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Abstract: Coincidence measurements of breakup fragments in reactions of ®’Li with 209Bi at energies around and
above the Coulomb barrier were carried out using a large solid-angle covered detector array. Through the Q values
along with the relative energies of the breakup fragments, different breakup components (prompt breakups and
delayed breakups) and different breakup modes (a+¢, a+d, a+p, and @+ ) are distinguished. A new breakup
mode, a+1, is observed in 6Li-induced reactions at energies above the Coulomb barrier. Correlations between
breakup modes and breakup components as well as their variations with the incident energy are investigated. The
results will help us better understand the breakup effects of weakly bound nuclei on the suppression of a complete

fusion, particularly for the above-barrier energies.
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I. INTRODUCTION

It is well known that fusion is an essential reaction of
two colliding nuclei in addition to scattering, and fusion
reactions have been studied for several decades [1]. Many
fusion experiments involving weakly bound stable nuclei,
such as ®7Li and °Be, have shown that the complete fu-
sion (CF) cross sections at above-barrier energies are re-
duced by approximately 30% relative to the cross sec-
tions calculated by coupled-channel models and meas-
ured for comparable well-bound nuclear systems [2-9].
The CF suppression induced by weakly bound nuclei at
above-barrier energies has been a key concept to be elu-
cidated in fusion dynamics for several decades [10].

The observed CF suppression has been widely associ-
ated with the appearance of the incomplete fusion
products [7-9]. Owing to the low breakup threshold of
weakly bound nuclei, parts of the breakup fragments are
absorbed by the target-like nuclei to produce incomplete
fusion products. This suggests that the CF suppression is

caused by the breakup of weakly bound nuclei [3, 4]. The
breakup mechanism of weakly bound nuclei has been de-
termined simply through the coincidence measurements
of breakup fragments performed at sub-barrier energies in
several experiments [10-15]. These studies discovered the
competition of different breakup channels, such as neut-
ron-transfer breakup, proton-transfer breakup, and direct
breakup. The relationships between sub-barrier breakup
probabilities and the CF suppression at above-barrier en-
ergies were established. A three-dimensional classical tra-
jectory model called PLATYPUS [12-16] was used in
these studies. It was pointed out that the time-scales of
the breakup mechanisms are important and that a pro-
jectile-like nucleus with a longer lifetime than the colli-
sion time-scales (~ 1072's) has no suppression effect on
the CF [10-15]. Several studies have investigated the
breakup mechanism and identified the prompt breakup
process, which is sufficiently fast to affect the fusion,
through coincidence measurements of the breakup frag-
ments at sub-barrier energies [10, 12-15]. In addition, the

Received 29 December 2020; Accepted 7 February 2021; Published online 5 March 2021

* Supported by National Natural Science Foundation of China (11635015, U1832130, 11975040), State Key Laboratory of Software Development Environment
(SKLSDE-2020ZX-16), the Continuous Basic Scientific Research Project (WDJC-2019-13) and the Leading Innovation Project (LC192209000701, LC202309000201)

" E-mail: cjlin@ciae.ac.cn
* E-mail: zgl@buaa.edu.cn

©2021 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

054104-1



Yong-Jin Yao, Cheng-Jian Lin, Lei Yang et al.

Chin. Phys. C 45, 054104 (2021)

relative probabilities for prompt sub-barrier breakup pro-
cesses in a weakly bound nuclear system were obtained
[13].

To further investigate the breakup mechanism in reac-
tions of weakly bound nuclei, in this paper, the coincid-
ence measurements of breakup fragments in the reactions
of 7Li with 2Bi at energies around and above the Cou-
lomb barrier are described. This paper is organized as fol-
lows. The experimental details are described in Sec. II.
Identifications of the breakup modes through the reaction
O values and the relative energy E, of the breakup frag-
ments are presented in Sec. III. The relative probabilities
for the breakup processes at energies around and above
the Coulomb barrier in ®Li + 2°Bi reactions are presen-
ted in Sec. IV. Finally, some concluding remarks are
provided in Sec. V.

II. EXPERIMENTAL SETUP

The experiments were conducted using ®’Li beams
provided by the HI-13 tandem accelerator at the China In-
stitute of Atomic Energy (CIAE). The beams impinged a
self-hold 2*Bi target with a thickness of 210 pg/cm?,
and the target was tilted by 70° relative to the beam line
to avoid a blind area on the detectors caused by the target
frame. The beam energies Epean are listed in Table 1, to-
gether with the center-of-mass barrier energies Vg for the
two systems measured in a previous experiment [17].

The position and energy of the charged breakup frag-
ments in the reactions were measured using a large solid-
angle covered detector array designed at CIAE [18], as
shown in Fig. 1(a). The array consists of eight AE-E de-
tector telescopes surrounding the target, allowing the
identification of charged particles. Each AE detector was
a double-sided silicon strip detector (DSSD) with a thick-
ness of 40 um for backward angles and 60 um for for-
ward angles. The remaining detectors for each telescope
were quadrant silicon detectors (QSDs) with a thickness
of 1000 um. When the energy loss of high energy light

Table 1. Beam energies at which measurements were per-
formed for the reactions of ®7Li with 2°Bi. E. ., is the center-
of-mass energy of the system and is calculated with considera-
tion of the energy loss in the target.

Beam Epeam/MeV E. ./ MeV Vg/MeV E.n./Vg
SLi 30.0 29.11 30.10° 0.97
40.0 38.84 1.29
47.0 45.65 1.52
TLi 30.0 28.96 29.70° 0.98
40.0 38.65 1.30
47.0 45.43 1.53

* The measured barrier energies from Ref. [17].

particles in the DSSD was too low, a QSD with a thick-
ness of 300 um was inserted between the DSSD and the
1000 pum thick QSD at forward angles. The DSSDs were
divided into 16 strips for each side, which have a total
active area of 50 x 50 mm?, constituting 256 pixels of
3 x 3 mm? each. In addition, the QSDs were divided in-
to four squares, each of which has an active area of 24 x
24 mm?. A mylar foil with a thickness of 0.5 um was in-
stalled in front of each telescope to protect the DSSD
from being hit by low energy electrons.

Figure 1(b) shows the angular coverage of the array.
The eight telescopes covered a scattering angle (6) of 24°
to 156° and spanned 301° in azimuthal angle (¢), occupy-
ing 26.8% of the 4x solid angles. Thus, the array is sens-
itive to all breakup modes. As shown in the experiments
and theoretical calculations [20-22], the reaction products
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(color online) (a) The arrangement of silicon detect-

Fig. 1.
or array. The arrow indicates the beam direction. The rect-
angle signs on the brass disk are the positions where the integ-
rated preamplifiers [19] were installed. The array was cooled
by the circulation of alcohol inside the brass disk. (b) Angular
coverage of detector array. The array covers the scattering
angle 6 from 24.31° to 155.69° and 301° in azimuthal angle ¢.
The pixel separation in each detector is exaggerated for clar-

ity.
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associated with a breakup, such as « particles, show
peaks at backward angles at sub-barrier energies, and the
peaks move to forward angles when the reaction energy
increases. Therefore, the arrangement of the array was
beneficial to the study of the breakup mechanism in the
reaction of ®’Li with 2Bi at energies around and above
the Coulomb barrier. Four silicon detectors were in-
stalled at a distance of 250 mm from the center of the tar-
get for beam monitoring. Two monitors with a diameter
of 0.5 mm were mounted at £12.5° in the horizontal
plane, whereas two other monitors with a radius of 0.5
mm were installed at £25° in the vertical plane, respect-
ively.

The position identification characteristics of the
DSSDs does not allow locating the position within a
pixel. The angular resolution in the center region of each
telescope is approximately +1.23° at least (or £1.05°) and
becomes better in the peripheral area of the telescopes
within a laboratory frame. To simplify the subsequent
event reconstruction, the position within the physical
boundaries of the pixel was determined as the center of
the pixel.

Most breakup modes in reactions of ®’Li with 2%Bi
involve the production of two charged fragments, such as
Li »a+d 'Li > a+t3Be »a+a,andLi » o+
p- To minimize the data collection rate during breakup
measurements, the double-hit mode was selected as the
trigger mode, meaning the data were recorded when at
least two pixels of the whole detector array were hit by
particles.

III. DATA ANALYSIS

The energy calibration of each strip of the DSSDs
was performed by utilizing two a sources, **Pu and
24 Am with energies of 5.156 and 5.486 MeV, respect-
ively, and the « particles decayed from the products dur-
ing the fusion reactions. In addition, the energy calibra-
tion for the QSDs was performed based on the deposited
energies of charged particles in the QSDs, which were
determined by subtracting the measured energy loss in
the DSSDs from the expected energy of the particles cal-
culated using LISE++ [23].

The typical two-dimensional spectrum of AE vs. E
obtained from one of the vertical strips at 91° in the reac-
tion induced by Li at Epeam = 40 MeV is shown in Fig.
2(a). In the spectrum, the bands corresponding to the dif-
ferent particles with Z =1 — 3 are identified clearly, and
the events involving 7Li are accidental coincidence
events.

To investigate the breakup mechanism in the reac-
tions of ®7Li, the pure breakup events must be extracted
from the raw data. In this study, the extraction of the
breakup events was divided into two steps. First, two-di-
mensional gates were put on the particle bands of the
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Fig. 2.  (color online) Two spectra measured in reaction of

7Li with 2Bi at Epeam = 40 MeV. (a) The typical two-dimen-
sional spectrum (energy loss AE versus total energy E) ob-
tained from one vertical strip at 91°. The bands correspond to
7Li, a, proton, deuteron, and triton as labeled. (b) The two-di-
mensional E; vs. E, spectrum for binary coincidence events
(@ and @). The bands correspond to the fragment pairs identi-
fied as the @ + @ breakup.

particle identification (PID) spectra according to the
breakup modes to be investigated, e.g., the bands corres-
ponding to @ and deuteron were selected for the & + d
breakup. Second, other two-dimensional gates [13, 15]
were put on the E; vs. E, spectra, where E;| and E, are
the kinetic energies for the coincidence particles in the re-
actions of ®’Li with 2®Bi. As shown in Fig. 2(b), the
bands corresponding to the coincidence events of @ and «
in the reaction of "Li at Epeam = 40 MeV can be easily
identified. Finally, the pure breakup events were extrac-
ted for further analysis.

A. Identification of breakup modes

To determine the excitations of the residual target
nuclei associated with the breakup process, such as
208-211Bj and 207-28Pb, it is important to determine the O
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value of each breakup event. The ground-state Q value,
Qg of each breakup mode is generated from the follow-
ing equation [13]:

Qgg = Ep + Erecoil + Eex,p + Eex,recoil — Ejap, (1)
where E; and E. are the final kinetic energy of the
projectile-like nuclei and the recoil energy of the target-
like nuclei, respectively; Eexp and Eex recoil are the excita-
tion energies of the projectile-like nuclei and target-like
nuclei, respectively; and Ej,, is the initial energy of the
projectile in the laboratory frame. Owing to the breakup
of projectile-like nuclei into two fragments detected dur-
ing the experiment, E, is shared by the kinetic energies of
the breakup fragments, and the O value, Q= Qg—
Eex recoil» Can be written as [10, 12-15, 24]

0 = Eq + E3 + Erecoil — (Epeam — Eloss)s (2)

where E; is the detected kinetic energy of the fragments,

Eloss 1s the energy loss in the target calculated at half-
thickness, and Epean 1S the beam energy, all within the
laboratory frame. The recoil energy FErecoi 1S not meas-
ured directly but can be calculated from the known mo-
menta and masses of the two fragments detected. The O
spectra show the peaks for each excited state of the tar-
get-like nucleus, whereas the excitation energy of the tar-
get-like nucleus cannot be measured by the detector ar-
ray directly. The reconstructed Q spectra of all breakup
modes in the reactions of ®’Li with 2°Bi at Epeam = 30,
40, and 47 MeV are shown in Fig. 3, respectively.

In the reactions of °Li, a breakup into a+d is the
most probable outcome, with the experimental Q value
centered at the expected Qge at Epecam = 30 and 47 MeV,
whereas multiple distinct peaks are contributed at Epeqn =
40 MeV, and the peak with the highest Q is centered at
Q. In addition to this breakup process, the production of
SLi through 1n-stripping, which breaks up into one «
particle and one proton, also contributes a large amount
of the yield. The peak with the highest O deviates the ex-
pected Q,, for the a + p breakup but is centered at the ex-
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(color online) The Q spectra determined for the reactions of ®7Li with 2®Bi at Epean = 30, 40, and 47 MeV. The identified

breakup modes in reactions of &’Li consist of @+ p, a+d, a+t, and a+a while the a+ p breakup mode is unobserved in reactions in-
duced by "Li. The vertical dashed lines indicate the expected Q,, for each breakup mode in reactions of °Li and "Li, respectively.
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cited-state Q value, similar to the result in Ref. [13]. The
multiple peaks in the spectra corresponding to the a+ p
breakup channel indicate that most of the target-like nuc-
leus 21%Bi is populated in its excited states. The breakup
of 8Be into a+a, triggered by d-pickup, is observed in
the reaction of SLi with 2®Bi. The a+t breakup mode,
triggered by the 1n-pickup of °Li to form the excited Li,
was unobserved in the previous measurements [12, 13]
for SLi + 20Bi. However, it is presented in this study.

In addition, it is worth noting that the O-value peaks
for the a+d breakup, @+ p breakup after In-stripping,
and a+1¢ breakup after 1n-pickup, overlap each other. It
is difficult to distinguish the three breakup modes dir-
ectly from the Q spectrum [13]. However, the gates put
on the particle bands of the PID spectra are helpful for the
separation. For a specific breakup mode, the gates on the
PID spectra screen out the particles, which are not the
products of the breakup mode from all events. For ex-
ample, only events that contain two « particles can be se-
lected for the analysis of a 8Be — « +a breakup, and only
the measured information of a particles can be con-
sidered in the Q value calculation.

For a breakup in the reactions of "Li with 2®Bi at all
bombarding energies, the most intense peak in the Q
spectra corresponds to the process in which the projectile
disintegrates into a+t. However, the breakup triggered
by a p-pickup is more probable for 7Li. The breakup of
the production of ®Be into two a particles contributes the
multiple peaks in the Q spectra. These peaks correspond
to the different resonant states of the target-like nucleus
208ph. The peak with the highest Q is centered at the ex-
pected Qg for the o+« breakup, matching the expected
O values for a p-pickup from the target and forming the
8Be. The a +d breakup mode, triggered by 1n-stripping,
is also observed in this study and contributes several
peaks in the Q spectra. Similar to °Li, the O-value peaks
for the o+ breakup and a +d breakup after 1n-stripping
also overlap each other in the Q spectra.

B. Relative energy of the breakup fragments

The relative energy E, distributions of the two coin-
cident fragments were used to characterize the breakup
processes. Eg can be expressed in terms of the measured
energies E; and the masses m; of the fragments [10, 12-
15, 24]:

mEy+myE| —2\miEymyE|cos6;
my+my ’

Ew =

3)

where 6, is the measured opening angle of the frag-
ments within the laboratory frame and is given by [10,
24]

cosfy = cosb cosby +sinb sinbrcos(p; —¢2), (4)

where 6; and ¢; are the measured scattering angle and

azimuthal angle of the coincident fragments, respectively.

The detector efficiency for E. was obtained through
a Monte Carlo simulation assuming that the breakup frag-
ments were emitted isotropically in the frame of the pro-
jectile-like nucleus before it broke up. The E; distribu-
tions with an efficiency correction in the reactions of ®7Li
with 2Bi are shown in Fig. 4. The correlation of the
time-scales for a breakup with the measured E,.; was de-
termined in previous studies [12, 13]. Therefore, E, al-
lows a classification of the breakup process into a prompt
breakup or delayed breakup. For the latter one, the break-
up occurs far from the target-like nucleus, and E, equals
the sum of the breakup Q value and the excitation energy
of the resonant state of projectile-like nucleus, which dis-
integrates into two fragments. The peaks shown in the
E. spectra reflect the excited states of the projectile-like
nucleus. If a breakup occurs close to the target-like nucle-
us, that is, a prompt breakup occurs, the Coulomb interac-
tion between the target-like nucleus and the breakup frag-
ments will disturb the fragment trajectories. Then, Ey no
longer depends solely on the breakup energies, resulting
in a smoothed E, distribution [13].

For the reactions induced by ®7Li, the experimental
E. spectra for a 8Be — a + a breakup, shown in
Fig. 4(a), show a sharp peak at 0.092 MeV, which corres-
ponds to the ground-state decay of Be, where the break-
up occurs far from the target and has a width I' = 5.57 eV
corresponding to a lifetime of 1.18x 107! s. In addition,
a wider peak that corresponds to the 2* resonant state de-
cay of ®Be, the lifetime of which is 4.36 x 1072? s and the
width is 1.513 MeV, is centered at 3.112 MeV in the E
spectra in most cases. Because the time-scale of a prompt
breakup is ~ 1072? s, the decay was treated as an effect-
ively instantaneous breakup and classified as a prompt
breakup. The rest of the events without any characteristic
structure should correspond to the breakup that occurs
near the target-like nuclei.

In the E. spectra shown in Fig. 4(b), corresponding
to the breakup mode °Li — a + d, a sharp peak at 0.712
MeV exists in all observed cases. The peak represents the
breakup from the 3* resonant state of °Li with a lifetime
of 2.74x1072° s. A doubtful peak exists in the E, spec-
trum for the a + d breakup in a reaction induced by "Li at
Epeam = 40 MeV. The peak is centered at ~ 2 MeV and
corresponds to the breakup from the 0* resonant state of
®Li with a lifetime of 8.02x 10717 s.

For the "Li — a + ¢ breakup, no obvious peak is ob-
served in the E spectra at Epeam = 30 MeV for the reac-
tions induced by both SLi and 7Li, as shown in Fig. 4(c).
At Epeam = 40 and 47 MeV, a sharp peak at 2.162 MeV is
observed in the E spectra in the rest of the observed
cases. The peak corresponds to the decay of the 7/2~ res-
onant state of "Li with a lifetime of 7.08 x 1072 s. In ad-
dition, the E,; spectra for the reactions of °Li with 2°Bi
show a slight peak at E,; ~ 5 MeV, perhaps due to the
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Fig. 4.
observed breakup modes in reactions induced by %7Li at Epeym =

(color online) Distributions of the relative energy E.. of the coincident breakup fragments with an efficiency correction in all
30, 40, and 47 MeV. The spectra are plotted in bins of 50 keV and up

to values of Ey, where the counts reach a level of 1073 of the maximum yield [13]. The sharp peaks that correspond to the 0+ resonant

state of 8Be with E
tions without normalizations.

breakup from the 5/2~ resonant state of "Li with an excit-
ation energy of 7.46 MeV. The state has a lifetime of
7.40x1072! s, which might be sufficiently long to see the
projectile breakup in the asymptotic region.

All E, spectra of the ')Li — «a + p breakup meas-
ured in reactions of ®7Li with 2Bi, have predominantly
large E. values. In addition, most of the E, spectra for
the @ + p breakup show a slight peak at E; ~ 1.96 MeV,
corresponding to the breakup from the 3/2~ resonant
state of °Li. The state has a mean lifetime of 5.35x 10722
s, and thus, its breakup is treated as a prompt one.

IV. RELATIVE PROBABILITIES OF BREAKUP
CHANNELS

A breakup in the reactions of 7Li with 2Bi consists
of a direct breakup from the excitation of ®’Li and a
transfer breakup from the intermediate nuclei (>®’Li and
8Be) through a nucleon transfer. It is helpful for an in-
vestigation of the breakup mechanism in reactions in-
duced by ®’Li to obtain the relative probabilities of the

=0.092 MeV are not easy to be seen and are marked in the figure. The Y-axis simply shows the relative cross sec-

observed breakup modes.

For the ®Li-induced reactions shown in Fig. 5(a), the
direct breakup from °Li plays a more important role than
the @ + p breakup triggered by 1n-stripping. In addition,
the other two observed breakup modes only occupy small
parts of the total yields. Fig. 5(a) also shows the relative
probabilities of the observed breakup modes in reactions
of 7Li, and the largest contribution to a breakup is clearly
triggered by a p-pickup, resulting in a @ + a breakup of
the ®Be projectile-like nuclei. A direct breakup from 7Li
also plays an important role in the reaction. Less than
30% contribution was made by the o + d breakup
triggered by 1n-stripping. However, whatever the break-
up modes are, the delayed breakup components have no
effect on CF as the projectile-like nuclei have arrived at
the barrier radius and undergo CF, and only a prompt
breakup can suppress the CF cross section at energies
above the Coulomb barrier because the breakup may de-
plete the flux of intact nuclei before reaching the fusion
barrier [13]. The relative probabilities for the prompt
breakup are more important for an investigation into the
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breakup mechanism in a reaction induced by weakly
bound nuclei.

To determine the total prompt breakup in the reac-
tions of ®’Li, the prompt breakup components for the o +
a, @ +d, and « + t breakup modes have been separated
from the delayed breakup by subtracting the estimated
delayed breakup events from the total breakup events.
The procedure used to estimate the delayed breakup com-
ponent for the @ + d breakup is shown in Fig. 6. By fit-
ting the narrow peak in the E.; spectrum for the a + d
breakup with Gaussian fitting, the delayed breakup events
that correspond to the area of the narrow peak can be cal-
culated. The prompt breakup events, which correspond to
the area of the coloured portion in Fig. 6, can then be cal-
culated. This method has been applied to all E, spectra
where the narrow peaks exist.

The relative probabilities of a prompt breakup and a
delayed breakup for the different breakup modes in the
reactions of ®’Li with 2®Bi at all bombarding energies
are shown in Fig. 7. For the @ + « breakup, the contribu-
tion of the delayed breakup is less than 10% in the reac-
tions of ®7Li. In the reactions of °Li, the delayed breakup
provides no contribution to the @ + ¢ breakup at Epeym =
30 MeV and a larger contribution at Epe,n, = 40 and 47

108 %ii/elayed breakup

Li — o +d breakup mode

Counts

10 15 20 25
E (MeV)

Fig. 6. (color online) Separation of the prompt a + d break-
up components from the total breakup yields in reactions of
Li with 2PBi at Epeam = 30 MeV based on a Gaussian fitting
of the narrow peak.

(@) [ delayed breakup [ prompt breakup
1.0r

o
o

o
2]

o
~

=2
i

Contribution to breakup of °Li

0.0
E_ =30 40 47 30 40 47 30 40 47 (MeV)
o+o o+d o+t

{(b) I delayed breakup [ prompt breakup
1.0

Contribution to breakup of "Li

0.0
E. =30 40 47 30 40 47 30 40 47 (MeV)

heam
o+a a+d o+t

Fig. 7. (color online) Relative contributions by the prompt
breakup and the delayed breakup to the total breakup for the «
+ @, a + t, and o + d breakup modes of reactions of ®’Li with
209Bj at Epeam = 30, 40, and 47 MeV.

MeV. With an increase in the incident energy, the prompt
direct breakup makes less contribution to the @ + d break-
up. For reactions induced by ’Li, the contribution given
by the prompt breakup to the @ + d and « + ¢ breakups
decreases when the bombarding energy increases, in con-
trast to that for the a + a breakup.

The relative contributions to the prompt breakup in all
identified breakup modes are shown in Fig 5(b). For the
reactions of °Li, less contribution is made by the o + d
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breakup mode to the prompt breakup than the total break-
up, whereas the opposite is shown for the @ + p breakup
mode. After a comparison with the results in previous
studies [12, 13], it was found that the prompt breakup
triggered by In-stripping is predominant over a prompt
direct breakup, whereas the @ + « breakup provides little
contribution to a prompt breakup at energies below and
above the Coulomb barrier.

In 7Li-induced reactions, owing to the large contribu-
tion from the delayed breakup in « + d break mode, the «
+ d breakup provides less contribution to the CF suppres-
sion with an increase in the bombarding energy. After a
comparison with the previous results [12, 13], it was
found that the o + d breakup provides the largest contri-
bution to the prompt breakup at energies around the Cou-
lomb barrier. By contrast, the relative probability of the «
+ t breakup is the smallest for energies around the Cou-
lomb barrier in the reactions of ’Li. Differing from both
the @ + ¢ and @ + d breakups, a prompt @ + « breakup
provides a larger contribution to a prompt breakup with
an increase in the bombarding energy, at both sub-barrier
energies and above-barrier energies.

V. CONCLUSION

Coincidence measurements of fragments provide de-
tailed information of the breakup modes in the reactions
of 7Li with 2Bi at energies around and above the Cou-

lomb barrier. Through the reaction Q values and the relat-
ive energies of the breakup fragments, a separation of the
prompt and delayed breakup components is allowed, and
relative probabilities of the breakup channels are ob-
tained.

Through a comparison with the results of previous
studies [10, 12-15] in which the coincidence measure-
ments were used at sub-barrier energies, some new dis-
coveries were observed. A new breakup mode, i.e., a a +
t breakup triggered by a 1n-pickup, was found in the re-
actions of °Li for energies around and above the Cou-
lomb barrier. It was also found that the breakup mechan-
ism in weakly bound nuclear systems is related to the in-
cident energy. The relative contributions of the prompt
breakup in different breakup modes change in different
trends with an increase in the bombarding energy below
and above the Coulomb barrier.

This study facilitates an understanding of the breakup
mechanism in reactions of weakly bound nuclei and pro-
motes the prediction of the breakup effect on the com-
plete fusion at above-barrier energies.
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