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Three-body Faddeev calculation for!Li with separable potentials
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The halo nucleudLi is treated as a three-body system consisting of an inert cofkigflus two valence
neutrons. The Faddeev equations are solved using separable potentials to describe the two-body interactions,
corresponding in the-°Li subsystem to &,,, resonance plus a virtugtwave state. The experimentdLi
energy is taken as input and thélLi transverse momentum distribution intlLi is studied.
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PACS numbds): 21.45+v, 21.60—n, 11.80.Jy, 27.26:n

Recent experiments with radioactive beams have permitseparation energy if'Li and the momentum distribution of
ted the study of properties of nuclei close to the neutron drighe °Li fragment are fitted in Ref.13] assuming the sudden
line, that is, close to the stability line for decay through neu-approximation/14] and neglecting the final state interaction
tron emission. These nuclei have been shown to possess neo-the break-up reaction. It is our purpose here, to make a
tron halos characterized by exceptionally large radii and narsimilar fit applying the three-body model with separable po-
row momentum distributions of the decay fragments intentials developed earli¢d5] and which proved to be effec-
break-up experimenti—2]. Among these nuclei special at- 1€ I the description of the structure 810 and*°F as well
tention has been paid t&'Li, a nucleus with a radius of as'0(d,p) stripping. .

) We consider the halo nucledd.i as a three-body system
about 3 fm, and a two-neutron separation energy of only 0.3

. . 9 . B . .
1 : : . consisting of a’Li core (particle 3, which stays inert, plus
MeV. In the case ot IT' two lines of theorgtlcal calculations wo valence neutron@articles 1 and 2 The valence neu-
have been followed; in one, the conventional shell model o

K hi in th h I trons couple with the orbital angular momentum of the core
Hartree-Fock approach is us¢d], in the other a cluster to total angular momentum and paritf=0", the spin and

model assuming a core OLi plus two neutrons is taken parity of 1iLi being then due to the value 372of the °Li
[4-8]. Because of the halo, shell model calculations require agre. The neutrofiLi system is assumed to havepg, reso-
very large single particle basis for the diagonalization of thenance of width=0.15+0.07 MeV at an energy, = 0.42
Hamiltonian. The cluster model seems particularly suited to+ o 05 MeV/ [10] and also as,, virtual state close to zero
the case of 'Li, considering the small & separation energy, energy[12,16. We must also take into account the Pauli
the fact thatLi is a normal nucleus with a neutron separa- principle which does not allow a valence neutron to occupy
tion energy of 4 MeV and that'Li is a Borromean nucleus, the 1s,,, and the pa, single particle states which are al-
that is, no two-body subsystem of the three-body systemeady filled in the core. To fix the energiegm andelpy2 of
does form a bound state. In the three-body model'far,  these states, we proceed as follows. First by doing an inter-
calculations are hampered by a lack of information with re-polation between the experimental valuet.053 MeV of
gard to then-°Li interaction. Several calculatiorfg—7,24 €1p,, for A=9 [17] and the values in Figs. 2—30 of Bohr-
were performed using local potentials for this interaction and;itelson’s book[18] we obtain €1p,,~ —7 MeV for the

there is also one calculation using separable potenigls B .
The parameters of the potentials were adjusted to produce'%_ 10 system. To ObtalmlSl/Z we suppose that the separa-

n-°Li resonance, which has most frequently been assumed i#on between the 4, level and the centroid of the levels
the py,» channel, although the experimental data are not conlPs2 and 1Ipy, is Aw and use the prescriptior
clusive. According to Wilcoset al.[9] a resonance occurs at :4_5A_1/3— 25A~#®MeV, which is appropriate for light nu-
0.80+0.25 MeV. Following more recent wofld0] there is a  clei [19]. For A=10, one hashiw=15.501MeV ande;s ,
2% resonance situated at 0.42 MeV and & dtate at 0.80 results equal to—20.028 MeV. To account for the Pauli
MeV. In addition one now has strong evidence for an en-blocking of the statesd,,, and Ipg,, we use the projection
hancement of the production &8fLi near threshold in reac- method of Kukulin[20]. From now on, we consider=1.
tions involving *Be, *Li, and B [11,12. This is inter- To describe the neutrofi-i interaction we use a separable
preted as due to an intruder virtuaave state of the-°Li potential which acts on the,;,, ps,, andpq, waves:
system near zero energy corresponding to a scattering length Al

of —20 fm or less[12]. A three-body study13] indicated TIPS _ 2 (@p., (@ pr

that this barely unbound state #fiLi is able to explain the (PiIViIPY) ? Zm Vi (Povi (P

extra narrownessllof the momentum distributiorlafin the

fragmentation of*'Li. With a sswave scattering length of By TY, P

—44 fm and ap,,, resonance energy of 0.35 MeV, tha 2 X% iy Wjul P (=12, @
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where 1j =0(1/2), 1(3/2), and 1(1/2)m is the reduced the continuum part of the spectruftherefore, it becomes a
mass of then-°Li system (n=9/10M, M being the nucleon continuum bound stateand, by makingA {7, — —, the
mas$, andP; is the momentum of neutronwith respect to  forbidden Is,,, state is projected out.

%Li. The sy, potential is a three-terma(=1,2,3) potential, For the ps, potential, we consider a two-term potential
with the form factors chosen as with form factors
(1) =(q%+ a’ ) exp — B2q%/2 2
vo(12(A) = (4 + @12 EXP — Boa“/2), 2 0(1%/2)((1):q(q2+ai(g/z))exq_ﬁiqZ/z), )
(2) 3 g2 242 (2) 242
Vo () =| 5~ Bod” |exp(— Beq/2), 3 viTho(0)=a exp( — B50%2). (10)
vg?)l/z)(Q)=eXp(— B3a%12). (4)  The first term of the potential is chosen so as to reproduce

the 1psj, bound state. With the choice 3= \2m[ey,, |
The first term is chosen in such a way that, alone, it reprognd

duces the &, state. Taking forg (12 and A§) ) the spe-

cial values - [ (1) (@)]? -1
A _[J’ dq Vipd 11

1(3/2) — 7o )

ao1z = /2M| €1, | 5 0 9°—2meyp,,
and the potential produces a bound state of eneegy and
1) 21-1 wave function identical to thefs,, harmonic oscillator wave
AL fxdqqz[vo(m)(q)] (6  function
2= Jo T g?-2meyg |

, D1 (319,(0) =Nyz29 EXP — ﬂ%qz/z)h(a/zm(@- (12
we get a bound state of energys, . and wave function

For the choiceB,;=By=1.724fm andelpyz: —7 MeV, we
obtain ey (3= 0.551 fm * and A {{} ;= 20.018 fn.

which is precisely the 4;,, oscillator function in momentum The second term in thepg, potential, with A(l(é,z)

space if we sef8,=1/Jmw. From the values chosen for — —, is nothing but the projection operator which projects
€15, and o, we obtain ag=0.932 frat AE)l()1/2) out the forbidden ps, state, the scattering states remaining
1/2 ! ’ !

the same as those produced by the first term alone. Thus, the
=8.417 fn? and Bo=1.724 fm. o , ,
The addition '[Z? the second term to thg, potential does ~ P3/2 phase shift is dominated by the occupiefl} bound

not affect the bound state generated by the first term. This igate, there being no resonances as it might occur in the case

. . of a local potential.
lation e . .
a consequence of the orthogonality re The p,,, potential is taken as a one term potential with the

form factor given by

Do1/2),(d) = No(1/2) €XP( — Béqz/z)you/zm(@, (7)

* 3
fo dqqz[exp(—ﬁﬁqz/Z)][(E— Béqz)exp(—ﬂéqzﬂ)}%-
®) Vi) =A(*+afyp)exp — Big%2). (13

However, the scattering states are affected and the two tem‘ﬁwus,v(ll()l,z) is of the same form 35(11(%/2)- For simplicity we

together can give rise to a virtual, state. FOrA{},»  have also assumed the same paramgten the exponential
=2.696 fm, we obtain a virtual state placed at an enefgy part of thep,,, and p, form factors. We initially make the
=—40keV on the second Riemann sheet. The correspond:hoiceal(llz)z a3y, thus gettinml(J_/Z):O-SSlfmil- Us-

ing scattering length iss ,=—20fm. We remark here that ing this value and the condition that tipg,, resonance oc-
the virtual state has as?, character, since by increasing curs at 0.42 MeV, we obtain(ll()l,z): 13.535 fnf. The width
slightly the strength of the second term=2) in thes;,  of the resonance turns out to be 0.12 MeV and compares
wave potential, it becomes a bound state with two nodes. with the experimental value mentioned before.

The third term of thes,,, potential is the projection op- Regarding the interaction between the valence neutrons,
erator for the forbidden &, state, constructed according to we assume a free nucleon-nucleon interaction considering
the prescription of Kukulin[20]. The corresponding form the low nucleon density in the region of the halo. For the 0
factor [Eq. (4)], being proportional to the wave function of state which we are considering, if one assumes pure single
the bound state produced by the first two terms, is orthogonglarticle harmonic oscillator states, thp;f)? configuration
to the scattering states generated by these terms. Therefdgea superposition of both théS, and 3P, states(33 and
the third term does not affect the scattering and the virtuab7%, respectively of the n-n subsystem, while only'S,
state remains unchanged. It is not so for th®,lbound appears in theg;,,)? configuration. Calculations by other
state. Although the wave function given by expressi@h  authors(for instance, Ref[13]) have shown that théP,
remains an eigenfunction for the three-term potential, thepotential, which is repulsive, changes the geparation en-
corresponding energy is affected. By considering the thircergy by at least 50%. We therefore use a potential which acts
term repulsive (\83()1,2)< 0), we remove the bound state to in both 'S, and P, channels, and take it separable,
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V,, andV,,, respectively. After performing the angular mo-
mentum decomposition, we end up with a homogeneous sys-
tem of coupled integral equations in one variable. The equa-
tions are then transformed into a set of homogeneous
algebraic equations using the Gauss quadrature method to
approximate each integral by a finite sum. The zero of the
determinant of this system of equations gives the separation
energy S,, of the two valence neutrons. From the corre-
sponding three-body wave function, we calculate the mo-
PIVpH=> - %U (P)vrs(p) mentum distributions. We restrict ourselves to the calcula-
12 & M CASEEIEASE tion of the transverse momentum distribution of e core
in YLi. We should mention that, in our model, the transverse
x%‘, (ﬁly;“é')(y;"g'lﬁ’), (14) and the parallel momentum distributions turn out to be iden-
|

FIG. 1. Transverse momentum distribution %fi in the 'Li.
The squares and circles are experimental f2éacorresponding to
P, <0 and P, >0, respectively. Curve | corresponds By= 81
=1.724fm and scattering Iengtigm: —20fm, Il to By=1.5fm,
B1=1.724fm, asl/Z:—ZOfm, Il to Bo=1.4fm, B,=1.724fm,
a5, =—20 fm, and IV to By=15fm, B,=1.724fm, as,,
=—40fm.

tical. An approximate equality has indeed been verified ex-
perimentally for the®Li fragment in the break-up of'Li
[23]. Corrections due to final state interactions in the case of
the momentum distribution of the core fragment should be
small according to Ref.24].

For the chosen values of the parameters, we obtain the
value S,,=0.293 MeV which agrees with th@verage ex-

wherep is the relative momentum between the two neutrons
(ASI)=(000) and (111)) and the form factors are of
Yamaguchi type:

— 2 2 1—-1
vood P) =[P+ agoal *, (19 perimental value 0.2940.030 MeV, reported in Ref25].
However, the width of the transverse momentum distribution
v114(p)=p[p?+ aflﬂ—?{ (16) of °Li turns out to be too large, as shown in the fig(uetted

line). The experimental data are from Kobayaehil. [26]
(actually, the experimental points shown in the figure are
taken from Fig. 2 of Ref[6]). We mention here that, if the
neutron-neutron scattering length and effective range in th€P, component of then-n interaction is suppressed the
'S, channe(21] andaspl=2-2fma andrs,, = —8.0fm™*for  value ofS,, duplicates, becoming equal to 0.597 MeV.

the 3P, channel[22], we fix the parameters of theé;, po- The result may be improved by taking fef, a value
tential as Agog=1.662fmM3, agg=1.130fmL, A,,, Smaller than the one given by the prescriptigp=1//mw
=—0.078fm 5, and a;,,=0.693fm L. The negative value =1.724fm. We made a new calculation in which thg,

Using the valuesa130=—17fm and rlSO=2.84fm for the

of A1, means that théP; term is repulsive. and p,, potentials are modified as follows. Assuming
The proposed interactions are used as input in the homd3o=1.5fm and maintaining the previous valuess ,
geneous Faddeev equations =—20.028 MeV and ag(1/2=0.932 fml, we determine

TABLE |. Parameters of the two-bods4,, and p,,, potential corresponding to the curves I-1V presented
in Fig. 1. These parameters correspondlg%: —20.028 MeV andE,=0.42 MeV. For thep,, potential we

useB;=1.742 fm, A{{},,=20.018 fm™, a;(37=0.551fm %, corresponding te, =—7 MeV. The width
I" of the py» resonance and the scattering Ienggg2 are also given.

(1)
Bo Qo(1/2) Adir) Ag)a/z) B1 ayz) A(la/z) r as,,
(fm) (fm™1 (fmd) (fm) (fm) (fm™1 (fm") (MeV) (fm)

| 1.724 0.932 8.417 2.696 1.724 0.551 13.535 0.12 -20
Il 15 0.932 4.959 2.219 1.724 0.656 10.628 0.16 —-20
1] 1.4 0.932 3.788 2.008 1.724 0.746 8.502 0.20 —-20
\ 15 0.932 4.959 2.304 1.724 0.709 9.328 0.18 —40
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TABLE II. Three-body results corresponding to the parameters Repeating the previous calculation, with a still smaller

listed in Table I.S,, is the 2n separation energy frotiLi and yis  value, Bo=1.4fm, we get 35MeW for the HWHM. The
the HWHM of the calculated momentum distribution of fté core agreement with experiment is very go¢sblid line of Fig.

in 1Li. The last four columns give the fractional admixturersh
states in theé''Li wave function.

1). A similar result for the transverse momentum distribution
is also obtained takingo=1.5fm, and changing the scatter-

S, y ing length toas = —40fm (dot-dashed ling In Table | we
(MeV)  (MeV/c) 15, 3P, D, 3F, summarize the parameters of the two-bagy andp,,, po-

tentials used in curves I-1V and in Table Il the correspond-

0.293 82 038 059 001 002 ing three-body results. The increase of tha 1S, contri-
0.294 40 047048 002 002 450 in cases lI-IV, points to an increase of the
0.294 35 054 041 003 002 cqqpinytion of the $1,,)° configuration to the three-body
0.294 35 0.55 0.40 0.04 0.02

wave function.

Our calculation shows that relevahiLi data may be fit-
ted by a three-body model using simple separable potentials

A§l ) to be 4.959 fril By settingA () ,,)=2.219 fm the vir-  with parameters adjusted to two body data. The fact that one

tual state is positioned at,= —40keV, the corresponding needs for the parametgl, a value not in accordance with
scattering length being51/2= —20fm. To determine thp;;,  the prescriptionB8,=1/Jmw indicates that the effective
potential, we keepB; unchanged and adjus“(la/z) and n-eutron-nglpotennaI may differ appreciably from th_e usual
ay1/2) With the condition that the calculatqu, resonance ~Single-particle potential. The use of a local neutfanpo-
energy occurs at 0.42 MeV, the resonance wibllttemains  tential should corroborate this conclusion. In fact, one can
inside the range 0.150.07 MeV and, in addition, that the Verify, by using for instance a simple square-well potential,
calculated 2 separation energy agrees with the experimentathat in order to obtain an intrudesg, state near zero energy
value 0.294 MeV. The parameters of thg, interaction are a much deeper potential than usually is needed. Such odd
the same as in the previous calculation. The correspondingotentials may indicate that a more detailed description,
transverse momentum distribution is given by the dasheavhich does not consider the core as a structureless object, is
line of the figure. The half width at half maximuthilWHM) required.

is 40MeV/c and the three-body state is a superposition ) _

mainly of 1S, (47%) and 3P, (48%) configurations of the The numerical calculations were performed at LCCA-
n-n subsystem. USP.
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