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Background: ®’Li and °Be are weakly bound against breakup into their cluster constituents. Breakup location is
important for determining the role of breakup in above-barrier complete fusion suppression. Recent works have
pointed out that experimental observables can be used to separate near-target and asymptotic breakup.
Purpose: Our purpose is to distinguish near-target and asymptotic direct breakup of ®’Li in reactions with nuclei
in different mass regions.

Method: Charged particle coincidence measurements are carried out with pulsed ’Li beams on **Ni and %Zn
targets at sub-barrier energies and compared with previous measurements using >°*Pb and 2 Bi targets. A detector
array providing a large angular coverage is used, along with time-of-flight information to give definitive particle
identification of the direct breakup fragments.

Results: In interactions of SLi with **Ni and %Zn, direct breakup occurs only asymptotically far away from
the target. However, in interactions with *®Pb and **Bi, near-target breakup occurs in addition to asymptotic
breakup. Direct breakup of "Li into a-f is not observed in interactions with **Ni and **Zn. However, near-target
dominated direct breakup was observed in measurements with 2®Pb and *®Bi. A modified version of the Monte
Carlo classical trajectory model code PLATYPUS, which explicitly takes into account lifetimes associated with
unbound states, is used to simulate sub-barrier breakup reactions.

Conclusions: Near-target breakup in interactions with *’Li is an important mechanism only for the heavy targets
208ph and 2*Bi. There is insignificant near-target direct breakup of °Li and no direct breakup of "Li in reactions
with 3Ni and ®Zn. Therefore, direct breakup is unlikely to suppress the above-barrier fusion cross section in

reactions of *7Li with *Ni and *Zn nuclei.

DOI: 10.1103/PhysRevC.93.044605

I. INTRODUCTION

Collisions involving weakly bound stable and unstable
nuclei are interesting from the perspective of understanding
both nuclear structure and nuclear reactions. Information has
been obtained on clusters in nuclei [ 1-3], the effect of breakup
on other reaction observables [4—17], and nuclear structure
near drip lines [18,19]. In astrophysics, direct Coulomb
breakup has been used to probe radiative capture reactions
at low energies [20-23]. Here, our interest lies in the effect of
breakup on fusion cross sections.

Breakup prior to reaching the fusion barrier is thought
to be one reason for the observed ~30% suppression of
above-barrier complete fusion cross sections for reactions
of ®"Li and Be with heavy target nuclei [4-7,24-26].
Such a suppression is not observed [24,26] in reactions
with well-bound nuclei (where breakup should be negligible)
forming the same compound system. A smaller suppression
of complete fusion has been reported in measurements for
reactions of °Li with ®'Ni [27], “°Zr [9], and *Be with *Y [28].
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Complete fusion measurements are, however, sparse for light
and medium-mass nuclei, since separation of complete and
incomplete fusion products is difficult. This is because charged
particle evaporation from a light compound nucleus is much
more significant than that in heavier nuclei. The same reaction
product can thus be formed by charged particle evaporation
after complete fusion and by incomplete fusion, where only
part of the charge of the projectile is captured. For this reason,
the extracted complete and incomplete fusion cross sections
are often reliant on estimates of charged particle evaporation
probabilities from statistical models. This has precluded a
systematic understanding of complete fusion suppression from
fusion measurements alone, as well as the relationship between
above-barrier complete fusion suppression and breakup.

An alternate approach towards this goal has been developed
in recent years [29-31], in which breakup mechanisms are
studied in detail at sub-barrier energies [7,32]. The charged
fragment absorption leading to incomplete fusion is minimal
at sub-barrier energies, thus allowing a clearer understanding
to be developed. Coincident measurements of charged par-
ticles resulting from breakup of the projectile-like nucleus,
measured at a range of sub-barrier energies and angles, allows
determination of breakup probabilities as a function of the
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distance of closest approach. This “breakup function” is then
used as an input to the classical trajectory model PLATYPUS
[32-34], which is used to predict above-barrier complete and
incomplete fusion cross sections [29], thus providing a link
between breakup at sub-barrier energies and above-barrier
complete and incomplete fusion.

Recent experimental investigations of breakup have clearly
demonstrated that in reactions of the weakly bound nuclei
%7Li and °Be, breakup can occur both by direct excitation
of projectiles into continuum states (including narrow reso-
nances) and by population of unbound states of a projectile-like
nucleus following nucleon transfer [29,30]. Irrespective of the
breakup mode, the location of breakup is crucial to above-
barrier fusion suppression [30]. Complete fusion can only be
suppressed if breakup of the projectile-like nucleus occurs
while approaching the target nucleus, before passing inside
the fusion barrier radius. At subbarrier energies, the equivalent
condition is when breakup occurs as the two nuclei approach
each other. Whether this condition is satisfied depends on two
factors: (a) the location of the process that triggers breakup and
(b) the lifetime of the populated unbound state. Depending
on the lifetime of the state populated, the decay (breakup)
location can range from close to the target-like nucleus to
asymptotically far from the target-like nucleus. If breakup
occurs close to the target-like nucleus, the angular and energy
correlations of the charged breakup fragments are modified
by the Coulomb field of the target-like nucleus [30], whereas
the correlations between fragments resulting from breakup
occurring asymptotically far from the target-like nucleus are
influenced only by their own mutual Coulomb field. Therefore,
coincident measurements of energy and angular correlations of
breakup fragments provide a means to investigate the locations
of breakup [35].

In this paper, we report on an investigation of the direct
breakup of 714 incident on targets of BN 1, 64Zn, and 207-298py,
and 2”Bi [30,31] at sub-barrier energies. The targets were
chosen in order to investigate the dependence of near-target
and asymptotic direct breakup on the strength of the Coulomb
interaction between colliding nuclei. The paper is organized as
follows: experimental details and data analysis are described in
Sec. II; different approaches to separating near-target breakup
from asymptotic breakup are discussed in Sec. III; details of the
classical dynamical code used for simulations are presented in
Sec. IV; experimental results are compared with simulations in
Sec. V; and results are summarized and conclusions presented
in Sec. VL.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment was performed at the Australian National
University (ANU) using the Heavy Ion Accelerator Facility.
Pulsed ®7Li beams (width ~ 1 ns; separation ~ 106.6 ns) were
provided by the 14UD tandem accelerator and bombarded
thin targets of isotopically enriched **Ni and %Zn. The target
thicknesses together with the beam energies and the Coulomb
barrier for these systems (calculated using the Sdo Paulo
potential [36]) are listed in Table 1. The BNi target was
self-supporting, whereas the %47n target had a carbon backing
10 pg/cm? thick, mounted such that the carbon backing faced
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TABLE I. Beam-target combinations, target thicknesses, beam
energies (E),), fusion barriers in the center-of-mass frame (V)
calculated using the Sdo Paulo potential, and ratios of center-of-mass
beam energy (E.n. ) to fusion barrier energy. Beam energies have
been corrected for energy loss through half the target thickness and
the carbon backing (for ®Zn).

Beam Target Thickness Epp Vi Ecm/Vs
(ng/cm?*)  (MeV)  (MeV)

L4 BNi 50 13.07 12.36 0.96

L4 %7Zn 100 13.55 13.05 0.95

"Li BNi 50 13.07 12.14 0.96

"Li %“7Zn 100 13.60 12.83 0.95

the beam. The targets were mounted at 45° to the beam
direction such that the plane of the target faced the detectors.
The energy, position, and time of flight (TOF) of the charged
breakup fragments were measured in coincidence using the
Breakup Array for Light Nuclei (BALiN). This array consists
of four double-sided silicon strip detectors (DSSDs), each
400 pm thick, and divided into 16 arcs and 8 sectors, giving
a total of 512 effective position pixels across the array. For
the measurements with **Ni and ®*Zn targets, the DSSDs were
placed in a “front-back” geometry, with two detectors placed in
the forward hemisphere and two in the backward hemisphere,
as shown in Fig. 1. A 0.7-um-thick Mylar foil was placed
in front of each DSSD to stop electrons. The plane of each
detector is at an apex angle of 45° to the beam axis. Figure 2(a)
shows the distribution of coincident breakup events seen in the
array as a function of the scattering angle (9) and azimuthal
angle (¢). The two backward DSSDs covered 101° to 165° in
6 and 184° to 330° in ¢. The most forward angles of the two
forward DSSDs were shielded to avoid a high elastic count rate,
resulting in an angular coverage of 55° to 84.5° in 8 and 32° to

FIG. 1. The BALIN array as configured for the present measure-
ments in the “front-back” geometry. The arrow indicates the beam
direction. The two detectors mounted at forward angles were placed
at backward angles in the previous measurements for %’Li +2272%pp
and 2 Bi, forming a “lampshade” configuration.
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FIG. 2. Two-dimensional spectra of breakup pairs for °Li +%Zn
at 13.55 MeV. (a) Hit pattern of the coincident breakup events, which
is indicative of the detector coverage (in 6,¢); (b) uncorrected arc
energies (see text) of two coincident fragments, E| and E7; (c) time-
of-flight (TOF) vs energy (E’) of the fragments; (d) corrected energies
of the fragment pairs identified as «-p (red) and «-d (purple) as
described in the text. Paler shades indicate higher counts per pixel.

178° in ¢. Two monitor detectors were mounted at +50° for
beam monitoring and normalization to enable the extraction of
the breakup cross sections. The measurements for the 2°7-28pb
and 2%Bi targets were carried out previously at the ANU and
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are described in Ref. [31]. In these measurements, the BALIN
array was arranged in a “lampshade” geometry, with DSSDs
placed in the backward hemisphere and monitor detectors at
+22.5°.

Energy calibration for each arc and sector was performed
using a mixed (239Pu, 21 Am, and 244Cm) o source and a
measurement of elastically scattered ’Li from '**Sm at a beam
energy of 9.70 MeV. At this energy, elastic scattering is pure
Rutherford even at the most backward angles of the array.
Thus, the elastic yields measured by the monitor detectors and
in each pixel in the BALiN array were used to obtain the solid
angle ratio of the two monitor detectors to that of each pixel.

A. Removal of elastic false coincidences

The measured arc energies E/ and E/, of coincident particles
from reactions of °Li with ®*Zn at 13.55 MeV energy are shown
in Fig. 2(b). These energies are uncorrected for energy losses
through half the target thickness, the Mylar foil, and the dead
layers of the DSSDs. These corrections can only be carried
out after particle identification. At this stage, the assignment of
particles to E} or E% is random. Events corresponding to elastic
cross-talk between adjacent arcs, where the sum of E| and E} is
approximately equal to the energy of elastically scattered Li,
lie on the intense diagonal band labeled “A” in the figure. These
events are generated when elastically scattered beam particles
hit the boundary between two arcs, and charge is collected on
both arcs, generating signals in adjacent arcs. Similar events
are generated when elastically scattered beam particles hit the
boundary between two sectors. Random coincidences between
elastically scattered °Li and other particles appear as intense
horizontal and vertical bands labeled “B.” The elastic cross-
talk in arcs and sectors and random coincidence events are
removed during off-line data analysis by (i) removing events
registered in adjacent pixels with a summed energy equal to
that expected for elastic scattering and (ii) applying a narrow
gate in energy as a function of the scattering angle to reject
events where one particle is an elastically scattered beam.

B. Identification of breakup modes

In the off-line analysis, corrections for energy losses in
the dead layers of the DSSDs, the Mylar foil, and the
target are performed event by event for all possible charged
particles generated from breakup. Once the breakup modes
are identified via the subsequent analysis described below,
the energy losses appropriate for the identified fragments are
then assigned. It is assumed that the point of interaction is
at the target center. Since the exact interaction location of
particles within each detector pixel cannot be known, the
positions of events are randomized within each pixel. This
defines the angular resolution of typically 66 ~ +2° for these
measurements. For the measurements of *’Li reactions with
3Ni and 64Zn, the Qya Vs Ep spectrum and TOF vs E’
spectrum [shown in Fig. 2(c)] are used to identify the breakup
modes [e.g., the two modes illustrated in 2(d)], as described
in Secs. IIB 1 and IIB 2. For the ®"Li +2"72%pPp and **Bi
systems, breakup modes are identified using Qv VS Erel,
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and particle identification is achieved using the AE — E
technique, as described in Refs. [30,31].

L Qval Vs Erel

The fragment energies E; and E,, corrected for energy
losses, and the measured 6 and ¢ are used to reconstruct key
reaction observables such as the Q value (Qy,) and relative
energy between the two fragments (Ey.). The Q, for each
breakup mode is reconstructed from the deduced E; and E;
using energy conservation:

Qval = E+ E; + Erec — Epp. (])

Here Ej, is the beam energy corrected for energy losses in
half of the target thickness and the carbon backing (in %47n).
The energy of the recoiling nucleus E. is reconstructed
using momentum conservation in three body kinematics. If the
assumption of three-body kinematics and the assigned breakup
mode is correct, then the Q-value spectrum is expected to show
sharp peaks corresponding to states of the recoiling target-like
nucleus. Information about the state of the projectile-like
nucleus cannot be obtained from the reconstructed Q. since
the excitation energy prior to breakup appears in E;| and E;.
However, useful information about the projectile excitation
and location of breakup is carried by the relative energy E.
of the fragments [29,30]:

miEy, +myE| — 2/mEimyE; cos b,

Erel =
my + my

(@)

Here, m; and m, are the deduced masses of the breakup
fragments and 6, their opening angles. In the present mea-
surements, events arising from breakup of ®’Li in interactions
with nuclei of the backing, or target impurities, such as carbon
or oxygen, can be removed by performing the kinematic
reconstruction assuming the target to be carbon or oxygen.
This resulted in sharp peaks at the appropriate Q values,
confirming their origin. These events are then removed by
gating them out using their Qv, vs Ey histograms. Having
removed events from these impurities, the individual breakup
modes from interactions with the intended target material are
identified based on Q, vs Ey spectra. The final Qy, VS Ere
spectra for breakup following collisions of "Li with 2®Bi and
%7Zn are shown in Figs. 3(b) and 3(d), respectively, and the
projected Q., spectra are presented in Figs. 3(a) and 3(c),
respectively. The identified breakup modes are indicated.
Details of identifying the different breakup modes with the
2095 target can be found in Ref. [31].

For measurements with ®*Zn, there was no significant
yield at the expected position for «-¢ breakup indicated by
the dashed blue line. Thus, it could not be separated from
o-d and a-p (when the reaction leads to excited states of
a target-like nucleus giving Qv < 2.0 MeV) as shown in
Figs. 3(c) and 3(d). In any case, all these events (indicated
in gray) contribute less than 1% of the total breakup yield.
For the "Li +%7Zn reaction, the distributions of ¢-« and o-p
breakup events show considerable overlap in the Q, as
well as in the Qya vs Eg spectrum, as shown in Figs. 3(c)
and 3(d), respectively. Separation is possible only by using
TOF information, as discussed below. The TOF is also used
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FIG. 3. Q.. vs E, spectra of breakup pairs for TLi +%Bi, %Zn
are shown in (b) and (d), and their Q-value distributions are shown in
(a) and (c) respectively. a-a breakup events are shown in green; o-p
in red, @-d in magenta, and «-¢ in blue. For "Li4+%7Zn, a clear peak
at the position expected for «-¢ breakup (indicated by dashed blue
lines) is not seen in the experiment. See text for details.

to achieve the correct association of energy and mass of
essentially all breakup fragments. The correct energy-mass
assignment allows appropriate energy loss corrections and
results in the sharp peaks in the reconstructed E. and Qya
spectra [shown in Fig. 3(d)].

2. Time of flight

To extract TOF information for each particle, fast timing
signals were obtained from each arc of the detector, and times
were determined using leading-edge discriminators. TOF was
defined with respect to the radio-frequency signal associated
with the time of arrival of the beam pulses. Since the distance
from the target to each pixel in the BALiN array was different,
the resulting TOF spectrum varied from pixel to pixel. Further,
there was a constant offset between the TOF spectra resulting
from each arc timing signal being processed individually. By
normalizing the TOF of the elastically scattered peak in each
detector pixel with respect to a reference pixel during off-line
analysis, both of these effects were removed.

The short flight paths, 8—11 cm, result in small differences
in flight time between protons and deuterons and between
deuterons and tritons. Although protons, deuterons, and o
particles could not be identified uniquely, the « particles could
be separated from protons and deuterons in the TOF vs E’
spectrum alone. This allowed the combination of Qv, Vs Efe
with TOF vs E’ to generally provide clear identification of
the fragments and the breakup modes. For example, the a-d
and o~ modes can be separated from the «-o and - p modes
based on the differences in the Qyy vs E spectrum. On the
other hand, ¢-a and «-p modes have overlapping Qv Vs
E, but are well separated in TOF vs E’. This is illustrated
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in Fig. 2(c), which has been produced with a requirement of
QOva > —1.5 MeV to exclude o-d and «-t breakup modes.
Thus, the only particles present should be p and «. The
separation between o particles and protons is larger than
the difference in flight times over the 8- to 11-cm flight
paths. Differences in pulse rise times, in conjunction with
leading-edge timing, enhance the separation.

Following the procedure described above that allowed the
clear identification of the breakup modes, the rest of the paper
focuses exclusively on the direct breakup of ®Li into a-d and
Li into «-z. In that context, it is interesting to revisit the E|
vs E’, plot shown in Fig. 2(b) and extract events corresponding
to particular breakup modes, which are shown in Fig. 2(d).
The two distinct bands in the direct breakup of °Li into a-d
correspond to coincident events when both charged breakup
fragments are detected either in the front detectors or in
the back detectors. The separate bands arise because of the
different target recoil energies under these two conditions;
excited states in the target-like nucleus were not populated. In
the case of a-p breakup, separate bands are not evident since
events resulting from front-back coincidences are significant,
and a number of excited states of the target-like nucleus are
populated. Both factors lead to a continuous distribution in
the target recoil energy and thus a continuous distribution in
E, vs E,. The reconstruction of the energy of the recoiling
target-like nucleus from momentum conservation is essential
to obtain the correct Q value. The resulting sharp peaks in
the Qv spectrum [shown in Fig. 3(c)] confirm the correct
assignment of the breakup fragment identity.

III. CHARACTERIZING BREAKUP

To relate subbarrier breakup measurements to above-barrier
incomplete fusion and to understand the role of breakup in
complete fusion suppression, it is necessary to separate near-
target breakup from that which occurs asymptotically far from
the target nucleus. In recent works [29,31], this information has
been obtained from the E, distribution of the two coincident
fragments. In this section, the limitations of characterizing
breakup based on E.. are discussed, and the application of
a new method [35] for the separation of near-target breakup
from asymptotic breakup using angular correlations of breakup
fragments is demonstrated.

A. E.,: Near-target vs asymptotic

The basic premise of separation using E,. is that post-
breakup acceleration of the charged breakup fragments de-
pends on their proximity to the target [30]. If breakup occurs
asymptotically far from the target-like nucleus, then the
observed E.. will be equal to the sum of the Q value of the
breakup and the excitation energy of the resonant state from
which breakup occurs. However, if breakup occurs close to
the target, as would be expected for breakup of short-lived
states, then the Coulomb interaction between the target and
breakup fragments will result in a distorted and smoothed E.
distribution [30,31]. An example of this is shown in Fig. 4(a)
for a-d breakup of ®Li with various targets at E/V}, = 0.95.
The sharp peak at 0.71 MeV (shown by the dashed line)
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FIG. 4. Direct breakup E,. spectra (a) for a-d breakup pairs for
SLi4+°8Ni, %Zn, 27-28Pp, and 2 Bi reactions and (b) for a- breakup
pairs for "Li +2"2%Pb and 2”Bi reactions. Dashed vertical lines
indicate the expected E, from breakup of the long-lived 3" resonant
state in °Li and from breakup of the long-lived 7/2~ resonant state in
"Li.

corresponds to direct breakup of °Li from the long-lived 3*
resonant state (with a mean life of 2.7 x 1072 s) [37]. The
rest of the events without any characteristic structure should be
due to breakup occurring near the target. The E, distribution
extends to 4-5 MeV in reactions with the *Ni and ®Zn
targets, whereas for the 2°72%Pb and 2%Bi targets it extends
to ~15 MeV, reflecting the stronger Coulomb interaction with
these heavy target nuclei. To exclude the possibility of the
different detector geometry affecting the conclusions, E.
distributions in reactions with ®*Zn are shown in Fig. 4(a)
for the two detector geometries: front-back and lampshade. A
difference is seen only at higher E values, which arises due
to the different coincidence detection efficiencies for these two
geometries.

Shown in Fig. 4(b) are the E . distributions for a-t breakup
of "Li in reactions with 2% Pb and **Bi at 29.0 MeV beam
energy. From this figure, it is not possible to clearly separate
breakup from the long-lived 4.65 MeV 7/2™ resonance state
of "Li (width = 69 keV; mean life = 9 x 1072 s) [37] from
near-target breakup, as there is just a hint of a peak at the
expected value in E.;. There were no «-t breakup events
clearly identified with the *Ni and %Zn targets, as discussed
in Sec. II.

B. B vs 01,: Near-target vs asymptotic

Breakup from long-lived resonant states can be separated
more cleanly from near-target breakup using angular corre-
lations between the breakup fragments. It has recently been
shown [35] that a useful quantity is the orientation of the
relative velocity of the fragments with respect to the motion of
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FIG. 5. Schematic showing the relationships between various
variables used in Eq. (3) for breakup into a-t.

their center of mass. This angle § is determined from

V1V sin 912

sin 8 =

)1/2’ S

(v%u% + vlzu% + 2uqurv1v;2 COS O12

where v; and u; are the particle velocities in the laboratory and
composite rest frames, respectively. A schematic showing the
relationships between all these variables is shown in Fig. 5.

Plotted against the opening angle 0),, the § distribution
yields information about the location of breakup relative
to the target-like nucleus [35]. In simulations as well as
experimental data, particle 1 is the heavier and 2 is the lighter.
The expected correlation between 8 and 6, for asymptotic
breakup [obtained from Eq. (3)] from the 3% resonant state
of ®Li and the 7/2~ resonant state of 'Li is shown by dashed
lines in Figs. 6(a) and 6(b), respectively. Figure 6(a) shows
a distinct correlation between B and 6, for breakup events
from the long-lived 3% resonance state in °Li following the
turquoise dashed line, as the fragments are not affected by
the presence of the target Coulomb field. The same is true for
breakup occurring from the long-lived 7/2~ resonance state in
"Li (dashed black line), enabling much clearer identification
of these events as shown in Fig. 6(b). This was less obvious
using the E. distribution as noted previously. The excellent
agreement of this correlation assuming asymptotic breakup
using Eq. (3) for the long-lived resonant states of ®’Li with
the experimental data illustrates that this correlation can be
measured accurately.

For events arising from breakup of ®’Li near the target,
the B vs 61, correlation will be distorted due to post-breakup
Coulomb acceleration of the breakup fragments as discussed
below and in Ref. [35]. Therefore, this correlation gives a
handle on the location of the breakup. This observable has
the advantage that one can better distinguish near-target and
asymptotic breakup, particularly if one is weaker than the
other. In the next section, classical dynamical simulations
of the breakup under different assumptions regarding the
proximity to the target are presented and discussed.

IV. MODELING PROMPT AND ASYMPTOTIC BREAKUP

In order to better understand the near-target breakup com-
ponent we make simulations of breakup using a classical three-
body dynamical model, PLATYPUS [32—-34]. It simulates the tra-
jectories of fragments following breakup of the projectile. The
trajectory of the projectile and target is tracked up to some point
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FIG. 6. The B vs 6y, spectra of breakup pairs for %’Li +>®Bi
at 29.0 MeV. Dashed lines show the expected B8 vs 6, correlation
assuming asymptotic breakup from the long-lived 3" resonant state
in SLi and 7/2 resonant state in 'Li.

where the projectile is selected to break up into two fragments.
The locations of breakup are stochastically sampled assuming
that the probability of breakup increases exponentially with
decreasing distance between the projectile and the target. As
such, the reaction positions are concentrated near the distance
of closest approach on the projectile and target trajectory.
The original version of PLATYPUS allowed for a uniform or
exponentially decaying projectile nucleus excitation energy
distribution within given energy limits. In the modified version,
the initial relative energy of the fragments—equivalent to the
excitation of ®’Li*—is randomly sampled from a given input
distribution. The target and two breakup fragments are then
propagated in time, with their mutual interactions defined
by Coulomb and nuclear Woods-Saxon potentials. Here we
make several other modifications to PLATYPUS [34] to give
an improved—though still phenomenological—description of
the breakup process.

A. Modifications to the breakup function

Breakup probabilities are found experimentally to depend
exponentially on the distance of closest approach R, (see,
e.g., [7,32]). In PLATYPUS the integrated probability of breakup
on a given trajectory is fixed by Ry,i,. The local breakup prob-
ability Pgy(R) is a function of the projectile-target separation
R, with Pgy(R)d R giving the probability of breakup between
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From the above it is assumed that the local probability function
has the same exponential form, Pgy(R) o exp(—aR). The
exponential form means that the local breakup function Py
is naturally peaked at the distance of closest approach Rp.
However, it is at the turning point that the radial separation
changes most slowly, and the probability associated with the
radial interval d R spreads over an increasingly long time in-
terval as R, is approached. The implied breakup probability
for time steps near the turning point then becomes small.

Instead, for each time step on the projectile-target trajectory
we evaluate the local breakup probability Pgy(R). These prob-
abilities are then renormalized such that their sum matches that
of the input breakup function. This ensures that the breakup is
peaked near the distance of closest approach. The importance
of this change is, however, case dependent. The negative
reaction Q value for the direct breakup discussed here means
that there is a classically forbidden region near the turning
point. In practice, then, this change only has a small effect for
negative Q-value reactions but may be important for transfer
reactions with positive Q-values.

B. Lifetimes prior to breakup

In PLATYPUS, it is assumed that breakup is instantaneous.
The instant the excitation of the projectile is chosen to
occur, the projectile is immediately converted into its cluster
constituents (6Li — a-d, 'Li > «-t), and the fragments and
the target then propagate according to their defined mutual
interactions. The initial separation of the two fragments («-d,
«-1) is stochastically sampled from a Gaussian distribution, the
size of which is chosen to simulate the projectile ground state.

This approach has a number of implications for the model.
The two fragments may remain spatially localized for some
period after the reaction has occurred, as it will take some
finite time for them to reach their mutual barrier and move
irreversibly apart. This represents an effective lifetime.
However, this effective lifetime is sensitive to the excitation of
the state (i.e., the initial relative energy of the fragments), the
relative angular momentum of the fragments, and the depth of
the potential chosen to simulate their mutual interaction. Tidal
forces generated by the target nucleus may also influence how
long the fragments remain localized.

However, it is evident from analysis of experimental E
distributions and S vs 6, correlations that breakup can occur
both near the target and asymptotically far away. The lifetimes
of the states in °Li* or TLi*, for which the two fragments remain
strongly spatially correlated, are therefore important. Here, we
have modified the simulation to allow us to explicitly specify
this lifetime. As before, the reaction point is stochastically
sampled, and the trajectories of the target and composite
(e.g., ®"Li*) determined. A lifetime for the composite is then
randomly determined based on the input mean life, which may
be given as a function of the excitation energy of the composite
state. The system (target plus composite) is then propagated for
the duration of the lifetime. Once this intermediate propagation
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has occurred, the breakup fragments (a-d, a-t) are created with
a separation equal to the peak of their relative barrier or, for
low excitation, the outer turning point of their potential. The
fragments then propagate radially away from one another.

This approach neglects tidal forces for the duration of
the intermediate propagation of ®’Li*. In effect, one can
envisage the fragments propagating outwards with respect to
one another, with no influence of the target on their relative
motion until they pass their mutual barrier. The impact of tidal
forces within the classical model is not obvious. Depending on
the orientation of the fragments with respect to the target, and
their respective charge-to-mass ratios, the tidal forces could
shorten or prolong the period of spatial localization. However,
the approach taken here allows for an explicit and well-defined
distribution of mean life (discussed in the next section) to
be used and avoids the sensitivity to the fragment-fragment
potential.

C. Asymptotic breakup

The experimental data for direct breakup of both °Li
and "Li show evidence of long-lived, narrow resonances at
low excitation energies. For SLi, the 3T state at 2.186 MeV
is strongly populated. The state has a width I' =24 keV,
corresponding to a mean life of 27 zs. The 7/2" state in 'Li,
as shown in Fig. 6(b), is weakly populated but has a similar
width, I' = 69 keV, and a mean life of 9 zs. The mean lives
of both states are long enough that they will, in general, decay
into fragments only when they have receded from the target.
The cluster constituents remain spatially localized until they
have moved sufficiently far from the target, and the subsequent
interaction with the target will have little effect on their relative
motion. To describe this within the model we need to estimate
(a) the relative probability, p.(E), of populating the excitation
energy E above the relevant threshold, in the composite
nucleus (>7Li*), and (b) the mean life corresponding to this E.

For well-defined narrow resonances, the expected distribu-
tion py(E) can be estimated in the one-state, one-channel limit
of R-matrix theory [38,39]:

I'y(E)
5
[Er + A(E) — EP + [3Tu(E)]
Here I'y(E) is the energy-dependent resonance width and
A¢(E) = S(E) — B, where S(E) is the shift function [40],
and B an constant boundary condition parameter. B is set to
the shift function at the resonance energy S(Eg), resulting in

A¢(ER) = 0. The width I',(E) can be written in terms of the
underlying reduced-width amplitude

T(E) = 2P(E)y}, (©6)

pe(E) o &)

where Py(E) is the penetrability calculated from regular and
irregular Coulomb wave functions at radius R,,, which depends
on the relative angular momentum £ of the two fragments [40].
The radius parameter R, differentiates the internal (pure
nuclear) and external (pure Coulomb) regions. y is the reduced
width amplitude and, in R-matrix models, is related to the
overlap integral of the internal compound nucleus state with
the external outgoing wave functions, over the dividing surface
defined by R,. We choose the reduced-width amplitude y,
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(c) Same as (a) for 7/27 resonant states of L used in simulations.
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to match the experimentally observed on-resonance width
I'¢(ER) [41]. Using this y,, p;(E) may then be calculated
for all excitation energies, and the corresponding mean life
is estimated using t(E) = A/ [';(E). Given this assumed form
for the excitation distribution and corresponding life, the forms
used for the resonant states in °Li and " Li are shown in Fig. 7.

D. Near-target breakup

In addition to the narrow resonances identified in both
Li and "Li, a broad background is also observed as shown
in Figs. 4 and 6. The origin of this component is not
clear. Both °Li and "Li have additional broad resonances at
higher energies than the narrow states observed, which could
be populated in the interaction with the target. Also, the
breakup could populate short-lived nonresonant continuum
states. Alternatively, tidal forces generated by the target
could cause the narrow resonant states to break up faster
than would otherwise be expected. Regardless of the source,
it is assumed that this component results from near-target
breakup, with the subsequent post-breakup acceleration of
the fragments significantly changing their relative energy,
obscuring potential signatures of the source.

Given this ambiguity in the mechanism for near-target
breakup, we assume that the near-target breakup occurs
quickly and take the upper limit for the width, giving a lower
limit for the mean life as discussed below. The reduced-width
amplitude is assumed to be equal to the Wigner limit (pure
single-particle state; see Refs. [40,42—44]) giving an upper
limit for the width [44],

2

h
= 7

n

[e(E) = 2P(E)
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Mean life (zs)

L
1.5 2 25
E (MeV)
FIG. 8. Excitation energy (E) dependent mean life of the short-
lived states (which break up near the target) of ®Li. Excitation

energies are with regard to the breakup threshold of these nuclei.
The solid red line represents SLi; the dashed blue line "Li.

The corresponding (lower-limit) mean life is again given by
T(E) = h/T'¢(E). Here we choose ¢ = 0, giving the minimum
expected mean life. Since the mechanism for near-target
breakup is not clear, we assume a uniform probability for
exciting ®’Li* between 0.5 and 2.5 MeV above the threshold.
The estimated mean lives for °Li and "Li nonresonant states
are shown in Fig. 8. The long mean life of the nonresonant
component is attributed to its low energy and low prob-
ability of penetrating the mutual barrier of the fragments
(a-d, a-t).

Earlier applications of this approach [22,23,45,46] focused
on Coulomb dissociation of "Li, producing - coincidences
at the low relative energy of less than 1 MeV. Resulting from
the population of 'Li at energies just above the threshold,
these events show little evidence of post-breakup Coulomb
acceleration.

V. RESULTS AND DISCUSSION

In this section, the experimentally measured E. and S vs
01, spectra are compared with the new classical simulations
which explicitly include the distributions of excitation energies
and the mean lives associated with these states as described
in the previous section. The results of the simulations shown
here are filtered through the experimental detector geometry
and the angles of the fragments are randomized within each
pixel as done for the experimental data. Thus the effect of
detector pixelation on reconstructed quantities is identical in
the experimental data and simulations. As PLATYPUS allows
breakup reactions to be tracked in detail, a comparison
with experimental measurements can be used to provide
information about positions of breakup and the effect of the
mean life associated with unbound states. In the subsequent
subsections, the experimental results of direct breakup of 6714
are compared with the simulations for targets in different mass
regions.
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FIG. 9. Experimental data and simulations for °Li breakup into a-d in reactions with 2*Bi at 29.0 MeV beam energy. (a) Experimental 8
vs 6y, distribution; (b) simulation of breakup occurring from the long-lived 3" resonant state in °Li; (c) experimental E distribution (blue),
PLATYPUS simulations assuming breakup from the 37 resonance (red), and PLATYPUS simulations assuming breakup from the short-lived states
(green); (d) PLATYPUS simulations for breakup occurring from short-lived states of °Li; (e) sum of simulations in (b) and (d); (f) experimental

E .. distribution (blue) and PLATYPUS simulations (red) for (e).

A. Direct breakup of °Li in collisions with 2*Bi

The experimental 8 vs 6, distribution is shown in Fig. 9(a)
for °Li direct breakup into a-d in collisions with 2*Bi
target nuclei. Figure 9(b) shows the g vs 6, distribution
obtained from a PLATYPUS simulation of breakup occurring
only through the long-lived resonant 3% state, while Fig. 9(c)
shows a comparison of the E; distribution obtained from
this simulation (red line) vs experimental data (blue line).
The simulation of breakup from the 31 resonant state fails
to reproduce a large component of the experimental data
[Fig. 9(a)] at high 0, and E,. These events must, therefore,
have a different origin. Their distributions of E. and B vs
01> can be reproduced reasonably well by simulations of
breakup of ®Li from short-lived states with mean lives from
the red solid line given in Fig. 8. These results are shown in
Figs. 9(c) and 9(d), respectively. The simulations of breakup
of °Li from the 3" resonant state and short-lived states (filtered
by the BALIN detection efficiency) are merged to reproduce
the experimental data reasonably well, as shown in Figs. 9(e)
and 9(f). The unfiltered events comprised 26% of the total
direct breakup events originating from the 3% resonant state
and 74% from the short-lived states. This indicates that the
direct breakup of °Li occurs through both long-lived resonant

and short-lived states in interactions with heavy target nuclei
such as 2%Bi. Very similar E. [as shown in Fig. 4(a)] and B8

vs 0, distributions were observed in interactions of °Li with
207,208y,

B. Direct breakup of °Li in collisions with *Ni and *Zn

The classical simulations for breakup from the long-lived
3+ resonance in ®Li reproduce the experimental distributions
of B vs 6, for the %*Zn target reasonably well as shown by
comparing Figs. 10(a) and 10(b). The width of the peak in
the E. distribution is also well reproduced for the long-lived
resonant state as shown in Fig. 10(c). For ease of comparison,
simulations are shown with a similar number of events as
the experimental data. There is an excess of events in the
experimental 8 vs 6}, spectrum at 8 ~ 90° and large 6, over
that seen in the simulation, which may be due to breakup close
to the target. These events having higher 6, constitute less
than 7% of the total events. The fact that the experimental
data are well reproduced by simulation from the long-lived 3%
resonant state alone indicates that breakup proceeds mainly via
the 3% resonant state. A similar kind of agreement is obtained
for the direct breakup of °Li in reactions with **Ni.
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distribution; (b) simulations for °Li breaking into a-d from the 3% resonant state; and (c) comparison of experimental (blue) and simulated

(red) E, distribution.

C. Direct breakup of "Li in collisions with 2’Bi

The experimental 8 vs 0, and Ey distributions along
with classical simulations for the direct breakup of 'Li
after interactions with 2Bi target are shown in Fig. 11.
The experimental distribution is shown in Fig. 11(a). In
Figs. 11(b) and 11(c), simulations for the long-lived 7/2~
resonant state and short-lived continuum states (filtered by
the BALIN detection efficiency) are merged to reproduce
the experimental data. The unfiltered events comprised 7%
of the total direct breakup events originating from the long-
lived 7/2~ resonant state and 93% from short-lived states.
The simulations reproduce the qualitative features of the
experimental data. In the experimental data, there are no events
corresponding to B8 > 115° and 6, values lower than the
7/2~ band, whereas simulations show a significant number
of events in this region. This results in a peak in the simulated
E.q distribution [shown in Fig. 11(c)] at Ey < 1 MeV.
Experimental data with 8 > 115° are clearly identified from
the decay of the long-lived 7/2~ resonant state in ' Li as shown

in Fig. 11(a). There are events detected at the same values of
B and 6, in the direct breakup of Li in interactions with
the same target as shown in Fig. 9(a). Thus, the absence of
the experimental data on near-target direct breakup of "Li in
this region is not due to any experimental limitation. These
subtle differences indicate that the 8 vs ;, distribution carries
detailed information about the locations of breakup and the
model needs further refinement.

D. Direct breakup of "Li in collisions with **Ni and**Zn

As shown in Fig. 3(b), direct breakup events in reactions of
"Li with ”Bi are clearly observed at Qv = —2.47 MeV,
which corresponds to the Q value for the breakup of ’Li
into «-7. Direct breakup of "Li is also seen in reactions with
207.208pp, a5 shown in Fig. 4(b). However, no such clear band
is observed for reactions with ®*Zn as shown in Fig. 3(d) and
discussed in Sec. II. Likewise, there was no identifiable peak at
the expected Q value for the direct breakup of "Li with the **Ni
target. The absence of the direct breakup mode with **Ni and
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FIG. 11. Comparison of experimental data (a) and (c) with simulations (b) and (c) for ’Li on 2®Bi at 29.0 MeV. The simulations comprise
breakup occurring from the long-lived 7/27 resonant state and short-lived states. See text for details.
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FIG. 12. Simulation of direct breakup of "Li into a-¢ with %*Zn at
13.6 MeV. The 6, vs 6, and ¢, vs ¢, distributions of events that would
have been detected for breakup of "Li occurring near the target are
shown in (a) and (b), respectively. BB: both fragments are expected
to be in the backward hemisphere. FF: both are expected to be in
the forward hemisphere. FB and BF: the « is expected to be in the
forward hemisphere and the triton in the backward hemisphere, and
vice versa.

%47n is not because of the limitation in detector coverage. This
is supported by PLATYPUS simulations of direct breakup of "Li
from short-lived states in interactions with a ®Zn target. The
angular correlation of the breakup fragments within the BALiN
geometrical and energy acceptance for 'Li on a %Zn target
at 13.6 MeV is shown in Fig. 12. The rectangular regions in
Figs. 12(a) and 12(b) indicate the 8 and ¢ distribution of events
within the angular acceptance of the BALIN array. It shows
clearly that «-¢ coincident events would have been detected
and identified if present.

E. Comparison of direct breakup mechanisms of "Li and ®Li

For extraction of the cross sections, the experimental data
need to be corrected for the efficiency of the BALiN array.
The efficiency correction is performed by simulating a large
number of events using PLATYPUS. The efficiency-corrected
fractions for asymptotic and near-target direct breakup in

PHYSICAL REVIEW C 93, 044605 (2016)

TABLE II. Asymptotic and near-target direct breakup of ®’Li in
interactions with ®*Zn and *”Bi at E.n./V, =0.95 as a fraction of
the total number of efficiency-corrected events.

oLi Li
Asymptotic ~ Near-target ~ Asymptotic ~ Near-target
%47n 0.93* 0.07* None observed
209B;j 0.26 0.74 0.07 0.93

*Assuming the same detection efficiency.

interactions of Li with ®Zn and >*Bi are listed in Table II.
From the table, it is clear that the direct breakup mechanism
is very different in interactions with nuclei in different mass
regions. In collisions of °Li with **Ni and ®*Zn, the majority of
events arise due to asymptotic breakup from the long-lived 3™
resonant state. No discernible direct breakup of "Li is observed
with **Ni and *Zn.

In reactions of °Li with 209Bi, as listed in Table 11, the near-
target direct breakup is the dominant mode. Similarly to °Li,
the dominant mode of direct breakup of ’Li in interactions with
2B is via decay of short-lived states near the target. Since
these measurements were performed at subbarrier energies,
one would expect that breakup is Coulomb dominated. The
steeper Coulomb potential should allow population of higher
energies, which have short lifetimes, and also induce more tidal
breakup of the long-lived states. Comparing direct breakup of
671 i with 2O9Bi, the long-lived 3% resonant state in ®Liis found
to be more important than the 7/2~ resonance in ' Li. This may
be explained by the fact that the 3" resonance at 2.186 MeV
in ®Li lies 0.711 MeV above the breakup threshold of °Li
(Qua = —1.475 MeV), whereas the 7/27 resonance in i
at 4.630 MeV is 2.162 MeV above the 'Li breakup threshold
(Qar = —2.468 MeV). These differences lead to very different
probabilities of populating short-lived states relative to the low-
est energy resonant state in these two nuclei. The fractions of
asymptotic and near-target direct breakup of ®"Li in reactions
with 27298 Pp are similar to those in reactions with 2*Bi.

The fact that there is negligible near-target direct breakup
of 7Li in reactions with *Ni and ®Zn is a major difference
compared to reactions with 207.208pp and 29Bi. Therefore,
direct breakup is unlikely to result in suppression of above-
barrier fusion in reactions with **Ni and **Zn. On the other
hand, near-target breakup is dominant for ®’Li in interactions
with 297298pp and 2%Bi, which may lead to above-barrier
fusion suppression. Therefore, to quantify these effects,
resonant, near-target, and total direct breakup differential cross
sections as a function of the reconstructed scattering angle
of the ejectile following collisions of ®’Li with **Bi target
at 29.0 MeV were extracted and are shown in Figs. 13(a)
and 13(b), respectively, and reported in the Appendix. The
center-of-mass angle of the ejectile (6., ) was reconstructed
using the measured angles of the breakup fragments [31]. For
7Li, the cross sections for near-target breakup are higher
than for breakup occurring from the long-lived resonant states.
Previous measurements [47] of direct breakup cross sections
with °Li projectiles on 2*Bi reported the cross sections for
resonant breakup to be higher than those for nonresonant
continuum breakup. In those measurements, detectors were
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29.0 MeV. (a) Resonant, near-target, and total direct breakup with SLi;
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placed at an angular separation of 10°, favoring the detection
of asymptotic breakup, as the maximum angle between breakp
fragments from decay of the long-lived 3% resonant is expected
tobe around 16°-19° [48]. The resonant breakup cross sections
for ®Li are almost two orders of magnitude larger than those
for "Li and the nonresonant breakup cross sections are also
much higher for °Li compared to "Li.
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VI. SUMMARY AND CONCLUSION

The measurements reported in this paper present a detailed
study of direct breakup for weakly bound ®’Li nuclei incident
on targets in different mass regions. An improved method of
separating breakup of short-lived states from asymptotic decay
of long-lived resonant states is presented. Both °Li and "Li in
reactions with 2°72%Pb and >*Bi show evidence of breakup
via a long-lived resonant state, which breaks up asymptotically
far away from the target-like nucleus. However, °Li has a
higher probability of direct breakup via the long-lived resonant
state than ’Li, which dominantly breaks up via the short-lived
states. The near-target direct breakup of ®Li in interactions with
3Ni and **Zn is observed to be negligible. Direct breakup of
"Li following interactions with *Ni and ®*Zn is insignificant
(estimated limit, <0.2 mb). Thus, direct breakup is unlikely to
play a significant role in above-barrier fusion suppression in
reactions of 7Li with **Ni and *Zn.

The near-target breakup is consistent with simulations
which assume that the continuum states populated have a
short but finite mean life, delaying its decay into fragments. At
above-barrier energies, if the mean life is long, they may pass
inside the fusion barrier by the time they disintegrate. Similar
behavior should be expected from breakup occurring from very
short-lived states, irrespective of whether the breakup is direct
or triggered by transfer of nucleons. In classical model predic-
tions of ICF, it has thus far been assumed that for near-target
breakup, there is an equal probability of breakup when the pro-
jectile is moving towards the target or when the projectile is re-
ceding from the target. This will change if the mean lives asso-
ciated with the near-target breakup are taken into account, with
implications for predicted incomplete fusion cross sections.

APPENDIX: TABLE OF DIRECT BREAKUP
DIFFERENTIAL CROSS SECTIONS FOR REACTIONS
OF “’Li ON *¥Bi

The experimental differential cross sections for asymptotic,
near-target and total direct break-up of ®’Li in reactions with
29Bj at 29.0 MeV beam energy are listed in Table III. The
corresponding errors are statistical only.

TABLEIII. Asymptotic, near-target, and total direct breakup differential cross sections (in mb/sr) of ’Li in interactions with a *®Bi target

at Ej, = 29.0 MeV.

Oc.m. SLi Li
Asymptotic Near-target Total Asymptotic Near-target Total

122 0.84 £ 0.05 3.22£0.09 4.06 £0.10 0.020 + 0.003 0.31 +£0.03 0.33 +£0.03
126 0.93 £ 0.06 3.06 £0.08 3.99 £0.10 0.020 £ 0.002 0.32£0.02 0.34 £0.02
130 0.97 £ 0.06 2.94 £ 0.06 3.91 £0.08 0.019 £ 0.002 0.29 +£0.02 0.31 £0.02
134 1.00 £ 0.08 2.99 £0.05 3.99 £0.09 0.019 £ 0.002 0.30 £0.02 0.32+£0.02
138 0.99 +£0.09 291 £0.07 3.90+0.11 0.026 £ 0.003 0.32 £0.02 0.35 £0.02
142 1.06 + 0.08 293 +£0.08 399 £0.11 0.033 £ 0.003 0.32 +£0.03 0.35+£0.03
146 1.05 £ 0.10 2.87 +£0.07 3.92+£0.12 0.030 + 0.003 0.34 +£0.03 0.37 £0.03
150 1.10£0.19 2.94 £0.08 4.04 £0.21 0.034 £+ 0.004 0.36 £ 0.06 0.39 £ 0.06
154 1.16 £ 0.14 292 +0.10 4.08 £0.17 0.031 £ 0.005 0.35 +£0.07 0.38 £ 0.07
158 1.18 £ 0.17 2.86 £ 0.09 4.04 £0.19 0.041 £ 0.007 0.35 +£0.06 0.39 £ 0.06
162 1.07£0.14 2.67 £0.08 3.74 £0.16 0.037 £ 0.006 0.34 £ 0.07 0.38 £ 0.07
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