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Differential and total cross sections of noncapture breakup reactions in the °Li+'*Sm system
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The breakup of the projectile-like fragments in reactions induced by °Li beams on a '**Sm target at energies
close to the Coulomb barrier has been measured through the coincident detection of the emitted light particles.
The emphasis of the measurements and the data analysis were placed in the complete characterization of the
a-deuteron breakup mode by means of the identification of the breakup fragments and the determination of the
total Q value, relative energy of the breakup products, and the angular distribution of their emission. Within
the ranges of these variables covered by the present measurements, the results for the SLi—d+a mode show a
clear dominance of the resonant channel through the 3" state at 2.186 MeV over other resonant and nonresonant
channels. Differential cross sections as a function of the center-of-mass angles of the intermediate binary collision
and of the breakup emission, as well as integrated cross sections as a function of energy, have been obtained.
The data are compared with those measured for competing processes in the same system and with the results
of calculations based on a dynamic classical model that describes noncapture breakup, incomplete fusion, and

complete fusion.
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I. INTRODUCTION

Breakup processes play a fundamental role among the
various reactions that can take place in collisions that involve
loosely bound nuclei. The experimental evidence for such
mechanisms, as well as the general framework for its theo-
retical interpretation, dates back several decades [1-5]. The
interest and motivation for the study of breakup recognizes
quite a few—although not totally unrelated—origins. The
availability in the past several years of unstable projectiles
in numerous laboratories around the world has reinforced the
interest for a better understanding of breakup processes, which
are likely to occur precisely due to the weak binding of these
nuclei.

One line of research deals with the connection between
breakup and other reaction channels in the vicinity of the
Coulomb barrier. In particular, the relationship between
breakup and fusion has been studied both experimentally [6—8]
and theoretically [9—13] with focus on the much-debated issue
of whether breakup enhances or hinders the occurrence of
fusion and under which conditions one or the other effect might
prevail. Another motivation for the measurement of breakup
reactions has been its use as an indirect tool for the study of
inverse radiative capture reactions of astrophysical interest via
the detailed balance principle [14]. This application usually
involves measurements of reactions that occur just above
the breakup threshold, thus requiring the use of appropriate
experimental techniques for the detection of the coincident
breakup products that are emitted within cones of extremely
small opening angles [15,16].

Finally, the mechanism that underlies breakup reactions and
their characterization is in itself a matter of interest. The lack
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of more extensive and detailed information on this question
relates to experimental limitations and/or to the incomplete
information that can be derived from inclusive experiments,
from which energy and angular distributions of light particles
can be obtained although with little or indirect reference to
the exact source of emission. The achievement of a complete
experimental characterization of the mechanism may require
exclusive measurements and the interpretation of the results in
terms of physically significant coordinates. One of the aspects
related to the reaction mechanism is the determination of
the sequential or direct character of the observed breakup
reactions and the experimental fingerprints of each one of
those processes [17,18]. Another point relates to the angular
distributions of the fragments emitted in a breakup reaction
measured in the relevant center-of-mass (c.m.) reference
frames [19,20]. The occurrence of more complex mechanisms
in which breakup is actually just one stage in a sequence
[5,21,22] is also particularly intriguing. In this respect, the
observation of °Li breakup as the main contribution in
reactions induced by 7Li projectiles has directed the attention
to the study of the particular mechanism consisting of neutron
transfer followed by the breakup of the projectile-like product
[23]. Similar complex processes have also been observed
and studied in other systems; the most comprehensive recent
experiments involve high-efficiency exclusive measurements
of breakup products in reactions of °Li and "Li on several
targets [24,25].

In this work we report some of the results obtained from
coincident measurements of the light particles emitted in
reactions induced by weakly bound lithium projectiles on
the spherical '**Sm target. More specifically, we focus our
attention on the reactions that involve the elastic noncapture
breakup of the SLi projectile into a deuteron and an « particle at
several bombarding energies, leaving for a separate publication
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the discussion of the sequential transfer/breakup channel that
has also been observed for both SLi and "Li projectiles.
The results of these exclusive measurements include angular
distributions and excitation functions, and they are presented
and discussed in terms of the relevant, experimentally deduced,
center-of-mass variables that completely describe the three-
body exit channel. We study the isotropy of the light-fragment
emission in the reference frame of the ejectile that breaks up.
Differential and integrated cross sections have been obtained
from the data and they are presented in comparison to other
reaction channels that have been previously measured for the
same system and also to the predictions of a dynamic classical
model for the description of breakup reactions [26,27].

II. EXPERIMENTAL SETUP

The experimental work was carried out using the 20-UD
tandem accelerator TANDAR. Beams of ®Li with laboratory
energies Elp between 23 and 30 MeV and typical intensities
in the range 1 to 15 pnA were used to bombard a 96%
enriched '**Sm target, approximately 60 pg/cm? thick (ob-
tained from Rutherford elastic-scattering measurements). The
identification and characterization of the breakup reactions
was based on the coincident detection of the produced light
particles, for which purpose we have used two silicon AE-E
telescopes mounted on independent arms inside a 76-cm-
diameter scattering chamber, as shown schematically in Fig. 1.
The telescope located at the most forward (backward) angle
will be referred to in what follows as telescope 1 (telescope
2). The thicknesses were 1 mm for both E detectors and
30 um (20 um) for AE; (AE;). The nominal thicknesses
of the dead layers of the AE and E detectors, of 0.3
and 0.08 um, respectively, were found to have a negligible
effect on the energy calibrations and on the determination of
total energies of all the particles of interest. Various sets of
measurements have been performed using either rectangular
or circular entrance collimators at different distances between
the target and the telescopes. Typical angular acceptances
of the detectors were A9; &~ +2.5° and A8, =~ +5°.In general,
the angular separation between telescopes was kept at the
minimum possible value compatible with the geometry of the
mounts, usually around 17°. At this fixed angular separation,
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FIG. 1. Schematic of experimental
measurements.
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the maximum angular range covered by varying the position
of both telescopes was 45° to 135°. The resulting geometrical
efficiencies of the various detection configurations, although
quite complex, have been calculated in detail (see discussion
later) for different breakup channels of interest. It could be
shown in particular that the efficiencies for projectile breakup
are very similar to those for more complex processes such as
breakup of the projectile-like product following transfer. Even
though for all of these channels the efficiency is reasonably
high over a broad range of relative energies of the (light)
breakup products, a few runs at larger angular separations
have also been taken to explore other regions of this variable.
A separate set of measurements has been done to study
out-of-plane correlations using a specific modified mount for
telescope 2. The out-of-plane angles covered by this telescope
ranges between 0° and 30°. For normalization purposes, two
additional solid-state detectors were placed at forward angles
(their position varied, through different experiments, between
20° and 30°) to monitor Rutherford elastic scattering.

All the detectors were energy calibrated using a combined
239Pu-24 Am->**Cm «-emitting source together with the po-
sition of the peak in the energy spectrum corresponding to
the elastically scattered projectile. The breakup products were
detected using standard slow and fast coincidence techniques.
The data were acquired as multiparametric events in either
singles or coincidence mode. The recorded parameters were
proportional to the energies deposited in the four solid-state
detectors (AE,, AE,;, E;, and E,) and the time-of-flight
difference (ATOF) between the fragments that hit each
telescope.

III. DATA REDUCTION

Figure 2 shows two-dimensional residual energy versus
energy loss spectra taken in coincidence mode for both
telescopes, where clear separation among isotopes with atomic
masses A = 1 and 2 for Z = 1 can be observed for telescope 1.
This identification was used in combination with the absolute
energy measurements, which took into account corrections
for energy losses in the target, to obtain the velocity vectors
of each of the coincident breakup products in the laboratory
frame of reference. These laboratory angles and velocities
were transformed on an event-by-event basis to a set of more
physically meaningful variables according to the discussion
that follows.

A. Transformation of variables

The complete characterization of collisions leading to three
or more final fragments starting from the detection of any two
of them (known masses and kinetic energies) is a relatively
straightforward problem that has been treated elsewhere. We
present here the summary of a few basic points which are
relevant for the present work, based on the treatment of
Refs. [28,29]. For the sake of simplicity in the notation, we take
as an example the reaction °Li+'**Sm—2H+*He+'*Sm (the
generalization to other similar channels is straightforward).
For this particular case the transformation from laboratory vari-
ables to the new set, more adequate for the natural description
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FIG. 2. (Color online) Two-dimensional residual energy vs. en-
ergy loss spectra of the light particles emitted in the reaction °Li
(30 MeV)+'%Sm, detected in coincidence by both telescopes. The
curves are the calculated loci for Z=1, A=1,2 and Z =2,
A = 4. The colors of the data points correspond to additional gating
conditions used to emphasize the different types of coincidences:
particles with Z = 1 detected by telescope 1 (blue) or telescope 2
(red).

of system, is shown in Fig. 3. The transformation illustrated in
this figure finds inspiration in a sequential mechanism consist-
ing of binary scattering, °Li+!#*Sm—SLi+'*Sm, followed
by the breakup of the corresponding projectile-like nucleus,
®Li—?H+*He. This purely kinematical decomposition is
always valid and does not require the actual occurrence of
neither this particular intermediate binary stage nor of any
other mechanism or sequence of events leading to the same
observed exit channel. As a matter of fact, any intermediate

breakup plane

FIG. 3. Diagram of the asymptotic velocities of the emitted
fragments in the breakup reaction SLi+!**Sm—2H+*He+'*Sm. The
planes labeled as “binary” and “breakup’ illustrate the decomposition
in terms of two virtual stages. The laboratory velocity of particle
x is indicated by u,. The velocity with respect to the appropriate
center-of-mass system (°Li-'**Sm or d-«) is indicated by V,. See
text for details.
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binary partition consisting of (i) one of the final fragments and
(ii) the sum of the other two could have, in principle, been
chosen for this purpose. Bearing this in mind, the velocity
diagram of Fig. 3 shows the asymptotic laboratory velocities
of the « particle, deuteron, and 144Sm (ug, uy, and ugy,) as the
following vector additions:

Uy = Vc.m. + VLi + Va
u; = Vem + Vi + Vg, (H
Usm = Vc.m. + VSm

where V., is the velocity of the center of mass, Vi; and Vg,
are the velocities of the °Li and the '**Sm in the center-of-mass
system, and V,,, V; are the a-particle and deuteron velocities in
the ®Li rest frame. All of these vectors can be directly obtained
from the raw data. Taking into account the conservation
of linear momentum (total kinetic energy is not necessarily
conserved) one can reduce the total number of variables needed
for a complete description of the system from 9 to 6. According
to Fig. 3 and Ref. [17], we choose the following as the final
relevant variables: (a) the total reaction Q value, (b) the kinetic
energy of the deuteron-a system in the °Li frame, E;_,,
(c) the center-of-mass binary scattering emission angles 6y ;
and ¢p; (the latter not shown in Fig. 3), and (d) the breakup
emission angles 6,;_, and ¢4_,. These six variables were
obtained through appropriate event-by-event operations using
the experimental velocity vectors of Eq. (1). These calculations
are affected in general by uncertainties that arise from the
finite solid angles subtended by the entrance collimators, thus
causing possible distortions in the resulting distributions. This
effect will be further discussed and evaluated in connection
with the actual data obtained in the present work.

B. Selection of breakup events

After taking into account the appropriate energy calibra-
tions and corrections as mentioned above, the raw data were
first transformed into laboratory velocities of the coincident
light fragments and finally into the new set of six variables
which were saved as additional parameters for each individual
event. Distributions of these relevant variables were produced
taking advantage of the fact that the event-by-event handling
of the raw data automatically takes care of the Jacobian of
the transformation. Events that contained true coincidences
were selected from 2D correlations between the time-of-flight
difference and the residual energy, as illustrated in Fig. 4.
The curves have been calculated with the code SUPERKIN
[28,29] assuming a uniform yield for all the reactions and
kinematical configurations that are detectable by the setup.
This means, in terms of the diagram shown in Fig. 3, for all the
possible combinations between (i) the center-of-mass angles
for the binary reaction, 6y ;, and (ii) the center-of-mass angles
of the “subsequent” breakup of the projectile-like product,
O¢—y (x = p, d, or t), that might result in coincident hits in
both detectors. In particular, a range of relative energies of the
breakup between 0 and 2 MeV has been assumed. The scatter
plot of Fig. 4 illustrates a very low fraction (less than 3%)
of random coincidences with respect to true coincidences, in
accordance with the overall counting rates and with a typical
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FIG. 4. Two-dimensional E; vs ATOF spectrum of the light
particles detected in coincidence. The displayed residual energy
corresponds to telescope 1. The curves have been calculated under
the assumption of a broad (0 to 2 MeV) uniform distribution of d-«
relative energies.

time resolution of 5 ns. Additional gating conditions were set
to require the desired masses of the particles detected in each
telescope. This could be done directly from the event-by-event
assignment of the corresponding mass numbers A; and A;
whenever the mass resolution for Z = 1 was good enough.
An alternative or complementary selection procedure was
based on two-dimensional E;versus E, plots which exhibit
definite correlations for different geometric configurations of
the telescopes. An example is shown in Fig. 5 together with
the corresponding SUPERKIN calculation (dashed curve) for a
broad distribution of d-« relative energies.

C. Extraction of differential and integrated cross sections

Absolute differential cross sections with respect to the
transformed variables have been obtained from the data. For
this purpose we have applied a procedure that is based on
the following general considerations: Given a generic set

25 L . Elab =30 MeV
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FIG. 5. Experimental correlation between the residual energies
recorded in both telescopes. The dashed curve has been calculated
under the assumption of a broad distribution of d-« relative energies.
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of n variables Y = {y; ...y}, the corresponding nth-fold
differential cross section is given by (d"o/dy; ...dy,). An
ideal experiment to determine this cross section at a fixed
point ¥* = {y?...y% would involve the measurement of the
number of events that fall within a cell defined by a set of
increments AY = {Ay; ... Ay,} centered at that same point.
In general, the increments would be chosen taking into account
the resolutions of the measurements and the counting statistics
involved in a given experiment. Under these circumstances the
approximate cross section at Y is given by

d"o N(Y%)
=K , (@)
dyi...dy, e(YO)Av

where N(Y°) is the number of recorded events in the cell
centered at YO, Av = ]_[;'.21 Ay;j is the volume of the cell, K
is the normalization constant that contains the information on
the number of incident projectiles and surface density of the
target nuclei, and (Y)p) is the efficiency of the detection system
at Yp.

In our experiments, the set of variables of interest is the
one presented in Sec. IIT A. As discussed, these variables are
not directly measured, thus preventing the direct application
of Eq. (2). Instead, they are obtained from an event-by-
event transformation starting from a set of raw variables
X = {x;...x,} which are the ones directly measured in a
coincidence experiment with a rather involved geometric
efficiency. Although this problem has been analytically treated
[17,30] we have adopted a numerical approach through the
use of the code SUPERKIN which calculates the coincidence
efficiency taking the exact geometry of the detection device
into account. A brief summary of this program is presented in
what follows for the sake of understanding its application to
the present determination of breakup cross sections. The basic
input of the program is the entrance channel, the three-body
exit channel (breakup mode) and the detection device (in
our case, two telescopes defined by their angular positions
in space, thicknesses of the AE components, and shape
and dimension of the entrance collimators). For fixed values
of the relevant Y variables (in our case, the “binary” and
“breakup” center-of-mass angles, and the relative energies of
the breakup fragments), the corresponding velocity vectors in
the laboratory reference frame of all the reaction products
are calculated. Then, the incidence of each one of these
particles on any of the defined detectors is evaluated. The
whole calculation is repeated for all possible values of the
angular variables according to a grid that covers 47 x 4 sr?,
and for all the values of the relative energies within a selected
range. We denote the set of bins used in these calculation
by 6Y = {8y ...dy,} and the corresponding volume of this
calculation cell as dv = ]_[';:l 8yj. The cases that satisfy
the selected coincidence requirements (positive events) are
recorded sequentially in multiparametric mode, including the
corresponding sets of variables X and Y. The experimental
differential cross section with respect to the variables of
interest Y at Y? is finally obtained as

d'o
dy;...dy,

N
NSKSU ’

=J(YOK (3)
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Here, Nsk is the number of positive events calculated by
SUPERKIN in a measurement cell AY centered at Y°. The
factor J(Y?) is a Jacobian (in general its value is very close to
one) that takes into account the nonlinear relation between the
reconstructed and the “true” values of each variable that may
arise as a consequence of finite solid angles of the detectors
(it is not the Jacobian of the transformation of variables). In
general, from Egs. (2) and (3) and considering the capabilities
of the code, it can be seen that the geometric efficiency
for the measurement of three-body processes using a large
variety of experimental setups (different spatial configurations
of the detectors, different coincidence requirements, circular,
rectangular or annular collimators, segmented active areas,
etc.) can be readily obtained as

NSK5U
. 4
D “

For the particular case of our experiments, the cross section
that could be directly obtained from the data using Eq. (3) is
d?0/dS2_od Q2 as a function of the binary scattering angles
OLi, ¢1; and the breakup emission angles 6;_q, ¢g—q. Lower-
order differential cross sections can be obtained from the sum
of Eq. (3) over the whole range of the appropriate variables,
although in most practical cases these sums should extend well
beyond the regions that have reasonably high efficiencies. For
our case, in order to obtain the partially integrated cross section
do/dS21; and the total cross section o, we have incorporated
the information contained in the binary and breakup angular
distributions that we have measured in the present work as a
guide for the required interpolations and extrapolations.

eY)=

IV. RESULTS

The procedure summarized in Sec. III was applied to obtain
spectra of all the significant variables. In Sec. IV A through
IVD we present the particular features observed for each
one of these variables and, in terms of them, we discuss
the physical interpretation of the present experimental results.
Finally, in Sec. IV E, we summarize the experimental values
of the absolute differential cross sections as well as the results
of different assumptions for their integration to obtain total
noncapture breakup cross sections.

A. Q values

After selection of deuteron-o coincidences following the
previously outlined procedure, Q values have been calculated
for each individual event as the difference between the
projectile energy and the sum of the kinetic energies of
all the fragments in the exit channel. The energies of the
light particles were obtained from the measurements, taking
into account all the appropriate corrections. The energy of
the unobserved heavy fragment was calculated considering
momentum conservation. Examples of spectra obtained at
three different bombarding energies and at fixed angles of
the telescopes (8, = 92°, 6, = 108.5°) are presented in Fig. 6.
The distributions seem to be consistent with the preferential
population of the ground state and, possibly, of the lowest
excited states of the target (1.66 and 1.81 MeV) at all measured
energies.
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FIG. 6. Q-value spectra obtained at three bombarding energies.
The vertical line indicates the value corresponding to the °Li — d+a
breakup leading to the ground state.

B. Relative energies

The distribution of relative energies (i.e., kinetic energies
of the breakup products in the reference frame of the virtual
nucleus that breaks up) is one of the most important features
that characterizes the reactions under study. The relative energy
spectrum provides additional information on the breakup
mechanism [24], specifically, the resonant or direct character
of the process. Resonant breakup involving unbound excited
states should become apparent through characteristic peaks
or bumps in the spectra. On the other hand, nonresonant or
direct breakup processes that directly populate the contin-
uum should probably be associated with much less defined
structures. Since relative energies are necessarily measured
asymptotically, the exact correspondence between a given
resonant channel and the characteristics of the corresponding
related structure in the distribution is not obvious. In principle,
it cannot be predicted unless one models the breakup process
in the short distance domain and then follows the evolution
to asymptotic distances. Although it has been customary
to assume that the asymptotic relative energy is equal to
the difference between the excitation energy of the resonant
state and the breakup Q value [23,31,32], corrections to
this value due to the Coulomb post acceleration of the
light breakup products in the field of a heavier partner
have been observed and/or calculated under particular model
assumptions [15,33]. According to the calculations presented
in Ref. [15] the effect is expected to become less important
as the breakup takes place at longer distances from the
target. In addition, if the charge-to-mass ratios of the breakup
fragments and of the nucleus that breaks up are equal
(such as in the ®Li—d+« case), then no Coulomb shift is
predicted.

In view of the above considerations we have undertaken a
detailed study of the asymptotic relative energies in our data
and use it as a tool to characterize the breakup mechanism.
Taking into account Eq. (1), relative energies between the
coincident fragments (for example, o particles and deuterons)
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FIG. 7. Calculated distributions of d-« relative energies that
simulate the distortions produced by the reconstruction of the actual
data. The curves correspond to different projectile energies and they
have all been obtained under the assumption of a “true” narrow input
distribution in relative energy centered at the value indicated by the
vertical dashed line. The calculations reproduce one of the actual
geometric configurations that have been used. See text for details.

were obtained from each individual event as
Ed—a = %(mdvd : Vd + motVa . Va)- (5)

For this particular variable the results obtained through the
event-by-event application of Eq. (5) should be interpreted
with care because, as pointed out in Ref. [17], the extracted
values of E,_, are strongly dependent on the opening angle.
Therefore the uncertainties in the actual emission angles of
the coincident particles due to the large angular acceptances
of the detectors produce in most practical cases very large
errors in the obtained relative energy values. Figure 7 illustrates
the distortion expected from this effect as a function of the
bombarding energy. The calculation reproduces the exact
geometry of our experimental device for an actual run taken
at 0; = 92.0°, 6, = 108.5° with angular acceptances A6, =
+2.8° and AG, = £4.7°. To obtain the curves shown we have
first run calculations with the code SUPERKIN to simulate
the experimental conditions for the ®Li—d+a channel at
five projectile energies as follows: 20, 25, 27.5, 30, and
35 MeV. The resulting event-by-event output file has then
been processed with the same analysis programs that are used
for the real data. For these calculations we have considered as
an example a narrow (20-keV-wide) input distribution in the
relative energy, centered at 712 keV, as indicated by the vertical
line. In order to simulate the actual experimental limitations
in the event-by-event application of Eq. (5), we replace the
exact laboratory emission angle of each detected particle by
the mean angle of the corresponding telescope. The distortions
predicted by this simulation of the actual data analysis present
two basic characteristics. On the one hand, a very important
broadening, as compared to the narrow input distribution, can
be observed. As the bombarding energy increases, there is
an additional effect that consists in a progressive “truncation”
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FIG. 8. Experimental and several calculated distorted distribu-
tions of d-o relative energies for the events detected in coincidence
in the two-telescope system for energies above (a) and below (b) the
barrier. In spite of the distortions (see text and Fig. 7) the comparison
of the data with the calculations provides information on the actual
E,_, distributions. See text for details.

and accumulation of events at the left end of the calculated
spectrum. The resulting sharp cutoff increases with projectile
energy and its value at a given bombarding energy is the
minimum E;_, that would be detected with ideally small
collimators and the telescopes located at the nominal opening
angle. Taking these features into account we will show next
that, in spite of the huge distortions, the calculated distributions
provide valuable information on the actual distributions and
therefore allow us to evaluate the resonant or direct character of
the breakup reactions under investigation as described below.

We start by studying the highest bombarding energies
taking as an example the data for SLi+!*Sm at Epp, =
30 MeV at the angular configuration considered in the previous
simulations, 92°/108.5°. Figure 8(a) compares the results of
applying exactly the same procedure to (i) the data and (ii) the
output of various calculations done with the code SUPERKIN
for different input distributions. The solid curve (the one that
best describes the data points) has been obtained assuming a
narrow input distribution centered at an asymptotic relative
kinetic energy of 0.712 MeV. Under the previously discussed
assumption of no Coulomb shift for this case, this value would
correspond to a breakup reaction that proceeds through the
first 37 resonant state of ®Li located at an excitation energy of
2.186 MeV. The other three curves, which clearly fail
to reproduce the experimental behavior, have been included
to illustrate the sensitivity of the calculations with respect to
changes in the input distribution. Two of them also correspond
to narrow distributions but are now arbitrarily centered at
energies 200 keV above (dashed-dotted curve) and below
(dotted curve) the resonance. Finally, the dashed curve results
from a uniform input distribution over the range E;_, =
[0,0.63] MeV, i.e., extending from the breakup threshold
up to a sharp cutoff at slightly below the kinetic energy
that corresponds to the resonance. This last curve has been
included as a crude representation of direct, nonresonant
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breakup reactions. From the quality of the fit in each case
it can be concluded that for the ®Li—d+« channel the data
are consistent with a strong dominance of resonant breakup
over direct breakup. Similar results have been obtained for
measurements done at all other angular configurations of the
coincident detectors and for the bombarding energies down to
26 MeV.

A substantially different behavior is observed at E,, = 23
and 24 MeV, as shown in Fig. 8(b) for the lowest-energy case.
Unlike at the highest energies, the experimental points are no
longer well described by the calculation that assumes a single
resonant peak (dotted curve). This lack of agreement reflects
the appearance of an additional nonresonant component
characterized by a wide distribution with lower values of E;_.
Actually, and more correctly, it should be said (and it can
be demonstrated) that as Ej,, decreases the detection system
becomes more efficient for the separation and identification
of such component, which may go unobserved at Ej,, =
26 MeV and above. The solid curve in Fig. 8(b) shows the best
fit of the data assuming a linear combination of the resonant
component and a uniform distribution of E;_, that extends
from 0 MeV to an upper cutoff. The weighting coefficients for
the two components have been taken as adjustable parameters.
By comparing the quality of the least-squares fits as a function
of the upper limit of the uniform distribution (not shown in
the figure) we have established that the best representation
is obtained with a value 0.540.2 MeV. The relative yields
for the production of resonant and nonresonant breakup
obtained in this way will be presented and discussed in
connection with the extraction of absolute cross sections.
Further general discussion on the experimental distributions
of E;_, is included in what follows.

C. Binary scattering angles

The polar emission angle 6;; was obtained for each event
as follows:

VLi : Vc.mA = VLi Vc.m. COS(QLi)~ (6)

Experimental distributions of this angular variable at Ejy, =
30 MeV are shown in Fig. 9(a). The data points have
been obtained according to the procedure described in Sec.
IIT A. The solid curve represents the corresponding geometric
efficiency which has been calculated with the code SUPERKIN
for the case of resonant breakup, i.e., assuming a narrow
distribution of relative energies centered at E;_, = 0.712 keV
and isotropic emission. The observed structure consists of
four peaks, and it can be shown that they correspond to four
different groups of kinematical configurations that satisfy the
requirement of coincident detection of the resonant-breakup
fragments. The calculations predict very accurately the angular
position of the experimental peaks and qualitatively describe
the general shape of the data; these results reinforce the
evidence for the dominant resonant character of the non-
capture projectile-breakup reactions observed at the highest
bombarding energies. On the other hand, the calculation fails to
reproduce the observed relative heights of the peaks which may
reflect the inadequacy of assuming isotropic emissions (both
for °Li and for the breakup fragments). The four kinematical
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FIG. 9. Experimental and calculated distributions of binary (°Li)
asymptotic scattering angles. The data have been taken at 8, = 92°
and 6, = 108.5°.

configurations have very similar values of the binary angle
6L (they differ among each other in a few degrees) and have
very different values of the breakup angle 6;_,. Therefore it
is likely that the observed asymmetric yields are not caused
by the dependence of the emission on 6y ;. Instead, one can
probably conclude that they actually reflect the anisotropy of
the emission of the breakup products in the reference frame of
the binary projectile-like fragment. This issue will be discussed
specifically in Sec. IV D.

The previous discussion and conclusions apply equally
well to the analysis of resonant breakup reactions at 26 and
28 MeV. For the sub-barrier energies (the energy range at
which the direct breakup component could be discriminated),
Fig. 9(b) shows a similar analysis and comparison between
the experimental and calculated distributions of 6;;. For the
calculations we have assumed in this case that the weights of
the direct and resonant components are those deduced from
Fig. 8(b).

D. Breakup emission angles

The last aspect related to the full experimental characteriza-
tion of breakup reactions is the intrinsic 3D angular distribution
of the breakup fragments in their own center-of-mass system.
This comprises the polar and azimuthal breakup emission
angles 6;_, and ¢,_, shown in Fig. 3. These variables were
obtained from the event-by-event data using the following
expressions [28,29]:

Vii - Vi—o = V1LiVi—a cos(0a—q)
(Vem x Vi) - (Vg x Vi)
= Ve Va Vi sin(0L) sin(04—a) c0S($y—a),
(Vem x Vi) x (Vg x Vi) - Vi
= Ve Va Vi, sin(0L) sin(0s—o) sin(¢a—o).  (7)

The raw data used in the experimental determination of
the intrinsic breakup emission angles have been collected
using either in-plane configurations (the two telescopes and
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FIG. 10. Experimental [(a) and (b)] and calculated [(c) to (h)] in-plane distributions of breakup emission angles 6,_, at E;;, = 30 MeV,
0, = 92°, and 6, = 108.5°. The comparison between the data and the calculations that have been done assuming different relative-energy
distributions reinforces the evidence for the dominant resonant character of the ®Li— d-+a breakup channel above the barrier and indicates the

anisotropy of the emission.

the beam direction lying on the same plane) or the out-of-plane
configurations (the plane determined by any telescope and the
beam direction does not contain the other telescope). From the
definition of the variables and from Fig. 3 it can be inferred
that in-plane measurements actually provide information at
two azimuthal angles: ¢,_, = 0° and ¢;_, = 180° depending
on which particular telescope is hit by either the deuterons or
the « particles.

Figure 10 illustrates the typical analysis of an in-plane
measurement in terms of the resulting distributions of the
intrinsic polar angle 6,_,. The left (right) panels correspond
to the detection of deuterons (o particles) in the most forward
telescope. The upper row [Figs. 10(a) and 10(b)] displays the
experimental distributions which have been obtained by im-
posing appropriate gating conditions on the two-dimensional
AE-E spectra. These angular spectra present well-defined
bumps centered at approximately 30° and 130° which, as
already observed in Sec. IV C, differ noticeably from each
other in their intensities. This fact suggests the existence of
a marked intrinsic anisotropy in the in-plane emission of the
breakup fragments. The corresponding calculated distributions
obtained under the assumption of sequential breakup are
shown in Figs. 10(c) and 10(d). It can be seen that they are
in very good agreement with the data except for the observed
anisotropy.

The bottom two rows of Fig. 10 can be used to evaluate the
sensitivity of these measurements of 6,_, when used as a tool
to indirectly determine the relative-energy distributions. For
example, Figs. 10(e) and 10(f) show the results of a calculation
that assumes a narrow distribution, similar to that used to
describe the 3* resonance in °Li but arbitrarily centered at
an energy 200 keV lower than the resonance energy. This
relatively small shift in relative energy produces a significant

change in the shape of the calculated distribution, thus making
it differ substantially from the shape of the data. As might
be expected, an even much more pronounced disagreement is
obtained (not shown) if one calculates another real resonance
of °Li such as the 2% state located at 4.31 MeV. Finally, the
last row [Figs. 10(g) and 10(h)] shows the intrinsic polar angle
spectra predicted for an eventual direct-breakup component
such as the one that we have observed at the two lowest
bombarding energies (schematically described as a uniform
relative-energy distribution extending up to 0.5 MeV). Again,
it is apparent that under such assumption the shapes of
the calculated and experimental angular distributions differ
markedly at this higher bombarding energy.

In summary it has been shown that the analysis of
the experimental intrinsic angular variables of the breakup
emission provides a very selective tool for the discrimination
of basic properties such as the resonant or direct character of
the reaction. However, the main result that should be directly
obtained from these variables is the understanding of the spatial
emission pattern of the breakup fragments. This issue will
be further discussed in connection with the determination of
absolute cross sections.

E. Absolute noncapture breakup cross sections

Differential cross sections d?0/dQy_odS2; have been
obtained through the application of the procedure described in
Sec. III C. For the input to the calculations of the required geo-
metrical efficiencies in Eq. (2) we have taken into account two
results that have been discussed in the previous subsections.
One of them is the dominance of reactions leading to null or
small excitations energies of the final products, i.e., O = Qgq.
The other one is related to the distributions of relative energies.
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TABLE I. Approximate values and ranges of the center-of-mass angles corresponding to the measurements of direct (D) and resonant (R)
breakup reported in the present work. The variations in the ranges of the breakup angles 6,_, when comparing both processes and/or as a
function of Ey,, are due to the complex geometrical efficiencies of the different telescope configurations for each case. As indicated, these
ranges do not depend on the variables 6;; and ¢;_q.

Ey, (MeV) OLi(deg) 04_q(deg) Pa_o(deg) Resonant/Direct
30 52.4,58.0, 60.0, 65.7, 67.7,73.4,78.0, 83.5, 85.5, 91.1, 45-145 0, 180 R
93.0,98.5,99.1, 105.1, 108.0, 113.2, 115.3, 120.7
98.1 50-130 14,24, 37, 46, 51 R
104.0 50-130 194, 204, 217, 226, 233 R
28 47.7,52.4,57.3, 63.0, 65.2, 70.8, 73.5, 81.0, 85.5,91.1, 45-145 0, 180 R
93.4,99.4,108.0,113.4, 117.8, 123.0, 125.0, 130.4
26 70.4,75.9, 78.0, 83.5, 85.5,91.1, 93.2, 98.3, 45-145 0, 180 R
100.0, 105.5, 107.8, 113.2, 115.2, 120.5
24 85.5,91.1, 93.1, 98.5, 100.0, 105.7, 108.0, 113.2 40-70/120-150 0, 180 R
60-130 0, 180 D
23 100.0, 105.0 40-70/120-150 0, 180 R
60-130 0, 180 D

As discussed before, we have assumed a single uniform narrow
component centered at E;_, = 0.71 MeV and a width of
0.10 MeV for the case of resonant breakup and a wide uniform
distribution that extends to 0.5 MeV for the case of direct
breakup. Table I summarizes the approximate center-of-mass
angular values and ranges that have been covered by the present
measurements, as a result of the different geometrical configu-
rations of the two telescopes. Figure 11 shows a few examples
of the experimental differential cross sections of resonant
breakup as a function of the intrinsic polar angle 8,,_, for three
of the bombarding energies at6;; ~ 103° (23 MeV) and 81° (26
and 30 MeV) and at two fixed values of the azimuthal angle:
¢a—o = 0° [deuteron detected by telescope 2; Figs. 11(a), 11(c)
and 11(e)] and ¢,_, = 180° [deuteron detected by telescope
1; Figs. 11(b), 11(d), and 11(f)]. These cases correspond to the
in-plane measurements. The observed trend, especially at 26
and 30 MeV, confirms the rather marked asymmetry that had
been anticipated in the previous subsection, with probabilities
of emission that peak at 6;_, = 60° and 120°, respectively.
A similar asymmetric behavior, at least for the measurements
at Ey, > 26 MeV, has been observed for all the values of 6;;
that have been obtained by varying the angular positions of
the two telescopes and also at the out-of-plane measurements.
As exemplified in the bottom row of Fig. 11, it is not possible
to draw a definite conclusion regarding this asymmetry at the
lowest energies (23 and 24 MeV) because of the lack of data
points in the relevant angular region (approximately 50° to
130°), where the geometrical efficiency for the detection of
resonant breakup is too low.

It may be worthwhile to attempt a visualization of the
emission pattern and the conditions for enhanced or hindered
in-plane emission that correspond to the distributions of
Fig. 11. Taking into account the meaning of the angular
variable 6;_, (see Fig. 3) the results can be geometrically
interpreted with the aid of the schematic diagram shown
in Fig. 12. According to this diagram, the center-of-mass.
directions of emission of in-plane deuterons and « particles
can be qualitatively classified taking as a reference the velocity
vector of the projectile (“beam direction™) and the asymptotic

center-of-mass velocity vector of the binary ejectile, Vi;.
In the first place, the emission of the light particle “x”
can be classified as (1) forward (checkered symbols) or
(2) backward (plain symbols) with respect to Vi;. In either
case the classification must be completed by stating whether
this particle “x” flies (a) towards or (b) away from the beam

¢,,=0° ResonantBU ¢, =180°

1.6 T
(@) } * 30 MeV

1.2}
o)F:| S S R S S B
0.4} }

0.0 | | | | } } } '
12/ © 26 MeV (]

o o

N [e)

e

-
——
———
——

o
(=)

d’s/dQ do, (mb/sr’)

‘ ‘ ‘ ‘ [0
0151 l 23 MeV |
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0.00
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FIG. 11. Differential cross sections for resonant breakup as a
function of the center-of-mass polar angle for d-« emission at three
values of E\,,. The two groups correspond to values of approximately
0° [(a), (c), and (e)] and 180° [(b), (d), and (f)] of the azimuthal
angle. The solid and dashed curves at 30 MeV illustrate the two
extrapolations that have been used for the numerical integration
outside the measured range in order to estimate the uncertainty in
the extraction of do/d2y;.
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FIG. 12. (Color online) Schematic diagram that illustrates the
conditions for enhanced or hindered in-plane emission corresponding
to typical 6,_, distributions, such as those shown in Fig. 11. See text
for details.

direction (which, in terms of laboratory angles, corresponds
to the conditions 0, < 6;; and 6, > 6y;, respectively). Using
this classification, it can finally be said that our results show
an emission of deuterons or ¢ particles which is enhanced in
the configuration (2)-(a) [equivalent to (1)-(b)] and hindered
for (1)-(a) [equivalent to (2)-(b)]. A similar finding has been
reported by Santra et al. [20] for the ®Li+>*Bi system based
on the observation of different peak intensities in the energy
spectra of the deuterons and « particles emitted in that reaction.
It can be demonstrated that the qualitative pattern that emerges
from Ref. [20] agrees with the present results, although in our
case they are based on the analysis of the relevant variables
(the center-of-mass breakup-emission angles) and therefore
furnish a more direct geometric interpretation of the problem.

Figure 13 shows some of the spectra taken under conditions
similar to those of Fig. 11, but in this case corresponding to
nonresonant breakup at sub-barrier energies. In spite of the
limited range resulting from the geometrical efficiency for
these reactions and the statistical uncertainties, the results seem
to be in all cases consistent with isotropic distributions.

Regarding the out-of-plane measurements (i.e., values of
Pa—q other than 0° or 180° at fixed values of 6y ;), representative
results for resonant breakup are shown in Fig. 14. Again, no
significant anisotropies are observed over the measured ranges
within statistical errors.

The experimental differential cross sections obtained from
all the measurements listed in Table I have been numerically
integrated over 47 sr in the breakup solid angle Q,_, to
obtain do/d2r;. Whenever extrapolations or interpolations
were necessary, we have used the information previously
discussed in relation to Figs. 11, 13, and 14. Two different
extrapolations of the polar-angle data have been used to
estimate the contributions from the unmeasured angular ranges
in the vicinity of 6;_, = 0° and 180°, which are illustrated by
the straight segments shown in the 30 MeV spectra of Fig. 11.
One of these extrapolations is based on linear functions that
vanish at those extreme angles (solid segments) while the other
assumes constant values equal to those of the most forward and
backward measured points (dashed segments). It was observed
that both extrapolations yielded similar results. Finally, the
first case was used for the calculations while the differences
among them were taken as an additional factor contributing to
the uncertainties of the integrals.

PHYSICAL REVIEW C 89, 014615 (2014)
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FIG. 13. Differential cross sections for direct (nonresonant)
breakup as a function of the center-of-mass polar angle for d-o
emission at sub-barrier energies. The two groups correspond to values
of approximately 0° [(a) and (c)] and 180° [(b) and (d)] of the
azimuthal angle.

According to the results of the out-of-plane measurements
we have considered azimuthal symmetry for all cases, i.e., no
dependence of d 2 /dQi—od 215 On ¢g_. Table Il summarizes
the differential breakup cross sections obtained as a result of
this procedure for both resonant and direct processes as a
function of the bombarding energy. As an example of these
angular distributions, Fig. 15 shows the results obtained at
30 MeV normalized to Rutherford cross sections. For the
purpose of comparison among different reaction channels,
the figure also includes the normalized values of the cross
sections for elastic and inelastic scattering reported for this
same system in Refs. [34,35], respectively. Within statistical
uncertainties the probability of occurrence is approximately

E_ =30 MeV
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FIG. 14. Differential cross sections for resonant breakup as a
function of the center-of-mass azimuthal angles for d-« emission at
E, = 30 MeV and 6; ~ 100°. See text for details.
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TABLE II. Differential cross sections do/d<2y; for resonant and non-resonant breakup into d-« as a function of the c.m. binary angle and
bombarding energy. For the highest energies (26, 28 and 30 MeV) the non-resonant component could not be identified due to experimental

constraints.
E.p =30 MeV Epp =28 MeV E.p =26 MeV
OLi(deg) do/dQi(mb/sr) OLi(deg) do /dQ;(mb/sr) OLi(deg) do /dQ;(mb/sr)
Resonant Resonant Resonant
52.4 178 £54 47.7 14.6 £7.7 70.4 7.8 +23
58.0 13.0 +4.7 52.4 16.7 £ 11.0 75.9 59+1.7
60.0 1254+29 57.3 50+19 78.0 59+ 1.7
65.7 122 +£2.7 63.0 42+ 1.7 83.5 6.0+ 1.7
67.7 120 £ 3.1 65.2 8.6+44 85.5 58+£19
73.4 149 £4.0 70.8 6.2+39 91.1 3613
78.0 9.6 +2.6 73.5 58+35 93.2 4.1+2.1
83.5 9.8+£25 81.0 6.0£3.0 98.3 42+ 1.8
85.5 64+23 85.5 7.24+32 100.0 1.2+0.5
91.1 40+£19 91.1 6.6 +3.0 105.5 1.3£04
93.0 10.1 £4.5 934 24+ 1.1 107.8 1.8+0.5
98.5 7.3+3.6 994 244+ 1.0 113.2 1.6 £0.5
99.1 16+1.6 108.0 3.1+14 115.2 1.7 £0.5
105.1 1512 113.4 29+12 120.5 1.3+04
108.0 22408 117.8 62+15
113.2 1.8+ 0.7 123.0 49+ 14
115.3 21+1.0 125.0 45+12
120.7 1.2+ 0.6 130.4 34+ 1.1
Ey, = 24 MeV Eu, = 23 MeV
OLi(deg) do /d 2 ;(mb/sr) do /dQ2;(mb/sr) 6Li(deg) do /d2;(mb/sr) do /dQ2;(mb/sr)
Resonant Direct Resonant Direct

85.5 39+1.2 0.35 £ 0.15 100.0 0.7+0.2 0.11 £ 0.04
91.1 3.1£1.0 0.26 £ 0.11 105.0 0.8 +£0.2 0.08 £ 0.04
93.1 3.8+1.2 0.42 +0.20
98.5 244+1.0 0.40 £ 0.17
100.0 244+1.0 0.14 £+ 0.09
105.7 1.7+ 1.1 0.13 +0.08
108.0 09+03 0.11 4+ 0.06
113.2 0.7+03 0.10 £ 0.05

5 times larger for breakup than for inelastic scattering over the
entire measured angular range. For both channels a rather flat
maximum is observed at values in the vicinity of the calculated
grazing angle, which is indicated in the figure by the vertical
arrow. The dashed curve that describes the elastic-scattering
data is based on a parameter-free optical model calculation
that takes the breakup channel into account [36,37]. The solid
curve shown in the same figure corresponds to calculations
of the noncapture breakup channel based on the classical
dynamical description of Diaz-Torres [26,27]. This model
treats projectile breakup as a stochastic process and evaluates
the subsequent fate of the products according to various
conditions at the moment at which breakup occurs. In this
way noncapture breakup, incomplete fusion or complete fusion
following breakup can be obtained depending on whether both
fragments manage to fly away, or one or both fragments are
absorbed by the target nucleus. The breakup probability Pgy
for a fixed energy and impact parameter is given by Pgy =
exp(—a Rmin + B), where Ry, is defined as the barrier radius
if the partial wave is lower than the critical angular momentum
associated to complete fusion, and as D (the distance of

closest approach for a Coulomb trajectory) otherwise. The
calculations have been done using the code PLATYPUS [38].
The values of the logarithmic slope « and the intercept § that
we have chosen for its application to a SLi projectile were
0.280 fm~! and 0.661, respectively. These values were
extracted from the present measurements performing an expo-
nential least-squares fit to the differential resonant noncapture
breakup cross sections (shown in Fig. 16 as a function
of the distance of closest approach, D) disregarding the
contribution of the direct component. Other elements used
in the calculations were the nuclear parameters for the Woods-
Saxon potentials which were taken from the systematics of
Broglia and Winther [39,40]. The solid curve in Fig. 15 that
results from these calculations qualitatively reproduces the
trend of the data points for resonant breakup, including the
peaking near the grazing angle. Regarding this comparison, it
should be kept in mind that the distinction between resonant
and nonresonant breakup is beyond the reach of the model.
The peripheral character of these reactions can be better
evaluated by displaying the normalized cross sections as a
function of the distance of closest approach (D). Under the
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FIG. 15. (Color online) Differential cross sections for resonant
breakup (this work), elastic scattering [34], and inelastic scattering
[35] as a function of the center-of-mass binary angle, normalized
to Rutherford cross sections at Ej,;, = 30 MeV, the vertical arrow
indicates the grazing angle. The labels indicate the groups of data
points corresponding to each one of those channels. The solid curve
is a prediction for the noncapture breakup channel applying the model
of Refs. [26,27]. The dashed curve is a calculation based on the model
of Refs. [36,37]. See text for details.

assumption of Coulomb scattering, this is done in Fig. 16
which now includes the data for all the bombarding energies
for resonant and direct breakup, as well as preexistent
elastic [34] and inelastic-scattering data [35] for the same
system. The behavior of the resonant breakup data at the
largest calculated distances considering all the energies can
be approximately described by an exponential decay with
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FIG. 16. (Color online) Differential cross sections for resonant
and direct breakup into d-« partition (this work), elastic scattering
[34], and inelastic scattering [35] normalized to Rutherford cross
sections as a function of the distance of closest approach (D). The
labels indicate the groups of data points corresponding to each one
of those channels. The different colors correspond to each one of
the bombarding energies used in the measurements of noncapture
breakup in the present work.
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a constant of —0.28 fm~!. On other hand, the data points
for direct breakup appear at distances around and above
13 fm; this observation tentatively supports a connection
that has been proposed between low relative energies and
breakup taking place at long distances [24]. However, a more
definite conclusion in this respect would require further direct
breakup data at higher bombarding energies and with better
efficiency. The qualitatively similar exponential behavior that
has been observed for distant transfer reactions [41,42] is
usually interpreted as arising from quantum tunneling of the
transferred particle through a potential barrier. In the case of
transfer, the slopes of the exponential tails obtained in this
way present a marked dependence upon the energy, although
this dependence has in turn been shown to largely disappear if
one introduces a more realistic calculation of the internuclear
distances and takes the absorption into account [43]. In the
case of breakup, and depending on the exact mechanism that
governs the partition and emission of the breakup fragments
in the short distance domain where the reaction takes place,
it might also be argued that the asymptotic relation between
the binary scattering angle and the internuclear distance is not
so well defined. In addition, for the present breakup data the
magnitude of the experimental uncertainties makes it difficult
to establish clear trends and thus to undertake a more refined
analysis along these lines.

Finally, total breakup cross sections have been obtained by
numerical integration of the experimental values of do/d2;
over 47 srin binary solid angle, applying a prescription similar
to the one described above for the extrapolation to the most
forward and backward angles. The results for resonant and
direct breakup into d-o mode are presented in Fig. 17, which,
for comparison, also includes the cross sections for complete
fusion reported by Rath et al. [44]. The solid curve shows the
predictions of the dynamical classical model of Diaz-Torres
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FIG. 17. (Color online) Total cross sections for resonant and
nonresonant breakup into d-« mode (this work) and complete fusion
[44] as a function of the bombarding energy. The labels indicate the
groups of data points corresponding to each one of those channels.
The solid and dashed curves are predictions of the noncapture
breakup channel and of fusion, respectively, applying the model of
Refs. [26,27]. See text for details.
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[26] for the noncapture breakup channel. As has already
been shown for the case of the binary angular distributions,
the model succeeds in the quantitative description of the
experimental behavior of the resonant noncapture breakup data
as a function of energy. Actually, one can also conclude that
the agreement would still very reasonable even if the relatively
minor contribution of the direct breakup cross sections that
could be measured at the lowest energies were to be added.
However, it is difficult to draw a more definite conclusion
in this respect at the moment since it has not been possible
to measure the direct breakup channel over the whole energy
range. The predictions of the same calculation for the complete
fusion cross sections are shown by the dashed curve; in this
case, the energies are restricted to the above-barrier range given
the classical character of the model. The comparison between
the experimental cross sections for both reaction channels
point to an increasing dominance of noncapture breakup over
fusion as the energy decreases below the barrier.

V. SUMMARY AND CONCLUSIONS

Noncapture breakup reactions induced by weakly bound
®Li projectiles on a '**Sm target have been investigated at five
bombarding energies close to the Coulomb barrier through the
correlated detection of the emitted light particles. The body of
analyzed results comprises all those reactions that result in the
breakup of the ®Li projectile into a deuteron and an o particle
(we leave aside for a forthcoming publication the analysis of
other complex and less intense reaction channels). The breakup
mode has been first identified and then fully characterized on
the basis of a complete set of variables adequately chosen
to provide the most physically significant description of
the system directly obtainable from the data in a model-
independent way. At each energy, the angular measurements
cover both the binary-reaction angle (the asymptotic emission
angle of the virtual binary ejectile) and the breakup angles
(the asymptotic in-plane and out-of-plane emission angles of
the light fragments in the ejectile frame). The geometry of
the detection system has been considered in detail for the
computation of the efficiency of the coincident measurements
and for the extraction of the corresponding differential and
integrated cross sections.

The first common experimental result for the «-deuteron
breakup mode obtained from the three-body kinematics relates
to the dominant population of the ground states and, probably,
of the lowest excited states of the '**Sm target nucleus. The
obtained experimental distributions of other relevant variables,
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such as the kinetic energies of the breakup fragments in
the ejectile center-of-mass reference frame conveys decisive
information to establish the resonant or direct (nonresonant)
character of the reactions. In the particular case of this variable
the identification of each one of these processes can be
achieved in an indirect although very selective manner. The va-
lidity of the results could be independently confirmed through
the analysis of the shapes of the intrinsic breakup angular
distributions. In this way it could be determined that for the
projectile breakup channel the resonant process that involves
the lowest-lying 3% state of SLi dominates at all energies,
although, due to the peculiarities of the detection system, the
direct-to-resonant ratio could only be quantitatively measured
at the sub-barrier energies and found to be around 10%. In spite
of the expected very high selectivity of the detection system
for the identification of higher resonances, no statistically
significant evidence of such processes was found.

In accordance with the results of previous works, the
breakup polar-angle distributions exhibit a quite marked
anisotropy that involves, as references, the beam direction
and the asymptotic emission direction of the binary virtual
ejectile. These two directions also define the plane that is
taken in turn as reference for the breakup azimuthal-angle
distributions, obtained from the out-of-plane measurements.
Within experimental uncertainties and to the extent of the
covered angular regions, we conclude that the out-of-plane
results are consistent with uniform distributions.

The probabilities for breakup emission as a function of
the asymptotic binary scattering angles have been analyzed
in terms of the minimum internuclear distances between pro-
jectile and target obtained under the assumption of Coulomb
trajectories. In spite of the relatively large experimental
fluctuations that somehow blur the conclusions, the results
for internuclear distances larger than the corresponding value
to the grazing angle follow a slow, approximately exponential,
decrease with no apparent energy dependence such as that
observed in some transfer reactions. The total cross section
for resonant breakup of °Li equals the complete fusion cross
section at approximately the barrier energy and becomes the
dominant channel as the energy decreases towards the sub-
barrier region, where we have found an additional contribution
of about 10% from nonresonant processes. The experimental
differential and integrated cross sections obtained in this work
have been compared to the cross sections of other channels
previously measured for the same system and to the results
of calculations based on a dynamic classical description of
breakup, incomplete fusion, and complete fusion in reactions
induced by weakly bound projectiles.
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