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Low-energy a16He elastic scattering with the resonating-group method
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The a16He elastic scattering is investigated within a microscopic multicluster model, involving a realistic
description of the6He halo nucleus. Phase shifts and elastic-scattering cross sections are calculated up to
Ec.m.515 MeV with two variants of the resonating-group method. The model gives rise to 12 and 32

molecular states nearEc.m.50.5 MeV andEc.m.53.7 MeV, respectively. We suggest that the broad 32

resonance should be observable by comparing elastic cross sections at different energies. We also evaluate the
order of magnitude of the6He breakup cross section.@S0556-2813~99!03902-3#

PACS number~s!: 25.60.Bx, 25.55.Ci, 21.60.Gx, 24.10.Ht
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I. INTRODUCTION

Low-energy radioactive nuclear beams become availa
for elastic-scattering experiments. They provide new type
confrontations between theory and experiment. The deve
ment of low-energy6He beams is particularly interesting a
it offers a new way of exploring halos. Until recently, ha
properties were mostly studied in high-energy collisio
@1,2# and inb-decay experiments@3#. At present6He is the
only halo nucleus available in low-energy beams. It is
simplest nucleus exhibiting an anomalously large matter
dius @4# indicating the existence of a neutron halo@5#, i.e., of
a region of space where loosely bound neutrons have a
nificant probability of presence at a large distance from
core nucleons. Because of its small number of nucleons,6He
is also the best described halo nucleus, with accurate mi
scopic wave functions@6–10#.

Cross sections for the low-energya16He collision have
been measured at Dubna@11# and at Louvain-la-Neuve@12#.
Several interesting physical effects are expected to be
served. Elastic transfer of the halo neutrons has been
object of a study at the c.m. energy of 60.4 MeV in Ref.@11#.
In Ref. @12#, measurements at the c.m. energies of 11.6
15.9 MeV are analyzed with the help of the nucleus-nucl
potential obtained in a double folding model@10#, and also
show evidence for elastic transfer. This potential displays
unusually long tail, extending beyond the standard range
nucleus-nucleus potentials, which is due to the slow decre
of the 6He density distribution. At energies close to the Co
lomb barrier, systems in the same mass range exhibit r
nances which can be interpreted in terms of molecular sta
They correspond to weakly overlaping nuclei which form
short-lived system exhibiting a rotational spectrum. In t
a16He case, the larger radius of6He might lead to a more
extended nuclear molecule@13#. All these effects are relate
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to the halo existence and might provide new informati
about its properties.

Several models are able to predict some of these pro
ties. However, most of them ultimately rely on experime
for some parameters. The double-folding model of Ref.@10#
neglects antisymmetrization between the colliding nuclei
can help in analyzing experimental data but does not lea
accurate predictions about molecular resonances or abou
parity dependence of the potential without some param
fitting. On the contrary, the resonating-group method~RGM!
@14,15# allows a study ofa16He scattering which is inde
pendent of experimental data and involves few model
sumptions and parameters. The main advantages of this
proach are that full antisymmetrization over the ten nucle
participating in the collision is exactly taken into account a
that the angular momentum and parity good quantum nu
bers are treated exactly.

The present RGM study of thea16He system only re-
quires the following model assumptions.~i! Thea particle is
described by a single cluster wave function involving a ch
sen configuration for the four nucleons.~ii ! The 6He halo
nucleus is described as a three cluster system involving
samea cluster wave function. This wave function has
complicated structure. A large r.m.s. radius of6He must in
particular be obtained in order to allow a realistic descript
of the neutron halo.~iii ! An effective nucleon-nucleon inter
action giving good results for neighboring light systems
employed. The model is parameter-free as soon as this in
action is selected. These conditions can be met in two dif
ent ways. A multicluster model@16,17# including the 6He
wave function of Ref.@10# is in principle possible. In this
model, all calculations are performed numerically and
collision matrices and scattering cross sections are easily
culated with the microscopicR-matrix method ~MRM!
@18,19#. However, the computing time would be very larg
because of the simultaneous projection on the6He total an-
gular momentum and on thea16He relative angular mo-
mentum. Another approach, which we adopt here, relies
the multicluster model developed in Refs.@7,8,20# and on a
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818 PRC 59FUJIMURA, BAYE, DESCOUVEMONT, SUZUKI, AND VARGA
stochastic-variational6He wave function defined as in Re
@9#. Here the angular momenta are fixed in the structure
the basis functions and analytical calculations are perform
symbolically on a computer. The cross sections can be
tained either by adapting the MRM to the present basis st
or by using the variational method@21#.

The aim of the present work is to perform a calculation
the a16He scattering in the RGM by using an accura
wave function for6He obtained with the Minnesota intera
tion @22#. This model should provide a quite realistic eval
ation of thea16He phase shifts and cross sections. Th
results give information about the existence of molecu
resonances. In Sec. II, the6He internal wave function and
the RGM scattering wave functions are described. T
methods for calculating the collision matrices from whi
the cross sections can be deduced are also presented. In
III, results are described and discussed. Concluding rem
and perspectives are presented in Sec. IV.

II. THE MODEL

A. 6He wave functions

As mentioned in the Introduction, we describe the6He
nucleus as a three-cluster systema1n1n with thea cluster
composed of four nucleons. This model has been used
many authors~see Refs.@8,23# for the detailed description o
our microscopic model!. We build up a trial function for6He
as a sum of two cluster arrangements,m15a(nn) called aT
type, andm25(an)n called aY type. These arrangemen
are suited to describea1dineutron-like and5He1n con-
figurations, respectvely.

The wave function of6He is given as a combination o
the two arrangements and of the intercluster angular
menta:

f~6He!5(
m

(
~ l 1 ,l 2!L

A$f~a!@x~ l 1 ,l 2!L
m ~r1

m ,r2
m!#3hL#00%,

~1!

whereA is the antisymmetrization operator,f(a) is the
a-particle wave function, andx ( l 1 ,l 2)LM

m (r1
m ,r2

m) is the inter-

cluster relative function depending on the intercluster Jac
coordinates,r1

m and r2
m , in the arrangementm. The partial

wavesl 1 ,l 2 are coupled to the total orbital angular mome
tum L, andhSM is the spin function of the two halo neutron
The spinS is chosen to be equal toL to get the total angula
momentum zero for6He. The values (l 1 ,l 2 ,L) included in
the calculation are given in@8,23#, that is, (l 1 ,l 2 ,L)
5(1,1,1),(0,0,0) for the T type and (l 1 ,l 2 ,L)
5(1,1,0),(1,1,1) for theY type.

The intercluster relative motion function is obtained
Gaussian~nodeless harmonic-oscillator function! expansions
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x~ l 1 ,l 2!LM
m ~r1 ,r2!5 (

n1 ,n2

c~n1 ,n2!@G l 1m1
~n1 ,r1!

3G l 2m2
~n2 ,r2!#LM , ~2!

where

G lm~n,r!5F 22l 17/2n l 13/2

Ap~2l 11!!!
G 1/2

r lexp~2nr2!Ylm~ r̂!

5g l~n,r!Ylm~ r̂!. ~3!

B. a16He wave functions

Thea16He wave function with angular momentuml and
projectionm can be expressed as

C lm5(
i
A$f~a!f i~

6He!gi
l~r!Ylm~ r̂!%, ~4!

where r5(r,r̂) is the relative coordinate betweena and
6He, andf i(

6He) is the intrinsic wave function of6He in
excitation leveli, which was obtained in the previous su
section.

In the RGM treatment of scattering, the intrinsic wa
functions of thea and 6He clusters are kept fixed, thoug
the 6He cluster is allowed to be excited into the pse
dostates. On the contrary, the relative functiongi

l(r) has to
be determined under proper boundary conditions. In
asymptotic region, where the nuclear interaction betweea
and 6He vanishes, the functiongi

l(r) can be expressed in
terms of Coulomb functions. Thus we only need to give
prescription of howgi(r) can be described accurately in th
internal region. There are two widely used basis functio
one is the shifted Gaussian function and the other is
tempered Gaussian function~3!. We use the latter basis in
the present study because all the needed matrix element
tailored in that basis.

The functiongi
l(r) is expanded as follows:

gi
l~r!5(

n
f in

l g l~nn ,r!. ~5!

Here thenn values characterize the falloff of the Gaussian
so that they have to be chosen flexibly enough to be abl
approximate the wave function in the internal region. Mo
details are given in Sec. III.

Let us define the following matrix elements, evaluat
over the whole space:
H Hi j
l ~n,n8!

Ni j
l ~n,n8!

L i j
l ~n,n8!

J 5^A$f~a!f i~
6He!G lm~n,r!%uH H

1

L
J uA$f~a!f j~

6He!G lm~n8,r!%&, ~6!
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whereH is the microscopic ten-body Hamiltonian, andL is
the Bloch operator@18#, which will be used later. As the6He
nucleus is described with ana1n1n three-cluster model
the above matrix elements are evaluated in aa1a1n1n
four-cluster model. This microscopic four-cluster descripti
has recently been applied to the spectroscopic study of10Be
@24# and the method of calculating the matrix element
available.

In fact we need matrix elements such that the integra
over the relative coordinate is limited to the internal regi
only. In the Appendix we show how the external part of t
matrix element is subtracted from the one calculated over
entire space.

C. R-matrix and variational methods

Thea16He phase shifts are determined in two ways:
microscopicR-matrix method~MRM, see Ref.@18#!, and the
-
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variational method~VM, see Ref.@21#!. In both methods, the
configuration space is divided in two regions: the intern
region ~of radius a) where the antisymmetrization and th
nuclear interaction between the clusters must be taken
account, and the external region, where they are negligi
In the internal region, the total wave function is given by E
~4!, whereas it is assumed to reach its asymptotic behavio
the external region.

Let us start with the MRM. In the present model, th
relative wave function is expanded in the internal region

gi
l~r!5(

n
f in

l g l~nn ,r!, ~7!

and in the external region as
gi
l~r!5H i l 11@p~2l 11!/v#1/2@ I l~ki ,r! d i12U1i

l Ol~ki ,r!#/kir for open channels

Ai
l Wl

~1 !~ki ,r!/kir for closed channels,
~8!
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whereki is the wave number in channeli , v is the relative
velocity in the entrance channel 1,I l andOl are the ingoing
and outgoing Coulomb functions, andWl

(1) is the Whittaker
function. CoefficientsAi

l are the amplitudes of closed
channel wave functions, andUl is the collision matrix. We
refer the reader to Ref.@25# for details.

The MRM has been widely described with shifted Gau
ian functions@18,25#. With tempered Gaussians, it is eas
shown that the collision matrix at energyE can be deduced
from theR matrix

Ri j
l ~E!5

\2a

2m (
nn

g l~nn ,a! ~Cl ! in, jn8
21 g l~nn8 ,a!. ~9!

The calculation of matrixCl(E) requires the matrix element
of the Hamiltonian over the internal region only. Such mat
elements, denoted asH̃ i j

l (n,n8) for the Hamiltonian, and

Ñi j
l (n,n8) for the overlap, are obtained in two steps: a c

culation over the whole space, and a correction over the
ternal region. This calculation is outlined in the Append
Let us point out here that matrixH̃ is not symmetric becaus
of the nonhermiticity of the kinetic energy operator in a fin
region of space. As explained in Ref.@18#, matrix Cl(E)
reads

Cin, jn8
l

5H̃ i j
l ~nn ,nn8!1L i j

l ~nn ,nn8!2EÑi j
l ~nn ,nn8!,

~10!

which is symmetric owing to the Bloch operator.
Let us define theZl matrix as

Zi j
l 5I l~ki ,a!d i j 2akjRi j

l I l8~kj ,a!, ~11!
-

-
x-
.

which yields the collision matrix@18#

Ui j
l 5(

k
~Zl !! ik

21 Zk j
l . ~12!

In the MRM, the collision matrix is easily shown to b
symmetric and unitary for any choice of the channel radi
The stability of the collision matrix with respect toa pro-
vides a strong test on the numerical accuracy of the meth

In the present study, the phase shifts are nearly indep
dent of the channel radius up to about 15 MeV. The cho
of the channel radius results from a compromise between
requirements of theR-matrix method~antisymmetrization
and nuclear interaction must be negligible!, and the ability of
the basis to simulate a scattering wave function up to
channel radius. The halo structure of the6He ground state,
and the large radius of some pseudostates require the cha
radius to be at least 10 fm. The choice of the basis par
etersnn must be carefully done in order to have some fle
ibility of the wave function at the channel radius, witho
introducing numerical redundancy. In this respect, the shif
Gaussian basis is more convenient for collision studies. A
way the stability of the phase shifts is of the order of 1°
less for energies up to 13 MeV, and for channel radii of
and 11 fm.

In parallel with the MRM, we have used the VM~see Sec.
2.4 of Ref.@21#!, where the scattering wave function and t
collision matrix are determined from the variational princip

d^C̃ lmuH2EuC lm&50, ~13!
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whereC̃ lm is the time reversal ofC lm . The relative function
gi

l(r) in the internal region is approximated by combinatio
of Gaussians as follows:

gi
l~r!5(

n
f in

l x in~r!, ~14!
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.

where

x in~r!5H a ing l~nn ,r! for r<a

x i
~2 !~ki ,r!2sinx i

~1 !~ki ,r! for r.a,
~15!

and
x i
~6 !~ki ,r!5H @Gl~ki ,r!6 iF l~ki ,r!#exp~7 is l i !/Avr for open channels

Wl
~6 !~ki ,r!/r for closed channels,

~16!
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with the condition

(
n

f in
l 5d i1 . ~17!

HereFl andGl are the regular and irregular Coulomb fun
tions, Wl

(1) andWl
(2) are the damping and diverging Whi

taker functions, respectively, ands l i is the Coulomb phase
shift.

The values ofa in andsin are determined by the conditio
that the functionx in(r) is smooth at the channel radiusa.
The set of valuesf in

l are variational parameters, and are d
termined from Eq.~13!. Using Eq. ~17!, Eq. ~14! can be
written as

gi
l~r!5x in0

~r!d i11 (
nÞn0

f in
l @x in~r!2x in0

~r!#. ~18!

The collision matrix can be expressed as follows:

Ui1
l 5(

n
f in

l sin1
i

\F(
n

(
k

~K! in0 ,knf kn
l G , ~19!

where the matrixK l is deduced from

Kin0 ,kn
l 5a in0

akn@H̃ i j
l ~nn0

,nn!2EÑi j
l ~nn0

,nn!#. ~20!

Heren0 can be taken arbitrarily@21#. The correction due to
the external region can be made in exactly the same wa
in theR matrix. Notice that the collision matrix is symmetr
but not unitary. This property is only fulfilled when the nu
merical accuracy of the calculation is sufficient, and the
fore also provides a strong test of the calculation.

In the energy range of interest, the phase shifts calcula
with a510 fm anda511 fm do not differ by more than
0.5°, and unitarity is verified within 3% at most. The VM
and MRM methods, although based on rather different
proaches, provide phase shifts agreeing within 2° or l
below 15 MeV. This consistency test is very important in t
present work where, for the first time, we are using h
wave functions in a microscopic study of a nucleus-nucl
collision. Special attention must be paid to the numeri
conditions, and the agreement between the MRM and
methods gives us confidence about the numerical results
-

as

-

ed

-
s

o
s
l

III. RESULTS

A. Conditions of the calculations

We use the Minnesota potential@22#, with parameteru
50.95, as recommended in the RGM study ofa1a scatter-
ing. The spin-orbit potential was taken as in Ref.@24#. The
intrinsic wave functionf(a) of the a cluster is constructed
from a harmonic-oscillator Slater determinant with size p
rametern, which is taken as 0.26 fm22 to reproduce the
experimental value of its charge radius.

For the 6He wave functions, a set of nonlinear param
eters,n1 andn2 @see Eq.~2!#, characterizes the basis eleme
in the variational calculation. The basis size is increased
by one and each new element is chosen by a stochastic
lection, that is, the best candidate among a number of
dom trials is included in the basis set. The number of ba
functions is kept as small as possible because otherwise
computational load for the calculation ofa16He matrix el-
ements would be extremely expensive.

The basis dimension for6He is 15. Table I lists the first
five energies and the corresponding radii. The lowest ene
corresponds to the ground-state energy of6He. Compared to
the experimental value, the calculated binding energy is
400 keV too small. The root-mean-square radius of the lo
est state is in good agreement with the empirical value
termined from the analysis of the interaction cross-sect
measurement. The energies of other states are above
three-particle threshold since the6He nucleus, as a Bor
romean system, has no bound excited states. The posi
energy states are considered to be pseudostates which a
because no proper boundary condition is met in the asy
totics. We include these pseudostates in thea16He scatter-
ing calculation since they are expected to simulate brea

TABLE I. The energies~E! and the root-mean-square radii~R!
of the lowest five states of6He obtained in a 15-dimension basi
Energies are from thea1n1n threshold.

Level E ~MeV! R ~fm!

1 20.58 2.16
2 5.28 2.50
3 10.82 2.69
4 17.04 2.50
5 32.50 2.49
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FIG. 1. Single channela16He phase shifts forl 50 to 3.
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effects of 6He into the 01 continuum.
Thenn values@see Eq.~3!# in thea16He relative motion

are parametrized in a geometric progression:

1

Ann

50.87731.257n21~ fm! ~n51,2, . . . ,15!. ~21!

This set of basis functions gives a good compromise betw
two requirements. The basis functions must be differ
enough to avoid numerical redundancy, but, for scatter
studies, they must be flexible enough to simulate an osci
ing behavior of the wave functions. After many trials, th
choice turns out to be well adapted to the problem.

B. Elastic phase shifts

We present in Fig. 1 thea16He elastic phase shifts in th
single-channel approximation. Partial waves up tol 53 are
considered. The positive-parity phase shifts present a v
broad resonant structure near the Coulomb barrier. As sh
in Table II, these partial waves contain one bound state.
01 bound state approximates the10Be ground state. The

TABLE II. Energies and widths~in MeV! of 10Be states.

Jp E Ga Eexp

Single channel
01 24.13 27.41

0.7 '0.7 21.23
12 1.7 0.5
21 20.70 24.04
32 4.4 0.8

Multichannel
01 26.12 27.41

0.75 0.41 21.23
4.66 3.231023

12 0.47 0.01
21 22.46 24.04

6.88 1.031023

32 3.7 0.7
en
t
g
t-

ry
n
e

present microscopic model underestimates the experime
@26# binding energy (27.41 MeV), but the experimenta
21201 energy difference~3.37 MeV! is fairly well repro-
duced~3.43 MeV!. The negative-parity phase shifts presen
resonant behavior near 1.7 and 4.4 MeV forl 51 and l 53,
respectively. The dimensionless reduced widths at a cha
radius of 6 fm areua

2523% for l 51 and ua
2524% for l

53. These large values are characteristic of molecular sta
well known in other systems, such asa1a @27#, a114C
@28# or a116O @29#. The possibility of observing the 32

molecular state in elastic-scattering experiments will be d
cussed in the next subsection.

These molecular resonances are of a different nature f
the known 12 and 32 states of10Be at 5.96 and 7.37 MeV
respectively. Indeed, the wave functions~4! are characteristic
of a negative-parityK502 band. On the contrary, the
known states belong, together with a 22 state at 6.26 MeV,
to aK512 band. This band is expected in the SU(3) mod
@30# for the (lm)5(51) configuration which yields aK
512 band with 12 to 62 states.

In Fig. 2 we show the phase shifts obtained in the mu
channel approach, i.e., with all6He pseudostates~15! in-
cluded in the basis. Bound-state and resonance propertie
gathered in Table II. As expected,a16He states are lowe
than in the single-channel model. The energy and width
the 32 molecular resonance are, however, weakly modifi
by the inclusion ofa16He* channels. The multichannel ap
proach gives rise to additional resonances in thel 50 and l
52 partial waves (Ec.m.54.66 and 6.88 MeV, respectively!.
These states have a dominanta16He* structure and their
energies are dependent on the threshold energies. They
respond to narrow resonances in the elastic channel.

C. Molecular states

The present model suggests the existence ofa16He mo-
lecular states near the Coulomb barrier. More especiall
32 state is a good candidate for such a structure. Usin
MeV as the energy difference between the 12 and 32 states
of the sameK502 band yields a mean distance of 5.4 f
betweena and 6He. This value is much larger than the su
of the nuclear radii, and supports the picture of a molecu
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FIG. 2. Real parts of the multichannela16He phase shiftsd11
l for l 50 to 3, obtained fromU11

l 5exp(2id11
l ).
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state. As shown in Fig. 3, evidence for the 32 molecular
state can be established from the differential elastic cr
section, i.e., from experiments which can be realized with
radioactive beam facility of Louvain-la-Neuve. In this figur
we select the theoretical resonance energy 3.7 MeV~we con-
sider the multichannel model!, and two off-resonance ene
gies, 1 MeV below and above the resonance. Partial wa
up to l 53 are included. To test the convergence with resp
to angular momentum, we have used a potential model@10#
which nearly reproduces the microscopic phase shifts at
energies, to simulate higher-order phase shifts. The c
section at 3.7 MeV obtained by including partial waves up
l 58 is shown as a dotted line in Fig. 3. The differences w
respect to the purely microscopic calculation performed w
l max53 are very small.

Figure 3 shows that, below the 32 energy, the cross sec
tion is a smooth function, whereas it presents important
cillations at the resonance. The minima remain observa
beyond the resonance energy. Of course the model is
expected to give this energy with high accuracy. Howev
molecular resonances are well established in many other
tems, and are in general located close to the Coulomb
ss
e

es
ct

w
ss
o

h

s-
le
ot
r,
s-
r-

rier. We therefore believe that such a state should also e
in the a16He scattering nearEc.m.'3 –4 MeV and should
be observable in elastic-scattering cross sections. An exp
mental candidate for ana16He molecular state has bee
observed by Soic´ et al. @13# at Ec.m.52.8 MeV with a width
of the order of 400 keV. This state is assigned by Soic´ et al.
to J541, on the basis of the similarity with an angular di
tribution measured by Hamadaet al. @31# at Ec.m.

54.4 MeV. However, distorted-wave-Born-approximatio
fits are rather poor@31#, and other spin assignments cann
be ruled out. In addition, the measured width of 400 k
corresponds to a dimensionless reduced width of 26%
75% assumingl 53 or l 54, respectively~the channel radius
is 6 fm!. The present 32 resonance atEc.m.53.7 MeV has a
reduced width of 27% and, in spite of the energy differen
('1 MeV), an assignment to the 2.8 MeV resonance
served by Soic´ et al. cannot be ruled out.

In Fig. 4, we present the total transfer cross section fr
the elastic channel to alla16He* channels. This cross sec
tion is expected to simulate the breakup cross section of6He
on a. Since the first pseudostate is located at 5.9 MeV, i
ic
FIG. 3. Elastic cross sections on resonance~3.7 MeV! and off resonance (l max53). The dotted line corresponds to a microscop
calculation forl 50 to 3, complemented by a potential model calculation forl 54 to 8.
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FIG. 4. a16He breakup cross section. Contributions of partial waves are shown individually~the l 50 contribution is negligible at the
scale of the figure!.
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much higher than the breakup threshold~0.98 MeV!, the
microscopic cross section must be considered as qualita
only. Two peaks are observed beyond 10 MeV, and are
to the l 51 andl 52 partial waves. The averaged amplitu
is about 50 mb. Of course, other components where6He is
excited into other states are also possible, but are not
cluded here. Our value should therefore be considered
lower limit.

D. Potential-model approximation

In order to interpret the microscopic results, we have u
the a16He potential of Ref.@10#. This potential@see Eq.
~28! of Ref. @10## contains a short-range term, obtained fro
a folding procedure of the Minnesota interaction with micr
scopic densities ofa and 6He, and a long-range term whic
accounts for the anomalously large r.m.s. radius of6He.

We have renormalized the short-range part in order to
the presenta16He single-channel phase shifts. The ren
malization factors are 1.4, 0.6, 1.2, and 0.75 forl 50 to 3,
and clearly show that a parity effect must be introduced. T
ve
e

n-
a

d

-

t
-

is

conclusion is supported by the recent elastic-scattering
periment of Raabeet al. @12#. The phase shifts obtained i
this way are presented in Fig. 5, and are fairly close to
original RGM phase shifts. Without renormalization~dashed
lines in Fig. 5!, i.e., without any parity effect, the resonanc
properties cannot match the microscopic results.

IV. CONCLUSION

In this paper, we have investigated thea16He elastic
scattering at low energies in a purely microscopic mo
without a free parameter. The6He ground-state wave func
tion provides a realistic description of its halo properties, i
a low binding energy, and an extended r.m.s. radius. Us
this wave function ina16He scattering is expected to give
fair description of the low-energy phase shifts and cross s
tions.

The model space has of course to be limited owing to
very high computer times needed. OnlyJ501 states of6He
are included, but a 21 state which is known just above th
a1n1n threshold as well as dipole excitations, might
FIG. 5. a16He phase shifts obtained in the potential model with renormalization~solid lines! and without renormalization~dashed lines!.
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considered. On the other hand, the relative angular mom
tum betweena and 6He is limited to l max53. This reduces
the energy range where cross sections can be calculated
precision.

The model has been tested through the10Be spectrum,
which is in reasonable agreement with experiment in view
the restricted ten-nucleon space. The phase shifts pre
resonances in the 12 and 32 partial waves, which are con
sidered as molecular states since they imply a large dista
between thea and 6He nuclei. We have shown the influenc
of the 32 resonance in elastic cross sections, and sugge
that it might be observable in future experiments using lo
energy radioactive beams.
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APPENDIX

In this Appendix, we evaluate matrix elements of t
Hamiltonian in the external region. This correction is th
subtracted from matrix elements calculated over the wh
spaceHi j

l (n,n8) and Ni j
l (n,n8) @Eq. ~6!#, and yields matrix

elementsH̃ i j
l (n,n8) andÑi j

l (n,n8) used in the MRM and in
the VM.

When antisymmetrization between the colliding nuclei
negligible, this correction reduces to the evaluation of o
a
cl

N.
nd

ki
n-

ith

f
ent

ce

ed
-

r

-
r-
l

.
c

le

-

dimensional integrals. For example, one has in the MRM

^f~a!f i~
6He!G lm~n,r!uH1Luf~a!f j~

6He!G lm~n8,r!&E

5d i j E
a

` H \2

2mF d

dr
„rg l~n,r!…

d

dr
„rg l~n8,r!…

1 l ~ l 11!g l~n,r!g l~n8,r!G
14e2rg l~n,r!g l~n8,r!J dr

5d i j F \2

2m
@4nn8J4

l ~x!22~ l 11!~n1n8!J2
l ~x!

1~ l 11!~2l 11!J0
l ~x!#14e2J1

l ~x!G , ~A1!

wherex5(n1n8)a2, and the functionJk
l (x) is defined as

Jk
l ~x!5E

a

`

rk g l~n,r!g l~n8,r! dr

5A 2~nn8! l 13/2

p~n1n8!2l 1k11

22l 12

~2l 11!!!
GS l 1

k11

2
,xD ,

~A2!

which involves the incomplete gamma functionG(n,x). The
overlap is obtained from

^f~a!f i~
6He!G lm~n,r!uf~a!f j~

6He!G lm~n8,r!&E

5J2
l ~x! d i j . ~A3!

With the present basis, corrections over the external reg
can be performed analytically, which is not true with th
shifted Gaussian functions, where integration over the re
tive coordinate must be done numerically@18#.
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