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Abstract

We have undertaken the study of6Li breakup on a28Si target near the Coulomb barrier through an angular distribution measurement.
particles were recorded in coincidence with deuterons in order to determine exclusively the breakup of lithium. The results are analys
discussed, in a continuum discretized coupled channel framework (CDCC).
 2005 Published by Elsevier B.V.
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For light–heavy ion collisions at low bombarding energi
the emission of light particles is the most usual feature
is associated with various compound or direct reaction ch
nels. For stable nuclei, at near and below barrier energies
compound mechanism is the most dominant, in contrast to
weakly bound nuclei, where direct processes like transfer
breakup, play the most important role[1,2]. In recent years
much effort has been devoted in disentangling these proce
by particle–particle, particle–gamma correlations and in de
mining their relative importance in the total reaction cross s
tion [3–15].
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The study of the breakup of light-ion projectiles like6Li
is of special interest since its cluster nature simplifies calc
tions which can corroborate experimental results and there
enlight this subject. The nucleus6Li is a weakly bound nu-
cleus (6Li → α + d , Sα = 1.471 MeV), which resembles th
halo nucleus6He. In this context, a study of its direct and s
quential breakup may help in understanding the resonant
non-resonant breakup process in halo nuclei[16]. Moreover,
the breakup of6Li, as a coupled channel effect, is directly co
nected with the anomalous behaviour of the optical poten
around barrier with consequences on sub-barrier fusion.

We have studied recently theα-particle yield, produced by
the scattering of6Li on a28Si target at near barrier energies[2].
According to our study which included CDCC calculations,
yield was attributed to breakup and transfer reactions. As it
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suggested, the two processes had to be unfolded in order to
valuable conclusions about the reaction mechanisms in thi
teresting energy region. In this context, we report in this Le
a study of the exclusive breakup of6Li on 28Si, in a complete
coincidence experiment.

Our experimental setup has been described in detail in a
vious work [17] and only a short summary pertinent in th
work, will be given here. In principle, we follow the expe
mental technique of the work outlined in[5,6]. A 6Li+3 beam
at 13 MeV, was delivered by the TN11/25 HVEC 5.5 MV Ta
dem accelerator of the National Research Center of Gre
DEMOKRITOS. Beam currents were of the order of 30 n
The beam impinged on a 210 µg/cm2 thick, self supported
natural silicon target, tilted by±45◦ (depending on the de
tector position) and the reaction products were detected
three telescopes set∼ 13 to 17 cm far from the target. Tele
scope 1 (�E = 100 µm,E = 1500 µm) was set on the upp
rotating table and used to detect deuterons. In this teles
lithium ions and some of theα’s were stopped in the firs
detector, while deuterons were well discriminated from p
tons with the�E − E technique (seeFig. 1). Telescopes 2
and 3 (�E = 10 µm,E = 200 µm) were set on a bottom r
tating table, concentric to the top one and were used to d
α’s. These telescopes were separated by 20 degrees from
other and were able to discriminate between alphas and e
lithium elastic scattering events. Elastic lithium was accep
in the acquisition occasionally, for normalisation purposes
the main runs, it was gated out electronically in order to m
imise the dead-time of the acquisition system. In that way
higher energy part of the alpha particles were also gated
This was not a problem however, since the phase space
the detection of the two fragments in coincidence, was lim
due to�E restrictions, as will be explained later. An add
tional Si detector of 200 µm was set in an arm fixed at◦
to be used also for normalisation. Telescope 1 was kept fi
at four positions, that is at 30◦, 40◦, 60◦ and 70◦, while tele-
scopes 2 and 3 were rotated in order to obtain the follow

Fig. 1. Two-dimensional,�E − E, spectra taken at 13 MeV, with telescope
(top) and telescope 2 (bottom).
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pair of angles:θd/θα = 30/20, 30/40, 40/30, 40/50, 60/30,
60/50, 70/40, 70/60, 30/55, 30/75. These pairs correspon
to the following angles of6Li∗ in the center-of-mass system
θc.m. = 29◦, 45◦, 41◦, 56◦, 49◦, 64◦, 60◦, 76◦, 57◦ and 75◦, cor-
respondingly[18] (see also similar plots of kinematics in[5,6],
appropriate also in the present work). Data in single, and co
dence mode between telescopes 1 and 2 and telescopes 1
were simultaneously recorded in our acquisition. Finally,
exclusive results (coincidenceα–d events) were determined o
line. Our analysis was found to be consistent with our prev
α-production measurements[2] giving support to our normali
sation.

The breakup fragmentsα andd , may originate either by a se
quential or/and a direct process. Events due to sequential d
of 6Li∗ are confined to cones of angular width, which are de
mined by their relative energyEα,d and the laboratory energy o
the projectile[19]. Due to the fixed relative energy between
fragments in sequential-decay events, the fragments are
fined to cones with a given maximum opening angle. For
first excited state of Li-6 at 2.18 MeV, the maximum sepa
tion is �θ ∼ 32◦. Therefore, most of our exclusive measu
ments are confined inside this sequential cone and the obt
breakup cross sections are due to a sum of all the sequentia
direct processes. On the other hand, the measurement wi
pair of detectors at 30/75 is well out of the sequential cone a
the breakup events are due to all direct and sequential proce
except for the sequential via the first excited state of6Li. Since
the sequential decay due to the 3+ state is the most dominan
(see calculations later in the text), this measurement give
upper limit for the non-resonant breakup.

For each of the above mentioned telescope positions, e
sive yields (Fig. 2) are determined and transfered to labo
tory double differential cross sections (d2σ/dΩα/dΩd ) using
a detection efficiency estimated through a MONTE CAR
code[20]. Two types of breakup processes are considered
quential (via the 3+, 1+, 2+ excited states of6Li, adopting a
Lorentzian distribution probability) and direct (excitation e
ergy width 1.47 to 10.6 MeV). In all simulations the break
fragments are assumed to be emitted isotropically in the
frame of6Li. Assuming isotropic decay in the rest frame of L
may not completely account for the efficiency for each of
different angular momentum states. But since the beam is
polarized, then the changes with angle are small and sm
over the small range of angles covered by our detectors. A
angle where the effect can be greatest, an error at most o
is estimated. Subsequently laboratory cross sections are t
ferred to center-of-mass ones by using the code RELKIN[21].
Finally, the results are corrected for the limited phase sp
(accounting to∼ 50%), seen by the two fragments due to
thickness of the�E detectors of the telescopes and the co
cidence requirements between the two telescopes. Kinem
for the two fragments and their phase space are calculate
cording to Ohlsen[18]. The low and high energy limits of th
alphas and deuterons are determined taking into accoun
stopping powers of Ziegler[22]. The results, are presented
Fig. 3, where they are compared with CDCC calculations.
one angle, namelyθc.m. = 75◦, the datum designated with a st
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Fig. 2. Exclusive breakup spectra. Top figure: Alpha particles detected at 2◦ in
coincidence with deuterons detected at 30◦. Bottom figure: deuterons detecte
at 30◦ in coincidence withα’s detected at 20◦. The peak in both figures cor
responds to sequential breakup via the 3+ excited state of lithium. This is the
low energy solution. The high energy solution is cut off due to the limited ph
space seen in this experiment. Finally, it has to be noted that for a bette
play of the data, due to the choice of counts binning as a function of energ
y axis presents fraction of counts.

refers to data collected outside the sequential cone for the d
of 6Li from the 3+ excited state, and therefore this data po
refers mainly to direct breakup.

CDCC calculations were performed using version FRXP
of the code FRESCO[23]. The model used is very clos
to that of Ref.[24]. It is assumed that the nucleus6Li has
a two-body α + d cluster structure. Couplings to the 3+
(Eα,d = 0.704 MeV), 2+ (Eα,d = 2.834 MeV) and 1+ (Eα,d =
4.154 MeV) resonant states are included, as well as coup
to the non-resonantα–d continuum. The resonant states a
treated as momentum bins, with widths corresponding to
2.0 and 3.0 MeV. The continuum is truncated at an excita
energy of about 10.6 MeV, corresponding to the relative m
mentum of the two clustersk = 0.78 fm−1. It is discretized
into bins of equal width,�k = 0.26 fm−1. In the presence
of resonances, the discretisation is slightly modified in or
to avoid double counting. Couplings between all the clu
states corresponding to theα–d relative orbital angular mo
mentumL = 0,1,2 are included. Theα + d binding potential
is of Woods–Saxon shape, with parametersR = 1.9 fm and
a = 0.65 fm [25]. All the diagonal and coupling potentia
include Coulomb and nuclear components and are calcu
from empiricalα + 28Si [26] andd + 28Si [27] optical model
potentials by means of the single-folding technique. It can
noted that, CDCC calculations describe well the measured
gular distribution of the differential cross sections for6Li +28Si
elastic scattering. The results of the calculation for the an
lar distribution of total breakup cross sections are prese
in Fig. 3 with the solid line. This distribution leads to a tot
breakup cross section equal toσb = 16.8 mb. In the same fig
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Fig. 3. Experimental and theoretical angular distributions in the center of m
for the breakup of6Li on 28Si. The experimental data, referring to total break
are designated with filled circles, while the datum referring to direct brea
with a star (see text). The associate errors are due to statistics. CDCC
section calculations for total breakup are presented with the solid line (nu
contribution with the dotted-dashed line and the Coulomb contribution with
dotted line), while for a sequential breakup via the 3+ state with a dashed lin
(nuclear contribution with the open cross line and the Coulomb contribu
with the little star line).

ure, the angular distribution of cross section due to seque
breakup via the 3+ state is also presented with the dashed l
According to our calculation, this is the most dominant r
onant process. This fact is demonstrated inFig. 4, where the
ratio of the resonant breakup via the 3+ state over the sum o
all resonant processes (3+, 1+, 2+) is plotted as a function o
the6Li∗ angle in the center-of-mass. It is seen that breakup
to the 3+ sequential decay is the most dominant at forward
gles (at 30 deg 97% of total resonant breakup), while it decl
slightly at backward angles (at 80 deg by∼ 87% of total res-
onant breakup). It should be noted that the 3+ dominance is
partly supported by our experimental spectra (Fig. 2) where
only an energy peak appears associated with the 3+ decay.
However, the statistics are very poor to support fully that vi
In the same figure, the ratio of the direct breakup (non-reso
continuum) over total breakup (resonant+ non-resonant) is
also shown as a function of the angle. The last ratio is c
pared with one experimental point (ratio of the cross sectio
θc.m. = 75◦ obtained with the pair of detectors at 30◦–75◦, over
the cross section atθc.m. = 76◦, obtained with the pair of de
tectors at 70◦–60◦ that is outside and inside the sequential co
of the 3+ excited state of6Li) which represent an upper lim
to the direct part and includes a small part due to seque
breakup via the 2+ and 1+ resonant states. It is seen that bo
theory and experiment point out that the direct contribution
breakup is substantial with increasing trend to forward ang
as expected. Additionally to that, we present inFig. 3 our cal-
culations in respect with the Coulomb and nuclear contribu
for the total breakup as well as the sequential via the 3+ ex-
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Fig. 4. The predominance of the 3+ sequential breakup in the resonant p
of the breakup is displayed in this figure with calculated ratios of seque
breakup via the 3+ state over total resonant breakup(sequential via 3+, 1+
and 2+) as a function of the6Li∗ center of mass angle (filled circles). Mor
over, the existence of a substantial direct breakup component is outlined
the calculated ratios of direct breakup over the total breakup which are
sented with solid stars. With the latter ratios, one experimental point atθc.m. is
compared, designated with a square. This point is not purely direct, includi
least 10% of sequential breakup via the second and third resonant state6Li.
As it is seen however from the first plot, the correction is small and if it will
applied will bring the datum closer to the calculation.

cited state. It is seen that the Coulomb contribution is stron
in the sequential decay while at forward angles the nuclear
tribution is the strongest in the non-resonant breakup. This
result is supported by the experimental point atθc.m. = 29 deg.
A large nuclear breakup contribution at forward angles w
observed previously by Hirabayashi and Sakuragi[28], but at
much higher energies.

In general, as it can be seen fromFigs. 3 and 4, the exper-
imental results support the theory in a satisfactory way, b
quantitatively and qualitatively, although theory shows a sli
trend to underestimate the data. It has to be noted however
this comparison is liable to the following shortcomings. T
range of angles where data exist is narrow and moreover
to the adopted technique, the phase space seen by the de
fragments is limited to 50% of the true phase space. The co
tion for the phase space increases the statistical error rep
in the figures by a factor of most of 3% due to the error
signed in the phase correction, ranging from 5% to 8%. In
case, the experimental data show that the theoretical cal
tion for a total breakup cross section of∼ 17 mb is a very good
prediction. Taking into account theα-production cross sectio
and total reaction cross section obtained previously[17] as 533
and 954 mb, respectively, we conclude that the reaction c
nel of breakup at near barrier energies is negligible. There
the variation of the optical potential anomaly at barrier betw
6Li and stable projectiles has to be sought elsewhere, and
ticularly in the transfer channels as it was underlined rece
l
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[2,29]. On the other hand in a previous exclusive breakup m
surement of6Li + 208Pb[4] the obtained cross section is high
by almost a factor of 5, indicating a strong target depende
We would like also to draw attention to the following poin
Our laboratory coincidence cross sections, except the d
at forward angles (θc.m. = 29◦), can be factorized into a prod
uct of inclusive alpha and inclusive deuteron cross sections[15]
(d2σ/[dΩ(α)dΩ(d)](exclusive) = K · [dσ/dΩ(α-inclusive)]·
[dσ/dΩ(d-inclusive)]) with a factorK = (1.1 ± 0.3) × 10−3.
This value is in fair agreement with a factor ofK = 4.5× 10−3

obtained for6Li + 120Sn previously[15]. This may indicate
that most of the breakup fragments,α andd , observed in the
present experiment at backward angles might be thought
arising by a two step process where after the6Li breakup, one
of the fragments undergoes a further inelastic interaction
the target (e.g., incomplete fusion-ICF), while subsequent
is re-emitted. It should be noted however that according to
authors of[15] this factorization is true for in plane data, as
the present case and not for data observed out of plane.
ther investigation into that direction should be pursued, whi
becomes obvious, once more, that the reaction mechanis
barrier is a very complicated subject which has a long way
to go in order to become fully understood.

In summary, we have presented results both experime
and theoretical, on the breakup of6Li on 28Si at 13 MeV. Exper-
iment and theory show a satisfactory compatibility and pre
a very low total breakup cross section. This result calls for
ther work in the direction of other direct reaction channels,
transfer reactions in order to enlight the controversy of the o
cal potential anomaly between weakly bound and stable nu
We have attempted also to unfold the resonant from the
resonant part of the breakup as a function of angle. It ca
concluded that the direct breakup is substantial, accountin
almost∼ 50% of the total breakup. Moreover, at forward ang
the direct breakup has a strong nuclear contribution.
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