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Abstract. The first measurement of the elastic scattering of the halo nucleus ' Li and its core
°Li on 2%®Pb at energies around the Coulomb barrier is presented. The 'Li reaction showed
a large cross section for the breakup channel, even at energies well below the barrier. The
analysis of the 'Li + 2°%Pb scattering data in terms of the continuum-discretized coupled-
channel calculations indicates that the effect of the coupling to the breakup channels produces a
strong suppression of the elastic cross section at energies above and below the barrier. This effect
is mainly due to the strong Coulomb coupling to the dipole states in the low-lying continuum
of L.

1. Introduction

Rutherford [1] inferred the structure of the atom from the reaction data measured by Geiger
and Marsden [2]|, one century ago. Since then, nuclear structure properties have often been
deduced from nuclear reaction studies. With the advent of the first accelerated radioactive
beams new features in the nuclear structure were discovered. Twenty five years ago, Hansen
and Jonson [3], interpreted the large interaction cross section observed in 'Li by Tanihata [4]
as a sign of a halo structure.

The halo structure is a threshold phenomenon due to the low binding energy of the last
nucleons. The structure of halo nuclei has several features in common: a rather inert core,
extended neutron distribution and very few bound excited states if any.

The discovery of the halo nuclei has brought renewed interest in the modeling of nuclear
reactions. This structure will affect the reaction properties at near Coulomb barrier energies,
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as for the very loosely bound system the model space should include the coupling between the
bound states and the continuum.

Current approaches to reaction theory involve different approximations whose validity needs
to be checked when applied to exotic nuclei. Our purpose was to study the reaction mechanisms
of halo nuclei on the strong Coulomb field of the target at collision energies around the Coulomb
barrier.

In this contribution we present the current status of the study of the scattering of the halo
nucleus "Li and its core °Li on ?“®Pb at energies around the Coulomb barrier. The most
neutron-rich lithium isotope, !'Li, is an intriguing case. It is the archetype of a Borromean halo
nucleus, i.e. the two different binary subsystems, °Li-n and n-n, are unbound. Structurally it
is composed of a ?Li core and two weakly bound neutrons with Ss,=369.15(65) keV [5]. The
density distribution of 'Li extends well beyond its core, i.e., the rms matter radius for °Li is
2.44(6) fm, while for 'Li it is 3.71(20) fm [6].

Due to the loosely bound structure, the neutron halo should be easily polarizable in the strong
electric field of a heavy target such as 2°*Pb. In fact, large soft electric dipole (E1) strength
has been observed at low excitation energy in halo nuclei. This is in contrast to normal nuclei,
where the E1 response is dominated by the giant dipole resonance at energies in the range of
10-20 MeV. The ''Li has the strongest E1 transition ever observed at low excitation energy as
determined in an exclusive measurement of the Coulomb dissociation of 'Li at 70 MeV /u at
RIKEN [7]. The B(E1) values are very sensitive to the structure model used to describe the halo
nucleus. In experiments at these high energies it is difficult to get a good sensitivity at energies
close to the break-up threshold.

Therefore it is interesting to obtain information of B(E1) by studying the dynamic of the
halo nucleus 'Li at Coulomb barrier energies on the intense electric field created by a 2°*Pb
target. This process can reveal new features of halo nuclei as predicted by [8]. For halo nuclei it
is expected that collisions with heavy targets, in our case 2°8Pb, at energies below the Coulomb
barrier will depart from Rutherford scattering. This deviation can shed light on the structure
of the ''Li nucleus and it can give a hint on how the scattering process depends on the coupling
to the continuum.

In order to disentangle the contribution of the loosely bound structure of 'Li to the reaction
process, one should know the behavior of the core, ?Li, in the same conditions. No data exists
for the scattering of 'Li near the Coulomb barrier and for the scattering of °Li the data are
scarce. The cross section of Li on a 0.3 mg-cm ™2 thick 2°Pb target was measured at 86 MeV [9],
but this energy is three times the Coulomb barrier. Near the Coulomb barrier, the fusion cross
section of Li 4+ 298Pb was measured at center of mass (CM) energies from 23.9 to 43.0 MeV, and
the “reduced” fusion excitation function was found to be similar for the A=7-9 Li isotopes [10].
Due to the lack of information on the '?Li scattering on lead at energies around the Coulomb
barrier we decided to study this process in detail to characterize the parameters of the potential
describing the dynamic behavior of the ''Li core, Li, and use this information to extract the
dipole polarizability contribution to the scattering of 'Li.

2. Experimental Setup

The experiment was performed in the post-accelerated ISAC-II line at the TRIUMF facility
(Vancouver, Canada). A primary 100 yA proton beam of 500 MeV [11] produced at the TRIUMF
cyclotron impinged on a Ta primary target. The Li secondary beams were transported to the
ISAC-II facility for post acceleration. The intensity of the Li beam on the Pb-target was higher
than 10° pps and prevented us from using a monitor detector. The average intensity of the 'Li
beam as detected in our monitor detector (2 = 3x107* of 47) placed 280 mm downstream was
4x10% MLi/s.

The setup was designed keeping in mind the expected low intensity of the ''Li beam, and the
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fact that we were interested in separating the elastically scattered 'Li ions from the fragments,
being the most probable one, ?Li. So we decided to use telescopes with the thinest front detectors
to achieve mass separation of the fragments. These detectors did not have cylindrical symmetry,
so the analysis had to be done pixel by pixel. To increase the statistics the backward angle
detectors were placed closer to the target. The angular coverage of the telescopes was chosen to
take into account the region where the differential cross section for the elastic scattering of the
halo nucleus "'Li with lead vary, at most, depending of the ingredients included in the model
predictions.

The setup used consisted of four telescopes as illustrated in figure 1. The rings on the DSSSD1
and DSSSD2 indicates the axial symmetry of the scattering process. In the forward direction we
had two telescopes, T1 and T2, each one consisting of a windowless 40 pm thick Double-Sided
Silicon Strip Detector (DSSSD) [12] of 16 x 16 strips acting as AE detector, and a 500 pm thick
PAD as E detector. Both DSSSDs were placed at a distance in its central part of 80 mm from
the target covering different angles: telescope T1 from 10° to 40° and telescope T2 from 30° to
60°. Telescopes T3 and T4 consisted of a 20 pm thick AFE Single-Sided Silicon Strip Detector
(SSSD) of 16 strips and a 60 pm thick DSSSD behind. The SSSD’s of T3 and T4 were placed
at 52 mm from the target with 7.5 mm to the back DSSSD detectors. Telescope T3 covered
from 50° to 100° and telescope T4 from 90° to 140°. The 2%®Pb target was tilted 75° with
respect to the beam direction. Two different target thickness were used, 1.45 and 1.9 mg-cm™2
of 208Pb for the ?Li study. As far as the intensity of the ''Li beam was reasonable only the thin
1.45 mg-cm~2 28Pb target was used in order to minimize the losses in resolution due to the
straggling in the target.
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Figure 1. (color online) Schematic view of . . . .
the experimental setup. The angular coverage Figure 2. Ezpected CDCC differential elastic

of each telescope from T1 to T4 is: 10°-40°, cross section relative to Rutherford of ''Li

S0°P-60°, 50°-100° and 90°-14(°, respectively. on 28 Pb at 29.5 MeV. The coverage of each
telescope is indicated in the upper part.

The segmentation of the detector system allows to get information of 256 pixels (16 x 16) per
telescope either by matching front and back strips of the DSSSD for telescopes 1 and 2, or front
and back detectors in telescopes 3 and 4. In total 1024 micro-detectors were analyzed. Due to
the different distances between telescopes and target the angular coverage per pixel is 2-3° for
T1 and T2 and for the telescopes T3 and T4 between 3-4°. This configuration gave rise to large
angular coverage with high resolution.

Figure 2 shows two calculations for the expected differential elastic cross section relative to
Rutherford of Li on 2®Pb at the near barrier energy of Ejp = 29.5 MeV (V, =~ 28 MeV),
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obtained with the Continuum-Discretized Coupled-Channels (CDCC) method. The dashed line
is the calculation in which one takes into account the spatial extension of the ''Li nucleus within
a simple two-body di-neutron model. The solid line is the full CDCC calculation, based on the
same di-neutron model, including the nuclear and Coulomb couplings to the breakup channels.
The angular coverage of each telescope is indicated in the upper part of the figure 2.

3. Analysis and Results

The differential elastic cross section of a ''Li beam on a 1.45 mg-cm™?2 thick 2°*Pb target was
measured in this work for the first time at the laboratory energies around the Coulomb barrier
of 24.2 and 29.7 MeV. To characterize the behaviour of the core, the “Li + 2“®Pb scattering
was also measured with the same setup and at the same CM energies, 23.0 and 28.2 MeV.
No previous data on the elastic scattering of the Li 4+ 2"®Pb system exist in the literature at
energies close to the Coulomb barrier. The experimental results are analyzed in the framework
of the optical model (OM) and also using a CDCC analysis.
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Figure 4. Two-dimensional plot of AE
versus AE + E for °Li + 298 Pb scattering
data at the CM energy of 28.2 MeV for
a pizel at 128.2°. Notice the presence of
breakup channels already at this energy.

Figure 3. (color online) Two-dimensional
plot of AE wversus AE + E. The °Li
(in blue) and the Y Li + 298Pb (in red)
scattering data at 23.0 MeV CM energy.

The data of the 'Li scattering on lead were accumulated during 82.2 h for the 24.2 MeV
H1i beam energy and 118.12 h for the 29.7 MeV energy. No electronic shifting occurred during
the data taking. For energy calibration both external alpha sources (*43Gd, 23°Pu, 2! Am and
244Cm) and the elastic peak of ?Li and ''Li for CM energy of 23.0 MeV were used. The events
were selected in the following way. Individual thresholds were chosen for each strip. A time
condition selected by the TDC was applied. When two neighbour strips were fired the event was
disregarded to avoid charge sharing [13]. To select heavy ion signals and avoid beta contributions,
a condition in the energy deposited in the front and back strips forming the pixel was applied
for the DSSSD, AEg;fs < 70 keV. For more details, see [14].

The data were first analyzed assuming that the detectors T1 and T2 were at the position
determined by the geometrical measurements, and the optical beam axis centered in the 2°*Pb
target. Due to the close geometry of the setup, a refined determination of the angle subtended
by each pixel was done based on the fact that the elastic scattering of “Li on 2°®Pb at energies
below the barrier should follow the Rutherford behaviour at forward angles. The differential
elastic cross section with optimized position vectors for each detector was calculated by the
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average of the counts in each pixel and divided by the solid angle of the pixel corresponding to
a certain angular ring. The angles covered by the T3 and T4 telescopes were determined only
by geometrical considerations as the angular dependence of the cross section is less steep.

Elastic events were selected in the two-dimensional plot of AE versus AE + E energy spectra
for each pixel. A clear identification of the elastic peaks and fragments, both in the ?Li and in
the "'Li scattering data, was achieved. Figure 3 illustrates the data obtained for ?Li and 'Li
beams scattered on the same 1.45 mg-cm~2 thick 2°®Pb target and at equivalent CM energies
of 23.0 MeV. The two-dimensional plot shows overlay the ?Li scattering data in blue with the
HULi scattering data, in red. For the latter the contribution of the elastic and the ?Li breakup
channel are clearly observed and separated. The pixels included in the selected angular ring
of (19.54+1.0)° are shown on the left corner of figure 3. It is surprising the relatively large
contribution of the breakup channel observed at this low energy and forward angle. The °Li
scattering data are given only for one of the pixels centered at 18.5°. One can notice the presence
of some a-particles probably due to the °Li 8-decay that has a 50 % probability of decaying into
20.. We show In figure 4 the two-dimensional plot corresponding to ?Li + 2%8Pb scattering data
at a CM energy of 28.2 MeV and for a pixel of telescope 4 centered at 128.2°. It is remarkable
that at this very near threshold energy one can identify the breakup of the “Li 4+ 2°®Pb system
into 8Li + 2%9Pb (Q = —0.1 MeV) and the possible contribution of “Li + 2!°Pb (Q = 3 MeV).
The contribution of these channels has been analyzed and removed in order to extract the elastic
cross section. These contributions were not identified in the preliminary analysis of the data
given in [14].

4. Discussion and Conclusions

Figure 5 shows on the left the differential elastic cross section relative to Rutherford for °Li on
208Ph at energies below the barrier. We notice that the behaviour of the cross section with the
angle follows the usual Fresnel pattern which characterizes the elastic scattering between heavy
ions at Coulomb barrier energies, and can be described with an optical model potential with
standard parameters [14].
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Figure 5. (color online) Differential elastic cross section of °Li and 'Li on 2°®Pb for CM
energies of 23.0 MeV on the left, and 28.2 MeV on the right. The results obtained for *Li on
208 Py are given for both targets. For details on the calculations see text.

On the other hand, the ' Li elastic scattering on 2°*Pb at the same CM energy of 23.0 MeV
shows a smooth angular dependence and a strong suppression with respect to the Rutherford
cross section (see figure 5). To understand this behaviour these data have been compared with
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CDCC calculations, which take into account the large spatial extension of the "'Li nucleus and
the coupling to the breaukup channels. Due to its Borromean structure, the "'Li nucleus should
be described, at least, within a three-model, °Li + n + n, therefore, the treatment of the 'Li
+ 298Pb reaction involves a four-body scattering problem. This kind of calculations have been
performed for ®He + 208Pb using an extension of the CDCC method [15]. However, the elastic
scattering could be also very well described using a two-body model for He (a+2n), provided
that the 2n-core wavefunction reproduces the correct size of the °He system [16]. Given the
complexity of the four-body CDCC calculations, we adopt here also a two-body model for the
ULi nucleus (°Li+2n), and hence treat the scattering process within a three-body framework.
The 2n-°Li interaction is parametrized using a Woods-Saxon potential. The parameters of this
potential, as well as the effective separation energy of the two clusters, are adjusted to reproduce
the 3-body ground state density probability at the relevant distances (r < 4 fm). The resulting
parameters of the Woods-Saxon potential are V) = -39.03 MeV, Ry = 2.7 fm, and a = 0.30 fm.
The effective separation energy is Sy, _or; = 0.54 MeV, which differs from the experimental two-
neutron separation So, = 0.369 MeV [5], since we freeze certain degrees of freedom. This model
yields a root-mean-squared (rms) separation between the two clusters of (ro,_or;) = 5.09 fm,
which is very close to the value obtained in the 'Li three-body model. By contrast, when
one takes for the 2n-?Li system the ''Li two-neutron separation energy, one gets a distance of
5.79 fm. Furthermore, this interaction is able to reproduce the B(E1) distribution obtained at
RIKEN by Nakamura et al. [7].

In addition to the structure model, the other physical ingredients that enter the CDCC
calculation are the cluster-target optical potentials, Li + 2°®Pb and 2n + 2°®*Pb. The real part
of the ?Li + 2%8Pb potential was generated microscopically using the double-folding Sao Paulo
potential (SPP) [17], with the ?Li matter density from Ref. [6] and the 2°*Pb density from a
Hartree-Fock calculation. The corresponding rms values are 2.44(6) fm and 5.53 fm, respectively.
The imaginary part was parametrized using a Woods-Saxon potential. The parameters of the
Woods-Saxon potential W;, r; and a; as well as the normalization of the real part N, were taken
as adjustable parameters in order to reproduce the present Li elastic data at Ej,,=29.7 MeV.
These optical model calculations were performed with the coupled-channels code FRESCO [18],
and further details can be found in [14]. The 2n-2"8Pb potential was generated by means of a
single-folding procedure, by folding the neutron-target interaction, taken from the compilation
of Perey and Perey [19], with the n-n density obtained from the three-body calculation of the
HTi nucleus.

The elastic "'Li + 2%®Pb data for energies below and around the Coulomb barrier are
compared in figure 5 with CDCC calculations with (continuous line) and without (dashed line)
coupling to the continuum.

The experimental data for the elastic scattering of 'Li + 2°®Pb, shown in figure 5, display
a strong reduction with respect to Rutherford, over the whole angular range, at both energies.
This is remarkably different to the behaviour of the data for Li, which behaves as a “normal”
nucleus, following the Rutherford formula at all angles at energies below the barrier (Epp =
24.2 MeV), while at energies above the barrier deviates from Rutherford at angles beyond the
grazing angle.

The special behavior of 'Li is associated to the effect of Coulomb Dipole Polarizability [8].
The weakly bound ''Li, in the strong Coulomb field of the target, gets distorted and eventually
breaks up. This reduces the elastic cross sections in a similar pattern below (Ecy = 23.0 MeV)
and around (Ecy = 28.2 MeV) the Coulomb barrier, where it is remarkable the absence of a well
defined grazing angle. CDCC calculations, that take into account both the effects of Coulomb
and nuclear break-up, reproduce satisfactorily this reduction.

In summary: we present here the first measurement of the elastic scattering of the halo
nucleus "'Li and its core ?Li on 2°®Pb at energies below and around the Coulomb barrier. The
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9Li + 208Pb scattering data behave with the angle as expected and the differential cross section
can be well described within the framework of the optical model. The strong reduction of the
HT;j + 208Ph elastic cross section observed both below and around the Coulomb barrier, along
with the corresponding increase in the break-up cross section, depends strongly on the Coulomb
dipole coupling of the ground state to low energy continuum states in ''Li. A consistent analysis
of the elastic and the break-up differential cross sections, currently in progress, will allow us to
obtain accurate information of the values of the B(E1) distribution at energies close to the
break-up threshold.
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