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Four-body cluster structure of A=7-10 doubleA hypernuclei
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Energy levels of the doubld-hypernuclei, tHe, , iLi, A8&Li, ,3Li, ,Be, and,}’Be are predicted on
the basis of anx+x+ A+ A four-body model, wher&=n,p,d,t,®He, and«, respectively. Interactions be-
tween the constituent particles are determined so as to reproduce reasonably the observed low-energy proper-
ties of thea+x nuclei CHe, 5Li, 5Li, “Li, "Be, ®Be) and the existing data fok-binding energies of the
+A anda+x+A systems {H, 1H, IHe, $He, §Li, fLi, &Li, §Be, 1Be). An effectiveAA interaction is
constructed so as to reproduce, within tae A+ A model, theB,, of ,$He, which was extracted from the
emulsion experiment, the NAGARA event. With no adjustable parameters fatthet A + A systemB, ,
of ground and bound excited states of the doubléypernuclei withA=7-10 are calculated within the
Gaussian-basis coupled-rearrangement-channel method D&heachi-Yanagievent, identified recently as
A ioBe, is interpreted as an observation of its @cited state on the basis of the present calculation. Structural
changes in thex+x core nuclei, due to the interaction of theparticles, are found to be substantial, and these
play an important role in estimating thteA bond energies of those hypernuclei.
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. INTRODUCTION A SHe [3], but the validity of the latter case was considered
. doubtful[4]. Two decades later the modern emulsion-counter
6A recent observation of the double-hypernucleus hybrid technique has been applied in the KEK-E176 experi-
AaHe, which is called the NAGARA event in the KEK- ment[5], in which a new double\ hypernucleus event was
E373 experimenfl], should have a great impact on both found but no unique identification has been made so far: One
the study of baryon-baryon interactions in the strangenesgxplanation has that }’Be leads to a repulsivA A interac-
S=—2 sector and on the study of dynamics of many-bodytion (AB, ,<0), while the other possibility involving, 1B
systems with multistrangeness. The importance of this evengaqs to an attractiva A interaction[6,7). In the latter case,
derives from complete |den.t|f|cat|on _of all elements of theine extracted strength of thieA interaction is attractive with
decay process and the precise eﬁ)serlmental value ofthe  Ap, ~4 MeV. Although the latter option seems consistent
binding energyB , =7.25+0.19*+ g3; MeV [1], which leads  ith the old data of, 1%Be [2], the substantially attractive
to a smaller AA binding, AB,,=1.01+0.20+377MeV,  AA interaction has not been convincing.
than the previous value &B, , =4.6+0.5 MeV[3]. Some- In strangeness nuclear physics, the most fundamental
times emulsion events involve ambiguities related to the difproblem is to understand the different facets of interactions
f|CU|ty of |dent|fy|ng the emission of neutral particles such aSamong the octet of baryonN( A1 E, E) in a unified way.
neutrons andy rays. In the NAGARA event, however, the oyr detailed knowledge of th&=0 NN sector is based
production of , §He has been uniquely identified, free from on the rich database ®IN scattering. Recent studies f6r
such an ambiguity, on the basis of the observed sequentiai -1 many-body Systems such Ashypernudei have clari-
weak decays. fied interesting features of th&N and SN interactions in
Historically, in the 1960s, there appeared two reports orspite of scarce data for the free-space scattering. On the other
the observation of doubla- hypernuclei,A%’Be [2], and hand, for the baryon-baryon interactions with tBe—2
sector, there is presently no experimental information from
two-body scattering experiments. Therefore, the observed
*Permanent address: Laboratory of Physics, Osaka ElectroAA bond energies of doubla-hypernuclei should be able
Comm. University, Neyagawa 572-8530, Japan. to provide the only reliable source of information on tBe
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=—2 interaction, and such data play a pivotal role in deterpredictions forA?\He andAiOBe have been updated using
mining the strength of the underlyinA interactions. the same model assumptions.

In view of this, the NAGARA event is an epoch-making  The four-body calculations are accurately performed by
one, which provides us with a new basis for modeling theusing the Jacobian-coordinate Gaussian-basis method of
AA interaction and understanding all other doul\léyper-  Refs.[15—-21] with all the rearrangement channels taken into
nuclei. In recent years several experiments have been peaccount(see Ref[21] for a test of the high accuracy of the
formed to produc&= —2 systemgE176 and E373 at KEK, method in the case of a four-nucleon bound state with a
E885 and E906 at BN, and some of the data analyses arerealistic NN force). In our model, structure changes of
still in progress. Their goal is to obtain novel information on huclear cores caused by adding one and Awparticles are
the S= — 2 interactions. treated precisely. Namely, we take into account the rear-

Stimulated by this exciting experimental situation, we Fangement effects oA bond energies induced by changes
have performed careful theoretical calculations of double- N nucléar cores. Itis worthwhile to point out that the impor-
hypernuclei from a new viewpoint. We think it is timely to i[anlt(_effgct?hoffcore excitations a.nd Eore readrrafr;ger?ent a|1re
make the NAGARA data forthgﬁHe binding energy a new acking In the frozen-core approximation used often for cal-

) . X culations of doubleA hypernuclei.
basis for a systematic study of doublespecies. In order to

tilize th tracted\ A int i hasize that h In our model, it is possible to determine the and Ax
utilize the extracte Interaction, we empnasize that Ny ; aractions so as to reproduce all the existing binding ener-

pernuclear calculations should be complete and sufﬁcientl;gieS of subsystemér+x, x+ A, a+x+A, anda+A+A)
realistic to make structural ambiguity as negligible as posj, ana+x+ A+ A syste}n Where that af-- A+ A is deter-

sible. All the dynamic changes due tointeraction should be  ineq by the NAGARA event. This feature is important in
fully taken into account. To satisfy these requirements weyp, analysis of the energy levels of douteaypernuclei and
explore lightp-shell doubleA hypernuclei A=6-10) com- i any prediction of the\A bond energies, because the am-
prehensively using microscopic three- and four-body modelspiguities of NN and AN effective interactions are renormal-
As a result of these systematic, realistic calculations, we wilized by phenomenologically fitting the observed binding en-
give reliable predictions of both the ground-state binding energies of subsystems. Our analysis is performed
ergies and possible excited-state energies, which should esystematically for ground and bound excited states of the
courage doublex hypernuclear spectroscopic studies in theseries ofa+x+A + A systems with no more adjustable pa-
near future. rameters in this stage, so that these predictions offer impor-
So far several cluster models have appeared to estimatent guidance for the interpretation of the upcoming
the ground-state binding energies of doullepecies: Based doubleA experiments and the level structure which should
on the earlier data of, §He and , }’Be, Takakiet al. [8] ~ be observed. _
applied a simplified version of ther+x+A+A cluster In Sec. II, the microscopie+x+ A+ A four-body model
model toA=6-10 systems in which they imposed Severa|caICL_JIatlonaI method is described. In Sec. lll, the mteractlon_s
angular-momentum restrictions and neglected rearrangemeﬂ'fe mtrpduced. Calculated re_sult_s are presented and dis-
channels. Bodmer and co-workefi8,10] performed varia- cussed in Sec. [V. A summary is given in Sec. V.

tional Moqte Cgrlo calculgtions fo+A+A and. ata Il. MODEL AND METHOD
+A+A to investigate consistency between thd-binding
energiesB, . (1 SHe) andB, ,(, 1%Be), although using the  In Ref.[13], the present authors studigd He and , °Be

earlier data. In the latter stage of this work, we encounteredsing ana+A+A three-body model and an+a+A+A
the Faddeev-Yakubovsky calculations fof He and , °Be  four-body model, respectively. In the same manner, we study
by Filikhin and Gal[11] who restricted the equations to the in this work the doubled hypernuclei, {He, , {Li, 5 }Li,
wave. They compared their results with our previous cluster 3Li, , 1Be, and , 1’Be using as a basis the+x+A
model calculation13] which was performed with a wider +A four-body model withx=n,p,d,t,*He, ande, respec-
model space but a strongdrA interaction strength. In our tively. Thed,t(®He) anda clusters are assumed to be inert
previous work13], AA binding energies were calculated for having the (8)2, (0s)3, and (G)* shell-model configura-
+8He and , 1°Be within the framework of then+A+A  tions, respectively, and are denoted dy(x) with spin's
three-body model and the+a+ A+ A four-body model, re- (=13 or 0, respectively
spectively, where the adoptetiA interaction is taken to be Al nine sets of the Jacobian coordinates of the four-body
considerably attractive on the basis of the traditional intersystems are illustrated in Fig. 1 in which we further take into
pretation for the earlier doublé-events. account the antisymmetrization between the tvparticles

In the present work, using AA interaction based upon and the symmetrization between twioclusters wherx= a.

the NAGARA datum, we extend this four-body model to The total Hamiltonian and the Schtinger equation are
more general cases consistingaof x+ A + A systems with given by

x=n,p,d,t,°He, anda (, \He, 5 Li, A8Li, ,3Li, ,3Be,

and A}\OBe), where nuclear core parts are quite well repre- H=T+ 2 Voo + Ve 2.1)
sented byx +x cluster modelgsee, for example, Ref14]). (ab)

We emphasize that extensive calculations are presented for A

the first time forA=7-9 doubleA species and that the old (H=E)¥;u(5,2)=0, (2.2

024007-2



FOUR-BODY CLUSTER STRUCTURE OR=7-10... PHYSICAL REVIEW C 66, 024007 (2002

rp=ra" ' (n=1-npa0,
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2 3
RO @ A(H @ A - @ p,=p1a”t (v=1-vpay. 2.9
=2 C=83

C These basis functions have been verified to be suitable for
describing both short-range correlations and the long-range

C=1 =
A(S) 6 A(SD fs @ A fo tail behavior of few-body systenid5-21]. The eigenenergy
B Rs N E in Eq. (2.2 and the coefficient€ in Eq. (2.3) are deter-
R, Ps Pe 6 mined by the Rayleigh-Ritz variational method.
For the angular-momentum component of the wave func-
NG f @ NG, @ NG @ tion, the approximation with,L,\<2 was found to be suf-
C=5 C=6

ficient to obtain in getting satisfactory convergence of the
binding energies for the states concerned. Note that no trun-

C=4
R cation of theinteractionsis made in the angular-momentum
A a AW a AG @ space. As for the numbers of the Gaussian ba@sig,.Nmax
) r, Ta Re Po and vay, 4—10 are enough.
- Ps In so far as the singlé- hypernuclei {He, §Li, /Li,
8,: 8 9 ;
A 7 @ A @ AG—rg_@ iLi, {Be, and}Be are concerned, the wave functions are
C=7

o

described by Eq(2.3) but with oneA particle omitted. As
C=8 C=9 for the core nucleus itselfy+ x, the wave function is given

FIG. 1. Jacobian coordinates for all the rearrangement channegy
(c=1-9) of thea+x+ A+ A four-body system. Two\ particles
are to be antisymmetrized, andandx are to be symmetrized when Vim(at+x)= ; CriSa®(a)[Ps(X) () ]sm-
X=a. )
(2.6)
whereT is the kinetic-energy operator and,, is the inter-
action between the constituent particle pairand b. The IIl. INTERACTIONS
Pauli principle between the nucleons belongingat@nd x
clusters is taken into account by the Pauli projection operator !n the study of doublet hypernuclei based on the+x
Vpaui» Which is explained in the next section, as wellgg . +A_+A four-body model, it is absol_utely necessary to ex-
The total wave function is described as a sum of amplitude@Mine, before the four-body calculation, whether the model

of the rearrangement channets<(1-9) of Fig. 1 intheLS ~ With the interactions adopted is able to reproduce reasonably
coupling scheme: well the following observed quantitiesi) energies of the

low-lying states and scattering phase shifts of #ae x

9 nuclear systemsii) B, of hypernuclei composed af+ A, x

‘I’JM(/XAZ):CZI n% Py S;K ChkLnssix being d,t,*He, «, (iii) B, of hypernuclei composed ok
YRR = +x+A, x beingn,p,d,t,°He, @, and (iv) By, of ,$He
XANS L P(a){P(X) [x12( A1) x12(A2)]s}s =a+A+A. We emphasize that these severe constraints

© © © were successfully met in the present model as mentioned
X{L i (r) Nt (RO IERX (P)ikam- (2.3 pelow. This encourages us to perform the four-body calcula-

) . tions, with no adjustable parameters at this stage, expecting
Here the operatord, stands for antisymmetrization be- high reliability of the resuits

tween the twoA particles, andS, is the symmetrization
operator for exchange ok clusters whenx=a. xq(A;)
is the spin function of theith A particle. Following
the Jacobian-coordinate coupled-rearrangement-channel The Pauli principle between nucleons belongingrtand
Gaussian-basis variational method of R¢i&—21], we take X clusters is taken into account by the orthogonality condi-
the functional form ofpnm(r), ¥nim(R), and£l), (po) as  tion model(OCM) [22]. The OCM projection operatdlpay

is represented by

A. Pauli principle between « and x clusters

_ 2 ~
d’nlm(r):rl e (M) Yim(r),

Vpaui= lim A ax ZIX ) 3.1
Inm(R) =R e ROy | (R), Pau= M Z | B1(F ) )11 )| (3.0)

gyw(p):phe—(p/pp)zym(;,), (2.4y  which rules out the amplitude of the Pauli-forbidden-x

relative statesp;(r,,) from the four-body total wave func-
where the Gaussian range parameters are chosen to lie ion [23]. The forbidden states are=0S for x=n(p), f
geometrical progressions: ={0S,0P} for x=d, f={0S,1S,0P,0D} for x=t(*He),
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and f={0S,1S,0D} for x=a. The Gaussian range param-  TABLE I.
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Parameters of(a) the aa interaction, (b) the

eterb of the single-particle § orbit in thea particle is taken @t (A®He) interaction,(c) the «d interaction, and(d) the a N
to beb=1.358 fm so as to reproduce the size of thgar-  interaction defined in Eq3.2). Size parameters are in frh and
ticle. The same size is assumed for clustetsd.t. and SHe strengths are in MeV. ThéS, scattering length is-0.575 fm and

to manage the Pauli principle while avoiding calculationalthe effective range is 6.45 fm.

difficulty. In the actual calculations, the strengttfor Vp,ii
is taken to be 1DMeV, which is large enough to push the

(@) a a interaction

unphysical forbidden states into the very high energy region 1 2 3
while keeping the physical states unchanged. Usefulness 0.1111 0.2777 0.3309
this Pauli operator method of OCM has been verified inVi —1.742 —395.9 2994
many cluster-model calculations. VP 0.0 0.0 0.0
In some calculation§9-12,24 of three-body systems in- (b) at(a®He) interaction
cluding two or threex clusters, use is made of anx poten- 1 2 3
tial with a strong repulsive corg25] so as to describe the B 0.0913 01644 0.2009
Pauli exclusion role which prevents the twoclusters from ' 6.9 4335 517
overlapping. But, it is well knowf27] that this approximate 0 0'913 0 1644 0 2609
prescription of the Pauli principle is not suited for the caseﬂip .6 9 4'3 35 _él 2
where the presence of the third particle makes the awo . ' '
clusters come closer to each other; in other words, the off?i_ 0.28
energy-shell behavior of the repulsive potential is not approyg) —12
priate in the three-body system. As fer- N interaction, the 7’i|s 0.28
same thing was pointed out by RE26] in the study of the Vi°" 12
binding energies of®He and °Li. Moreover, there is no (©) ad interaction
available potential reported for thex systems x=d,t, and 1
3He) of this type. Therefore, we do not employ this prescrip—ﬂ_ 0.2
tion in the present systematic study of the structure change Qf 6421
the a x systems due to the addition df particles. We take Bp 0.2
the orthogonality condition model instead, which is 1021
suited even for the case of heavy overlapping between the' 0?',
two clusters. V'S _4 0
yP 0.3
B. a x interactions V:S~F’ —4.0
Regarding the potential¢,,, between the clusters and (d) @ N interaction
X, we employ those which have been often used in the OCM; 1 2 3
based cluster-model study of light nuclei. Namely, they areﬁ 0.36 0.9
the V, potential introduced in Ref28], theV 4 andV _ _ 963 770
potentials given in Ref[14], and theV,, potential used in pr 0.2 053 25
Ref. [29], which reproduce reasonably well the low-lying | p 340 _8'50 51'0
states and low-energy scattering phase shifts ofatlesys- ' 0 3'96 0 5'2 2'2
tems. The potentials are described in the following parlty— s _'200 _1'6 8 20'0
i ) . .
dependent form with the central and spin-orbit terms: b 0.396 50
i max 1. VISP 6.0 -6.0

VaX(r):z Vie_ﬁir2+ 2 (_)Ivipe_ﬂiprZ
=1 =1

n i m
! max max

(3.2

C. AX interactions

in V,q and that of the spin-orbit force i, to obtain better
, o agreement with the energy levels 8Ei and ’Li, respec-
+[ 2 Ve T+ Y (—)VPEPe T s, tively).

=1 =1

We derive the interaction between theparticle and the
wherel is the relative angular momentum betweerandx, cluster by folding theG-matrix-type hyperon-nucleofiYN)
ands, is the spin ofx. In the ¢« system the spin-orbit term interaction (the YNG interaction into the density of thex

is missing and the odd wave is forbidden by the Pauli princluster in the same manner as our previous work on

ciple. The additional Coulomb potentials are constructed bydoubleA hypernucle{13]. The YNGinteractions between
folding thepp Coulomb force into the proton densities of the and N are derived from theéN one-boson exchang®©BE)

a andx clusters. The parameters in E@®.2) are listed in  models as follows: First th&-matrix equation is solved in
Table I (we slightly modified the strength of the central force nuclear matter at eadty, where the so-called QTQ prescrip-
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tion [30] is adopted for simplicity. Next the resultir@ ma- TABLE II. Parameters of(a) the A « interaction, (b) the
trix is simulated by a three-range Gaussian form with theA t(A°He) interaction, andc) the A d interaction defined in Eq.
strengths as a function &&. The obtained’NGinteractions ~ (3.4. Size parameters are in fifi and strengths are in MeV.

are given in Ref[30] as

(@) A « interaction

3 _ _ 1+P, i 1 2 3
UAN(r;kF):_Zl (V8 bverit V9% evera - ON) 5 Bi 0.2752 0.4559 0.6123
- V, —17.49 ~127.0 497.8
o L0 1-P| Vs 0.0 0.0 0.0
+(V0,0ddt Voer,0ddTA * ON) e, ¥, 0.1808 0.1808 0.1808
i 0.4013 0.9633 2.930
B3 ~0.3706 ~12.94 ~331.2
where P, is the space exchang®lajorana operator. The U 0.0 0.0 0.0
strengthsy (") are represented as quadratic functionskef (b) At(A3He) interaction
see Eq.(2.7) of Ref.[30] and Table V of Ref[13] for vari- 1 2 3
ous originalYNinteractions. In the present work, we employ B; 0.2874 0.4903 0.6759
the Nijmegen modeD interaction(ND). v, ~14.16 ~108.0 4259
The Ax interaction is derived by folding the above s 2379 10.91 ~126.9
van(r;kg) interaction into thex-cluster wave function. The 7_' 0.2033 0.2033 0.2033
ke depends on the mass number of the clugtdecause of 5_' 0'3383 0'8234 2'521
the operatoP, in Eq. (3.3, the resultantAx potential be- | —0.2701 9553 _9316

comes nonlocal, the explicit form of which is given in the

i
S —
Appendix of Ref[13]. We summarize the functional form of Vi 0.2615 1.433 97.05

the local and nonlocal parts of thex potentials as (c) A d interaction
, i 1 2 3
. IV SO B 0.3153 0.5773 0.8532
Vax(r.r’) El (VitVisy-s)e A ar=r7) v, —10.84 —88.36 167.2
, Vs 2.734 14.35 ~179.9
e e (Y ()2 y 0.2710 0.2710 0.2710
+Z‘1 (Uit Ursy-sge ™ ' ' 5 0.2470 0.4870 1.924
U, ~0.1862 —5.844 —3.065
B4 s ~0.2705 1.566 100.4

wheres, = o, /2. Table Il lists the parameters in E®.4) for
the (a) A « interaction,(b) At(A3He) interaction, andc) Ad with no other change. The resultingt interaction repro-
interaction. They were determined in the following manner:duces, by chance, th&-binding energy of the 1 ground
(i) Ae interaction The AN spin-spin part vanishes when state of§Li within the a+t+A model; the calculated en-
folded into thea particle. The odd-force contribution is neg- ergy is 6.80 MeV while the observed one is 6.80
ligible in the A-binding energy ofiHe. We determined the +0.03 MeV.
ke parameter ak-=0.925 fni ! in order to reproduce this
binding energy(3.12 Me\) within the a+ A two-body D. AN interaction in , {He (, ALi)
model. TheAN odd force having the samie- was deter- In the study of , {He (, ALi) within the a+N+A+A
mined by tuning the magnitude 0{9,0 as to reproduce, 1 odel and of the subsystefiHe (Li) within the a+N
W'ﬂlm the a+a+A model, theA-binding energy of the . \ el it is inappropriate to use ti@matrix-type AN
1/2* ground state of; Be. _ interaction becausd N correlations are fully taken into ac-
(ii) Ad interaction We determined the value ok:  count in our model space. Here, we employ a simple free-
=0.84 fm * by fitting the experimentah-binding energy of  space AN interaction with a three-range Gaussian form,
the 1/2" ground state of{H within thed+A model where  yhich simulates the Nijmegen model(NF) AN interaction.
the AN odd force plays a negligible role. The odd force wasHere, theX N channel coupling contribution is renormalized
determined, retaining the samle-, by reproducing the nto the AN single channel using the closure approximation.

A-binding energies of the 1{2and 3/2 states of{Liwithin  The even- and odd-state parts of GuN interaction are rep-
the a+d+ A model; we tuned)g?gdd andvffgvodd. resented as follows:

(iif) At interaction The experimental-binding energies
of the 0" and 1" states of{H were used to determine the
even force of theAN interaction. The magnitudes &f and
v’? . enWere adjusted to reproduce the energigspeing b
0.84 fm 1. This value ofke was substituted into thie- used odd, odde Py 2
in the odd force of the\NFinteraction of theAd intélerFaction T oy o) eHr. (39

3
1+P
Van(n)=2, | WP ooy o) —5—
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TABLE I1ll. Parameters of the\ N interaction defined in Eq. TABLE IV. Parameters of the\ A interaction defined in Eq.
(3.5, which is used only in thee+N+A anda+N+A+A sys- (3.6). Size parameters are in fri and strengths are in MeV. The
tems &=N). Size parameters are in frd and strengths are in 1S, scattering length is-0.575 fm and the effective range is 6.45

MeV. fm.

A N interaction wherx=N A A interaction
i 1 2 3 i 1 2 3
Mi 0.5487 1.384 6.250 Mi 0.555 1.656 8.163
viven —10.40 —87.05 1031 vj —10.67 —93.51 4884
pevens 0.2574 17.09 —256.3 vi 0.0966 16.08 915.8
pud —5.816 -18.29 4029
pPdde -0.959 -9.184 -573.8

AA interaction: The outer two components of the above
Gaussian potentiali € 1,2) are determined so as to simulate
First, the parameters are determined so as to simulatéhe the AA sector of NF, and then the strength of the core part
scattering phase shifts calculated with NF. Next, the secondd =3) is adjusted so as to reproduce the experimental value
range strengths5"*"andv5"*"” are adjusted so as to repro- of B, ,(§,He). The values of the parameters obtained are
duce theA-binding energies of the Dand 1" states oftH  given in Table IV. It is interesting that the resultingA

with the use of theN+N+ N+ A four-body model. Further- interaction is almost equivalent to the interaction obtained by
more, strengths3™ andv 399 are adjusted within the frame- multiplying the above ND-simulated interaction employed in
work of the @+ A +n+p four-body model so as to repro- Ref.[13] by a factor of 0.5.

duce the observed binding energies of the ground-state spin
doublet, 1/2 and 3/2 of %Li. Our resulting parameters in

. . IV. RESULTS AND DISCUSSION
Eqg. (3.5 are listed in Table Ill. We further found that the

energy of the ground state QiHe (?\Li) measured from the Let us examine the calculated results for a series of
2HeN threshold can be well reproduced with ouN inter- ~ doubleA hypernuclei with thea+x+ A+ A structure
action in the a+N+A three-body calculation; foHe =0n,p.d.,t,°He,a) studied in the microscopic four-body
(8Li), the calculated energy is-0.17 MeV (0.57 MeV), cluster model. In order to understand the role of tvgar-
while the observed one is 0.17 MeV (0.59 Me\). ticles attached to the core nuclei, it is useful to compare the

level structures of thexr+x+ A+ A doubleA hypernuclei
with those of the corresponding+x nuclei and thea+ X
+ A singleA hypernuclei. Then, we can see clearly how the
In the present model, since theA relative motion is  ground and excited states af+ x nuclei are changed due to
solved rigorously including the short-range correlations, it isthe addition of the\ particles. It should be noted again here
not adequate to use theA G-matrix interaction given in  that in the model description af+x-+ A + A, the observed
Ref. [30] However, ourAA interaction to be used in the |ow-energy properties of thee+ x nuclei and the existing
present calculation should be still considered as an effectivg_-pinding energies of the&+ A and a+x+A hypernuclei
interaction, since the couplings BN andXX channels are have been reproduced accurately enough to provide reliable
not treated explicitly. Thus we employ theA interaction  predictions for doublex hypernuclei experiments, with no
represented in the following three-range Gaussian form:  adjustable parameters of the interactions in the four-body

E. A A interactions

3 calculations. That the threshold energies for every partition
—pr? into subcluster systems are reproduced is a necessary condi-
ry= itvioy- e M, 3.6 . ) .
vAn(r) .21 (Witvioy o)) 3-8 tion for a reliable cluster-model calculation.

It is enlightening here to keep some linkage to the OBE
models in determining the interaction paramefers;, and
v7(i=1-3). In our previous work on, $He and , \’Be In Figs. 2—7, the calculated level structure @f x core
[13], the interaction parameters were chosen so as to simupuclei, @ +x+ A hypernuclei, andv+x+ A+ A hypernuclei
late theAA sector of the ND interaction, which is a reason- are illustrated side by side. All the ground and bound excited
able model for the strong attraction suggested by the interstates of doubléx hypernuclei predicted in the present
pretation of earlier doubld- hypernuclei data. The model are exhibited. In these figures, one sees clearly that
characteristic feature of ND is that there is only a scalaiinjection into ana+x core nucleus of one and twA par-
singlet instead of a scalar nonet, which gives a strongly atticles leads to stronger binding of the whole system and a
tractive contribution inAA as well asNN. prediction of more bound states in most systems. But, there

The other versions of the Nijmegen modg?d—33 with is no bound ‘p orbit” of a A particle in single- or doublé:

a scalar nonet lead to much weak®A\ attractions, which  hypernuclei withA<10. In the bound states of double-
seems to be appropriate for the we&K binding indicated hypernuclei, twoA particles are coupled t8=0, and there-

by the NAGARA event. The NF is the simplest among theseore the spins and parities are the same as those of its nuclear
versions, which is adopted here as a guide to construct owore.

A. Energy spectra
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Table V summarizes the calculated ground-state energies (MeV) 6 L 8
for the doubleA hypernuclei including the 2 excited state A AA
of , 1’Be. The results are expressed in terms of two quanti- 4, - 399
ties: One is the total energy measured from the breakup L
threshold ofa+x+ A+ A, which is denoted ag&,, . The ook
other isB, ,, which is the binding energy of twa particles L g 083
with respect to the ground-state nuclear carex. ] S—— Ll OFd+ATA
The calculated values & , can be compared with some Lo o i 209
experimental data, though the data are quite limited at o ' 5, LT o
present. The most recent and precise data of the NAGARA L >‘T pHe+d g
event are used as a basic input of our model, so that\dur a0 o =
interaction is adjusted to reproduce the experimental value L = | 72 246 £
BSP(§ \He)=7.25+0.19+ 318 MeV [1]. It is of particular 60k 5 | 52" 208 (2.05)
interest to compare the present result with another datum L | 32 069(069)|  °He.d
which is not used in the fitting procedure. There is an event  _g gl R :2:;0)) 2 588
L E
(MeV)  SHg ®He "He ~100f
A AA B
_12.0l- 3 1.36
" 30 o8 140: ¢ 29 OEO
0.or arn P a¥n¥A o+ N+ AFA ' *
- n
ook = @ FIG. 4. Calculated energy levels diLi, {Li, and ,§Li on the
’ %3 8075 | §" basis of thea+d, a+d+ A, and a+d+ A+ A models, respec-
8 329 17 aHen [ © tively. The level energies are measured from the particle breakup
—4.0r > ’ @ thresholds or are given by excitation enerdgigs
- o«
-6.0F
- apHesn
-8.0F 7y 8 : 9 ;
SR (MeV) Li Li Li
| a2 A AA
6 7 WL s 368
FIG. 2. Calculated energy levels ofHe, §He, and , {He on - >
the basis of thetr+n, a+n+A, anda+n+ A+ A models, respec- 20F 7 T 2a
tively. The level energies are measured from the particle breakup -
thresholds. 0O T R G A
5 6 ; 2o 1 =22
Li Li Li L %2 T om0 e Shent
(MeV) A AA a0l i oaat
o ——— 5.06 (o]
B s 482 z
2o0r 92— T ] —6.0- 4 B ]
i L - g 7 apHest
0.0[ ‘a+p B o+p+A o+ p +AFA -8.0[ & ?:_ e oL,
i 2 |w - e Z——03 ALi+A
2.0+ Ny 2272 ?H —100F 1 9300
- g =BT e - B 5/2 5.96
-4.0F RHe-+p < -12.0+ o 055
-6.0F . —14.0
- smherp i
-0 Eyr —16.0r 12 0.73
L ' 5 "5 s 000
FIG. 3. Calculated energy levels diLi, §Li, and , % Li on the FIG. 5. Calculated energy levels diLi, §Li, and , $Li on the

basis of thea+p, a+p+A, and a+p+A+A models, respec- basis of thex+t, a+t+ A, anda+t+ A+ A models, respectively.
tively. The level energies are measured from the particle breakuffhe level energies are measured from the particle breakup thresh-
thresholds. olds or are given by excitation energiEs.
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MeV)  7Bg ®Be SBe
aof 52
L 7 —
3.18
2.0
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0.0 T a+%Her A +3HerA+A
[ P S
—20F 32 60 of & 611
- I e e e 3
& 4 507 AHe+°Hel
-4.0F Jl 3 484 -
L 6] £
© L
—6.01 fd &
© — B
L £l o 0.93 8 SHe+He
17 o83 | ¥Reee-e-
8.0 y 2——032 | ___.
L 17 -8.32 0.00 ®Be+A
E _
-10.0[ X 52 5.92
i 7/2 454
—12.0f
—14.0F
B 1/2” 0.71
-16.0f ¢ ———00
%2 1600 g
- X

FIG. 6. Calculated energy levels dBe, §Be, and, $Be on the
basis of thea+ 3He, a+ 3He+ A, anda+ 3He+ A+ A models,

PHYSICAL REVIEW C 66, 024007 (2002

TABLE V. Calculated energies of the ground states Af
=6-10 doubleA hypernuclei based on the+x+ A+ A four-
body model k=0,n,p,d,t,°He, anda). E,, are measured from
the a+x+ A+ A threshold. TheAA bond energy2%is defined
by Eq. (4.1). Information on the 2 excited state of, 1’Be is spe-
cially added so as to demonstrate the agreement with the experi-
mental result.

J7 Eaa Baa BRY 2V
(MeV) (MeV) (MeV) (MeV)
1 $He ot -7.25 725  7.2%0.19%  0.88
NGE 3= -847 9.36 0.96
A AL 3=  -748 9.45 0.95
ASLi 1t —-1210 1144 0.98
AL 3= -17.05 1455 0.98
AaBe 3~ -16.00 14.40 0.97
A%Be 0" -1505 1514  17.204° 0.93
14.6+0.4°
ABe  2F —1219 1228 12.33:33°  0.93
®Referencd1].
PReferencd2]. Also see text for the second value.
‘Reference$34,35.

found in the E373 experiment named tBemachi-Yanagi
event[34,35; the most probable interpretation of this event

respectively. The level energies are measured from the particlis a bound state of, 1°Be having B$0=12.33+ 53> MeV,

breakup thresholds or are given by excitation energies

9 10
BBe ABe AABe
(MeV)
[, 300
20F
N
0.0 aA+0 g o400+ A o +0+A+A
B o o
—2.0- > g
| © AHe+a N
© Pl -~
x | 32~ 1l
L S W 2.83 (3.05) "
-4.0 S |52 S
- j B
-6.0r - 2.
————— 0.00 (0.00)
5 12 684 o) © phera
-8.0F g
E, 8
L ol €
-10.0F z
- S
~ +
12,0} | v2 2.86
- o
-14.0F ®
S * 15.05
~16.0F 0 E,

FIG. 7. Calculated energy levels diBe, 3Be, and , }Be on
the basis of thew+a, a+a+ A, anda+a+ A+ A models, re-

which is obtained by assumirgg®=0.15+ 3% MeV. In the
emulsion analysis there is no direct evidence for the produc-
tion of 1%, Be in an excited state. However, if the produced
.Be is interpreted to be in the ground state, the resultant
AA bond energy becomes repulsive, contradicting the NA-
GARA event. From the viewpoint of the present study, the
Demachi-Yanagevent can be interpreted most probably as
the observation of the 2 excited state im°, Be; our calcu-
lated value ofB, , (5%, Be(2")) is 12.28 MeV, which agrees
with the above experimental value. This good agreement
suggests that our systematically calculated level structures
are predictive and useful for interpreting upcoming events
expected to be found in the further analysis of the E373 data.
Now it should be stressed that the above experimental datum
on ,XBe(2") leads to no information about the ground-
state value oB, , unless the theoretical vali2.86 MeV in
our casg of the excitation energy of, 1’Be(2") is utilized.

On the other hand, the earlier experiment by Darstsal.
[2] on the pionic decay of}%Be(0")—3Be(1/2")+p
+ 7~ gave BSP(%Be(07))=17.7-0.4 MeV. This value
has been used for a long time, which implies a strongly at-
tractive AA interaction. However, it should be noted that the
authors also suggested the possibility of another decay
10 Be(0")— %Be(3/2",5/2")+p+m~ (Table 5 of Ref.
[2]); the same was pointed out in RgL2]. In this case, the
value of B?(, °Be(0")) is modified to 14.6-0.4 MeV,
which is obtained by using 3.05 MeM86] as the excitation
energy ofiBe(B/T,S/Z*). This modified value turns out to
not contradict our calculated value, 15.14 MeV. A similar

spectively. The level energies are measured from the particleeinterpretation, with the hypernuclear excited states taken

breakup thresholds or are given by excitation enerfiies

into account, may be needed also for the E176 event which
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was identified as, 2B (,1%Be) with a strongly attractive ~ TABLE VI. Calculated rms distances betwearandx, r ., in
(repulsive AA interaction. core nuclei, singlex hypernuclei, and doubld- hypernuclei &

Thus, we have understood the consistency between thﬁn'd'F’“)' The expectation values of the kinetic energy and the
experimental data and our theoretical results {dfBe. We, potential energy betweea ;mdﬁ {Taodhs (Vane), and(T“x_JrV”‘X>
therefore, discuss the level structures of doublaypernu- are also listed. FoPHe and®Be, r,_, are not calculated since they
clei in more detail. As seen in Figs. 2—7 and Table V, the are resonant states.

particle plays a gluelike role, so that a whole system be- —
. . Iax <Tax> <Va><> <Tax+ Va><>

comes more strongly bound. This effect in a douhle-
nucleus is more enhanced than in the corresponding sifgle-5He 7.86 —-6.97 0.89
nucleus. One can see a typical example in the case}dni SHe 5.79 11.38 -9.92 1.46
in Fig. 3. For the unbound nuclear systetni, a single A A AHe 3.92 15.19 -11.95 2.24
cannot make a bound system ki, but the addition of one  °Li 4.10 11.59 —13.06 —1.47
more A particle leads to a bound system gfiLi whose  }Li 3.44 15.59 —16.70 -1.11
ground state is weakly bound with respect to thgHe+ p AL 3.16 18.86 —19.54 —0.68
threshold. "Li 3.69 17.45 —-19.95 —-2.50

The bound excited states of doublehypernuclei pre- §Li 3.30 21.85 —24.00 -2.15
dicted in the present cluster model are summarized as fols § Li 3.05 26.74 —28.33 -1.59
lows: In , 1He and , {Li, the ground states are both bound ®Be 7.21 ~7.12 0.09
but no excited states are predicted. Needless to say, there &Be 3.78 14.90 —14.14 0.76
no bound excited states in doublehypernuclei withA<6 A Be 3.44 19.49 —17.96 1.53

since there is no bound excited state in their core nuclei. The
lightest doubleA hypernucleus that has at least one excited
state is, §Li. In , §Li we predict twoT=0 excited states in
the bound-state region. One might expect to sde=dl,0"
bound excited state iR § Li, which would correspond to the
T=1,0" state in®Li at E,=3.56 MeV, but the state is not
shown in Fig. 4 because tfle=1 state may have a five-body

structure and is _outside the scope qf the present C_:IUSt%nergy,<Tax>, and that of the potential energ/..), in the
m%del. We predict three bound excited %tates ALy subsystems. When the andx clusters approach each
(1 1Be€). There is one bound excited St_ateA”/li Be as men-  other, the increase dfT ) overcomes the gain ifV,,), and
tioned before. It will be challenging to discover these excitedhe sum(T,,+V,,) increases appreciably. In spite of this

we demonstrate in Fig. 8 the change of the n two-body
density (correlation function p(r,,) in °He, BAHe, and
AXHe whenA particles are added, which again manifests the
shrinkage effect. Third, this shrinkage effect is seen in the
large change of the expectation value of the relative kinetic

states one by one as well as the ground states. energy loss in ther—x core system, the core shrinkage is
realized because of the larger energy gain of Ahea and
B. Dynamical change of the core nucleus A —X parts.

It is interesting to look at the dynamical change of the
a+X nuclear cores, which occurs due to the injection of two 0.03 T
A particles. The possibility that a nuclear core shrinks when
a A particle is added was pointed out using the-x+ A
cluster model for lightp-shell A hypernuclei[37]. An up-
dated calculatiof38] specifically predicted a 21% shrinkage
in size in {Li. The recent measurement of theray transi- 0.02
tion rate in { Li [39] has confirmed quantitatively the shrink-

age effect predicted in both the old calculation and the up- 'g

dated one. It is quite reasonable, therefore, that in a dotible- =

hypernucleus the participation of one makeparticle can =

induce further shrinkage of the nuclear core. Such an effect = 44 il
has been also investigated systematically using the molecular QC

o

orbital model for8;"Be(n=1—4)=a+ a+nA [40]. e
In order to see such a shrinkage effect, we show three
physical quantities: First, in Table VI we list the rms distance
between« andx, r,,. As the number of the\ particles 0
increasesy ., turns out to shrink significantly due to the
gluelike role of the bound particles. For example, one sees fun (fm)

Fax schanglr?g' a,s 4.163.44-3.16 .fm for Li—4Li FIG. 8. Thea—n two-body densitiegcorrelation functions
— a pLi. Participation of the second gives rise to about an p(Fun) Of SHe(3/2'), SHe(17), and , LHe(3/2°). Here,p(r ) is
8% reduction of ,, except forx=n. Second, in more detail, multiplied byr?,.
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! ! ' ' ' A BAA(MGV)
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e 2.0 —
- ° -
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| °° | 0.5 el .
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6 7 8 9 10 FIG. 10. Calculated values @B, ,(4,Z) defined in Eq(4.2).

8 7 7y 8p: 97:9 10
ambe jaHe iyl GlinsBe 4,Be kinetic-energy operator(ii) the AN spin-spin interaction,

FIG. 9. Calculated values @, (% ,2) in the ground states and (i) the dynamical change of the core-nuclear structure.

given by closed circles. The same quantities but calculated by put- Froblem (i) is undezstood as follows: In the+A+A
ting Vy,=0, namely,B,,(A,Z; Va,=0), are shown by open three-body model for, :He (generally, may be replaced

circles. by a spinless frozen-core nucleusf one takes thenon-
Jacobian coordinate Setr 4, and My the Schrdinger
C. AA bond energy equation may be written, in a self-explanatory notation, as
In Fig. 9 we display the contributions of th'eA interac- 52 ) 5
tion to the total binding energies of doubfe-hypernuclei _ 2 _ h v2. — ﬁ_v R Ry
A Z. Here the calculated values Bf, (4 4 Z) in the d 2 ahy 2 @bz m, b Tehy T Taky
AAL- WAGAA groun lu‘aAl Iu’aAz a
states are shown by closed circles. In order to extract the
contribution of theA A interaction, we perform the same cal- 6
. - ' - +V .tV —E|V¥ He)=0. 4.3
culations by puttingV, ,=0. The obtained values are de- Az T AL, m(iaHe) 4.3

noted asBAA(’RAZ; V,A=0) and shown by open circles in

the figure. It should be noted that the effect of the dynamicalf the third term of the kinetic energy, the so-called mass-

change of thex+x core due to theAN interactions is in- polarization term, and\/AlA2 are neglected, we have the

cluded in the four-body estimate d@,, and By,(Vaa trivial solution —E(=B,,)=2B, . Therefore, the quantity

=0). Since theAA interaction is not so strong compared AB, ,=B,,—2B, stands for the contribution from the two

with the AN interaction, the core-rearrangement effects in-neglected terms. In $He, the contribution td, , from the

cluded inB,, andB, (Va5 =0) are similar to each other. mass-polarization term is-0.13 MeV, which explains the

Then, naturally the pure effect of theA interaction is given  gjfference betweetB, ,=1.01 MeV and the\A bond en-

by the difference ergy V%%=0.88 MeV in Table V. This contribution de-
V?&q /XAZ)EBAA(ﬁAZ)—BAA(ﬁAZ;VAA=0)- 4.1 ?fgi)elsM;?/p:gli XOSZ), the core-nuclear mass increases

bond

We considen’3%%as theAA bond energy which should be ~ Next, we discuss the second problem, the effect of the
determined essentially by the strength of thé interaction. AN Spin-spin interaction odB, , of Eq. (4.2. In Fig. 10,
Now in Fig. 9, we find that the magnitude a2, the the calculated values dfB, , are illustrated by the dashed

energy difference between the closed and open circles, f2a'S- One notices clearly thaB,, has a peculiar mass

almost constant at 1 MeV for all the doubleA hypernuclei ~ dePendence, which suggests that some interesting mecha-

with A=6-10. The detailed values a7°°™ are listed in NS is acting. It should be remarked here, however, that, as
= : AA

Table V. was already pointed out by Danystal. [_2], the traditional
So far the following intuitive formula has been often useddeflnltlon of Eq'(4:2) is of simple meaning or)Iy when the
to estimate the\ A interaction strength: nuclear core is spml_ess. On_ the ot_he_r hand, in the case of a
nuclear core with spin, the single-binding energyB, to be
ABAA(QAZ)EBAA(QAZ)—ZBA(/X*Z). (4.2 subtracted fromB,, is distributed over the ground-state
doublet of the corresponding singlehypernucleus.
It is worthwhile to point out the problems underlying in this  Here, we remark that thA N spin-spin interaction is not
formula: This expression includes three problems whicheffective (canceled oytin the doubleA hypernuclei having
come from(i) the mass-polarization term of the three-body AA spin-singlet pairs. In the parent singke-hypernuclei,
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hpwevgr, the spin-spin inte(a_ction plays an important role in AEAA(MeV)
giving rise to the energy splitting of the ground-state doublet.

The typical example known experimentally is the spin dou- g -
blet in {Li with J=2%" (ground; B,=5.58 MeV) andJ
—3%(E,=0.69 MeV; B,=4.49 MeV). One should use the 168
spin-averaged valueB,(1Li) =3B, (34¢) +3BA(37) in- 1.5 - 133 __1.36 =
stead ofB (3 4s) When one wants to dedudeB, , from the - 120
AiLi(1+) ground-state data, if any. If we adopt this pre- 1 ]
scription also for the adjacent systems, we should use 10 075
— & 3 _ 5 B
BA(1HE)=5BA(145) +5Ba(27)=4.04 MeV, 0.5 i
B, (8Li) 3B (1, )+5B (27)=4.35 MeV 0.0
== = =4, ev, :
BT e e T SHe JHe UL SU 3L 3Be [%e
— S0 1 (1.2 (3, FIG. 11. Calculated values @B ,(4 ,Z) defined in Eq(4.4).
BA(ALI)=§BA 0. +§BA > =5.12 MeV,

As mentioned above, a consistent estimate of Ahe
— ¢ .. 3 5 - bond energy (0.9-1.0 MeV, nearly independent of the mass
BA(aL) =gBa(1lgs) +gBa(27)=6.61 MeV, number, as seen in Table) ¥an be obtained by taking 5%
of Eq. (4.1) as the definition of that energy, though help of
o 3 5 the theoretical calculation witkf, , =0 is necessary.
BA(?\Be)=§BA(1;S)+§BA(2‘)=6.52 MeV.

V. SUMMARY
Here,B, of the excited states are taken from our calculation.

In general, we have We have carried out structure calculations fof He,

A kHe, (AL, A8Li, A3Li, A3Be, and,1°Be taking the
. Jo - framework of an a+x+A+A model with x
Ba(h 1Z)=2J 1 Ba(h 'Z;31=30—3) =0,n,p,d,t,%He, anda, respectively. We determined the in-

0 teractions between constituent particles so as to reproduce
Jot+1 Allo . reasonably the observed low-energy properties ofcdhex
23571 BA(x "Z:31=Jot3), nuclei and the existing data of-binding energies of the

+A and a+x+ A systems. TheAA interaction was con-

whered,=J,+ % denote the doublet spins of thetx+A  Structed so as to reproducB,,(, 3He) given by the
system,J, being the ground-state spin of thetx nuclear NAGARA event within oura+A+A model, where the
core. For the two spinless cases=0 and «), need- long-range part of our interaction was adjusted to simulate

o (5 _ 51 4a1+ 5 /9 the behavior of the appropriate OBE modBIF). With no
less to - say, By(3He)=Ba(iHeizes) and B,(3Be) additional adjustable parameters, the four-body calculations

—+

R (9RA

= BA(ABe’%;s)' . for the «+x+ A + A systems were performed accurately us-
Thus, replacingB, with B, in Eq. (4.2, we modify ing the Jacobian-coordinate Gaussian-basis coupled-

AB,, by AB,, as rearrangement-channel method. The obtained energy spectra

of the doubleA hypernuclei withA=6-10 are summarized
5 A o\ A 5 (A-1 in Fig. 12.
ABxA(xaZ)=Baa(52Z2) —2BA(} 2). @4 Tr?e major results to be emphasized are as follows.

(1) It is striking that the calculateB , , of the 2" excited
state in , 1%Be, 12.28 MeV, agrees with the experimental
value BSP(,1Be)=12.33+33% MeV in the Demachi-
Yanagievent[34,35. We therefore interpret this event as the
observation of the 2 excited state of, }’Be. The agreement
. i ) . suggests that our systematic calculations are predictive for
ﬂge n thea—dx distancg duebto the Interaction ?]f the, pcoming events expected to be found in the further analysis

y1|a())erons, an turqs out to be g maximum in t e'cgse ogf the E373 data, etc.

A 1 Be. We emphasize that, even if one empl&B, , , it is (2) Together with the energy spectrum of each double-
impossible to extract any consistent value of th& bond  hypernucleus, those of the corresponding core nucleus and
energy from Fig. 11 in whiclAB, , scatters in a range of a singleA hypernucleus are exhibited side by side in Figs. 2—7
factor of 2. so one can see clearly that the injection of one and Awo

In Fig. 11, the solid bars illustratdB, , . ThoughAB, , is
free from the effect of thé\ N spin-spin interaction, its mag-
nitude for A=7-10 deviates significantly fromAB,,
(AGAHe)= 1.01 MeV. The deviation comes from the effect of
the dynamical change in the core-nucleus structahgink-
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particles leads to stronger binding of the whole system andverage oB,’s for the ground-state spin doublet. We found,
the prediction of more bound states in most systems. In thgowever, thaAEAA still ranges from 0.75 to 1.68 MeV due
bound states of any double-hypernucleus, two\ particles  to the structure change of the core nucleus. Direct use of
are dominantly coupled t8=0 and hence the spin and par- g rather thamAB, , or AB, , is recommended when ex-

ity are the same as those of its nuclear core. Nevertheless th@rimental results and calculational results are compared to
theoreticalB, , values are of importance to guide the analy-each other.

sis of the emulsion experiments. In conclusion, it is our intention that these extensive four-
(3) The dynamical change of the+x nuclear core due to  body cluster-model calculations should serve to motivate ex-
the interaction of the\ particles is seen in doubl&-hyper-  tensive spectroscopic studies of doulldyypernuclei.
nuclei; there occurs, on average, about an 8% shrinkage of
the «—x rms distance compared with that in the single-
hypernucleus. This shrinkage comes about because of the
large energy gain in thd—a and A —x subsystems, which
overcomes the energy loss in the-x relative motion.
(4) We estimated thd A bond energy using our new defi-
nition V8%9=B, , —B,(Va2=0) and found it to be 0.88
MeV for , §He and 0.93-0.98 MeV for the other doubld-

ACKNOWLEDGMENTS

The authors would like to thank Professor K. Nakazawa
and Dr. H. Takahashi for valuable discussions and informa-
tion on the experimental project KEK-E373. They are also
thankful to Professor Y. Akaishi, Professor K. lkeda, and
Professor A. Gal for helpful discussions and encouragement.
\ - Furthermore, they express many thanks to Professor B. F.
hypernuclei. We demonstrated that the quant®B,,  Gijpson for his valuable comments which were quite helpful
=B\~ 2B, is not a good measure of theA bond energy, in improving the manuscript. One of the authaf&M.)
since AB,, is contaminated by the contribution from the thanks S. Kahana, L. McLerran, D. J. Millener, and the Phys-
splitting of the ground-state doublet in the singleRyper-  jcs Department of Brookhaven National Laboratory for their
nucleus and that of the structure change of the core nucleugospitality and support. He is also grateful to the Institute for
In fact, the value ofAB,, scatters from 0.28 to 1.68 MeV Nyclear Theory at the University of Washington for its hos-
for the doubleA hypernuclei withA=6-10. We then modi-  pjtality. This work was supported by the Grant-in-Aid for

fied AB,, by AB,,=B,,—2B, with B, being the spin

Scientific Research of Monbukagakusho of Japan.

[1] H. Takahashgt al, Phys. Rev. Lett87, 212502(2001).

[2] M. Danyszet al,, Nucl. Phys.49, 121(1963.

[3] D.J. Prowse, Phys. Rev. Left7, 782(1966.

[4] R.H. Dalitz, D.H. Davis, P.H. Fowler, A. Montwill, J.
Pniewski, and J.A. Zakrzewski, Proc. R. Soc. London, Ser.
426, 1 (1989.

[5] S. Aoki et al, Prog. Theor. Phys35, 1287(1991).

[6] C.B. Dover, D.J. Millener, A. Gal, and D.H. Davis, Phys. Rev.
C 44, 1905(199)).

[7] Y. Yamamoto, H. Takaki, and K. Ikeda, Prog. Theor. PI86;.
867 (199).

[8] H. Takaki, Wang Xi-cang, and H. BanddProg. Theor.

A

024007-12



FOUR-BODY CLUSTER STRUCTURE OR=7-10... PHYSICAL REVIEW C 66, 024007 (2002

Phys.83, 13(1989. [25] S. Ali and A.R. Bodmer, Nucl. Phy$880, 99 (1980.
[9] A.R. Bodmer, Q.N. Usmani, and J. Carlson, Nucl. Pi#i422, [26] D.R. Lehman, Phys. Rev. 25, 3146(1982.

510(1984). [27] H. Horiuchi, Prog. Theor. Physs1, 1226 (1974; 53, 447
[10] A.R. Bodmer and Q.N. Usmani, Nucl. Phy#468, 653 (1975.

(1987. [28] H. Kanada, T. Kaneko, S. Nagata, and M. Nomoto, Prog.
[11] I.N. Filikhin and A. Gal, Phys. Rev. 65, 041001R) (2002. Theor. Phys61, 1327(1979.
[12] I.N. Filikhin and A. Gal, nucl-th/0203036. [29] A. Hasegawa and S. Nagata, Prog. Theor. P\&. 1786
[13] E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, and Y. (1972.

Yamamoto, Prog. Theor. Phy87, 881 (1997). [30] Y. Yamamoto, T. Motoba, H. Himeno, K. Ikeda, and S. Nagata,

[14] H. Furutani, H. Kanada, T. Kaneko, S. Nagata, H. Nishioka, S. Prog. Theor. Phys. Suppll7, 361(1994.
Okabe, S. Saito, T. Sakuda, and M. Seya, Prog. Theor. Phy$31] M.M. Nagels, T.A. Rijken, and J.J. deSwart, Phys. Re2®

Suppl.68, 193(1980. 1633(1979.

[15] M. Kamimura, Phys. Rev. 88, 621 (1988. [32] P.M.M. Maessen, T.A. Rijken, and J.J. deSwart, Phys. Rev. C
[16] H. Kameyama, M. Kamimura, and Y. Fukushima, Phys. Rev. C 40, 2226(1989.

40, 974 (1989. [33] T.A. Rijken, V.G.J. Stoks, and Y. Yamamoto, Phys. Re.21
[17] E. Hiyama and M. Kamimura, Nucl. PhyA588, 35c (1995. (1999.

[18] E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, and Y. [34] K. Ahn et al, in Hadrons and Nucleiedited by I-Tong Cheon

Yamamoto, Phys. Rev. 63, 2075(1996. et al, AIP Conf. Proc. No. 594AIP, Melville, NY, 2002, p.
[19] E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, and Y. 180.

Yamamoto, Phys. Rev. Let85, 270(2000. [35] A. Ichikawa, Ph.D. thesis, Kyoto Univerity, 2001.

[20] E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, and Y. [36] H. Akikawa et al, Phys. Rev. Lett88, 082501(2002.

Yamamoto, Phys. Rev. 64, 011301R) (2002. [37] T. Motoba, H. Bandpand K. Ikeda, Prog. Theor. Phyz0, 189
[21] H. Kamada, A. Nogga, W. Gloeckle, E. Hiyama, M. Ka- (1983; T. Motoba, H. BandpK. Ikeda, and T. Yamada, Prog.

mimura, K. Varga, Y. Suzuki, M. Viviani, A. Kievsky, S. Ro- Theor. Phys. SuppB1, 42 (1985.

sati, J. Carlson, Steven C. Pieper, R.B. Wiringa, P. Navratil,[38] E. Hiyama, M. Kamimura, K. Miyazaki, and T. Motoba, Phys.

B.R. Barrett, N. Barnea, W. Leidemann, and G. Orlandini, Rev. C59, 2351(1999.

Phys. Rev. (64, 044001(2002. [39] H. Tamura, Nucl. PhysA639, 83c(1998; H. Tamuraet al,
[22] S. Saito, Prog. Theor. Phy41, 705(1969. Phys. Rev. Lett84, 5963 (2000; K. Tanidaet al,, ibid. 86,
[23] V.I.  Kukulin, V.N. Pomerantsev, Kh.D. Razikov, V.T. 1982(2002.

Voronchev, and G.G. Ryzhikh, Nucl. Phys586, 151 (1995. [40] K. Miyahara, K. lIkeda, and H. Bangd®rog. Theor. Phys59,
[24] J.L. Visscher and R. van Wageningen, Phys. L84B, 455 1717(1983; K. Ikeda, H. Bandpand T. Motoba, Prog. Theor.

(1979). Phys. Suppl81, 147 (1985.

024007-13



