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Abstract

We have undertaken the studyifi breakup on #8Si target near the Coulomb barrier through an angular distribution measurement. Alpha
particles were recorded in coincidence with deuterons in order to determine exclusively the breakup of lithium. The results are analysed and
discussed, in a continuum discretized coupled channel framework (CDCC).

0 2005 Published by Elsevier B.V.
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For light-heavy ion collisions at low bombarding energies, The study of the breakup of light-ion projectiles liRei
the emission of light particles is the most usual feature ands of special interest since its cluster nature simplifies calcula-
is associated with various compound or direct reaction chartions which can corroborate experimental results and therefore
nels. For stable nuclei, at near and below barrier energies, thenlight this subject. The nuclelfi is a weakly bound nu-
compound mechanism is the most dominant, in contrast to theleus fLi — « + d, S, = 1.471 MeV), which resembles the
weakly bound nuclei, where direct processes like transfer antlalo nucleu$He. In this context, a study of its direct and se-
breakup, play the most important rg&,2]. In recent years, quential breakup may help in understanding the resonant and
much effort has been devoted in disentangling these processesn-resonant breakup process in halo nufléj]. Moreover,
by particle—particle, particle—gamma correlations and in deterthe breakup ofLi, as a coupled channel effect, is directly con-
mining their relative importance in the total reaction cross secnected with the anomalous behaviour of the optical potential
tion [3—15]. around barrier with consequences on sub-barrier fusion.
We have studied recently theparticle yield, produced by
the scattering ofLi on a28Si target at near barrier energies.
** Corresponding author. According to our study which included CDCC calculations, the
E-mail addressapakou@cc.uoi.giA. Pakou). yield was attributed to breakup and transfer reactions. As it was
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suggested, the two processes had to be unfolded in order to draair of angles®,/6, = 30/20, 3¢/40, 40/30, 40/50, 60/30,
valuable conclusions about the reaction mechanisms in this ir60/50, 7¢/40, 7¢/60, 3¢/55, 3Q/75. These pairs correspond
teresting energy region. In this context, we report in this Lettetto the following angles ofLi* in the center-of-mass system,
a study of the exclusive breakup &fi on 28Si, in a complete 6. = 29°, 45°, 41°, 56°, 49, 64°, 60°, 76°, 57° and 753, cor-
coincidence experiment. respondingly{18] (see also similar plots of kinematics|i,6],

Our experimental setup has been described in detail in a preppropriate also in the present work). Data in single, and coinci-
vious work [17] and only a short summary pertinent in this dence mode between telescopes 1 and 2 and telescopes 1 and 3,
work, will be given here. In principle, we follow the experi- were simultaneously recorded in our acquisition. Finally, the
mental technique of the work outlined j&,6]. A 6Li*t3 beam  exclusive results (coincidenaed events) were determined off
at 13 MeV, was delivered by the TN11/25 HVEC 5.5 MV Tan- line. Our analysis was found to be consistent with our previous
dem accelerator of the National Research Center of Greece~production measuremen] giving support to our normali-
DEMOKRITOS. Beam currents were of the order of 30 nA. sation.

The beam impinged on a 210 f@n? thick, self supported The breakup fragmentsandd, may originate either by a se-
natural silicon target, tilted by-45° (depending on the de- quential or/and a direct process. Events due to sequential decay
tector position) and the reaction products were detected bgf 6Li* are confined to cones of angular width, which are deter-
three telescopes set 13 to 17 cm far from the target. Tele- mined by their relative energly, ; and the laboratory energy of
scope 1 AE = 100 um,E = 1500 um) was set on the upper the projectilg19]. Due to the fixed relative energy between the
rotating table and used to detect deuterons. In this telescogeagments in sequential-decay events, the fragments are con-
lithium ions and some of the’s were stopped in the first fined to cones with a given maximum opening angle. For the
detector, while deuterons were well discriminated from pro-first excited state of Li-6 at 2.18 MeV, the maximum separa-
tons with theAE — E technique (sedig. 1). Telescopes 2 tion is A6 ~ 32°. Therefore, most of our exclusive measure-
and 3 AE =10 um, E = 200 um) were set on a bottom ro- ments are confined inside this sequential cone and the obtained
tating table, concentric to the top one and were used to detebreakup cross sections are due to a sum of all the sequential and
a’s. These telescopes were separated by 20 degrees from eatirect processes. On the other hand, the measurement with the
other and were able to discriminate between alphas and elasfiair of detectors at 30’5 is well out of the sequential cone and
lithium elastic scattering events. Elastic lithium was acceptedhe breakup events are due to all direct and sequential processes,
in the acquisition occasionally, for normalisation purposes. Irexcept for the sequential via the first excited statBlof Since
the main runs, it was gated out electronically in order to min-the sequential decay due to thé 8tate is the most dominant
imise the dead-time of the acquisition system. In that way thé€see calculations later in the text), this measurement gives an
higher energy part of the alpha particles were also gated outipper limit for the non-resonant breakup.
This was not a problem however, since the phase space, for For each of the above mentioned telescope positions, exclu-
the detection of the two fragments in coincidence, was limitedsive yields Fig. 2) are determined and transfered to labora-
due to AE restrictions, as will be explained later. An addi- tory double differential cross sectiong’¢/d$2,/d2,;) using
tional Si detector of 200 pm was set in an arm fixed &t 40 a detection efficiency estimated through a MONTE CARLO
to be used also for normalisation. Telescope 1 was kept fixedode[20]. Two types of breakup processes are considered; se-
at four positions, that is at 3040°, 60° and 70, while tele-  quential (via the 3, 1+, 2+ excited states ofLi, adopting a
scopes 2 and 3 were rotated in order to obtain the followind-orentzian distribution probability) and direct (excitation en-
ergy width 1.47 to 10.6 MeV). In all simulations the breakup

2000E fragments are assumed to be emitted isotropically in the rest
- : “M frame ofLi. Assuming isotropic decay in the rest frame of Li,
8 1500; ; ‘“‘*m«m,,om may not completely account for the efficiency for each of the
§ 10000 Eiaae® different angular momentum states. But since the beam is not

B polarized, then the changes with angle are small and smooth

500¢ f ——— b over the small range of angles covered by our detectors. At an
0 P! sy A angle where the effect can be greatest, an error at most of 3%
0 1000 1500 2000 is estimated. Subsequently laboratory cross sections are trans-
2000F

ferred to center-of-mass ones by using the code RELRIN.
Finally, the results are corrected for the limited phase space
g (accounting to~ 50%), seen by the two fragments due to the
10008 thickness of theA E detectors of the telescopes and the coin-

g i cidence requirements between the two telescopes. Kinematics
for the two fragments and their phase space are calculated ac-
cording to Ohlserj18]. The low and high energy limits of the
alphas and deuterons are determined taking into account the
stopping powers of ZieglgR2]. The results, are presented in
Fig. 1. Two-dimensionalAE — E, spectra taken at 13 MeV, with telescope 1 Fig. 3, where they are compared with CDCC calculations. At
(top) and telescope 2 (bottom). one angle, namel m. = 75°, the datum designated with a star,
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Fig. 2. Exclusive breakup spectra. Top figure: Alpha particles detected &t 20

coincidence with deuterons detected at 3Bottom figure: deuterons detected F19- 3- Expenmegtql anzogtheorencal angular distributions in the center of mass,
at 30° in coincidence withy's detected at 2Q The peak in both figures cor- for the breakup ofLi on <°Si. The experimental data, referring to total breakup,

responds to sequential breakup via thecited state of lithium. This is the are designated with filled circles, while the datum referring to direct breakup

low energy solution. The high energy solution is cut off due to the limited phaséNith,a star (see_ text). The associate errors are due t_o statistic_s. ,CDCC Cross
space seen in this experiment. Finally, it has to be noted that for a better disection calculations for total breakup are presented with the solid line (nuclear

play of the data, due to the choice of counts binning as a function of energy. thgontribution with the dotted-dashed line and the Coulomb contribution with the
y axis presents’fraction of counts. ' " dotted line), while for a sequential breakup via the &ate with a dashed line

(nuclear contribution with the open cross line and the Coulomb contribution
with the little star line).

refers to data collected outside the sequential cone for the decay
of 8Li from the 3t excited state, and therefore this data pointure, the angular distribution of cross section due to sequential
refers mainly to direct breakup. breakup via the 8 state is also presented with the dashed line.

CDCC calculations were performed using version FRXP.18\ccording to our calculation, this is the most dominant res-
of the code FRESC(Q23]. The model used is very close onant process. This fact is demonstratedrig. 4, where the
to that of Ref.[24]. It is assumed that the nucle§ki has ratio of the resonant breakup via th& 3tate over the sum of
a two-body o +d cluster structure. Couplings to the™3 all resonant processes(31", 2") is plotted as a function of
(Eg.g =0.704 MeV), 2" (Ey.q =2.834 MeV) and T (Ey.qg = thebLi* angle in the center-of-mass. It is seen that breakup due
4.154 MeV) resonant states are included, as well as coupling® the 3~ sequential decay is the most dominant at forward an-
to the non-resonant— continuum. The resonant states aregles (at 30 deg 97% of total resonant breakup), while it declines
treated as momentum bins, with widths corresponding to 0.1slightly at backward angles (at 80 deg ty87% of total res-
2.0 and 3.0 MeV. The continuum is truncated at an excitatioronant breakup). It should be noted that the dGminance is
energy of about 10.6 MeV, corresponding to the relative moypartly supported by our experimental spectfég( 2) where
mentum of the two clusters = 0.78 fm™L. It is discretized only an energy peak appears associated with thed&cay.
into bins of equal width,Ak = 0.26 fm™. In the presence However, the statistics are very poor to support fully that view.
of resonances, the discretisation is slightly modified in ordeitn the same figure, the ratio of the direct breakup (non-resonant
to avoid double counting. Couplings between all the clustecontinuum) over total breakup (resonantnon-resonant) is
states corresponding to the-d relative orbital angular mo- also shown as a function of the angle. The last ratio is com-
mentumL =0, 1, 2 are included. The + d binding potential  pared with one experimental point (ratio of the cross section at
is of Woods—Saxon shape, with paramet&s= 1.9 fm and 6., = 75° obtained with the pair of detectors at°3d5°, over
a = 0.65 fm [25]. All the diagonal and coupling potentials the cross section &, = 76°, obtained with the pair of de-
include Coulomb and nuclear components and are calculatadctors at 70-60° that is outside and inside the sequential cone
from empiricala 4+ 28Si [26] andd + 28Si [27] optical model  of the 3" excited state ofLi) which represent an upper limit
potentials by means of the single-folding technique. It can beéo the direct part and includes a small part due to sequential
noted that, CDCC calculations describe well the measured amreakup via the 2 and 1™ resonant states. It is seen that both
gular distribution of the differential cross sectionsfbi +28Si  theory and experiment point out that the direct contribution to
elastic scattering. The results of the calculation for the angubreakup is substantial with increasing trend to forward angles,
lar distribution of total breakup cross sections are presenteds expected. Additionally to that, we presentig. 3 our cal-
in Fig. 3 with the solid line. This distribution leads to a total culations in respect with the Coulomb and nuclear contribution
breakup cross section equaldg = 16.8 mb. In the same fig- for the total breakup as well as the sequential via thee&-
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140 L ] [2,29]. On the other hand in a previous exclusive breakup mea-
surement ofLi + 298Pb[4] the obtained cross section is higher
by almost a factor of 5, indicating a strong target dependence.
We would like also to draw attention to the following point.
I ] Our laboratory coincidence cross sections, except the datum
100 - ° e, ] at forward anglesté; . = 29°), can be factorized into a prod-
i o ] uct of inclusive alpha and inclusive deuteron cross secfitiis
80 1 ] (d%0/[d 2 (a) d2(d)](exclusive = K - [do/d 2 (a-inclusive]-
I * ] [do/d $2(d-inclusive]) with a factork = (1.1 + 0.3) x 1073,
60 - 7 This value is in fair agreement with a factor kf= 4.5 x 103
i *x 1 obtained forbLi + 129Sn previously[15]. This may indicate
40 - * e 5 that most of the breakup fragments,andd, observed in the
present experiment at backward angles might be thought of as
20 L . arising by a two step process where after thebreakup, one
I ] of the fragments undergoes a further inelastic interaction with
oL ] the target (e.g., incomplete fusion-ICF), while subsequently it
0 10 20 30 40 50 60 70 80 90 100 is re-emitted. It should be noted however that according to the
e, (L) authors of[15] this factorization is true for in plane data, as is
the present case and not for data observed out of plane. Fur-
Fig. 4. The predominance of the"3sequential breakup in the resonant part ther investigation into that direction should be pursued, while it
of the breakup is displayed in this figure with calculated ratios of sequentiabecomeS obvious, once more, that the reaction mechanisms at

breakup via the 8 state over total resonant breakup(sequential Via B" barrier is a ver molicated subiect which h lona w dll
and 2") as a function of théLi* center of mass angle (filled circles). More- arrier is a very complicated subjec chhas along way s

over, the existence of a substantial direct breakup component is outlined with® 90 in order to become fully understood.

the calculated ratios of direct breakup over the total breakup which are pre- In summary, we have presented results both experimental

sented with solid stars. With the latter ratios, one experimental poiiatratis  and theoretical, on the breakup®f on 28Si at 13 MeV. Exper-

compared, designate_d with asquare. This point is not p_urely direct, inclgding 3ment and theory show a satisfactory compatibility and predict

least 10% of sequential breakup via the second and third resonant staie of . .

As it is seen however from the first plot, the correction is small and if it will be avery IOW_ total bfeakgp Cross SeCt_IOI’l. This r_ESU|t calls for f_ur'

applied will bring the datum closer to the calculation. ther work in the direction of other direct reaction channels, like
transfer reactions in order to enlight the controversy of the opti-
cal potential anomaly between weakly bound and stable nuclei.

cited state. It is seen that the Coulomb contribution is strongeWe have attempted also to unfold the resonant from the non-

in the sequential decay while at forward angles the nuclear corresonant part of the breakup as a function of angle. It can be

tribution is the strongest in the non-resonant breakup. This lastoncluded that the direct breakup is substantial, accounting for

result is supported by the experimental poinfat, =29 deg.  almost~ 50% of the total breakup. Moreover, at forward angles

A large nuclear breakup contribution at forward angles wagshe direct breakup has a strong nuclear contribution.

observed previously by Hirabayashi and Sakufagi, but at
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