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Abstract

An unified shel modelschemeis introducedthat evaluates simultaneousy the contributionsof boundsingle-patticle states,
Gamow resonancesnd antiboundstatesto processe®ccurring in the continuum patt of nuclear specta. This new scheme
allows usto study the effectof the antiboundpole and the remaning part of the complex coninuumsepaately. Thecalculations,
performedin the complex enegy plane,are applied to the study of weakly boundnuclei. Theinfluenceof antiboundstatesupon

physicalquantitiesin light aswell asin heary nucleiis assessed.

0 2004Elsevier B.V. All rights reseved.
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1. Introduction

One major difficulty related to the microscopical
desciiption of nuclei closeto the drip linesis the treat-
mentof the coninuumcouping. Thefirst attemptsto
introducetheconinuumcoupinginto shel modelcak
culationswere donemorethan forty yearagoin the
frameawork of the coninuumshell model (CSM) [1].
In CSM calculationsone consders usually at mod
one paricle scatered into the coninuum part of the
single-paricle spectum. For more complicaied con-
figurations, with two or more particles moving in the
coninuum,the CSM calculationsbecomeunfeasble
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due to the extremely large dimersions of the shell
modelbasgs. The size of the CSM bass canbe even-
tually reducedo managealddimensgonsif onecould
redrict the calculationsto that coninuum configura-
tionsbasd on single-paricle reonantstates which
carry the mog imporiant contibution of the conin-
uum couplng. However, in postive enegy repren-
tations as the one used in the CSM, thereis not a
unigue wave function associated to a given single-
paricle reonance Such unique(discrete) wave func-
tions the so-caled Gamaw functions[2], canbe de-
fined only in the compkx enemgy plane. They cor-
regpond to the outgoing solutions of the one-body
Schroédingerequaton [3]. TheGamow states, togeter
with a set of scatering states belonging to a contour
in the complex enegy planeform a compkte repre-
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sentation, the Berggrenrepregnttion [4]. Basd on
this represemation a shell model in the complex en-
ergy plane(CXSM) wasrecentlypreented[5-8].

In its initial form the CXSM was formulated
stating from a Berggren represeration consisting
of bound statts Gamav resnancesand complex
scatteing statesln this Letterwe will further exterd
the CXSM including also the antiboundstatesin the
single-paricle bass. Thatis, theaniboundstateswill
bepartof thesingle-pariclerepregnttionin thesame
fashion as bound states are in standard shell model
calcuations. This new formalismallows usto aralyze
the role of the anibound state separagly from the
remahing part of the (compkx) continuum. Within
this represeration we will investigate,from the shell
model pergecive, the effect of the antiboundstates
on the structure of exotic nuclei, particulady the ones
which form neuron halos. But we wart to stressthat
it isnotthe intenion of thiswork to providea general
theory of nuclear halos but rather to show how to
include the antibound states in the CXSM and the
influencethataniboundstatesmay have uponnuclear
propertes.

2. Formalism

The shel model in the compkx enelgy plane
is bagd on the Berggren repregnttion. Although
this represettation and its use in shell model type
calculationshasbeendesribedbefore[4—10],we will
briefly presenit here again for clarity of preseration.

The Berggrenrepregntationis a completebass
formedby adiscrete setof wave functionscorrepond-
ing to thepolesof the S matix, plusasetof scatering
stateswith enegiesbelonging to a continuouspath in
the complex enegy plane.In this repregntationthe
completeressrelation canbe written as [4]

8 —r) =Y wa(r)wa ()
—i—/dEu(r, E)u(r’, E). Q)
L+
The summaton in the expresion above runsover all
the boundstatesandover thos polesof the S-matrix

which are enclo®d by the real enegy axis and the
conbur L.

An important feature of the Berggrenrepregnt-
tion is that the scalar productis defined as the inte-
gral of the wave function timesitself, and not its com-
plex conjugae. Thereforetherelated metric, i.e., the
Berggrenmetric, is not Hemitian. As aresut, the ma-
trix elemens correponding to ary operabr between
the vectorsof the Berggrenbass may becomecom-
plex numbersHowever, observable (physcal) quant-
tiesremainrealif all bads vectorsare includedin the
Berggrenrepregngtion.

The contour in the complex enegy planecanhave
in principle any form [10]. Nevertheles, as shown
in Refs. [5,6] for the caseof two-particle systens,
a particular clas of rectangubr conburs is much
moreappropréte for CXSM calculations Thereasn
is that such contours cangenerate in the two-patticle
complex energy plane a region free of two-patticle
uncorreéted states. This propery is very important
both for the identification and the calcuation of two-
paricle rednantstates[6].

As anillustration, we show in Fig. 1 a rectangular
conbour in the complex enegy plane that encloses
three Gamav reonances The conbur is defined
by the vertices V; and the enegies of the Gamow
resonancesregiven by the points G;. In the cas of
the figure the conour finishesat the point Vs. This
cut-off of high lying statesis acommonfeaure of the
shell model whereonly alimited numberof shelsare
included.

In orderto treat numericallythe scatteringstates
one discretizes the contour integral of Eq. (1) such
that[9]

/dEu(r, Eyu(r',E)=Y_hpu(r, Epu(r’, Ep),
L+ 4
)

where E, and h, are defined by the procedure
one usesto performthe integration. In the Gausian
mehod E, are the Gaussan points and £, the
correponding weights. Therefore,the orthonormal
bassvecbrsaregiven by theset of boundandGamaow
dates i.e., {rlg,) = {w,(r, E;)} andthe discretized
scatteringstates i.e., (rlg,) = {\/hpu(r, Ep)}. This
definegheBerggrenrepregntationused in the CXSM
calculations

As in ary stardard shell model, in CXSM the mul-
tiparticle basis statesare formedby the tersarial prod-
uct of the orderedsingle-paricle states belonging to
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Fig. 1. One-particleconplex enelgy plane.Thebroadline indicatesthe contour The points V; arethe verticesdefiningthe contour The open
circleslabelledby G; indicatethe conplex enegy of the Gamow resonancenclogd by the contour

the chosen Berggrenrepregngtion. The matrix ele-
ments of the residual interaction are calcuatedwithin
this represeitation by using the Berggrenmetric. Thus
for a separableinteractionthe matrix elementshave
the form:

(kl; |V |ij: @) = =G fu (D) fu (i), 3)

whereG, is thestrengthof theforce.Onecansee that
dueto the Berggrenmetic on the r.h.s appearsthe
form facor f, (k) andnot f, (kl)* asin the standard
Hilbert metric. Consquenty, the standarddisperson
relation for a two-paricle system correpondingto a
separabé forcebecome$5,6]

1 f2G))
R v @

where w, are the correlated energies. One notices
againthat dueto the Berggrenmetric in the dispersion
relation appearghe squareof the form facors f,, and
not the square of its absdute value. For more details
see Ref. [6].

In the CXSM calculationsdoneunt| now the only
complex enelgy poles consdered in the Bemggren
repregnttion are the Gamown renancesThe new
elerrents that we will include in this Letter are the

antiboundstates(they are also known in the literature
asvirtual stetes).

The antibound states are the outgoing solutions
of the Schrédngeregquaton with negaive imaginary
wave numbersi.e.,k = —ilk|. Thusthe enemy cor-
reponding to ananiboundstate is realandnegative,
asfor theboundstates but the tail of the correpond-
ing wave funcion divergesexponentally atlarge dis-
tances

An anibound state close to thredhold manifeds
itself on the real enegy axis throughthe localizaion
properties of the low-lying scatteing states.This can
be shown [11] by consdering ameanfield that hasan
anibounds-statewith erergy Eq (ko = —i|ko|) lying
nearthreshold. Onethusfindsthattheradial scatering
wave function with erergies E = h%k2/2u (k realand
postive) close to zerocanbe approximatd indde the
meanfield region by

| 2klkola
Ri(kr) ~ le(lkolr), (5)

wherea is acondant dependig on the normalzaion
chognfor the wave function R;(|ko|r). This expres
sion shows that close to threshold the radial depen-
denceof thescateringwave functonsinsidethe mean
field region dependsiponthe energy only throughthe
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Fig. 2. One-particleconplex enegy plane.Thebroadline indicatesthe contourembracingthe antiboundstate A, indicatedby an opencircle.
The pointsV; aretheverticesdefiningthe contour The pointsB; indicateboundstates

squarerootfacor. Thisfacoris maximumat k = |kg|.
Therefore,in an enepgy interval located around|Eo|
the scattering states have an increagd localization.
Thes scatteringstateswill repregntindirectlytheef-
fect of the antiboundstate in any type of coninuum
shell model calculationsbased on real enegy repre-
sentations

In the framework of the CXSM one hasthe pos
sibility to includethe antibountstatesdirectly in the
Berggrenbass and treatthem formally on the same
footing as the boundstates and Gamaow renances
This can be doneby choosng a conbur as the one
shown in Fig. 2. In this figurethe points V; define the
conburwhile the opencircle A correpondgo the en-
engy of the antiboundstate.

In the Berggrenrepregntationto eachpartialwave
correpondsa contour. Thes conbursmay be differ
entto eachother In the extendedCXSM calculations
preened in the next secion the Gamow reonances
andthe aniboundpoleswill be encbsed by the con-
toursshown in Figs 1 and2.

3. Applications

To show the convenienceof the formaism pre-
sentedaborewewill apply it to cagswhereantibound

statesareknown to beimportant. This is particularly
the caseof halo type nuclei. In what follows we will
first consderthetypical case of 11Li.

The existenceof a low-lying virtual s-statein 10Li
hasimporentconequencefor thecorrektionsdevel-
opedin 1L [12]. As discussed above, an antibound
state close to the continuum threshold enhanceghe
localization of the low-lying scattefng states.There-
fore, the s-wave content of the groundstate of 11Lj
is al increagd, reachingthe correponding(large)
experimentl value. Moreover, the antiboundstate in
10Lj can affect the excited spectrumof 1Li aswell
as the ground state. The® effecs of the anibound
stateswill be studied herefrom the viewpoint of the
CXSM.

It is by now well-known that in the desciption of
HLi the two relevant single-particle states,as speci-
fied by the experimentl spectrum of 1°Li, congst of
a low-lying anibound(or virtual) s1/> state at about
—50keV, anda py/2-reonancest about540keV [13].
A p reonanceat around0.250MeV is aso condd-
eredin Ref. [14]. Thetwo-bodycorrektionsinducea
boundgroundstate in 11Li atabout—0.295MeV. No-
tice thatwe are hereusng the shell-modellanguage,
wherethecore(°Li) is consderedasinert, thesingle-
particlestatesaregivenby 19Li andthetwo-bodynu-
cleusis *Li [15].
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In the first step of the CXSM one evaluaks the
single-partcle states of the unboundnucleus 10Li.
As in Ref. [16,17], for the cental field we choo®
a Woods-Saxon potenial with different depts for
even and odd orbital angular momena /. One thus
simulate the effect of core polarisation upon single-
paricle states[16,18].In orderto study the influence
of the p1/> reonanceupon the halo propertes, we
will perform two calculations correponding to the
enegies200keV and 500keV of the Opy1/»> reodnant
state. We will start studying the 200 keV ca% and
afterwards the 500 keV cas will be preented. At
the end we will compare the resuts and discussthe
similarities and differencesbetweenthe two cases.

For the 200 keV ca® we use the Woods-Saxon
potenia givenby a = 0.67 fm, ro = 1.27 fm, Vo =
50 (36.9) MeV and V,, = 16.5 (12.624) MeV for
[ even (odd). With thee paramegrs we found the
single-partcle bound states Osy/> at —23.278 MeV
andOpz/» at —2.589 MeV forming the 9Li core.The
valence poles are the low lying reonancep1,, at
(0.195 —-0.047) MeV and 0ds/» at (2.731, —0.545)
MeV andthewideresnanceds,, at (6.458 —5.003
MeV. Besickes, the state 151> appearss an antibound
stae! at —0.050 MeV. We thusreproducethe exper
imentl single-paricle enegiesgiving from the very
beginning unequvocal endorgmentto the low lying
s-state asdueto ananiboundstate.

We also found other resonancesat high enepgies
However, we includein the basissingle-particle states
lying up to 10 MeV of excitation energy only. We
foundthatexpandingthe badsfrom thislimit doesnot
produceany effect uponthe calculation up to the six
digits of precsionthatwe requre.

The next step in the calculation is to adopt a
reddual interacton. We will use a separabk force
and, therefore, the Hamiltonian matrix reducesto the
dispersion relation give by Eqg. (4). For the field in the
separabe interacton we use the form:

fo

T = T e — Ryjay

1 The principal quantumnurrber n labelling the single-paticle
statesindicatesthat the corregpondingwave functionsarelocalized
in aregion indde the nucleusandthatits real parthasin thatregion
n nodes excluding the origin.

where fo = 35, R = 18 fm anda’ = 1.3 fm. To eval-
uatke the ground state of 11Li we adust the strength
G of the separabé interacion to reproducethe cor
regponding enengy, i.e., —295keV. We thusobtained
G =0.00194MeV.

With the mean field and the two-body interac-
tion thus edablished we evaluated the ground state
wave function. First, we performedthe calulations
by choosng thereal enegy asa contour. In this cas
the wave funcion is spreadover mary componers.
The largeg of these componend corregpondsto con-
figuratons p1/2 ® p1/2 lying closeto 400 keV (i.e.,
abouttwice the enegy of the Opy/> reonance)and
s1/2 ® s1/2 lying closeto threshold (i.e., closeto twice
the enemgy of the aniboundstate). The wave func-
tion congsts of 44% s-states,48% p-statesand 8%
d-states, asexpeced[13,19].

If we keepthe strengh condant at G = 0.00194
MeV and leave out either the antiboundpole or the
[ = 0 contour encicling the pole, the = 0 contentof
the wave funcion increagsto 77% If, however, we
readjus thevalueof G in order to get the stateat the
correct position at —295 keV thenthe ! = 0 content
of the wave funcionincreassfurtherup to 98% This
shows thattheaniboundpole and the scatering states
alongthe I = 0 complex pah areadding up with very
strong degructive interferenceand this reducesthe
[ = 0 content of the wave function somewnhat below
thel! =1 content

A remarkabldeatureof the calculationis thatthe
aniboundstate exerts such a strong effect upon the
two-paricle wavefunction. From a CXSM point of
view this is becaus the energy corregpondingto the
configuraton (1s1/2)2 is very close (in the complex
enegy plane)to the two-particle enegy. But it can
also be undersood from a coninuum shell-model
point of view. As discussed in the previous secion,
an aniboundpole close to the coninuum threshold
inducesalamgelocalizatian of the low-lying scatteing
statesinside the nucleus This featire canbe seenin
Fig. 3, where we give the localizatian of the scatteing
states L(E), defined as

1.2RN
L(E) = / RE_o(kr)r?dr, (6)
0

whereRy = 2.6 fmisthecorenuclearradius Asseen
in Fig. 3, there is a strong increaseof the localizatian
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Fig. 3. Localization L(E), Eq. (6), in the presenceof low-lying antibound(a) and bound(b) s-states The nunmberslabelingthe cunesarethe

enegiesof thepolesin MeV.

as the enemies of the poles approacheghredold.
Thispropery isalso regpongblefor asimilar increae
in the elastic cross section (seeFigs. 12 ard 13 of
Ref. [20]). From Fig. 3 one notices also that the
localizaion of thescatering statesdoesnotdepencdn
whetherthe S-matix pole Eq correpondsto a bound
or to an aniboundstate. This strong localizaion of
the scatering states generags, through the matrix
elemens of the reddualinteracton, large componerd
of the s-wave in the two-body wave function. This
propery shows that the nuclear halo should not be
tracedbackto the appearancef an antibounds-state
close to threshold since weakly bounds-state would
give a similar effect Thatis, halos may be induced
by a strong pairing interacton in the preence of
anibounds-statescloseto threshold or weakpairing
interaction in the preenceof weakly bounds-states.
We would like to stressagain that in this work we
propo®atheoretcalframeavork to treatthefirst option
correcty andnotto provideageneratheoryof nuclear
halos.

So far we have shown the advantagesof the CXSM
to evaluat the effectof the antiboundstate on already
known propertes of the ground state of the halo
nucleusLi. However, thetrangpareny of themethod
becomesessential in the searchfor other phydcaly

meanngful two-paricle states in the continuum. In
what follows we discuss the problemof low-lying 0™
excitationsandtheir influenceuponthe neuton halo.

Within the CXSM two-particle rescnancesare easy
to calculate since they appear as a reallt of the
diagonalizatiorof the Hamiltonian(whichin ourcase
reducesto the solution of the disperdgon relation)
in the complex enepgy plane. Thus we found that
the first excited state (i.e., the state 0;) appears
at the complex enegy (0.202 —0.137) MeV. The
correpondingwave function condsts of nearlyy 100%
p-states,with asmall admixture of s-states.

It is interesting to analy ze how this stateis built up
by the two-body interacion starting from the zerot-
orderconfiguraton (Opl/z)z. For thisweincreasedhe
interaction gradually stating from G = 0, asseenin
Fig. 4. As the attractive interactionincreagssthereso-
nancebecomesarronver and approachethredold, as
expeced from perturbaion theory However, a point
is reachedwhere continuum configurationsbecome
important andthe reonancewidens This happensat
G = 0.0005MeV in the figure.Up to this point the
reonancasapurely (0p1/2)2 stateand, thereforeit is
localizedinsidethe nucleus Thatis, it is a phydcaly
meanngful reonance But from here on other con-
figuratons becomeimportant. Thes configuratons
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Fig. 4. Evolution of the enegies of the two-particle remnancellL (05) asa functionof G (in MeV) for the 200 keV ca%. The nunmbers
labelingthe opencircles arethevaluesof G x 10* MeV. The strengthadjusted to obtainthe groundstateis Go=194 x 104 MeV.

are overwhelmingly those whereone of the particles

movesin theconinuumandtheotherin therenance
Op1/2. Morespeciicaly, in thetwo-paricleresonance
that we are studying the mog imporént statesin the

coninuumarethose correpondingto p1/, waveswith

enegies correponding to the points on the segment
Vi — VainFig. 1. At G = Go = 0.00194MeV, corre-
spondingto the G-valuefitting the groundstate, there
is a strong mixing with the continuumconfiguratons

Increasng G farthertheconfiguraton (Opl/z)z looses
its importance, the reonanceis split in a numberof

piecesand eventually dissolves into the continuum.
However, sincethe® configuratonsvirtualy include
only p-wavesthe wavefunctions still consist of only

p-states.

Theanalysisthatwe have doneso far isbasedupon
the assumption that the p resonancen 10Li is located
at 200 keV. To see the influenceof this resonance
on the structure of the halo we will now analyze the
groundand the excited states of 11Li by usng the
500keV ca. For this we adoptedthe Woods-Saxon
deph Vp = 35.366 MeV for odd /-values keeping
all other parametrs as before.We thus obtainedthe
enegy (0.470, —0.197) MeV for the stateOpy /2. The
state Op3/2, belonging to the core, is found now ét
—2.016 MeV. The other odd/-value poleslie beyond

the rangeof enegiesincludedhere.But, nevertheless,
we have checledthatthey do notaffectthereaults.

We kept the two-particle interaction usedin the
previous ca®, exceptthatnow R’ = 7.9 fm and the
strength necessay to adjust the energy of 11Li(gs) is
G =0.00694MeV.

As before,we foundthat on the real enegy axis
the ground state wave funcion is spreadin mary
componerd Thelarges of themlie closeto thresiold
for the configuratonssi/» ® s1/2 andaround1 MeV
for the p1/2 ® p1/2 configuratons Thewave function
conssts of 49% s-states, 39% p-states and 12%
d-states which is also within the rangeof accepted
values[13,21].

Since the position of the p1/> pole seemslikely
to correpondto the present 500 keV cas [21], we
will analze herethe effects of theaniboundandthe
Gamow polesuponthe groundstate of Li by usng
the contours of Figs. 1 and 2. We thereforepresent
in Table 1 the contribution of differentconfiguratons
to that ground state. The correponding complex
ampitudesdependon the choen conbursand have
no direct phydcal meanng. But the total content of
a given parial wave in the boundgroundstate wave
function,whichisaphyscal quantity doesnotdepend
uponthe chosen conbur. From Table 1 we can see
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Table1

55

The contribution of partial wave configurations(sl/z)z, (p1/2)2 and(d5/2)2 to thegroundstatewave functioncalculatedn thecomplex enemgy
plane.For eachpartial wave are given the squareanylitude of the pole—poleterm and the sum of the squareanyplitudescorregpondingto the
pole—gatteringandscattering—satterng ternms. The total contribution of eachpartialwave is givenin thelag line

(s1/2)? (p1/2)? (ds/2)?
Pole—pole (12936, —0.039 (0.642 —0.204) (0.127,0.01)
Pole—<at. (—29.365 0.079 (—0.279,0.221) (—0.031 —0.018
Scat-—scat. (16.921, —0.040 (0.022 —0.017) (—0.002 0.007)
Total (0.492 0.0) (0.385 0.0 (0.094, 0.0
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Fig. 5. As Fig. 4 for the500keV cas exceptthatthe numbersarethevaluesof G x 103 MeV and Gg=6.94x 10-3 MeV.

thatfor the p andd waves the configuratonsarebuilt
mainly on the correppondng Gamow reonancesThe
situation is different for the s-wave since apartfrom
the configuratonsbuilt uponthe antiboundstate there
is also an important contibution coming from the
comple scatteringstates This contribution is given
mainly by those s scattering states located on the
segments (0, 0)—V1 andV1—V» of Fig. 2, which arethe
closed to theaniboundstate.

Up to this point there is not much difference
betweenthe 200 andthe 500 keV cases which may
explain why various studies of the halo structure of
HLi(gs) with the common featue of having low-
lying s- and p-states provide similar resuts [21]. This
is becaus the wave function of Li(gs) is mainly
controlled by low-spin singleparticle stateslying

close to the continuumthresold. The exactpostions
of the reonanceglo not influencethe wave funcion
very much. However, the position of the single-
paricle polesmay have a fundamenal importanceto
deermine the physcaly meanngful excited states.
The statesarising from the particles moving in the
coninuum are not localized inside the nucleus and,
therefore,will be weakly affectedor not affectedat
all by the interacion. This can be seenin Fig. 5,
where we presert the evolution of the state0] asa
functon of the strengh G. The Opy/> resonanceis
now wider and higherin enegy than before. As a
resllt, the point correpondingto G = 0 in thefigure
iscloserto points coming from theconinuumconbur.
Yet, these continuumstatesdo not seemto affect the
renanceas G increags Thatis, the behaviour of
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Table 2

Squareof thewave functionamplitude X((nlj)z), where (nlj) indicatesthe quantumnumber of the single-particleresonanceandthe sum S (1)
correpondingto the phydcal reonanceof Fig. 5. Thevaluesof G arein MeV andGg = 0.00694

G X2((151/2)?) 500 X2((0p12)?) S
0.001 (0.00, 0.00) (—0.00, 0.00) (1.00, 0.00) (0.00, —0.00)
0.003 (0.05,0.02) (—0.10,0.10 (1.06, 0.06) (0.00, —0.05)
0.005 (-0.04,0.1) (=0.25,-0.12 (0.59,0.30) (0.47,-0.19

Go (—0.04,0.02) (-0.00, -0.11) (0.23,0.18 (0.74, -0.12
0.008 (—0.03,0.01) (0.01, —0.08) (0.18,0.1% (0.79, —-0.10

the reonanceas G is varied is very similar to that
in Fig. 4 as well as to rednancesn non-hab nuck
[6]. The reawn for this is that thoe points, label
“s-states’ in the figure, correpondto configuraions
of the type cs1/21s1/2, where “¢” labeb points in
the segments (0, 0)—V1 and V1—V> of Fig. 2. The
overlap betveenthes configuratonsandthe mainly
(Op1/2)2 configuraton of theresonanceas small. Only
at large valuesof G (above G = 0.004 MeV in the
figure),thereonancestarts to feelthe presenceof the
coninuumstates Theremarkabdfeaureof thefigure
isthe suddenturningdown of the curve correponding
to the phydcal reonanceat G = 0.005 MeV. As
G increasgs in this region the continuum plays a
mouning role. As in the 200 keV ca® above, the
mod important of the coninuum configuratons are
those in which one paricle moves in the coninuum
and the other in the Opy/> resonance.There could
be mary comparavely large configuratonsof these
type andit would not be useful to give all of them.
More instructive is to show their contibution to the
normalzaion of thewave function in this ca® where,
in conrag to the ground state cas of Table 1, the
zerothorderenegiesarenot very close to theenegy
of the state 0;. We thus define S(/) as the sum
of the squaresof the ampitudes correpondng to
configuratonswhereat leas oneof the two paricles
moves in coninuum states On the real enegy axis
the sum of S( =1) and X2((0p1/2)?), where X is
the wave function amplitude, is the probability of the
p-contert of the wave function. This is a quantity
that we evaluaked above for the ground state. The
dependencef thes quantitiesuponG correponding
to the state 0 is shown in Table 2. Since we are
studying stateswith compkx enemies the numbersS
aswell as X2 are complex in this tadle. Moreover,
their absolute valuescould be largerthan 1 although
the sum of all possible /-contibutionsis normalzed

to (1, 0). Thisisagoodexampleof thenon-Hermitian
characteof the Berggrenmetric.

One seesin this tabe that the two-particle res-
onancestarts to mix with the coninuum at G =
0.005MeV and at G = Gg it is composed mainly of
coninuum configuratons Therefore,at this point it
hasareadylog its localizationfeatureslt hasbecome
apartof theconinuumbackground.

We arenow in apostion to recognizeothersystems
where halos may be present. We thuslooked for nu-
clei which may be condderedshell-modelcoreslying
on the neutron drip line with low-lying single-particle
renancesarrying low-spin. Following the trend of
singleparticle statesin the relativistic meanfield cal-
culationswefoundthat Z = 20, N = 50maybe sucha
core. In orderto simulatethe order of the single patrti-
cle statesgivenby the relatiistic calcuationswe used
a Woods-Saxon potential defined by a = 0.67 fm,
ro=1.27fm, Vo =39MeV and V,, = 22 MeV. With
this potenta the anibound2sy/, state (note thatn =
2) appearsgainat —0.050MeV. But now the next va-
lence shells are 1ds, at (0.469, —0.048) MeV, 1dz/>
at (2.080, —1.525 MeV, 0g7,> at (6.739 —0.738)
MeV and Oh11/2 at (5.344, —0.102) MeV. The states
inthe coreare orderedas usual. As expeced,thehigh-
estof theseis the state Ogg,2, lying at —2.276 MeV.
Using the same separabé interacton as before and
asuming agan that the groundstate of "2Ca lies at
—295 keV, we obtainedfor the strengh of the inter-
action the value Gg = 0.00174 MeV. Close to this
Go value we foundalso alow-lyingtwo-paricle reo-
nancewith the enegy of about(0.550, —0.350) MeV.
Thebehaviourof this O;r reonancessafunction of G
isvery similar to the500keV cas of Fig. 5. Thedis
cussion performedthereis also valid hereand,there-
fore, we will not analyzedthis ratheracademiccae
farther But it isimportnt to point outthatin thisand
the other caes preentedhere,we have beencareful
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to choo® contoursthat leave the region around the
two-partcle reonancesn the complex enegy plane
free of continuumconfiguratons We thusesgablished
an “allowed” region [6]. Otherwise the two-paricle
reonancewould be embeddedn a see of continuum
states makingthe calculationdifficult andthe evalu-
atedquantities unreliabe.

4. Summary

In conclusion, we have preentd in this Letter a
newv formalsm to treataniboundstates exacly and
on the samefooting as boundstatesand Gamaw res
onances The anibound states and the Gamow res
onancesare seleced by appropréte conbursin the
compkx enemgy plane. Due to the complex single-
paricle repregnttion used in the preentshell model
formalism, the contribution of the pole—pok, pole—
coninuumand continuum—corninuumconfiguratons

in the two-particle systems can be eadly analyzed.

The effects inducedby aniboundstatesandthe con-
tinuumencicling the polescanbe studied separatly.

The advartage of the formalism was illu strated for
the halo type nuckei *!Li and?Ca. We confirm that
anfboundstateslying close to the continuumthresh-

old are of a fundamerdl importanceto build up the
halo. But we found that in the ground state of the
i the large contibution of the aniboundpole is
parly canceled by the compkex continuum.We aso
found that an excited low-lying two-paricle reso-

nancemay exist in the nucki. For the ca® of 11Li

this low-lying reonantappearsn the enegy range
of 0.2-0.5MeV, which is the same as the one sug-
geged in previous studies basd on real enegy rep-
reentations [22—24]. However, the CXSM calcula
tions exhibit a very dragic changein the structure
of the resmant excited state when the strength of
the force is approachig the value used for the de-
termination of the ground state. This indicates that
the excited state is strongly mixed with the contin-
uumbackgroundlt isthereforeratherdifficult to con-
clude at this stageof the calculationswhetherthis is
a phydcal two-paricle reonanceor not More de-
tailed investications of the behaviour of two-particle
reonantstatesin halo type nuclei would requie the
applcaton of the CXSM with non-gparabé resdual

forcescommony used in other modek. This work is
in progres.
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