tem. For each spin parityJ6, we perform VAP calculations
for

^PMK8
J6 FAMD~Z! uHu PMK8

J6 FAMD~Z!&

/ ^PMK8
J6

~Z! uPMK8
J6

~Z!&

with the adoptedK8 quantum from the initial state. In the
VAP procedure, the principalz axis of the intrinsic deforma-
tion is not assumed to be equal with the third axis of Eu
angle in the total-angular momentum projection. In gene
the principalz axis is automatically determined in the ener
variation, that is to say that the obtained statePMK8

J6 FAMD by
VAP with a givenK85^J3& can be the state with so-calledK
mixing in terms of the intrinsic deformation where theK
5^Jz& quantum is defined on the principal axis. In ma
cases, thez axis determined in the VAP calculation is foun
to be approximate to the third axis. It means that the obtai
states do not containK mixing so much, andK8 is consid-
ered to be the approximateK quantum for the principal axis
The excitedJ6 states in the bandKp5K96 other than the
K8 quantum of the lowerJ6 states are obtained by VAP
calculations forPMK9

J6 FAMD under the constraint on the prin
cipal axisz as equal to the third axis.

D. Higher excited states

As mentioned above, with the VAP calculation fo
F(Z)5PMK8

J6 FAMD(Z) of theJ6 eigenstate withK8, we ob-
tain the set of parametersZ5Z1

J6 which present the wave
function for the firstJ6 state. To search for the parametersZ
for the higher excitedJ6 states in thenth Kp5K86 band,
the wave functions are superposed to be orthogonal to
lower states as follows. The parametersZn

J6 for the nth J6

state are reached by varying the energy of the orthogo
component to the lower states:
4-3
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F~Z!5PMK8
J6 FAMD~Z!

2 (
k51

n21 ^PMK8
J6 FAMD~Zk

J6!uPMK8
J6 FAMD~Z!&

^PMK8
J6 FAMD~Zk

J6!uPMK8
J6 FAMD~Zk

J6!&

3PMK8
J6 FAMD~Zk

J6!. ~10!

E. Expectation values

After VAP calculations for variousJn
6 states, the intrinsic

statesFAMD
1 ,FAMD

2 , . . . ,FAMD
m , which approximately cor-

respond to theJn
6 states, are obtained as much as the num

of the calculated levels. Finally we determine the wave fu
tions for theJn

6 states by diagonalizing the Hamiltonian m
trix ^PMK8

J6 FAMD
i uHuPMK9

J6 FAMD
j & and the norm matrix

^PMK8
J6 FAMD

i uPMK9
J6 FAMD

j & simultaneously with regard to
( i , j ) for all the intrinsic states and (K8,K9). In comparison
with the experimental data such as energy levels andE2
transitions, the theoretical values are calculated with the fi
states after diagonalization.

III. INTERACTIONS

The adopted interaction for the central force is case 3
the MV1 force@17#, which contains a zero-range three-bo
force V(3) as a density-dependent term in addition to t
two-body interactionV(2) of the modified Volkov force,

VDD5V(2)1V(3), ~11!

V(2)5~12m1bPs2hPt2mPsPt!H VAexpF2S r

r A
D 2G

1VR expF2S r

r R
D 2G J , ~12!

VA5283.34 MeV, r A51.60 fm,

VR599.86 MeV, r R50.82 fm, ~13!

V(3)5v (3)d~r12r2!d~r12r3!, v (3)55000 MeV fm6,
~14!

where Ps and Pt stand for the spin and isospin exchan
operators, respectively. As for the two-body spin-orbit for
VLS , we adopted the G3RS force@18# as follows:

VLS5$uI exp~2k I r
2!1uII exp

~2k II r
2!%

~11Ps!

2

~11Pt!

2
L•~S11S2!, ~15!

k I55.0 fm22, k II 52.778 fm22. ~16!

The Coulomb interactionVC is approximated by a sum o
seven Gaussians.

We treat the resonance states within a bound-state
proximation by situating an artificial barrierEbarr. In the
variational calculation we variate the modified energyE8
06430
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5E1Ebarr with the additional artificial energyEbarr instead of
E[^FuHuF&/^FuF&, whereH is the Hamiltonian operator
H5T1VDD1VLS1VC. For the barrier in the present calcu
lations we adopt a function of the real part of the centersX i
of the single-particle wave functions as follows:

Ebarr5VW(
i 51

A

expF22nS r a2
uRe@X i #u

An
D 2G , ~17!

r a5r 0~2 Max@Z,N# !1/31b, ~18!

VW52.5 MeV, r 051.2 fm, b5A 3

2n
fm, ~19!

whereZ andN are proton and neutron numbers, respective
We put the artificial barrier only in the variational calcul
tion, but do not put the barrier in the diagonalization of t
Hamiltonian matrix after VAP calculations. In the prese
calculations of10Be, the artificial energies due to the barri
are found to be a few hundreds keV at most and have
significant effect on the results in most levels.

IV. RESULTS

The structure of the excited states of10Be is studied with
the VAP calculations in the framework of AMD. In this sec
tion we display the theoretical results of the excitation en
gies,E2, E1, andb transitions which can be directly com
pared with the experimental data. The detail of the structu
is discussed in the next section. The adopted paramete
the interactions arem50.62, b5h50 for the Majorana,
Bertlett, and Heisenberg terms of the central force and
strength of the spin-orbit forceuI52uII 53000 MeV@case
~1!#. Trying another set of parameters, case~2! with m
50.65, b5h50 and uI52uII 53700 MeV, we did not
find significant differences in the results. The set of para
eters of case~1! is the one adopted in the work on12C @15#.
On the other hand, the VAP calculations with the set
interactions of case~2! reproduce the parity inversion of th
ground state of11Be. The optimum width parametersn of
wave packets are chosen to be 0.17 fm22 for case~1! and
0.19 fm22 for case~2! which give the minimum energies in
VBP calculations of10Be. The resonance states are trea
within a bound-state approximation by situating an artific
barrier out of the surface as mentioned in Sec. III.

The lowestJ6 states are obtained by VAP calculation
for PMK8

J6 FAMD with (J6,K8)5(01,0), (21,0), (31,12),
(41,0), (12,21), (22,21), (32,21), (42,21). Consid-
ering the 02

1 state to be a 01 state in the secondKp501

band, the 02
1 state is calculated by VAP as the higher excit

state orthogonal to the lowest 01
1 state as explained in th

Sec. II D. That is to say that the 02
1 state is obtained by VAP

for F(Z) in Eq. ~10! with (J6,K8,n)5(01,0,2). In the case
of higher 21 states, we use the constraint that the appro
mately principalz axis of the intrinsic deformation is equa
to the third axis of the Euler angle in the total-spin proje
tion. According to VBP calculations the second 21 state is
described as the band head of the lowestKp521 band.
4-4
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Therefore, we construct the state 22
1 by choosing (J6,K8) of

PMK8
J6 FAMD as (J6,K8)5(21,12) under the constraint on

the principalz axis which keeps the approximate orthogon
ity to the lowest 21 state with (J6,K8)5(21,0). The third
23

1 state is easily conjectured to be a 21 state in the second
Kp502

1 band, like the 02
1 state. We obtain the 23

1 state by
VAP for F(Z) in Eq. ~10! with (J6,K8,n)5(21,0,2) in the
same way as the 02

1 state, under the constraint on the pri
cipal z axis mentioned above. It means that the orthogo
condition to 21

1 is kept by superposing two wave function
as described in Sec. II D, while the orthogonality
22

1 (Kp521) is taken into account by choosing differentK
quantumK850.

The binding energy obtained with case~1! interactions is
61.1 MeV, and the one with case~2! is 61.3 MeV. The ex-
citation energies of the results are displayed in Fig. 1.
diagonalization of the Hamiltonian matrix the excited sta
42

1 , 61 are found in the rotational band theKp502
1 and the

52 state is seen in theKp512 band. Comparing with the
experimental data, the level structure is well reproduced
theory. Although it is difficult to estimate the width of reso
nance within the present framework, the theoretical res
suggest the existence of 31, 41, 61, and 52 states which
are not experimentally identified yet. The excited levels c
be roughly classified as the rotational bandsKp501

1 , 21,
02

1 , and 12 which consist of (01
1 , 21

1 , 41
1), (22

1 , 31
1),

(02
1 , 23

1 , 42
1 , 61

1), and (12, 22, 32, 42, 52), respec-
tively. The intrinsic structures of these rotational bands

FIG. 1. Excitation energies of the levels in10Be. Theoretical
results are calculated by the diagonalization of the states obta
with VAP by using the interaction case~1!.
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discussed in detail in the next section.
The data of the transition strength are of great help

investigate the structures of the excited states. The res
with the interaction case~1! and the experimental data ofE2
andE1 transition strength are presented in Table I. The t
oretical values agree well with the experimental data. T
strengthB(E2) for 10C;21

1→01
1 is simply calculated by the

wave function of10C supposed to be mirror symmetric wit
10Be. The present result for theE2 strength of 10C;21

1

→01
1 is better than the work with simple AMD calculation

@19# mainly due to the superposition of many wave functio
by diagonalization. As the values with a shell model,
12)\v shell-model calculations with effective chargesep

51.05e,en50.05e from Ref. @10# are also listed. Also the
shell-model calculations reproduce the experimental data
the E2 properties of low-lying levels.

The strength of theb decays of Gamow-Teller~GT!-type
transitions can be deduced from the cross sections at th
forward angle of the charge exchange reactions which h
been measured recently@7#. These new data for the Gamow
Teller-typeb transitions are very useful probes to discuss
structures of the excited states of unstable nuclei. Tabl
shows the values ofB(GT). The experimental values for th
b transitions from10B(31) to 10Be* are deduced from the
data of the reaction10B(t,3He)10Be. As for the theoretical
values, the wave functions for the neighbor nucleus10B are
calculated with VAP where (J6,K8) are chosen to be (31,
23) for the ground 31

1 state and (11,21) for the 11
1 state.

10Be and 10B are calculated with case~1! and ~2! interac-
tions. The theoretical values reasonably match the exp
mental data. Since the data for10B(31)→10Be(9.4 MeV)
correspond well to the theoretical value of10B(31)
→10Be(31

1), it is natural to consider the excited level o
10Be at 9.4 MeV as the 31

1 state. The strength of these G
transitions from10B(31) is governed by the configuration o
the ground state of10B which is understood as the state 31

with uKu53 in thep shell in the simple shell-model limit. It
is natural that the transitions to 22

1 and 31
1 states in theKp

521 bands of 10Be are strong while the transitions to th
states in theKp501 bands are weaker. The strength is n
so sensitive to the interactions except for the dec
10B(31)→10Be(21

1). The results of the GT transition
10B(31)→10Be(21

1) with case~1! and case~2! interactions
underestimate the experimental data. It is because theK52
component hardly mixes in the 21

1 state of 10Be in the case

ed
the

TABLE I. E2 andE1 transition strength. The theoretical results of AMD with the interaction case~1! are

compared with the experimental data@20#. The shell model calculations are quoted from the work with
(012)\v shell model in Ref.@10#.

Transitions Mult. Expt. Present AMD Shell model

10Be;21
1→01

1 E2 10.561.1 ~e fm2) 11 ~e fm2) 16.26~e fm2)
10Be; 02

1→21
1 E2 3.362.0 ~e fm2) 0.6 ~e fm2) 7.20 ~e fm2)

10Be; 02
1→11

2 E1 1.360.631022 ~e fm! 0.631022~e fm!

10C;21
1→01

1 E2 12.362.0 ~e fm2) 9 ~e fm2) 15.22~e fm2)
4-5
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of these interactions. On the other hand, a larger value 0
for 10B(31)→10Be(21

1) is calculated with another set o
interactions; Volkov No. 2 (m50.38,b50,2,h520.4)
1G3RS(uI52uII 51600 MeV)1Coulomb, in which the
21

1 state in theKp501
1 band contains the mixing of theK

52 component. It is predicted that theB(GT) for 10B(31)
→10Be(23

1) is small because10Be(23
1) is the state in the

Kp502
1 band which is constructed by the linear structu

with the developed clustering. The10Be(23
1) state is the

particle-hole state in terms of the harmonic oscillator sh
model basis and it is hardly mixed with both thep-shell
states in theKp501

1 and Kp521 bands in the present re
sults with those interactions. The result ofB(GT) for
10Be(01

1)→10B(11) is consistent with the experimental da
of theb decay from the mirror nucleus10C(01

1)→10B(11).
In Ref. @7# of the measurements of the strengthB(GT), they
mentioned about the isospin symmetry violation ofb decay
strength comparingB(GT2) for 10B(31)→10Be(22

1) with
B(GT1) for the mirror reaction to10C. In the present calcu
lations, we could not find the difference betweenB(GT2)
andB(GT1) because there is little violation of isospin sym
metry between the structures of10Be(22

1) and the mirror
state of10C. There exists a significant difference between
excitation energies of the daughter states of10Be and 10C.
The present results suggest that thep-shell components are
dominant in the 22

1 states as well as the ground states. T
Coulomb energy changes associated with the spatial ex
of the states are not so large as to describe the excita
energy difference between the mirror daughter states in
case, though they have been known to be one of the rea
for the energy shift of the mirror states in the case ofsd
orbits in the light nuclei. It is expected that the isospin v
lation of the wave functions between these mirror states m
describe the difference ofB(GT) and the excitation energie
between the mirror nuclei. We need more detailed invest
tions to discuss the problem of the isospin symmetry vio
tion of B(GT).

V. DISCUSSION

In this section we discuss the structure of the exci
states by analyzing the wave functions. Even though
states obtained by VAP mix after the diagonalization of
Hamiltonian matrix, the statePMK8

J6 FAMD(Zn
J6) projected

from a Slater determinant obtained in VAP with (J6,K8,n)
is dominant in the final result of theJn

6 state. In this section
we consider the Slater determinantFAMD(Zn

J6) as the intrin-
sic state for theJn

6 state.

A. Intrinsic structure

In the excited states, various kinds of structures are fou
Here we analyze the structures of the intrinsic sta
FAMD(Zn

J6). It is found that the excited levels are classifi
into rotational bands as 01

1 , 21
1 , 41

1 states inKp501
1 band,

22
1 , 31

1 in Kp521 band, 02
1 , 23

1 , 42
1 , 61 in the second

Kp502
1 band and 12, 22, 32, 42, 52 in Kp512 band.

Particularly the moleculelike states with the well-develop
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2a cores construct the rotational bandsK6502
1 and 12 in

which the level spacing is small because of the large m
ments of inertia. The density distributions of matter, proto
and neutrons in the intrinsic statesFAMD(Zn

J6) are presented
in Fig. 2. We found the 2a12n structures in most of the
intrinsic states of the low-lying levels. The structure likea
1t1t which has another spatial symmetry may appear in
high energy region above 10 MeV. The density of proto
indicates that the clustering structure develops more larg
in 12 than 01

1 and most remarkably in 02
1 . As seen in Fig.

2 the intrinsic structure of the 02
1 state has an axial symme

ric linear shape with the largest deformation, while the 12

state has an axial asymmetric shape because of the va
neutrons. The structures of the 01

1 and 11
2 states are similar

to the ones of the previous work with the simplest version
AMD @12#. The increase of the degree of the deformati
along 01

1 , 12, and 02
1 is consistent with the previous work

such as@4,6,13#. In the K6512 band, the deformation to
ward the prolate shape shrinks as the total spinJ increases.

In the Kp501
1 band, the 2a cores weaken with the in

crease of the total spin due to the spin-orbit force. The
duction of the clustering structure is more rapid in the case
interaction~2! with the stronger spin-orbit force, and the 21

1

and 41
1 states in case~2! interactions contain the dissociatio

of a. Regarding the dissociation of thea cores, the struc-

TABLE II. B(GT) of b decays which is the square of the e
pectation value of the Gamow-Teller operator. The experime
data are the values deduced from the cross sections
10B(t,3He)10Be* at 0° forward angle@7# and the values from@21#.
The theoretical values are obtained with case~1! and case~2! inter-
actions for10Be and10B.

Expt.
Initial final

(Jp,Ex) ~MeV! (Jp,Ex) ~MeV! B~GT!

10B(31,0! 10Be(21
1 ,3.37! 0.086 0.03 ~Ref. @7#!

10B(31,0! 10Be(22
1 ,5.96! 0.956 0.13 ~Ref. @7#!

10B(31,0! 10Be(21 or 31, 9.4! 0.316 0.08 ~Ref. @7#!
10C(01,0! 10B(11, 0.72! 3.44 ~Ref. @21#!

Theory case~1!
10B(31) 10Be(21

1) 0.02
10Be(22

1) 1.1
10Be(31

1) 0.40
10Be(41

1) 0.08
10Be(23

1) 0.03
10Be(01

1) 10B(11) 2.9

Theory case~2!
10B(31) 10Be(21

1) 0.00
10Be(22

1) 0.92
10Be(31

1) 0.38
10Be(41

1) 0.10
10Be(23

1) 0.00
10Be(01

1) 10B(11) 2.5
4-6
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tures of those states are sensitive to the strength of the s
orbit force.

The 23
1 has the remarkably developed moleculelike str

ture with a linear shape and belongs to the rotational b
K502

1 . On the other hand, the lowest 31 state of10B is the
ordinary state in terms of thep shell and has theK quantum
K53. There are differences in the structure and theK quan-
tum between the initial and final state. Furthermore, altho
the energy of 23

1 is expected to be close to 22
1 in the Kp

521 band, this moleculelike state is hardly mixed by t
state withK52. As a result the theory predicts a small val
of the Gamow-Teller strength10B(31)→10Be(23

1).

B. Behavior of valence neutrons

Even though we did not assume the existence of any c
ters in the model, we have found the 2a12n structures in
most of the intrinsic states as mentioned above. We study
behavior of the valence neutrons surrounding 2a by analyz-
ing the single-particle wave functions to understand the r
of the valence neutrons in the neutron-rich Be nuclei. C

FIG. 2. The density distribution of matter, protons, and neutr
of the intrinsic states are shown at left, middle, and right, resp
tively. The density is integrated along the axis perpendicular
adequate planes. The figures are for the results with the intera
case~1!.
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sidering that an intrinsic state is written by a Slater deter
nant FAMD , the single-particle wave functions and th
single-particle energies of an intrinsic state are determi
by diagonalizing the single-particle Hamiltonian by the an
ogy with Hartree-Fock theory. First we transform the set
single-particle wave functionsw i of an AMD wave function
into an orthonormal basew̃a . The single-particle Hamil-
tonian can be constructed by use of the orthonormal bas
follows @4,12#:

hab5^w̃au t̂ uw̃b&1(
g

A

^w̃aw̃guv̂uw̃bw̃g2w̃gw̃b&

1
1

2 (
g,d

A

^w̃aw̃gw̃duv̂3uw̃bw̃gw̃d1w̃dw̃bw̃g1w̃gw̃dw̃b

2w̃bw̃dw̃g2w̃gw̃bw̃d2w̃dw̃gw̃b&, ~20!

where the Hamiltonian operator is written by a sum of t
kinetic term, two-body interaction term, and three-body
teraction term;H5( i t̂1( i , j v̂21( i , j ,kv̂3.

The single-particle energies in the 01
1 , 12 and 02

1 states
are shown in Fig. 3. In each state the neutrons in the f
orbits from the bottom correspond to the neutrons in thea
clusters. The level spacing of these four lower orbits b
comes smaller in 12 than in 01

1 and smallest in the 02
1 state

with the increase of the distance between clusters. We c
sider the last two neutrons in the higher orbits as vale
neutrons surrounding 2a cores. We display the density dis
tributions of single-particle wave functions for the two v
lence neutrons in the left column of Fig. 4. Figures in t
middle and right columns of Fig. 4 are for the normaliz
density of the positive and the negative parity eigensta
projected from the single-particle wave functions, resp
tively. By analyzing the single-particle wave functions it
found that two valence neutrons of the 01

1 states contain
negative parity components of more than 80%~the right col-
umn in Fig. 4!, which seem to bep bonds @Fig. 5~a!# in
terms of molecular orbits. On the other hand, in the case
02

1 band, the last two neutrons are predominantly in the po
tive parity orbits, which are analogous to thes bonds@Fig.
5~b!#. In the 12 band, each valence neutron contains bot
positive parity component likes and a negative parity one
similar to p. Since the parity of the total system is negati
in the 12 band, the states after the parity projection have o
neutron in thes orbit and the other neutron in thep orbit.
Roughly speaking, the 01

1 , 12, and 02
1 states are understoo

s
c-
o
on

FIG. 3. Single-particle energies in the intrinsic system of t
01

1 , 12, and 02
1 states. The energies of protons~neutrons! are

displayed in the left~right! side in each figure.
4-7
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Y. KANADA-EN’YO, H. HORIUCHI, AND A. DOTÉ PHYSICAL REVIEW C 60 064304
as 2a and two valence neutrons inp2, sp, ands2 orbits,
respectively. The interesting point is that the valence n
trons play important roles in developing the clustering str
ture in the excited bands. We can argue that the cluste
develops in the 12 band and mostly in the 02

1 band owing to
the s orbits of the valence neutrons, because thes orbit
prefers the prolately deformed system so as to gain its kin
energy. This idea originates from the application of the tw
center shell model to the dimer model for Be isotopes by v

FIG. 4. Density distribution of single-particle wave functions
the valence two neutrons in the intrinsic states of 01

1 , 12, and 02
1

~left column!. The method for extracting the single-particle wa
functions is explained in the text. The middle and right columns
for the density of the positive parity and negative parity compone
projected from the single-particle wave functions, respectively. T
wave functions projected into the parity eigenstates are normal
for presentation.

FIG. 5. Schematic figures of the molecular orbitsp bond~a! and
s bond ~b! surrounding 2a clusters.
06430
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-
g
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n

Oertzen@13# and is consistent with the argument in the wo
~with the method of AMD1HF! by Dotéet al. @4#.

From the viewpoints of the shell model, the levelsJp

501
1 , 21

1 , 41
1 , 22

1 , and 31
1 in the Kp501

1 and Kp521
1

bands are thep-shell states. These states belong to the sa
@442# spatial symmetry in the supermultiplet limit. On th
other hand, the negative parity states in theKp512 are
dominated by the 1p-1h configurations as for the neutronp
shell. The excited states in theKp502

1 band are particle-
hole states where the 2p-2h configurations with 2\v exci-
tation are prime. It is consistent with the rotational band se
in the 2\v states of shell-model calculations@8# and with
the 02

1 state of Skyrme Hartree-Fock calculations@3#. How-
ever, the well developed clustering structures in theKp

512 and theKp502
1 bands contain considerably highe

configurations which are not included explicitly in the wa
function of the 1\v model space and (012)\v model
space.

C. Mechanism of clustering development

As mentioned above, one of the viewpoints for t
mechanism of the clustering development is the molecule
orbits s and p. Here we try to understand the mechanis
from the other viewpoint of the two-center clustering mod

The reason for the clustering development in the ordin
nuclei has been understood as follows: the system gains
kinetic energy with the development of clustering although
loses potential energy. In order to understand the mechan
of clustering in light unstable nuclei, we think it is helpful t
investigate the competition of the kinetic and the poten
energies in the moleculelike states of10Be.

In the density distribution of VAP results, the structur
of the 01

1 , 12, and 02
1 states seem to be the two-cent

clustering structures which consist of6He1a ~see Fig. 6!.
To estimate the dependence of the kinetic and potential
ergies on the degree of the spatial clustering developmen
represent the three kinds of configurations for the6He1a
system corresponding to the 01

1 , 12, and 02
1 states of10Be

e
ts
e
ed

FIG. 6. Schematic figures for the intrinsic structure of 01
1 , 12,

and 02
1 are shown in the left columns of~a!, ~b!, and ~c!, respec-

tively. Right columns indicate the three kinds of configurations
the centers of Gaussians in the simplified AMD wave functio
which correspond to the two-center6He1a cluster model for the
excited states 01

1(a), 12(b), and 02
1(c) of 10Be. The black~white!

circles correspond to the centers of Gaussians of the single-pa
wave functions for protons~neutrons!.
4-8
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by the simplified AMD wave functionsFAMD(Z) as follows.
The intrinsic spin of the single-particle wave functions a
fixed to be up or down for simplicity. For the6He1a sys-
tem with the intercluster distanced ~fm!, the centers of
single-particle Gaussian wave functions are located aro
two pointsaW 15(23d/5An,0,0) andaW 25(2d/5An,0,0). The
three kinds of configurations of the centers for 01

1 , 12, and
02

1 states are shown in the right figures of Fig. 6. We set

centers forp↑, p↓, n↑, n↓ at the pointaW 1 andp↑, p↓ at aW 2.
The centers for the last four neutrons are located at the po
very close toaW 2 asaW 26dW , where enough smalldW is chosen
so that the angleu betweendW , andaW 2 is u5p/2, p/4, and 0
corresponding to the 01

1 , 12, and 02
1 states, respectively

For the parity eigenstates projected from these three kind
the simplified AMD wave functionsFAMD(Z), we calculate
the expectation values of total, kinetic, and potential energ
as the function of the intercluster distanced:

^H&[
^~16P!FAMD~Z!uHu~16P!FAMD~Z!&

^~16P!FAMD~Z!u~16P!FAMD~Z!&
, ~21!

^T&[
^~16P!FAMD~Z!uTu~16P!FAMD~Z!&

^~16P!FAMD~Z!u~16P!FAMD~Z!&
, ~22!

^V&[
^~16P!FAMD~Z!uVu~16P!FAMD~Z!&

^~16P!FAMD~Z!u~16P!FAMD~Z!&
, ~23!

where we omit the spin-orbit and the Coulomb forces
simplicity. In Fig. 7 we present the total energy, the kine
energy, and the potential energy for the three kinds of c
tering states 01

1 , 12, and 02
1 as the function of the distanc

d between6He anda clusters. As shown in the figure for th
total energy^H&, the optimum distances indicate that th
clustering structure develops in the system for the 12 state
and is most remarkable in the state for 02

1 , which is consis-
tent with the present results of VAP calculations. The shift
the minimum point of the total energy is understood by
energetic advantage of the kinetic part as follows. It is fou
that the kinetic energies in the small-d region are sensitive to
the configurations, while in the case of the potential energ
significant differences are not seen in the three configu
tions. When the clusters approach each other the kinetic
ergy in the configuration for the 12 state becomes larger tha
01

1 by 1/2\v ~about 7 MeV forn50.17), because all the
neutrons in 01

1 are in 0s and 0p shells, while in the negative
parity state for 12 one valence neutron must rise to th
higher sd shell in the small-d region. Since in the small-d
limit the wave function is almost the the same as the h
monic oscillator shell-model wave function due to the an
symmetrization, the kinetic energy of thesd shell is larger
than by 1/2\v the one of thep shell. Thus the system for 12

loses the energy in the small distanced, as a result, the mini-
mum point of the total energy shifts to the largerd region
than the case of the 01

1 state. In the case of the linear co
figuration for the excited 02

1 state, the two valence neutron
occupy thesd orbit in the small-d limit and the kinetic en-
06430
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ergy is larger than 01
1 by \v. That is why the optimum point

d in 02
1 is the largest of the three. In other words, when t

clusters approach each other, the system feels the repu
force in the kinetic part because of the Pauli principle. Th
is the reason why the clustering structure remarkably de
ops in the 02

1 state. In the analysis with this simplified two
cluster model, we can conclude that the clustering devel
so as to gain the kinetic energy. It is compatible with t
viewpoint of the moleculars orbit.

FIG. 7. Total, kinetic, and potential energies as the dista
between clusters in the simplified6He1a cluster models for the
excited states of10Be. The adopted interaction is the MV1 forc
with m50.62, and the spin-orbit and the Coulomb forces are om
ted. The distanced between clusters and the configuration for t
01

1 , 12, and 02
1 states are defined in the text. The solid line

dashed lines, and dot-dashed lines correspond to the energies
system for 01

1 , 12, and 02
1 states of10Be, respectively.
4-9
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VI. SUMMARY

We studied the structures of excited states of10Be by
performing variational calculations after the spin-parity p
jection in the framework of antisymmetrized molecula
dynamics ~AMD !. We explained the formulation of th
variation after projection and the method to construct
higher excited states with AMD.

The excitation energies of many levels of10Be were re-
produced by AMD calculations with the finite range intera
tions. The theoretical results agree well with the experim
tal data of E1, E2 transition strength. The result
successfully describe the new data ofB(GT) for theb tran-
sition strength reduced from the 0° angle cross section
the charge exchange reactions10B(t,3He)10Be* .

In the present work on10Be we tried a few sets of the
interaction parameters, however, there remains ambiguit
choosing the parameters such as the strength of the Majo
exchange force and the strength of the spin-orbit force
order to determine these parameters we should exam
many data for neighboring nuclei systematically.

We discuss the structures of excited states. By analyz
the intrinsic structures it is found that the excited levels
classified into the rotational bands asKp501

1 , 21, 02
1 , and

12. Although thea clusters are not assumed in the mod
the theoretical results show that the 2a12n structures ap-
pear in most of the states. Particularly the molecularl
states with the developed 2a structure constructs the rota
tional bandsKp502

1 and 12 in which the level spacing is
small because of the large deformations. The molecule
structure develops more largely inKp512 than in Kp

501
1 and most remarkably inKp502

1 .
We extracted the single-particle wave functions to disc

the behavior of the valence neutrons. In the analysis of
s
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intrinsic states of 01
1 , 12, and 02

1 states~the bandheads o
the rotational bandsKp501

1,12,02
1), we found that the two

valence neutrons are in the molecular orbits surroundinga.
The positive and negative parts of the orbits are analogou
the s and p bonds in terms of the electron orbits in mo
ecules. Roughly speaking, the 01

1 states, 12 and 02
1 bands

are regarded as the states with the two valence neutron
p2, sp, ands2 orbits, respectively. The neutrons in thes
orbit play an important role for the development of clusteri
because thes orbit profits from the kinetic energy in the
prolately deformed system.

In order to understand the mechanism of the cluster
development in the excited states of10Be, we analyze the
kinetic and the potential parts of the total energies with
simplified model of the two-center6He1a cluster model. In
the 12 and 02

1 states, when the distance between clust
becomes small the systems feel the repulsive kinetic ene
because the valence neutrons must rise into higher or
Because of the repulsive kinetic energy in the small int
cluster distance the clustering structure develops in the
cited states 12 and 02

1 to gain the kinetic energy.
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