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@) Abstract

=, The elastic and-production channels for tHéle+2°%Pb reaction are investigated at energies around the Collamier €.p=14,

8 16, 18, 22, and 27 MeV). Theffect of the two-neutron transfer channels on the elastidestag has been studied within the
Coupled-Reaction-Channels (CRC) method. We find that théaidinclusion of these channels allows a simultaneowsedption

"= of the elastic data and the inclusiwecross sections at backward angles. Three-body Continuiserdized Coupled-Channels

r—) (CDCC) calculations are found to reproduce the elastic,daia not the transf@nreakup data. The trivially-equivalent local

N polarization potential (TELP) derived from the CRC and CDE&Alculations are found to explain the features found in iprey
phenomenological optical model calculations for this egst
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*+” Coupled-Reaction-Channels calculations.
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151. Introduction to interpret collisions involving weakly bound nuclei. Ihet
6He+2%8Pp case, optical model (OM) calculations performed
(") Since the early nineties, a considerable amount of experiat Coulomb-barrier energiesl [7—9] show that, in order to re-
i< mental data of reactions induced by the Borromean nucleusroduce the elastic data, one requires optical potentiéls w
0 ®He on a variety of targets has been accumulated. In the err very difuse imaginary tail. If the interacting potential is
N ©ray regime around the Coulomb barrier, and for medium-masgarametrized using a standard complex Woods-Saxon foem, th
and heavy targets, these data show some common remarkabligfuseness parameter of the imaginary component required to
- features. First, the elastic scattering angular distidoutioes  reproduce the elastic data turns out to be arcaind 2 fm, a
(O not follow the expected Fresnel pattern, that charactetize  value that is considerably larger than thefaeness derived
scattering of heavy ions at these energies. Instead, tha@ha from the matter distributions{ 0.6 fm). This phenomenon,
— teristic Fresnel peak is partially or completely suppréssed  recently referred to akong range absorption effect, suggests
. . the angular distribution shows a smooth decrease as aduncti the presence of reaction channels that remove flux from the
= of the scattering angle. Second, these reactions exhiaige| elastic channel at distances well beyond the strong absorp-
yield of a particles|[1=5]. This is clearly a consequence of thetion radius, in contrast to the picture suggested by thengtro
s weak binding of théHe nucleus, which can be easily broken absorption model. Continuum-Discretized Coupled-Chénne
(T up by the strong couplings induced by the target. (CDCC) calculations using either a simplifididneutron model
Heavy ion reactions between stable nuclei can be understogdg, |11] or a more realistic three-body model for fi¢e nu-
in terms of thestrong absorption picture [6]. This implies cleus [12-18] indicate that this long range absorption phe-
the existence of an interaction distan€®.] such that impact nomenon can be explained in terms of the strong couplings to

parameters beloWRs, are dominated by strong absorbing pro- the breakup channels due mainly to the dipole Coulomb inter-
cesses (i.e. deep inelastic collisions, compound nuckta¥, action.

whereas for separations larger thag, the nuclei barely in-

teract, and elastic scatte_ring_ dominates. Direct reastisnch tributions, it was shown irl [19] that these CDCC calculagion
as nucleon transfer or fiiactive breakup, take place only for t5jjaq 1o reproduce the energy and angular distributionthef
peripheral _or grazing collisions. Hovv_ever, the analysnseaf « particles observed at large angles in the same experimant. O
cent experiments suggest that this picture may be inadequage gther hand, it was shown in the same work that these alpha
particles distributions could be well accounted for by assu
Ermail addresses. jpfernandezeus. os (J. P. Fernandez-Garcia) ing a two-neutron transfer mechanism leading to very edcite
malvarez@us.es (M.JX. G. Alvarez),m;)ro@u.s.e.)s (A. M. Moro), ’ State?’ of the target. These calc_ulati_ons were performen_yusi
mrodri@us.es (M. Rodriguez-Gallardo) the distorted-wave Born approximation (DWBA), assuming a

Despite their success to describe the elastic data angstar d
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two-neutron mechanism leading to both bound and unboundssuming a direct breakup picture, in which the projectile i
final states of the target. The relevance of the one- and tweexcited to its unbound states (see [Fig. 1). fide reactions,
neutron transfer channels has been evidenced in otheiaesct this has been done using a three-body reaction model (based o
involving ®He [2-+5, 20]. a simple di-neutron model of the projectifde+2n [10,.11])
The main diference between the CDCC and DWBA calcu-or a four-body reaction model (using a realistic three-body
lations is due to the couplings included in each method. iBhis model of®He=*He+n+n [12,/13) 16-18]). In this work, we rely
schematically illustrated in Figl 1. The CDCC method assumeon the first model because this will permit a more meaningful
a direct breakup mechanism in which the breakup process iscomparison with the CRC calculations presented in Se€lion 3
treated as an inelastic excitation of the projectile to @8-c  which are also based on a two-body model of&He nucleus.
tinuum spectrum (top panel). On the other hand, the DWBAIn particular, we will make use of the improved di-neutron
method (or more elaborated forms of the transfer amplitudenodel proposed in [11, 19], in which thtHe+2n relative
[21]) is based on dransfer to the continuum picture, which  wavefunctions are calculated in a Woods-Saxon potentidd wi
treats thé’He breakup assuming a neutron transfer mechanismadiusR = 1.9 fm and difuseness parametay = 0.39 fm. The
populating?'°Pb* states, as shown in the bottom panel of Eig. 1.ground state wavefunction is calculated assuming a@nfig-
Since both the projectile and target states form a compédte s uration and an fective separation energy of the two-neutron
we expect both methods to give similar results provided thatlusterS,, = 1.6 MeV. For thea+2?°®Pb interaction we took
the underlying interactions are the same and the model spacethe potential of Barnett and Lilley [22], whereas the+2%Pb
sufficiently large to achieve convergence of the studied obseninteraction was approximated by the deutef8iRb global
ables|[21]. In this respect, the direct breakup and transfdre  potential of Ref. [23]. ®He continuum states with relative
continuum methods can be regarded as alternative methods amgular momenturh = 0, 1, 2 for the*He+2n relative motion
describe the projectile dissociation. Therefore, theifaibfthe  were considered. For the = 2 continuum, the potential
CDCC approach to describe theyield could be attributed to depth was adjusted to reproduce the known résonance
the truncation of the model space required in practicaldalc at Ex = 1.8 MeV above the g.s. For each value Igf the
tions, andor to the neglect of the transfer to the bound states otontinuum was discretized using the standard binning naetho
the target which, at these energies, may contribute signific =~ The maximum excitation energy depended somewhat on the
to thea cross section. incident energy, ranging from 5 MeV (fd,p=14 MeV) to 8
The transfer to the continuum calculations presented ih [19MeV (for Eip=27 MeV). These calculations were performed
are based on the DWBA approximation and describe the elastiwith the coderesco [24].
channel by means of a phenomenological OM, with parameters The calculated elastic fierential cross sections are com-
adjusted to the elastic data. The features of this OM patkenti pared in Fig[R (dashed lines) with the experimental datanfro
must reflect the fect of channel couplings on the elastic chan-Refs. [7+9]. Despite the simplified structure model usedter
nel. Since the two-neutron transfer channels were founato b®He nucleus and the absence of any free adjustable parameter,
very important to describe theyields, it would be desirable to the overall agreement with the data is very good at the five con
investigate to what extent the explicit inclusion of thesasfer  sidered energies. Below the barri&(=14, 16, and 18 MeV),
couplings can explain simultaneously the observed featofe the inclusion of the breakup couplings produces a decrefase o
the elastic scattering and tlechannel, without the need of a the cross section with respect to Rutherford at c.m. angdes b
phenomenological OMP adjusted to the data. To study the efrond 60. Above the barrier;,=22 and 27 MeV) the main
fect of the transfer channels on the elastic channel onesrteed effect is the absence of the Fresnel peak.
go beyond the Born approximation, that is, to use the Coupled In Figs.[3 and4, the calculated energy and angular distri-
Reaction-Channels (CRC) method. butions of thex particles (dotted lines) are compared with the
With this purpose in this work we present CRC and CDCCdata from Ref.[[19] (solid circles). Clearly, the calcudats fail
calculations for théHe+2%8Pb reaction at near-barrier energies, to describe both observables and, therefore, we concluate th
comparing the calculated elastic amatross sections with the the direct breakup model, at least within this restrictedieio
available data. In the CRC calculations we rely on the schemspace, cannot explain the large yield @fparticles produced
illustrated in the bottom panel of Figl. 1, but we allow back€o at large angles. On the other hand, it was shown in Ref. [19]
plings from the transfer to the elastic channels. We showy thathat these distributions could be well reproduced by meéns o
unlike the CDCC, the CRC formalism is able to explain simul-DWBA calculations, assuming a two-neutron transfer mecha-
taneously the long-range absorptidfieet on the elastic scat- nism.
tering and the large yield of particles for this reaction.
Although the calculations are restricted to thee+*®Pb 2 ~RC calculations
case, we believe that the conclusions can be extrapolated to

other reactions induced by weakly bound projectiles. In the distorted-wave Born approximation (DWBA) calcula-
tions of Ref. [19], the entrance channel was described wsing
2 CDCC calculations phenomenological OM potential, with parameters adjusted t

reproduce the experimental elastic angular distributionthe
Within the Continuum-Discretized Coupled-ChannelsCoupled-Reaction-Channels (CRC) calculations, we aimx-at e
(CDCC) method, the dissociation of the projectile is trdate plaining the features of the elastic scattering as a coresegu
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of the same_coupllngs WhICh_ are_ respon5|ble fO_I’ the prOdl]CtI Figure 2: Elastic scattering angular distribution as afiemoof the c.m. scatter-
of thea particles with the objective of reproducing both chan-ing angle for the reactiofHe+2%%Pb atEj,,=14, 16, 18, 22, and 27 MeV. The

nels within the same framework. Therefore, in order to avoicdotted line is the one-channel calculation with the bareraution,Uspgr), the
double counting, in the CRC calculations one has to useddste dashed line i_s the threg-body CDCC calcglation and the ﬂioﬁzdis the full
a bare interaction, that is, a potential that represents the inter°R¢ caleulation. The circles are the experimental data Rerh [7,.9].
action between the colliding nuclei in absence of couplthgs

will be explicitly included.

In particular, we use for the bare interaction the Sao Paulavith the experimental data. Af;, = 22 and 27 MeV (above
potential (SPP)L[25, 26]. This is a microscopic potential ob the nominal Coulomb barrier) this calculation predicts a-pr
tained by means of a double-folding procedure, using the manounced rainbow, which is absent from the data. Below the bar
ter densities of the colliding nuclei and affextive nucleon- rier (Eap = 14, 16, and 18 MeV), the calculation overestimates
nucleon interaction, multiplied by an energy-dependemhie the data for angles beyond 50Thus, this prescription fails
which accounts for part of the non-locality of the optical po to describe the elastic data both below and above the Coulomb
tential. This provides a parameter-free prescriptionchtiias  barrier. The failure is clearly due to the influence of chdanne
been successfully applied to a large variety of systems32pb— couplings, mainly, the 2n removal channels, which are ebgoec
Indeed, the choice of the bare interaction is not unique. Théo be very important for a loosely bound nucleus Ifke. In
present choice is convenient because, being based on the mRef. [33], the &ect of these channels on the elastic channel
ter densities of the colliding nuclei, reduces many ambigsii was taken into account adding a phenomenological component
associated with more phenomenological potentials. The barto the bare interaction of Woods-Saxon form. It was found tha
interaction includes also a short-range imaginary podéwti  the real and imaginary parts of the Woods-Saxon potentals r
Woods-Saxon shape and parameWrs 50 MeV,Ry = 1 fm,  quired a large dfuseness parameter in order to reproduce the
ap=0.1 fm, to simulate the in-going boundary condition for fu- data.
sion. This bare interaction was recently used inthe OM aimly  In the present work, we start from the same bare interac-
performed inl[33] for the same elastic data. As it was shown irtion but, instead of adding any phenomenological compgnent
that work, the bare interaction alone is unable to reproduee we introduce the two-neutron transfer couplings explicitis-
elastic data. This is illustrated in F{g. 2, where the onarctel ing the CRC formalism. Using the prior representation, the
calculation with the bare interaction (dotted line) is cargdl  transfer couplings involve a matrix element of the operator
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Vign+pb] + Ulaspb] — Ubare WhereVian.py is a real interaction 30 \ \ \

describing two neutron states of the+ZfPb systemi,-pp) - E=14 MeV
is the optical potential describing the-2°Pb elastic scattering 20 * CDCC |
andUpare is the bare potential defined above, given by the Sao C /9: _ g\éng ]
Paulo prescription. In the CRC calculations we took the same 10 / .
a+2%Pb and 2r2%8Pb interactions used in the CDCC calcula- - / @ ]
tions of the preceding subsection, in order to have a meéiling ok ]

comparison between both formalisms. Nevertheless, fdathe

ter only the real part of the interaction was consideredritleo

to allow the inclusion of two-neutron bound state$?Pb. For

the ®He nucleus, we adopt the same di-neutron model used in
the CDCC calculations. For tifé°Pb* final states, we consid-
ered several values for the angular momentum of the relative
angular motion fof%Pb+2n (;). For each value df;, the en-
ergy spectrum was described by a set of representatives state

N
o
LA L I L B B

=
o

do/dE, (mb/MeV)
o

following the procedure described In [19]. These reprextemt 20 a B
states include both bound and unbound states, with respect t r .
the two-neutron breakup threshold. Above this threshdid, t 10 -
2n-%%pPp continuum was discretized using 1 MeV bins, up to . ]
a maximum relative energy of 5 MeV. For energies below the OF .
threshold, we considered 5 bound states, evenly spaceghis st C ]
of 2 MeV. The number of partial wavds was progressively 201 .
increased until convergence of the observables was found, i C ]
the kinematic region where comparison with data is possible 10F 4
(see discussion below). The coupled equations were saived i - .
eratively using the coderesco [24], until the desired degree 0(; ‘ ?;0

of convergence of the elastic and transfer cross sectioss wa
achieved. We include also the non-orthogonality corredég.
The elastic dferential cross sections obtained with these
CRC calculations are displayed in Higj. 2 with solid linest &b Eigggog?;b Etnsrgyliistlrébultg)nar?; tzgﬂMza\I/rti;lf; rr;;gglﬁeti eina r:hle“ gf?rii?cal
the. considered energles, the ag.reeme.n.t with the cbCC C?'Cb‘gb =132 - l|631kl)°. Tﬁe d,otteéi and solid Iir1|es arge the CDCC ang CRC calcu-
lation and hence with the data is significantly improved with lations. The dashed lines and circles are, respectivedyDIWBA calculations
respect to the single-channel calculation performed with t and the experimental data from Réf.[19].
bare interaction alone. Therefore, the inclusion of thedra
fer channels produces essentially the saffieceon the elastic
cross section as the inclusion of ftée continuum states in the
CDCC calculations. This is an important result which suppor What underestimated. This discrepancy might be due to the
the conclusion that both, CDCC and CRC methods, populatémitations of our di-neutron model (for both the projeetdnd
to a large extent the same final states, although these atates target states), to the choice of the underlying interastion to
expressed in dierent basis representations. the contribution of other channels. Considering the siaityli
Despite the good agreement between both methods, the ra@é our model, we can say that the overall agreement is fairly
of convergence is very fierent. The CRC calculations were gOOd. Therefore, unlike DWBA CalCUlationS, the CRC caleula
performed withl; = 0 — 8 partial waves for the 28%Pb rel-  tions are able of reproducing simultaneously the elastitan
ative motion, whereas the three-body CDCC calculations reProduction data without requiring any phenomenologicalffit
quired onlyl; = 0,1,2 partial waves for 2rfHe in order to  the elastic cross section.
achieve convergence of the elastic scattering [11]. Thd§ in For a meaningful comparison with the data, we have verified
cates that the elastic scattering is mostfieated by the cou- that the number of partial waves used for the??fRb motion
pling to continuum states with small energy and angular mo{l; = 0 — 8) provides also convergence of thecross section
mentum betweenr2anda, and hence a representation basedn the angular range where data exist. This is shown in[Fig. 5,
on the continuum of the projectile is moréieient to describe where we plot the contribution of eathto the angle-integrated
this observable. transfer cross section fdf,,=22 MeV. The dark histograms
The calculated energy and angular distributions ofitlpar-  correspond to the angular rangyg = 132 — 164°, whereas the
ticles are compared with the data in Figs. 3 Bhd 4, respdgtive dashed bars are for the full angular range. It is clear fras th
For comparison, the DWBA calculations of Ref.[19] are alsofigure that the model space used in the CRC calculationssyield
included (dashed lines). We see that the CRC calculatieps, r convergence within the angular range of interest and herece w
resented by solid lines, reproduce the data with a similalityu  conclude that this model space is suitable to describe -
of the DWBA calculations, although the magnitude is some+icles at backward angles. At forward angles, the histogram
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Figure 5: Two-neutron transfer cross section as a functiche2n?°8pPb or-
bital angular momentunts, for the CRC calculations performed at an inci-
dent energy of 22 MeV. The dashed bars and solid bars comdspespec-
tively, to the full angular range and the integrated angualistribution for
Olap = 132 — 164

do/dQ (mb/sr)
o

ul
o

o TTT T[T a T T[T T T T [ [ T T T 1

0 ! ! ! \ ! ]
1500 E=22Mev E _
/ N ] fer/breakup cross section for each angular momentum. The
100 X 3 TELP obtained by this procedure should be regarded as a sim-
E plified local approximation of a complicated coupled-chelan
S0 .. E system. If the TELP extracted from the coupled-channels cal
0 ‘ LTI cead culation is a good representation of the overfitbet of the cou-
30 60 9 120 150 180 plings, the solution of the single-channel Schrodingeragipn
8., (deg) with the efective potentiales = Upare + UteLp Should repro-

duce the elastic scattering similar to the one obtained thi¢h
6Figur;eos4: Angular distribution of ther particles produced in the reaction full coupled-channels calculation.
He+<"°Pb atE;;p=14, 16, 18, and 22 MeV. The dotted and solid lines are the : : :
CDCC and CR%) calculations. The dashed lines and circlesrespectively, In Fig. [@ we show the féective pOtentlalswe“) extracted
the DWBA calculations and the experimental data from ReS].[1 from the CDCC and CRC calculations B, = 22 MeV. The
top and bottom panels correspond to the real and imaginary
parts, respectively. The arrows indicate the radius ofiteits

) o o of the real and imaginary parts of the optical potential pade
of Fig.[d suggest a non-negligible contributions from> 8 ing to the OM analysis performed il [9].

waves. Although there areno data for thparticles emitted at _ The dot-dashed and solid lines correspond, respectively,

these_forward angles, it is expegted that these are morly eas| the dfective potentialUe; extracted from the CDCC and

described by the CDCC calculations. CRC calculations. For comparison, we have included also the
double-folding SPP potential (dotted line in top panel)jckh

4. Trivially-equivalent local polarization potentials corresponds to the bare interaction in the CRC calculations
and the phenomenological optical potential extracted in[3g

The analysis of the preceding section demonstrates that tffeom the fit of the elastic data (dashed line).

two-neutron stripping channel can explain the long-rarfge e  For distances > 15 fm, the real part of theffective poten-

fect found in previous phenomenological analyses of thetiela tial (in both the CRC and CDCC calculations) is dominated by

data [7+9]. To corroborate this conclusion in a more quantit along-range attractive tail. This attractive componektiswn

tive way, we have evaluated the so caltedially-equivalent  to arise from the dipole Coulomb interaction|[33} B5, 36]- Al

local polarization potential (TELP). This is a local and.-  though the direct breakup model provides a more naturagrepr

independent potential constructed from the solution otthe  sentation for this fect, it is noticeable that the TELP extracted

pled equations in such a way that it simulates the ffeceof  from the CRC shows up also this behaviour.

the couplings on the elastic scattering. Here, the TELPIlis ca At distances around the strong absorption radius the TELP

culated following the prescription proposed by Thompsbn becomes repulsive, making th&fertive potential shallower

al. [34], which involves two steps. First, for each total an-than the bare interaction. This repulsive component is Ipain

gular momentum, a local polarization potential is caledat due to nuclear couplings [33]. The OM potential is also less i

from the source term of the elastic channel equation. Thertense than the bare interaction, but it does not exhibitdhg-

a L-independent potential is constructed by averaging theseange tail observed in the TELPs. This might be due to the fact

L—dependent polarization potentials, weighted with thegran that the real part of the optical potential is mostly sewsito
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5. Summary and conclusions

We have studied the elastic andproduction channel for
the ®He+2%Pb reaction at energies around the Coulomb bar-
rier. The available experimental data have been compartd wi
three-body Continuum-Discretized Coupled-Channels (CpC
. and Coupled-Reaction-Channels (CRC) calculations using i
K i: T ] both cases a di-neutron model of ftiée nucleus.

/ : —— Uy In the CDCC calculations, the projectile dissociation ieta
04 1) .= U, (cDCC) into account by including the coupling with tHele+2n con-

Ly 1 — Uy (CRC) | tinuum states. The inclusion of these couplings have afsigni

, : ‘ | | cant dfect on the calculated elastic cross section, and provides
10 12 14 16 18 20 a good description of the experimental elastic data. Howeve
the calculated cross sections largely underestimate the exper-
imental data, in agreement with the findings of Ref| [19].

In the CRC calculations, we consider the coupling to 2n
transfer channels and its influence on the elastic scagteross
section. For the bare interaction, we have used the micpisco
double-folding S&o Paulo potential, supplemented withaats
range Woods-Saxon imaginary potential to account for com-
plete fusion. The inclusion of two-neutron transfer chdsne
produces a strondfiect on the elastic cross section, providing
a very good agreement with the experimental data. Moreover,

o

Re[U] (MeV)
T

Im[U] (MeV)
T

0.4 these calculations explain also reasonably well the enangly
5 angular distribution of the particles measured at backward an-
gles. In particular, the shape of the energy distributioveis
10 12 14 16 18 20 well accounted for, although the magnitude of the crossaect

r (fm) is somewhat underestimated. This discrepancy might beadue t
Figure 6: Hrective potentialUar.Uppe-+ Useve, for SHes20%Pb at 22 MeV the I_imitatio_ns of our simple di-ne_utron model or the chaite
extracted from the CDCC (d,ot—d_ashed lines) ary1d CRC caloanka(solid Iines)’. the interactions. In addition, beSIdeS. the tWO-n.eUtronSﬁrﬂ
The dashed line is the phenomenological optical model fiatesxtracted in ~ channels, other channels could contribute to this reactan
Ref. [9] from the fit of the elastic data. The dotted line is tage interaction ~ example, in Ref. [37] the authors studied tHEeet of the one-
used in the CRC calculations. The top and bottom panels sporel to the neutron Stnpp'ng Channeﬁ}ﬂeFHe)’ on the elastic and fusion

real and imaginary parts, respectively. The inset in theithre compares the . firdor 208
polarization potentialUtg p extracted from the CDCC and CRC calculations cross section for several targets. In Pb case, they

with the bare interaction. found that the inclusion of these channels produce a reztucti
of the elastic cross section in the region of the Coulomb-rain
bow, and an increase at backward angles. The simultaneous
inclusion of both mechanisms would be of interest.

The trivially-equivalent local polarization potentialBELP)
distances around the strong absorption radius. derived from the CRC and CDCC calculations exhibit the char-
: : : cteristic long-range real and absorptive parts, in agee¢m
In the bottom panel of Fig.J6 we see that the |mag|r2:ary3vith the behavior observed in the phenomenological optioal

part of the &ective potential extracted from both, the CDCC , X ;
and CRC calculations, is absorptive and exhibits alsdtask tentials extracted in previous OM analyses of the same data.

tail. This behaviour is also observed in the optical potnti

(dashed line) and is related to the long-range absorpti@cte  Acknowledgements
discussed in previous optical model analyses of this rea{ii- _ . -
2]. Therefore, another important conclusion of this worthist Th's Worl_< hz_as been suppf)rted by the _Spanlsh Minis-
the CDCC and CRC calculations provide a microscopic inter!€Mo de Ciencia e Innovacion under projects FPA2009-
pretation of this long-range absorptiofiext in terms of chan- 08848, FPA,2009'07653’_ by the local government of Junta
nel couplings. Quantitatively, theffective potential extracted de Andalucia under project P07-FQM-02894 and the Span-

from the CDCC calculations is closer to the phenomenold»gicdlgh Consolider-Ingenio 2010 Programme CPAN (CSD2007-

optical potential. We emphasize, however, that due td_the- 00042).
erage, the TELP is not strictly equivalent to the full setgfia-

tions, and hence only the qualitative behavior is meaningifiu ~ References
addition, the transfer couplings are intrinsically nordband
thus their approximation by a local object has to be intdgute
with caution. [1] E.F. Aguilera, et al., Phys. Rev. Lett. 84 (2000) 5058.
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