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Structure of excited states of11Be studied with antisymmetrized molecular dynamics
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The structures of the ground and excited states of11Be were studied with a microscopic method of anti-
symmetrized molecular dynamics. The theoretical results reproduce the abnormal parity of the ground state and
predict various kinds of excited states. We suggest a new negative-parity band with a well-developed cluster
structure which reaches high-spin states. Focusing on a 2a cluster structure, we investigated the structure of
the ground and excited states. We point out that molecular orbits play important roles for the intruder ground
state and the low-lying 2\v states. The features of the breaking ofa clusters were also studied with the help
of data for Gamow-Teller transitions.
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I. INTRODUCTION

Recently, information on the excited states of light u
stable nuclei has increased rapidly@1–5#. In the excited
states of light unstable nuclei, an exotic molecular struct
of light unstable nuclei is one of the attractive subjects
experimental and theoretical research. For example, mol
lar structure has been suggested to appear in neutron
nuclei, such as10Be and 12Be @1,4–12#. von Oertzenet al.
@6,7# proposed a kind of exotic cluster structure with a 2\v
configuration in the excited states of11Be. However, there
have been few microscopic studies on the excited state
11Be.

Needless to say,a-cluster cores are very important in th
ground and excited states of11Be as well as in9Be and
10Be. However, we should not forget the breaking ofa clus-
ters in 11Be because there are many valence neutrons aro
the a clusters. The experimental data concerning
b-decay strength are very useful to estimate the breakin
the 2a-cluster structure in Be isotopes, because Gam
Teller transitions from Li to Be are not allowed if th
a-cluster cores in the daughter state of Be are comple
ideal ones with a simple (0s)4 configuration. It is very inter-
esting that the recently measuredb-decay strength from11Li
to 11Be indicates a significant breaking ofa clusters in the
excited states of11Be @2#. Therefore, it is important to also
study the breaking ofa clusters due to the surrounding ne
trons as well as the development of clustering in11Be.

We should point out another interesting feature in11Be.
Abnormal parity of the ground state in11Be has been known
for a long time. Namely, the spin parity of the ground state
1/21, which seems to be inconsistent with the ordinary sh
model picture in which11Be with seven neutrons may have
1/22 state as the ground state. It has long been a prob
why parity inversion occurs in11Be. As possible reasons fo
this parity inversion, such effects as the halo structure, a c
deformation, clustering, and paring are suggested. For
ample, the energy gain of a positive-parity state of11Be is
discussed in Refs.@13–17#. However, the ground-state stru
0556-2813/2002/66~2!/024305~12!/$20.00 66 0243
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ture has not been sufficiently studied by fully microscop
calculations without assumptions such as the existence
core nuclei. Although the cluster structure must be import
in Be isotopes, it is difficult for mean-field approaches
describe developed cluster structures. With a theoret
method of antisymmetrized molecular dynamics, Dote´ et al.
have studied the abnormal parity ground state of11Be with-
out assuming cores or the stability of the mean field. Ho
ever, in their work@8#, the effects of angular momentum
projections and three-body forces were approximately e
mated by perturbative treatments.

Our aim is to make a systematic research of the struc
of the ground and excited states of11Be based on micro-
scopic calculations. An important point is that the theoreti
approach should be free from such model assumptions
stability of the mean field and the existence of inert cores
clusters. First of all, traditional mean-field approaches
not useful to study the developed cluster structure in Be
topes. With cluster models, the cluster structure of the
cited states of9Be and10Be has been successfully explaine
@11,12,18–20# by assuming 2a cores and surrounding neu
trons. Since the assumption of 2a-cluster cores is not appro
priate to discuss the breaking ofa cores, these cluster mod
els are not sufficient for investigations of11Be with many
valence neutrons. In fact, it is difficult to use them to direc
calculate the experimental data of theb-decay strength from
11Li. With these models it may not be possible to descr
the recently discovered excited state at 8.04 MeV with
strongb transition strength from11Li.

We have applied a theoretical approach of antisymm
trized molecular dynamics~AMD !. The AMD method has
already proved to be useful for studying the structures
light nuclei @8,10,21–24#. Within this framework, we do not
need such model assumptions as inert cores, clusters, or
symmetries, because the basis wave functions of a nuc
system are written by Slater determinants where all cen
of the Gaussian-type spatial part of single-particle wa
functions are free parameters. In AMD studies of neutro
rich nuclei, we investigated the structures of Be isotop
@8,22,24#. In AMD calculations, many kinds of experimenta
©2002 The American Physical Society05-1
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data for nuclear structure have been reproduced. As a re
of the flexibility of the AMD wave function, we have suc
ceeded in describing the structure changes between s
model-like states and cluster states with an increase in
neutron number. In previous studies@8,22# of Be isotopes,
the excited states of11Be were not studied in detail becau
the calculations are based on the variation before a total
gular momentum projection. Recently, the AMD framewo
has been developed to be an extended version base
variational calculations after a spin-parity projection~varia-
tion after projection: VAP!, which has already been con
firmed to be powerful for studying the excited states of lig
nuclei. The method has been applied to a stable nucleus12C
@23# and to unstable nuclei10Be, 12Be, and14Be @9,10,25#.

In the present work, the structures of the ground and
cited states of11Be were studied by performing VAP calcu
lations using the AMD method. In the next section~Sec. II!,
we explain the formulation of AMD for a nuclear structu
study of the ground and excited states. The adopted effec
interactions are briefly explained in Sec. III. In Sec. IV, w
present the theoretical results concerning the energy leveb
decays andE2 transitions compared with the experimen
data. We predict a new rotational band with a well-develop
cluster structure which comes from 2\v configurations. In
Sec. V, the intrinsic structure and behavior of the valen
neutrons are discussed. We also discuss the breakinga
clusters, which has an important effect on theb-decay
strength. Finally, we summarize our work in Sec. VI.

II. FORMULATION

In this section, the formulation of AMD for a nuclea
structure study of the excited states is briefly explained.
more detailed descriptions of the AMD framework the rea
is referred to Refs.@10,22,23#.

A. Wave function

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%, ~1!

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 ,

~2!

where thei th single-particle wave functionw i is a product of
the spatial wave functionfXi

, the intrinsic spin functionxj i

and the isospin functiont i . The spatial partfXi
is presented

by a Gaussian wave packet whose center is defined by c
plex parametersX1i , X2i , X3i . Herexj i

is the intrinsic spin

function parametrized byj i , while t 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 para
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etrized by a set of complex parametersZ[$Xni ,j i% (n
51,3 andi 51,A). X i are the centers of Gaussians for t
spatial parts and the parametersj i ’s determine the directions
of the intrinsic spins of the single particle wave functions

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!, ~3!

whereP is a parity projection operator. In the case of a to
angular momentum projection (J projection!, the wave func-
tion of a system is represented by the integral of the rota
states,

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

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

~4!

where the functionDMK
J is the well-known Wigner’sD func-

tion and R(V) stands for the rotation operator with Eule
angleV.

In principal the total wave function can be a superposit
of independent AMD wave functions. For example, a syst
is written by a superposition of spin-parity-projected AM
wave functionsPMK8

J6 FAMD as follows:

F5cPMK8
J6 FAMD~Z!1c8PMK8

J6 FAMD~Z8!1•••. ~5!

The expectation values of a given tensor operatorTq
k ~rank

k) for the total-angular-momentum-projected sta
PM1K1

J16
FAMD(Z) andPM2K2

J26
FAMD(Z8) are calculated as fol-

lows:

^PM1K1

J1 F1uTq
kuPM2K2

J2 F2& ~6!

5
2J211

8p2
~J2M2kquJ1M1!(

Kn
~J2KknuJ1K1!

3E dVD
KK2

J2* ~V!^F1uTn
kR~V!uF2&. ~7!

The three-dimensional integral can be evaluated numeric
by taking a finite number of mesh points of the Euler an
V5(a,b,g).

B. Energy variation

We make variational calculations for a trial wave functio
to find the state which minimizes the energy of the syste

^FuHuF&

^FuF&
. ~8!

In the AMD framework, the energy variation is performed b
a method of frictional cooling, one of the imaginary tim
methods. Regarding the frictional cooling method, the rea
5-2
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STRUCTURE OF EXCITED STATES OF11Be STUDIED . . . PHYSICAL REVIEW C 66, 024305 ~2002!
is referred to Refs.@21,22#. The time development of the
parametersZ of a wave functionF(Z) is simulated by the
frictional cooling equations

dXnk

dt
5~l1 im!

1

i\

]

]Xnk*

^F~Z!uHuF~Z!&

^F~Z!uF~Z!&

~n51, 3, k51,A!, ~9!

djk

dt
5~l1 im!

1

i\

]

]jk*

^F~Z!uHuF~Z!&

^F~Z!uF~Z!&

~k51,A!, ~10!

with arbitrary real numbersl andm,0. It is easily proved
that the energy of the system decreases with each time
due to the frictional termm. After sufficient cooling it-
erations, the parameters for the minimum-energy state
obtained.

C. Wave function for JÁ states

In order to obtain the wave function for aJ6 state,
we make the energy variation after a spin-parity proj
tion ~VAP! for an AMD wave function by using the
frictional cooling method explained above. That is to say
perform the energy variation for the trial functionF
5PMK8

J6 FAMD(Z), the spin-parity eigenstate projected fro
an AMD wave function. First we make variational calcul
tions after only the parity projection, but before the sp
projection~variation before projection: VBP!, to prepare an
initial trial wave functionFAMD(Z init). After obtaining an
initial wave function by VBP calculations, we evaluate t
expectation values of the Hamiltonian for the spin-pari
projected states by choosing the body-fixed 3-axis for theV
rotation to be the approximate principalz axis on the intrin-
sic deformation. Then, we find an appropriateK8 quantum
that gives the minimum diagonal energy of the spin-pa
eigenstate,

^PMK8
J6 FAMD~Z init !uHuPMK8

J6 FAMD~Z init !&

^PMK8
J6

~Z init !uPMK8
J6

~Z init !&
, ~11!

whereK85^J3&. For each spin parityJ6, we start VAP cal-
culations for the normalized energy expectation va
^PMK8

J6 FAMD(Z)uHuPMK8
J6 FAMD(Z)&/^PMK8

J6 (Z)uPMK8
J6 (Z)&,

with the adoptedK8 quantum from the initial state. In gen
eral, the direction of the approximately principalz axis is
automatically determined in the energy variation because
shape of the intrinsic system can vary freely. The appro
mately principal axis can deviate from the 3-axis in the VA
procedure with a givenK85^J3&. That is to say, the opti-
mum statePMK8

J6 FAMD , obtained after the variation, ma
contain so-calledK-mixing (K5^Jz&) components. How-
ever, the deviation of thez axis from the 3-axis is found to b
small in many cases. This means that the obtained state
not containK-mixing components so much, andK8 well cor-
responds to theK quantum.
02430
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Concerning the states in the lowest band with each pa
we can obtain appropriate initial wave functions by simp
VBP calculations, as mentioned above. For the highly
cited states, in order to obtain initial wave functions a
appropriateK8 quanta for VAP calculations, we make VB
calculations with a constraint on the AMD wave functio
The details of the AMD calculation with constraints are d
scribed in Ref.@21#. In the present calculations, we adopted
constraint as the expectation value of the total-oscilla
quanta to equal a given number. After choosing a cor
spondingK8 quantum, we performed VAP calculations fro
the initial wave function. When we obtained other loc
minimum states than the obtained states, we considered t
as states in higher rotational bands.

D. Diagonalization

After the VAP calculations for theJn
6 states, the optimum

intrinsic statesFAMD
1 ,FAMD

2 , . . . , FAMD
m are obtained.

Here,m indicates the number of calculated levels. We co
sider that the obtained wave functions approximately rep
sent the intrinsic wave functions of theJn

6 states. We deter-
mine the final wave functions by superposing the obtain
AMD wave functions. That is to say, we determine the co
ficientsc,c8, . . . in Eq.~5! for eachJn

6 state by diagonaliz-
ing the Hamiltonian matrix^PMK8

J6 FAMD
i uHuPMK9

J6 FAMD
j &

and the norm matrix^PMK8
J6 FAMD

i uPMK9
J6 FAMD

j & simulta-
neously with regard to (K8,K9) and (i , j ). In comparison
with the experimental data, such as the energy levels and
strengthE2 transitions, the theoretical values are calcula
with the final states after diagonalization.

III. INTERACTIONS

The adopted interaction for the central force is case 3
the MV1 force@26#, which contains a zero-range three-bo
term,V(3), in addition to the two-body interactionV(2),

VDD5V(2)1V(3), ~12!

V(2)5(
i , j

~12m1bPs2hPt2mPsPt!

3H VAexpF2S ur i2r j u
r A

D 2G1VRexpF2S ur i2r j u
r R

D 2G J ,

~13!

V(3)5 (
i , j ,k

v (3)d~r i2r j !d~r i2r k!, ~14!

where Ps and Pt stand for the spin and isospin exchan
operators, respectively. As for the two-body spin-orbit for
VLS , we use the G3RS force@27# as follows:
5-3
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VLS5(
i , j

$uIexp~2k I r
2!1uII exp~2k II r

2!%

3
~11Ps!

2

~11Pt!

2
l•~si1sj !. ~15!

The Coulomb interactionVC is approximated by a sum o
seven Gaussians. The total interactionV is the sum of these
interactions:V5VDD1VLS1VC .

IV. RESULTS

The structures of the excited states of11Be were studied
based on VAP calculations in the framework of AMD. In th
section we present the theoretical results concerning the
ergy levels, theE2 transitions, and theb transitions, which
should be directly compared with the experimental da
More detailed discussions of the intrinsic structures are gi
in the next section.

We adopted two sets of the interaction parameters. O
parameter set~1! was m50.65, b5h50 for the Majorana,
Bartlett, and Heisenberg terms in the central force anduI
52uII 53700 MeV for the strength of the spin-orbit force
which were used in a previous study on the excited state
10Be. We also tried another set~2! with weaker spin-orbit
forces asuI52uII 52500 MeV. Other parameters in cas
~2! were the same as those in case~1!. The width parameter
n was chosen to be 0.18 fm22, which gave the minimum
energy of 11Be in a VBP calculation.

In VBP calculations we know that the lowest positiv
parity bandKp51/21 consists of 1/21, 3/21, 5/21, 7/21,
and 9/21 states and the lowest negative-parity bandKp

51/22 consists of 1/22, 3/22, and 5/22 states. Therefore
the J1

6 states in the lowest bands were obtained by V
calculations forPMK8

J6 FAMD with the corresponding (J6,K8)
values as (1/21,1/2), (3/21,1/2), (5/21,1/2), (7/21,1/2),
(9/21,1/2), (1/22,1/2), (3/22,1/2), and (5/22,1/2). We cal-
culated the higher excited states in the second nega
parity band by VAP calculations with (J6,K8)5 (7/22,3/2),
(9/22,3/2), (11/22,3/2), (13/22,3/2), . . . . These states ar
considered to belong to a band withKp53/22. After obtain-
ing the intrinsic states in this second negative-parity band
J>7/2, the excitedJ653/22

2 and 5/22
2 states inKp53/22

were found as local minima with VAP calculations by sta
ing from the intrinsic states obtained for the higher-sp
states. In order to find the other excited 3/22 state, we per-
formed VAP calculations for the spin-parity-projected AM
wave function with fixed intrinsic spin directions as thr
spin-down protons, one spin-up proton, four spin-down, a
four spin-up neutrons. The obtained wave function for
3/22 state is dominated by a component of the total intrin
spinSp51 for protons. We superposed the wave functions
calculate the final wave functions by diagonalizing t
Hamiltonian matrix.

We should notice that all possible excited states were
exhausted in the present calculations. In this work we p
formed VAP calculations basically for the rotational sta
which can be known from VBP calculations with or witho
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constraint. For the higher excited states we must extend
VAP calculations with the orthogonal condition to the low
states by superpositions, as in previous studies@10,23#.
Above the states shown in the present results, there sh
exist other excited states which may be obtained by exten
VAP calculations.

A. Energies

The theoretical binding energies of11Be are 58.2 MeV in
case~1! and 54.4 MeV in case~2!, both of which underesti-
mate the experimental value 65.48 MeV. The binding ene
can be reproduced by choosing an interaction parame
such asm50.60, of the Majorana term. However, unfortu
nately, it is difficult to reproduce all of the features of nucle
structures, such as the binding energies, energy levels, r
deformations, and so on with one set of interaction para
eters. Since we studied the excited states by taking car
the excitation energies and the intrinsic structures,
adopted the case~1! interaction, which well reproduces th
features of the excited states of10Be @10#, except for the
binding energy. With this interaction, the spin-parity 1/21 of
the ground state of11Be can be described by the prese
calculations. We also used another interaction case~2! with
weaker spin-orbit forces to be compared. Improving the
fective interactions is one of the important problems
nuclear studies to be solved.

Here, we comment on the stability of AMD wave func
tions above the threshold energies. Since the single-par
wave functions are written by Gaussians in AMD calcu
tions, the relative motion between particles in a system
restricted by a Gaussian or a linear combination of Gau
ians. Because of the limitation of the model space, neit
continuum states nor outgoing waves can be represente
the present model. Even if the energy of a nucleus is ab
the threshold energies of particle decays, the particles ca
necessarily go away in the present framework. In this se
the system is treated in the bound-state approximation.
widths for the particle decays should be carefully discus
based on other frameworks, such as a method with a redu
width amplitude or a complex scaling method beyond
present AMD framework.

The energy levels of11Be are shown in Fig. 1. There ar
many low-lying levels in the experimental data. The abn
mal spin-parity 1/21 of the ground state has been know
although the normal spin parity of11Be is 1/22 in the simple
shell-model picture. The calculations with the case~1! inter-
action reproduce the parity inversion between 1/21 and 1/22

states. In the theoretical results, the rotational bandsKp

51/21 and Kp51/22 start from the band head 1/21 and
1/22 states, respectively. Also, in the results with the case~2!
interaction, the 1/21 state is lowest in theKp51/21 band;
however, it is slightly higher than the negative-parity 1/22

state by 1.4 MeV. As a result, the abnormal parity of t
ground state cannot be reproduced by the case~2! interac-
tion, in which the spin-orbit forces are weaker than those
case~1!. We should not conclude that the calculations w
the case~1! interaction are better than those in case~2!,
because the neutron halo effect on the energy gain of
5-4
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1/21 state is not taken into account in the present calcu
tions. The details of the reproduction of parity inversion w
the case~1! interaction are described in a later section.

In results for both case~1! and case~2!, there exist some
rotational bands in the low-energy region. By classifying t
calculated excited states we could obtain three rotatio
bands Kp51/21, Kp51/22, and Kp53/22, which are
dominated by 1\v, 0\v, and 2\v neutron configurations
respectively. In Fig. 2, we show the excitation energies of
rotational bands as a function of the total spinJ(J11). We
find a new eccentric band,Kp53/22, which starts from the
second 3/22 state at about 4 MeV. The excited states in t
Kp53/22 band are dominated by 2\v excited configura-
tions with two particles and three holes (2p-3h) in neutron
shells. The Kp53/22 band is constructed by a wel
deformed intrinsic state with a developed cluster structu
The rotational band indicates a large moment of inertia

FIG. 1. Excitation energies of the excited states of11Be. Theo-
retical results for case~1! and case~2! interactions are compare
with the experimental data quoted from theTable of Isotopes.
02430
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reaches the high-spin states at about 20 MeV. The hig
spin is 15/22 in case~1! and 13/22 in case~2!. In VAP
calculations with further high spins, we cannot obtain a
stable states, since ana particle escapes far away in th
variational calculations. This means that the energy of
relative motion between clusters is beyond the classical
rier due to the Coulomb and centrifugal forces. Since
barrier height is very sensitive to the binding energy,
examined the highest spin of theKp53/22 band with an-
other set of interaction parameters while taking care of
binding energy of11Be. If we change the Majorana exchang
term of case~1! to m50.60, we can make the system bou
as deeply as the experimental binding energy. Then, a 172

FIG. 2. Excitation energies of the rotational bands of11Be as a
function of J(J11). The lines indicate the theoretically obtaine
rotational bandsKp51/22, Kp51/21, Kp53/22.
5-5
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state is obtained as the highest-spin state. von Oertzenet al.
suggested some candidates for the states belonging to
new negative-parity band in the experimental data obser
in the two-neutron transfer reactions9Be(13C, 11C)11Be @7#.
Although they suggested a possibility of a 19/22 state, the
present results are negative to such a high-spin state as 12

in the rotationalKp53/22 band, because 17/22 is the high-
est spin made from the 2p-3h configurations. It should be
noted that the present work is the first microscopic calcu
tion which predicts theKp53/22 band with a well-
developed cluster structure. Since11Be is a loosely bound
system, further studies taking account of the widths of
excited states are necessary to determine the band term

We find an excited 3/22 state at about 10 MeV~Fig 1!. In
this state, the proton structure is quite strange compared
the other excited states of11Be. In most of the states of11Be,
we find 2a cores as well as other Be isotopes:8Be, 9Be, and
10Be. However, in the 3/22 state at 10 MeV, only onea
cluster is formed. The other two protons do not form ana
cluster, but couple to be totallyS51 with aligned intrinsic
spins. It is an analogue with the structure of the first 11 state
with the unnatural spin parity in12C. We consider that this
3/22 state must be a newly measured state at 8.04 MeV@2#
to which the b-decay transition from11Li is strong. Al-
though its excitation energy was overestimated in the pre
calculations, it can be easily improved by changing para
etersb and h of the Bartlett and Heisenberg terms. For e
ample parametersb520.2, h50.4, m50.41 give a 2 MeV
lower excitation energy of the 3/22 state than that withb
50.0, h50.0, m50.65. Here, we fit the Majorana paramet
m so as to give the samea-a interaction as in case~1!. The
change of parameters has no significant effect on the ex
tion energies of the other states with 2a clusters. The results
indicate that the Bartlett and Heisenberg terms should
taken into consideration in the detailed study of the ene
levels, though they have often been omitted in the traditio
work on stable nuclei.

B. Transition strength

Data concerning theb-decay strength are very useful
investigate the structures of excited states. There are m
experimental data concerning theb2 andb1 decays into the
excited states of11Be. The strength of theb2 decays from
11Li has recently been measured@2#. For b1 decays, the
strength of the Gamow-Teller~GT! transitions has been de
duced from the charge-exchange reactions11B(t,3He)11Be
@3#. In the GT transitions from11Li(3/22) and 11B(3/22),
the allowed daughter states are the 1/22, 3/22, or 5/22

states. In Table I the experimental log(ft) values are pre-
sented comparing with the theoretical results. In order
calculate the log(ft) values of GT transitions into the excite
states of11Be we prepared the parent states11Li(3/22) and
11B(3/22) by VAP calculations within the same framewor

The experimental log(ft) values were reproduced well b
theoretical calculations. It is easily understood that the
cays into the excited states in theKp53/22 band are weak
because these states have well-developed cluster struc
with dominant 2\v components, which make the overlap
02430
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a GT operator with the parent state of11B small. On the
other hand, we consider that three levels at 0.32 MeV, 2
MeV, and 3.96 MeV measured in theb1 transitions corre-
spond to the states 1/21

2 , 3/21
2 , and 5/21

2 in the Kp51/22

band because the experimental data indicate significantb1

strength as log(ft) ,5.0, which is consistent with the theo
retical results.

What is important concerning theb2 decays from11Li is
that the strength is very sensitive to the breaking
2a-cluster cores in11Be. If the daughter state of11Be pos-
sesses two ideala-cluster cores with (0s)4 configurations,
the GT transitions from11Li are completely forbidden be
cause of the Pauli principle. In other words, the strength
the GT transitions from11Li indicates the degree ofa-cluster
breaking in the daughter states of11Be. From this point of
view, one of the reasons for the weakb2 transitions as
log(ft)55.67 to the lowest 1/22 state at 0.32 MeV is the
2a-cluster structure in11Be(1/22). Another reason for the
weak b2 transitions has been suggested to be the effec
the halo structure in11Li by Suzuki and Otsuka@28#. The
ground state of11Li is known to have a neutron halo struc
ture which originates froms orbits. The mixing of thes
orbits causes weakb2 transitions to the normal states o
11Be. Since the halo structure of11Li cannot be described
with the present AMD wave function, the possible halo e
fects on theb2 decays are not included in the present resu
If we suppose the mixing ratio of thes orbits in the ground
11Li state to be 50%, the theoretical log(ft) values concern-

TABLE I. Log( f t) values of theb transitions. The theoretica
values are obtained from the Gamow-Teller transition strength.
experimental data ofb decays from11Li are taken from Ref.@2#.
The logft values concerning the Gamow-Teller transition from11B
are deduced from the charge-exchange reactions@3#.

Transitions logft
Theory ~1! Theory ~2!

11Li(3/22)→11Be(1/21
2) 5.0 5.5

11Li(3/22)→11Be(3/21
2) 4.4 5.0

11Li(3/22)→11Be(5/21
2) 4.5 5.0

11Li(3/22)→11Be(3/22
2) 4.9 6.2

11Li(3/22)→11Be(3/23
2) 3.9 4.3

11B(3/22)→11Be(1/21
2) 3.9 4.2

11B(3/22)→11Be(3/21
2) 3.8 4.3

11B(3/22)→11Be(5/21
2) 4.2 5.0

11B(3/22)→11Be(3/22
2) 4.5 5.5

11B(3/22)→11Be(3/23
2) 4.3 5.4

Transitions Expt.
11Li(3/22)→11Be(1/21

2 , 0.32 MeV! 5.67~4!
11Li(3/22)→11Be~2.69 MeV! 4.87~8!
11Li(3/22)→11Be~3.96 MeV! 4.81~8!
11Li(3/22)→11Be~5.24 MeV! 5.05~8!
11Li(3/22)→11Be~8.04 MeV! 4.43~8!

Transitions Expt.
11B(3/22)→11Be(1/21

2 , 0.32 MeV! 4.3~1!
11B(3/22)→11Be~2.69 MeV! 4.4~1!
11B(3/22)→11Be~3.96 MeV! 4.8~2!
5-6
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STRUCTURE OF EXCITED STATES OF11Be STUDIED . . . PHYSICAL REVIEW C 66, 024305 ~2002!
ing theb2 decays into 1/21
2 , 3/21

2 , and 5/21
2 are expected to

be increased by log(2);0.3 due to mixing. Even if we add
0.3 of the halo effect by hand to the present log(ft) values for
3/21

2 and 5/21
2 states, the log(f t) values in case~1! are still

smaller than 5.0, because of sufficient cluster breaking. T
are consistent with the experimentally measured rather s
log ft values for decays to11Be ~2.7 MeV! and 11Be ~3.9
MeV!. In other words, the experimental data indicate a s
nificant breaking of 2a-cluster cores in these states~2.7 and
3.9 MeV!, which we consider to be the excited states 3/1

2

and 5/21
2 .

In recent measurements ofb2 decays, a new excited sta
at 8.04 MeV with strongb2 transitions has been discovere
The calculated log(f t) values for the 3/22 state of 11Be at
about 10 MeV well corresponds to this newly observed s
at 8.04 MeV. The transition is strong because the 2a-cluster
structure completely disappears in this state.

As shown in Table I, the experimental data concerning
strength ofb2 decays have been systematically reprodu
in the present calculations. Considering the increases
log ft due to the halo effect of11Li, the theoretical values o
log ft for b2 calculated with the case~1! interaction well
agree with the experimental data. The reason for the g
reproduction is because the significant breaking of 2a clus-
ters in 11Be is described in the present calculations. This
the same reason as in previous studies of12C, in which the
experimental data concerning the strength ofb2 and b1

decays have been well reproduced. A quantitative discus
of the 2a-core breaking is given in the next section.

In Table II, we show the theoreticalB(E2) values. It has
been proved that AMD calculations well reproduce t
B(E2) values of light neutron-rich nuclei. As shown in pr
vious studies@9,22,23#, the experimentalQ moments and
B(E2) values of various nuclei have been well reproduc
by using the bare charges in the AMD framework becaus
the advantage of the AMD method, which can directly d
scribe proton deformations. Also, in the present results,
features of proton-matter deformations in the intrinsic sta
are reflected in the theoreticalB(E2) values. In the lowes
negative-parity bandKp51/22, the intrinsic system deform

TABLE II. E2 strength of11Be. The theoretical results of AMD
with the interactions of case~1! are listed.

Transitions Present results (e2 fm4)

11Be;3/21
2→1/21

2 9
11Be;5/21

2→1/21
2 8

11Be;5/21
2→3/21

2 2
11Be;5/22

2→3/22
2 37

11Be;7/21
2→3/22

2 14
11Be;7/21

2→5/22
2 25

11Be;5/21
1→1/21

1 14
11Be;5/21

1→3/21
1 7

11Be;3/21
1→1/21

1 13
11Be;5/22

2→3/21
2 7

11Be;3/22
2→3/21

2 8
11Be;3/22

2→1/21
2 2
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because of 2a-cluster cores, although the development
clustering is smallest compared with the other bands. T
B(E2) values are larger in the groundKp51/21 band,
which has a developed cluster structure with a large de
mation. TheB(E2) values are enhanced between the sta
in the second negative-parity band,Kp53/22, with an ex-
tremely large deformation due to cluster development.

The E1 transition strength from 1/21
2 to 1/21

1 in 11Be is
known to be very large compared with those in other lig
nuclei. The theoretical value ofB(E1;1/21

2→1/21
1)

50.02 e fm is much smaller than the experimentally o
served strength 0.11660.011 e fm. The halo structure may
have an important effect on theE1 strength.

V. DISCUSSIONS

We investigated the structures of11Be while focusing on
the clustering aspects. It is found that twoa-cluster cores are
formed in most of the states of11Be as well as in other Be
isotopes: 8Be, 9Be, 10Be. In this section, we discuss th
development of clustering and consider the roles of vale
neutrons in the clustering states. We analyze the breakin
cluster cores and also describe the feature of a noncluste
state. The problem of parity inversion between positive- a
negative-parity states is also discussed.

A. Cluster structure

We consider the intrinsic structures of the excited sta
while focusing on the clustering aspects. Although the sta
PMK

J6 FAMD
i are superposed for all of the obtained wave fun

tionsFAMD
i so as to diagonalize the Hamiltonian matrix, th

J6 state after diagonalization is found to be dominated
the AMD wave functionPMK

J6 FAMD
j , which was obtained in

a VAP calculation for the given spin and parityJ6. There-

FIG. 3. Density distributions of the intrinsic structures of th
1/21

2 , 1/21
1 , 3/22

2 states calculated with the case~1! interaction.
The intrinsic system is projected on to a plane which contains
longitudinal axis of the intrinsic states. The density is integra
along a transverse axis perpendicular to the plane. The density
tributions for matter, protons, and neutrons are presented in the
middle, and right, respectively.
5-7
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Y. KANADA-EN’YO AND H. HORIUCHI PHYSICAL REVIEW C 66, 024305 ~2002!
fore, we consider the obtained AMD wave functionFAMD ,
with a VAP calculation as the intrinsic wave function of th
correspondingJ6 state.

In the excited states, three rotational bands (Kp51/21,
1/22, 3/22) are recognized, because the intrinsic structu
of the states in each band are similar. The density distr
tions of the intrinsic states of the bandhead states (1/1

2 ,
1/21

1 , 3/22
2) are shown in Fig. 3. The neutron structure of

intrinsic state is very different from those of the other ro
tional bands. As for the neutron deformation, the 1/22 state
has an oblate deformation. The oblate shape is natural in
normal-parity state in a system with neutron numberN57.
In the 1/21 state, the neutron density deforms prolately. T
prolate deformation of the neutron density is extremely
hanced in the 3/22

2 state. The single-particle behavior of ne
trons is discussed in the next subsection.

In the proton density shown in Fig. 3, we can see dum
bell shapes due to two pairs of protons. Roughly speak
this indicates that 2a cores are formed in all of the intrinsi
states of these three rotational bands. The spatial deve
ment of clusters is small in the lowest negative-parity 1/2

state, which has a main component of a normal 0\v con-
figuration. In the ground 1/21 state with the abnormal parity
the 2a cluster structure develops. It is interesting that t
most remarkable cluster structure is seen in the 3/22

2 state,
which belongs to theKp53/22 band. In this state, the
2a-cluster structure develops following the prolate deform
tion of the neutron density to have the largest interclus
distance among these three rotational bands. As a resu
the development of 2a clustering, the proton deformation i
larger in theKp51/21 band than in theKp51/22 band and
largest in theKp53/22 band. The proton deformations a
reflected in the theoreticalB(E2) values, as mentioned in th
previous section. It should be pointed out that, in theKp

53/22 band, the developed deformation decreases and
clustering weakens at the band terminal state with an
crease of the spin near the highest spin,J515/22.

B. Behavior of valence neutrons

As mentioned above, the deformation of the neutron d
sity changes drastically between the rotational bands. In
der to study the behavior of valence neutrons, we inspect
single-particle wave functions of the intrinsic states wh
focusing on the molecular orbits.

FIG. 4. Sketches for the molecular orbits,~a! s orbits and~b! p
orbits surrounding 2a ’s. The molecular orbits are understood b
linear combinations ofp-shell orbits around thea clusters.
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In Be isotopes, it has been known that the molecular
bits around 2a play important roles. The molecular orbits i
Be isotopes have been suggested in9Be with 2a1n cluster
models @19#. von Oertzenet al. proposed a picture of Be
dimers@6,7# to understand the excited states of neutron-r
Be isotopes. They predicteds andp orbits which are made
from linear combinations ofp orbits surrounding 2a clusters
~see Fig. 4!. Itagaki et al. @11# have described the structure
of 10Be and12Be with an extended cluster model by assu
ing a cores and molecular orbits. In the study of Be isotop
with AMD methods@8,9,22#, the structures with twoa ’s and
valence neutrons in neutron-rich Be isotopes have been
croscopically confirmed without assuming the existence
any clusters or molecular orbits.

The single-particle wave functions and energies of
AMD intrinsic state are obtained by the definition describ
in Refs. @8,10#. By analyzing the ratio of the positive- an
negative-parity components in each single-particle wa
function, it is found that all of the neutron orbits are appro
mately parity eigenstates, which roughly correspond to
1s, 1p, and 2s1d orbits. The lowest normal-parity 1/22

state comes from a 0\v configuration, because two neutron
occupys-like orbits and the other five neutrons are inp-like
orbits. On the other hand, in the ground 1/21 state with the
abnormal parity, the last neutron occupies asd-like orbit,
which means that the 1/21 state is dominated by a 1\v
configuration. An interesting feature is found in the highe
neutron wave function, which well corresponds to t
sd-like orbit. The density distribution of neutrons is pre
sented in Fig. 5~a!. It has nodes along the longitudinal dire
tion of 2a clusters and contains nearly 90% of a positiv
parity eigenstate. It well corresponds to the so-cal
moleculars orbit explained in the schematic of Fig. 4~a!. On
the other hand, the features of two neutron orbits energ
cally below thes orbit are shown in Fig. 4~b!. The dominat-
ing negative-parity component of these orbits indicates t
the orbits correspond top-like orbits. As shown in Fig. 5~b!,
the orbits seem to be similar to the molecularp orbits.

One of the reasons for parity inversion of11Be is consid-
ered to be because of the moleculars orbit, which originates
from sd orbits @6,30#. Since Be isotopes prefer to prola
deformations because of 2a clusters, thes orbit can easily
gain its kinetic energy in the clustering developed system
other words, the 2a-cluster structure is one of advantages
thes orbit in Be isotopes. The behavior of the single-partic
wave functions of valence neutrons in the present result
almost consistent with the previous AMD studies@8,29#.

FIG. 5. Density distribution of single-neutron wave functions
the intrinsic system of the 1/21

1 state calculated with case~1!. ~a!
shows the density for the highest neutron orbit with the 90
positive-parity component, while~b! is for the second neutron orbi
which contains 90% of a negative-parity component.
5-8
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One of the new discoveries in the present work is that
possible negative-parity bandKp53/22 has a largely de-
formed shape with a remarkable cluster structure. With
same analysis of the single-particle wave functions as m
tioned above, we find that two neutrons in the 3/22

2 state
occupy so-calleds orbits. In other words, the well
developed clustering is caused by these two neutrons in
s orbits so as to gain their kinetic energies. It is surpris
that such a 2\v state appears in the low-energy region. T
cluster structure in theKp53/22 band is the very molecula
structure which has been predicted by von Oertzen@6#. This
is the first microscopic calculation which shows that such
exotic structure should exist in the low-energy region.

Figures 6~a!, 6~b!, and 6~c! show the single-particle ener
gies in the intrinsic states of 1/21

2 , 1/21
1 , and 3/22

2 with the
case~1! interaction, respectively. The highest orbit in Fi
6~b! corresponds to thes orbit in the 1/21

1 state. The energy
of the intruders orbit is lower than the highestp orbit in the
1/21

2 . In all of the states (1/21
2 , 1/21

1 , and 3/22
2), the 2a

cores consist of four neutrons and four protons in the 1s-like
orbits and the lowerp-like orbits shown in Fig. 6. The sma
level spacing between the lower 1s orbits and the lower 1p
orbits indicates the development of 2a clusters in the 1/21

and 3/22
2 states.

In the single-particle energies shown in Fig. 6~c!, we find
another interesting thing concerning the inversion betw
the s orbits and an odd-neutronp orbit in the 3/22

2 state.
One of reasons for the higher energy of the odd-neutrop
orbit than thes orbits is a lack of pairing interaction becau

FIG. 6. Single-particle energies in the intrinsic system of~a!
1/21

2 , ~b! 1/21
1 , and ~c! 3/22

2 with the case~1! interaction. The
energies for protons~neutrons! are presented left~right! in each
figure.
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of the absence of another neutron in thep orbit. Another
reason is degeneration between thes orbits and thep orbits
at a large intercluster distance. With the increase of the r
tive distance between 2a clusters, thes orbits gain energy,
while thep orbits lose potential energy. As the relative di
tance increases, thes orbits cross the higherp orbits and
come down near the lowerp orbits. It is helpful to see the
neutron level scheme of the two-center shell model@30# to
understand the inversion of thep and thes orbits with an
increase of the intercluster distance.

As mentioned above, it is found that the origins of t
drastic change between the rotational bands are the neu
in the s orbits and thep orbits surrounding the 2a cores.
The intrinsic states are characterized by the number of
lence neutrons in thes orbit. That is to say, no neutron, on
neutron, and two neutrons occupy thes orbits in theKp

51/22, 1/21, and 3/22 bands, respectively. The deformatio
with the cluster structure is enhanced by the increase of
neutrons which occupy thes orbits due to the energy gain o
the s orbits in the developed cluster structure.

C. Breaking of 2a cluster cores

Although the structures with 2a-cluster cores are seen i
most of the states of11Be, thea clusters are not the ideala
clusters with simple (0s)4 configurations. Thea clusters are
slightly broken because of the spin-orbit force. The comp
nents of cluster breaking allowb decays from 11Li into
11Be. This is a similar to that seen in the 3a-cluster struc-
tures of 12C to which the Gamow-Teller transitions from12B
and 12N are not weak.

In the calculated results, we can know the degrees
breaking from the ideal 2a clusters by estimating the non
zero total intrinsic spin (SpÞ0) components for protons. I
we neglect theSp>2 components and assume that only t
Sp50 andSp51 components are contained in a state,

TABLE III. Expectation values of the squared total intrinsic sp
of protonsSp

2 in the excited states of11Be.

Jn
6 states 0.53^Sp

2&
Case~1! Case~2!

(Kp51/22 band!
1/21

2 0.07 0.04
3/21

2 0.1 0.04
5/21

2 0.2 0.04
(Kp53/22 band!
3/22

2 0.04 0.003
5/22

2 0.01 0.003
7/22

2 0.01 0.002
(Kp51/21 band!
1/21

1 0.03 0.01
3/21

1 0.02 0.01
5/21

1 0.03 0.01
7/21

1 0.02 0.01
9/21

1 0.02 0.004
3/23

2 0.7 1.0
5-9



s
e

en
ul
it

of

ak
ng
m
nt

th

ow

te

o
ta
n

d

ed
e
m
.
f
o

nd
in

c-
th
th

u
ie
rg

d
its

h a

the

to
rity
ion
rgy
ns
m

m
or-
the

a

-

er

the

y
um
e-

ure
se a
an-

ent

jec-
he

f

es
c

nt,
so
ic
ions

Y. KANADA-EN’YO AND H. HORIUCHI PHYSICAL REVIEW C 66, 024305 ~2002!
value 0.53^Sp
2& directly indicates the mixing ratio of the

non-(0s)4 configurations, which signifies the degree of clu
ter breaking in the state. In Table III, the expectation valu
of the squared total intrinsic spin of protons are listed. G
erally speaking, the clustering breaking is larger in the res
in case~1! than in case~2! because the stronger spin-orb
forces in case~1! give larger effects on the dissociation
2a-cluster cores. The states 1/21

2 , 3/21
2 , and 5/21

2 in Kpi
51/22 contain significant components of the cluster bre
ing in ratios of 7%, 10%, and 20%, respectively. The mixi
of cluster breaking allowsb decays into these states fro
11Li, which is consistent with experimental measureme
~Table I!. The smaller mixing in 1/21

2 than in the other 3/21
2 ,

5/21
2 states is reflected by the relatively weakb decays to

1/21
2 , as mentioned in the previous section concerning

b-decay strength. On the other hand, the breaking ofa clus-
ters is very small inKpi 51/21 and Kp53/22, which have
well-developed cluster structures. Therefore, the Gam
Teller transitions to the excited states in theKp53/22 band
from 11Li are predicted to be weak, except forb decays to
the 3/22

2 state, because this state slightly contains clus
breaking due to state mixing with the lower 3/21

2 state.
We discovered an excited 3/23

2 state where the 2a-cluster
structure is completely broken. In the density distribution
protons we cannot recognize the dumbbell shape in this s
~see Fig. 7!. As can be seen in Table III, the main compone
is the proton intrinsic spinSp51 state. As a result, the
b-decay transitions from11Li to the 3/23

2 state are strong
compared with theb-decay strength to the other excite
states of11Be. This is consistent with the strongb decays to
the state at 8.04 MeV, which have recently been measur

Although the 2a-core structures are dominant in most B
isotopes, it is interesting that the excited state with the co
plete breaking of one of the 2a ’s appears in neutron-rich Be
Even in the excited states with 2a cores, the components o
the cluster breaking play an important role in the strength
b decays from11Li.

D. Parity inversion

We consider the details of parity inversion of the grou
state in the case~1! calculations. Concerning the energy ga
of the positive-parity 1/21 state, the effects of the halo stru
ture, the cluster structure with a prolate deformation,
three-body force, the angular momentum projection, and
pairing have been discussed in pioneering works@16#.

In the present calculations the effects of the cluster str
ture were included as well as the pioneering AMD stud
@16,22#. One of the reasons for parity inversion is the ene

FIG. 7. Density distribution of the intrinsic wave function o
3/23

2 calculated with the case~1! interaction.
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gain of the moleculars orbit in the system with develope
2a clustering. The details of clustering and molecular orb
have already been mentioned above.

The three-body force was calculated approximately wit
perturbative treatment in a pioneering study@16#. In the
present work, the three-body force was treated exactly in
same way as the previous AMD study in Ref.@22#.

In the previous AMD studies of11Be @16,22#, the angular
momentum projection was perturbatively treated. That is
say that the energy variation was performed after a pa
projection, but before an angular momentum project
~VBP!. Concerning the present results, we performed ene
variation exactly for the spin-parity-projected wave functio
~VAP!. We then found that the effect of angular momentu
projection on the parity inversion is quite different fro
the previous VBP results with perturbative treatments. In
der to quantitatively discuss the effects, we estimate
energy difference between the 1/22 and 1/21 states:
dE[E1/212E1/22. The parity inversion is described by
negative value ofdE. The experimental value ofdE has
been known to be20.32 MeV. For simplicity, we per-
formed parity-projected AMD calculations with fixed intrin
sic spins by using the case~1! interaction. In Table IV, the
values ofdE and energies~a! without angular momentum
projections, ~b! the angular momentum projections aft
variation within the perturbative treatments of VBP, and~c!
results of the exact VAP calculations are listed. Before
angular momentum projections,dE is 0.6 MeV. After the
projection within the perturbative treatments of VBP,dE be-
comes as small as21.1 MeV. This is because the energ
gain of the positive-parity state by the angular moment
projection is 1.7 MeV larger than the gain of the negativ
parity state. The origin is the well-developed cluster struct
in the former state compared with the latter state, becau
deformed system generally gains much energy due to an
gular momentum projection. The VBP results are consist
with those of previous AMD studies in Refs.@16,22#. How-
ever, when we exactly treated the angular momentum pro
tion with VAP calculations we found a new aspect in t

TABLE IV. Energies of the positive- and negative-parity stat
of 11Be. The parity-projected AMD calculations with fixed intrinsi
spins ~a! before angular momentum projections,~b! after angular
momentum projections of VBP within the perturbative treatme
and ~c! results of the exact VAP calculations are listed. We al
show ~d! the present VAP calculations with variational intrins
spins, but no diagonalization of the basis. The adopted interact
are the case~1! force. The energy differencedE between the
positive- and negative-parity states is defined asE1/212E1/22 for
the calculations after angular momentum projections andE(1)
2E(2) before the projection.

Intrinsic
spins

~a! Before
projection

Fixed

~b! VBP

Fixed

~c! VAP

Fixed

~d! VAP
Variational
parameters

11Be(1) 246.5 253.1 254.7 257.1
11Be(2) 247.1 252.0 255.7 257.0
dE 0.6 21.1 1.0 20.1
5-10
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effects on the energy gain. In the previous AMD studies
was known that in many cases, the VAP results of low-lyi
states are not very much different from the VBP results. I
true in the 1/21 state. However, this is not true in the 1/22

state. In the VAP calculations, the negative-parity state ga
as much energy as 8.6 MeV due to the angular momen
projection because the deformation of the 1/22 state grows
more in the VAP calculations than in the VBP calculation
so as to gain the energy of the angular-momentum-proje
state. As a result,dE of ~c! is 1.0 MeV, as much as the resu
before projections~a!. In fact, the clustering of11Be(1/21

2) is
larger in the VAP results than expected in the VBP calcu
tions. Therefore, the effect of the angular momentum pro
tion is not positive for the parity inversion in11Be. This is
one of new things in the present work which points to t
conclusion that perturbative treatments of angular mom
tum projections do not always work well for precise descr
tions.

Compared with the previous AMD studies of low-lyin
states of11Be @16,22#, another improvement in the prese
framework is treating the intrinsic spin functions as var
tional parameters. In Table IV, the effect of flexible intrins
spins is seen in the difference between~c! the VAP calcula-
tions with fixed intrinsic spins and~d! VAP calculations with
the variational intrinsic spins. The treatment of flexible i
trinsic spins has an important effect on the parity inversion
11Be. It reducesdE to a 1.1 MeV smaller value in~d! than
that in the calculations~c!. The importance of the flexible
intrinsic spins inp3/2 shell-closure states has already be
argued in studies of12C @23# by one of the authors. In the
case of 11Be, it is natural to consider that thep3/2 subshell
effect is one of the reasons for the parity inversion, beca
thep1/2 orbit should be raised relatively higher than the 2s1/2
orbits. Unfortunately, the simple AMD method with fixe
intrinsic spins describes the subshell effects insufficien
This is one of the advantages of the present framew
which can well describe both aspects of the clustering
shell effects.

Regarding the other reasons for parity inversion, Saga
et al. @14# and Dotéand Horiuchi@16# suggested the pairing
effects in the neutronp shell. In the present framework,
part of the pairing effects in thep shell should be automati
cally included by spin-parity projections and superpositio

As mentioned above, the clustering effects, the three-b
forces, and thep3/2 subshell effects are included in th
present calculations. The pairing effects are expected to
partially contained. The other effect which should be imp
tant for parity inversion is the neutron-halo effect@13,16#.
According to the study in Ref.@16#, the effect due to the
neutron-halo structure is estimated to be a 0.6 MeV reduc
of dE. However, the halo effect was not taken into acco
in the present calculations. We think that this halo effect a
the residual pairing effect are effectively contained in t
strength parameteruLS53700 MeV of the spin-orbit force
which is slightly stronger that the parameteruLS
53000 MeV adopted in Ref.@23#. The halo structures
should be important only for the loosely bound states w
low-spin orbits, such ass orbits andp orbits, at most. The
present strong effective spin-orbit force in case~1! may arti-
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ficially reduce too much the theoretical excitation energies
the other states inKp51/21 band, except for the 1/21 state.
Before concluding the relative position of the energies
tween theKp51/22 and Kp51/21 bands we should con
duct more detailed research by taking the remaining effe
such as the halo structure, into consideration.

VI. SUMMARY

We studied the structures of the ground and excited st
of 11Be with VAP calculations within the framework of an
tisymmetrized molecular dynamics. Various kinds of excit
states with cluster structures as well as noncluster struct
were discovered in the theoretical results. We predicted m
excited states. Most of the states belong to three rotatio
bands (Kp51/21, 1/22, and 3/22), which are dominated by
1\v, 0\v, and 2\v configurations, respectively. It shoul
be pointed out that the formation of 2a-cluster cores is seen
in many excited states of11Be in the the present results i
spite of no assumption concerning the existence of clust
The interesting point is that an eccentric rotational bandKp

53/22 with a mostly developed cluster structure starts fro
the 3/22

2 state at about 4 MeV and reaches high-spin sta
The experimental data concerning theb1-decay and

b2-decay strength were reproduced well. We have also
gued that cluster breaking plays an important role to allowb
decays from11Li. The significant breaking of 2a cores in the
states in theKp51/22 band has been seen while quantit
tively estimating the breaking of clusters. We discovered
nonclustering state at about 10 MeV. One of the characte
tics of this state is strongb decays from11Li, which well
corresponds to the new excited states at 8.04 MeV foun
the b2-decay measurements.

By analyzing the single-particle wave functions in the i
trinsic states, it was found that the moleculars orbits sur-
rounding 2a cores play important roles in the cluster stru
tures of 11Be. In the ground bandKp51/21, one neutron
occupies thes orbits. The newly predictedKp53/22 band is
dominated by 2\v configurations with two neutrons in thes
orbit. When the surrounding neutrons occupy thes orbits,
the clustering development is enhanced so as to gain kin
energy. In other words, one of the reasons for the pa
inversion and the low-lying 2\v states is an energy gain o
the s orbits with the developed cluster structures.

Concerning the mechanism of parity inversion, we d
scribed the importance of molecular neutron orbits in
developed cluster structure and also mentioned thep3/2 sub-
shell effect. Although the spin parity of the ground state
described by a set of interaction parameters, case~1!, we
need more detailed research that takes the halo structur
the ground state into account.
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