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Predominance of transfer in triggering breakup in sub-barrier reactions of ®’Li
with 144Sm, 207:2%8Pp, and " Bi

D. H. Luong,l M. Dasgupta,l D. J. Hinde,! R. du Rietz,"* R. Rafiei,""! C. J. Lin,"* M. Evers,' and A. Diaz-Torres?
'Department of Nuclear Physics, Research School of Physics and Engineering, Australian National University,
Canberra, ACT 0200, Australia
2ECT*, Villa Tambosi, [-38123 Villazzano, Trento, Italy
(Received 25 June 2013; revised manuscript received 15 August 2013; published 24 September 2013)

Coincidence measurements of breakup fragments were carried out for the ’Li+ '*“Sm and %7Li+
207.208pp, 209Bj reactions at sub-barrier energies. Breakup modes in reactions of 7Li were identified through
the reaction Q values, and the time-scales of each process inferred through the relative energy of the breakup
fragments. Breakup was found to be predominantly triggered by nucleon transfer, with p pickup leading to
a + o coincidences being the preferred breakup mode for ’Li, and n stripping leading to o + p for °Li. Breakup
triggered by 2n stripping was also found to be prominent in the "Li + '**Sm reaction. The breakup yields
were separated into prompt and delayed components based on the relative energies of the breakup fragments.
This enables the identification of breakup process important in the suppression of complete fusion of ®’Li at

above-barrier energies.
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I. INTRODUCTION

With the discovery of halo nuclei [1,2] and the recent advent
around the world of pure beams of radioactive ions, there is a
global push to resolve the cognate challenge of understanding
interactions of their weakly bound stable cousins. Exploiting
the experimental barrier distribution [3,4], it was clearly
demonstrated that complete fusion (CF) of the weakly bound
nuclei ®7Li and °Be with heavy target nuclei is suppressed
by ~30% [5-7] at above-barrier energies. This observed
suppression of CF has been widely associated [5—15] with the
breakup of %7Li and °Be, due to their low threshold energies
for breakup, resulting in the loss of flux of intact nuclei at the
fusion barrier. The mechanism for breakup of weakly bound
nuclei was commonly expected [16—19] to be through cluster
decay from unbound states of the projectile. Qualitatively,
coupling to channels leading to breakup was shown [20]
to suppress CF at above-barrier energies. More realistic
modeling of the interplay between breakup and CF requires
the incorporation of the mechanisms triggering breakup, and
post-breakup trajectories of the fragments [21]. To simplify
the determination of the breakup mechanism experimentally,
coincidence measurements of breakup fragments of ®’Li
and °Be were performed at sub-barrier energies [22-27]
(choosing sub-barrier energies minimise the probability of
fragment capture, thus maximise the probability of detecting
all breakup fragments). These studies revealed the presence
of competing reaction channels such as nucleon-transfer
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leading to breakup of the projectile-like nuclei. For °Be,
neutron-stripping is the dominant trigger for breakup [26,28].
The sub-barrier breakup probability was observed to depend
exponentially on the projectile-target separation, allowing ex-
trapolation to the smaller separation distances at above-barrier
energies [23,26,28]. This allowed increasingly quantitative
relationships to be established between sub-barrier breakup
probabilities and above-barrier suppression of CF through
calculation of CF and incomplete fusion (ICF) yields using
PLATYPUS [29-31], a three-dimensional classical trajectory
model. Knowledge of the reaction processes leading to breakup
at sub-barrier energies is not sufficient to relate it to above-
barrier suppression of CF. These works [23,26,27,32] have
pointed out that it is critical to also know the time-scale
of each of these breakup mechanisms in relation to the
fusion time-scale. If the projectile, or projectile-like nucleus,
is excited to a state with a lifetime longer than the fusion
time-scale, in collisions at above-barrier energies, these nuclei
can arrive at the barrier radius intact and undergo fusion. It
is only the prompt [23,26] breakup components, i.e., breakup
of the projectile before reaching the barrier radius, that can
compete with and suppress CF.

To extend the investigation of the mechanisms of sub-
barrier breakup in reactions of ®7Li and identify the prompt
breakup components, this paper describes sub-barrier coin-
cidence measurements of breakup fragments in the reactions
of 7Li with *4Sm, and ®7Li with 20728Pp and 2Bi. The
mechanisms for breakup, and their time-scales, were identified
through the reaction Q values and the relative energy of
the surviving or noncaptured breakup fragments. Relative
probabilities for sub-barrier prompt breakup processes fast
enough (~107%2 s) to affect fusion are presented.

II. EXPERIMENTAL SETUP AND ANALYSIS PROCEDURE

Beams of %7Li were provided by the 14UD electrostatic
accelerator at the Australian National University. They were
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TABLE 1. Beam energies at which measurements were made for
the reactions of °Li with indicated targets. E. . is the center-of-mass
energy of the system, and includes energy loss in the target.

Target Vh (MCV) Ebeam (MeV) EcAm. (MCV) EcAmA/Vb
207pp 29.80* 26.5 25.74 0.86
29.0 28.17 0.94
208pp 29.76% 26.5 25.73 0.86
29.0 28.16 0.95
209Bj 30.10° 26.5 25.74 0.85
29.0 28.17 0.93

4Scaled barrier as described in Ref. [33].
®Measured barrier from Ref. [6].

incident on a 99.0% enriched 2°’PbS target, 70 ug cm™>
in thickness, a 98.7% enriched 2%PbS target, 170 g cm™2
in thickness, a 130 pug cm™2 thick ?*Bi target, and a
100 ;g cm~2 thick '**Sm target. All targets had a carbon back-
ing, ~15 g cm™? thick, facing downstream of the incident
beam. The beam energies and target combination are listed in
Tables I and II, along with the center-of-mass barrier energy
V,, for each reaction.

Charged breakup fragments from the reaction were cap-
tured in coincidence using BALIN [35], a detector array con-
sisting of four large area double-sided silicon strip detectors
(DSSDs) from Micron Semiconductor Ltd. Each was 400 um
in thickness, with 16 arcs and eight sectors, giving 128 position
pixels. The silicon dead layers of each DSSD were measured to
be ~2 um, with an additional 0.2 um of aluminium coating.
Three DSSDs were arranged in a lamp-shade configuration
with apex angle 45° as illustrated in Fig. 1(a). The central
DSSD, labeled AE-E, had an identical DSSD placed 5Smm
behind it to create a detector telescope. This allowed the
identification of isotopes of hydrogen, as shown in Fig. 1(b),
as well as the determination of the energy of the longest
range protons, which extended up to 20 MeV. For the given
detector thickness, energy loss calculations performed using
SRIM [36] predicted that high-Z particles, o particles, and
low energy protons (<7.0 MeV), deuterons (<9.0 MeV), and

TABLE II. Beam energies at which measurements were made for
the reactions of "Li with indicated targets. E. , is the center-of-mass
energy of the system, and includes energy loss in the target.

Target Vb (MCV) Ebeam (MGV) Ec4m4 (MCV) Ec.m/ Vb
144Sm 23.63% 21.5 20.47 0.87
24.0 22.87 0.97
207pp 29.43° 24.0 23.20 0.79
26.5 25.62 0.87
29.0 28.04 0.95
208pp 29.40° 24.0 23.21 0.80
29.0 28.03 0.95
209Bj 29.70¢ 24.0 23.20 0.78
29.0 28.04 0.94

#Sao Paulo potential [34].
bScaled barrier as described in Ref. [33].
‘Measured barrier from Ref. [6].
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FIG. 1. (Color online) (a) Arrangement of the detector array of
four DSSDs, with the beam (arrow) and target ladder. The central
detector element, labeled A E-E, contains two DSSDs back to back.
(b) Typical energy loss AE vs. residual energy E.. recorded by
the back element of the detector telescope, for protons, deuterons,
and tritons. Particles (x) that deposit all their energy in the first
(AE) detector cannot be identified individually, but are identified
through the kinematic reconstruction of the breakup event. (c) The
array covers 50° in scattering angle € and 210° in azimuthal angle ¢.
Pixel separation in each detector is exaggerated for clarity.

tritons (<11.0 MeV) would stop completely inside the front
element of the telescope and thus would not be individually
identified. They can however be identified through kinematic
reconstruction of the breakup event, as will be demonstrated
in Sec. III.

The position identification characteristics of the DSSDs
does not allow position location within the pixel. However,
to simplify subsequent event reconstruction a position was
assumed by randomisation, taking a uniform distribution of
the position within the physical boundaries of the pixel.
A mylar foil of 0.7 um thickness was placed in front of
the DSSDs to stop low energy electrons. The array was
also shielded by an aluminium sheet from seeing scattered
beam particles interacting downstream of the target. Individual
energy calibration of each of the 64 arcs and 32 sectors of the
DSSDs was made utilising scattered Li and proton beams, and
decay o particles. The kinetic energy E; of the particles was
taken from the energy signal from the arcs, whose resolution
of <0.1 MeV FWHM was better than the sectors. Energy
loss of a particle traversing the aforementioned detector dead
layer, aluminium coating and mylar foil was accounted for
event-by-event, both in the energy calibrations, and in the
breakup measurements.

The detector array was placed at backward angles, covering
scattering angles from 117° to 167°, and spanning 210°
in azimuthal angle as shown in Fig. 1(c). This gave three
experimental advantages. (i) The backward angle placement
minimised the rate of elastically scattered beam particles.
(i1) Contributions to the singles rate from reactions with low-Z
impurities in the target such as carbon, oxygen, and sulfur were
minimized. A measurement with a carbon target showed that
the kinematical reconstruction method completely eliminates
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interference from such reactions. (iii) It was shown exper-
imentally [17,37-39] that at sub-barrier energies, reaction
products associated with breakup and/or transfer, such as o
particles, show peak yields of do/d 2 at backward angles. The
Coulomb deflection function shows that the trajectories with
the smallest impact parameters and internuclear separations
are found around 180°. The probabilities of breakup through
all mechanism have been shown to depend exponentially
on the proximity of the nuclear surfaces [23,26]. Thus the
highest breakup probabilities are associated with low impact
parameter collisions. The associated breakup fragments will
be at backward angles, as long as they are not absorbed. This
will be the case at below-barrier energies. The large angular
coverage, in both scattering and azimuthal angles, means that
we are sensitive to all breakup modes.

For breakup of °Li and 7Li, the most energetically favored
breakup modes involve the production of two charged frag-
ments, @ + d and @ + ¢, respectively [40]. Hence, to minimize
the data collection rate during breakup measurements, data
were recorded only when any two arcs from the whole
detector array fired. The count rates were generally kept at
<500 counts/s, corresponding to a deadtime of ~6%.

A. Extraction of breakup events

The energies E; recorded for binary coincidence particles
i from the reaction of "Li with 2’Pb at Epeym = 29.0 MeV
are presented as two-dimensional E; vs. E; spectra in Fig. 2.
Events that do not include information from the back element
of the detector telescope, and thus both coincidence particles
are mass-unidentified, are shown in Fig. 2(a). Coincidences
where one of the complementary particles is identified as a hy-
drogen isotope by the detector telescope are shown in Fig. 2(b).
Figure 2(c) combines data from both Fig. 2(a) and Fig. 2(b),
showing the common features in mass-unidentified and
identified events. The ordering between the two particles (E|
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or E;) was randomised at this stage, resulting in a symmetric
distribution about 45°, but not mirror-symmetric, as each
binary event is only plotted once. The structures that emerge
from these spectra include groups of events forming distinct
diagonal bands showing particle pairs with a common origin
and correlated energies, e.g., binary breakup pairs (labeled A
to D), and horizontal and vertical bands labeled E.

In Fig. 2(a), events in band E are random coincidences with
elastically scattered beam particles. Band A comprises events
where the sum energy (E| + E») of the coincident particles is
equal to that of elastically scattered Li. These events are false
coincidences arising due to elastic cross-talk where "Li was
incident on an arc boundary, causing charge to be collected
on two adjacent arcs resulting in this band. However, when
events involving coincidences of adjacent pixels, whose sum
energy approximately equals that of elastically scattered Li,
are gated out then band A is completely removed as can be
seen in Fig. 2(c). This process is applied to all data presented
in this paper.

Events forming the diagonal bands B are o + d coinci-
dences. Events with complete energy deposition of the high
energy deuteron in the A E-E telescope are shown in Fig. 2(b).
Figure 2(a) includes events with low energy deuterons, and
events with incomplete energy deposition of high energy
deuterons. If these long-range deuterons are incident on a
non-telescope detector, only their energy loss is recorded,
which is a maximum of 10 MeV. This results in a discontinuity
between 10 < E;, < 12.5 MeV at which the straight line of
bands B is replaced by two arcs. The alignment of the bands
B in Fig. 2(c) confirms that these are « + d coincidences.

In Fig. 2(a), events in band C have reduced intensity at
Ey, > 11.5 MeV, the maximum energy a triton can deposit
in the DSSD. By overlaying this band with coincidences with
an identified triton, the black band in Fig. 2(b), the alignment
of the two bands can be seen in Fig. 2(c). This indicates that
events in band C are « + ¢ coincidences. The diagonal band
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FIG. 2. (Color online) Two-dimensional E, vs. E, spectra for binary coincidence events from the reaction of ’Li with 2’Pb at Eyeam =
29.0 MeV. Symmetry about 45° is a result of random ordering of the coincident particles. (a) Spectrum where both coincidence particles are
unidentified. Events from elastic cross-talk are labeled A. (b) Spectrum where one of the coincidence particles has been identified as either a
proton (red), deuteron (magenta), or triton (black). Dashed lines indicate the lower energy limit needed to identify the three hydrogen isotopes.
(c) Mass-unidentified events from (b) have been overlaid on top of mass-identified events from (a). Elastic cross-talk events have also been

eliminated (see text).
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FIG. 3. (Color online) Two-dimensional E; vs. E, spectra for binary coincidence events from the reaction of 7Li with '**Sm at Epeay =
24.0 MeV, and ®7Li with 207-2%Pb and > Bi at Epeum = 29.0 MeV. Mass-unidentified events (intensity scale at the right) where both coincidence
particles have energy lower than 8 MeV have been removed, together with elastic cross-talk. Overlaid on the mass-unidentified events are
events where one of the coincident particles has been identified as a proton (red), deuteron (magenta), and triton (black). This color scheme
is independent of the intensity scale for the mass-unidentified events. Symmetry about 45° is a result of random ordering of the coincident
particles. Events forming arcs, as indicated by broken lines labeled & 4 d and o + p in the bottom left figure, are « + d and o + p coincidences
where the deuteron or proton was incident on the nontelescopic section of the detector array, resulting in incomplete energy deposition. This
feature is common to all reactions with the °Li projectile. The black polygons are gates for correlated events with full energy deposition, and
define the lower cutoff in Q value for Fig. 4. The authors are aware that these gates are not perfect, as they cannot eliminate all possible
backgrounds—as in the case for "Li + **Sm—or include all genuine « + o coincidences as for the reaction ’Li + 2*Bi.

D is continuous throughout, indicating that events in this band
correspond to both coincident particles always being stopped
in the 400 um DSSDs. This must correspond to both particles
having mass larger than that of a triton. The most likely origin is
o + a coincidences from a ®Be parent-nucleus. Such areaction
would involve p pickup by ’Li to produce ®Be, which has a
large positive Q value (+9.86 MeV), consistent with the sum
energies E; + E» > Epeam-

Shown in Fig. 3 are two-dimensional E; vs. E, spectra
for binary coincidences, of mass-unidentified events overlaid
with mass-identified events, from the reactions of ’Li with
144Sm at Epeam = 24.0 MeV and ®7Li with 2°7-20%Pb and 2*Bi
at Epeam = 29.0 MeV. The spectra recorded at other (lower)
beam energies show similar features, but with reduced yields
(see for example the reaction of "Li with 2’Pb in Fig. 6).
All the structures that appear are similar to those seen and
discussed in Fig. 2, namely diagonal bands consisting of events
with correlated energies, and arcs arising from incomplete

energy deposition of high energy hydrogen isotopes. The arcs
starting at 7.5 MeV (proton) and 10 MeV (deuteron), most
prominent in reactions with °Li, are formed from incomplete
energy deposition in coincidences with high energy protons
or deuterons incident on the nontelescope element part of
the detector array. Coincidences identified by the AE-E
telescope as o + p are overlaid in red, o« 4+ d in magenta and
a + t in black, allowing the confirmation of @ 4+ p and o + d
coincidences for °Li-induced reactions and « + p, & + d and
o + t coincidences for reactions with 7Li. Events indicative
of o + « coincidences are seen in both °Li- and "Li-induced
reactions.

The overlap between bands of identified o + p (red) and
a + d (magenta) for SLi-induced reactions, as seen in Fig. 3,
means that for mass-unidentified coincidences, separation of
the @ 4+ d and o + p contribution is nontrivial. The separation
of these two contributions requires the reconstruction of
the three-body reaction Q value to precisely determine the
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particles species involved, and thus the reaction process. This
Q-value reconstruction process also allows the verification of
the origin of the & + « coincidences, as described below.

III. MECHANISMS OF BREAKUP

To identify and understand the processes taking place
during the reaction, it is important to determine the energy
change (Q value) associated with each event. Consider a
two-body collision with a projectile having initial and final
kinetic energy Ey, and Ejy, respectively. The ground-state Q
value, Qg,, for any collision can be written as

Qgg = Ef + Eex,PL + Eex,TL + Erec - Elabv (1)

where E; is the kinetic energy of the projectile-like nuclei,
E pL and Ec 71 are the excitation energies of the projectile-
like and target-like nuclei, respectively, and E... is the recoil
energy of the latter, all in the laboratory frame.

Usually, the excitation energies of the projectile-like and
target-like nuclei are not measured at the same time as the
kinetic energies. However, if the projectile-like nucleus breaks
up, its excitation energy E pr is shared by the kinetic energies
E; of the fragments. Thus for binary breakup, Ef + Eex pL =
E| + E,. Since the reaction Q value is related to Qg by
O = Qg¢ — Eex 1L, therefore Eq. (1) can be written as

Q =E; + E> + Erec — Ep, (2)

where Ej, is derived from Eye,y, after correcting for energy
lost in traversing the target. The recoil energy E. is not
measured, but through conservation of momentum, can be
calculated knowing the momenta and masses of the two
detected fragments, and assuming no additional undetected
particle was produced during the reaction. If a fourth particle
were produced, its kinetic energy would perturb the Q value
much more than its effect on calculating E\.., which for the
reactions studied here, is typically 3 to 4 MeV. The excitation
energy Ec 11, of the target-like nucleus cannot be captured in
our detector, the Q spectra will show separate peaks for each
state populated in the target-like nucleus.

Only events with correlated energies which lie inside the
E| vs. E, gates shown in Fig. 3 are considered for Q-values
calculation. For mass-identified coincident events, the o + ¢,
a + d and ¢ + p modes can be clearly identified, and thus their
Q-value assignment is unambiguous. The Q spectra for each
mass-identified breakup mode allows identification of breakup
modes for mass-unidentified coincidence events as discussed
briefly next.

In the event-by-event data analysis, for each mass-
unidentified coincidence, four Q values were determined
assuming four possible breakup modes namely o + o, @ + ¢,
a+d, and o + p. In determining E.., the higher kinetic
energy of E;, was assigned to the o particle, and the other
assigned to an « particle, triton, deuteron, and proton succes-
sively. The event is then considered to belong to a particular
breakup channel if the resultant Q. matches that of the mass-
identified Qg4 peak for the respective breakup channel. In
the few cases where the Q1 is consistent with peaks of more
than one breakup mode in the mass-identified Q spectra, event-
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by-event assignment is not possible. Here the Q-spectrum
decomposition was performed, as described in the Appendix.

Shown in Fig. 4 are the reconstructed Q spectra for the
reactions of “Li with '*Sm at Epeum = 24.0 MeV and ®7Li
with 207208Pp and 2Bi at Epeam = 29.0 MeV. These energies
are close to the respective barrier energies for each reaction.
In common with results at all measured energies, these spectra
show that almost all the yield contributes to sharp peaks in Q,
meaning the breakup is indeed almost exclusively binary, with
identified breakup modes of & + « (green), « + ¢ (blue), o + d
(magenta), and @ + p (red). Peaks in the Q spectra can be seen
to have a FWHM ~0.20 MeV. The expected Qg for all binary
breakup modes are indicated by vertical dashed lines from the
axis. The good agreement of the most positive peak for each
mode with expectations demonstrates the effectiveness of the
calibration of the detector array.

A. Breakup modes for "Li

In reactions of ’Li, breakup into o + ¢ is prominent,
with the experimental Q value centered at the expected Qg
[Fig. 4(a)—4(d)]. However, the production of ®Be, through
p-pickup, which subsequently breaks up into two « particles, is
more probable. Peaks in the Q spectra corresponding to o + o
breakup show that the target-like products '**Pm, 2°6:207T] and
208Pb are populated mostly in their excited states. The « + d
breakup mode, triggered by n stripping of "Li forming excited
®Li, is also present and is noticeably more prominent than
o + t breakup for the 20’Pb target. The 2n-stripping reactions,
forming the unbound SLi, results in the observed o + p
products. The « particles from all three transfer-triggered
breakup modes do not have a corresponding triton, which
helps explain the one order of magnitude higher inclusive
cross sections for ¢ particles than tritons observed [37] for
the reaction of "Li with 208Pb,.

For the reaction of "Li with '**Sm [Fig. 4(a)], the Q-value
peak for o + ¢ breakup overlaps with that of o + d breakup
after n stripping, where the target-like nuclei are populated
in excited states. Cross-contamination between o + ¢ and
o + d coincidence yield is thus possible during the separation
of mass-unidentified events. The yield for « + p breakup,
through 2n stripping, is particularly prominent for this target.
This yield is in effect underestimated as the Q values for
mass-unidentified « 4+ p events overlap with those for o + ¢
and « + d breakup. It should be mentioned that there was no
ambiguity in the separation of « 4+ p breakup from « + «,
even though Q4 , and Q4 can be seen overlapping. This is
because those o + p coincidences with E, vs. E,, overlapping
with E, vs. E, from o + « coincidences all have the proton
with high energy and thus are identified by AE-E telescope,
as seen in Fig. 3.

For the reaction of "Li with 2°Bi, the Q spectra for o + o
breakup (triggered by p pickup) is remarkably similar to that
for the reaction of “Li with 2°*Pb, except with three additional
peaks at higher Q values. This is a manifestation of nuclear
shell structures where similarity between the structure of 2Pb
and 2"Bi results in similar Q,,, spectra, and the unpaired
proton in 2*Bi results in the three additional peaks in Qg 4,
seen only for this target.
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FIG. 4. (Color online) Q spectra determined for the reaction of "Li with '*4Sm at Epeyn = 24.0 MeV and ®"Li with 207-208Pb and 2*Bi at
Eveam = 29.0 MeV. Identified breakup modes consist of o + p (red), « + d (magenta with hatching), and & + « (green). Dashed lines indicate
the expected Qg for each breakup mode. The vertical lines, in a darker shade of the color of the respective breakup mode, indicate Q values
for breakup following the population of known excited states of the target-like nucleus. Peaks in the Q spectra without corresponding vertical
lines include breakup following the population of excited states of the target-like nuclei where the separation in energy of the excited states is
much smaller than the width of the peaks and thus they cannot be identified reliably. These spectra appear cleaner than expected from the E;
vs. E, plots (Fig. 3) because they include only events with correlated energies inside the polygons shown in Fig. 3.

B. Breakup modes for *Li with the Q value for breakup of the projectile into its o + d
cluster constituents. Breakup triggered by nucleon(s) transfer

For binary breakup in reactions of °Li [Fig. 4(e)—4(g)],
ary P [Fig. 4(e)-4(2)] is also highly probable for °Li. Breakup into o + p contributes

the most intense peak, at all bombarding energies, coincides
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multiple distinct peaks in the spectrum. The peak with the
highest Q in most cases is centered at Q, for o + p breakup,
matching the expected Q values for n-stripping from the
projectile and forming the unbound °Li. Breakup of ®Be into
o + a, triggered by d pickup, is also observed for °Li. The
prominence of breakup triggered by nucleon(s) transfer also
helps to explain why unusually large numbers of « particles,
compared to deuterons, were observed [41,42] in previous
measurements for SLi.

As shown in the Appendix, separating the yields of & + p
and o 4 d coincidences from mass-unidentified events is not
straight forward and required intricate gates and judgment
based on the general trend of groups of events. Some cross-
contamination between the yields for the « +d and o + p
breakup mode is highly probable for °Li, despite the best
efforts in the analysis process.

IV. TIME-SCALES OF BREAKUP

Identification of the reaction processes leading ultimately
to breakup of the projectile-like nucleus, while important
for understanding reaction mechanisms, is not sufficient to
understand the interplay between breakup and suppression of
CF. It is critical to also know the time-scale [27] of each
process, i.e., whether these nuclei would have arrived at the
barrier radius and undergo CF, in collisions at above-barrier
energies. For example, although formation of 3Be (through
p pickup by ’Li at sub-barrier energies) can only occur
close to the target nucleus, its ground-state lifetime [36] is
long: ~1071% 5. At sub-barrier energies, the ®Be nucleus will
not have enough energy to fuse with the target-like nucleus.
The eventual ground-state decay into two ¢ particles may
happen in the asymptotic region, after 3Be has receded many
thousands of nuclear diameters from the target-like nucleus.
This probability for asymptotic breakup at sub-barrier energies
can be extrapolated to collisions at above-barrier energies.
However, this asymptotic breakup can have no effect on CF at
above-barrier energies as all ®Be populated in the long-lived
ground state would arrive intact at the barrier radius to
contribute to CF. Only ®Be populated in excited states, having
much shorter (<0.5 x 10722 s) lifetimes [36], may compete
with CF though prompt breakup which depletes the flux of
intact nuclei before the fusion barrier is reached. The Q-value
spectra give no clue to the relative population between the
ground and excited states of 8Be. However, the energy Eex pL
of the excited states of ®Be appears in the kinetic energies E| »
of the breakup fragments, and have been shown [27] to be
related to the time-scales of the process. Similar observation
has also been made in the breakup of °Be [26,28].

For asymptotic breakup on the outgoing trajectory, the
energy of the fragments in the reference frame of the projectile-
like nucleus (the relative energy Ey) is given by the sum
Opu + EcxpL [27,43], where Qpy is the breakup Q value.
The relative energy can be expressed in terms of the measured
energies E; and deduced masses m;, and the measured angular
separation 6, of the fragments

myE| +mEy — 2/m EmyE; cos by,

my + my

Er = 3)
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FIG. 5. (Color online) Landscapes of the classically calculated
E. versus the nuclear separation (left axis) or time (right axis)
at which °Li — o 4+ d breakup occurs, relative to the point of
closest approach (Ry, Ty) for °Li in the field of a 2*’Pb nucleus.
The spread in E,, arises from the different impact parameters and
fragments orientations at the moment of breakup. Breakup prior to
reflection, (Tgy — Tp) < O results in higher E, values than breakup
after reflection (Tgy — 7p) > 0. Impact parameters corresponding
to angular momenta up to 49% were considered. (Contour lines
correspond to one order of magnitude in yield.)

However, for breakup close to the target nucleus, the fragment
trajectories are perturbed by its presence, and E.. no longer
depends solely on the breakup energetics. The quantitative de-
pendence of E on the internuclear separation at breakup can
be determined classically using a three-body three dimensional
model such as PLATYPUS [29-31].

A. Relating breakup time-scales to the relative
energy of the breakup fragments

An illustrative calculation of the dependence of E on
the projectile-target separation at which breakup occurs (Rpy)
was performed for breakup of °Li from the 3% (2.186 MeV,
lifetime 2.7x10720 s) state using the aforementioned code
PLATYPUS. For this illustration, the distance Rgy was uniformly
sampled along the trajectory of the °Li projectile, having
energy Epeam = 29.0 MeV. The orientations of the o + d
fragments at Rpy, relative to the target nucleus, were also
randomly sampled with an isotropic distribution. The result
of this calculation is shown in Fig. 5. Since this is a classical
calculation, the time of breakup Ty relative to that of the
closest approach (7j) could be exactly evaluated, and is also
shown. For comparison, the one-dimensional experimental
E\ spectra for « 4+ d coincidences, from breakup of °Li on
207Pb at Epeam = 29.0 MeV, is shown above in magenta.

The dependence of E. on Rpy, relative to the point of
closest approach without breakup (Ry), can be seen through
the variation of E\ as a function of Rgy — Rp. The wide spread
of E.. from breakup before reaching R indicates that breakup
that can suppress CF will be characterised by a broad E.y

034609-7



D. H. LUONG et al.

distribution due to post-breakup acceleration of the fragments
in the Coulomb field of the target nucleus. For asymptotic
breakup after the projectile-like nucleus has traveled past R,
the relative energy E, asymptotically approach ~0.7 MeV,
the energy available at breakup (Qpy + Eex.pL). All features
in the simulated E. vs. Rgy are consistent with both the
peak and the broad E. component in the experimental E.
spectrum [see Fig. 7(b)].

The mapping of radius Ry to the breakup time Ty allows
correlation of the time-scale for breakup to the measured E..
Given that transfer occurs on time-scales of ~1022 s [27],
information on Ty allows the classification of breakup into
prompt (Tgy ~ a few 10722 s), or delayed breakup. Prompt
breakup results in breakup of the projectile or projectile-like
nuclei on the entrance trajectory, and thus reduces the flux
of intact nuclei available for fusion at the distance of closest
approach Ry. On the other hand, delayed breakup happens on
the exit trajectory, in the asymptotic region. These nuclei have
survived breakup and are intact at Ry, and thus are able to
participate in fusion if the beam energy is above the barrier.

It is important at this point to reiterate the clear distinction
between the locations (and times) of the process triggering
breakup and the subsequent breakup; e.g., the formation of 3Be
through p pickup by 7Li, and the subsequent breakup of Be
into @ + «. Breakup can follow promptly after the creation of
8Be and results in a high E, or can happen in the asymptotic
region far from the target with low E. . Thus, the experimental
E.. gives us a measure of the location at which the breakup
fragments are produced. It is therefore not a measure of the
location of the process triggering breakup.

It has been predicted theoretically [29], and observed
experimentally [23,26], that at energies below the barrier the
probability of breakup is well described by an exponential
dependence on inter-nuclear separation. For the o 4 «
breakup triggered by p pickup by ’Li, the exponential slope
was determined from our measurements of the probabilities
as a function of beam energy. Along a projectile trajectory, the
transfer probability was found to be strongly peaked around
Ry, with 50% of the yield occurring within |Rgy — Ry| <
0.7 fm, and 95% within |Rgy — Ry| < 2.7 fm. These
correspond to times of 1.5 x 10722 s and +4.5 x 1072 s
around the time of closest approach T. For fusion of "Li to
be suppressed by means of formation of ®Be, « + « breakup
of 8Be must occur before the projectile passes Ry, i.e., before
8Be starts receding from the target-like nucleus. This gives a
qualitative indication of the short delay between transfer and
breakup that is allowable if transfer-triggered breakup is to
affect CF.

B. Correlation of Q value and E,¢|

Shown in Fig. 6 are the measured Q vs. E two-
dimensional spectra for a selection of measurements for the
reactions of “Li with '**Sm and ®7Li with 207-208pp and 29Bi.
Genuine breakup events are shown in colors, with the o + «
breakup mode in green, « + ¢ in blue, o + d in magenta, and
o + p in red. For each reaction studied, the same reaction
channels were observed at all energies measured as shown in
Fig. 6(a)-6(c) for the reaction of "Li with 2°7Pb.
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From the established relationship between the E spectrum
and the time-scale of breakup (Fig. 5), the Q vs. Ey spectra
shown in Fig. 6 thus contain a complete picture of breakup
modes in the reactions of ®7Li. For each breakup event, its Q
value defines the breakup mode, revealing the reaction process
triggering breakup, and also the excitation of the target-like
nucleus. At the same time, the determination of E gives the
information on the time-scale of the binary breakup which,
in turn, allows a degree of separation between prompt and
asymptotic breakup.

The same breakup mode can originate from different
projectile-target combinations and/or different preceding pro-
cesses (e.g., direct breakup or transfer leading to breakup).
Figure 6 shows that qualitatively they share the same E.
features. For example, the breakup of ®Li — o + d following
either n stripping from "Li [Fig. 6(a)-6(f)] or direct breakup
of ®Li [Fig. 6(g)-6(i)], all have the same high concentration
of events with E. = 0.7 MeV and a broad tail leading to
higher E.;. The ®Be — o« + « breakup, following both p
pickup by 7Li and d pickup by °Li, all have a high intensity
of events with E, ~ 0.1 MeV and broad tails comprising
high E.. events. This follows qualitatively the behavior of
asymptotic and prompt breakup, respectively, as expected from
the classical model calculations (Fig. 5).

C. Interpretation of E¢ spectra

More subtle differences between the E, distributions,
especially the relative population of prompt and delayed
breakup, emerges upon closer inspection of the E. spectra.
Shown in Fig. 7 are E, spectra for all major breakup modes
identified from the reactions of “Li with *Sm at Epean =
24.0 MeV, and ®7Li with 297:29%Pp and 2°Bi at Epeqn =
29.0 MeV. These spectra have been corrected for loss of events
with incomplete energy deposition, and detection efficiency
with respect to E., for each individual breakup mode. The
method for determining the efficiency of the detector array
for the detection of all breakup events occurring at a given
beam energy is described in Ref. [26] for the o 4+ o breakup
mode. This method was applied for all other breakup modes
by using the appropriate interaction potentials and measured
breakup probabilities. The efficiency varies as a function of
the relative energy of the coincidence particles as shown in
Ref. [27]. It also depends on the breakup mode, for example
at E) = 5 MeV it ranges from ~5% for o + d to ~15% for
o+ o.

1. Instrumental E . resolution

For breakup far from the target nucleus, the relative energy
of the two fragments is exactly equal to the energy available
at breakup (i.e., Opu + Eex pL). However, instrumental effects
of finite energy resolution of the DSSDs and the pixel size lead
to a spread in E\j, which can be calculated easily using Monte
Carlo simulations as detailed in Ref. [26]. These were done to
calculate the detector response for 8Beg_sl — o + o (lifetime
~107'6 5) with 92 keV of available breakup energy, and
SLi — « + d from the 3% excited state (lifetime ~2.7 x 10~
s) with available energy of 0.71 MeV. The nuclei *Li and "Li do
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FIG. 6. (Color online) Scatterplots of Q value vs. E,; for the indicated reactions. Colored regions show the identified genuine breakup
events belonging to the o + « (green), o + ¢ (blue), o + d (magenta), and o + p (red) breakup modes. These spectra have neither been
corrected for events with incomplete energy deposition, nor for geometrical efficiency. The paler shade for each breakup mode corresponds to

higher intensity.

not have long-lived states (lifetimes >1072 s). Nevertheless
to demonstrate that the broad features in E. in Fig. 7(c)
and Fig. 7(d) are not the effect of instrumental resolution,
calculation were done for ’Li — « + ¢ with available energy
of 2.18 MeV (notionally corresponding to breakup from the %7
excited state) and 'Li — o + p with available energy of 1.96
MeV. The calculated detector responses are shown in Fig. 7 by
the shaded peaks. The calculations match extremely well with
the experimentally observed peak centered at 92 keV in panel
(a) corresponding to 8Beg,54 — o + o and the peak centered
at 0.7 MeV in panel (b) due to °Li — « + d. The good match
between the calculated width and that observed experimentally
demonstrates that the widths of the narrow peaks in (a) and (b)
indeed arise from instrumental resolution. The experimental
data in panels (c) and (d) do not show narrow peaks, indicating
that prompt breakup of SLi and "Li (in close proximity to the
heavy target nucleus) is predominant. The decay modes shown
in each panel are discussed in detail below.

2. Features of experimental E,, spectra

For both °Li- and "Li-induced reactions, the experimental
E\. spectra for 8Be > o + « breakup [Fig. 7(a)] show a sharp
peak at 92 keV, which as discussed in Sec. IV C1, corresponds
to the ground-state decay of ®Be in the asymptotic region far
from the target. The area under this peak of ground-state decay
of ®Be comprises ~40% of all the & + « yield in the reactions
of ®7Li with 207-2%8Ph and 2%Bi. For the reaction of ’Li with
144Sm, however, the ground-state decay of 3Be contributes to
only ~10% of the total o + « yield. The majority of o + o
breakup is prompt, as emphasised by the broad bump with
Erel > 0.5 MeV.

For the °Li — « + d breakup [Fig. 7(b)], the sharp peak
at 0.7 MeV in the E, spectra corresponds to the decay of the
3+ state of ®Li. This state is populated either through direct
excitation of °Li, or through n stripping of ’Li. For breakup
following direct excitation of 6Li, ~35% of the total « + d
yield has E; ~0.7 MeV, indicating these breakup events occur
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FIG. 7. (Color online) E, spectra, corrected for events with incomplete energy deposition and detector efficiency, for identified breakup
partitions are plotted in bins of 50 keV for the indicated reactions. Spectra are plotted up to values of E, where the counts reach a level of 103
of the maximum yield. The instrumental resolution for each breakup channel is indicated by the shaded peaks, calculated for representative Q

values in each case (see text).

in the asymptotic region. For breakup following n stripping of
7Li, the population of breakup with low E. is higher than
seen for direct breakup of 6Li, and variable, being ~55% for
209Bj, ~45% for 298Pb, ~75% for 2°’Pb, and ~75% for 1**Sm.
This indicates that ®Li formed though n-stripping is likely
to be formed at low excitation energies, probably due to the
lower available energy resulting from the negative Q value
associated with n stripping. The shaded peak confirms that the
observed width (FWHM ~0.3 MeV) of the 0.7 MeV peak is
an instrumental effect of the detector pixel size.

We now consider only breakup processes contributing to a
broad E, distribution. All °Li — o + p breakup E.. spectra
measured [Fig. 7(c)] have predominantly high E.;. This mode
makes the largest contribution to the overall prompt breakup in
reactions of °Li. This breakup mode also makes a significant
contribution to the prompt breakup, through 2n stripping, in
the reaction of "Li with **Sm.

For the direct 'Li — « + ¢ breakup [Fig. 7(d)], the broad
distribution to high E shows its largely prompt nature. All
E.. spectra for o 4+t breakup shows a slight peak at E
~2.1 MeV, perhaps due to a tiny fraction of breakup from the

%7 (4.65 MeV) state of "Li as predicted [44] using a dicluster
o + t model. This state has a lifetime of ~9 x 1072! s which
might just be long enough to see the projectile breakup in
the asymptotic region. The shaded peak shows the calculated
width, due to instrumental effects, that is expected for breakup

of this state in the asymptotic region.

V. RELATIVE PROBABILITIES FOR PROMPT BREAKUP

Breakup events in reactions of ®’Li arise either though
direct excitation of 7Li or through formation of intermediate
nuclei via nucleon transfer which then undergo breakup.
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FIG. 8. (Color online) (a) Experimental 6y, vs. E,, scatterplot
from the reaction of °Li with *Bi at Epeun = 29.0 MeV. The
correlation between 6, and E.; is distinctly different between prompt
(the main feature) and asymptotic breakups (enclosed region). (b,c)
Separation of prompt o + d and « + « breakup components from
their respective total breakup yields, based on the correlation between
the experimental 6, and E . The sample spectra shown are from the
reactions of 7Li with 2Bi at Epem = 29.0 MeV, respectively.

Whatever the breakup mechanism, only the prompt breakup
components can suppress complete fusion for energies at and
above the barrier.

To determine the total prompt breakup in reactions of
67Li, the prompt breakup components for the o +d and
o + « breakup modes have been separated from the delayed
(asymptotic) breakup. This was done by subtraction of the
estimated contribution from asymptotic breakup components
[the narrow peaks in the experimental E. spectra seen in
Fig. 7(a) and Fig. 7(b)]. The procedure to estimate the
asymptotic breakup component is illustrated in Fig. 8(a),
which shows the 6, vs. Ey scatterplot for o + d coincidence
from the reaction of °Li + 2“Bi at Epeam = 29.0 MeV. The
correlation between the 61, and E. are distinctly different for
prompt (the intense band) and asymptotic breakup (enclosed
region). This allowed their separation as shown in Fig. 8(b).
The prompt o + « breakup was similarly separated from the
total E,; spectra as shown in Fig. 8(c) for the reaction of "Li
with 2%Bi at Epeam = 29.0 MeV. This separation method has
been applied to all « + d and @ + « spectra.

Shown in Fig. 9 are the relative contributions (efficiency
corrected) to prompt breakup by all the major identified
breakup modes. Prompt direct breakup into the projectile
cluster constituents dominates at E.n, /V, < 0.87 for both
®Li and "Li, except for the reaction of "Li with '*Sm. At
energies closer to the barrier, prompt breakup triggered by
transfer dominates.
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FIG. 9. (Color online) Relative contribution by the prompt @ + «,
a+t,a+d,and o + p breakup to the total prompt breakup of ®’Li
on indicated targets. The fractional contribution from the prompt
a +d and o + p breakups to the total prompt breakup of °Li is very
similar, but not identical, across all three targets.

For the ’Li-induced reactions [Fig. 9(a)], the largest
contribution to prompt breakup is triggered by p pickup,
resulting in the prompt « + o breakup of the ®Be projectile-like
nuclei. Breakup triggered by n stripping also plays a role in
reactions with "Li. Of interest is the large contribution from
o + p breakup, triggered by 2n stripping, for the reaction of
"Li with *4Sm. It is about three times the total contribution
from prompt & + d and « + ¢ breakup. This large contribution
of 2n stripping may be due to the positive (+2.250 MeV)
Q value associated with this transfer reaction. In contrast the
0 values for 2n stripping are negative for all other targets
studied here. Further investigation and contrast with the more
deformed *Sm, or moving to reactions with much lighter
targets, would reveal any systematics behind this behavior. For
the reactions with °Li [Fig. 9(b)], the predominance of breakup
triggered by n stripping (°Li — 5Li — o + p) over direct
cluster breakup (°Li — « + d) is rather target independent, as
similar results were observed on all three targets 27Pb, 2%8Pb
and 2Bi.
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The predominance of breakup triggered by transfer, at
sub-barrier energies, may play an important role in explaining
the observed [6,7,45-47] above-barrier suppression of CF
for both SLi and ’Li. The extraction of absolute prompt
breakup probabilities as a function of beam energy is in
progress, and will allow quantitative estimation of the amount
of complete fusion suppression, due to breakup of the projectile
or projectile-like nuclei, at above-barrier energies.

VI. CONCLUSION

The measurements presented in this work carry the most
complete information on breakup modes in reactions of the
weakly bound stable nuclei 7Li with heavy targets. Breakup
with both °Li and Li projectiles is found to be triggered
predominantly by nucleon transfer, n stripping for °Li, and
p pickup for "Li. The dominance of transfer-initiated breakup
for both °Li and "Li, with resultant breakup fragments being
different from the initial mass-partition, will be a major
challenge for the quantum theory of low energy nuclear
reactions. From the relative energy E. of the binary breakup
fragments, information on the breakup time-scales allows the
separation of prompt and asymptotic breakup components. To
facilitate the understanding and development of a theoretical
framework for predicting these reactions, and the prediction
of the effect of breakup on complete fusion at above-barrier
energies, the determination of absolute probabilities from these
prompt breakup results is currently being pursued, and will be
described in a forthcoming paper.
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APPENDIX: DETERMINING THE BREAKUP MODE
FOR MASS-UNIDENTIFIED EVENTS

As an illustration, the steps in determining o + d and
o + p breakup from mass-unidentified events for the reaction
of "Li with 27Pb at Epem = 29.0 MeV are shown in Fig. 10.
The pale shaded spectrum in Fig. 10(a) shows the calculated
Q spectrum assuming an o +d breakup mode for the
mass-unidentified events. One peak in Q.4 iS seen to be
aligned with the peak in Q4 14,,, identified as @ + d breakup by
the AE-FE telescope. Events under this peak in Q4.4, shown
by hatching, are assigned as « + d breakup events. Similarly,
the pale shaded spectrum in Fig. 10(b) is the calculated Q4,
spectrum for mass-unidentified events. Events that form peaks
which align with peaks in the Qg ,, spectra of known o + p
breakup are assigned as genuine o« + p breakup events.

For cases where peaks in Qy4 and Q.4 , overlap, these
peaks comprise two contributions; one due to breakup into the
o + d partition and the other from the @ + p breakup mode. An
isolated peak is identified in the measured Q4 pmp Spectrum
together with its corresponding peak in the Qu4p spectrum
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FIG. 10. (Color online) Determination of breakup modes for
binary events from the reaction SLi with 2’Pb at Eypeqn = 29.0 MeV.
In pale colors are Q spectra for mass-unidentified coincidence events,
calculated assuming (a) o + d breakup and (b) o + p breakup. The
overlaid (dark colors) in (a) and (b) are Q spectra for events with an
identified deuteron Q.4 or proton Qg respectively. Alignment
of a peak in Qg4 With Q4 identifies events under this peak in
Qq+a as genuine o + d breakup in (a). Alignment of peaks in Q4
with Q.. ,,, identifies events under those peaks in Qg4,, in (b), as
genuine « + p breakup. (c) Final Q spectra showing contribution
from o + d and o + p breakup.

[labeled as reference peaks in Fig. 10(b)]. The raw counts
under these respective isolated peaks, Nis,_p and Njg_pp, are
then obtained and a reference ratio Ryt = Nigo_p/Niso_pID 15
defined. The number of genuine o + p eventsin the Oy, peak
that overlaps with the Qq4q peak is Nyyp = Rrer Ny, Where
N, is the number of identified o + p events the peak in the
Qo+ pp Spectra that coincides with the Q4 peak in question.
The Ny, events attributed to o + p breakup by this method
forms apeakin Q. p,indicated by a blue arrow in Fig. 10(b). It
should be noted that the counts Njs,_, and Njs,_pip Were chosen
from peaks as close as possible to the peak in which N, is
to be determined. This is because the ratio R, varies with the
efficiency for « + p and o+ pip detection, which in turn varies
with the Q-value of the process. The final Q spectra showing
separated contribution from o + d and « + p breakup is shown
in Fig. 10(c). A variation of 20% the reference ratio Ry results
in uncertainty in Ny, that equates to 3% uncertainty in the
total @ + p yield.
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