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Structure of excited states of!!'Be studied with antisymmetrized molecular dynamics
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The structures of the ground and excited states'Be 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 oar al@ster 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 2w states. The features of the breakingaotlusters were also studied with the help
of data for Gamow-Teller transitions.
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[. INTRODUCTION ture has not been sufficiently studied by fully microscopic
calculations without assumptions such as the existence of
Recently, information on the excited states of light un-core nuclei. Although the cluster structure must be important
stable nuclei has increased rapidl¥—5|. In the excited in Be isotopes, it is difficult for mean-field approaches to
states of light unstable nuclei, an exotic molecular structurélescribe developed cluster structures. With a theoretical
of light unstable nuclei is one of the attractive subjects inmethod of antisymmetrized molecular dynamics, Detel.
experimental and theoretical research. For example, molecthave studied the abnormal parity ground state'&fe with-
lar structure has been suggested to appear in neutron-riéiit assuming cores or the stability of the mean field. How-
nuclei, such as®Be and *Be [1,4—12. von Oertzeretal. ~ €Ver, in their work[8], the effects of angular momentum
[6,7] proposed a kind of exotic cluster structure with a2 projections and three-body forces were approximately esti-

configuration in the excited states ofBe. However, there Mated by perturbative treatments.

have been few microscopic studies on the excited states of Our aim is to make a systematic research of the s_tructure
11ge. of the ground and excited states bBe based on micro-

scopic calculations. An important point is that the theoretical
) : approach should be free from such model assumptions as

%Cr)ound and excited states dfBe as well as in°Be and stability of the mean field and the existence of inert cores or

Be. I—l|?wever, we should not forget the breakingiolus- ¢y sters. First of all, traditional mean-field approaches are
ters in "Be because there are many valence neutrons aroungh yseful to study the developed cluster structure in Be iso-
the « clusters. The experimental data concerning thegpes. With cluster models, the cluster structure of the ex-
B-decay strength are very useful to estimate the breaking dfited states ofBe and°Be has been successfully explained
the 2a-cluster structure in Be isotopes, because Gamowf11,12,18—20 by assuming & cores and surrounding neu-
Teller transitions from Li to Be are not allowed if the trons. Since the assumption ofluster cores is not appro-
a-cluster cores in the daughter state of Be are completelpriate to discuss the breaking afcores, these cluster mod-
ideal ones with a simple @* configuration. It is very inter- els are not sufficient for investigations dfBe with many
esting that the recently measurgetlecay strength fromt'Li  valence neutrons. In fact, it is difficult to use them to directly
to *'Be indicates a significant breaking of clusters in the  calculate the experimental data of tRedecay strength from
excited states of'Be [2]. Therefore, it is important to also 1. With these models it may not be possible to describe
study the breaking of clusters due to the surrounding neu- the recently discovered excited state at 8.04 MeV with the
trons as well as the development of clustering'iBe. strongB transition strength fromtLi.

We should point out another interesting feature'iBe. We have applied a theoretical approach of antisymme-
Abnormal parity of the ground state iBe has been known trized molecular dynamicéAMD). The AMD method has
for a long time. Namely, the spin parity of the ground state isalready proved to be useful for studying the structures of
1/2*, which seems to be inconsistent with the ordinary shelldight nuclei[8,10,21—24 Within this framework, we do not
model picture in which*'Be with seven neutrons may have a need such model assumptions as inert cores, clusters, or axial
1/2” state as the ground state. It has long been a problemymmetries, because the basis wave functions of a nuclear
why parity inversion occurs ift'Be. As possible reasons for system are written by Slater determinants where all centers
this parity inversion, such effects as the halo structure, a coref the Gaussian-type spatial part of single-particle wave
deformation, clustering, and paring are suggested. For eXunctions are free parameters. In AMD studies of neutron-
ample, the energy gain of a positive-parity state'tBe is  rich nuclei, we investigated the structures of Be isotopes
discussed in Ref$13—17. However, the ground-state struc- [8,22,24. In AMD calculations, many kinds of experimental

Needless to sayy-cluster cores are very important in the
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data for nuclear structure have been reproduced. As a resutrized by a set of complex parametefs={X,;,&} (n

of the erX|b|I|ty of the AMD wave function, we have suc- =1,3 andi :1;A) X; are the centers of Gaussians for the
ceeded in describing the structure changes between shelipatial parts and the parametér's determine the directions
model-like states and cluster states with an increase in thef the intrinsic spins of the single particle wave functions.

neutron number. In lPYEViOUS studif,22] of Be isotopes, If we consider a parity eigenstate projected from an AMD
the excited states of'Be were not studied in detail because wave function, the total wave function consists of two Slater

the calculations are based on the variation before a total ateterminants,
gular momentum projection. Recently, the AMD framework
has been developed to be an extended version based on ®(Z2)=(1£P)Papnp(2), 3)
variational calculations after a spin-parity projectigaria-
tion after projection: VAR, which has already been con- whereP is a parity projection operator. In the case of a total
firmed to be powerful for studying the excited states of lightangular momentum projectiod (rojection, the wave func-
nuclei. The method has been applied to a stable nucf&is tion of a system is represented by the integral of the rotated
[23] and to unstable nuclei’Be, 2Be, and'*Be [9,10,29.  states,

In the present work, the structures of the ground and ex-
cited states of'Be were studied by performing VAP calcu- ; e
lations using the AMD method. In the next secti@ec. 1), q)(z):PMKr@AMD(Z):f dQD i (Q)R(Q)Pamp(2),

we explain the formulation of AMD for a nuclear structure (4)
study of the ground and excited states. The adopted effective
interactions are briefly explained in Sec. lll. In Sec. IV, we where the functiom3, is the well-known Wigner'd func-

present the theoretical results concerning the energy le®els, tion and R(Q) stands for the rotation operator with Euler
decays andE2 transitions compared with the experimental gngle().

data. We predict a new rotational band with a well-developed |, principal the total wave function can be a superposition

cluster structure which comes fronf:@ configurations. In  of independent AMD wave functions. For example, a system

Sec. V, the intr-inSiC structure and l{)EhaVior of the \{alenCQS written by a Superposition of Spin_parity_projected AMD
neutrons are discussed. We also discuss the breaking of |,/ functionstfK,@AMD as follows:
clusters, which has an important effect on t@edecay
strength. Finally, we summarize our work in Sec. VI. I+ J+
9 y d=cP)  Danp(Z)+C PL  Dayp(Z )+ (5)

Il. FORMULATION . .
The expectation values of a given tensor operito(rrank

In this section, the formulation of AMD for a nuclear k) for the total-angular-momentum-projected states
structure study of the excited states is briefly explained. FoleiK ®ppup(Z) and p~'3/|2iK ®avp(Z') are calculated as fol-
more detailed descriptions of the AMD framework the reader 1! 22

is referred to Refs[10,22,23. lows:

Jp k| pJ2
A. Wave function <PM1K1q)1|Tq| PM2K2CD2> (6)
An AMD wave function of a nucleus with mass numkger

is a Slater determinant of Gaussian wave packets: 2J,+1
P =gz (GaMaKa M) S, (IKkr|IiKy)

v
1
Pavp(Z2)= —=Ale1,02, .. . ,oa}s ) ¥
Al X f dODZ (Q)(P4|TER(Q)|®y). (7)
2
X 2
¢Xi(r].)cxex;{ —v|rj—- =, The three-dimensional integral can be evaluated numerically
Vv by taking a finite number of mesh points of the Euler angle
@i=dx XgTi: 1, 2 Q=(a,B,y).
3 T&
w17 )
2~ & B. Energy variation

We make variational calculations for a trial wave function

where thdth single-particle wave functiog; is a product of . . S
gee-p P P to find the state which minimizes the energy of the system,

the spatial wave functioa&xi, the intrinsic spin function(gi
and the isospin functiom, . The spatial parthy, is presented (OH|D)

by a Gaussian wave packet whose center is defined by com- (D|D) - ®

plex parameterXy;, Xy, Xg;. Herex,, is the intrinsic spin

function parametrized by; , while 7; is the isospin function, Inthe AMD framework, the energy variation is performed by
which is fixed to be upjproton or down (neutron in the  a method of frictional cooling, one of the imaginary time
present calculations. Thus an AMD wave function is paramimethods. Regarding the frictional cooling method, the reader
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is referred to Refs[21,22. The time development of the Concerning the states in the lowest band with each parity,
parametersZ of a wave functiond(Z) is simulated by the we can obtain appropriate initial wave functions by simple

frictional cooling equations VBP calculations, as mentioned above. For the highly ex-
cited states, in order to obtain initial wave functions and
dX,« 1 9 (P(2)H|D(Z)) appropriateK’ quanta for VAP calculations, we make VBP
el Gl lculati ith traint on the AMD functi
dt it gx*, (P(Z)|D(2)) calculations with a constraint on the wave function.
nk . . . .
The details of the AMD calculation with constraints are de-
(n=1,3, k=1,A), (9) scribed in Ref[21]. In the present calculations, we adopted a
constraint as the expectation value of the total-oscillator
quanta to equal a given number. After choosing a corre-
% =(\+ip) i 7 W spondingK’ quantum, we performed VAP calculations from
dt it ggr (P(2)|P(2)) the initial wave function. When we obtained other local
minimum states than the obtained states, we considered them
(k=1,A), (100 as states in higher rotational bands.

with arbitrary real numbers and u<<0. It is easily proved

that the energy of the system decreases with each time step D. Diagonalization

due to the frictional termu. After sufficient cooling it- ) . )
erations, the parameters for the minimum-energy state are After the VAP calculations for the, states, the optimum

obtained. intrinsic states ® xyip, Payp, - - -, Phyp are obtained.
Here, m indicates the number of calculated levels. We con-
sider that the obtained wave functions approximately repre-
] ] . sent the intrinsic wave functions of tiig states. We deter-

In order to obtain the wave function for & state, mine the final wave functions by superposing the obtained
we make the energy variation after a spin-parity projec-apmp wave functions. That is to say, we determine the coef-
tion (VAP) for an AMD wave function by using the ficientsc c’, ... in Eq.(5) for eachd? state by diagonaliz-
frictional cooling method explained above. That is to say WeIng the Hamiltonian matrix(PJi P |H|PJi @l o)
perform the energy variation for the trial functio® g LMK AMD M " AMD
=P ®awp(Z), the spin-parity eigenstate projected from and the norm matrix(Py,., ®avpl Py Pamp) simulta-
an AMD wave function. First we make variational calcula-

neously with regard toK',K") and (,j). In comparison
tions after only the parity projection, but before the SpinW|th the experimental data, such as the energy levels and the
projection (variation before projection: VBRto prepare an

strengthE2 transitions, the theoretical values are calculated
initial trial wave function® 5yp(Zinit) - After obtaining an

with the final states after diagonalization.
initial wave function by VBP calculations, we evaluate the
expectation values of the Hamiltonian for the spin-parity- Il INTERACTIONS

projected states by choosing the body-fixed 3-axis fothe  The adopted interaction for the central force is case 3 of
rotation to be the approximate principabxis on the intrin- 10 Mv1 force[26], which contains a zero-range three-body

C. Wave function for J* states

Vpp=V&+VE), (12)

. (1D

X

sic deformation. Then, we find an appropri&té quar_ltum ~ term,V®, in addition to the two-body interactiovi®,
that gives the minimum diagonal energy of the spin-parity
eigenstate,
(P @ amp(Zinit) HIPric @ amp(Zinit))
<Pi/|iK/(Zinit)|Pi/.iK/(Zinit»

whereK’=(J3). For each spin parity*, we start VAP cal- V=2 (1-m+bP,—hP,—mP,P,)
culations for the normalized energy expectation value =
<P‘|i/|7K'(DAMD(Z)|H|P‘;A7K1®AMD(Z)>/<P‘|1/|7K/(Z)|P‘K/FK/(Z», ri—r;l\? Iri—r;l\?
with the adoptedK’ quantum from the initial state. In gen- Vaexp - A +Verexg — rm ,
eral, the direction of the approximately principalaxis is
automatically determined in the energy variation because the (13
shape of the intrinsic system can vary freely. The approxi-
mately principal axis can deviate from the 3-axis in the VAP

rocedure with a giverik’=(J3). That is to say, the opti-
P e (Ja) Y, the op V=3 @ s(r,—r)8(ri—r), (14)
mum stateP),,, ®ayp, Obtained after the variation, may i<j<k
contain so-calledk-mixing (K=(J,)) components. How-
ever, the deviation of theaxis from the 3-axis is found to be
small in many cases. This means that the obtained states aidhere P, and P stand for the spin and isospin exchange
not containK-mixing components so much, akd well cor-  operators, respectively. As for the two-body spin-orbit force
responds to th& quantum. Vs, we use the G3RS fordR7] as follows:
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constraint. For the higher excited states we must extend the

Vis= 2, {uexp(—xir?)+uyexp -« rd)} VAP calculations with the orthogonal condition to the lower
= states by superpositions, as in previous studieg,23.
(1+P,) (1+P,) Above the states shown in the present results, there should
X—> 5 (sFs). (15  exist other excited states which may be obtained by extended

VAP calculations.

The Coulomb interactiotV¢ is approximated by a sum of
seven Gaussians. The total interactMis the sum of these A. Energies

interactionsV=Vpp+V gt V. : - : .
I ons pp T TLS T EC The theoretical binding energies &Be are 58.2 MeV in

case(1) and 54.4 MeV in cas€2), both of which underesti-
IV. RESULTS mate the experimental value 65.48 MeV. The binding energy

The structures of the excited states 'dBe were studied 2" be re_produced by chc_)osmg an interaction parameter,
such asm=0.60, of the Majorana term. However, unfortu-

hased on VAP calculations in the framework of AMD. In this nately, it is difficult to reproduce all of the features of nuclear

section we present the theoretical results concerning the et ctures. such as the binding eneraies. enerav levels. radii
ergy levels, theE2 transitions, and th@ transitions, which ' 9 gies, 9y ' '

should be directly compared with the experimental data.deformatlons, and so on with one set of interaction param-

. ) . T - —eters. Since we studied the excited states by taking care of
More detailed discussions of the intrinsic structures are giver o ) L
in the next section the excitation energies and the intrinsic structures, we
We adooted tw6 sets of the interaction parameters Onadopted the cas@l) interaction, which well reproduces the

arameterps ) wasm=0.65, b=h=0 for trF])e Ma'oran;cl Features of the excited states &fBe [10], except for the
P et . oy ! ' binding energy. With this interaction, the spin-parity ‘L/af
Bartlett, and Heisenberg terms in the centr_al for(_:e and the ground state of'Be can be described by the present
= —u;; =3700 MeV for the strength of the spin-orbit forces, calculations. We also used another interaction ¢@sevith
which were used in a previous study on the excited states Reaker spin-orbit forces to be compared. Imoroving the ef-
1%Be. We also tried another sé) with weaker spin-orbit 1<er Spin-or: . parec. 'mproving

' . fective interactions is one of the important problems of

forces asu;=—u;; =2500 MeV. Other parameters in case

. X nuclear studies to be solved.
(2) were the same as those in c&ﬂi_}a The width par_ameter Here, we comment on the stability of AMD wave func-
v was chosen to be 0.18 fr, which gave the minimum

e - . tions above the threshold energies. Since the single-particle
energy of “Be in a.VBP calculation. .. wave functions are written by Gaussians in AMD calcula-

In VBP caLcuIatlgns we know that the+lowe§t pos+|t|ve- tions, the relative motion between particles in a system is
parity bandK™=1/2" consists of 1/2, 3/.2 ' 5/2, , 1127, restricted by a Gaussian or a linear combination of Gauss-
and ?/Z stgtes and the I9west hegative-parity band ians. Because of the limitation of the model space, neither
=1/ consists of 1/2, 3/2", and 5/2 states. Therefore, .,niinum states nor outgoing waves can be represented in
the J; states |nJIhe lowest bands were obtained by VAPhe present model. Even if the energy of a nucleus is above
calculations foPy,, , @ aup With the correspondingX™,K')  the threshold energies of particle decays, the particles cannot
values as (1/2,1/2), (3/2",1/2), (5/2",1/2), (7/2°,1/12),  necessarily go away in the present framework. In this sense,
(9/27,1/2), (1/Z,1/2), (3/2',1/2), and (5/2,1/2). We cal-  the system is treated in the bound-state approximation. The
culated the higher excited states in the second negativavidths for the particle decays should be carefully discussed
parity band by VAP calculations withJ{,K") = (7/2",3/2), based on other frameworks, such as a method with a reduced
(9/27,3/12), (11/Z,3/2), (13/Z2 ,3/2), ... . These states are width amplitude or a complex scaling method beyond the
considered to belong to a band wktf =3/2". After obtain-  present AMD framework.
ing the intrinsic states in this second negative-parity band for The energy levels of'Be are shown in Fig. 1. There are
J=7/2, the excited)™ =3/2, and 5/2 states inK™=23/2" many low-lying levels in the experimental data. The abnor-
were found as local minima with VAP calculations by start-mal spin-parity 1/2 of the ground state has been known,
ing from the intrinsic states obtained for the higher-spinalthough the normal spin parity dfBe is 1/2 in the simple
states. In order to find the other excited 3/&tate, we per- shell-model picture. The calculations with the cébginter-
formed VAP calculations for the spin-parity-projected AMD action reproduce the parity inversion between*1&hd 1/2
wave function with fixed intrinsic spin directions as three states. In the theoretical results, the rotational bakds
spin-down protons, one spin-up proton, four spin-down, and=1/2" and K™=1/2" start from the band head 172and
four spin-up neutrons. The obtained wave function for thel/2™ states, respectively. Also, in the results with the d@se
3/2” state is dominated by a component of the total intrinsicinteraction, the 1/2 state is lowest in th&™=1/2" band;
spinS,=1 for protons. We superposed the wave functions tchowever, it is slightly higher than the negative-parity 1/2
calculate the final wave functions by diagonalizing thestate by 1.4 MeV. As a result, the abnormal parity of the
Hamiltonian matrix. ground state cannot be reproduced by the d@sénterac-

We should notice that all possible excited states were naiion, in which the spin-orbit forces are weaker than those in
exhausted in the present calculations. In this work we perease(1). We should not conclude that the calculations with
formed VAP calculations basically for the rotational statesthe case(1) interaction are better than those in cd&g,
which can be known from VBP calculations with or without because the neutron halo effect on the energy gain of the
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FIG. 1. Excitation energies of the excited states-te. Theo- 0 10 20 30 40 50 60 70
retical results for casé€l) and casg?2) interactions are compared
with the experimental data quoted from thable of Isotopes ](J'l'] )

1/2* state is not taken into account in the present calcula- FIG. 2. Excitation energies of the rotational bands'te as a
tions. The details of the reproduction of parity inversion with funct.ion of J(J+1). The lines indicate the theoretically obtained
the caseg1) interaction are described in a later section. rotational bandX "=1/2", K"=1/2", K"=3/2".

In results for both casél) and casd?2), there exist some
rotational bands in the low-energy region. By classifying thereaches the high-spin states at about 20 MeV. The highest
calculated excited states we could obtain three rotationadpin is 15/2 in case(1l) and 13/2 in case(2). In VAP
bands K™=1/2", K™=1/2", and K™=3/2", which are calculations with further high spins, we cannot obtain any
dominated by Zw, 0% w, and 2iw neutron configurations, stable states, since am particle escapes far away in the
respectively. In Fig. 2, we show the excitation energies of thevariational calculations. This means that the energy of the
rotational bands as a function of the total sgid+1). We  relative motion between clusters is beyond the classical bar-
find a new eccentric band™=3/2", which starts from the rier due to the Coulomb and centrifugal forces. Since the
second 3/2 state at about 4 MeV. The excited states in thebarrier height is very sensitive to the binding energy, we
K™=3/2~ band are dominated by7%2v excited configura- examined the highest spin of th€"™=3/2" band with an-
tions with two particles and three holesg8h) in neutron  other set of interaction parameters while taking care of the
shells. The K™=3/2~ band is constructed by a well- binding energy oft'Be. If we change the Majorana exchange
deformed intrinsic state with a developed cluster structureterm of casg1) to m=0.60, we can make the system bound
The rotational band indicates a large moment of inertia anés deeply as the experimental binding energy. Then, a'17/2

024305-5



Y. KANADA-EN'YO AND H. HORIUCHI PHYSICAL REVIEW C 66, 024305 (2002

state is obtained as the highest-spin state. von Oegrzah TABLE 1. Log(ft) values of theg transitions. The theoretical
suggested some candidates for the states belonging to thiglues are obtained from the Gamow-Teller transition strength. The
new negative-parity band in the experimental data observe@xperimental data o decays from*'Li are taken from Ref[2].

in the two-neutron transfer reactioﬁBe(13C 11C)1lBe [7]. The logft values concerning the Gamow-Teller transition frétB
Although they suggested a possibility of a 19/8tate, the are deduced from the charge-exchange reacfighs

present results are negative to such a high-spin state as 19/2
in the rotationaK™=3/2" band, because 17/2is the high-
est spin made from the@23h configurations. It should be

Transitions logt
Theory(1) Theory(2)

noted that the present work is the first microscopic calcula-'Li(3/27)—Be(1/Z) 5.0 5.5

tion which predicts theK”=3/2" band with a well-  4j(3/27)—-"Be(3/7) 4.4 5.0

developed cluster structure. Sinc&e is a loosely bound  Li(3/27)—Be(5/Z) 45 5.0

system, further studies taking account of the widths of the 1 j(3/27)—'Be(3/%) 4.9 6.2

excited states are necessary to determine the band terminabky j(3/2-)—11ge(3/3) 3.9 4.3
We find an excited 3/2 state at about 10 MeYFig 1). In 1B (3/27) - Be(1/2) 39 4.2

this state, the proton structure is quite strange compared withigg/5-) ,11gg(3/2) 3.8 43

the other excited states dfBe. In most of the states dfBe, 115(3/2°)— Be(5/Z ) 42 50

we find 2« cores as well as other Be isotopéBe, °Be, and 1p(3/2°) 1Be(3/2) 45 55

10, H 2 : :
Be. However, in the 3/2 state at 10 MeV, only oner 1B (3/27)— Be(3/%) 43 54

cluster is formed. The other two protons do not forman Transitions Expt

cluster, but couple to be totallg=1 with aligned intrinsic 1i(3/27)— Be(1/Z , 0.32 MeV) 5 67(4).

spins. It is an analogue with the structure of the firststate 11 i(3/2-) Be(2.69 ’M ' 4'8 8

with the unnatural spin parity if°C. We consider that this 11"!(3/2,)%11 6(3'96 eV 4.87(8)

3/2" state must be a newly measuredl l'state at 8.04 Vv 11:::&3 /27;:1122((5'24 mgg 5' 0; 8;

to which the B-decay transition from=Li is strong. Al 11i(312) - 1Be(8.04 MeV) 4.438)

though its excitation energy was overestimated in the present >
calculations, it can be easily improved by changing param- _~ Iransitions Expt.
etersb andh of the Bartlett and Heisenberg terms. For ex- 118(3/27)H118e(1lq , 032 MeV) 431
ample parametefis= —0.2, h=0.4, m=0.41 gi\e a 2 MeV B(3/27)— Be(2.69 MeV) 4.41)
lower excitation energy of the 3/2state than that witth ~ 'B(3/27)—"'Be(3.96 MeV) 4.82)
=0.0,h=0.0,m=0.65. Here, we fit the Majorana parameter
m so as to give the same-« interaction as in cas€l). The

a GT operator with the parent state 6B small. On the

change of parameters has no signifécalnt effect (;]n the elxcn%'ther hand, we consider that three levels at 0.32 MeV, 2.69
tion energies of the other states withx Zlusters. The results . . 4 o 1o
C : g . transitions corre-
indicate that the Bartlett and Heisenberg terms should bg/lev and 3.96 MeV measured in te

taken into consideration in the detailed study of the energ ppond to the states 1/2 3/, , and 5/2 in the K"=1/2

levels, though they have often been omitted in the traditiona and because the expenm_entgl data Imdlcate_ signifigant
work on stable nuclei. strength as lodf) <5.0, which is consistent with the theo-

retical results.

What is important concerning the~ decays from''Li is
that the strength is very sensitive to the breaking of

Data concerning thgg-decay strength are very useful to 2a-cluster cores in‘'Be. If the daughter state df'Be pos-
investigate the structures of excited states. There are marsesses two ideak-cluster cores with (§)* configurations,
experimental data concerning tge and3* decays into the the GT transitions from‘Li are completely forbidden be-
excited states of'Be. The strength of th@~ decays from cause of the Pauli principle. In other words, the strength of
i has recently been measur¢d]. For 3 decays, the the GT transitions front'Li indicates the degree af-cluster
strength of the Gamow-Tell/GT) transitions has been de- breaking in the daughter states HBe. From this point of
duced from the charge-exchange reactid(t,>He)''Be  view, one of the reasons for the wegk transitions as
[3]. In the GT transitions from''Li(3/27) and ¥B(3/27),  log(ft)=5.67 to the lowest 1/2 state at 0.32 MeV is the
the allowed daughter states are the 1/23/2", or 5/2 2a-cluster structure int'Be(1/27). Another reason for the
states. In Table | the experimental |6g(values are pre- weak B8~ transitions has been suggested to be the effect of
sented comparing with the theoretical results. In order tahe halo structure int'Li by Suzuki and Otsuk428]. The
calculate the lodf) values of GT transitions into the excited ground state of'!Li is known to have a neutron halo struc-
states of''Be we prepared the parent statési(3/27) and  ture which originates frons orbits. The mixing of thes
1B(3/27) by VAP calculations within the same framework. orbits causes weal@~ transitions to the normal states of

The experimental lodf) values were reproduced well by 'Be. Since the halo structure dfLi cannot be described
theoretical calculations. It is easily understood that the dewith the present AMD wave function, the possible halo ef-
cays into the excited states in tke=3/2" band are weak fects onthe3™ decays are not included in the present results.
because these states have well-developed cluster structuiésve suppose the mixing ratio of theorbits in the ground
with dominant Z » components, which make the overlap of !Li state to be 50%, the theoretical Idt)(values concern-

B. Transition strength
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TABLE II. E2 strength of''Be. The theoretical results of AMD p Py P,
with the interactions of cas@) are listed. () o0 b )
Transitions Present resulte’(fm?) 12
B=036  PBp=0.54 B,=0.31
YBe;3/Z —1/2] 9
UBe;5/2 —1/2; 8 ®)
; .- .. ﬁ
lBe;5/2 —3/2, 2 172
YBe;5/2 —3/2, 37 B=0.56  Bp=0.60 B,=0.52
YBe;7/Z —3/2; 14
YBe;5/27 —1/2] 14
YBe;5/27 —3/2] 7 B=0.82  Bp=0.80 B,=0.83
YBe;3/12 —1/2] 13

YBe;5/2, —3/2; 10 fm

11Be;3/2 —3/2]

FIG. 3. Density distributions of the intrinsic structures of the
YBe;3/% —1/2]

1/2;, 12f, 3/2, states calculated with the ca®) interaction.
The intrinsic system is projected on to a plane which contains the

. _ . _ longitudinal axis of the intrinsic states. The density is integrated
ing the3~ decaysinto 1/2, 3/2; , and 5/ are expected to along a transverse axis perpendicular to the plane. The density dis-

be increased by 10g(2)0.3 due to mixing. Even if we add yipytions for matter, protons, and neutrons are presented in the left,
0.3 of the halo effect by hand to the present fg¢alues for  middie, and right, respectively.

3/2; and 5/2 states, the lodit) values in cas¢l) are still
smaller than 5.0, because of sufficient cluster breaking. The
are consistent with the experimentally measured rather sma ecause O_f a-cluster cores, aIthough the development of
log ft values for decays td'Be (2.7 MeV) and “Be (3.9 clustering is smallest compared with theﬂother+bands. The
MeV). In other words, the experimental data indicate a sigB(E2) values are larger in the ground”=1/2" band,
nificant breaking of 2-cluster cores in these statés7 and which has a developed cluster structure with a large defor-

3.9 MeV), which we consider to be the excited states;3/2 mation. TheB(E2) values are enhanced between the states
and 5/7 in the second negative-parity barki7=3/2", with an ex-

tremely large deformation due to cluster development.
The E1 transition strength from 1j2to 1/2/ in 'Be is

N 00

In recent measurements Bf decays, a new excited state
at 8.04 MeV with strong3™ transitions has been discovered. : : .
The calculated logt) values for the 3/2 state of 1'Be at knowp to be very Iarge compared with those in othe+r light
about 10 MeV well corresponds to this newly observed stat&UClei- The theoretical value ofB(E1;1/2 —1/2y)
at 8.04 MeV. The transition is strong because taecuster ~ —0-02 €fm is much smaller than the experimentally ob-
structure completely disappears in this state. served st.rength 0.1360.011 efm. The halo structure may
As shown in Table I, the experimental data concerning thd@ve an important effect on tfel strength.
strength of 3~ decays have been systematically reproduced
in the present calculations. Considering the increases of V. DISCUSSIONS

1 . .
log ft due to the halo effect of'Li, the theoretical values of We investigated the structures 8Be while focusing on

Iogrft f(\j\;itﬁ *thcalc)?latrtiari Vr\ﬂthl fjh? CE%I"_SSD rlnterict]lo? t\r’]\/e" tFEe clustering aspects. It is found that twecluster cores are
agree € experimental data. 1he reason 1or the goof, 6 jn most of the states dfBe as well as in other Be

reproduction is because the significant breaking @fcus- _isotopes: ®Be, Be, 1%Be. In this section, we discuss the

. ll . . . . .
:ﬁrs In ~Be Is descrll:_)ed In t_he prfsgf‘téggj'c!“"a“ﬁf‘sh ;I;]h's ISdevelopment of clustering and consider the roles of valence
€ same rteclasdorl asin pre\{lousths u tle t'hm TW Ic d +e neutrons in the clustering states. We analyze the breaking of
experimental data concerning the strength/fof and 3 cluster cores and also describe the feature of a nonclustering

decays have been w_eII re p“?duc?d- A quantitativ_e discussiofjaie The problem of parity inversion between positive- and
of the 2a-core breaking is given in the next section. negative-parity states is also discussed

In Table I, we show the theoreticBI(E2) values. It has
been proved that AMD calculations well reproduce the
B(EZ) valges of light neutron-rich nuclei. As shown in pre- A. Cluster structure
vious studies[9,22,23, the experimentaQ moments and ) o )
B(E2) values of various nuclei have been well reproduced We cons_lder the intrinsic _structures of the excited states
by using the bare charges in the AMD framework because o‘ﬁ’?ﬂe focusing on the clustering aspects. Although the states
the advantage of the AMD method, which can directly de-Puk®amp are superposed for all of the obtained wave func-
scribe proton deformations. Also, in the present results, th#0ns ®yp SO as to diagonalize the Hamiltonian matrix, the
features of proton-matter deformations in the intrinsic stated™ state after diagonalization is found to be dominated by
are reflected in the theoreticB(E2) values. In the lowest the AMD wave functionPy, ®k,,p, Which was obtained in
negative-parity ban# ™= 1/2", the intrinsic system deforms a VAP calculation for the given spin and parily . There-
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. 3 = |(a) (b)
(a) o-orbit (b) T-orbit - : :h -
2 -
x (10 fm) x (10 fm)

FIG. 5. Density distribution of single-neutron wave functions in
the intrinsic system of the 1j2state calculated with cagd). (a)
shows the density for the highest neutron orbit with the 90%

FIG. 4. Sketches for the molecular orbita) o orbits and(b) = positive-parity component, whilé) is for the second neutron orbit
orbits surrounding @'s. The molecular orbits are understood by which contains 90% of a negative-parity component.
linear combinations op-shell orbits around the: clusters.

In Be isotopes, it has been known that the molecular or-

fore, we consider the obtained AMD wave functi®nyp, bits around 2« play important roles. The molecular orbits in
with a VAP calculation as the intrinsic wave function of the Be isotopes have been suggestedBe with 2a+n cluster
correspondingl™ state. models[19]. von Oertzenet al. proposed a picture of Be

In the excited states, three rotational bands«1/2*,  dimers[6,7] to understand the excited states of neutron-rich

1/2-, 3/27) are recognized, because the intrinsic structure$€ isotopes. They predicted and 7 orbits which are made
of the states in each band are similar. The density distribufom linear combinations gb orbits surrounding & clusters

tions of the intrinsic states of the bandhead states(1/2 (see Fig. 4 ltagakiet al.[11] have described the structures

10y 12, 2 _
12, 3/2,) are shown in Fig. 3. The neutron structure of anf)f Be and “Be with an extended cluster model by assum

intrinsic state is very different from those of the other rota—Ing o cores and molecular orbits. In the study of Be isotopes
tional bands. As f yth tron def tion. the Li2at with AMD methods[8,9,27, the structures with twa’s and
lonal bands. As Tor the neutron deformation, the 1&ale  51ence neutrons in neutron-rich Be isotopes have been mi-

has an oblate deformation. The oblate shape is natural in thg oseqnically confirmed without assuming the existence of
normal-parity state in a system with neutron numbler 7. any clusters or molecular orbits.

In the 1/2" state, the neutron density deforms prolately. The The single-particle wave functions and energies of an
prolate deformation of the neutron density is extremely enaMD intrinsic state are obtained by the definition described
hanced in the 3/2 state. The single-particle behavior of neu- in Refs.[8,10]. By analyzing the ratio of the positive- and
trons is discussed in the next subsection. negative-parity components in each single-particle wave
In the proton density shown in Fig. 3, we can see dumbfunction, it is found that all of the neutron orbits are approxi-
bell shapes due to two pairs of protons. Roughly speakingnately parity eigenstates, which roughly correspond to the
this indicates that @ cores are formed in all of the intrinsic 1S, 1p, and X1d orbits. The lowest normal-parity 172
states of these three rotational bands. The spatial develogtate comes from aflw configuration, because two neutrons
ment of clusters is small in the lowest negative-parity 1/2 occupys-ike orbits and the other five neutrons arepiike
state, which has a main component of a norméakOcon- orbits. On the other hand, in the ground "/&tate with the
figuration. In the ground 172 state with the abnormal parity, @Pnormal parity, the last neutron occupiesalike orbit,
the 2« cluster structure develops. It is interesting that theWhich means that the 112state is dominated by afil
most remarkable cluster structure is seen in thg e, configuration. An interesting feature is found in the highest

which belongs to theK™=3/2" band. In this state, the neutron wave function, which well corresponds to the

) : sd-like orbit. The density distribution of neutrons is pre-
2a-cluster structure develops following the prolate deforma ented in Fig. &). It has nodes along the longitudinal direc-

tion of the neutron density to have the largest interclusteE N of 2a clusters and contains nearly 90% of a positive-
distance among these three rotational bands. As a result . @ cl : y ° positiv
parity eigenstate. It well corresponds to the so-called

the development of @ clustering, the proton deformation is molecularo orbit explained in the schematic of Figial, On

. me 1/t . B
:Z:gggtlr;nﬂlﬁ;(wzllszlz_bzgﬂ (;h?_r;]én;:]:t( on dléfzo rrgggg nasng re the other hand, the features of two neutron orbits energeti-
reflected in the theoretic®(E2) values, as mentioned in the icni:%2;5[},\\//;1?%?;bégar;rgosnheor:/:r:)flnthF;g,.e@ch.bItzeir?cci)i[:nal?:; that
previous section. It should be pointed out that, in K& he orbits correspond to-like orbits. As shown in Fig. &),

=3/2” band, the developed deformation decreases and tr{%e orbits seem to be similar to the molecutanrbits

clustering weakens at the band terminal state with an in- o ion BBe | .
crease of the spin near the highest sgin,15/2". One of the reasons for parity INVersion OLe 1S _cqn5|d-
ered to be because of the molecutaorbit, which originates

from sd orbits [6,30]. Since Be isotopes prefer to prolate
deformations because ofa2clusters, thesr orbit can easily

As mentioned above, the deformation of the neutron dengain its kinetic energy in the clustering developed system. In
sity changes drastically between the rotational bands. In omther words, the @-cluster structure is one of advantages of
der to study the behavior of valence neutrons, we inspect thihe o orbit in Be isotopes. The behavior of the single-particle
single-particle wave functions of the intrinsic states whilewave functions of valence neutrons in the present results is
focusing on the molecular orbits. almost consistent with the previous AMD stud{&s29].

B. Behavior of valence neutrons
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TABLE lll. Expectation values of the squared total intrinsic spin

>y~

:;30 % o {(a) 1/21 _(n) of protonsS? in the excited states of'Be.

5 =10 —(m P

ﬁ -20 - J; states 0.5(S;)

g -30 —_ = Case(1) Case(2)
40

% 50 P n (K™=1/2" band

2 e0 12 0.07 0.04

_ 32, 0.1 0.04

86 + __ (5 5/2;] 0.2 0.04

B3 (b) 1/2 ign; (K*—3/2- band

2 7o = — 312, 0.04 0.003

‘Q 30 = 5/2, 0.01 0.003

3 -40 712 0.01 0.002

Eo 50 b n (K™=1/2" band

60 1/2f 0.03 0.01

o 327 0.02 0.01

o0 . —(W) +

52 )32y —_ 5/2; 0.03 0.01

5 S (€322 —) 712} 0.02 0.01

S 20 S 9127 0.02 0.004

5 a0 - = 312 0.7 1.0

% -40

E‘) -50 P n

A -60 of the absence of another neutron in theorbit. Another

FIG. 6. Single-particle energies in the intrinsic system(@f €ason is degeneration between ¢herbits and ther orbits
1/2; , (b) 1/27 , and (c) 3/2; with the case(1) interaction. The ata large intercluster distance. With the increase of the rela-
energies for protongneutrons are presented leftright) in each  tive distance betweena2clusters, ther orbits gain energy,
figure. while the 7r orbits lose potential energy. As the relative dis-

tance increases, the orbits cross the highetr orbits and

One of the new discoveries in the present work is that th&ome down near the lower orbits. It is helpful to see the
possible negative-parity band™=3/2" has a largely de- neutron level scheme of the two-center shell md@@] to
formed shape with a remarkable cluster structure. With théinderstand the inversion of the and thes orbits with an
same analysis of the single-particle wave functions as merincrease of the intercluster distance. N
tioned above, we find that two neutrons in the ,3/tate As mentioned above, it is found that the origins of the
occupy so-calledo orbits. In other words, the well- drastic change between the rotational bands are the neutrons

developed clustering is caused by these two neutrons in thg the o orbits and ther orbits surrounding the & cores.

o orbits so as to gain their kinetic energies. It is surprising! "€ intrinsic states are characterized by the number of va-

that such a Ze state appears in the low-energy region. Thelénce neutrons in the orbit. That is to say, no neutron, one

cluster structure in th&™=3/2" band is the very molecular N€utron, and two neutrons occupy theorbits in the K™

structure which has been predicted by von OerfnThis = 1/2", 1/2", and 3/2 bands, respectively. The deformation

is the first microscopic calculation which shows that such aWith the cluster structure is enhanced by the increase of the

exotic structure should exist in the low-energy region. neutrons which occupy the orbits due to the energy gain of
Figures 6a), 6(b), and Gc) show the single-particle ener- the o orbits in the developed cluster structure.

gies in the intrinsic states of /2 1/2; , and 3/2 with the

case(l) interaction, respectively. The highest orbit in Fig. C. Breaking of 2« cluster cores

6(b) corresponds to the orbit in the 1/3" state. The energy  Although the structures with @-cluster cores are seen in
of the intrudero orbit is lower than the highest orbitinthe  mgst of the states of'Be, thea clusters are not the ideal
1/2; . In all of the states (112, 1/2/ , and 3/2), the 2« clusters with simple (§)* configurations. Thex clusters are
cores consist of four neutrons and four protons in thdike  slightly broken because of the spin-orbit force. The compo-
orbits and the lowep-like orbits shown in Fig. 6. The small nents of cluster breaking alloy decays from!'Li into
level spacing between the lowes brbits and the lower p 1Be. This is a similar to that seen in thexluster struc-
orbits indicates the development ofvZlusters in the 1/2  tures of%C to which the Gamow-Teller transitions froMB
and 3/2 states. and 2N are not weak.

In the single-particle energies shown in Figc) we find In the calculated results, we can know the degrees of
another interesting thing concerning the inversion betweeireaking from the ideal @ clusters by estimating the non-
the o orbits and an odd-neutrom orbit in the 3/2 state.  zero total intrinsic spin §,#0) components for protons. If
One of reasons for the higher energy of the odd-neutron we neglect theS,=2 components and assume that only the
orbit than thes orbits is a lack of pairing interaction because S,=0 andS;=1 components are contained in a state, the
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P Pp Py TABLE IV. Energies of the positive- and negative-parity states
= of !Be. The parity-projected AMD calculations with fixed intrinsic
% Q L a spins (a) before angular momentum projectior{) after angular
; momentum projections of VBP within the perturbative treatment,
p=022  PBp=0.33 Pn=025 and (c) results of the exact VAP calculations are listed. We also

show (d) the present VAP calculations with variational intrinsic

spins, but no diagonalization of the basis. The adopted interactions
FIG. 7. Density distribution of the intrinsic wave function of are the casegl) force. The energy differencéE between the

3/2; calculated with the cas@) interaction. positive- and negative-parity states is definedegag+—E,,- for

the calculations after angular momentum projections Ei(d-)

value 0.5¢<(S}) directly indicates the mixing ratio of the —E(~) before the projection.

non-(0s)* configurations, which signifies the degree of clus-
ter breaking in the state. In Table lll, the expectation value§ntrinsic

10 fm

(a) Before  (b) VBP (c) VAP (d) VAP

of the squared total intrinsic spin of protons are listed. Gen-__. projection , , variational
. . S . spins Fixed Fixed Fixed parameters

erally speaking, the clustering breaking is larger in the results

in case(1) than in casg?2) because the stronger spin-orbit 'Be(+) —46.5 -53.1 —-54.7 -57.1

forces in casdl) give larger effects on the dissociation of 11Be(—) —47.1 —52.0 —55.7 —57.0

2a-cluster cores. The states /2 3/2; , and 5/Z in KPi SE 0.6 -1.1 1.0 -0.1

=1/2" contain significant components of the cluster break-
ing in ratios of 7%, 10%, and 20%, respectively. The mixing
of cluster breaking allowg decays into these states from gain of the molecular orbit in the system with developed
HLi, which is consistent with experimental measurements, clustering. The details of clustering and molecular orbits
(Table ). The smaller mixing in 1/2 than in the other 32, have already been mentioned above.
5/2; states is reflected by the relatively wegkdecays to The three-body force was calculated approximately with a
1/2; , as mentioned in the previous section concerning theerturbative treatment in a pioneering stufiy6]. In the
[B-decay strength. On the other hand, the breaking ofus-  present work, the three-body force was treated exactly in the
ters is very small irkKPi=1/2" andK™=3/2", which have same way as the previous AMD study in REZ2].
well-developed cluster structures. Therefore, the Gamow- In the previous AMD studies ot'Be [16,22, the angular
Teller transitions to the excited states in &=3/2~ band momentum projection was perturbatively treated. That is to
from i are predicted to be weak, except férdecays to say that the energy variation was performed after a parity
the 3/Z state, because this state slightly contains clusteprojection, but before an angular momentum projection
breaking due to state mixing with the lower 3/3tate. (VBP). Concerning the present results, we performed energy
We discovered an excited 3/2tate where the @-cluster variation exactly for the spin-parity-projected wave functions
structure is completely broken. In the density distribution of (VAP)- We then found that the effect of angular momentum
protons we cannot recognize the dumbbell shape in this stafy©J€ction on the parity inversion is quite different from

(see Fig. 7. As can be seen in Table Ill, the main componentt® previous VBP results with perturbative treatments. In or-
is the proton intrinsic spirS,=1 state. As a result the der to quantitatively discuss the effects, we estimate the
P : '

B-decay transitions from'Li to the 3/% state are strong eneigy difference betwegn _the y Zaf‘d 1 2L. states:
compared with theB-decay strength to the other excited OE=Eq;pr —Eypp-. The parity Inversion IS described by a
states of*'Be. This is consistent with the stromgydecays to negative value ofdE. The experlmenta] vallu.e OBE has
the state at 8.04 MeV, which have recently been measuredbeen k”OW.“ to pe—0.32 MeV. For .5|mpI|IC|ty,' we per-
Although the Z-core structures are dominant in most Be fc_ereq parlty-p_rOJected AMD _calculaﬁlons with fixed intrin-
isotopes, it is interesting that the excited state with the com='C SPINS by using the gas{é) mFeracnon. In Table IV, the
plete breaking of one of thed?s appears in neutron-rich Be. values of E and energiesa) without angular momentum

Even in the excited states withn2cores, the components of projections, (b) the angular momentum projections after

the cluster breaking play an important role in the strength of ariation within the perturbative treatments_ of VBP, dogl
B decays from*ILi. results of the exact VAP calculations are listed. Before the

angular momentum projectiongE is 0.6 MeV. After the
projection within the perturbative treatments of VBIE be-
comes as small as-1.1 MeV. This is because the energy
We consider the details of parity inversion of the groundgain of the positive-parity state by the angular momentum
state in the casél) calculations. Concerning the energy gain projection is 1.7 MeV larger than the gain of the negative-
of the positive-parity 1/2 state, the effects of the halo struc- parity state. The origin is the well-developed cluster structure
ture, the cluster structure with a prolate deformation, thdn the former state compared with the latter state, because a
three-body force, the angular momentum projection, and thdeformed system generally gains much energy due to an an-
pairing have been discussed in pioneering wddg]. gular momentum projection. The VBP results are consistent
In the present calculations the effects of the cluster strucwith those of previous AMD studies in Refll6,22. How-
ture were included as well as the pioneering AMD studiesever, when we exactly treated the angular momentum projec-
[16,22). One of the reasons for parity inversion is the energytion with VAP calculations we found a new aspect in the

D. Parity inversion
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effects on the energy gain. In the previous AMD studies, ifficially reduce too much the theoretical excitation energies of
was known that in many cases, the VAP results of low-lyingthe other states iK™=1/2" band, except for the 1/2state.
states are not very much different from the VBP results. It isBefore concluding the relative position of the energies be-
true in the 1/2 state. However, this is not true in the 1/2 tween theK"=1/2" andK”"=1/2+ bands we should con-
state. In the VAP calculations, the negative-parity state gainguct more detailed research by taking the remaining effects,
as much energy as 8.6 MeV due to the angular momenturfuch as the halo structure, into consideration.

projection because the deformation of the 1&ate grows

more in the VAP calculations than in the VBP calculations, VI. SUMMARY

S0 as [o gain ihe energy (.)f the angular-momentum-projected We studied the structures of the ground and excited states
state. As a resulE of (c) is 1.0 MeV, as muclh as the result ¢ 11ge \ith VAP calculations within the framework of an-
before projectionga). In fact, the clustering of'Be(1/2 ) is  tisymmetrized molecular dynamics. Various kinds of excited
larger in the VAP results than expected in the VBP calculastates with cluster structures as well as noncluster structures
tions. Therefore, the effect of the angular momentum projecwere discovered in the theoretical results. We predicted many
tion is not positive for the parity inversion if'Be. This is  excited states. Most of the states belong to three rotational
one of new things in the present work which points to thebands K™=1/2*, 1/27, and 3/2), which are dominated by
conclusion that perturbative treatments of angular momenif w, Ofw, and Ziw configurations, respectively. It should
tum projections do not always work well for precise descrip-be pointed out that the formation ok2cluster cores is seen
tions. in many excited states of'Be in the the present results in
Compared with the previous AMD studies of low-lying spite of no assumption concerning the existence of clusters.
states of'Be [16,22, another improvement in the present The interesting point is that an eccentric rotational birfd
framework is treating the intrinsic spin functions as varia-=3/2" with a mostly developed cluster structure starts from
tional parameters. In Table 1V, the effect of flexible intrinsic the 3/Z state at about 4 MeV and reaches high-spin states.
spins is seen in the difference betweenthe VAP calcula- The experimental data concerning th&"-decay and
tions with fixed intrinsic spins an¢t)) VAP calculations with ~ 8 -decay strength were reproduced well. We have also ar-
the variational intrinsic spins. The treatment of flexible in- gued that cluster breaking plays an important role to ajw

trinsic spins has an important effect on the parity inversion ofdecays fromLi. The significant breaking of @ cores in the
11Be, It reducesSE to a 1.1 MeV smaller value ifd) than ~ States in theK™=1/2" band has been seen while quantita-

that in the calculationgc). The importance of the flexible tively estimating the breaking of clusters. We discovered a
intrinsic spins inpsy, shell-closure states has already beennonclustering state at about 10 MeV. One of the characteris-

: : tics of this state is stron@ decays from!Li, which well
giléegf IquS;uft“?SS r?attzucr aEIZ?c]) ké)c/) nosr:ge?ft:]gf %tzosfjbg\ ;ne corre§ponds to the new excited states at 8.04 MeV found in
effect is one of the reasons for the parity inversion, becausg‘eB'B -delcay m(;:}?sur_en}ents. ficl functi inthe i
the pyy, orbit should be raised relatively higher than t,2 trins?;asntgtg”g Wgss;gﬂﬁépﬂa:f teh(‘a""rir‘]’;e‘é&;g:‘;t'sn Suf_ n-
orbits. Unfortunately, the simple AMD method with fixed . ' . .
intrinsic spins describes the subshell effects insufficiently.roundmgll?a cores play important r(;les |n+the cluster struc-
This is one of the advantages of the present frameworkUreS of “Be. In the ground ban&™=1/2", one neutron

which can well describe both aspects of the clustering angccu_pies ther orbits. The ”eV.V'y pre_dicteﬁ”=3/2‘ b‘".’md I
shell effects. dominated by 2 w configurations with two neutrons in the

Regarding the other reasons for parity inversion, Sagaw rbit. Whe_n the surrounding heutrons occupy the)rt_Jits,_ .
et al. [14] and Dofeand Horiuchi[16] suggested the pairing the clustering development is enhanced so as to gain kmguc
effects in the neutrom shell. In the present framework, a €N€rgy- In other words, one of the reasons for the parity

part of the pairing effects in thp shell should be automati- inversion.and_the low-lying £ states is an energy gain of
cally included by spin-parity projections and superpositionsh€ @ orbits with the developed cluster structures.
Concerning the mechanism of parity inversion, we de-

As mentioned above, the clustering effects, the three-body . o
g gcrlbed the importance of molecular neutron orbits in the

forces, and theps, subshell effects are included in the ;
present calculations. The pairing effects are expected to bi€Veloped cluster structure and also mentionedbesub-

partially contained. The other effect which should be impor-She” effect. Although the spin parity of the ground state is

tant for parity inversion is the neutron-halo effdds,1g. ~ described by a set of interaction parameters, dasewe
According to the study in Ref(16], the effect due to the need more detailed research that takes the halo structures of

neutron-halo structure is estimated to be a 0.6 MeV reductiof'€ 9round state into account.

of SE. However, the halo effect was not taken into account

in the present calculations. We think that this halo effect and ACKNOWLEDGMENTS
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