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Molecular orbital structures in %Be
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The structure of:%Be is investigated using a microscopiet a +n+n model based on the molecular orbit
(MO) model. The low-lying states are characterized by several configurations of valence neutrons, which are
constructed as combinations of three basic orbits. The model space employed is extended from the traditional
MO models, and the orbits are expressed as linear combinations of local Gaussians. Their positions are
determined variationally. Using this model, we reanalyze the structufBefand show that this extension
enables us to use the original two-body spin-orbit interaction determined from a scattering phase-shift analysis
of a-n. In %Be, all of the observed positive-parity bands and the negative-parity bands are described within
the model. The 0 ground state offBe is described by a dominant (3/2 configuration. The state has a
rather large binding energi8.38 MeV from thea + a+n+n threshold experimentallyand the mechanism
leading to binding, such as a pairing effect and reduction of the kinetic energy between two clusters, is
discussed in detail. In spite of this large binding, #eex clustering in the ground state persists due to a
coupling effect between thBHe+ « configuration and théHe+°He configuration, which provides a smooth
potential for the valence neutrons. The seconddlate of 1°Be has a larger-« structure with a (1/2)2
configuration. An enlargement of the « distance due to two-valence neutrons alongdhe axis makes their
wave function smooth and reduces the kinetic energy drastically. Furthermore, the contribution of the spin-
orbit interaction due to coupling between t8g=0 and theS,=1 configurations is important. We also show
the mediation effect of two valence neutrons between éndusters.

PACS numbd(s): 21.10—k, 21.60.Gx

I. INTRODUCTION structure appears in the vicinity of a threshold endig].
This model is an important candidate for explaining shell-
Numerous experiments using unstable nuclear beamstructure anomalies. In the Be and B region, thex struc-
have succeeded in extending the observed neutron drip lingyre is well established, and especially iBe, where a mi-
and various features gf-unstable nuclei have been revealed croscopica+ a+n model has reproduced the properties of
[1,2]. To discover new isotopes and exotic properties oflow-lying states[7,8]. In 1%Be, the microscopic-cluster
weakly bound nuclei requires drastic changes in our undemodel has also been appli€8,10], and a developed cluster
standing of the nuclear structure. For example, neutron halstructure in the excited states was considered. According to
structures in°He, !Li, 'Be, “Be, 1'B, and !°C suggest a this analysis of’Be, thea-« cluster structure of the core can
breaking of the density saturation due to weakly bound neureproduce not only natural parity states, but also the famous
trons [3]. Not only is the halo structure of weakly bound anomalous parity 1/2 state at low energ}7,8]. It has been
neutrons anomalous, but also the change of the shell strushown that the density of the 172state is polarized along
ture. Experimental results show that the number of neutronthe -« axis, so that there is a strong mixing of taevave
in the drip-line isotopes op-shell nuclei Be and B go be- and thed-wave components. The ratio of the spectroscopic
yond the magic numbeN=8 (“Be, N=10, and**B, N factors S¥2[s,,x®Be(0")] and SY2 [ds,x®Be(2")] is
=14). In these nuclei, neutrons occupy orbits in higherg 79:0.30[8]. This polarization of the neutron density due to
shells &d shell for Bg. Since nuclei near the drip line are the 4- core is an important mechanism to make the*1/2
weakly bound systems, energy gaps between the shells bgrate jow lying. This strong coupling feature of the ‘1 /ate
come small. Recently, contributions of such higher shellgan pe qualitatively interpreted in terms of deformed models
were analyzed iMl=8 nuclei. A calculation based on the as th8[220] expression in the Nilsson diagram_
shell model has shown that the slgwlecay of'“Be to **B The intention of the present work is to analyze the struc-
can be explained by an admixture of thedl shell in  ture of Be isotopes systematically beyoNé=8 and to un-
12Be (N=8) in which the closeg-shell component must be derstand recent experimental data, including excited states
less than 309 4]. This shows that the concept of magic based on the molecular orlfiiO) model. There have been
numbers is vague if’Be. pioneering studies for Be isotopes based on the MO model
In the case of light nuclei, it has been shown that clustef9-11], where the properties of the low-lying states were
qualitatively described, including the development of the
a-a cluster structure in the excited states. However, to per-
*Present address: Rl Beam Science Laboratory, RIKEN In-  form a systematic analysis of the structure of Be isotopes
stitute of Physical and Chemical Researdiako, Saitama, 351- quantitatively over a wide energy range- 10 MeV), it is
0198, Japan. Electronic address: itagaki@postman.riken.go.jp necessary to thoroughly improve the models. Here, we
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present a new framework in which the model space for va- Within the present framework, the MO model is used to
lence neutrons is vastly extended. In the previous models, thelassify the single-particle orbit, and the model space is ex-
valence neutrons have been treated as linear combinations teinded from the traditional version applied so far to Be iso-
purep orbits around eack cluster. We, however, solve the topes. Now, the total wave function is fully antisymmetrized
neutron motion around the clusters and their wave func- and expressed by a superposition of terms centered at differ-
tions are expressed by superpositions of Gaussians. Withient relative distances between the twoclusters(d) with
this framework, the total wave function is fully antisymme- various configurations of two valence neutroeg @ndc2).
trized, and the angular momentum and parity are projected tblere, y represents the spin-isospip{(, pJ, nT andn])
good quantum numbers. The Coulomb interaction is infunction:
cluded and the center-of-mass maotion is correctly eliminated.

In this paper, we concentrate on a study of tAge struc- Wy E f9K pl  pd 1)
ture while emphasizing a structure analysis of the ground and M 4 cTeak  CLc2’ MKTelez:
second 0 states. The study starts with a reanalysiSBé to
examine the effective interactions, especially the spin-orbit 21+1 R
interaction. Since the spin-orbit interaction acts repulsively PﬁAK=—2f dQDY (Q)R(Q), (2
for the neutron, which occupies the 1/2rbit, the neutron in 8m
1/2" has a more extended density distribution than 3A%/e d (@) 4 (a)
use the MO model space scaled up largely in comparison Doy o= Al 17 057 (Peaxcr) (Peaxca) ] )
with previous MO model studid®,10]; it will be shown that
this difference of the density distribution is taken into ac- . ) i
count within the present frar¥1ework. This enables us to usgerformed.numerlcally, wherﬁ 'S Fhe Euller angle. Tf}\(e di-
the original spin-orbit interaction determined by a phase-shift:"gonal'zf"‘t'On of the Haml_lton_lan is carried out aﬁdiﬂ} .
analysis. Both the positive- and negative-parity bands ar@'e obtaln.ed aftgr the prOJe_ct|on. All nucleons are described
described as combinations of three basic orbits introduced iRy Gaussians with the oscillator parameseequal to 1.46
%Be (3/2°, 1/2*, and 1/2). The a-a structure in the fm. T_he a clusters located atl/2 and —d/2 on thez axis
ground 0" state persists where two valence neutrons occup§©ntain four nucleons:
mainly the 3/2 orbit. The binding mechanisnB.5 MeV @) _ Nt ~n
from the o+ a+n+n threshold, especially the pairing and ¢! )_GETaG'giGRaGRtXmeX“TX”i' @
kinetic energy effeciswill be discussed. The second 0
state has a larger- « distance where two valence neutrons
occupy mainly the 1/2 orbit. A candidate for the % state of L\ 34
this band with largex- clustering has been recently ob- Gy :(— exd —v(r—R,)?%], v=1/2s?
served[12], and our results will be compared with the ex- “aAT
perimental data. R R R

This paper is organized as follows. In Sec. Il, we give a R,={de/2, —de,/2}. )
description of the single-particle orbits around the two i .
clusters whose model space is vastly extended from the tra-"€ configurations for the valence neutrons.{x., and
ditional MO models. In Sec. Ill, we reanalyZBe and dis- Pc2Xc2) are expressed by a linear combination of local
cuss especially the spin-orbit interaction. In Sec. IV, the conSaussians:
struction of the basis states fofBe is explained. In Sec. V,
the level structure of°Be is presenteq, and .the_largea ¢cchi:Z 9;Grixei, 1=1.2, (6)
distance due to the valence neutrons is studied in the second i n
0" state. The binding mechanisms for the ground and the
second O states are discussed in Sec. VI, and the conclusion Guj—
is given in Sec. VII. R\

The projection to the eigenstates of angular momenium

G represents Gaussians:

2v 3/4 .

) exd—v(r—R)?], v=125%  (7)

In the MO model, the valence neutrons are expressed by a
linear combination of orbits around twe clusters. An orbit

A microscopica+ a+n+n cluster model is introduced around eachr cluster is called an atomic orbiAO). Here,
for 19Be in order to clarify the relation between the configu- we must notice that the valence neutrons and neutrons in the
rations of the valence neutrons and thea distance. The « clusters are identical particles, and antisymmetrization im-
configurations for the valence neutrons are introduced basegabses the AO forbidden space. The lowest AO has one node
on the MO picturg 11]. The MO model has been applied for and parity minus, that is, the orbit. When a linear combi-
a structural analysis of Be isotopg8,10], and the results nation of two AOs  orbit) around the lefix cluster and the
have proved that the basic ideas of the MO model work wellright « cluster is summed up by the same sign, the resultant
especially for°Be and°Be. Namely, the valence neutrons MO also has negative parity and one node. In this case, the
are considered to occupy orbits around battetlusters. In MO is restricted to spread along an axis perpendicular to the
°Be, the calculated energy surface and the density distribuz-a (2) axis, that is, the so-called orbit. It cannot spread
tion for a valence neutron have supported this picture. along thez axis where the twar clusters are already located.

Il. FRAMEWORK

044306-2



MOLECULAR ORBITAL STRUCTURES IN1%Be PHYSICAL REVIEW C 61 044306

(a) m-orbit One node In 19Be, since two valence neutrons occupy these single-
o particle orbits, three configurations with the tollgl=fl
@ + 0@ +E2=0 are generated. For the ground-state configuration,

) each valence neutron has only one node, and the direction of

This is a7 orbit. The 7 orbit is constructed as a linear
combination ofp, andp, orbits. They are expressed as two
Gaussians whose centers are shifted by a variational param-

(b) o-orbit Two nodes eterb,

/Q/ Px=Gibe, = G-bes  Py=GCing,~C-be, 8

/0/ 0 For the ground state, the spatial part and the spin paﬁ of
i are introduced to be parallel so that the spin-orbit interaction

W acts attractively. TherK™ of the two valence neutrons are
K{=3/2" andK7=-3/2", and

FIG. 1. Schematic figure for a single valence neutréa: = D(3/27,-3/2)=A] d’(la)(ﬁ(za)((ﬁcl)(cl)(¢c2Xc2)]- (9)
orbit and(b) o orbit.

@ the orbit is restricted to be perpendicular to thex (2) axis.

The spin-up valence neutrorin()) hasf’f:S/Z* (rYqy)
If two p orbits are summed up by different signs, the result-and the spin-down valence neutronin()) has Ef
ant MO has two nodes and positive parity. This MO can=3/2" (rY,_;), which are expressed as linear combinations
spread to all directions, and the optimal direction becomegf p, and py. The MO consists of two AOs around the
the z direction. This is the so-callea orbit, and the €nergy clusters. Then, we introduce the variational paramatea
becomes lower as the distance between twelusters in-  distance along the axis, and describe the MO as a combi-

creases. nation of p orbits centered at-ra and —a [denoted as
Each valence neutron is introduced to have a defiifte  (A0),,, (AO)_,]. Thus, the valence neutrons for the

at the zero limit of centers of the local GaussiafBL(}), but  ground state are described as follows:
the precise position ofR!} is determined variationally for

eacha-« distance before the angular momentum projection. beaxc1={(PxtiPy) +at (Pxtipy)-afnT), (10
When we determine the final level structure after the angular ) .
momentum projection, the coefficienfg;} are treated as beaXc2={(Px=1Py) vat (Px=iPy) -al[nl). (1D

variational parameters to take into account deviations fron?_|

the original orbits. Three basic orbits are introduced for the ere,

Be isotopesk =3/27, 1/27, and 1/Z', whereK corresponds (Px)+a=Gae,+bs,~ Gac,-bs,:
to thez component of the angular momentyK) at the zero ‘ ‘
limit of the centers of local GaussiangR),}). The 1/2° state (Py) +a=Gas +ba,~ Gag, b, (12)

is theo orbit, and the spin-orbit interaction splits theorbit

to 3/2" and 1/2". We call thew orbit a “ring orbit” because  The orpit = expl— T —(a6.+be) P —expl — T — (a6
it spreads perpendicular to the o axis and rotates around _b&) is(pirl)u?t‘rate dp{byVEJsin(gaezan d%g]ir}; Fig.p{Z(;;[. Trfegze

it. We call theo orbit a "chain orbit” spreading along the free parametera andb are optimized for each value of the
a-a axis, which is a higher-nodal orbit weakly moving oo E)jistance b

3:;3\/??”?'\/;}3 cllusters. Schematic figures for these orbits are We also define a basis state in which the spin-orbit inter-

The main 'dif.ference between this framework and the tra—aCtion acts reﬁulsively. The spaiial part arE the spin part of
ditional MO model [9,10] is the treatment of the orbits the momentak, are antiparallelKy=1/2", K3=—1/2":
around thex clusters. In the traditional MO model, the AO

, — 12 )= Al () )
around thea cluster has been expressed by thecoupling (127, ~127) = AL $1" 63" (berxer) (Peaxca) ], 13
scheme. The valence neutrons for the 3&ate and those (13
for the 1/2° state have been introduced to have the same : :

. o . o = + + + _ , 14
radial distribution; thus, the strength of the spin-orbit inter- $erXer={(PutiPy) sat (Ptipy) alinl), (14
action has been weakened to less than half to reproduce the _ : :

= =i +(px—IPy)—afinT)- 15
Is splitting. However, we extend the model space by ex- eaxc={(P= 1Py cat (P=iPy) alinD). (19
pressing the orbit around thex cluster as a combination of Furthermore, we prepare a chain orbit expressed by sub-
two local Gaussians; their rotation radii are _dependent Qn_thﬁacting two AOs at-a=d/2 and—a= —d/2:
orbits. Therefore, now we can use the original spin-orbit in-

teraction derived from the phase-shift analysis on dhien D (127, - 125 = AL 6 5 (berixc) (beaxea) ],
scattering. (16
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(@) (Py).afor the m-orbit

FIG. 2. Variational parameters describing a valence neutayn:

(py)? for the 7 orbit and(b) p® for the o orbit.

beixa1={(P)ra—(P)_afInT), a=dr2, (17

a=d/2.

beaxc2=1{(P) +a—(P)_atInl), (18)

Since theo orbit has two nodes, it can spread in all direc-
tions; the direction is determined variationally. In this case,

we impose no restrictions on the direction of the AO:

(G45=G-p)+a- (19

(P)sa=

An orbit (p),a=exp—r—(ae+b)A—exp—r—(as,
—b)13 is illustrated by usind in Fig. 2b). As a result of a
variational calculation, the direction & is optimized along

PHYSICAL REVIEW C 61 044306

The S,=1 configuration is constructed a®(3/2,1/2")
with the totalK™=2"

(327,12 )= AL {0 5 (heaxer) (eaxc)], (23)
¢C1X01:{(px+ipy)+a+(px+ipy)—a}|nT>y (24)
¢c2Xc2={(p)+a_(p)—a}|nT> a=d/2. (25)

To include all combinations of the ring orbits and chain or-
bits among the basis states for negative parity, we construct
bases ofK[=1/2" and KJ=1/2"; ®(—1/27,—-1/2%) has
{S,=0K"=—-17}, and ®(—1/27,1/2") has {S,=1K~
=0"}. The contributions of these states give only small cor-
rections; nevertheless, we do include them in the basis of the
negative-parity states.

lll. REANALYSIS OF °Be

The Hamiltonian has the following form:

H:Z Ti_Tc.m.+i§<: Vij+i§<: V:JS

+2—(1 )(1—7).

I<] |]

(26)

As effective nucleon-nucleon interactions, we use Volkov
No. 2[13] for the central part with the Majorana exchange
parameteiM =0.6 (W=0.4), the Bartlett exchange param-
eter B=0.125, and the Heisenberg exchange paramiéter
=0.125(using B and H, there is no neutron-neutron bound
state:

={Vye T~ V,e @ H{W—MP7P"+BP"— HP7},

the z-axis (KT=1/2", KI=—1/2").
The spin-triplet basis states are also prepared. For a ring (27)

orbit (7 orbit), ®(3/27,—-1/27), K™=1" is constructed where V1=-60.650 MeV, V,=61.140 MeV, a,

from K7 =3/2" andKZ=—1/2" (S,=1). In the case of a —0-980 fm" 2, anda,=0.309 fmi 2. For the spin-orbit part,

chain orbit @ orbit), the two spin-up valence neutrons can- vae use the ?h?’RS SP'“tF’fb't ter[rmt4] Wht'd:h's ?_t"l"ot r::ljr:jget .
not occupy the samié™=1/2* due to the Pauli principle. As aussian with a projection operator onto the triplet odd state

a result of a variational calculation, the spin-triplet chain(P31)’
orbit (o orbit) is found to deviate from the axis, and has a
small component along thedirection.

The negative-parity states dfBe are prepared as fol-

ViS=Vis(e airi —e 22}l SPy, (28)

The strength parameter \'£OS= 2000 MeV,a;=5.00 fm 2,

lows: one valence neutron occupies a ring orhit ¢rbit)

with negative parity and another occupies a chain ordit (

orbit) with positive parity. In this way configurations with

components of the spi&,=0 andS,=1 can be constructed.

The S,=0 configuration is constructed aB(3/2",—1/2")
with the totalK™=1":

D(3/27,- 127 )= AL ¢ $5 (deaxc) (beaxea) s

(20
beiXc1={(Px+iPy) sat (PxTipy)_atInT), (2D
¢02Xc2:{(p)+a_(p)7a}|nl> a=d/2. (22)

anda,=2.778 fm 2. All of these parameters are determined
from the a+n and a+ a scattering phase shifts and the
binding energy of the deuterds].

These parameters are the same as those used in the fully
microscopica+ a+n model for °Be [8]. However, in the
analyses for Be isotopes based on the MO md8gl the
strength of the spin-orbit interactiorka) has been weak-
ened to less than ha{P00 MeV), since the model space of
valence neutrons has been truncated to a pubit around
eacha cluster.

We summarize the relation between the model space and
the spin-orbit strength discussed in the previous paper, Ref.
[8]. Figure 3 shows the energy curve for the 3/&ate and

044306-4
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-44 5 One may think that a splitting of 4.0 MeV is still larger
454 ~ than the experimental splitting of 2.8 MeV. However, this is
-46 ~ a rather good approximation, since ¥Be, this problem is
-47 3 ~ never overcome without solving the tail of the valence neu-
%_48_ AN _ p tron carefully. The splitting reflects not only the spin-orbit
§_49_ AN 1\{2 P interaction, but also the kinetic energy. In the brackets of
8 o] - Table 1, the kinetic energies of the 3/and 1/2 states are
5 listed for three model spacegl) a and b are fixed toa
1 3/2" =d/2, b=0.1 fm(model space in the traditional MO mogtel
~52 — yd (Il aandb are freely changetpresent model spag€lll) a
-53 e andb are regarded as generator coordinates. In the last case,
-54 r 1. T T A wave functions with differend,b values are superposed, and

the tail of a neutron is correct. The reduction of the kinetic

energy from the present model spadb to the generator
FIG. 3. The energies of the 3/2state and the 1/2state as a  coordinate model spacelll) is 3.8 MeV (112.5 MeV

function of parameteb in °Be. d=2a=3.5 fm. —108.7 MeV) for the 1/2 which is much larger than 2.3

MeV for the 3/2 state (119.4 MeW-117.1 MeV). There-

that for the 1/2 state using the origineﬂ/{)S (2000 MeV). fore, an accurate description of the tail enables a reduction of

The abscissa expresses the position of the Gaussian centertbie splitting of these states to 3.2 MeV (3/2-56.1 MeV,

the x axis for a valence neutron measured from the center of/2~ —52.9 MeV).

the « cluster(parameteb). Since the repulsive contribution Through these analyses, it becomes clear that the interac-

of the spin-orbit interaction for the 1/2state is strong near tion determined from a phase-shift analysisaefx and a-n

the « cluster, a minimal energy of 172is seen around  can reproduce the properties #Be due to the extension of

=3 fm, which is much longer than that for 3/2 the model space; we then analyze fiBe nucleus using the
The truncated model space in the traditional MO modelsame interaction.

corresponds to the limit db=0, and the energy difference

between these two states here is much larger than the energy

difference between states with optinavalues. As listed in IV. CONSTRUCTION OF THE BASIS STATES

Table I, the spin-orbit splitting has been calculated to be 7.9 10 , .

MeV compared with the experimental value of 2.8 MeV. 1N 5 Be, e +a2dopt_ three 0 configurations

(The model space in the traditional MO model is realized byl (3/27)%,(1/27)%,(1/27)7], since three single-particle orbits

employing a=d/2 and b=0.1 fm) With the use ofV{ (K=3/27,1/27,1/2") have been introduced. The values of

=900 MeV, the splitting is reduced to 3.6 MeV; this is the the parameters for the valence neutrons are obtained varia-

reason why the strength is artificially weakened in the tradifionally. As shown in Fig. 2, parameter describes the

tional MO model. component of the position of the Gaussian center, and pa-
In the present model space, the valueboin the 1/2  rameterb corresponds to the rotation radius of theorbit

state, in which the spin-orbit interaction acts repulsively, isaround thea-a core. The parametes corresponds to the
allowed to be larger than that for the 3/8tate. The valence rotation radius for the case of the orbit. These values are
neutron escapes from the core to reduce the matrix elemenptimized by using the cooling method used in the antisym-
of the spin-orbit interaction. As shown in Table I, the energymetrized molecular dynami¢&\MD) [15-19 developed by
splitting between these states is obtained to be 4.0 MeV witlEn’yo and co-workers for each-« distance before the an-
the use of the original spin-orbit interactior\/'(f=2000 gular momentum projection. The obtained values of these
MeV). As a result, the ratio of the contributions of the spin- parameters are listed in Table Il along with the energies for
orbit interaction for the two states is very different from thethe cases of®(3/27,—3/2") (upper panegl ®(1/27,
ratio of —1:2 expected from a simple shell model. The spin-—1/2") (lower panel for a-« distances of 2-5 fm.

orbit components in 3/2 and 1/2 were calculated to be For®(3/27,—3/27), d=2 fm gives the minimal intrinsic
—3.1 MeV and 1.1 MeV in°Be. This change of ratio from energy (—52.09 Me\j. After an angular momentum projec-
the simple shell model is one of the characteristic propertie§on, the 0" state has an energy minimum 3 fm (the

of a weakly boundor unboundl system. 0" state—58.01 Me\). The optimal distance is longer than

b (fm)

TABLE I. The energies ofBe for the model space of the traditional MO modeft) wherea andb are
fixed toa=d/2, b=0.1 fm (I). (Il) The energies for the present model spawéddle) wherea andb are
chosen freely(lll) The energies for a model space which is spanned &ydb being generator coordinates
(right). The values in parentheses are the kinetic energies. The unit is MeV.

J7 () a=d/2, b=0.1 fm (1) a,b free (1) a,b generator coordinates
1/2° ~46.2(123.9 -50.8(112.5 ~52.9(108.7)
3/2° —54.1(125.9 —54.8(119.9 —56.1(117.0)
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TABLE II. The values ofa, b, and the intrinsic energy and the -35
0* energy as a function of the-« distance. The wave function of
%Be is d(3/27,—3/27) (upper pane| ®(1/2°,—1/27) (lower 407 /2 f
pane).

(17272

energy (MeV)

a-a (fm) a(fm) b (fm) Intrinsic (MeV) 0" (MeV)

2 1.09 099 ~52.09 ~56.51 . —a

3 1.39 1.08 —50.91 —58.01 G2 )

4 1.71 1.35 —44.64 —54.40 60 < T ! 2
2 3 4 5 b (fm)

5 212 153 _3804 _4816 a-a distance (fm)

FIG. 4. The O energy curve ford®(3/27,—3/27), ®(1/2°,

-a (f fi b (f Intrinsic (MeV 0" (MeVv
aa (im) alm (fm) nirinsic (MeV) (Mev) —1/27), and®(1/2*,—1/2*) as a function of ther- « distance(d)

2 1.33 2.05 —38.06 —41.32 (left pane). The 0" energy curve fo(3/2~,—3/27) as a function

3 1.49 211 —39.30 —45.62 of b, the distance of the valence neutrons from déhparticles(right

4 1.63 2921 —35.42 —45.03 pane). The a-«a distance is 3 fm. The minimal energy is found at
5 1.89 235 -30.34 —41.01 b=1.1 fm, which coincides with the optimal value bfbefore the

angular momentum projection.

that for the intrinsic energy. Here, the parametet (zcom-  cant to point out thab has only thez component. Thus, the
ponent of the position of the Gaussian centsrobtained to four-body system ¢+ a+n+n) has a linear configuration.
be approximately the same valued®. Therefore, the pic-  \joreover, thea- o distance which minimizes the'Oenergy
ture “AO around thex cluster” works well even if we allow s petween 4 fm € 46.54 Me\) and 5 fm (- 46.38 MeVj, 1

a deviation of the AO along theaxis. As shown in 'I_'able I, fm longer thand(3/2~,—3/27). The valence neutrons along
a=1.39 fm ford=3 fm, and the deviation frord/2is only  {he 44 axis enhance the-a distance and weakly couple
0.11 fm. Ford=5 fm, a=2.12 fm, and it is smaller thaW2 1o , clusters. The O state energy ofb(1/2",—1/2") is
by 0.38 fm. When thex-a distance becomes large, the va- |o\yer than that ofb(1/2-,— 1/27). Therefore, the level in-
lence neutrons shift a little inside to gain potential energy. yersion of 1/2 and 1/2 in °Be and!Be is also reflected in

The parameteb (rotation radius around the cluste) 108,

depends on the configurations. F&(3/27,—-3/27), b is Now, at ana-« distance(d) of 4 fm, the 0" energy of
obtained to be approximately 1 fm, but fob(1/2", ®(1/27,—1/2%) is equal to—46.54 MeV using the opti-

—1/27), the rotation radius becomes longer, by about 2 fm, . . : -
since the spin-orbit interaction acts attractively f¢3/2°, mized rotation radius for neutrong{=2.02 fm. When we

—3/27) and repulsively foxb(1/2-,— 1/27). Therefore, the take the zero limit fofb| to be the same as in the traditional

orbits around ther clusters should be expressed for the con-MO model, this energy becomes44.39 MeV, which is
figurations one by one to estimate the spin-orbit splittinghigher by more than 2 MeV. Therefore, the effect of making
correctly. This is the reason why we express the AO as &€ value ofb (rotation radius a free parameter is very im-
linear combination of the local Gaussians. In the traditionaPOrtant for theo orbit. Since theo orbit is a higher nodal
MO model, the AO has been the eigenstate of the angula‘?rb_'tv this smo_oth_n_ess of the wave function reduces the ki-
momentum around the clusters with a common oscillator N€tic energy significantly. - - -
parameter. This corresponds to the limit @fd/2 andb The 0" energy curves ford(3/2°,~3/27), ©(1/27,
=0 in our model. Now, the optimal value offor the neu- ~—1/27), and ®(1/27,~1/2") are summarized in the left
tron in the 3/2 state in%Be (2 fm) is smaller than that in hand panel of Fig. 4. The energy df(1/2",—1/2") be-
9Be (3 fm), and distribution of the neutron i*°Be is more ~ COMes lower asl increases, and the minimal energy is lower
compact. than that of®(1/27,—1/27) (level inversion. Here, the en-
We now construct a basis state for the secoridstate. €9y difference betweenb(1/27,—1/2") and ®(1/2",

Table 11l gives the results fo(1/2°,—1/2"). It is signifi- 1/27) is small; later, though, it will be shown that coupling
with ®(3/27,—3/27) pushes up the third 0 dominated by

. o d(1/27,—1/27), and coupling with the spin-triplet basis
TABLE llI. Values of a, b, and the intrinsic energy and the 0 state dominated b}b(l/Z* _ 1/2+) makes the second0
energy as a function of the-a distance. The wave function is |5\ er “Therefore, this level inversion is finally much en-
d(1/2F,-1/2%). hanced ’
These parameter optimizations have been performed be-
fore the angular momentum projection. Although this is an

a-a (fm) b, (fm) by (fm) b, (fm) Intrinsic (MeV) 0" (MeV)

2 0.00 0.00 1.93 —32.83 —33.87 approximation, we show that the parameters obtained are
3 0.00  0.00 2.04 —38.57 —42.28 close to the one which minimizes the energy after the angu-
4 0.00 0.00 2.02 —39.96 —46.39 lar momentum projection. This agreement comes from the
5 0.00 0.00 1.56 ~38.20 —46.16 K™ projection for each valence neutron, which is expressed

by a linear combination of Gaussians in this framework. The

044306-6



MOLECULAR ORBITAL STRUCTURES IN1%Be PHYSICAL REVIEW C 61 044306

TABLE IV. Values of a, b for one valence neutron ard for another valence neutron, the intrinsic
energy, the I(K=1) (upper pangl and the 2 (K=2) (lower panel energy as a function of the-«
distance. The wave functions dfBe areS,=0®d(3/27,—1/2") (upper pangl and S,=1d(3/27,1/2%)
(lower pane).

a-a (fm) a(fm) b(@{m) b, (fm) by (fm) b, (fm) Intrinsic(MeV) 17 (K=1) (MeV)

2 1.20 0.96 0.18 0.00 1.83 —40.22 —41.29
3 1.43 1.08 0.04 0.00 1.95 —42.97 —46.76
4 1.74 1.30 0.19 0.00 1.92 —40.83 —47.67
5 211 1.50 0.35 0.00 1.80 —36.63 —45.12

a-a (fm) a(fm) b(@{m) b, (fm) by (fm) b, ({m) Intrinsic(MeV) 27 (K=2) (MeV)

2 1.18 1.00 0.15 0.00 1.90 —39.09 —39.70
3 1.43 1.15 0.16 0.00 2.03 —41.79 —4551
4 1.76 1.41 0.13 0.00 2.16 —39.59 —46.30
5 2.17 1.50 0.11 0.00 1.79 —35.30 —43.57
0" energy curve fo(3/27,—3/27) with respect tadb (the Three 0" states appear. Their dominant valence neutron

distance of valence neutrons from thecluste) is shown in  components are (3737 for the ground state, (1122 for the
the right hand panel of Fig. 4, where parameteendd are ~ Second 0 state, and (1/2)? fgr the third 0" state. The total
fixed to 2a=d=3.0 fm. The 0" energy minimum (58.2  €nergy of the ground state is calculated to-b61.4 MeV,
MeV) is seen around=1.1 fm. This value is almost the Which corresponds te-7.3 MeV with respect to the:+ «
same as 1.08 fm in Table Il obtained before the angular™N+n threshold(the experimental value is-8.4 MeV).
momentum projection. Therefore, the value of the optimizedThe 0; state and the ) state are obtained at excitation
b does not depend on the projection of the total angulaenergies of 8.1 MeV and 11.6 MeV, respectively. From the
momentum during the optimization if th€” of each valence ground and the second Gstates, th&”=0 rotational bands
neutron is projected. Without tH€™ projection for each neu- are formed asi) 0y (0.0 MeV) — 2; (3.3 MeV) — 4; (10.7
tron, the value ob (the rotation radius for valence neutrons MeV) and (ii) 02+ (8.1 MeV) — 2; (9.5 MeV) — 4, (125
around a core nucleusvould become too small to eliminate MeV). The level spacing of p — 2; is 3.3 MeV, which
higher-nodal waves around tle « axis, such as thewave  corresponds nicely to the experimental value'fBe (3.37
andd wave. MeV), which is almost comparable with the case &Be
The negative-parity states ®(3/2",—1/2") and (~3 MeV). On the contrary, the second band has a very
®(3/27,1/2") are listed in Table IV. Since one valence neu-large moment of inertia, more than twice that of the ground
tron is a chain orbit, the large- « distance also gives rise to state. The second2state at 5.8 MeMexpt. 6.0 MeVf and
the appearance of low-lying negative-parity states. Both  the 3" state at 9.6 MeV consist mainly ™=2* compo-
=1 andK”=2" have their minimum at around the-a  nents, and the "l state at 10.1 MeV and ;2 state at 11.2
distance of 4 fm. Their energies are very close, and mixingyeV is dominantly theK™=1" (spin-triple) component.
of the two bands is expected to have a large effect on the 2
state. TABLE V. A list of the basis states we have employed for the
GCM calculation of 1%Be. Basis states for positive-parity states
(upper panegland for negative-parity statékwer pane).

V. RESULTS

In this section, we present the results f9Be. First, we Configuration a-a distance(d) (fm)
show the level structure. There appear both the ground state D(3/27,—3/2°) 1.02.0253.03.54.05.0 6.0
and the second Orotational band. Next, the coupling effects O(127,-1/2°) 20253.03.54.05.0 6.0
between the basis states introduced are shown, and the en- (12, - 1/2) 203.03540455.06.0
largement of ther-« distance in the second'Ostate due to S,=1 (®#(3/2°,—1/2°)) 2.02.53.0354.05.0 6.0

2 . . . I 1 ’ . . . . . . .
the (1/2)? configuration will be clarified. o orbit, S,=1 202530354.05.06.0
A. Energy level Configuration a-a distance(d) (fm)

The basis states obtained above are combined using the ®(3/27,-1/2%) 20253.0354.0455.06.0
generator coordinate methaCM). The basis states em- ®(3/27,1/2") 2.0253.03.54.04.55.06.0
ployed are listed in Table V, and the energy levels'®Be O(1/27,-1/2%) 2.0253.0354.0455.06.0
are calculated in the bound-state approximation, with the re- ®(1/27,1/2%) 202530354.0455.0 6.0

sult shown in Fig. 5.
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— the first and the second'2states almost agree with the ex-
4 e o -4 perimental values (2:3.7 MeV and 2:5.4 MeV, experi-
: mentally 3.4 MeV and 6.0 MeV, respectivelj{However, the
g 2 2 second O state is put at 12.35 MeV. This energy is about
@— . e twice the observed excitation energy 0}’ 16.263 MeVj.
0 2. e This result implies that the 0 state (bandhead of cluster
ot band cannot be understood within theshell and the con-
2t — ) tributions ofsd shells are required.
e — The negative-parity states are also presented. In addition
to reproducing the four observed states (2, 37, and
47), we predict a second 2state and a second 3state(the
second 4 state is out of the energy range of this figurEhe
A 1 presence of two states for eaghis due to a coupling effect
ot between two bandK™=1" andK"=2". In the K"=1"
S e - band, a valence neutron for the orbit and one for ther
orbit have opposite spin direction§,&0), and in theK™
Experiment Calculation =2~ band, they have the same spin directi®=1). Since
the energies of these two bands are close and the coupling

FIG. 5. Calculated and experimental energy levels%8& mea-  petween them is strong, there is no clear band structure for
sured from thea+a+n+n threshold. The calculated levels are the negative-parity states.
sorted into fi_ve COIUTnS' FroT left to ri+ght: states whose dom_inant Both the calculated and the experimental results reflect
fr?em speocr;enrlit tlbd;;:docﬁalfaﬁcjefizég ;:tllm.or-[)ri]ti f‘l(fﬁgrf]iftck?tjorrunmlr? this K-mixing effect, and the level spacing between the 1
is the negative-parity band y ' state and the 2 state is very small. If we restrict ourselves to

' only K=1, 1" is found at—53.0 MeV and Z at —52.0

The experimentally observed levels are also shown in FigchE\Q*T:tZtI:V?r:eS%Zﬂggéz dmgfmtah:ag,lb'\;ﬁg'i:gﬁegf% for
5, in which we can clearly reassign the ground-state rota: ' L :
. MeV, and the coupling is very strong. Therefore, when we
tional band (§, 0.0 MeV — 2, 3.4 MeV - 4, 11.3 o .

performK mixing, the level spacing between these two states
MeV). For the second 0 band, the § and the_%“ states are  pe omes much smaller(53.4 MeV for 1, —53.5 MeV
o_bserved at 6.3 MeV and _7.5 MeV, respectively, and a cang, . 27). SinceK=2 is a spin triplet, this 2 state has a
(rjé(i:;etlilotrjitgsugszt;ltze] (2 tlhc')s Zbﬁ/lnecilw\r}\(/)esealcslgséii ;tnru;tg;(re] 'Sstrong admixture of th& =1 component and thé& =2 com-
didate for thek =2+ band. All of these observed levels ponent, just like in the so-called spin vibrational state.
have a nice correspondence with the present calculated re-
sults.

The calculated ground state is underbound from dhe In this subsection, the coupling effect between the basis
+a+n+n threshold by 1 MeV. To remove this discrep- states for the positive-parity states is analyzed. Table VI
ancy, it is necessary to examine the interaction which we usehows the matrix elements of the Hamiltonian between the
especially for the pairing interaction between the first 0 basis states with the optimelvalue for each configuration.
state and the third 0 state(this will be discussed latgrAs The matrix element between the ground(3/2°,
for the excited levels, the calculated excitation energy of the-3/27) configuration =3 fm) and its spin-orbit partner
second 0 band is higher than the observed one by about 2ZP(1/2~,—1/2") (d=3 fm) is equal to— 2.8 MeV, which is
MeV. This is mainly due to the simple assumption of the much larger than the matrix element between the ground-
orbit described as a superposition of four local Gaussianstate configuration and the second® Oconfiguration
Since the level has thewave component, the tail effect of [®(1/27,—1/2") d=4 fm]. Therefore, the pairing between
two valence neutrons is expected to be important. We havstates which consist of the orbit is stronger than the pairing
checked that this underbinding of 2 MeV can be overcomeéetween the basis states with tireorbit and the state with
when we represent the tail of the wave function carefully andhe o orbit. After diagonalization of this matrix, the lowest
include the deviation of the: orbit from thea-a axis within 0™ state has an energy ef58.7 MeV, which is lower by 0.8
the model space in which the-« distance(d) is fixed to 4 MeV than the value before diagonalization. Here, the third
fm. 0" state is pushed up te-44.8 MeV (—45.5 MeV before

The second 0 state has a much larger charge radiusthe diagonalizationdue to this diagonalization. On the other
(2.93 fm; a proton radius of 0.813 fm is ugethan the hand, the second "0 has little influence due to pairing.
ground staté2.51 fm), which is a signature of the developed Therefore, the pair coupling affects the level spacing be-
a-a structure. As for the configuration of this state, the re-tween the (1/2)? configuration and the (1722 configura-
sult based on the shell model supports the contention thaion, and in°Be it enhances the level inversion.
valence neutrons occupy not theorbit, but thesd orbit. In We can confirm that the third 0 state is really excited
the Cohen-Kurath mod¢R0], where all the configurations in  due to pairing with the groundOstate by artificially chang-
the p shell are taken into account, the excitation energies ofing the matrix element. When the matrix element between

enhergy [MeV]

21’_

B. Coupling effect between the basis states
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TABLE VI. The matrix element of the Hamiltoniarireal, imaginary between the basis states:
®(3/27,-3/27)d=3 fm, ®(1/2",—1/27)d=3 fm, and®(1/2*,—3/2")d=4 fm. The unit is MeV.

®(3/27,-3/2) O(1/27,-1/2°) (1127, —3/2")
$(3/27,-3/27)d=3 fm (—58.0, 0.0 (—2.8,0.2 (=0.2,-0.1)
$(1/27,-1/27)d=3 fm (—2.8,-0.2 (—45.5, 0.0 (-0.2,0.3
(12", —1/2")d=4 fm (-0.2,0.9 (-0.2,-0.3 (—46.4, 0.0

the ground 0 state and the third 0 is assumed to be D. Effect of triplet-odd pairing in the chain orbit

—3.5 MeV, the third 0 state is excited to-44.4 MeV In the traditional MO model, the spin-orbit interaction
(0; =—59.1 MeV); if it is 4.0 MeV, the third 0" state is  does not contribute to thé(1/2*,—1/2") configuration.

excited to—44.1 MeV (0 = —59.4 Me\). This is because the two valence neutrons spread along the
two « clusters, and they cannot rotate around a core nucleus
C. Large a-a cluster structure in the second 0 state (another reason is that the two valence neutrons occupy the

) ) same spatial configurations with opposite spin diregtion
We analyze the enlargement of taea distance in the  owever, the spin-orbit interaction in the second State is
second O state. The O energy for eachw-a distance is  taken into account by coupling with the spin-triplet configu-

shown in Fig. 6. The solid line in Fig. 6 has a large compo-ration.

nent of ®(1/2",—1/2"), and this energy becomes lower as  Taple VIl shows the coupling between th&(1/2",

the a-a distance increases. The energy minimum is found at- 1/2") (S,=0 in Table VII) and the spin-triplet chain orbits
an a-a distance of 4-5 fm. An enlargement effect of the (S,=1 in Table VII) atd=4 fm. Both the total energy and
a-a distance by the (1/2)2 configuration in the second0  the spin-orbit energy are shown. THg1/2",—1/2") con-
state of!%Be is clearly shown. Here, the coefficierts for figuration gives an 0 energy of—46.39 MeV, and the spin-
the Gaussians are also optimized. In spite of this extension frbit interaction does not work for this state. However, it acts
the model space, the configurations introduced above basitrongly for the off-diagonal matrix element betwes=0
cally keep their structures. The threé 8tates are well rep- and S,=1 (8.11 Me\) which exhausts almost the off-
resented by the original three basic configurations. Thejiagonal matrix element. Because of this matrix element, the
squared overlap between the ground state dr@/2”,  spin-orbit interaction finally acts attractively in the coupled
—3/27) is 0.93 atd=3 fm, that between D and ®(1/2",  state. After coupling, the energy of the secorid €tate be-
—1/2%) is 0.79 atd=4 fm, and that between 0 and comes—49.53 MeV, about 3 MeV lower than that in the
®(1/27,—1/27) is 0.84 atd=3 fm. However, as can be pure ®(1/2°,—1/2") state, and the spin-orbit interaction
seen from the squared overlap of 0.79, the secohdtate is  contribution is—4.75 MeV (triplet-odd pairing in the chain
not described only by thé (1/2*,—1/2*) configuration, but  orbitg). This large effect is never negligible for a description
the coupling with the spin-triplet chain orbito(orbit) is  of the second O state. The spin-orbit interaction plays its

found to be strong. role to enhance the level inversion of the twd Gtates
(1/2")2 and (1/2)2.
,\ — T Recently, a theoretical analysis based on the microscopic

a+ a+n+n model using the stochastic variational method
(SVM) has been performd@1]. The calculation also shows
the contribution of theS=1 component in the second'0
state. The component @=1 is 23.1% in the second0
state; this value almost agrees with our result discussed in
the last part of the previous subsection.

energy (MeV)

E. Electromagnetic transition

A physical quantity signaling a pronounceda structure
in the second 0 state isB(E2) [their values are listed in

TABLE VII. The coupling effect between th®,=0 chain orbits
(o orbits) and theS,=1 chain orbits for the basis states of the
second 0 state. The energies and their spin-orbit components

a—o distance (fm) (written asls) are shown.
FIG. 6. Thea-a (d) dependence of the'Ostates. There appear S,=0 S,=1 Off-diagonal ~ Coupled
three 0" states in the low-lying energy region. The solid line shows
the state which has an overlap with ti¢1/2*,—1/2") configura- Energy(MeV) —46.39 —28.59 —-8.11 —49.53
tion dominantly, and the long dashed line shows thé€3/2™, Is (MeV) 0.00 5.47 -8.11 —4.75

—3/27) configuration.
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TABLE VIII. (A) B(E2) of 1%Be 2*—07"; the unit ise? fm®. Therefore, we now examine the contribution of the
The value in parentheses is an experimental dat@nB(E1) of  kinetic-energy term and show what the difference is between
%Be 17— 0%; the unit ise? fm?. 198e and®Be. The relative kinetic energy between the two

clusters in'%Be is compared with that dfBe. ®Be consists
. (A) . of two configurations {He+ « and ®He+°He). When the
0; 0, a-a distance(d) is equal to 3 fm, the relative kinetic energy
2F  11.26 (10.041.2) 0.23 (0.6 0.40) betweena and *He [T(**Be)—T(°He)~T(a); Tis the ex-
ot 0.44 0.00 pectation value of the kinetic energis 18.42 MeV. The
2 H H 5 10, 5
ot 019 35.56 kinetic energy betweerrHe and °He [T( Be)_—T( He)
s —T(°He)] is 18.77 MeV. On the other hand, i?Be, the
®) relative kinetic energy between the twioclusters[ T(®Be)
o 0; —2XT(a)] is 22.63 MeV. Therefore, there is a decrease in
1

the kinetic energy by 4 MeV froriBe to 1°Be in the relative
1~ 2.36x10°3 2.06x10 3 (4.22+1.51x 10 3) motion between the two clusters.

This is due to a drastic change of the reduced mass in
0Be compared withBe and°Be, which is intuitively un-
Table VIl together with those dB(E1)]. B(E22; —0,) is  derstood as followd.In ®Be, since the twar clusters are
predicted to be 35.78 fm*, which is about 3 times the yrast localized at a distance, the reduced mass number correspond-
one [B(E22; —0;)=11.46e?fm* experimentally 10.04 ing to the relative motion between the twioclusters is
+1.2 e?fm?]. If this huge transition is measured, it would
provide very strong evidence for a large« structure. Un- myXm, 4X4
fortunately, the neutron threshold opens at 6.81 MeV be- mm. a4 %

+ 1112
tween G (6.18 MeV) and Z (7.54 MeV), which makes the
measurement difficult. The width of the neutron emission isHowever, in 1°Be, the ®He+« component has a reduced
6.3+=0.8 keV[22]. mass number of

Recently, a candidate for this cluster band structure has
been observed if%Be. Fragments ofr and ®He from a state
at 10.2 MeV have been observed and the state fits into the = =2,
J(J+1) rule along with the second0state (6.26 MeV m.m; 6+4
[22]) and the third 2 state(7.54 Me\). This is thus believed
to be 4", and belongs to a cluster rotation band whose band
head is the secondOstate.

m;Xm, 6X%X4

and the®He+°He component has a reduced mass number of

miXm, 5X5
VI. DISCUSSION OF THE BINDING MECHANISM m,m, " 545 =25,

In this section, the binding mechanisms in the ground 0 _ono
state and in the second Gstate are discussed. These discus-and these values are abd@0-25% larger than the value

sions are related to the phvsical meaning of the descri tiofor 8Be. If the energy curvature with respect to the distance
phy 9 PUetween the two clustefsr optimal distance between them
based on the MO model.

is almost the same, the relative kinetic energy depends only
on the inverse of this reduced mass. In such a situation, the
A. Binding mechanism for the ground state reduction of the kinetic energy froffBe to 1%Be is estimated

In this subsection, the binding mechanism*®@e is ana- [0 be around 1%O%about 4 MeV. Therefore, the large bind-
lyzed, and each contribution of the Hamiltonian to the bind-"9 energy of "Be (8.38 MeV from the four-body threshald
ing energy is clarified. The ground state ¥Be is bound by can be fully explained when we take into account all of these
8.38 MeV from thea+ a+n+n threshold. This is a rather contributions.

large binding energy, sincéBe does not have a bound state Next, we show the mechanism yvhich stabilizes the CIU.S'
of a-a and °Be is bound from thex+ a+n threshold by tering feature of the ground state in spite of the substantial

only 1.67 MeV. Thus, the binding of 8.38 MeV from the binding energy from the four-body threshold. This is related

four-body threshold int%e is larger than twice the neutron to the physical meaning of the MO. Ina calgulatlon based on

binding energy in°Be by 5 MeV. This is a problem which AMD_ [16], th_e gro_und state has been obtained to tite

we are going to discuss. + a-like conflgurat_lon where egch valence neutron has .been
As for the potential-energy term of the Hamiltonian, the expressedl b%’ a S|Ingle Gaussian. On the other hand, in the

contribution of this term is far from accounting for the re- MO model, the valence neutrons rotate around boftius-

H 5 5
maining 5 MeV. In the previous subsection, we showed thafers: Then the amplitudes of theHe+a and °He+°He

the pairing interaction between the ring-orbit configurations

pushes down the ground'Ostate. This effect increases the

binding energy only by 1 MeV, which is also not enough to This idea of the reduced mass number comes from a discussion
solve the problem. with Professor K. Ikeda.
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model spaces are equally mixed. We show the coupling ef- -50 7
fect of *He+°He on ®He+ a for the ®(3/2,—3/27) con- 51 i
figuration. Here, the®He+ o and SHe+°He configurations 5o
only mean whether two valence neutrons rotate around the ]
samea cluster or around differen& clusters. Therefore, of ;'53‘5
course, the®He+ a model space is not the same as the free §-54 E
®He, with a halo structure and am cluster. The®He+ a 3.c5
[®(°He+ a)] model space consists of terms where two va- g
lence neutrons occupy the AO around the sanm@uster(at ® '56‘;
+a or —a on thez axi9), -57 4
@) 4 (a . -58
®(°He+ a) = AL {7 ¢4 (p+ipy) +alnT) o ]
- BRI BLRLELELE ILELLILE SR DAL DAL BRI B I S
X (Px—iPy)+alnl)] (29 0 0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
B
(a) 1 () i
+AL$1 b3 (PxFipy)—alnT) FIG. 7. The 0" energy curve of (+ B)®(°He+ a) + B (°He
_ L5 ) oy g e e
X(px—lpy)_alnm, (30) He) obtained by changing. The left-hand-side limit is’He

+ a and the right-hand-side limit i8He+°He. The numbers in the

while the °He+°He model spacé®(°He+°He)] consists ~ figure are the values of the-« distance ).
of terms where they occupy the AO around differentlus-

ters(at +a and —a on thez axis), enough and the coupling effect is small. On the other hand, if
the a- « distance is too large, the valence neutrons are local-
P (°Het°He) = AL 1 ¢S (py+ipy) +4lnT) ized around one of the clusters; then the coupling effect is
. also small. The coupling effect between tfide+ « and the
X (Px=ipy)—a[n])] B SHet5He model spaces becomes maximal arouhd3
o) o (a . —4 fm. Therefore, in spite of the sufficient binding energy
+A[¢(1 )¢(2 )(Dx+lpy)_a|nT> (8.38 MeV from thea+ a+n+n threshold, the ground
X (Px—ipy)1aln])]. (32  state of1%e keeps the cluster structure to provide an avail-

able region for the valence neutrons. It is clearly shown in

Parametera and b are the same as in the upper panel ofFig. 8 that the optimak-« distance for the mixed model
Table II. space is larger than for either tiféle+ « or the °He+°He

Figure 7 is the 0 energy curves obtained by changing the spaces by 0.3 fm.
mixing weight of two model spaces. The left-hand-side limit We can state that this coupling between the two configu-
has only ®He+ «, and the right-hand-side limitHe+ °He. rations plays a decisive role for the stabilization of thex
When the a-a distance is small, theHe+a and °He  structure surrounded by two neutrons ifBe. Finally, we
+°He spaces have a large overlap; thus, even if tHe  should note that this persistence of e clustering struc-
+5He amplitude increases, the energy curve is flat. Howture surrounded by two neutrons accounts for the above-
ever, when thex-a distance is around 3 fnithe optimal mentioned large reduction of the kinetic energy between the
distance of'%Be), the coupling effect due to the exchange oftwo clusters.
a neutron from one cluster to another cluster is about 1.3
MeV. There, the®He+ « and the®He+ °He configurations
have equal amplitudes. ] . o ]

In Table IX, we give the calculated total, kinetic, and In this subsection, the binding mechanism of the second
potential energies al=3 fm for three cases: théHe+ o O State, which is dominated by the (1/Z configuration, is
model space, théHe+°He model space, and mixed model @nalyzed, and this is related to the physical meaning obthe
space. The total energy gain from thele+ « model space orbit. Accordlng_to a description b_ased on the MO model,
(—56.87 MeV} to the mixed model space<58.15 Me\} is the neutrons which occupy the orbit rotate around bothky
about 1.3 MeV. However, if we consider only the potential
energy, its value in the mixed space 20671 Me\a is not TABLE IX. The coupling effect between théHe+ o model
lower than in the?He+ a space (206.82 Me\J. Then, the  Space and théHefrE’l—!e model space for the_basis states of the first
binding-energy gain must come from the kinetic-energy red” stat%. Tot?I, kinetic, and potential energies for b_othftHe+a
duction. This mixing of these two configurations may be saig®"d the’He+>He model spaces are shown at thex distance of 3
to be due to the exchange of one neutron from erguster fm.
to anothera cluster produced by the kinetic-energy operator,

B. Binding mechanism for the second ¢ state

and that extends the region available for the valence neutrons *Heta "He+ *He Mixing
and decreases the kinetic energy. The realization of the Total (MeV) —56.87 —55.75 -58.15
mixed state is the physical meaning of the ring orbit ( Kinetic (MeV) 149.94 149.74 148.55
orbit) in the MO model. If thea-« distance is smaller than  potential(MeV) —206.82 —205.49 —206.71

d=3 fm, the space available for the valence neutrons is not
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FIG. 8. The 0 energy curve for thab(3/27,—3/27) configu- amplitude between two alpha

ration. The dotted line shows théHe+ « model space and the
dashed line corresponds to tRkle+°He model space. The hori- FIG. 9. The 0 energy curve of theb(1/2",—1/2") configu-
zontal axis is thex-a distance (). ration obtained by changing the distribution of the valence neutrons

between the twax clusters. The values=1 corresponds to the
original amplitude of the MO model. The-« distances are dis-

clusters symmetrically, and spread widely along thex played in this figure.

axis. Thiso orbit plays a role to enhance the « distance;
however, in the MO model, the neutrons have their density

between thea clusters, and this component increases the VII. CONCLUSION
potential energy. As can be seen in Figb)l the o orbit is

i 10
expressed by four Gaussians on ther axis: We have applied the+ «+n+n model to “*Be, where

the orbits for the valence neutrons have been introduced

b :{(5) _(5)_ Jnt) based on the molecular orkiMO) model. All of the low-
“ a2 o lying positive and negative-parity states YBe have been
Z{G(d/2é2+5—G(d/2)éz_5 clearly described by combinations of three basic orbits for
the valence neutrons around the twalusters. These orbits
—G_(2)6,+ 5+ G- (ar2)e,-6}INT)- (33 originate from the low-lying 3/2, 1/2", and 1/2 states in

9Be. We have studied the behavior of thea core for each
configuration of the valence neutrons.
Here,d/2 and—d/2 are the positions of the twa clusters, In the present model, the spatially extended motion of
and for exampleG q/2)6,+ 1 is @ Gaussian whose center is at valence neutrons around theclusters is described by linear
combinations of Gaussians, and the centers of the Gauusians
are variationally determined. Because of this extension of the
model space, it is possible to use the strength of the spin-
orbit interaction, which is determined by an analysis of the
a-n scattering. The strength has been artificially weakened
to less than half in the traditional MO models.
In %Be, the ground state and the third Gtate are char-
acterized by ther orbit of the valence neutrons. 4 orbit
has only one node perpendicular to thea axis, and the

(d/2)e,+b. In the MO model, a neutron amplitude along
the z axis in between the twa clusters is explicitly de-
scribed by the second and third Gaussians in B8). By
changing the amplitude of the two Gaussians alongtivds

in betweena-a, we obtain the 0 energy curve shown in
Fig. 9. Parameteb, is fixed at 2.0 fm. The abscissa corre-
sponds tod, the amplitude in between the two clusters.

R spin-orbit interaction splits ther orbit into K™=3/2~ and
$ei={(Parz=(P)-arlIn) 1/2". The 0" ground state dominantly has the (3)2 con-
={Gar2)e,+5~ 9(Gar2)e, - b figuration, and the third 0 state has the (1732 configura-

‘ ’ tion.
+G_(w2)6,+5) + G (a2, 6} INT)- (34) The ground state is bound rather strong8/38 MeV)

from thea+ a+n+n threshold, and the binding mechanism

has been discussed. The pairing effect between the }3/2
The values=1 is around the original amplitude of the two state and the (1/2? state gives rise to an increase of the
Gaussians, and atl=4 fm [the optimal distance for binding energy by about 1 MeV; however, the most impor-
®(1/2",—1/2")], the energy minimum corresponds to al- tant effect is the reduction of the relative kinetic energy be-
most 1. If the amplitudeS vanishes between the clusters, thetween the two clusters in comparison witBe. If we take
0" energy becomes higher by several MeV. As ter  into account these effects, the mechanism of this large bind-
distance increases, this amplitude becomes more importaritig can be fully understood. In spite of this large binding, the
since it supplies potential energy to the two distantlus-  «-« clustering in the ground state persists. This is due to a
ters. These results show that tle orbit allows the a-« coupling effect between théHe+ a configuration and the
distance to spread, thus weakly connecting the clusters.  °He+°He configuration, which provides a smooth potential

044306-12



MOLECULAR ORBITAL STRUCTURES IN1%Be PHYSICAL REVIEW C 61 044306

for the valence neutrons and reduces the kinetic energy afetween 1/2 and 1/2 in °Be also holds int°Be. The 1/2

two valence neutrons by 1.3 MeV. state has been observed to be lower than the &fate also

The second 0 state has a large-« distance, which is  j, 113¢ This result suggests a possibility that the component
characterized by the orbit. The two valence neutrons stay o the (1/2)? configuration mixes in the ground state of

along thea-a axis (the 1/2° orbit) and reduce the kinetic 1?Be. This means a breaking of the clogehell configu-

energy by enhancing the-a distance. The twar clusters  raiion inN=8; the present analysis gives a perspective for a
are weakly bound due to an interaction with the valence NeUsystematic study of Be isotopes beyoNd=8. As future

tron spreading widely along the clusters. A largee2 tran- ok we are going to perform a systematic analysis based
sition probability between states which belong to a rotationaly, the present result up to the drip-line nuclédBe.

band (G , 25, 4,) is a signature for the presence of such
states.

The binding mechanism of the second 6tate other than
the enlargement of the- « distance has also been discussed.
The contribution of the spin-orbit interaction due to the cou- The authors would like to thank Prof. K. Ikeda for stimu-
pling between th&s,=0 and theS,=1 configurations is im- lating discussions and Prof. |. Tanihata for very effective
portant for the state. The mediation effect of two valencesuggestions. They also thank Prof. K. Kafzr. A. Ohnishi,
neutrons between twe clusters is also important for a quan- and other members of Theoretical Nuclear Physics group in
titative description of the state. The calculated excitation enHokkaido University for various discussions and encourage-
ergy of the second 0 state is slightly higher {2 MeV)  ments, and Dr. |. Kumagai-Fuse for her help. One of the
than the experimental one. Therefore, we will describe itauthors(N.l.) thanks the Japan Society for the Promation of
more correctly by reproducing the tail of the valence neu-Science for support and acknowledges fruitful discussions
trons in future work. with Prof. H. Horiuchi, Prof. T. Otsuka, and Dr. Y. Kanada-

We have theoretically pointed out that the level inversionEn’yo.
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