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Breakup couplings in 6He¿4He elastic scattering
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~Received 11 October 1999; published 16 February 2000!

The similarity between6He14He and6Li14He elastic scattering data suggests that a previously performed
coupled-discretized-continuum channels~CDCC! analysis of6Li14He might be applicable to recently pub-
lished data for the elastic scattering of6He from 4He at the three c.m. energies of 11.6, 15.9, and 60.4 MeV.
A two-body clustera12n structure of6He was assumed and couplings to the first excited state of6He at the
excitation energy of 1.8 MeV as well as to the states in the continuum were taken into account by means of the
CDCC method. The calculations based on the previously performed CDCC analysis of polarized6Li14He
scattering at a c.m. energy of 11.1 MeV provide a satisfactory description of the angular distributions of
elastically scattered6He even at backward angles. This result suggests that the large angle scattering has a
much smaller two-neutron transfer component than is commonly believed to be present.

PACS number~s!: 24.10.Eq, 25.70.Bc
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I. INTRODUCTION

The analysis of the elastic scattering of an exotic6He
beam from a4He target measured recently at the center
mass~c.m.! energy of 60.4 MeV in Dubna@1# provided em-
pirical evidence for a dineutron configuration in the neutro
rich 6He nucleus. The angular distribution of elastically sc
tered6He could be reproduced at c.m. scattering angles u
100° by an optical model~OM! calculation, while at more
backward angles, the two-neutron exchange process d
nated over simple potential scattering. The correct desc
tion of the back angle scattering data was achieved whe
dineutron configuration for6He was assumed with the spe
troscopic factor for the dineutron cluster, here denoted asn,
equal to unity.

The nucleus6He has much in common with the loose
bound nucleus6Li. Both nuclei are characterized by a larg
rms matter radius of 2.5–2.6 fm@2#. They do not have any
bound excited states. The first excited state of6Li is a nar-
row resonance at the excitation energy of 0.712 MeV ab
the 6Li→a1d breakup threshold. The first excited state
6He is also a resonance at an excitation energy of 0.
MeV above the 6He→a12n breakup threshold@3#. The
breakup thresholds for6Li and 6He are at 1.474 MeV and
0.975 MeV, respectively. Because the main componen
the 6He ground state wave function corresponds to the c
ter a12n configuration, similar to the well-known6Li5a
1d cluster structure, one may surmise that the scatte
data of both nuclei on the same target and at the same
energy should be similar.

Comparison of the recently published angular distribut
of the differential cross section for6He14He elastic scatter-
ing at 11.6 MeV c.m. energy@4# with the 6Li data measured
at Florida State University at the very close c.m. energy
11.1 MeV @5# shows that they exhibit great similarities. Th
values of the differential cross section for both scatter
systems are of the same magnitude, and as can be se
Fig. 1, the shapes of both angular distributions are also v
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similar. Since the sequential and direct breakup of6Li into
an a particle plus a deuteron was found to play a very i
portant role in6Li14He scattering@6#, one can surmise tha
analogous effects can also be important for the6He14He
system. Thus, a study similar to that for6Li14He would be
of particular interest.

In this paper, we present the results of an analysis
existing 6He14He elastic scattering data measured at
three c.m. energies of 11.6, 15.9, and 60.4 MeV@4,1#. The
analysis is based on our experience with the6Li14He sys-
tem, where the analyzing powers provided a large set
observables to test the CDCC method for this system.
goal of the present analysis is to determine the exten
which a simple two-bodya12n model of 6He, analogous to
the previously useda1d model of 6Li, can reproduce the
experimental cross sections when coupling to breakup ch
nels is taken into account.

II. MODEL

A. Wave functions

The nucleus6He was assumed to have a two-body clus
a12n structure with the spin of the 2n cluster set tos50.

FIG. 1. Comparison of the angular distributions of the differe
tial cross sections for6Li and 6He elastically scattered from4He at
similar c.m. energies. The experimental data are from Greenet al.
@5# and Raabeet al. @4#.
©2000 The American Physical Society08-1
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The geometry of the Woods-Saxon potential between
clusters was taken to be the same as previously used
6Li5a1d, with the radius equal to 1.9 fm and a diffusene
of 0.65 fm @7#. The wave function describing the relativ
motion of the two clusters in the ground state was calcula
in the potential well with the depth varied to reproduce t
binding energy of 0.975 MeV.

For the 21 resonance at excitation energyEx
51.80 MeV, corresponding to the relative motion of t
two clusters with orbital angular momentumL52, the en-
ergy bin of 300 keV width was set at the mean energy
0.825 MeV above the breakup threshold. The width of
bin roughly corresponds to the empirical value@8#. The wave
function C(r ) was calculated using the coupled-discretize
continuum-channels~CDCC! method. The cluster wave
functionsf(r ,k) in the bin, where\k is the momentum of
the a-2n relative motion, were averaged over the bin wid
Dk and normalized to unity according to@9,10#

C~r !5
1

ANDk
E

Dk
f~r ,k!dk, ~1!

whereN is the normalization factor andr is thea-2n sepa-
ration. The depth of thea-2n potential was adjusted to giv
a resonance at the required excitation energy of 1.80 MeV
the course of the analysis a test calculation was perform
with a secondL52 resonance placed at an excitation ene
of 3.3 MeV above the breakup threshold as suggested
Danilin et al. @8#. Its wave function was calculated in th
same way, within the energy bin of 2.4 MeV width. Th
values of the excitation energies, bin widths, and poten
depths found in the course of the calculations for the th
discrete states of6He are listed in Table I.

The separations of thea-2n clusters in the6He ground
and 21 excited states can be characterized by the rms ra
calculated using the cluster wave functions. The obtai
values are 4.92 fm and 6.78 fm, respectively. For comp
son, the rms radius of the deuteron distribution in the6Li
ground state was 4.06 fm and in the first excited state 4
fm @6#. Larger values for6He are due to the lower bindin
energy of the ground state and the larger width of the re
nance.

The value of the reduced transition probabilityB(E2;01

→21), between the ground and 21 excited states, calculate
using the cluster wave functions, is equal to 6.96e2 fm4,
which is larger than reported recently by Aumannet al. @11#
(3.2e2 fm4) or used in the model calculations by Go¨rres

TABLE I. Widths of theL52 resonant bins and depths of th
a12n binding potential for the ground state andL52 resonances
~in MeV!.

Ex DE V

0.000 0.000 69.363
1.800 0.300 80.531
4.275 2.400 69.330
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et al. @12# (2.85e2 fm4). However, as these values are mod
dependent, this difference is not significant.

Couplings to the continuum were realized by means of
CDCC method. The continuum above the breakup thresh
was discretized into a series of momentum bins as show
Fig. 2. For 6He14He scattering at the c.m. energies of 11
and 15.9 MeV, the full momentum space was taken i
account. At the highest c.m. energy of 60.4 MeV the mo
space was limited to the momentum of thea-2n relative
motion \k51.05\ fm21, which corresponds to an excita
tion energy of about 18.3 MeV. The widths of the lowe
bins just above the breakup threshold were set toDk
50.25 fm21 while the upper bins were of 0.20 fm21 width.
Those values were found to be sufficient to describe6Li

FIG. 2. Discretization of the6He continuum with respect to the
momentumk of thea12n relative motion used in the calculation
for Ec.m.560.4 MeV. For the two lower energies the range of t
continuum states was appropriately limited.
8-2
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BREAKUP COUPLINGS IN6He14He ELASTIC SCATTERING PHYSICAL REVIEW C 61 034608
scattering from4He, 26Mg, 58Ni, and 208Pb @6,13–15#. The
depth of thea-2n potential for the continuum states was s
to the value of 77.5 MeV, previously used for6Li scattering
@6,13–15#.

In the coupled-channels~CC! calculations each momen
tum bin was treated as an excited state of6He at an excita-
tion energy equal to a mean energy^Ex& of the bin and spin
equal to the relative momentumL between thea particle and
2n in the cluster system. The values ofL were limited toL 5
0,1,2,3. The6He14He scattering wave functions were ca
culated at̂ Ex& and assumed to be energy independent wit
a particular bin. In a series of test calculations it was fou
that L52, 0.0<k<0.25 fm21 as well asL53, 0.0<k
<0.45 fm21 bins have a negligible influence on the6He
14He elastic scattering. Therefore those bins were omi
in the calculations in order to reduce the number of chann

B. Interactions

All the central and coupling potentials used in the C
calculations,Vi→ f(R), were derived froma-4He and 2n-4He
potentialsUa,2n by means of the single-folding method,

Vi→ f~R!5 K C i~r !UU2nS URW 1
2

3
rWU D

1UaS URW 2
1

3
rWU D UC f~r !L , ~2!

where R is the 6He-4He separation. The cluster-4He input
potentials were assumed to have a Gaussian shape@16#,

Ui~X!52U0,i expF2S X

X0
D 2G , ~3!

where X is the separation between the clusteri and 4He
target nucleus. Thea-4He potential was assumed to b
purely real. For6He14He scattering at 11.6 MeV c.m. en
ergy this is justified by the large binding energy of thea
particle. The parameters of the 2n-4He real potential were
assumed to be the same as ford-4He @16#. Moreover, a small
imaginary part was added to this potential with a depth
W52.5 MeV and the same geometry as for the real pot
tial. The parameters of the input potentials to the sing
folding calculations are listed in Table II.

In Fig. 3 the real part of the central6He14He potential
resulting from the single-folding model calculation is com
pared to the empirical potential used by Ter-Akopianet al.
@1# and to the potential derived from a realistic6He matter
density by means of the double-folding model@17#. The
single-folding potential at6He-4He separations larger than

TABLE II. Parameters of the particle-4He optical model poten-
tials.

Particle U0 ~MeV! W ~MeV! X0 ~fm!

a 106.0 0.0 2.236
2n 64.1 2.5 2.236
03460
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fm is very close to that used in the empirical analysis
6He14He elastic scattering at 60.4 MeV c.m. energy by T
Akopian et al. @1#. An OM calculation with this single-
folding potential plus the imaginary part used by Te
Akopian et al. @1# describes the exerimental data of th
differential cross section at forward angles as well as
calculation presented in Ref.@1#. The potential derived by
Bayeet al. @17# is much less diffuse than the empirical p
tential and the potential used in this work.

III. RESULTS OF THE CALCULATIONS

A. Inelastic excitations

The CDCC calculations were performed using vers
FRXP-15 of the coupled-reaction channels codeFRESCO@9#.
The coupled equations were integrated out to 30 fm and
partial waves were used. All the parameters of the mo
were kept fixed for the three incident energies of6He beam.
In the course of the analysis more attention was payed to
60.4 MeV data set since at the low c.m. energy the6He
excitation curve could exhibit a resonance behavior. The
sults of the analysis are compared to the experimental da
Fig. 4.

The calculations reproduce the values and the shape o
angular distribution of the differential cross section f
Ec.m.511.6 MeV. At the highest energy of 60.4 MeV th
calculation reproduces the forward angle scattering data
cluding an oscillation at about 25°. At backward scatteri
angles the calculation predicts a rise of the differential cr
section which is observed experimentally. The two low e
ergy data sets do not exhibit an energy dependence and
angular distribution measured at 15.9 MeV is almost iden
cal with that obtained at 11.6 MeV. This insensitivity to th
incoming energy is not confirmed by the calculations and
calculated angular distribution at 15.9 MeV is shifted bac

FIG. 3. Comparison of the real parts of the6He14He potential
derived by means of the double-folding model by Bayeet al. @17#,
that obtained in this work from single-folding calculations, and t
empirical potential found from a fit to the experimental data
Ter-Akopianet al. @1#.
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K. RUSEK AND K. W. KEMPER PHYSICAL REVIEW C61 034608
wards by about 15° in comparison with the data. For6Li
scattering at 11.6 and 15.0 MeV, the expected shift
smaller angles at higher energy is observed@5#, suggesting
that resonance contributions are present at the higher6He
energy.

Coupling to the breakup channels is found in the course
the calculations to affect considerably the process of ela
scattering at all three energies. In Fig. 5 the effects gener
by the couplings to the different breakup channels are sh
for the c.m. energy of 60.4 MeV. The OM calculation ove

FIG. 4. Results of the CDCC calculations for6He14He elastic
scattering at three c.m. energies. The data sets are from Refs.@1,4#.

FIG. 5. The effects of sequential and direct breakup of the p
jectile on 6He14He elastic scattering at the c.m. energy of 60
MeV. The data set is from Ref.@1#. See text for details.
03460
o

f
ic
ed
n

estimates the measured values of the differential cross
tion up to 120° as shown by the dashed curve. Inclusion
the coupling to the resonance atEx51.80 MeV reduces the
calculated values of the cross section at forward angles
enlarges them at more backward angles. Couplings to
nonresonant states further improve the description~solid
curve!.

CDCC calculations predict a rise of the6He14He elastic
scattering differential cross section at backward angles. T
effect was seen in the experiment by Ter-Akopianet al. @1#
and interpreted as a contribution from the two-neutron
change process, not distinguished experimentally from e
tic scattering. In the present calculations this rise emer
naturally from coupling to the breakup channels. Coupling
the 21 resonance plays an especially important role as ill
trated in Fig. 5. The calculations without this resonan
shown by the dotted curve, do not describe the experime
data.

This sensitivity to theL52 resonance was further ex
ploited to test whether the elastic scattering data probe
structure of theL52 continuum. Predictions made by Da
nilin et al. @8#, based on a three-bodya1n1n cluster struc-
ture of 6He, suggested the existence of a second 21 quadru-
pole resonance at an excitation energy of 3.3 MeV above
breakup threshold. Present CDCC calculations with t
resonance included and represented by the wave func
generated as described in the previous section produc
worse description of the experimental data at all three6He
incident energies.

In Fig. 6, the angular distributions of the differential cro
section for the direct6He→a12n breakup corresponding
to the excitation energy ranging from about 2.0 MeV up
4.0 MeV are shown. At backward scattering angles
breakup is dominated byL52 cluster states and coupling t
these breakup channels is mainly responsible for the ris
the elastic scattering cross section at backward angles.

The total scattering amplitude can be decomposed
components of near-side and far-side scattering. Such
composition is used for exploring the role of coupling effec
in the scattering@18#. The 6He14He potential scattering a
Ec.m.560.4 MeV is dominated by the far-side compone

-

FIG. 6. Calculated angular distribution of the differential cro
section for the6He14He→(6He* 5a12n)14He inelastic scatter-
ing at the c.m. energy of 60.4 MeV corresponding to thea12n
momentum bin ranging from 0.25\ to 0.45\ fm21. The curves
show contributions due to the different relative orbital momentumL
of the two clusters.
8-4
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As a result of this component, the results of the OM cal
lation overestimate the experimental data. Couplings to
breakup channels reduce the far-side component while
near-side component remains almost unchanged. The d
nation of the far-side scattering is not so evident at low
ergy but also, there, couplings to the breakup channels
duce mainly the far-side scattering. This effect can
simulated by a reduction of the central attractive~real!
nuclear potential. Thus, couplings to the sequential and
rect breakup channels produce a polarization potential
repulsive nature, analogous to that seen previously for6Li
scattering@18#.

The total breakup cross section was found in the cours
the calculations to be almost independent of scattering
ergy as plotted in Fig. 7. At 60.4 MeV the value of th
calculated total breakup cross section was equal to 606
while at 11.6 MeV it was slightly larger, 637 mb. This sim
larity is a result of the fact that the description of the thr
data sets could be achieved with the fixed depth of the im
nary part of the 2n-4He potential used as an input to th
single-folding calculations. The contribution to the tot
breakup cross section due to the Coulomb interaction
found to be very small. The whole process is mainly driv
by nuclear forces. With increasing incident energy the C
lomb contribution becomes smaller.

As shown in Fig. 8, the main contribution to the tot
breakup cross section comes from the states correspondi
the 4He-2n relative motion with orbital angular momentum
L52. However, just above the breakup threshold,L52
states contribute negligibly to the total breakup spectru
since the spectrum is dominated byL50 andL51 states. It
is interesting to note that the angular distributions of
differential cross section for the two contributions are ve
similar which makes it difficult to distinguish between them
Breakup states withL53 start to be important at excitatio
energies higher than 4 MeV.

B. Dineutron transfer

The process of exchanging a dineutron between the
jectile and the target nucleus is experimentally indistingui
able from elastic scattering and therefore has to be taken

FIG. 7. Energy dependence of the calculated6He total breakup
cross section~solid circles!, its component due to the Coulom
interactions~open circles! and the cross section for the dineutro
transfer reaction.
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account in the data analysis. In the present analysis the tr
fer of the dineutron from the6Heg.s. is taken into account by
means of the coupled-reaction-channels~CRC! method and
after correction for the scattering angle coherently added
the elastic scattering amplitudes.

The total cross section for this process is the largest at
c.m. energy of 11.6 MeV and decreases with increasing
cident energy more rapidly than that for Coulomb excitati
~see Fig. 6!. The transfer of the dineutron modifies the resu
of the CDCC calculations for the angular distributions of t
elastic scattering differential cross section at angles o
than the forward ones. An example is shown in Fig. 9. T
results of calculations with effects of6He breakup included
by means of the CDCC method are shown by the das
curve. The dotted curve presents calculated angular distr
tion of the dineutron transfer process, corrected for the s
tering angle. The results of the final CRC calculations, tak
into account the effects of breakup and dineutron trans

FIG. 8. Calculated spectrum for6He14He→(6He* 5a12n)
14He inelastic scattering at the c.m. energy of 60.4 MeV. HereEx

denotes the excitation energy of the6He5a12n cluster system.
The curves show contributions from thea12n breakup states cor
responding to the relative motion of the two clusters with orbi
angular momentumL50,1,2,3.

FIG. 9. The effect of the dineutron transfer reaction on the c
culated differential cross section for6He14He elastic scattering a
the c.m. energy of 60.4 MeV. The data set is from Ref.@1#.
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are plotted by the solid curve. Inclusion of the transfer g
erates a more oscillatory shape of the calculated angular
tribution, with a deep minimum at about 80° c.m. in th
scattering angle. For the 15.9 MeV data set the inclusion
the transfer has a much weaker effect, while for the low
energy of 11.6 MeV it deteriorates the description of the d
obtained by the CDCC calculation.

IV. CONCLUSIONS

The present analysis of6He14He elastic scattering dat
at the three c.m. energies of 11.6, 15.9, and 60.4 MeV
means of CDCC calculations supports the suggestion@1,19#
that the experimental data can be described in terms
simple two-body model of6He. In this model,6He was as-
sumed to consist of ana core and a dineutron cluster boun
by a potential analogous to that used previously fora1d
clusters forming the nucleus6Li.

At higher energy, the CDCC calculations reproduced
forward angle scattering data including an oscillation
about 25°. For these angles, the role of breakup is simila
that found for other loosely bound nuclei like6,7Li or 9Be:
coupling to the breakup channels reduces the far-side s
tering amplitude. This reduction can be simulated by a rep
sive polarization potential. At more backward scatteri
angles, complicated coherent effects arise mainly from c
pling to theL52 breakup states so that the elastic scatter
cross section is not reduced but enhanced.
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The role of the dineutron transfer was investigated
means of the CRC method. Inclusion of the transfer infl
ences the angular distribution of the differential cross sec
at backward scattering angles. The contributions of the tra
fer and 6He breakup process are found to be of equal imp
tance.

The present analysis is not able to answer the often ra
question as to whether6He is a halo nucleus. The resul
obtained in the present work show that the scattering of6He
can be treated in a two-body cluster model as is the sca
ing of 6Li. The amount of available experimental data o
6He scattering is at present very limited but new possibilit
to perform experiments with6He beams will open in the
near future. The results obtained in the present work sh
the need to perform scattering experiments with exotic6He
beams on targets and at energies where6Li scattering data
are already available so that the comparison between6He
and 6Li scattering may shed light on the details of the stru
ture of 6He.
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