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Three-body model study of A=6—7 hypernuclei: Halo and skin structures
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Low-lying states ofA=6 hypernuclear doublet$He and§Li) andA=7 triplets (\He, {Li, and {Be) are
studied with an accurate three-body model calculation in which all the rearrangement Jacobian coordinates are
equally taken into account. Since most of the hypernuclear states concerned are weakly bound states, focus is
placed on the binding energies with respect to the particle breakup thresholds and on the density distributions
in the surface and exterior regions. With the- A + N model, the observed binding energies of the ground
states of He and §Li are well reproduced$He is found to have a three-layer structure of the matter
distribution: thea nuclear core, a\ skin, and a neutron halo. Th&®=7 hypernuclei are shown to be well
described with th§ He + N+ N model. Using a realistilN interaction, the correlation between the valence
nucleons is fully taken into account; this is essentially important to makenbten-rich three-body system
,7\Be = tRHe + p+p bound although none of the two-body subsystems is bound. The observed binding
energies onLi and Z\Be are well reproduced, and energies are predicteciﬁm whose core nucleus is a
neutron halo nucleus®He. We discuss the validity of the assumption of frozen deuterons adopted in the
previousa+d+ A models for theT=0 states off Li.

PACS numbds): 21.80+a, 21.10.Dr, 21.10.Gv, 21.4by

. INTRODUCTION hausted to bind ther+ A subsysten{B$P{3He) = 3.12

MeV] [5], and the coupling between the subsystem and the

One of the purposes of hypernuclear physics is to study,jence neutron is very weak. Thii$fe is expected to have
Th itnewhdﬁn; mical fela.tu:ﬁ- S mducekdbkl)y tﬁepirtt'}ile' IN" 4 neutron halo structure around tRile core. This picture of
'ght p-sheft hypernuciel, te remarkabe ro'e otthepar e o — 2pe 4+ 1 seems to be a dominating structure when

ticle has been pointed out in Refd,,2]: that theA partici- .

pation gives rise to more bound states and the appreciabld€ characterize the structure of _tﬁe-le = atA+n sys-
contraction of the systenfthis stabilization is called the t6en_1. The same pictur§He + p is expected to hold for
“gluelike” role of the A). This feature of light hypernuclei ALi, the other member of the isospin-doublet hypernuclei

has been studied mostly in systems composed of a stabwith A=6. The first aim of this paper is to study the structure
nucleus and &\ particle. Recently, in light nuclei near the Of the §{He=a+A+n system with the coupled-
neutron drip line, interesting phenomena concerning the neu€arrangement-channel methpé-8| which has been suc-
tron halo have been observEsl. If a A particle is added to cessful in describing the halo structure of neutron-rich light
such a halo nucleus, a very weakly bound system, the resuluclei. As a result, we found that the ground stateéfe
ant hypernucleus will become substantially stable against theas a three-layer structure of the matter distribution, com-
neutron decay. Thanks to the gluelike role of theparticle, ~ posed of thex core, aA skin, and a neutron halo, which is
there is a new chance to produce a hypernuclear neutrgtharacterized by a dominant structure PHe + n with
(proton halo state if the core nucleus has a weakly unboun®5% probability. This result shows that tRede + n picture
(resonantstate with an appropriate energy above the particlés very good to describe the low-lying statesidfie. We also
decay threshold. study the structure of théLi =a+ A +p system. This pic-

In this way, hypernuclei have the interesting possibility ofture should be applicable to the=7 hypernuclei by taking
extending the neutrofproton drip line from that obtained in  the 3He + N-+N model.
ordinary nuclei. A typical example i§He. Though the core Another typical example ig Be, as for the change of the
nucleus °He is unbound by 0.89 MeV above the+n (proton drip line due to the gluelike role of the added
breakup threshold, the ground statedfle becomes barely particle. While the nucleu§Be is located at 1.37 MeV above
bound by 0.17 MeV below th§He + n threshold. The the a+p+p breakup threshold, the hypernucle(8e is
observedA binding energy of 4.18 MeV\f4] is mostly ex- bound by 0.67 MeV below thaHe + p+p threshold[cf.

0556-2813/96/5%)/207511)/$10.00 53 2075 © 1996 The American Physical Society



2076 HIYAMA, KAMIMURA, MOTOBA, YAMADA, AND YAMAMOTO 53

BP(1Be) = 5.16 MeV[9]]. Since thexHe + p subsystem MeV by shell-model calculatior[SLZ,lEﬂ in which the model
is unbound by 0.59 MeVcf. Bj:*\xpt(iu) = 4.50 MeV[10]], space is restricted to the §Jf(0p)20s, configuration only.
the p-p correlation in theiHe + p+p system plays an a+d+ A cluster-model calculationd.,20] predicted the en-

tially | tant role i Ki QB bound. It is int ergy as 1.1-1.33 MeV. We are now ready to improve the
essentially Important role in makingbe bound. LIS INter- 4461 model by removing the frozen deuteron assumption,

esting to note that thi§Be = iHE’f + p+p hypernucleus is  gjnce the probability of the deuteron clusterization is only
considered to be the onjyroton-rich Borromean system so g50 in the ground state of théLi nucleus(cf. Sec. IV B
far reported in nuclei and hypermucle three-body system ang further distortion of the deuteron is expected, lri due
in which the total system is bound but none of the two-bodyyg the gluelike role of theA particle. It is noted that the
subsystems are bound is called a Borromigr). The sec-  assumption of the frozen deuteron possibly gives rise to an
ond purpose of the present paper is then to investigate theerestimation of the spin-spin interaction between the
r7nechan|sm of binding of the proton-rich hypernucleusparticle and then-p pair. Since high-resolution experiments
iBe. We shall make th§He + p-+ p three-body calculation are expected in the near future for the energy splitting of the
with sufficient accuracy. We treat fully the correlations be-spin-doublet states, it is highly desirable to perform less
tween the valence protons using a realidtibl interaction  model-dependent calculations of these states. We consider
(Bonn A[12]) since the protons are considered to be mostiythat a better approach to the low-lyifig=0 states of; Li is
located outside théHe core because of their weak coupling g adopt theiHe + n+p model so as to take the fufl-p
with {He. As a result, we found that the observed bindingcorrelation into account. Taking this framework without as-
energy of ;Be is satisfactorily reproduced by the model. suming a deuteron cluster, it is possible to investigate both
Therefore, since binding energies of the remaining memberge T=0 andT=1 states on\Li on an equal footing.
of the isospin-triplet hypernuclei witdh=7, {He and | Li In order to study these loosely coupling states mentioned
(T=1), have not been observed yet, it is of particular inter-above, it is very useful to take all three kinds of the Jacobian
est to apply the samkHe + N+ N model to the hypernuclei coordinates explicitly and employ the corresponding three-
and predict their binding energies. body Gaussian basis functiof®—8]. The method to calcu-
®He is known to be a typical neutron halo nucleus in thelate the three-body matrix elements of the complicated inter-
light p-shell region[13]; the two-neutron separation energy actions such as realistN interactions(Bonn A, etc) has
is only 0.975 MeV. This nucleus is well described by anbeen developed by the two of the present autiiBrkl. and
a+n+n three-body mode€]8,11,14—-18& Though thea+n M.K.) [8]. These methods are used throughout the present
system is unbound, the-n correlation of the valence neu- work.
trons makes the three-body system stable against neutron In Sec. Il, the structure of the isospin-doublet hypernuclei
emission. TheA participation in the bound state of such a {He and§Li is investigated with thex+ A + N three-body
halo nucleus should result in a more stable ground state ahodel. On the basis of the very weak coupling between the
the hypernucleus. The shell-model calculations gfle  3He cluster and the valence nucleon, we proposeXtHe
[17,1§ indicate that the ground state (1/Rand the excited + N+ N picture for theA=7 A hypernuclei. In Sec. Il this
doublet states (3/25/2") are located below thé\He + model is formulated and applied to the isospin-triplet levels
n+ n threshold if the calculated energy of the ground state obf ;He, %Li, and ;Be. Section IV is devoted to the study of
®He is adjusted to the observed energy with respect to theéhe low-lying T=0 states ofXLi with the same model. Em-
a+n+n threshold. However, in order to investigate the phasis is placed on the splitting of tie spin-doublet states
binding energies rigorously, it is desirable to employ a theo-and the degree of the deuteron clusterization in the presence
retical framework which takes into account the neutronof the gluelike role of the\ particle. A summary is given in
breakup thresholds explicitly and is suitable for describingSec. V.
weakly bound states. The preseilt—le + n+n model for
1 He and thew+n+n one for ®He are quite useful for this Il. §He AND §Li
purpose. We shall predict the binding energy of thésitron- A Model
rich hypernucleusi He and discuss the spatial extension of '
the valence neutrons in these states. We assume that the hypernucfgHe and }Li are com-
TheT=1,0" state of the®Li nucleus atE, = 3.56 MeV, posed of arx cluster, a valence nucleomNj, and aA par-
which is located at only 0.14 MeV below the+n+p ticle (Fig. 1). The core nucleus is considered to be an inert
threshold, has been noted to have a proton fiz8}. The core and to have the & configuration,®(«). The Pauli
addition of aA particle to the®Li nucleus will stabilize this ~ principle between the valence nucleon and the core nucleons
T=1 state, while it makes the next excitdd=1 state with is taken into account by the orthogonality condition model
2* atE, = 5.37 MeV come down to the energy region of a (OCM) [21], as the valence nucleon’s wave function should
proton(neutron halo candidate irf Li. This mechanism will e orthogonal to that of the core nucleon. Thus we solve the

be investigated with thaHe + n+p model, too. a+A+N three-body problem with the total Hamiltonian
It is well known that calculation of the\ spin-doublet ~9iVen by
states in,Li is very useful to get information on the spin H=T+V (1) +Vor(ro) +Van(ra) + Ve (2.1

spin term of theA N interaction. The calculated energy split-

ting depends on both the model and the effectig inter-  Here, T is the kinetic-energy operator and,, is the inter-
action employed. The energy splitting of the ground-stateaction between the constituent particekesandb. The OCM
spin doublet 1/2-3/2" has been predicted as 0.44—0.79projection operatoVp,;is represented by
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TABLE |. The angular-momentum model space of the three-

A N A N A N body basis functions and the Gaussian range parameters employed
s for the ground state oiHe. Lengths are given in units of fm. The
¢; distinguishes the channels of Jacobian coordinates shown by Fig.
r R, R, r; R; 1
c I L I S Mmax  Tmin Fmax Nmax Rmin R max

cc 0 1 1 0 10 02 100 10 05 15.0
c=1 c=2 c=3 ¢c;¢ 01 1 1 10 0.2 100 10 05 15.0
c, 1 0 1 0O 15 05 200 10 0.5 10.0
FIG. 1. Jacobian coordinates of the three rearrangement chaff2 1011 15 05 200 10 05 100
nels adopted for the+ A +N model of {He and§Li. ¢ 01 10 8 02 100 8 05 120
c; 0 1 1 1 8 0.2 10.0 8 05 120

Vpau= Iim}\|¢05(rNa)><¢OS(rl/\la)| (N=n or p),

n 2.2 This prescription has been found to be very useful in opti-

mizing the ranges with a small number of free parameters

. . ) ) together with high accurady6—8§|.
which excludes the amplitude of the Pauli forbidden state "1, eigenenergies of the Hamiltonian and the wave func-

¢os(r) from the three-body total wave functidi22]. The  ion coefficientsC are determined by the Rayleigh-Litz
Gaussian size parameterin $os is taken to beb = 1.358 \5iational method. In the procedure of optimizing the pa-
fm as in the literatur¢l]. In actual calculations, the strength rameters of the basis functions, it is very useful to pay atten-
\ for Vpqyjis taken to be 1OMeV, which is large enough to o, 1 the following point: Since the ground states %ie

push up the unphysical forbidden states in the very-highs, 8Li are located very close to theHe + N breakup
energy region while keeping the physical states unChange@ﬁreshold, the states are composed dominantly of the loosely

The usefulness of this Pauli operator method of the OCM has led5He + N tem allv in th mototic r
been verified in many cluster-model calculations of light nu-coUPied e system, especially € asymptotic re-
clei [8,15,16. gion. It is then effective to employ the configurations of the

In order to solve accurately the three-body problem, wechannelc=1 as the most important ones to describe the
ve functions of such states. In this sense, the present ap-

employ the coupled-rearrangement-channel Gaussian badié* ) ; .
variational method which was developed by two of theproach is more suitable for those systems than the previous

present authordE.H. and M.K) and their collaborators work [1,20] where only the basis functions of the channel
[6—8]. The total wave function of thé\=6 hypernucleus c=2 were taken into account. The optimized parameters are
gz is. described as a sum of the amplitudes of the thre isted in Table I(cf. the discussions in Secs. Il B and Il C for

rearrangement channdlBig. 1) in the LS coupling scheme: he dominant role of the channet=1).
g g ping ' As for the AN interactionV,y, we employ a one-range

3 GaussiarfORG) interaction[1,20]; it is given by the follow-
‘PJM(%Z):CZl lzs q)(a)[¢f°)(rc,Rc) ing form with no exchange term:
| Van=V3n(1+ 70y e 18° (2.6
X[xaA M) xu2AN)Islom » (2.3

with V= —38.19 MeV,3=1.034 fm, andy=—0.1. The
where ¢(% is the spatial-coordinate amplitude with angularrangeg is chosen to be equivalent to the two-pion exchange
momentum and they’s are the spin wave functions coupled Yukawa, and the potential strengtf} , was determined so
to spin S. We then expand eackp(r,R) in terms of as to reproduce the experimentalbinding energy iniHe
Jacobian-coordinate Gaussian basis functjérig which are (B, = 3.12 MeV) [5]. The strengthy of the spin-spin term
known to be suited for describing both short-range correlawas taken to reproduce the splitting of thé @nd 1" states

tions and long-range tail behavior: of 4H (4 He) within the ®H + A (®*He + A) cluster model
[5]. TheaA interactionV,, is obtained by folding/,  into
Nmax Nmax ) 2 the nucleon density of the particle with the spin-spin term
S, R)=> > > Cli r'Rte” (e (RRY) vanishing.
L n=1N=1 Careful attention should be paid to theN interaction
X[Y|(F)®YL(|§?)]|M- (2.4) since theA binding energy is measured from the energy

E_n Of the lowest resonant state of thet N system above
the a+N breakup threshold. In the calculation f§He in
Ref. [1], the authors obtaine&,,=1.13 MeV within the
bound-state approximation. We found, however, that an ac-
no1 curate N scattering calculation leads %©,,=0.59 MeV.
F'n="Tmind (N=1~Nmz), The error of 0.54 MeV has a direct effect on the value of
(2.9 BA(ﬁHe) which is measured fronk . Furthermore, this
Ry=RminaV ™! (N=1~Npa- aN interaction used in Refl1] does not satisfactorily repro-

Here, the Gaussian range parameters are taken to be of g
metrical progression,
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TABLE Il. Calculated energies of the low-lying states i)lf-le
and?\Li together with those of the corresponding statestéé and 10— T T
5Li. The energieE are measured from the+ N threshold for the
A=5 nuclei and from thex+ A +N threshold forA=6 hypernu-
clei. The energies in parentheses are measured fronilt-lm+
N threshold. The rms distances,_y, I,_,, andr,_y are also
listed for the bound state.

He SHe SLi eLi

J 312" 1 27 327 1” 2”
E (MeV) 0.89 -3.37 -3.01 197 -254 -215

(-0.25 (0.11 (0.58 (0.97
E®P'(MeV) 0.89 -3.29 197 -2.53

(-0.17 (0.59
B, (MeV) 4.26 3.94 451  4.09 r (fm)
B (MeV) 4.18 4.50
T 4on (fM) 5.22 FIG. 2. Density distribution of the valence neutrgn,, in the
T, A (fm) 257 ground state of He together with those of th& particle,p, , and
T (fm) 554 a single nucleon in ther core. The radius is measured from the

c.m. of thea core.

duce the low-energyrN scattering data. In the following Similarly, we give the density,(r;) and the rms distances
calculation, therefore, we employ theN interaction of Fa-a @ndry_p.

Kanadaet al. [23] proposed on the basis of a microscopic ~ The calculated densitigs, andp, of {He are illustrated
a+N model calculation. This interaction reproduces pre-in Fig. 2 together with the density of a single nucleon in the

cisely theaN phase shifts of the 372 1/27, and 1/2 par- @ core. In the same figure we also insert the density of the
tial waves at low energies; it is Composed of parity-Vﬁ'GﬂCG halo neutron ifHe as a function of the distance

dependent central and spin-orbit parts. Tha and ap between the neutron and the particle. It is remarkable to
interactions are the same except for the Coulomb term whicAind a clear halo of the valence neutron dengityr,) in
is constructed by folding thep Coulomb potential into the 3 He at the tail region. The extension of the neutron density
proton density of ther particle. in gHe, namely, the neutron halo, is more evident than that
in ®He. To confirm the neutron halo structure, we list the rms
B. Results distances ,_,, r,_,, andr,_, in Table Il. It is interesting
' to note that the size of the valence neutron’s distribution
The calculated energies §He and3Li are summarized (5,22 ) in 8He is larger than that in théHe nucleus4.5
in Table Il. The observed binding energies are well repro- fm) [8,15], which is a typical neutron halo nucleus. The den-
duced. Since the 1 ground state of{He is bound only by sity of the A particle is shorter ranged than that of the va-
0.17 MeV with respect to théHe + n threshold, the chan- lence neutron, but is extended significantly away from the
nel c=1 is essentially important to describe the weakly « core. We call it the\ skin. We can say that there dteee
bound neutron. In fact, the energy calculated with the basiayers of matter distribution in the hypernuclefHe,
functions of the channat=1 alone almost reproduces the namely, thea core, aA skin, and a neutron halo.
experimental value within a small angular-momentum space
of I,L<1, whereas use of the chanret2 alone does not
give any bound state evenlifandL are both extended to 2.
The binding energy of the valence neutron §iHe is In the hypernuclei{He and§Li, the A particle is bound
weak enough to show a halo structure. In order to demont0 the a particle mostly in the 8, orbit, while the valence
strate it, we introduce the monopole density of the valencéucleon is very loosely coupled to thet+ A subsystem. As
neutron,p,(r»), as a function of the relative distancefrom  mentioned above, the role of the channeis2 and 3 has
the a particle (cf. Fig. 1), which is obtained by integrating been proved to be very small. In fact, in the ground state of
over the other Jacobian coordin&e and the angular part of SHe (17), the probability of finding ther+ A subsystem in
ry: its ground stateiHe) amounts to 95%. In addition, the cal-
culated rms distance betweenand A in §{He is 2.57 fm,
Pn(f2)=f |‘I’(?\He)|2dR2df2/417. 2.7) showing that tsheaJrA _subsystem does pot change greatly
from the free 1He, which has thex-A distance 2.79 fm.
Therefore it is a good approximation to consider tlﬁate
Let us define the rms distance of the valence neutron from€ ) is composed of & He cluster and a loosely coupled
the o particle,r,,—,, by neutron(proton. On the contrary, it does not work satisfac-
torily to approximate théA=6 A hypernucleus to be a di-
cluster system with @He (°Li) nucleus and a\ particle.
The present investigation of thgHe (§Li) structure pro-

C. }He clusterization in §He and §Li

1/2
e

r_an:{‘]'ﬂ'j I’%pn(l’z)rgdl’z
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TABLE Ill. The angular-momentum model space of the three-

N, N, N N, N N, body basis functions aend th6e Qaussian ran%e parameters employed
r3 for the J=0" states of°He, °Li (T=1), and°Be. See also com-
ments for Table I.
ry R, R r: R
’ ’ ? c l L I S Mmax  Tmin Fmax N max Rmin R max
core core core Cl,2 0 0 0 0 12 0.5 7.0 12 0.5 7.0
c,, 11 0 0 12 05 7.0 12 05 70
c=1 c=2 c=3 c,, 1 1 1 1 12 05 70 12 05 7.0
C3 0 0 0 0 12 01 70 12 05 7.0
11 1 1 12 01 70 12 05 7.0

FIG. 3. Jacobian coordinates of the three rearrangement chartlz-3
nels of the “core”™+N+N model. Here, “core” isa for the
A=6 nuclei andiHe for theA=7 hypernuclei.

3
| | | Von(®2)= 2 2, () $(7(rc,Ro)
vides us with a useful model to describe the7 A hyper- c=115

nucleus as a three-body system consisting of (k& core

and two valence nuc?/eo)rﬁs in spite ofg thei four units XDxaANw) X1 N2) Islom - 3.2
(e+A+N+N). Therefore theN-N correlation in the
f{He—cIuster field will play an important role in determining 61
the structure of thé& =7 hypernuclei. This will be studied in
the following sections.

The notations are the same as in E3). In the case of

e and®Be, ¥, is antisymmetrized for exchange between
N, and N,; hence the following condition should hold:
dM=—¢? for S=1, while ¢(V=¢{? for S=0. As for

8Li, the valence neutron and proton are treated as different
particles. The isospin is slightly mixed betwe€r0 and 1

On the basis of the study (?\fHe andiLi in the previous due to the Coulomb interaction and thep mass difference,
section, here we employ thiHe + N+N model for the but, for simplicity, we refer to the'=0 (T=1)_ dominant
A=7 hypernuclei. Before going to the hypernuclei, we in- states as th&=0 (T=1) states throughout this paper. The
vestigate theA—6 nuclei, °He, °Li (T=1), and °Be, to  Spatial amplitudesp(® are expanded in terms of the Gauss-
which theA particle will be injected. Since tha=6 nuclei  i1an basis functions in the same way as E&4) and Eq.
are studied with thex+N+N model, we can discuss the (2-9. The angular-momentum space and the optimized

structure of A=6 nuclei andA=7 hypernuclei from the Gaussian range parameters employed fordth@ " states of
. ; . 6He OLj (T= 6 i i 3

ample. The results of the calculation will be discussed to-
gether with those oA=7 hypernuclei.

. AHe, iLi (T=1), AND iBe

A. The model for A=6 nuclei

We assume thai=6 nuclei are composed of two valence B. The model for A=7 hypernuclei
nucleons N; andN,) and ana inert core(Fig. 3). The Pauli
principle is taken into account by assuring that the valence,,
nucleon’s wave function is orthogonal to the core nucleon
wave function in the same manner as in th(_aA+ N model H= T+ViHeNl(r1) +ViHeNZ(fz) + VN, (T3) + Veaui:
in Sec. Il. The total Hamiltonian is then written as ! 3.3

By employing theHe+ N+ N model forA=7 hypernu-
i, the total Hamiltonian is written as

H=T+V N (r) +Vn(r)+V r'3)+ Veaul . .
Ny (1) FVany(12)FVigng(F3) + Veau For theNN interactionVy y,, we employ the same Bonn A

potential as used in tha=6 nucIei.ViHe_N is the interac-

tion between thelHe cluster and a valence nucleon. The
total wave function is expressed by

(3.9

where V,y and Vyy include the Coulomb interaction for
N=p. V, Ny andVp,,iare completely the same as in Sec. Il
for $He and§Li. Since the interaction between the core 3
and the valence nucleons is rather weak and the nucleons are Vu(i2) :CZl lE [D 1 SHE[ (1, R,)

moving mostly outside the core under the Pauli condition, S
we treat fully the correlation between valence nucleons with
the use of a realistitN interaction. The Bonn A potential XExuAN1) x1a(N2) Ishglom - (3.4

[12] is adopted for this reason; our previous studyHe[8]

showed that use of other realistic potentials gives rise to verjiere® (3 He) denotes the wave function §He with spin

similar results for the nucleus. 1/2 which couples with], to the total angular-momentum
According to the coupled-rearrangement-channel variad=Jy*=1/2. The spatial amplitude@f") are expanded in

tional method[6—-8], the total wave function of thé&=6 terms of the Gaussian basis functions in the same way as Eq.

nucleus,¥;,,(82), is expressed as a sum of the amplitudes(2.4) and Eq.(2.5. The angular-momentum space and the

of the three rearrangement channeis1-3 in Fig. 3: Gaussian range parameters employed for thé HBtates of
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THe, {Li (T=1), and | Be are the same as those in Table
Il for the A=6 nuclei (T=1).

As for the interaction between the valence nucleon and
the iHe Core,ViHe_N, we employed the following approxi-

mation. In order to take the Pauli opera¥fs,,,;into account
exactly within the 3He+ N+ N model, the center of mass of
2He is assumed to be located at that of thearticle. The
interactionvi He-N IS composed of the sum of theN part,

V., n, and theAN part, which is given by folding/, 5 into
the density ofA in 3He.

In addition, we slightly modify the interaction so that the
3He + N model can reproduce the observed ground-state
energy ofSHe (§Li) and the T - 2~ splitting given by the
full @+ A+ N model(the 2° is not observed y&t we thus
tunedViHe_N by changingn from 0.1 to 0.2 and multiplying

the total strength of/s\ ne-ny DY @ factor of 0.98.

C. Results and discussion

The calculated energy spectra of the low-lying states of
THe, 1Li (T=1), and {Be are illustrated in Fig. 4 in com-
parison with the calculated spectra of the corresponding
A=6 nuclei. The energy positions of resonant states are de-
termined by examining their stabilization with respect to ex-
tension of the basis space. The resonant states are well dis-
tinguished from discretized nonresonant continuum states by
checking the wave function distribution over the internal and
external regions. It is naturally seen in Fig. 4 that, as the
proton number increases, the low-lying states in Avwe7
hypernuclei go upward in parallel with thle=6 nuclei.

The energy values are summarized in Table IV together
with the rms distancels_ste_N s TNy andr_iHe_NlNz which
are defined in the same manner as in EB<) and(2.8). For
example,

; (3.9

}1/2

— _ 2 2
M SHeN, = 47Tf ripn,(roridry

where py (r3) is the nucleon density as a function of the
2HeN; distancer:

ontr= | Waui2) PRl sam. 39

The theoreticalA binding energy B, = 5.00 MeV) of
Z\Be agrees satisfactorily with the observed val#el6
MeV). The hypernucleuiBe, which is regarded as a weakly
couplediHe + p+p system, is an interesting three-body
system from the viewpoint that it is totally bound but none of
the two-body subsystems are bound. This type of three-body
system is called a Borromedd1], and there are several
examples in nuclei such a§He =a+n+n, °Be =
2a+n, M = °Li + 2n, and ¥?C = 3a in which we see
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FIG. 4. Calculated energy spectra of the low-lying state&bf
THe, (b) fLi (T=1), and,(c) Be together with those of the cor-

alwaysN=Z for the neutron and proton numbers. But the responding nuclefHe, °Li (T=1), and°Be.

case osze isN<Z; namely, to the authors’ knowledge, it
is considered to be the only case gf@ton-rich Borromean

with a realisticNN interaction and by adopting the basis

so far reported in nuclei and hypernuclei. We found thatfunctions of all three rearrangement channels.

theoretically, the binding of thisf’\He + p+p system is
reproduced by taking fully into account theep correlation

The agreement of the calculated binding energ)&Bfe
with the observed one gives support to the pres’hﬁe +
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TABLE IV. Calculated energies of the low-lying states (@
THe, (b) 1Li (T=1), and(c) %Be together with those of the cor-
responding nucleiHe, SLi (T=1), and ®Be, respectively. The
energiesE are measured from the+N+N threshold for the
A=6 nuclei and from thexr+ A+ N+ N threshold forA=7 hyper-
nuclei. The energies in parentheses are measured froni}t-tm
+N threshold for{He and{Li (T=1) and from He+ p+p for
Be. The rms distancaSey » TN, @NdT o, @re also given
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for bound states. Here, “core” denotesor iHe.

(@

®He THe
J 0* 2+ 1/2* 3/2* 5/2¢
E (MeV) -0.70 0.88 -6.12  -4.43 —4.08
(-2.83 (1.1 (-0.78
E®P'(MeV) -0.98 0.83
B, (MeV) 5.44
BS* (MeV)
T coren (fM) 4.55 3.55 3.93 4.05
Teoren (fM)  3.79 2.90 3.01 3.11
T oo (fM) 4.68 411 5.06 5.17
(b)
8L (T=1) 1Li(T=1)
J o* 2+ 1/2* 3/2* 5/2¢
E (MeV) 020 211 -5.05 —-3.42 -3.09
(-1.76 (-0.13  (0.20
E®P'(MeV) -0.14 1.67
B, (MeV) 1.59
B (MeV)
T coren (fM) 3.62 4.05
T corep (fm) 3.74 4,57
T corep (fM) 3.01 3.29
Thp (fM) 4.23 5.59
(©
®Be 1Be
J 0* 2+ 1/2* 3/2* 5/2*
E (MeV) 154 2.93 -3.46 -205 -177
(=039 (1.0n  (1.29
ESP! (MeV) 1.37 3.04 -3.79
(-0.67
B, (MeV) 5.00
B (MeV) 5.16
T corep (fM) 3.95
r_core—aJ (fm) 3.23
Tpp (fiM) 4,55

N+ N model for theA=7 hypernuclei. There are no experi-
mental data forjHe and {Li (T=1). We predict theA
binding energies of those hypernuclei to be 5.44 MeV and

0.02} x
---------- 5Be (0%)
iBe (1/2%)
a
& i
< 001H/ } .
o 10 20

r(fm)

FIG. 5. Density distributions of the valence protgn,, in the
ground states ofBe andXBe, multiplied byr2. The radiusr is
measured from the c.m. of the core.

would also be helpful to the study of the excitation mecha-
nism of the halo nucleu&He since they transition cannot be
observed in the nucleus due to the prompt particle decay of
the corresponding excited state*(2

It is particularly interesting to see the gluelike role of the
A particle inT=1 hypernuclear systems. Though the ground
state of ®Be is unbound, theA participation leads to a
weakly bound ground state dfBe. Figure 5 demonstrates
the strong shrinkage of the valence-proton density, Be
from that in ®Be (the density of this resonant state is normal-
ized to unity within 25 fm. The ground state of the nucleus
%He is only weakly bound by 0.69 MeV below the+2n
threshold in the present calculation, while that ‘gfle be-
comes rather deeply bound by 3.02 MeV below ti\lde
+ 2n threshold. Similar behavior is seen for the lowest-lying
T=1 state ofLi and {Li. In general, the two-nucleon sepa-
ration energy becomes larger by 1.6-2.1 MeV due to the
presence of thé particle in thesé =1 hypernuclear states.

The present calculation predicts very weakly bound states
with respect to theSHe + N thresholds: 5/2 in |He,
3/2* in 1Li, and 1/2" state in%Be. It is thus interesting to
examine whether or not these states exhibit any halo struc-
ture having a long tail of the density distribution of the va-
lence nucleon. Let us start wit}qu (5/2) listed in Table
IV (a). The two-neutron separation energy of this state is 0.79
MeV, which is close to the two-neutron separation energy
(0.975 MeVj of the halo nucleu$He. Nevertheless, the neu-
tron rms distancaz_iHe_n = 4.05 fm is not as large as,., =

4.55 fm of ®He. This is due to the role of the centrifugal
barrier L=2) between the c.m. of two neutrons a}r’qblle in
the 5/2° state, while the®He halo bound state has the
L=0 component predominantly.

As seen in Table IYb), intheT=1, 3/2" state inXLi, the
calculated rms distance of the valence proton from the core,

[ Shep= 4.57 fm, is almost the same as., in the halo

1.59 MeV, respectively. The values will not change signifi- nucleus °®He. Therefore we consider that this state has the
cantly even if any otheA N interaction is adopted, as long as possibility of a halo structure. On the other hand, the neutron
the calculation satisfies the condition that the observed binddistance in the state is shorter by 0.5 fm than the proton one.
ing energy of {Be is reproduced with that interaction. Ob- This is because the He+n subsystem has a bound state,

servation ofy transitions among the 1/2 3/2", and 5/2

while the 3He + p subsystem does not. Therefore the va-

states in\He would be very useful to further discussion on lence neutron is located closer to theHe core than the

the structure of this hypernucleyg6]. This information

proton is. As for the 1/2 state in {Be [Table IMc)],
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r_iHe_p = 3.9 fm is shorter by 0.5 fm than_iHe_p in the

100 T T T T T T T T T T T T T
3/2" state in {Li. Therefore the proton tail of,Be is not (a) THe J=5/2*
considered to be halolike. Though the state is only 0.3 MeV 1071~

bound below the three-body breakup threshold, the fact that
I 5 He-p is not very large is attributed to the Coulomb barrier

between the; He cluster and the two valence protons.

In the above discussion we have compared the calculated
results from the viewpoint of the rms distance of the valence
nucleon from the core. In order to confirm the above discus-
sions, we illustrate the density distributiopg(r) of the va-
lence nucleon in Figs.(8), 6(b) and Gc), respectively. For
definition of py(r), see Eq.(3.6). We see that the proton

density in the 3/2 state inLi is the most extended to the s
long-range region, when compared among the three cases r(fm)

concerned here. It is interesting that the extended distribution

of py(r) for {Li (3/2%) is comparable to the neutron halo 10— T T T T T T

densityp,(r) for ®He (0"). Note, however, that the density (b) 1Li T=1,J=3/2%
extension for the remaining two cases fbHe (5/2") and ]
Z\Be (1/2") is not so pronounced, but rather skinlike.

IV. T=0 STATES OF XLi
A. A limitation of the a+d+ A model

In order to get information on the spin-spin term of the
AN interaction, it is particularly useful to calculate the split-
tings of the A spin-doublet states of\Li. Using a micro-
scopic e+d+ A model, the spin-doublet splittings have

been investigated in Ref$1,20,24, where the effective r(fm)

AN interactions are folded into the nucleon density®bf

constructed on the basis of the OCM for the-d clusters. Y
In general, before doing three-body calculations, it is desir- (c) 1Be J=1/2+

able that observed binding energies of all the two-body sub-
systems are reproduced by the employed interactions. In
view of this, the previoust+d-+ A models[1,20,24 are not
always satisfactory, since thd N effective interactions
adopted to explain the binding energy of thet A sub-
system lead inevitably to an underestimate fordheA part.
Here, let us perform a trial calculation by multiplying the
dA interaction part by a factor of 1.20 so as to reproduce
B,(3H). We then find that this change of thie\ interaction
leads toB,( sLi) = 7.10 MeV, resulting in overbinding by
1.5 MeV with respect to the observed valize58 MeV), and
that a larger valug¢l.5 MeV) is obtained for the 3/2-1/2"
splitting in comparison with the prev7ious estimatésl and
1.3 MeV) [1,20]. This overbinding of) Li derived from.t.he FIG. 6. Density distributions of the valence nucleon in the very
a+d+ A model suggests that the deuteron clustef\lrn IS weakly bound states d8) {He (5/2%), (b) LLi (T=1, 3/2*), and
very different from that in{H [25], the latter being quite () 1Be(1/2"). Those of the\ particle and a single nucleon in the
similar to the isolated deuteron. Thus, in order to extract éJKHe cluster are compared in each block. The radiis measured
reliable spectroscopic information on thé\ spin-spin inter-  from the c.m. of3He.
action, it is necessary to take fully into account the degree of
freedom of then-p relative motion without assuming a fro- ity for the valence neutron and proton to compose a deuteron
zen deuteron cluster ifLi. cluster.
Therefore it is desirable at best to investig4ta with the
four-body e+ A +n+p model. As far as the framework of
three-body models is concerned, however, fhde+n+p With the use of thea+n+p and /5\He+n+p models
model adopted in the previous section should be more suitedescribed in Sec. ll(cf. Fig. 3), calculations were made for
to describe ther=0 /Li states than thex+d+A model. the low-lying T=0 states of°Li and | Li, respectively. The
Using the iHe+n+ p model, we shall discuss the probabil- adopted angular-momentum space and the optimized Gauss-

r{fm)

B. Results with the SHe+n+p model
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TABLE V. The angular-momentum model space of the three- TABLE VI. Calculated energies of the low-lying states )7QIf_i
body basis function§3.4) and the Gaussian range parameters) (T=0) together with those of the corresponding nucléiis
employed for the ground state §Li (T=0). Also see comments (T=0). The energie€ are measured from the+n-+p breakup
for Table 1. threshold for®Li and from thea + A + n+ p threshold for/ Li. The
energies in parentheses are measured fronuthe threshold for

¢ 'L 1 S X Muax min fmax  Nmax Rmin Rmax  °Li and the RHe + d threshold for {Li. The rms distances
I corens Tcorep s Tcorenps @ndrn, are also shown for bound states.

¢ 11011 8 05 7.0 8 05 80 Here, “core” denotesw or iHe.

c;, 111 0 1 8 05 7.0 8 05 8.0

¢, 1111 1 8 05 70 8 05 80 5Li (T=0) TLi (T=0)

c, 11 01 1 8 05 7.0 8 0.5 8.0 n N n n n n

¢, 1110 1 8 05 70 8 05 80 Y 1 3 v2r 32" 527 72

cc 11111 8 05 70 8 05 80 EMev) -346 -099 -933 -847 -7.14 -6.33

cgz 0001 1 10 01 70 10 05 8.0 (-1.24 (123 (-3.99 (- 3.13 (-1.80 (-0.99

C3 2 0 2 1 1 10 0.2 7.0 10 0.5 8.0 Eexpt (MGV) -3.70 -1.51 ~9.28 —_ 725

c; 0 2 21 1 8 01 70 8 05 8.0 (-1.48 (0.7) (-3.99 (-1.99

Cj3 2 2 2 1 1 8 0.2 7.0 8 0.5 8.0 BA (MeV) 5.87

c; 2 2 1 1 1 8 02 70 8 05 80 BS® (MeV) 5.58

g 22011 8 02 70 8 05 80y  (m 419 336 350 330 345
Toorep (fM)  4.23 339 353 335 351

ian range parameters of the basis functipels Eqs. (2.4), T corenp (fM)  3.85 2.94 3.08 2718  2.93

(2.5, and(3.4)] are listed in Table V for the ground state of 1., (fm) 3.42 3.33 3.38 3.67 3.76

XLi. The calculated energy spectra are illustrated in Fig. 7:
The energies and the rms distances are summarized in Table ) . o )

VI. The energies are well Converged on increasing the numcalculatlon: The dlﬁlCUlty of Overblndlng encountered in the
ber of basis functions. As is known, it is difficult, within the @+d+A model is not seen here. This is due to the fact that
bound-state approximation method, to predict a stable anfleuteron excitation is allowed in the present model. This also
reliable value of the energy dfroad resonances. Therefore results in the slight reduction of the ground-state doublet
we do not report here the energies of the resonan, Spllttlng to 0.9 MeV from the values 1.1-1.5 MeV obtained
TLi. We shall investigate those states on the basis of th§t@te, 2.19 MeV, corresponds W?g to the obseryetiansi-
complex-coordinate rotation meth®@7] for resonant states 10N €nergy of 2.03 MeV. The 7/2state is weakly bound
when we apply thex+ A +n+p model to theA=7 A hy-  With respect to the;He + d threshold, but the centrifugal

pernuclei in the near future. barrier (L=2) between}He and then-p pair prevents the
It is interesting to note that the observadbinding en-  State from having a halolike long-range tail.
ergy of | Li is satisfactorily reproduced by th& He+n+p In order to investigate the behavior of the valemce

pair in the ground state ofLi, we introduce two types of
probabilities and compare them. The first one is the probabil-

i ity density, p,.,(R3), which is defined as the probability to
i find the c.m. of then-p pair at a distanc®; from iHe [cf.
i Fig. 3 (c=3)]:
o- __ointp  othindp
[ . prp(Ro)= [ ¥ (iLigs)lardRsfam. @)
< I atd  syeypp : - . R
> - 1+ A This probability density has the normalization
= |- -346 &
w g SHe+d v
—5_ K?\\ — 47 f Pnp(R3)REAR;=1. 4.2
i com, TRt
I SN 5/2 The second one is the probability densiiy(Rs) that the
- o ﬂs/z + n-p pair is found as a deuteron cluster at a distaRge
B yr +
-10- 9.33 1/2 2
pa(R)=2> f f b1 m(ra) W(iLig.s)drs dRs/4m,
6T AL m
4.3
T=0

where ¢7, .. is the deuteron wave function calculated with

FIG. 7. Calculated energy spectra of the low-lying states ofthe sameVy,y, of Eq. (3.3. The integrated probability of
TLi (T=0) with those of the corresponding nucletls (T=0). deuteron clusterizatioR is defined by
A
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and the internal distanas, ,(Rs) is close to the size of the
(a) free deuteron. On the other hand, as hp pair approaches
03 " T07-1/2¢ | the YHe core, the ratiopy/p, , decreases drastically. At
* ’ R3=3 fm, then-p pair densityp,.,(R3) is largest, but the
deuteron is broken by about 40%(/p,.,=0.6) and the
n-p internal sizer , ,(R3) takes the smallest value of 2.4 fm,

position is slightly displaced toward the outside, resulting in
a larger value ofPy=0.65. The gluelike effect of the\

— B BT R particle in § Li works to break the deuteron cluster more than

Rs (fm) in SLi.

When | Li is excited so as to havé=5/2", the distance
between3He and then-p pair contracts slightlyTable VI)
due to the angular-momentum barriér= 2) between them.
This is the same result as obtained in e d+ A model
calculationg[1,20]. On the other hand, it should be empha-
sized here that the internal distance of the pair increases
appreciably (Table VI). This causes an enhancement
of the deuteron clusterization fronPy(1/2*)=0.57 to
P4(5/2%)=0.61, though the c.m. of the-p pair is closer to
the core in the excited state.

From the above demonstration we conclude that, when

!
oa [\ A -
& I/ | which is sizably reduced from the free deuteron gi2@4
& ! | fm). As a result, the integrated probability of deuteron clus-
< 01_,’ . | terization is as small aP4=0.57. In the case of théLi
‘ ! ! nucleus, similar behavior gf,,., andpy is seen, but the peak
j

1k Li T=0,7=1/2+ | : (
one discusses the details of the energy level structure of
L Liin close connection with thé N interaction properties,
0 5 10 15 the freedom of thea-p relative motion should be fully taken
Rg (fm) into account.

FIG. 8. (a) Probability densityp(R3) of finding the valencen-
p pair in the ground state dfLi drawn as a function of the distance V. SUMMARY

R; between the c.m. of the pair argHe (solid line). The dashed ) ) ) o
We have studied dynamical features predicted within the

line shows the probability density of finding the deuterp(Rs);

see Egs(4.1) and (4.3 for definition. (b) The internal distance of €xtended three-body model for the hypernuclei watk 6
the valencen-p pair in the ground state ofLi as a function of (§He and§Li) andA=7 (;He, }Li, and {Be). Most of the
R;. Then-p distance of the free deuter¢8.9 fm) is indicated by  states studied in this paper are located neardaheA +N

an arrow. and iHe+N+N thresholds, respectively. On the basis of
c;areful calculations, we have proven that the picture of
2 He plus two valence nucleons works quite well in describ-
Pd:J Pd(Rg)R3dRy. (4.4 i?’ng the A=7 hypernuclei.
In order to describe these types of states properly, we took
Furthermore, in order to see explicitly how the internal dis-the coupled-rearrangement-channel variational method with
tance betweem-p pairs changes as the c.m. of the pair ap-the use of Jacobian-coordinate Gaussian basis functions
proaches the}He core, we introduce an averaged distancgg_g]. As for the AN interaction, use was made of an effec-
betweem andp, r,,(Rs), at a particular distancBs: tive interaction with one-range Gaussi@RG) shape which
has often been adopted in the calculations of light hypernu-
clei. We employed the appropriateN interaction which re-
produces the low-energygN scattering data very well. The
(4.5 major results obtained fdtHe, éLi, He, ’Li, and _Be are
summarized as follows.
(1) The observed ground-state energiesitfe and §Li

1/2

r—n—p(RB): J|‘I’(Z\Li,g.S.)|2I’§dr3d|i3/477pn_p(R3)

The calculated densitigs, ,(R3) and p4(R3) multiplied

by R% are illustrated in Fig. &) together withr_n_p(Rg) in i ; ;
Fig. 8b). It is noted first that the node qfy(Rs) seen at &€ satisfactorily reproduced by the+ A +N model with

R, = 1.7 fm comes from the Pauli principle that the relative COUPIed rearrangement channef_@ﬂe_ is found to have a
motion between the deuteron cluster af('lde should be or- three-layer structure of matter distribution: thecore, the
thogonal to the lowest ® state. However, such a nodal be- A Skin, and the neutron halo. It is notable that thiele
havior is much reduced ip,,(Rs) because even thesd hypernucleus behaves as a good core clustef Hte and

component is allowed when the deuteron is excited inter-i'—i-
nally. As is expected, in the region far from the surface, the (2) The a+p+p and 3He+p+p models reproduce the
probability of deuteron clusterization is largp4(p,.,=1)  observed energies of the resonant ground state ofBe
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nucleus and the loosely bound ground state of im hy-  clustering is found to be only 57%. Instead of the

pernucleus, respectively. Thep correlation in the presence «+d+ A model, we took theiHe + n+p model with full

of the A particle makes ,(Bez iHe+ p+p bound; this account of then-p correlation. The model reproduces the

might be the onlyproton-rich Borromean system. The va- binding energy of the ground state §ti, and reduces ap-

lence protons injBe show not a halolike but a skinlike preciably the splitting of the\ spin doublets in comparison

density distribution due to suppression of the tail region bywith the frozen-deuteron approximation.

the Coulomb potential barrier. _ The | Li hypernucleus is an important system to obtain
(3) We predict that the addition of & particle to the  ihtormation on the spin-spin term of th&N interaction

typ|+cal neutron halanucIeuéHe results in the stabilized 4,gh the spin-doublet states. In this respect an extended

1/2" ground state ofyHe at 2.83 MeV below t_heiHe T calculation with a four-bodya+ A +n+p model may be

n threshold[B,(3He) = 5.44 MeV]. This prediction will necessary to confirm the predictions by tfeHe+n+p

hold for any otherAN interaction as long as the calculation Ewodel. Also, use of more realistic effective interactions in

I

s;atlsf!es the condmon_ that th_e obser_ved binding ENergy Yfjace of ORG is particularly desirable, not only for the study
A Be is reproduced with that interaction. The excited spin-

- _Ivi 70 }
The neutron distribution is skinlike, similar to that §Be. g Y Ping

7 7T 7 ; :
Observation ofy transitions among the 1f2 3/2", and aHe, jLi (T=1), and \Be hypernuclei. Such a four-body

] k +A+N+ ionis i .
5/2" states would be very useful to further discussion on the" A+N-+N model calculation is in progress

structure of \ He.

(4) The addition of aA particle to theT=1,2" state
(E,=5.38 Me\) of SLi generates a proton halo 3/&tate in
ZLi. Due to the presence of th& particle, in general, the The authors would like to thank Professor K. Ikeda for
A=7 hypernuclei are stabilized by 1.6—-2.1 MeV comparedhelpful discussions and encouragement. This work has been
with the A=6 core nuclei. supported in part by the Japan Society for the Promotion of

(5) In the T=0 states ofXLi, the probability of deuteron Science(E.H.) and a Grant-in-Aid for Scientific Research.
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