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Coupling effects in the elastic scattering of°He on *°C
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To study the effect of the weak binding energy on the interaction potential between a light exotic nucleus and
a target, elastic scattering 6fHe at 38.3 MeV/nucleon on ¥C target was measured at Grand Aécateur
National d’lons LourdSGANIL). The ®He beam was produced by fragmentation. The detection of the scat-
tered particles was performed by the GANIL spectrometer. The energy resolution was good enough to separate
elastic from inelastic scattering contributions. The measured elastic data have been analyzed within the optical
model, with the real part of the optical potential calculated in the double-folding model using a realistic
density-dependent nucleon-nucleon interaction and the imaginary part taken in the conventional Woods-Saxon
(WS) form. A failure of the “bare” real folded potential to reproduce the measured angular distribution over
the whole angular range suggests quite a strong coupling of the higher-order breakup channels to the elastic
channel. To estimate the strength of the breakup effects, a complex surface potentiatepititsevereal part
(designed to simulate the polarization effects caused by the projectile bjemksjadded to the real folded and
imaginary WS potentials. A realistic estimate of the polarization potential caused by the breakup of the weakly
bound®He was made based on a parallel studylde+ *°C and®Li +'°C optical potentials at about the same
energies.
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I. INTRODUCTION phenomena in nuclear matter, at the limits of the nuclear
stability [1]. The study of light neutron-rich nuclei has re-

Radioactive beams have been developed worldwide fo¥e@led a new class of exotic nuclei which are abnormally

the last twenty years, offering the possibility to explore newextended[2]. Among these nuclei, those qualified as halo
nuclei[3], such as®He and!'Li, require special treatments

of their structural and dynamic properties which take into
*Email address: viapoux@cea.fr; URL: http://www-dapnia.cea.frraccount their few-body correlations.
Sphn/Exotiques The neutron-halo nucleu®He appears as one of the best
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cross sections for the inelastic scattering and neutron knock24], were still valid in the case of light exotic nuclei. As a
out by a carbon target at energy of 790 MeV/nucléd]. second step of our study, we estimate the effect caused by the
Proton elastic scattering dHe beams was measured at 717 projectile breakup following a similar approach as described
MeV/nucleon at GS[7], at 70 MeV/nucleon at RIKENS],  in Ref.[23], and check whether the weak binding of the light
at 38.3 MeV/nucleon at Grand Adéeateur National d’lons  exotic nucleus’He should appreciably enhance the polariza-
Lourds (GANIL) [9], and at 25 MeV/nucleon at DUBNA tion potential, which simulates all the breakup effects. In
[10]. The low-lying excitations iffHe have also been inves- Ref.[9], a similar study was performed, but for the analysis
tigated[11,17. Theoretically,®He has been investigated in of elastic data for’He on the proton target at the same en-
the framework of numerous three-body calculationsergy, 38.3 MeV/nucleon. A microscopic nucleus-nucleon po-
[13,5,14,15, as well as in the variational quantum Monte tential was used, and it was shown that the couplings to the
Carlo shell model approadi6], using two-body and three- continuum play an important role in the proton elastic scat-
body nucleon-nucleon interactions. All these models describtering of ®He at energies below 100 MeV/nucleon.

rather well the structure ofHe, including the binding en- The good energy resolution of the energy-loss spectrom-
ergy and the nuclear density distributifiti7], and confirm a  eter SPEG render the present data free of contamination by
consistent halo picture fotHe nucleus. The features of the inelastic scattering on the excited states of the target. It is
ground state density distribution, and %e root mean then possible to study unambiguously the interaction poten-
square(rms) matter radius of the order of 2.54.04 fm, tial between the light exotic nucleudHe and the carbon
were deduced from the few-body analysis of the elastic scatarget and as well to investigate the effect of the weak bind-
tering[17] or reaction cross sectiof&8]. ing energy on the elastic scattering data.

The striking feature of the halo nuclei is the long tail of  In a previous experiment at GANIL, reported in Ref5],
their matter density, due to their weak binding energy. Theelastic data for®He +*2C did not extend to large enough
weak binding also implies that they can easily decay to clusangles to draw conclusions about thde+1*C optical po-
ter states. In fact, their particle threshold found to be close tdential. Previous results concerning exotic nuclei, for in-
their ground state should imply a strong coupling to the constance, *'Li +12C [26], were in fact quasielastic measure-
tinuum during the interaction of a halo nucleus with a targetments. The energy resolution of the detectors did not resolve
All this requires a special treatment of the interaction potenthe elastic and inelastic scattering contributions. In the ex-
tial between éhalo projectile and astabletarget. In general, periment presented here, the purely elastic data were mea-
one must take into account explicitly the couplings to thesured with a better angular resolution and over a larger an-
transitions to the low-lying excited states as well as to thegular range.
resonance and breakup statesntinuum [19]. Such cou- We show in this paper that these néWe + %C data can
plings give rise to the so-called dynamic polarization potenbe well reproduced and interpreted within the framework of
tial (DPP that should be added to the microscopic opticalthe double-folding model, taking into account new effective
potential. However, an accurate calculation of the DPP ifNN interactiong27] and a simple form for the polarization
rather complicated and requires detailed knowledge of th@otential. The comparison between the interaction potential
spectroscopic structure of the two colliding nud@D,21.  for both ®He?C and a-*°C systems gives insights on the
Besides the breakup into then2 « channel, other compli- role played by the halo in the elastic scattering.
cated processes involving the core breakup can also contrib- In Sec. Il the experimental setup is described. In Sec. I,
ute to the DPP. For example, the core breakuglite has the folding model has been applied to the analysis of data
been described using an extended microscapicn+n from elastic scattering of alpha particles on a carbon target at
cluster model[22] and it has been found that the core different energies, in order to obtain a coherent description of
breakup effect can lead to the-t channel. All such channels the «-*°C potential at 38.3 MeV/nucleon. Then, a first analy-
are important and should be included into a coupled reactiosis of the ®He-'?C data is performed in Sec. IV by using a
channel model for a correct description of the eladtite = phenomenological polarization potential. In Sec. V we
scattering. present the analysis ofLi on 2C with a new density-

Within the standard optical modglOM), the double- dependent interaction, CDM3Y6Li is also anA=6 system
folding approach has been used ear]ig8] to generate the with a loosely bound structure. The total potentiatluding
“pbare” nucleus-nucleus part of the real optical potential for the polarization potentiafor °Li +*°C is deduced and helps
the ILi +'2C system. Higher-order contributions of the DPPin better defining the polarization potential of thele+ °C
(due to the breakuphave been added in a phenomenologicalsystem. The optical potential f§He on *°C is discussed and
way, to provide a qualitative understanding of the role of thethe effect of the breakup process on the elastic scattering of
breakup effects in the elastic scattering of thalo Li the ®He-*?C system is investigated. Conclusions on the role
nucleus. At GANIL, Caen, France, we have measured angwf the polarization potential in the elastic scattering of
lar distributions of elastic scattering of the radioactflde ~ weakly bound projectiles are drawn in Sec. VI.
beam on'?C at the energy of 38.3 MeV/nucleon.

Our first aim, in measuring elastic scattering data®de,
was to determine whether the optical potentials, obtained
through folding model calculations and using the effective Elastic angular cross sections 6He on a 10 mg/cih
NN interactions, already proven to be well adapted to thehick polypropylene target (CJf€HCH;), (density of
stable nuclei, with the notable exception 8fi and °Be  0.896 g/cmi) were measured at GANIL with the high reso-

II. EXPERIMENTAL SETUP AT GANIL
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lution energy-loss spectrometer SPEZS]. ®He + (CH,). E, =38.3 MeV/nucleon
The ®He secondary beam was produced by fragmentatior - 2/n  "lab 9 ¢

of a 75 MeV/nucleon primary*3C beam, delivered by the _ ‘ | _
two GANIL cyclotrons, on a carbon production target lo- g [ . e s [
cated between the two superconducting solenoids of the sug [ . . } - PHe + °C
perconducting intense source for secondary ions devices ;L . s B . 1.
[29,30. This device is located at the exit of the second cy-8 [ . - : e s T2 ;
clotron and at the entrance of the beam analyzingpec- T e Eooiy L
trometer, which allows for an improved collection of second- 53
ary beams and transmission to the different experimenta.s
areas. A degrader was put in thespectrometer in order to
purify the secondary beam. After purification, thide beam
represented around 75% of the total secondary beam. Th
intensity of the®He secondary beam on the reaction target in
the SPEG area was of the order of ips at an energy of
38.3 MeV/nucleon. _

The scattered particles were identified in the focal plane 2
of the SPEG spectrometer by the energy loss measured in a L e L
ionization chamber and the residual energy measured in plas 1 | ’ 1F
tic scintillators. The momentum and the scattering angle after C r v k
the target were obtained by track reconstruction of the tra- o Lo livsiliwnnliniily, o Lt liun il
. . . 210 215 220 225 230 210 215 220 225 230
jectory as determined by two drift chambers located near the E(MeV) E(MeV)
focal plane of the spectrometer. As is usual with exotic
beams produced by the fragmentation method, the beam FIG. 1. Spectra of the scattering angle %fe at 38.3 MeV/
emittance was large, and the angular spread was of the ord@#cleon on a polypropylene target in the focal plane of the SPEG
of 1°. So the incident angle of the beam on the target j$pectromete(at 3.5°) as a function of_the energy loss. In the.spec-
required for the calculation of the scattering angle. The polrum on the left-hand side, the angle is calculated by assuming that
sition and angle of the projectile on the target were deterlhe |nC|Qent beam is perpendlgular to the ta_lrget. In the second one,
mined event by event using two beam detectors located UF5)_n the rlght-h.and side, the incident angle given by the beam detec-
stream of the target. These detectors are low pressure dri's IS taken into account.
chambers mounted on profilers near the faodljec)d point
of the analyzing dipole. Each one is a doullgY position- The energy resolutiod E/E=10"2 allows the measure-
sensitive detector with a 70 mm drift region corresponding toment of elastic scattering angular distributions of light nu-
1.4 us maximum drift time. A full description of these clei, with complete separation of inelastic scattering from
detectors and of their multihit readout can be found intarget excitations. The angular resolution is 0.3° in the labo-
Ref.[31]. ratory system. The ratio of angular distributions of differen-

A position-sensitive microchannel plate was placed intial cross sections to Rutherford cross sectidigdog is
front of the target and provided the stop signal for the beanplotted in Fig. 2 with the angl®. ,, in the center of mass
detectors. Figure 1 shows two two-dimensional spectra mede.m) frame. The binning of the data corresponds to the
sured in the focal plane of SPEG for the scatterin§ldé on  angular resolution of the measurement, given in the center of
the polypropylene target. The scattering an@tethe labora- mass frame: from 0.45 for the smaller anglésround
tory frame is presented as a function of the energy loss2° ¢.m.) to 0.75 at 19.9° c.m.
They are realized from the same sets of data, but using two The first maximum around 4° c.m. is dominated by Cou-
different calculations for the scattering angle: the informa-lomb interaction and the calculated cross sections are almost
tion corresponding to the incident angle given by the beaninsensitive to the nuclear potential used for the calculations
detectors is taken into account in the spectrum to the righipf the elastic scattering. So all calculated cross sections for
and is not used in the case of the other one on the left, fothe system give the same first maximum and this provides
which the beam was assumed to be perpendicular to the tathe absolute normalization of the data. Systematic efiars
get. This latter assumption is used for stable beams, whog@e normalization of the cross sections, and on the angle of
angular emittance on the target is small. The straight line tehe beam, which is monitored by the beam detegtare
the right of each spectrum corresponds to the elastic scattenegligible compared to the statistical errors, given by the
ing on *2C, whereas the other line corresponds to inelastierror bars on the plot. Including all the systematic uncertain-
scattering ®He on 1C*; the first excited state (" of 12Cis ties (on the target thickness, on the monitoring of the inci-
at 4.44 Me\]. The broad curve corresponds to the elasticdent beam by the beam detectors, and on the acceptance of
scattering on protons. Strong inverse kinematics and théhe detection systenthe absolute normalization of the ex-
large-angular opening of the incident beam broaden th@erimental data has a total systematic error of 14%. We have
curve but, due to the measurement of the incident angle, thishecked that the experimental normalization of the data cor-
line is straightened on the right-hand spectrum, and the arresponds to the one given by the theoretical calculations at
gular resolution is improved. forward angles. Since the systematic error of the theoretical
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S L L L T Ill. FOLDING MODEL ANALYSIS

It is well established that elastie scattering on light and
medium mass targets is strongly refractive at intermediate
energies. In this case, the absorption is quite weak and the
i‘ measured elastic cross sections were shown to be sensitive to
I :ﬂ% # “}% the real optical potential not only at the surface but also at
| e P shorter distances. The real patbf the optical potential can
be obtained microscopically in the folding mode&4,32,
. 6He 12C using the realistic effectiveNN interaction and matter
+ (ground statpdensity distributions of the projectile and tar-
get. In this case, the refractive-nucleus elastic scattering
data can be very helpful in testing different models for the
target density32]. Given the success of the folding model in
the OM analysis of the elastie scattering, we choose to use
this simple model in the present paper to calculate(tbal
%He +1?C optical potentials for the OM analysis of the
. newly measured elastitHe+ '°C data.
10— 5‘ — '1‘0' - ‘1‘5' — ‘2‘0' — ‘2‘5' 2 In the folding model, the projectile-target optical potential
e} (deg) can be evaluated as a Hartree-Fock-type potential of the di-
c.m nuclear system

S
™
+
1
aeY
2
——
Lo

dc/dcsR

I % E,,,=38.3 MeV/nucleon

5

FIG. 2. Elastic scattering data fdiHe on’C at 38.3 MeV/

nucleon. Experimental differential cross sections are divided by Ru- . . . .
therford cross sections. Ue= ; T [(ijvoli])+(ijlvexlii)]

ieP,je
normalization gave a systematic error smaller than in the =Vp(E,R)+Vex(E,R,R), 1)
case of the experimental normalizatiGand smaller than the

statistical errorswe have adopted it in the paper. The sys-\ here the nuclear interactiod is a sum of the effective
tematic error on the scattering angle was evaluated to be 0.1 interactionsy;; between nucleohin the projectileP and

in the laboratory system (0.15° c.m.) by compa{ing the €Xihe targetT. The direct term is localprovided that theNN
perimental kinematics for the reactions #fle on **C and  ipteraction itself is local and can be written in terms of the

protons to the calculated ones, at 38.3 MeV/nucleon. Thre@ne-body spatial densities,

maxima can be seen in Fig. 2. Ther/dog cross sections

increase with the angle, which is a behavior usually qualified

as refractive. This trend is similar to the one observed in the _ 3 43
elastic scattering of alpha particles dfC, %®Ni, "°Zn tar- Vo(ER) f pe(re)pr(rrvo(p.E.S)dred rr,
gets for energies from 100 MeV to 200 M¢®7]. A decom-
position of the scattering amplitude between near and far-
side components shows that the cross sections at larger
angles are dominated by the far-side component, which igvherepp(rp)=pp(rp,rp) is the diagonal part of the nonlo-
indicative of a strong refractive pattef@7]. One of the most  cal (one-body density matrix for the projectile, and similarly
fascinating features of the refractive scattering is that one cafor p+(r;) for the target nucleus.

probe the interaction potential between the two nuclei at dif- The exchange term is, in general, nonlocal. However, an
ferent distances, provided the data were accurately measuredcurate local approximation can be obtained by treating the
over a large-angular range. relative motion locally as a plane way83]:

S=I’T—I’p+R, (2)

K(E’R)S) d3rpd3ry. ©)

i
Vex(E,R)= f pp(rp 1"P+S)PT(VT,rT_S)UEx(P,E:S)eXP(T

K(E,R) is the local momentum of relative motion deter- u is the reduced mass, aM=A-A//(A,+A;) with A,

mined as andA, the mass numbers of the projectile and target, respec-
5 tively. For further details of the new version of the folding
w X
K2(E,R)= ~ [E.m—Ue(E,R)—Vc(R)], (4) model we refer readers to R¢B2] and references therein.

Since theG-matrix interactionf 34] is real, the real folded
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potentialU-(R) must be supplemented by an imaginary po-plained in Ref[41] and as seen aboVEq. (3)]. The authors
tential, usually seen as an absorptive volume potential causexf Ref. [40] required, to simplify, that the parameters of the
by the loss of incident flux into nonelastic channels. While adensity-dependent paft of the interaction be independent of
microscopic evaluation of the imaginary potential is pos-the energy. All the energy dependence is included in the
sible, in principle(see, for instance, Reff35)), it is compli-  functiong(E). A parametrization of the effective interaction
cated for the case of the scattering of two composite nucleiwas searched in R€f40], which satisfies both the properties
Moreover, it was shown from the analyses of refractiveof saturation of the nuclear matter as well as the empirical
heavy ion scatterin§i36,21] and from a-nucleus scattering energy dependence of the nucleon-nucleon potential. In the
[37] that the imaginary potential cannot be taken with thecase of the Paris version of thé"®Y term, G is equal to
same shape as the real folded potential, due to the weak003 MeV 1. A power-law density dependence was asso-
absorption of these systems. So the imaginary potential isiated with the original Paris-M3Y interactiof™3Y to
phenomenological in this kind of analysis, and is taken as &reate BDM3Y1(Pari9, so its density function is written
standard Woods-Saxgiws) form: F=C(1—ap®), where C=1.25214=1.7452 fni, and
B=1. The density dependend€p) of CDM3Y6 is a hybrid

W(R)= — W, 5) form between DDM3Y1(see Ref.[40]) and BDM3Y1:
1+exd (R—Ry)/a,] Flp)=C[1+ae PP—yp].
Its parameters are «=3.8033,8=1.4099 fnf, 1y
The total local optical potentidl (R) is written =4.0 fr? and C=0.2658. Note that the values for the
, nuclear matter incompressibility ake=252 MeV and 270
U(R)=Vc(R)+N;Ug(R)+iW(R), (6)  MeV for CDM3Y6 and BDM3Y1 interactions, respectively.

These new energy- and density-dependent effedtiein-
teractions, BDM3Y1 and CDM3Y6, were developed and ap-
plied successfully27] to nucleus-nucleus systems for which
the elastic scattering presents strong refractive patterns, as,
for instance, in the case ef + nucleus. The interaction of
the exotic nucleu$He with *°C will be described here by
using these twd\NN interactions.

with U the folding potentialN, the normalization factor of
the real potential, an®@V the imaginary part. The deptv, ,
the radiuskR,,, the diffuseness,,, and the normalizatio,
can be adjusted in order to reproduce the diag.

To compare results obtained for different scattering sys
tems, it is also convenient to use the reduced radjushich
is defined as,,= R, /(Ay*+A"®). The Coulomb potential in
our analysis is taken as the usual Coulomb form between a
point charge and a uniform charge distribution of the radius A. First analysis of the ®He + *2C elastic scattering

Ro=1(AF*+ ALY with r;=1.2 fm. We calculate the real part of the interaction potentis,

The calculations of cross sections and all the OM analysegith the folding model which includes the effective interac-
are performed using trecis (sequential iteration of coupled- tion NN BDM3Y1 (Pari§ or CDM3Y6[27], folded with the
channel equationsode written by Rayndl39]. The projec-  matter density of théHe particle and with the carbon one.
tile matter distribution, in the case of unstable projectiles, isThe ground state matter density &iC is taken as a two-
obtained from microscopic calculations. The target density i~°parameter Fermi function, withp,=0.207 fn1 3, Cp
deduced from the charge distribution obtained by electron- 2 1545 fm anda,=0.425 fm; these parameters were ad-
scattering measurements. _ _ justed in Ref[42] to have a rms radius of 2.298 fm close to

For the choice of the analytical density- and energy-those obtained frome(e) scattering measurements. This
dependent form for the interactiofyy included in Eqs(2)  density has a similar shape to the one obtained by shell
and(3), we examine here the recently parametrized densitymodel calculation§42].
dependent versions of the M3Y interactifitv,40 based on To study the effect caused by the halo structuré’ide,
the G-matrix elements of the Parl$N interaction[34]. Itis  various versions of the ground state density distribution have
written as a combination of the direcVg) and exchange heen used in the folding calculation. We have used a halo-

(Vex) parts: type density for®He, obtained by three-body model calcula-
M3y tions[43]. This density, denoted &x6, corresponds to the
Voex(rp.E)=VpEx (1) X F(p)9(E) correct binding energywith the two-neutron separation en-

ergy S,, of 0.97 MeV). The matter rms radius of thic6
density is equal to 2.54 fm, close to the value evaluated from
the four-body analysis of théHe+ *°C total reaction cross
sectiong43], and by the analysis of elastic scattering®éfe

All the interactions BDM3Y1 and CDM3N, n=1,6, de- on protons at high energi¢47]. Implicitly, the fc6 density
scribed in Ref[27], have the general form of E(7). E/Ais  includes three-body correlations. To characterize all the
the energy per nucleon apdthe density of the two overlap- breakup effects that should be included in the total interac-
ping nuclei, defined as being the sum of the densities of theition potential, a compact Gaussian density is also used in-
ground states, evaluated at the midpoint of the internucleostead of thefc6 density to generate the folding potential. In
separation. The interaction is combined, as in the case ahis way, we hope to discriminate between breakup effects
DDMB3Y, to the V£, term which is here the Paris interac- coming from the extended density and those resulting from
tion, with its exchange termEX) treated explicitly, as ex- the couplings to the continuum. THiHe matter density is

. (7)

E
:VE)A(E'EYX)(V)Xf(P)[l_GK
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®He +'2C

10 -

o 6 12 o
b .| He +°C o | E,.;,=38.3 MeV/nucleon |
O r ] O N ]
B | E,.,=38.3 MeV/nucleon] B | ]
T | ] T | ]
— fc6 CDM3Y6 - I 1 A CDM3Y6 Nr gauss |
* L — W=2 MeV | ’ — CDM3Y6 Nrfc6
— W =230 MeV v BDM3Y1 Nr fC6
ol e 107 P R RN BN BRI
0 5 10 15 20 25 30 0 5 10 15 20 25 30
O m. (d€Q) O m. (d€Q)
FIG. 3. Elastic scattering data fdiHe on °C at 38.3 MeV/ FIG. 4. Elastic scattering data fdiHe on '°C at 38.3 MeV/

nucleon in comparison with the results given by the real foldednucleon in comparison with the OM results given by the real folded
potential(obtained with the CDM3Y6 interaction and tie6 den-  potential. The soliddotted curve is obtained with the CDM3Y6
sity). r,, anda,, values of the imaginary part are equal to 1.07 fm (BDM3Y1) interaction and thec6 density. The dashed curve is
and 0.63 fm. The solid and dashed lines are obtained with an imagbbtained with the CDM3Y6 interaction and the Gaussian-shape
nary depthw, equal to 30 MeV andV,=20 MeV, respectively. density @a) for ®He. The normalization factor and the parameters
of the imaginary part are explained in the text and given in Table I.
then given as a Gaussian shape:
even by varying the WS depilsee results obtained witW
p(r)=Cexp(—br?) fm~3. (8) =20 and 30 MeV. The systematics from Ref44] for the
WS imaginary potentials is, therefore, only a rough approxi-
Parameters in Eq8) were fixed to reproduce two versions mation for the absorption in thBHe +%C case.
of Gaussian density fotHe which have rms radii of 2.54 fm Concerning the strength of the real folded potential, the
(referred as thga density and 2.2 fm (o density. normalization factoN, was found to be around 1.1-1.2 for
From a “global” systematics for the WS imaginary poten- elastic a-nucleus scattering, depending on tRé\ interac-
tials by Broglia and Winthef44], the values for the imagi- tion used in the folding mod¢R1,27,33. The enhancement
nary parameters can be calculated for the=@)+ (A  of the attractive real potential is, in fact, needed to reproduce
=12) system: W,=33.6 MeV, R,=4.394fm {,  the increase of cross sections at the larger anghdsch
=1.07 fm), anda,,=0.63 fm. These values were used fur- represent the refractive part of the cross secjiofm the
ther as starting values to find the realistic absorption strengthther hand, it has been found by numerous folding analyses
in ®He+1°C system. that N, <1 for light weakly bound projectile§45,46. For
Results given by the real folded potentiaélculated with  instance, in the case ofLi having the same number of
the CDM3Y6 interaction and thicé density and the global nucleons a$He, the potential is reduced and the normaliza-
parameters for the imaginary potential are plotted in Fig. 3tion factor was found to be around 0.5-0.B1]. It was
One can see that it is not possible to reproduce simultashown by a coupled-channel method with discretized con-
neously the first deep minimum and the third maximum,tinuum [20] that the reduction of the interaction potential

TABLE |. Parameters of the optical potential for thide+1?C system at 38.3 MeV/nucleon. The real
folded potential is calculated with the BDM3Y1 or the CDM3Y6 interaction, and uith or the Gaussian
one(both have an rms radius equal to 2.54) fifihe normalization factoN, and the WS imaginary potential
are discussed in the text, is the reduced radius of the imaginary part.

NN Density N, W, Ry (rw) ay OR
(MeV) (fm) (fm) (mb)
BDM3Y1 fcé 0.9 6.383 6.42@.565 0.378 1172
CDM3Y6 ga 0.95 7.67 6.041.471]) 0.524 1179
CDM3Y6 fcé 0.9 6.343 6.448.569 0.358 1169
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FIG. 5. Real folded potentials calculated with the CDM3Y6  FIG. 7. Elastic scattering data far+12C, at 104 MeV, 139
(solid line) and BDM3Y1(dotted curvginteractions, for the elastic MeV, and 172.5 MeV, are reproduced using the renormalized real
scattering offHe+%C at 38.3 MeV/nucleon. The Gaussian density folding potential calculated using the CDM3Y®6 interaction and with
ga was used fo’He. The dashed curve is the folded potential for the adjustment of the imaginary part as indicated in the text.
8He+ 12C calculated with CDM3Y6 and the Gaussiem density.
that we have here a complex system in which the projectile
combines two patterns: a tighly bound core and a low
density part at large radii due to the halo. And the obtained
normalization factor of the folded potential seems to reflect
the competition between the breakup effects due to the weak
Binding of the®He nucleus and the refractive effects due to
the @ core. When the parametel ,W, ,R,, anda, are
optimized by the OM fit, we obtain smaller depths of the

between®Li and various targets is mainly due to the breakup
of the loosely boundPLi projectile. Such a reduction might
be expected also in the case of thde+%C system. The
folding analysis shows, however, that such a strong reductio
is not observed in théHe+ °C case.

When the imaginary part is fixed to b&,=30.0 MeV,
ro=21.07 fm R,=4.39 fm), anda, =0.63 fm, the optimal
N, factor is about 1.18. For comparison, with a smaller

depth,W, =20 MeV, the OM fit yieldsN,=1.1. It is clear 10 o+ 12C
o F ' CDM3Y6.
i i (PARIS) |
20 10"§ =
D‘I ';
-40 12 10
< ®He + '2C o =
(@) i © o
=60 - E\.,=38.3 MeV/nucleon - o™
[T E
) £ 104 MeV
-80 10 5
i s (- BDMBY1 fc6 g
100 |- —U- CDM3Y6 fc6 1 e
T A U CDM3Y6 auss : 0 10 20 30 40 50 80 70 80
-120 F g — gcm(deg)
N S A P R B BN I FIG. 8. Elastic scattering data far+'°C, at 104 MeV, 139
0 1 2 3 4 5 8 7 8

MeV, and 172.5 MeV, are reproduced with the renormalization of
r (fm) the real folding potential calculated using the CDM3Y6 interaction
FIG. 6. Real folded potentials calculated with CDM3Y6 for and with the adjustment of the depth of the imaginary part as indi-
the He+ 2C system at 38.3 MeV/nucleon. The solid line is for the cated in the text. For the three sets of data, the normalization factor
interaction potential obtained with tife6 density and the dashed of the real part is fixed at 1.165, and the values of the diffuseness
line is calculated with the Gaussian dengjtg. The dotted curve is and radius of the imaginary part are 3.76 fm and 0.6 fm,
the folded potential calculated with BDM3Y1 and the6 density.  respectively.
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TABLE Il. Parameters, ,W, ,R,,) of the optical potential for the three sets @f-'°C data analyzed in the framework of the folding
model, with CDM3Y®6.

Energy E g(E) N, Jy/(4A) (r3)y2 W, Ry ay X3IN OR
(MeV/nucleon (MeV) (MeV fm®) (fm) (MeV) (fm) (fm) (mb)
26 104 0.9220 1.105 314.2 3.383 23.84 3.39 0.665 6.1 784.7
34.75 139 0.8957 1.213 321.3 3.393 19.98 3.979 0.495 3.6 745.3
43.125 172.5 0.8706 1.098 243.8 3.411 19.92 3.754 0.602 1.9 717.8

imaginary potential and\, values close to 0.9, significantly «+2C data at different energies, in order to extract the po-

larger than those found earlier for tfiei+*°C system. The tential at the energy of théHe+1%C system, 38.3 MeV/
results of the search for CDM3Y6, with Gaussigaor fc6  nycleon.

densities, and BDM3Y1 fc6) are given in Table I. The
corresponding cross sections are shown in Fig. 4. The first
minimum is well reproduced in all cases, and is very deep, B. “He+1%C elastic scattering

but the data at larger angles are not correctly described. So . . . . .
the simple renormalization procedure rist appropriate in The description of the elastic scattering by an interaction

the SHe+ 2C case. The normalization globally affects the potential _is a_mbiguous, due to the imaginary part and to the
potential in the whole radial region while the measured elasf€normalization factor. The parameters of the volume of the
tic cross sections reveal two different patterns: the breakufinaginary part of the nucleus-nucleus potential must be de-
which leads to the reduction of the cross sections and théermined phenomenologically. So the parameters deduced by
enhanced cross sections at angles around 20° c.m due to the analysis are strongly dependent on the uncertainties in
refractive« core. the normalization. A large data set, in terms of incident en-
We compare, in Figs. 5 and 6, the real part of the potentia€rgy, is needed in order to reduce the uncertainties of the
calculated with BDM3Y1 or CDM3Y®6, and with the differ- adjustment olN, and of the imaginary part of the potential.
ent densities foPHe. Both BDM3Y1 and CDM3Y86 interac- The aim is to have a consistent description of the normal-
tions calculated with the same density for tide nucleus ization factor N, of the real part and of the parameters
(either the Gaussian one, or the6 one lead to nearly the (W,, a,, R,) of the imaginary part, with respect to the
same potentialdifferences between the two are less thanenergy. It will then be possible to predict the values at the
1%). Therefore, all further discussions are based on resultsnergy of interest, for instance, at 38.3 MeV/nucleon, and to
obtained with the CDM3Y6 density-dependent interactioncalculate the elastic scattering at that energy with the folding
only. We show in Fig. 6 the folded CDM3Y®6 potentials in- model.
cluding either thefc6 density, or the compact densigea We examine thex+'°C data measured at an energy(iof
(they have the same rms radiu3he main differences be- the laboratory frameE,=104 MeV at the Karlsruhe Insti-
tween the two potentials are noticeable for radii greater thatute[47], at 139 MeV(34.75 MeV/nucleopat the University
4 fm, and are of the order of 10% in this region. To under-of Maryland[48], and at 172.5 Me\(43.12 MeV/nucleohat
stand these features, and to obtain meaningful values of thaulich [49].
imaginary parameters, we need to compare the potential of The optical potential for thex+°C system is calculated
the ®He+ 1°C system to thex+1°C and ®Li+°C ones. Be- by folding the effective interaction CDM3Y[27] with the
fore studying the®Li + *2C potential which presents breakup matter density of ther particle and the two-parameter Fermi
effects, and to possibly better deduce the parameters of ttearbon density. Thex density is given in Ref[24] as a
total ®He+1°C potential, we will consider ther +°C po-  Gaussian  shape p(r)=0.4229* exp(-0.702472) fm~2,
tential to characterize the effect of the two-neutron halowhose rms radius is 1.46 fm. This radius is deduced from the
Since we have a strong refractive patterndor '°C at larger  charge density obtained b g) scattering. The calculation
angles, similar to the one observed fie+1%C, itis useful is performed according to the prescriptions given in Ref.
to compare the real and imaginary potentials obtained fof32], with a realistic density dependence of the effectiiid
®He on *2C with those ofa+%C. We now examine a set of interaction together with the inclusion of the explicit treat-

TABLE lll. Same as for Table Il but witiN,=1.165,R,=3.76 fm, anda,= 0.6 fixed, as described in

the text.

Energy E Jy/(4A) (r3)y2 w, 3N oRr
(MeV/nucleon (MeV) (MeV fm3) (fm) (MeV) (mb)

26 104 331.2 3.383 19.05 7.53 792.0
34.75 139 308.6 3.393 21.4 5.86 766.1
43.125 172.5 258.7 3.411 224 4.25 746.9
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ment of the exchange potential, using a realistic local ap-
proximation.

We adjust the depthv, , the radiusk,,, the diffuseness
a,, and the normalizatiomN, on the data. The values of -20
N,,W,, and R, obtained for the sets of data, with the
CDM3Y6 interaction, are given in Table Il. The angular dis-
tributions obtained with these parameters are given in Fig. 7._40
The data are well reproduced. This analysis shows that for al>
the datal, is of the order of 1.1 to 1.2. These variations may %_60
reflect the uncertainties on the normalization of the data. In~
fact this normalization factor should be constant at the dif- :)""
ferent energies since the CDM3Y6 already contains an g,
energy-dependent term.

A way to fix the normalization parameter is to use the
volume integral of the potential, which has been shown to be -100
a well-determined quantity of the elastic scattering data
[50,35. The volume integral of the real potential per pair of

0
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interacting nucleons is given by the expression 120 [
v b b b b b By PR
47N, , 0 1 2 3 4 5 6 7 8
Jr=— ApAtf Ug(u)u=du, 9 r (fm)

FIG. 9. Real folded potentials calculated with CDM3¥$blid
line) for the system*He+%C at 38.3 MeV/nucleon. ThéHe
+12C potential is normalized with the factdt, (equal to 1.165

where the normalization factd¥, of the data is taken into
account. The value extracted at 104 MeV by model-

mdependeng calculations [S1] IS Jr/(4A) = =331 (ptained in the analysis of the elastic scatteringrabn 2C. The
+2 M_erm : The'refore our description by the ff?'d'”g density incorporated in the folded potential is indicated in the text.
potential should glve_the same vqlue. The volume |nte_granhe dashed curve represents the folded potential®fée +12C

of the unrenormalized potential for CDM3Y6 is cajculated with CDM3Y6 and the Gaussian density at 38.3
—284.3 MeV fn? at 104 MeV, so we needll,=1.165. We  MeV/nucleon.

keep this value for the various energies. The diffusemgss
and theR,, are not expected to vary so much from one en-
ergy to another, very we fix them for all energies, in order to
reach a global understanding of thet+'%C potential. Of
course, the best-fit agreement is obtained by varying Rjso

IV. SIMPLE ESTIMATE OF THE POLARIZATION
POTENTIAL

We have seen in the previous section that a simple renor-

énalization procedure for the real folded potential has failed

anda,, for each energy, but then we lose the global featuret d " lastiter 12C dat the whol
that exist for these data from 104 MeV to 172.5 MeV. Here,© f€Proauce the new elastieie ata over the wnhole
angular range. It is clear that a more accurate fine-tuning of

by fixing the geometrical parameters, and letting only the N )
depthW, vary freely in the search, the variation 8, with the strength of the real folded potential is needed. For this

: ﬁ'nicroscopic optical potentidll9], the nucleus-nucleus opti-

the same values for the radiuR=3.76 fm; the reduced cal potential is expressed in general as

radius is 0.97 fmand the diffusenessa(,=0.6 fm). Then
the depth has a range of 19 to 22.5 MéRable III).

At the energy of the®He+'°C system, which is 38.3 where AU, is the so-called dynamical polarization poten-
MeV/nucleon (153.2 MeV for the *He+1°C syster, the  tial which is complex, nonlocal, and energy dependent:
values expected for the potential amd,=1.165, R,
=3.76 fm, anda,,= 0.6 fm and, by interpolating the imagi-
nary depth between the values obtained at 139 MeV and at
172.5 MeV,W is equal to 21.8 MeV.

In Fig. 9, the folded potential for*He+%C with the
CDMB3Y6 interaction(normalized with 1.16bis compared
to the one calculated with CDM3Y6 and the Gaussian
density for the®He+1%C system.

The imaginary part of the potential obtained for Uoo= (b podrolvnnl dpodro),

“He+ 12C will be tested for"He+ °C, taking the appropriate

geometry(same reduced,, radius, but now multiplied by wherevyy is the effective in-mediunNN interaction.

63+ 123, The breakup effects will not be taken into ac- U, can be represented by the folding potentigl given
count by means of the normalization factor, but rather byby Eq. (1), i.e., Uge=Ug. The polarization potentiahU ,,
simulating the polarization potential considered in Sec. |. represents higher-order contributions to the optical potential

U:UOO+AUDOI! (10)

AUpp=lim X Vg,

e—0a,a’#0,0

E-—H+ie (1)

V(Y,O .
’

aa

The first term in Eq(10) describes the projectile-target in-
teraction with the two nuclei remaining in their ground states

dpo and ¢yo:
(12
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from all inelastic channels that are allowed energetically. It T
affects the potential,,, describing the elastic scattering, 6He
through virtual processes: the interacting system may be ex 10 -
cited from the ground state to the state, and then makes a
transition to then’ state, finally decaying from’ to ground l
state. The compled U, is the main source of the imagi- -
nary part W of the optical potential. WithAU =V, -
+iWp as the polarization potentiaV(, and W, real,
the total optical potential can be written as

—
12
+°C

wuaa
- »
- 03

o
U= U00+ AUpolz UF(CDM3Y6) +Vp0|+ iw -\8 1 - Elab=38.3 MeV/nucIeon?
. . . o gauss ]
with W including Wy, . © i 1
For well-bound nuclei, the probability of excitation during * y CDM3Y6 ]
the elastic scattering is weak, and the contributior bf, - »% ]
to the real optical potential is about an order of magnitude CDM3Y6 + Upo|
smaller than the real folded potentld} [21]. A slight renor-
malization of the real folded potential by the factdy is a N ‘ ‘ ‘ CDM?’Y6 ro‘
. . . 10 b Lo Lo b e L L
convenient way to take into account effectively the DPP 0 5 10 15 20 25 30
contributions. G)cm (deg)

The weaker the binding energy of the nucleus, along with
a high probability of a transition to the excited or clustering  FIG. 10. Elastic scattering fdiHe+ ?C at 38.3 MeV/nucleon in
states, the greater the influence ®U . In the cases of comparison with the OM results given by the real folded potential
loosely bound projectiles, such &.i, the simple renor- (obtained with the CDM3Y6 interaction and the Gaussianden-
malization procedure was shown to be less accurate argity for ®He). The dashed curve is obtained with the unrenormal-

one needs to explicitty add the DPP to the real foldedized folded potential only. The solid curve is obtained by adding a
potential[23,46]. complex surface polarization potential to the real folded potential.

2
(13

It is well established now that for the loosely bound pro-Its parameters, and those of the imaginary part, are explained in the
jectiles, the breakup effects contribute to the DPP strongedgXt: The dotted line is ob_tained by folding the CDM3Y6 interaction
at the surface regiof20,23,53. Based on the results of mi- With the compact Gaussian density.
croscopic studies within various coupled reaction channel
models, a complex surface potenti@l =V o +i1W,, system as free parameters which will be adjusted to the best
with a repulsive real part, can be used to simulate the surfac®M fit to the data. In our study, we provide the phenomeno-
effects caused by the polarization potenf@®3,53. In this  logical form for the *He+ 2C DPP.
work, we assume that both the reedpulsive and imaginary Both interactions, BDM3Y1 and CDM3Y6, give similar
parts of AU, have the same radial shape, i¥,,(R)=  potentials ®He+ °C whether the folding is done with the
—Vyof(R) andWyo (R) = — Wy, f(R), where compact densityf“Gauss”) or with the halo €c6) one, as
was seen in Sec. Il A. CDM3Y6 has given good results for
f(R)=exp{ R—=Rpo / 1+ex;{ R— Rpol) a+C. So, we turn now to the analysis of the elastic scat-
apol apol tering for °He retaining only the CDM3Y6 interaction.
At the first step,U,, can be taken without a radius
HereVp,<0. Such a parametric form of the complex DPP (R,,=0) as attempted earlier by Hussein and Satdrga}.
has been used recenfl9] in the OM analysis of the elastic To further explore the sensitivity of the data to the real opti-
®He scattering data on a proton target. Note that the repulal potential, we have pulV,,=0 and tried to adjust the
sive surface term leads to the reduction of the real opticatlepthV, and diffusenessy,, of the realpart of the DPP
potential, which explains the best-fit normalizatibir <1 and parameters of the WS imaginary potential to the best
found for the loosely bound projectil€20,23,46,52 Thisis = OMfit. A very satisfactory agreement with the dasze Fig.
one of the most important coupling effects found in the elas10) was reached with unrenormalized real folded potential
tic channel due the breakup. added to a real DPP with,,;= —64 MeV, a,,=1.33 fm,

The parameters of the phenomenological polarization poand a WS imaginary potential given By,=19 MeV, r,,
tential can be related to the microscopic approach by consid=1.13 fm, anda,,=0.63 fm. Thus, we have assumed in this
ering the value of the potential at the surface, as has beerase that effects coming from the imaginary DPP are implic-
done by Khoaet al. in Ref. [23] for the 'Li+*2C system. itly taken into account by the best-fit WS imaginarypotential.
The DPP parameters/(,, W,o, anda,,) were fixed to Figure 10 compares the data with the two calculated cross
give values oV, (R) andW,,(R), atR=6.5 fm, close to  sections obtained with and without the DRRe dashed and
those obtained in the microscopic coupled discretized charthe solid curves, respectivelyWithout renormalizing the
nel calculations performed in Ref52]. Here, we have ob- real part, and with no DPP, the best fit was obtained with an
tained elastic data without any inelastic contribution, thereimaginary part corresponding tow,=20 MeV, r,
fore we can consider the DPP parameters fofte+*°C =1.13 fm, anda,,=0.63 fm, very close to the one obtained
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FIG. 11. Real folded potentials calculated with CDM3Y6 and  FIG. 13. Elastic scattering data fbLi +*°C at 99, 156, 210, and
the Gaussian densitya, for the elastic scattering diHe+%C at 318 MeV in comparison with the results given by the real folded
38.3 MeV/nucleon. The folded potentidl- is represented with the potential. The best-fit renormalization facty of the real folded
dash-dotted line. The renormalized potential with the fadter  potential and parameters of the imaginary potential are discussed in
given in Table | is represented with the long-dashed curve. The totdhe text.
potential obtained by adding the polarization potentialup is
drawn with the solid curve. For comparison, the CDM3Y6 potentialmalized folded potentials obtained with the Gaussian density
for the *He+ '%C system at 38.3 MeV/nuclednormalized with the  ga. At the surface R=4—5 fm) the total potential with the
factor n,=1.165 deduced in Sec. Jlis also presented, with the DPP is very close to the normalized folded potential, while it
dotted line. is shallower than the folded potential at smaller distances. To
: - 1 : . show the effects of the two-neutron halo in tAele+'2C
in the description ofx+*°C elastic scattering at 38.3 MeV/ system, we have also plotted the real folded potential for the

nucleon. The same is taken for the calculation with thelezC system at the same energyormalized by a factor

Gaussianmo density. One can see that ttreal) DPP added to N, =1.165 as given by the systematics from Sec. il ®ne

- . 6 1 B
the original "He-+ c folded potential leads to a good de- 5, qee that the total+2C and ®He+1°C potentials have
scription of both the first minimum and the third maximum

in the measured data, which has not been achieved by a

simple renormalization procedure for the folded potential. “318 MeV o él‘_‘i ‘;‘1‘2‘0
The total(real potential including the DPP is plotted in 1L .
Fig. 11 and compared to both the unrenormalized and nor- CDM3Y6

10 E

®He +'2C

10 7

2 210 MeV (PARIS)

o
© L E,.,=38.3 MeV/nucleon |
'D ]
O ]
© fc6
©
e CDM3Y6
*  —CDmave+ Ugo |
------------- CDM3YS6 ro FIG. 14. Elastic scattering data fLi +*2C at 99, 156, 210, and
D S A R R S B 318 MeV in comparison with the results given by the real folded
0 5 10 és (éoe ) s % potential. The normalization factdd, and the diffuseness of the
c.m g imaginary potential were fixed & =0.85 anda,,=0.6 at 156—-318

FIG. 12. The same as for Fig. 10 but using tte6 density =~ MeV in the OM search. The parameters are explained in the text
for ®He. and given in Table V.
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FIG. 15. Elastic scattering data fBti +*2C at 99, 156, 210, and FIG. 16. Real folded potentials calculated with CDM3Y86, for
318 MeV are compared with the OM results given by the unrenorthe elastic scattering ofLi+°C at Ej,,=99 MeV (16.5 MeV/
malized folded potential added to a polarization potential whosenucleon). The unrenormalized folded potentidl- is shown with
parameters are explained in the text. the dash-dotted line. The renormalized potential with the faldtor

given in Table V is presented by the long-dashed curve. The total
potential obtained by adding the polarization potenframeters
about the same depths but differ strongly at the surface reare in Table V) to Ug is d_rawn with the solid curve. For compari-
gion, where the contribution given by the two halo neutronsSon. the CDM3Y6 potential of théHe+ *“C system at 16.5 MeV/
is significant. Results of the same OM calculations using th&ucleon (normalized with the factor deduced in Sec,) li also
fc6 density instead of the Gaussian density are presented Riesented, by the dotted line.
Fig. 12, and one has about the same effect of the polarization
potential. 1.475 MeV, they are unbound, and can decay into clusters.

Nevertheless, the adopted shape for the DPP is vergo their excitation by the nuclear and Coulomb fields of a
simple. In order to have a more physical description of thetarget leads to the breakup of tfei nucleus. The coupled
DPP, it is necessary to explore other possible choices for théiscretized continuum channglS§DCC) methods have been
DPP with nonzero values of the radi®,,, in order to  successful in showing how the breakup of the projectile
better determine the effect of the couplings on the interactiomto « andd clusters affects the elastic scattering on different
potential. To get a precise idea of the value of the radiusargets[20].

Rpor» it is helpful to study a system which exhibits similari-  Data for the elastic scattering GLi on a carbon target
ties with the ®He+'“C case and the same mass numbersexist at different energies, giving the opportunity to consis-
such as théLi + 1°C system.’Li is more tighly bound than tently fix the parameters of the imaginary part and of the
®He but it also presents interesting cluster features: it igpolarization potential for the whole data set, as explained in
known to be easily broken up to theand deuteron clusters. the next section. The features of the DPP $ete+ 12C wiill

All its excited states are above tBg_ 4 separation energy of then be deduced from those 8ifi+ *°C.

TABLE IV. Parameters of the optical potential for tfiki +*2C system at four energies. The real folded
potential is obtained with the CDM3Y6 interactian, is the reduced radius of the WS imaginary potential.

Energy E g(E) N, W, Ry (fw) ay X?IN oR
(MeV/nucleon (MeV) (MeV) (fm) (fm) (mb)
16.5 99 0.9505 0.614 195.4 0(®07 1.31 9.9 1534
26 156 0.922 0.85 212 3.87.82 0.560 7.6 1080
35 210 0.895 0.854 68.7 3.45939 0.687 51 1023
53 318 0.841 0.832 75.0 1.[®429 1.23 1.5 1184
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TABLE V. The same as in Table IV but witN,=0.85 anda,,=0.6 fm fixed in the OM search for the
three data sets at high energies.

X2IN

Energy E 9(E) N, W, Ry (rw) ay OR
(MeV/nucleon (MeV) (MeV) (fm) (fm) (mb)
16.5 99 0.9505 0.565 42.6 2.@0558 1.37 13.7 1626
26 156 0.922 0.85 94.1 3.6d59 0.6 8.8 1094
35 210 0.895 0.85 54.9 3.66939 0.6 5.7 998
53 318 0.841 0.85 374 3.697 0.6 12.3 904

V. CONSISTENT POLARIZATION POTENTIAL

gies. This corresponds to the fact that for energies
FOR °Li, ®*He+12C SYSTEMS

=26 MeV, breakup effects depend weakly on the energy but
increase strongly at lower energies<20 MeV).

By fixing N,=0.85 anda,=0.6 at 156—318 Me\(see
Table V) in the OM search, the reduced radiysof the WS
imaginary potential seems to move around 0.90-0.97. At 99
f?/lev, the first search had given a small value for the radius
of the imaginary part. In a second step, a more reallR{jc

action. The present analysis is made with the folding modeYalue was searched. It gives a.hlgt@rvalue but the agree-
incorporating the CDM3Y6 interaction and we consider Ment with the data was still satisfactory. Table V summarizes

again the elastic’Li+%2C data measured at 16.5 Mev/ the result of the search for the parametéfsandR,, of the
nucleon[54], 26 MeV/nucleon[55], 35 MeV/nucleon[56], imaginary part that give the best fit, tog_ether with the fixed
and 53 MeV/nucleofi57]. The proton density ofLi used in N, anda,, values. These parameters give a reasonable de-
the folding calculation is constructed as described in Refscription of the data, as shown in Fig. 14.
[24]: the charge density ofLi is extracted from é,e) scat- It can be seen that the renormalization procedure for the
tering [58], unfolded from the finite size of the proton, and real folded potential is not sufficient to describe the cross
the neutron density is assumed to be the same as the protsactions at large angléabove 30° c.m.which correspond
one. The rms radius of the matter density obtained in thigo the refractive region. Even if all the parametelks (W, ,
way is 2.43 fm. a,, andR,) are freely released in the search, the large-angle
Without any polarization potential, these data require adata are not well reproduced at 99 and 156 MeV, as shown in
strong renormalization of the real folded potential to be corFig. 13. So the renormalization procedure does not give the
rectly described, as shown in Fig. 13. The normalization facright refractive scattering pattern, which is very sensitive to
tor and the parameters of the imaginary potential can bé¢he real optical potential at small radii, as was shown in Ref.
found in Table 1V. At the lower energy of 99 MeV, the best- [59]. This means that the renormalization procedure, which
fit normalization factorN,~0.56 is quite different from reduces the potential on the whole radial range, does not give
those obtained at higher energies. The data set at 99 MeV ig, correct potential at small internuclear distances. Therefore
therefore, treated separately from the energy range of 156it is here better to use the polarization potential, which re-
318 MeV for which some kind of systematic behavior can beduces the folding potential mostly at radii around 4-5 fm, as
found, with the samé\, factor of about 0.85 and a diffuse- was shown in the earlier folding analysis by Kheizal.[46]
nessa,, around 0.6 fm. of the same®Li+ *°C data. In Ref[46], a spline shape has
As was the case for+1°C, the normalization factor been used to estimate the strength and shape of the DPP. In
should not change with the energy, at least for higher enemur analysis, we adopt for the DPP the surface term defined

A. Analysis of the ®Li+'%C elastic scattering data
and extraction of the DPP at 38.3 MeVYnucleon

A previous folding analysi$46] performed for theSLi
+12C systemhas clearly indicated the need for an appropriat
DPP to be addedto the folded potential. In Ref6], the
folded potential was calculated with the BDM3¥YIN inter-

TABLE VI. Parameters of the optical potential for fhé+ *°C system at four different energies. The total
optical potential includesinrenormalizedeal folded potential, WS imaginary potential, and a parametrized
polarization potentiglEq. (13)]. W, , Ry, Ryor, anday, were fixed in the OM search for the three data sets
at high energies.

X2IN

Energy E W, Ru(rw) ay Vpol Qpol RpoI Wpol OR
(MeVinucleon (MeV) (MeV) (fm) (fm)  (MeV) (fm) (fm) (MeV) (mb)
16.5 99 21.86 2.20.546 1.181 —-63.9 095 2.7 5744 4.4 1388
26 156 20.0 3.98®.97 0.751 —-48.4 095 285 23.1 3.1 1146
35 210 20.0 3.98®.97 0887 —-63.1 095 285 3.71 6.8 1079
53 318 20.0 398897 095 -—-444 095 285 1.03 55 1051
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r (fm) O, m. (deg)
; _ FIG. 19. The same as Fig. 18 but with the6 density and the
nucthIa%;) 17. The same as Fig. 16 butta, =210 MeV (35 Mev/ DPP with parameters given in Table VII.

in Sec. IV and add it to the folded potential calculated withfom theUg(Ry) = Ug(0)/2relation. SoR,, is taken equal
CDM3Y6. We choose to fix the value of the radiig,;, by  to 2.85 fm, and this value is then fixed in the calculations
taking Rp=Ry/; With Ry, corresponding approximately to including the DPP for the four sets of data. The reduced
the radius at which the strength of the folded potential atadius of the imaginary pan, is also fixed at its value
small radii is divided by a factor 2. HencBy,, is obtained obtained for 318 MeV in the previous adjustmésge Table
V). The value of the diffusenesg,, of the DPP turned out
to be weakly dependent on the energy and can be fixed at a
T —— —— value of 0.95. The same was done with the depth of the WS
______________ imaginary potential for the energies of 156, 210, and 318
10 L e . MeV. We adjust the depths &f,,; andW,,, in order to get
3 a good agreement with the data in Fig. 15. All the obtained
OM parameters and those of the DPP are given in Table VI.
It is interesting to compare the real potentials used to
reproduce the data: the renormaliz¥id + 12C folded poten-
tial, the total potential including the DP@olid curve Fig.

6 12 15), with the unrenormalized one and the normalized
bII He + °C +12C potential, at the same energy per nucleon. Figures 16
1 . and 17 present this comparison for 99 M&V¥6.5 MeV/
% E\qy=38-3 MeV/nucIeon: nucleon and 210 MeV (35 MeV/nucleon, respectively.
S | gauss 1 With our choice forR,,, the DPP for°Li+*%C reduces
- 1 mostly the potential at radii around 4-5 fm, and slightly
S LY CDM3Y6 1 modifies the potential for radii lower than 2 fm. The contri-
| bution of the(real) DPP to the total real optical potential is of
— CDM3Y6 + U, the order of 15% at 26, 35, and 53 MeV/nucle@ee Fig.
4 17) and reaches 40% at the smaller energy of 16.5 MeV/
10 o e e e nucleon(Fig. 16). The total potential Y+ ReAU,,) and
G)cm (deg) the normalized folded potentialN(Ug) have nearly the

same values at the surface, i.e., R=4-5 fm. These fea-
FIG. 18. Elastic scattering fdiHe+ 12C at 38.3 MeV/nucleon in  tures of the DPP are in agreement with Sakuragi's theoretical
comparison with the OM results given by the real folded potentialconclusiong 20], concerning the analysis of the elastic scat-

and the Gaussian densigya for ®He. The dashed curve is realized tering of oLi on different targets, within the framework of
with the CDM3Y6 potential alone. The solid curve is obtained by the microscopic CDCC calculations. We thus have obtained

adding a complex surface DPP, with radiRs,, to the optical ~an imaginary potential for théLi+'°C system, which is
potential. The parameters for the potentials are explained in the textonsistent with the data at 26, 35, and 53 MeV/nucleon. It is
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FIG. 20. Real folded potentials calculated with CDM3Y6, for FIG. 21. The same as Fig. 19 but using fle density.
the ®He+'°C system at 38.3 MeV/nucleon. The unrenormalized
folded potentialU¢ is shown with the dash-dotted line. The poten- the folding Ug potential by nearly 40%, as can be seen in
tial corresponding to théLi+ 2C scattering at 38.3 MeV/nucleon, Fig. 20. The comparison between the results obtained with
with the parameters given in Table VI, is presented by the longthe Gaussian and tHfe6 density underscores the role played
dashed curve. The total potential obtained by addihgto the by the halo on the scattering. It mainly induces breakup ef-
polarization potentialparameters are in Table VlIs drawn with  fects incorporated in the DPP, and the tightly bound alpha
the solid curve. For comparison, the CDM3Y6 potential for the core |eads to refractive effects at larger angles. A better treat-
“He+ 1C system at 38.3 MeV/nuclednormalized with the factor ment could be reached by working with a more sophisticated
deduced in Sec. lllis also presented by the dotted line. function to simulate the DPP than the simple surface shape
used here. For instance, a transition potential could be gen-
reasonable to use it as an imaginary volume part for th€rated to take into account the soft dipole and quadrupole

SHe+1%C system. modes of®He as described in Reff60] and incorporated in
our coupled-channel calculations. However, the simple shape
B. Discussions of the DPP in théHe+12C system of the complex DPP found for theHe+1°C system provides

) . a realistic estimate for the contribution from the DPP to the
We have made a further OM analysis of the elaStite  «pare” SHe+12C optical potential. It is a practical tool to

+*“C data based on the WS imaginary potential that has thgescribe and understand the elastic scattering of a halo

same depth and radius as found in thig+'C case. Al ycleus.

other parameters were searched for the best fit to the data.

OM results obtained with the real optical potentials folded

with the Gaussian densitya and the density from the three-

body modelfc6 (which have the same rms radii of 2.54)fm In the present paper, we have presented the new extended

are compared with the data in Figs. 18 and 19, respectivelylata for elastic scattering 8He on a'%C target, without any

Values of the DPRU,, and of the imaginary paiv are  contamination from target excitations. These data were ana-

given in Table VII. lyzed in the OM to find information about the optical poten-
The agreement with the data is reasonable in both casetal between a halo nucleus and a target.

with a slightly better fitto the data points around the first The real part of the®He+ °C interaction potential was

minimum given by the folded potential basedon Gaussiartalculated in the framework of the folding model, including

density. If we look at the shape of the real optical potentialmew density-dependenNN interactions, BDM3Y1 and

plotted in Figs. 20 and 21 for these two cases, we find thaCDM3Y6, whose density dependence accounts for the satu-

the total potentials Yg+ReAUy,) have about the same ration properties of the nuclear matter. Both shapes for the

strength at the surface, around 5 fm. From a comparison witNN interaction give similar folded potentials fdtHe on

the total Li+1%C and *He+1C potentials(see the thick- %C. In Ref.[27], these interactions were demonstrated to be

dash, dotted, and solid lines in Figs. 20 and 8iie can see well adapted for the study of refractive elastic scattering of

that the ®He+ 12C potential is more attractive at the surface light nuclei such ag, *2C, and*®0. With the analysis of the

(4 to 6 fm) which is clearly due to the extended tail of the ®He data we show that they are also well suited to the study

®He density. For radii larger than 3 fm, the DBB, reduces  of the elastic scattering of a light exotic nucleus, provided

VI. CONCLUSIONS
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TABLE VII. Parameters of the optical potential for tRele+ *°C system at 38.3 MeV/nucleon. The real
folded potential is obtained with eithéc6 or Gaussiama density for ®He (both have an rms radius equal
to 2.54 fm). The total optical potential includesirenormalizedeal folded potential, WS imaginary potential,
and a parametrized polarization potenfiat(13)]. The depthW,=20 MeV and radiu®},,=3.76 fm of the
WS imaginary potential were fixed at values deduced from®ttier 12C system.

Interaction Density W, Ry(rw) ay Vool Apol Rpol W OR
(MeV) (fm) (fm)  (MeV) (fm)  (fm) (MeV) (mb)

CDM3Y6 ga 20.0 3.98%0.97 089 —49.2 1.2 1.70 3.2 1092

CDM3Y6 fcé 20.0 3.988.97) 0.7 -12 169 281 3.2 1058

“some account is taken of the very important dynamic po-structure models. In this kind of analysis, it is crucial to have
larization potentia DPP due to break-up,” as pointed out data at different energies ranging from 25 to 100 MeV/
by Brandan and Satchl¢®1]. In our analysis, a complex nucleon, and on different targets, in order to systematically
surface potential, with a repulsive real part, was indeedtudy the optical potential and find the general trends of the
added to the “bare” optical potential generated by the fold-DPP, as was done fdiLi.
ing model in order to simulate the surface effects induced by Theoretical calculations of the DPP by coupled reaction
the polarization potential. channel models, with a microscopic description®fe ex-
Our data and the®Li+'°C data demonstrate that the citations to the cluster states and to the continuum, are
breakup effects on elastic scattering do not simply correstrongly encouraged. The weak binding of the exotic nuclei
spond to a global renormalization of the potential; the DPP isnvolves an increase of the breakup probabilities, and this
needed to correctly describe the whole angular range of theffect must be taken into account to deduce information on
cross sections. With a consistent absorption potential founthe structure of halo nuclei through the study of reaction
for both éLi +12C and ®He+ 1C systems at the same energy, mechanisms at low energy. Moreover, the comparison be-
the DPP was shown to affect the total optical potentialtween data and the theories proposed to estimate the effects
strongly at the surface, at radii around 4-5 fm. This trendof the continuum will enhance our knowledge on the chan-
agrees with the theoretical results given by various coupledels coupled to the continuum.
reaction channel models. In this way, our study also provides

a han_dy §hape of the DPP, which might be useful in other ACKNOWLEDGMENTS
investigations of breakup effects in elastic scattering of
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