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Exclusive breakup of "Li incident on a proton target at 5.44A MeV
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An exclusive measurement of the breakup of ’Li incident on a proton target was performed at 38.1 MeV
(5.44 MeV /nucleon), probing the direct part of the excitation to the continuum. The two cluster constituents of
7Li, *He, and *H, were recorded in coincidence in the MAGNEX spectrometer and a silicon detector respectively.
Both detection systems were set at forward angles and the measurement of both kinematical solutions allowed
the determination of a breakup angular distribution over a wide angular range in the center-of-mass frame.
Comprehensive simulations provided the detection efficiency of the system and via the appropriate kinematics the
transformation of the cross sections from the laboratory to the center-of-mass reference frame. The experimental
results are analyzed and discussed together with previous elastic scattering data using the Continuum Discretized
Coupled Channels (CDCC) framework and are found to be in satisfactory agreement. It was found that while the
breakup cross section was dominated by the nonresonant component, the most important influence on the elastic

scattering was due to coupling to the 7/2~ resonance of "Li.
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I. INTRODUCTION

With the advent of radioactive beam facilities, elastic
scattering of exotic nuclei has proved to be a powerful tool
for investigating channel coupling effects, especially at near
barrier energies [1-3]. At the same time, research has contin-
ued into reactions induced by stable weakly bound nuclei [4].
Weakly bound nuclei present strong cluster structures with
small separation energies and thus break up very easily.
Breakup cross sections have been measured with the aim
of extracting structure properties, for providing information
relevant to astrophysics, and for exploring the influence of
breakup coupling on the elastic scattering by enabling the
strength of these couplings to be fixed accurately. Standard
methods, for example the Continuum Discretized Coupled
Channels (CDCC) approach, have been developed to study
breakup and its influence on elastic scattering at near barrier
energies. In many of these investigations strong coupling
effects on the elastic scattering do not seem to be connected
directly to the observation of large breakup or transfer reaction
cross sections. Specifically, in Ref. [5] the authors investigated
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breakup coupling effects on near barrier °Li, "Be, and *B +
8Ni elastic scattering in the CDCC approach. They observed
the following paradox: SLi, with a relatively small breakup
cross section, exhibits an important breakup coupling effect
on the elastic scattering, whereas 8B, with a large breakup
cross section, shows a very modest coupling effect. Further
investigation of this subject is necessary and will be pursued
in this work.

Motivated by the above aspects, we present exclusive
breakup measurements for 'Li incident on a proton target
which, together with the chosen energy, should ensure that the
breakup cross section is dominated by direct (i.e. nonresonant)
decay to the continuum. The "Li nucleus has a well established
a + ¢ cluster structure with a relatively large separation energy
of 2.47 MeV in comparison with the o + 3He separation
energy of 1.59 MeV of its radioactive mirror nucleus ’Be.
The breakup fragments, o and ¢, may originate either from
sequential and/or direct processes. By sequential breakup
we mean excitation of a relatively long-lived resonant state
in the "Li continuum which subsequently decays into an o
particle and a triton, as opposed to direct breakup which omits
the intermediate step of the excitation of the resonant state.
As the available energy of the reaction in this experiment
is 2.28 MeV, we excite only marginally the first resonant
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FIG. 1. Elastic scattering of Li+ p at 38.1 MeV. Details of
the data collection and reduction are given in Ref. [6]. The
solid black curve (labeled “CDCC”) denotes the full calculation,
including couplings to the o + ¢ continuum. The dotted red curve
(labeled “1 - channel”) denotes the result of a calculation including
ground state reorientation of ’Li only. The dot-dashed blue curve
(labeled “2 - channel”) denotes the result of a calculation including
ground state reorientation and excitation of the 0.478 MeV 1/2~
bound first excited state of "Li.

state of 'Li at 4.63 MeV (2.16 MeV above the breakup
threshold) and thus expect a very low contribution from
resonant breakup to the total breakup cross section. Our
analysis also includes the previously reported elastic scattering
data [6], and both observables are interpreted simultaneously
in the CDCC approach. The experiment was performed in
inverse kinematics not only to mimic the situation with a
radioactive beam, but also because the breakup fragments
are thereby restricted to a small forward angular range in
the laboratory system, increasing the statistical accuracy of
the measurement but still preserving high angular resolution
thanks to the use of the MAGNEX spectrometer [7]. The
separation of the two kinematical solutions also allowed the
determination of an angular distribution over a wide angular
range in the center-of-mass frame.

The experimental setup has been described in detail else-
where [6,8] and we will refer to it briefly in Sec. II. In the same
section we will give information for the data reduction. Finally
in Sec. III we will describe our CDCC approach for both elastic
scattering and breakup on the same footing, with an appropriate
discussion. This section will be followed by a summary.

II. EXPERIMENTAL DETAILS AND DATA REDUCTION

The experiment was performed at the Istituto Nazionale
di Fisica Nucleare Laboratori Nazionali del Sud (INFN-
LNS) in Catania, Italy. The "Li** beam was accelerated by
the TANDEM Van de Graaff accelerator to 38.1 MeV and
impinged on a 240 ug/cm? CH, target, initially for an elastic
scattering measurement. These results were reported in Ref. [6]
but we present the angular distribution again in Fig. 1, together
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FIG. 2. Two dimensional energy spectrum determined at
38.1 MeV (5.44 MeV /nucleon) representing coincidence events of
the two Li breakup fragments: o energy versus triton or proton
energy. The o’s were recorded in the MAGNEX spectrometer
over an angular range of 6y, = 0° to 10°, while the tritons and
recoiling protons were registered in a silicon detector set at O, = 5°.
Superimposed on the experimental spectrum, denoted in black, are
simulations of the first and second kinematical solutions, denoted
as red and green dots respectively. The simulation represents in an
excellent way the data in the left- and right-hand loci originating
from «’s in coincidence with tritons. The locus in the middle of the
experimental (black) spectrum comes from coincidences of «’s with
the recoiling protons.

with the results of CDCC calculations, described below. For
the present exclusive breakup measurement a thicker target
of 400 pg/cm? was used to increase the statistics. The «
fragments were momentum analyzed by MAGNEX [7] with
the optical axis set at 6,5 = 4° and detected by the focal plane
detector [9,10]. The spectrometer worked with full horizontal
angular acceptance and wide open vertical acceptance as the
counting rate for this measurement was low, not affecting the
silicon detectors of the focal plane. The elastically scattered "Li
ions were “masked” by appropriate magnetic fields, allowing
the detection of «’s in an energy slice between 12 and
19 MeV. A small remainder of elastic scattering was rejected
offline by the appropriate cuts in two-dimensional AE vs
(AE + E) spectra, obtained from the focal plane gas and
silicon detectors [9]. The other breakup fragments, the tritons,
were detected in a silicon detector set at 0),, = 5°. This detector
was masked by a 69.5 pum thick tantalum foil to prevent
deterioration from Rutherford scattering. This foil absorbed all
the «’s but allowed protons and tritons to pass. Protons were
well discriminated from tritons as can be seen in Figs. 2 and 3.
Figure 2 displays a-triton coincidence events and the two loci
to the right and left of the figure, originating from the first and
second kinematical solutions of the ’Li breakup respectively,
are well discriminated from recoiling protons in coincidence
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FIG. 3. Exclusive breakup spectrum acquired in the 5° silicon
detector with the CH, target (« + ¢ or p coincidences). Simulations
for the first and second solution for @ + ¢ coincidences are denoted
by the dot-dashed red and green lines respectively. The middle peak
corresponds to o + p coincidences. The spectrum in blue represents
an exclusive spectrum acquired with the carbon target, appropriately
normalized.

with o’s (middle locus). Other observed loci are due to the
carbon contained in the CH, target. These spurious loci can
be identified in Fig. 4 which displays a-triton coincidences
from the run with the carbon target. Note that the carbon
background was ~27% and mainly affected the first solution.
The one-dimension coincident spectrum acquired in the 5°
silicon detector is displayed in Fig. 3 in black. Superimposed

Energy-t(p) (MeV)

FIG. 4. As in Fig. 2 but for « + ¢ coincidences from "Li + '2C
breakup.
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on the same figure in blue is a spectrum obtained with the
carbon target, appropriately normalized.

The data reduction technique, based on the ray reconstruc-
tion of the data, is described in Refs. [11-14]. Exclusive yields
were determined for pairs of angles every 0.5° for a’s observed
in MAGNEX over the angular range 0° to 10°, combined
with tritons observed at the fixed angle of 5°. This was done
first for data acquired with the CH, target and then with the
carbon one. Net yields were obtained by subtraction of the
carbon yield appropriately normalized to flux and scattering
centers of the CH, runs. The net yields were transformed to
laboratory double differential cross sections (d*c/dQ,d<2)
using a detection efficiency estimated with a Monte Carlo
three-body simulation code [15] which took into account the
"Li + p reaction leading to an excited state of ’Li with
an angular distribution obtained from a CDCC calculation,
described below. The 7Li randomly acquires an energy within
one of the continuum bins specified in the CDCC calculation,
either the resonant one at4.63 MeV (2.163 +0.109 MeV above
the breakup threshold) or one of the nonresonant ones. The
excited lithium breaks into two fragments, o and triton, with
one emitted with randomly specified energy and momentum
and the other with energy and momentum fulfilling the usual
conservation laws in the rest frame of the 7Li*. The energy
distributions of the fragments thus obtained are transformed to
the laboratory system by imposing a Galilean transformation
followed by the appropriate rotation. The simulated energy
distributions for both kinematical solutions are presented in
a two-dimensional «-vs-triton energy spectrum in Fig. 2 and
a one-dimensional triton spectrum in Fig. 3. The excellent
agreement between experiment and the simulation based on the
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FIG. 5. Experimental and theoretical angular distributions, in the
center-of-mass frame, for the "Li — o + ¢ breakup for "Li incident
on protons at 38.1 MeV. The experimental data, corresponding to the
first kinematical solution, are denoted by filled red circles while the
data corresponding to the second kinematical solution are denoted by
green stars. The solid black line represents the result of the full CDCC
calculation. The dot-dashed blue curve denotes the contribution of
breakup via the 4.63 MeV 7/2~ resonance, multiplied by a factor of
20 in order to make it visible.
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CDCC calculation reinforces the realism of the “philosophy”
behind the CDCC approach. Comparison of gated and ungated
energy spectra of the fragments in the laboratory system, the
gated one being obtained by taking into account the specific
geometry of MAGNEX and the silicon detector and the angular
range covered, gave the efficiency of the detection system.
For the transformation of the laboratory cross sections to
the center-of-mass frame, for each pair of laboratory angles
(Opair = 0.5°-5°, 1.0°-5°, 1.5°-5°, etc.) the corresponding
-of-mass angles for both kinematical solutions were calculated,
taking into account the appropriate relations according to
Ohlsen [16]. Using the CDCC calculation a mean excitation
energy (weighted with the cross section of each state) for
the breakup system was then attributed to each of these
angles. Finally, the appropriate Jacobians were deduced for
this excitation energy. The resulting angular distributions for
both kinematical solutions are displayed in Fig. 5.

III. CDCC CALCULATIONS AND DISCUSSION

The CDCC calculation was performed using the code
FRESCO [17]. Nuclei such as "Li may be modeled as two inert
clusters, and the Coulomb and nuclear excitations can then
be calculated from the interactions of each cluster with the
target using Watanabe-type folding. The « + ¢ cluster model
of 7Li was therefore adopted, with all the parameters of the
model including discretization and truncation of the continuum
as described in detail in Ref. [18]. The maximum excitation
energy was taken as the available energy of the system above
threshold, 2.283 MeV. The «a + ¢ continuum was divided into
bins in momentum (k) space of width Ak = 0.125 fm~!, and
relative angular momenta L = 0,1,2,3 were included. The
convergence of the results was tested with smaller momentum
bins and angular momenta up to L = 4. The 7/2~ resonance
at 4.63 MeV was treated as a continuum bin with a width of
0.2 MeV. Couplings to the first excited state at 0.478 MeV
and ground state reorientation were also included. Special
care was given to the optical potentials between each cluster
and the target, i.e. the p 4+ o and p + ¢ potentials. Empirical
potentials were obtained by fitting existing p + « and p + ¢
elastic scattering data at the appropriate energy, E ~ 6 MeV /u
[19-22]. These data were fitted with volume Woods-Saxon
form factors for both real and imaginary parts for the
p+a system and volume real and volume -+ surface
imaginary terms for the p + ¢ system. A proton spin-orbit
potential of Thomas form with parameters Vi, = 9.96 MeV,
rso = 1.35 fm, a,, = 0.69 fm was added to the diagonal
7Li + p Watanabe folding potentials. The input potentials
thus obtained were fed into the FRESCO calculations and
the results for 7Li+ p are compared with the elastic
scattering data in Fig. 1. The full calculation (labeled
“CDCC”) is in good agreement with the data. Also plotted on
Fig. 1 are two curves, labeled “1 - channel” and “2 - channel,”
which include couplings to the ground state reorientation only
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and coupling to the 0.478 MeV first excited state of ’Li
respectively. It is thus seen that coupling to the continuum
has the most important influence. Note, however, that the
most important contribution is from coupling to the 4.63 MeV
resonant state. This is in complete contrast to the predicted
breakup cross sections for direct and resonant breakup, 65.2
and 0.55 mb respectively, supporting the previous suggestion
that the influence of coupling to the continuum is not correlated
with the magnitude of the breakup cross section. We also note
the negligible effect of coupling to the 0.478 MeV 1/2~ bound
state, in spite of the large cross section for populating this
state, 49 mb. The calculated breakup angular distributions
are compared with the data in Fig. 5. In general, the
experimental results support the theory in a satisfactory way,
both quantitatively and qualitatively, although theory shows
a slight underestimation of the data at backward angles. It
should be noted, however, that a 5% reduction in the estimated
excitation energy of 'Li* in the simulation can produce a
20% reduction in the experimental breakup cross section.
Integrating the angular distributions, we obtain for the CDCC
calculation a value of opeax = 66 mb and for the experiment
a value of opreax = 72 = 15 mb, in excellent agreement with
theory. This comprises ~9% of the calculated total reaction
cross section, o = 722 mb. The good reproduction of the
experimental breakup data by the CDCC calculation reinforces
our conclusions concerning the breakup coupling influence.
Also plotted on Fig. 5 is the angular distribution for resonant
breakup via the 4.63 MeV state, multiplied by a factor of 20
in order to be visible, graphically demonstrating the negligible
size of the cross section.

In summary, we have presented both experimental and
theoretical results for the breakup of 7Li incident on protons
at 38.1 MeV (5.44 MeV /nucleon). The measured breakup
and elastic scattering results at the same energy were well
described by the same CDCC calculation. A Monte Carlo
simulation of the reaction (to determine the efficiency of
the detection system) based on the CDCC binning of the
continuum described well the energy distributions of the
breakup fragments and therefore the kinematics of the reaction,
further supporting the realistic description of the breakup
within the CDCC approach. A rather low breakup cross section
of 66 mb was determined, attributed essentially exclusively to
direct excitation to the continuum since the incident energy was
such that the 7Li 4.63 MeV 7/2~ resonance was barely excited.
However, while the contribution to the total breakup cross
section from resonant breakup was negligible, less than 1 mb,
its coupling influence on the elastic scattering was found to be
dominant, thus providing a striking example of an effectively
virtual but nevertheless strong coupling.
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