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Dipole polarizability of ®He and its effect on elastic scattering
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The elastic scattering diLi and ®He by 2°%b at energies in the vicinity of the Coulomb barrier is studied
by means of continuum-discretized coupled-channels calculations. It is shown that the strong reduction of the
5He+2%%Pb elastic scattering cross section at forward angles is caused by long-range dipole Coulomb excita-
tion of the projectile. The role of breakup in the fusion of halo nuclei is also discussed.
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It is expected that the dipole excitation 8fle in the field  be the dominant feature of this wave function. Therefore, one
of a highly charged nucleus should proceed with a largavould expect that the two-body dineutron model %fle
probability. This excitation mode occurs because the twashould account for most of the effects observed in such scat-
halo neutrons are well separated from the charged core artdring.
the center of charge and the center of mass of the There are many scattering datasets available®farbut
nucleus do not coincide. For energies in the vicinity of thevery few for ®He. At present, the only available elastic scat-
Coulomb barrier, the dipole excitation is dominated by thetering data for°He by a heavy target at near-barrier energies
long-range Coulomb force. For nuclei with a low breakupare the ®He+2%Bi data of Aguileraet al. [5], which are
threshold, the effect of projectile excitation is to lower theinsufficiently accurate at forward angles to test the effect of
elastic scattering cross section at small angles, and séthe dipole polarizability. Recently, howevefHe elastic scatter-
excitation of ®He should be observable as a reduction of theing by 2°®Pb was measured at the Cyclotron Research Centre
elastic scattering cross section. This consequence of its din Louvain-la-Neuve at an incident energy of 29.6 MeV. The
pole polarizability was first predicted for scattering of the experiment was part of a campai¢oy the PH-114 Collabo-
halo nucleus''Li from 2°%Pb by Andre et al.[1]. Coupled-  ration[6]) in which the elastic scattering GHe by different
channels calculations performed by Sakuregal. [2] con-  targets was investigated; details are given in Ré&f. The
firmed this effect. SHe+ 2%%Ph data are shown in Fig. 1 as the open circles. The

One very good opportunity to observe the effect of theangular distribution of the elastic scattering cross sedtian
dipole polarizability of®He is to compare its elastic scatter- tio to Rutherford cross sectidbmloes not exhibit a Coulomb
ing from a heavy target with that of theLi nucleus, whose rainbow, in contrast to théLi +2°%Pb scattering at a similar
dipole polarizability should be very small. The two-body energy relative to the Coulomb barrier. In order to account
cluster model of Buck and Pi[8] gives dipole reduced tran- for the different Coulomb barriers of thHe+2%pPb and
sition probabilitiesB(E1) identically equal to zero for an ©Li+2%Pp systems, we have compared elastic scattering
a+d cluster. As®Li is very well described by such a cluster data where the ratio of the c.m. energy to the nominal
picture, any residual dipole polarizability ftLi will be very ~ Coulomb-barrier energyE../Ec, is approximately the
weak. Therefore, a comparison of similar experimental datgame. The nominal Coulomb-barrier energy was taken to be
for both nuclei, e.g., elastic scattering cross sections, shoulg0.75 MeV for ®He+2%%Ph and 31.13 MeV fofLi+2%%h.
reveal any differences caused by the stréite dipole po- In a recent publicatio9], we have shown by means of
larizability. Both nuclei are of similar size and the binding continuum-discretized coupled-channel€DCC) calcula-
energy of°Li is only slightly larger than that ofHe. While  tions that the absence of a distinct Coulomb rainbow for
®Li has a well developed +d cluster structure anfHe isa  "Be+2%%Pb scattering is caused by the low breakup thresh-
three-bodya + n+n object, the three-body wave function of old of the projectile. Based on this conclusion, we would
the ®He ground state has a dineutrom) component that predict that®He, with ana+2n breakup threshold lower
dominates the tail of this wave functi¢4], giving rise to an  than thea+3He one of ‘Be, should have elastic scattering
a+2n cluster structure. Because low enerfjjle scattering angular distributions for near-barrier energies from a heavy
by a heavy target is only sensitive to the tail of thee  target such a$%Pb which show a lack of a Coulomb rain-
ground state wave function, the dineutron component shoulow. In this paper we present the results of CDCC calcula-

tions for ®He+2%%Pb and®Li +2%%Pb in order to test whether
this conclusion is supported by detailed model calculations.
*Electronic address: rusek@fuw.edu.pl The present CDCC calculations féLi, which include
TFor the PH—114 Collaboration. couplings to the resonant and nonresonant excited states of
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FIG. 1. Comparison of the angular distributions of the differen- ~ FIG. 2. Angular distribution of the differential cross sectioa-
tial cross sectiorfratio to Rutherford cross sectipfor elastic scat-  tio to Rutherford cross sectiprfor °He+2°%b elastic scattering.
tering of ®He (open circles and °Li (filled circles by a 2°%Pb The solid and dashed curves show the results of calculations as in
target. In order to account for the different Coulomb barriers theFig. 1. The dotted curve corresponds to a CDCC calculation with
data are Compared at Similar Va|ues Of the ratio of c.m. energy to thgl eXCitatiOnS SWitChed Off. The reSUIt Of a CDCC CaICUIatiOn Wlth
nominal Coulomb barrier energy, 1.39 f6He and 1.31 forSLi.  the binding energy ofHe increased to 1.5 MeV is indicated by the
Experimental data are from Ref,8]. Solid curves show the re- dot-dashed curve.
sults of the full CDCC calculations while the dotted and dashed
curves show the results of one-channel calculations®farand

. ] ) ! scattering cross section in a way similar to a reduction of the
He, respectively. Note the linear cross section scale.

real part of the optical potential. FdtHe, the difference
between the one-channel calculation plotted as the dashed
this nucleus, are only slightly modified in comparison with curve and the CDCC calculation shows a very large effect
the calculations performed previously foPLi+2%Pb  from ®He breakup, which, at scattering angles larger than
breakup[10]. The discretization of ther+d continuum was 50°, has the same nature as fiii. However, at more for-
slightly changed and also the depths of #e-d binding  ward angles, the effect is much larger than that %or. It
potentials for theL=2 nonresonant states were taken to bedamps completely the rainbow oscillations and considerably
the same as the depths of the potentials for the correspondimgduces the elastic scattering cross section. This is similar to
resonances. The input+2°%Pb andd+2°%Pb optical model the effect of an increase in the imaginary part of the optical
potentials are the same as in REf0]. potential.

For ®He, the dineutron model of Ref11] was assumed, The origin of this strong reduction was investigated in a
with the continuum truncated at momentu0.85 fm L. series of test calculations. The results are presented in Fig. 2.
The inputa+2°%Pb and dineutron 2°%b optical model po- When theE1 excitations were omitted from the coupling
tentials were taken to be the same as the corresponding pseheme, the effect of theHe breakup was similar to that for
tentials used for®Li. The potential binding the dineutron °Li. The dotted curve in Fig. 2 represents the result of a
cluster to thea core used the set Il parameters of RusekCDCC calculation withouE1 excitations. Clearly, the origin
et al. [11]. The coupled equations were integrated ugRto of the large reduction of the elastic scattering cross section
=260 fm for the lowest laboratory energy of 19 MeV. Cal- can be attributed to the dipole polarizability 8fe. The fact
culations at a still lower energy would require a much largerthat the ®He nucleus is very weakly bound makes this effect
model space and therefore were not performed. For the higharger. The dot-dashed curve shows the result of a CDCC
est energy of 143.4 MeV the integration was carried out ugalculation with the binding energy dHe increased to that
to R=35 fm. The calculations were performed by means ofof 6Li. In the latter case, the effect of the dipole polarizabil-
the codeFrRescQ version FRXP.1§12]. ity is reduced but it is still large.

In Fig. 1 the results of the CDCC calculations fbki A comparison with the experimental data for thele
+2%pp elastic scattering at a laboratory energy of 42 MeV+2%%b breakup would provide an important test of our
and for ®*He+2°%Pb at an energy of 29.6 MeV are plotted by CDCC calculations. Currently such data are not available.
the solid curves. The calculation féiLi fits very well the ~ The two-neutron removal cross section for this scattering
experimental data of Gemmelet al. [8]. The dotted curve system was recently measured by Wat@l.[13] at a labo-
shows the result of a one-channel calculation which does nattory energy of 143.4 MeV. Although the dineutron model
include breakup effects. Inclusion of the projectile breakupused by us may not work well at this high energy, we de-
by means of the CDCC method damps the rainbow oscillacided to perform a test calculation. The measured value for
tions and, at larger scattering angles, enhances the elastite two-neutron removal cross section was 17Q00 mb
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while the CDCC calculation gave 1130 mb for tif¢le s - e
— a+2n breakup. Taking into account the possible short- :glo e
comings of the dineutron model and that processes other than =
the direct®He breakup can contribute to the measured cross 2 .
o) He+" Bi exp. data

section, this agreement is quite reasonable. The calculated 102

6, 208
total reaction cross section was 4940 mb while the measured CDCC, Het+"Pb

208,

value by Warneet al. [14] was 451@- 100 mb in the labo- — — 1ch, "Het"™Pb

ratory energy range 138—-378 MeV. § e cDeg, Li+**Pb
There is a long-running discussion as to how breakup af- 10 I',:' — - 1ch,Li+™Pd

fects the fusion cross section of weakly bound nuclei. It was 08 1.0 1.2 1.4

shown [15] that the breakup process can be simulated in

one-channel calculations by a repulsive polarization poten- E.m/Ec

tial, which, for heavy targets, may enhance the elastic scat-
tering cross section and lead to the reduction of the fusmrgHeJr 20%y with the experimental data measured by Kokttal

Cr:OS.S Sthectlon. O? ;h? othelr he;]ndl,)thelie ar(:f suggeiiﬂ@gs 18] for a 20%Bi target. The results of the CDCC calculations are
that in the case of halo nuclei the breakup effectively reduce lotted by the solid curve while the results of the one-channel cal-

the barrier and leads to the enhancement of the fusion croggations are plotted by the dashed curve, as in Figs. 1 and 2. Dotted
section. Experimentally, the suppression of the fusion crosgnd dot-dashed curves show the results of CDCC and one-channel
section due to breakup was reported recently foki calculations, respectively, fdiLi+2°%b.

+2998j by Dasgupteet al.[17], while Kolataet al.[18] ob- . _ _

served a large enhancement of thide+2%%Bi fusion cross dottgd(for Li) c6ur_ves, and this reduction was mu_ch larger
section at sub-barrier energies in comparison with model caffor “He than for°Li. As a result, the calculated fusion cross
culations. This enhancement was also reported e sgcyons.for both projectiles are very similar, .reflectmg their
1238 by Trottaet al. [19]. similar sizes. Above the barrier the cross section for the more

The mechanisms of thLi and ®He breakups in the field ztr?r?grlytrt])ourld nUCIGUt?L:]'Sf srllgtjﬁtlyr:]ar?erl Wh'lel b(;lowﬁ the
of a lead target are different. The breakup %fe is domi- arrier the cross section for theé more 1oosely bo .
I . By becomes larger. We have observed a very similar effect in
nated byE1 transitions to the continuum whileLi breaks oUr previous comparative studies of tha. 7Be-t 298P svs-
up into a+d by means of quadrupole couplings to the reso- mg[g] b ' Y
nant and nonresonant states. These quadrupole couplings é?eln suhmar we have performed realistic CDCC calcula-
driven mainly by nuclear forces. Therefore, the breakup,[ions for OLi a%d 6He scatFt)ered by%%b at energies around
cross section foPHe is much larger than the breakup cross . . 9
; 61 - . . the Coulomb barrier. The calculations reproduced well the
section for®Li. Thus, a comparison of the fusion cross sec- S . . .
. 61 1 20 6 20 angular distributions of the differential cross section for elas-
tions for the®Li +2%%Pb and®He+ 2%%Pb systems should pro- : .
. . . . .__tic scattering. We have shown that the large reduction of the
vide some information on the role of breakup in the fUsion ycco o niia| cross section fofHe-+ 28 elastic scattering at
process. On the other hanfl.i and ®He differ in binding g

energies and this difference may also influence the fusioforward angles is caused by the large dipole polarizability of

) . ) . the halo nucleus in the Coulomb field of the heavy target.
cross section. In order to investigate fusion, we have per=. - : . : .
. . Dipole excitation to the continuum is the dominant influence

formed CDCC calculations for both scattering systems at a - . 20
; , . on the elastic scattering dfHe by 2°%Pb, and the lowfHe

few energies around the Coulomb barrier. The fusion cross > .
. ; ; — a+“n threshold energy enhances this effect. For the fu-
section was extracted from the CDCC calculations using the.

; : : Sion, the effect of breakup cancels the differences arising
method described in our previous pap@}. From the CDCC ' ) S : :
calculations an effective potentiddare plus polarization po- from the different binding energies and the calculated fusion

tentia) was obtained for each of the investigated systems(.:.rOSS sections foPHe and °Li with a lead target are very

This effective potential was then used to calculate the fusior‘ic"m'l"’.lr' O.u.r results suggest.that the eﬁeCt of fitee cﬁpole
cross section by means of the barrier penetration model. T OIa”Za.b'“ty could be seen in Fhe fusmn_cross section .below
results are presented in Fig. 3 the barrier, when compared with the fusion cross section for

6 . .
At present, no experimental data are available for the fu- Li on the same target. In order to study these effects in
sion of ®Li or ®He with 2°%°b around the barrier. However. MOre detail, we propose a series of experiments to measure
for ®He there is a dataset for the neighboring targ¥Bi ' accurate elastic scattering angular distributions fte

[18] and these data are plotted in Fig. 3. The dashed anakZOSPb at energies in the vicinity of the Coulomb barrier as
dot-dashed curves show the results of calculationstbe well as fusion cross sections for both projectiles with a lead

and for °Li, respectively, with the breakup couplings omit- target.

ted. The difference between the calculated fusion cross sec- The authors thank Professor J. J. Kolata for providing
tions for both projectiles can be attributed to their differentnumerical values of the’He+2%Bi fusion cross section.
binding energies or to the halo structure $fie. However, This work was financially supported by the State Committee
when the breakup couplings were included, this large differfor Scientific Research of PolatdBN), POLONIUM Grant
ence was canceled by the breakup effects. The fusion cro$$o. 4335.1/2002, NATO Grant No. PST.CLG.978953, the
sections were reduced, as shown by the s@bd °He) and  State of Florida, and the U.S. National Science Foundation.

FIG. 3. Comparison of the calculated fusion cross section for
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