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A microscopic cluster model assuming, triton, and single-neutron clusters is applied to the halo nucleus
i and to its subsystem8Li and °Li. This model is consistent with an earlier successful description of
789i. The results for the energies, radii, and other propertied'bf are satisfactory. The binding of'Li
receives comparable contributions frggnand s-wave single-particle states. The two-neutron hald'tf is
confirmed to be prominent although it is reduced by core distortion.
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The most famous halo nucleus’i{.i. Its halo structure is  whose parameters are adjusted to yield the correct engrgy,
indicated by the prominent interaction cross sections of itsith respect to the®Li+n+n threshold [problem (ii)].
collisions [1], by the narrow momentum distribution of its Three-body calculations predict that the halo is indeed much
SLi fragment[2], by the Borromeari.e., three-particlena-  more extensive than the cof8].
ture of the binding between itéLi+n+n constituents and Problem(ii) has also been solved in a microscopic
by its very small two-neutron separation energy. +n+n model with simple central interactiorfdl]. In this

In °Li the Ops, subshell is filled, while in*'Li itself the ~ model all core distortions that go wigishell excitations are
full 0 p neutron shell should be closed. It may well be, how-taken into account, at the expense of grossly restricting the
ever, that the sequence of the @nd & levels is reversed. relative-motion configurations. The nucletisi is described
The nucleus®Li is not bound, but the sequence of its near-pretty well, but the correspondingLi+n model yields a
threshold states is expected to determine the nature of tHeound '°Li, which shows that the binding-energy problem
binding of 1Li [3]. The °Li core may not be passive, and the has not been solved.
core distortion (i.e., excitation must imply complicated In the present work the energies 8F%Li and the other
Pauli and other correlation effects. properties of'!Li have been reproduceimultaneouslyThis

Nevertheless, the theoretical approaches to the descriptidras been achieved in a fully microscopict-t+n+ ...
of Li are mostly macroscopic or semimicroscopic and are+n cluster model, an extension of that applied t8°Li
based on thé’Li+n+n three-body pictur§4—6|. The oc-  earlier[12]. The approach is unique in that the core distor-
cupancy of the core is generally taken into account by artion is taken into account very carefully; this is a fully dy-
orthogonality condition on the halo neutrons. The models ar@mamical correlated six-cluster model fotLi, in which all
devised either to reprodud® the binding of 1!Li by using  symmetries are observed exactly. This is feasible owing to
two-body forces appropriate for the subsysteffsj+n and  the correlated Gaussian bases uUgks].
n-+n, (i) or the known properties of'Li by adjusting the The starting point is the description 8ti. In the a+t
interactions phenomenologically. +n+n model [12] its wave function can be written as

The binding-energy problerti) can as yet be solved only xij:Eici¢SM(9Li), with
roughly because of the uncertainties of our knowledge on -
10.j, A1* state and a 2 state can be produced in the range
where experiments seem to find resonance states, but a dis-
agreement in the widths points to the role of core excitations

ML = A D(OLie” MM 1 Ty,

[7,8]. Microscopic calculations confirm this indicatidf]. @SMS(gLi)=<I>a(51234)[<I>t(1/2)(5567)[)((1,2)(8)

With the same’Li — n interaction,!Li has been found to be

underbound by about 1 Mep]. This tallies with the case of XX(12)(9]s Ismg

®He, and, similarly, must be due to the excitation of the core

[10]. where A is an antisymmetrizexp; (j=a,t) are cluster in-

Independently of the binding-energy problem, the grossrinsic states,(1/z)m_are spin stategthe isospin states are

; 1 ; _ -
properties of“Li can be reproduced by three-body mOdelssuppresse)d ei(llz)pAipalillizlisLML is a correlated Gaussian

function of the Jacobi coordinatép, ,p.,ps} describing the
*Permanent address: Institute of Nuclear Research, DebrecefPur-cluster relative motion, and the square bracket denotes
Hungary. Electronic address: vargak@ornl.gov angular-momentum coupling. The expressigqp is chosen
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so that € (*/2PAiP may reduce to a product of Gaussians of o l ° o °
independent intercluster relative coordinatgs; ,p;,ps}- Is Nl Is”
The factors 6i,iji . are coupled products of the solid S ST
123 "L e AN FANAN

. g C . . ;o | @ AR VY I
spherical harmonics gd;,p5,p3 . The summation overpro- [ ) Y ]
duces all setép;,p;,p3} and runs over all angular momenta N O9 o/ \ o9 o/
of any significance(For details, see Ref12].) Only the L 2L
dominant configurations with§L)J=(31)3 have beenkept. ~ FIG. 1. T- and Y-type Jacobi coordinates folLi+n-+n, with

The Minnesota nucleon-nucleon foricet] was used, with  the angular momenta belonging pq,ps shown. Notationa: @;
spin-orbit and Coulomb terms, just as in Relf2]. The basis triton: O; neutron:e. For a+t+n+n all relative vectors and
was constructed stepwise by stochastic optimizaftidj. A I1, 15, I3 values given in Refl12] are included.
smaller and yet satisfactory bagisith dimension 50 was
obtained by optimizing\; more extensively(A compact ba-  surprising since in the shell model it would imply a high-
sis helps to keep the corresponditigii calculation manage- lying 1pg, orbit as the @, orbits are filled. In a cluster
able) To improve thea+t+n+n energye, the mixing pa- model, however, none of the shell-model orbits is fully oc-
rameteru [14] was changed from 1.0 to 1.0285. The result,cupied[16]. The low-lying 0" state confirms that the core
|e|=5.91 MeV, is close to the experimental value, 6.09excitation is significant.

MeV. This u sets *°Li unbound. The g.s. (1) and the first excited state {3 are reso-

We then describé®Li as a °Li-like structure, generated nance states, but one cannot draw definite conclusion for the
by the basis ofLi, coupled with a neutron in a relativeor  other states (1,27) from the present calculation. They ob-
p state:\lfio'\f; =55 Cl M *OLi), with viously have large-wave components in th&Li —n relative

! motion. In a purely attractive local potential a near-threshold
Mo1o o ) unbounds state is mostly a virtual stateE=(%2/2m)k?
iy (LD = A{[[47°CLD x(1/2)(10)]s ¥ (pa) Tam} <0, k=—ivy, with real y>0] or an unphysical resonance
(E=ERr+iE,, with Eg,E;<0, andk=«x—iy, with «,y
where p, is the °Li—n relative-distance vector. The single >0, k<), and a few-body system may behave similarly.

. ll .. .
neutron is described by a combination of nodeless harmonic- The Wavge _funcUoQ of"Li s constructed by adding two
neutrons to°Li. The “Li+n+n picture is related to the un-

. 2 ~
_oscﬂlator sta_tegbéﬂ(r_)ztr'e*(;’?ﬁr \t(.'m(r)' Each cg)re tstart]e derlying a+t+n+n+n-+n model(see Fig. 1 through the
is accompanie eight such functions, chosen by stochas : IM_ n o IMe1Y ;
samplingf)the dim)(/ansgi’on totaling 400. g Viave funcuompllu_E”C” g (7LD, with

The coefficient<C;; are determined by diagonalization of
the Hamiltonian. This is thus a sophisticated cluster- ) o ~ 0,
distortion model, in which a large subspace of i intrin- Ui (LD = ALy CLi) e 2P Ae 0)i114i Xsilailom},
sic motion is taken into account: that which carries the
angular-momentum quantum numbers of the g.s.

The system was enclosed in a box by prescribingvhere p’={p,,ps} are °Li+n+n Jacobi coordinates, the
(ﬁj)‘1/2s6 fm. Square-integrable bases can only produce2xX2 matrix AJ-’ is allowed to take on values representing
real-energy discrete states. The states that are stable agaihsth Y- and T-type arrangements, angk is the combined
changes in the “box size” correspond to resonances, the ottspin ~ function of the two extra neutrons: ys
ers are to be considered discretized continuum states. It is[ x1,2(10)x1/2(11)]s. Each intermediate angular momen-
very probable that the energy of the lowest-lying resonancéum is restricted to values of O or 1. The two-neutron states
state (if a resonance existsin each quantum-number set are then coupled to thé~ state of °Li to form the g.s. of
agrees roughly with what could be obtained by imposing the''Li with J7=3".
proper outgoing-wave boundary condition. Indeed, the ener- The basis for*'Li has been set up by combining stochas-
gies only slightly change in a larger b0{<(/3j)‘1/2 tic and direct techniques. First 20 basis states were con-
<10 fm]. If, in a particular partial wave, the lowest-lying structed in each configuration by stochastic optimization. A
state is a virtual state, it is likely that the low-lying positive- configuration is defined by th&.i + n+ n Jacobi coordinates
energy discrete states will overlap with the true virtual statgT or Y, see Fig. 1and by the set of quantum numbers given
substantially. in Table I. This basis is not extensive enough to produce

The level sequence obtained is as follotse energye binding. Then each relative-motion function was expanded in
with respect to the®Li+n threshold in parenthesesl™ terms of three Gaussians, whose widths form geometrical
(0.39 MeV), 2% (0.55 MeV), 2~ (1.56 MeV), 1~ (1.74  progressions, with optimized parameters. The 50 functions
MeV), 0" (2.12 Me\). When the box is made larger, the two for the core, with eight’Li+n-+n configurations and 8 3
lowest levels slip slightly closer to the threshdlde 1* state  relative-motion Gaussians in each configuration total 3600
is at 0.31 MeV, but the energy difference between thembasis states. These were added to the stochastically chosen
remains the same. The positive-parity states come frorp the elements. This model space seems to be sufficiently large, at
orbits, and can be assumed to correspond to the experimeleast, as far as théLi+n+n relative motion is concerned.
tally observed level§15]. To find a low-lying 0" state is So the solution must be reasonably accurate.
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TABLE I. The energy(in MeV), with respect to the’Li+n TABLE 1. Overlap of the YLi wave function with various
+n threshold, and proton, neutron, and matter rms raalifm) of Y-type configurations imitating shell-model configurations.
i as produced individually by each configuration in the full and

in a frozen-core correlated Gaussian model. Arrangement l4 lg l45 s Overlap
Configuration Full model Frozen model Y 0 0 0 0 0.24
Y 0 0 0 1 0.42

Iy 15 lgs s € 'y Th I'm € 'y Th I'm Y 1 1 0 0 0.32

T 00 0 0-022 244 3.15 3.12-0.05 2.13 3.14 3.12 Y 1 1 0 1 0.37
T 11 0 0-004 236 3.07 3.04 024 216 3.29 3.23 Y 1 1 1 0 0.28
T 11 1 1 015 247 341 3.35 052 2.16 3.27 3.23 Y 1 1 1 1 0.49
Y 00 0 0 013 247 340 3.34 061 2.17 3.24 3.19 Y 2 2 0 0 0.12
Y 00 0 1-025 242 311 3.11-0.09 2.14 3.17 3.16 Y 2 2 0 1 0.21
Y 11 0 1-019 2.41 3.02 2.98-0.11 2.13 3.13 3.10 Y 2 2 1 0 0.14
Y 11 1 1-015 2.40 3.01 2.98-0.07 2.13 3.14 3.1 Y 2 2 1 1 0.23
Y 11 1 0-011 239 297 295 035 215 3.31 3.25 Y 2 2 2 1 0.17

—0.34 2.43 3.09 3.03-0.12 2.15 3.21 3.15

=8

(“full” ) model[12], except for the quadrupole momeR),

With u=1.0285, the g.s. oflLi is at e=—0.34 Mev  Whose agreement with experiment has been broken by the
below the °Li+n+n threshold, which agrees with the ex- truncation.(Note thatu=1 in the full model of °Li and u
perimental values = — 0.25~ —0.40 MeV/[17,18. Thus, at = 1.0285 elsewhereThe rms radii of*'Li calculated in the
least at the low-precision level of the experiment@li en-  full model agree with the data of ReffL9] fairly well. The
ergy, the binding-energy problem appears to be solvednatter radius is close to the other experimental estirffejte
Moreover, considering the models 68°Li [12], one cansay S wellg. The proton radius of the frozeLi is larger than
that all Li isotopes with A< 11 are described consistently that of °Li because the core center of mass'thi fluctuates
by the microscopic multicluster modéRemember that the With respect to the nuclear one; a further substantial increase

readjustment ofi is needed just to mock up the truncation of in the f“g modellils.d.ue to core distortion. The difference
the core g.3. between”Li and *-Li in the neutron radii reflects the pro-

Table | shows the configurations included, the energie§ounced neutron halo; the difference between the frozen and

by the individual configurations and by all. The important It would be interesting to see what the model predicts for

configurations produce almost the same energy, whether thép€ halo radius, itself. To avoid the fairly involved calcu-

involve T or YarrangementQAZ |5:O or 1. Itis thus fair to lations rgqum;d, one can resort to f?l_n apprOX|_mate_ plcturg. In
: » and, | ) : e , .

tribute to the binding. Note, however, that these configurathe radii of °Li. Furthermore, with the Pauli and c.m. effects

tions are highly nonorthogonal. Thélike arrangement is

close to the shell-model picture, and tfigype configura- TABLE lIl. Properties of°Li in the full and truncatedtr.) mod-

tions1 if expressed iy terms, involve many, in princip|e els and of''Li in the full and frozen(fr.) models. The energies are

infinitely many, orbits.(The coordinates used in the shell measured from the two-neutron thresholds. The experimesa)

model form aV-pattern pointed at the core. Thetype Ja- cross sectiongsee text and radii are from Ref.1] and the electro-

cobi coordinates are very close to theddhe calculation was Magnetic moments from Reff20].

repeated by freezing th&.i core to its g.s(i.e., by neglect-

ing its distortior). The table shows that in the frozen approxi- © o n Fm Q ) # Treac
mation 100-500 keV is lost of théLi+n+ n energy, which (MeV) (fm) (fm) (fm) (e fm?) (un) (Mb)
is quite substantial for a halo nucleus. 9 full® —805 210 252 239 —2.74 3.43

To shed new light on the binding mechanism, we calcu- ¢ _591 212 254 241 —337 3.40 7993
lated the overlap of the wave function withlike states that exp. —6.09 218 239 232274 3.44 79686
imitate shell-model configurations of varios and produce 11 & _012 215 321 315 —-352 321 10542
rms radii of ~3 fm. Since theY-pattern differs from the full —034 243 3.09 3.03-371 3.23 10232

V-pattern of the shell model, these states are slightly nonor-

thogonal; nevertheless, the squared overlaps in Table Il do

add up approximately to unity. The results show that pghe

orbits are important but so are tsendd orbits. There may Referencd12].

be appreciable overlaps with configurations containing evefRreferencd17]; error: +0.05.

higherd orbits. ‘Referencd 18]; error: +0.035.
The properties of'!'Li are compared with experiment in 9Referencd1].

Table Ill. The °Li model truncated to provide the starting ®Referencd19].

point for 1!Li gives basically the same values as the original/|Q].

—0.340° 2.88% 3.219 3.12¢
exp. —0.295° 2.24° 3.26° 3.01° 3.12" 3.67 1056-14
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disregarded, r2(*Li) ~&[9r2(°Li) +2r2(*Li)]  and One can sum upothe results of this work as follows.

. . 11 . . l .
rﬁ(“Li) %%[Grﬁ(gLi) +2rﬁ(“Li) 1. These formulas yield, re- The energies of%i and *'Li and the properties of'Li

. . have been reproduced simultaneously without extra adjust-
spectively,r,=4.98 gnd 4.375 fm with the full model and ments. With tphis, the binding energ))// problem has biaen
are close to what is produced by an analy&s fm[23])  that this degree of sophistication is in fact necessary. The
and a theoretical valuét.72 fm[24]), and their scatter re- model is almost fully consistent for the nuclear ch&irtLi.

flects the error in the model assumptions. The results give some insight into the binding mechanism

The calculated''Li quadrupole moment differs from ex- Of these nuclei. The g.s. of’Li is of p-wave nature. The
periment just as in the truncatddi model: the discrepancy existence of a near-threshoddvave virtual state is not ex-

i . ; cluded, but it makes no sense to regard it as the g.s. The
can thus be attributed to the core truncati@rhe experimen- binding of L receives approximately equal contributions

tal value for MLi is assumed to be negatiyeThe reaction  fom p- andswave single-particle states.

Cross sections ¢, 0f the collisions of**'Li with **C at 800 Core distortion effects appear to be significant, which lim-

MeV per nucleon have been calculated in the Glauber modéts the validity of the three-body models and emphasizes the
with the multiple nucleon-nucleon collisions taken into ac-need for the multicluster approach. The distortion dilates the
count to all orders. The details of this calculation will be core, which makes the neutron skin thinner, but does not

given elsewher§21]. These cross sections can hardly differ iNvalidate the two-neutron halo picture.

from the interaction cross sections sincei has no particle- Al in all, this is the most sophisticated model hitherto
P applied to the paradigmatic halo nucletisi, and it is the

bound excited statf22], and the experimental data quoted fist one to appear to be fully satisfactory.

are actually interaction cross sections. The theory is in good

accord with experiment. This reaction model is very reliable, This work was part of a cooperative research project be-
thus the simultaneous agreementip,.andr ,, between the tween the Japan Society for the Promotion of Science and

o . G - the Hungarian Academy of Sciencé€2000—2002 and was
empirical and theoretical values implies that the empinigal also supported by OTKAT029003 and by the Yamada Sci-

value must also be reliable. ence Foundatiof2001).
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