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Background: Incomplete fusion (ICF) in reactions involving weakly bound projectiles is understood to play
an important role in enhancing the ratio of asymmetric to symmetric fission at £ < V,, widening the fission
fragment folding angle distribution at £ < V), and suppressing the complete fusion (CF) cross section at E > V.
Experimental cross sections for individual ICF channels are necessary to obtain quantitative estimates of the
above effects.

Purpose: Measurement of the cross sections for individual transfer-induced or ICF-fission channels in ®’Li +
2387 reactions to explain quantitatively the difference in the ratio of asymmetric to symmetric fission for total
fission and CF fission.

Methods: Triple coincidence measurement of two fission fragments and one light charged projectilelike
fragment (PLF) is carried out using two multiwire proportional counter (MWPC) detectors and an array of
CSI(TI) scintillation detectors at energies near the Coulomb barrier. By calculating the efficiency of the detectors
by Monte Carlo simulation and fission probability by GEF code, the angle-integrated ICF cross sections
corresponding to p, d, t, and o emission are obtained. Mass distributions for total fission are calculated by
adding the distributions for CF fission and all ICF fissions with weight factors proportional to the measured
cross sections.

Results: ICF cross sections corresponding to o emission are found to be the highest in both the reactions. The
relative contribution of ICF to total fusion at the lowest measured energy is found to be ~70% and it decreases
with increasing projectile energy, consistent with the systematics of several reactions involving the same weakly
bound projectiles. The simulated mass distributions for total fission are found to reproduce the experimental
mass distributions.

Conclusions: Deuteron (triton) capture is observed to be the major ICF channel in the reaction involving
Li ("Li) projectile. The ratio of the sum of ICF to total fusion cross section for the present systems are consistent
with the systematics. The difference in the ratio of asymmetric to symmetric fission between total fission and CF

fission is explained quantitatively.
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I. INTRODUCTION

The study of fission reactions of nuclei populated in in-
complete fusion or multinucleon transfer reaction is of great
interest because of its wide applications in different areas. In-
direct measurement of neutron-induced fission cross sections
using the surrogate reaction technique [1-6] is one of them.
Advantages of this technique are that one can populate a par-
ticular composite nuclide supposed to be formed by n-capture
reaction without actually using the neutron beam and deter-
mine the cross sections for (n, f) reactions, and particularly,
the same can be determined even for an unstable target and/or
unstable projectile. The surrogate reaction technique can also
be employed to study simultaneously the fission fragment
mass distributions (FFMD) of several nuclei where fission
is induced by multinucleon transfer [7—12] reactions. For
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example, Pal et al. has been able to measure simultaneously
the FFMD of various neutron rich isotopes of Np and Pu,
populated by the multinucleon transfer or incomplete fusion
(ICF) channels in ®"Li + 233U systems [9].

Besides the above applications, the ICF or transfer-induced
fission also plays an important role in the dynamics of to-
tal fission. For example, the presence of ICF channels may
modify (i) the ratio of asymmetric to symmetric fission mass
distributions, (ii) the width of fission fragment folding an-
gle distributions, and (iii) the anisotropy of fission fragment
(FF) angular distributions. In the studies of Refs. [13,14] at
sub-barrier energies, the presence of ICF or transfer-induced
fission channels was attributed to be the reason for enhancing
the peak to valley ratio (P : V) of the mass distribution and
the width of folding angle distributions. Recently, the same
has been confirmed by a direct measurement of fission frag-
ment mass distributions for different ICF or transfer-induced
fission channels in ®Li 4+ 23®U reactions [9]. It has also been
confirmed that the folding angle distributions for individual
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ICF fissions peak around the same angles where kinklike
structures were observed in the folding angle distribution of
total fission, thereby enhancing the width of the folding angle
distributions of total fission at below barrier energies. In case
of ICF fission, the excitation energy and angular momentum
of the composite nucleus being different from the compound
nucleus formed in CF, the fission fragment angular anisotropy
is expected to be different. In a recent measurement of fission
fragment angular distribution for °Li + 2*>Th system [15], the
angular anisotropy for a few ICF-fission channels was indeed
found to be larger from the ones for CF fission. However,
the overall angular anisotropy of total fusion (TF) fission
including all recoil directions was found to be less than or
equal to that of CF fission.

Another important feature of a reaction involving weakly
bound stable projectiles (>’Li and °Be) is the suppression of
complete fusion cross sections at energies above the Coulomb
barrier [16-23]. Interestingly, it has been observed that the
cross sections for incomplete fusion for some of these systems
[24,25] are of similar order as that of the missing complete
fusion cross sections.

The above examples lead to the fact that identification of
different ICF channels and measurement of their cross sec-
tions are of utmost importance to understand many interesting
features in reactions involving weakly bound projectiles. In
literature, several methods have been employed to identify
ICF channels, such as by measuring (i) recoil range distri-
butions, (ii) fission fragment folding angle distributions, (iii)
characteristic charge particle decay from composite nuclei,
(iv) particle-y coincidence, and (v) coincidence of fission
fragments with light charged particles. The recoil range dis-
tribution method [26,27] is applied for measurements only
at above barrier energies where the ranges of the recoils
corresponding to CF and ICF are supposed to be different.
However, practically it has been observed that the ranges have
a good overlap leading to large uncertainties in the separation
of CF and ICF contributions. Itkis et al. [13] have extracted
the contributions of ICF channels from the multi-peak fit
to the fission fragment folding angle distributions for ®Li +
232Th system. Different peaks of the folding angle distribution
correspond to different ICF channels. Using the same method,
Kailas et al. have estimated the transfer fission cross section
for "B 4 2¥’Np, '2C 4+ 26U, and '°0 4 >*>Th systems [28].
However, there are large uncertainties in the fit to such in-
distinct peaks that lead to large errors in the extracted cross
sections. Using the third technique, Dasgupta et al. [24] have
measured the ICF cross sections for the °Li + 2PBi, "Li +
2098, and ?Be + 2%Pb reactions, at energies near and below
the Coulomb barrier where the ICF channels have been iden-
tified by characteristic & decay from the composite system. It
has been mentioned that some of these o emitting nuclei may
have been originated from different ICF channels leading to
uncertainties in individual ICF cross sections. Using the fourth
technique, the ICF cross sections due to triton (t) or « capture
have been measured using on-line and off-line y counting for
TLi 4 '2*Sn [25], "Li 4+ **Nb [29], and "Li + 8Pt [30] sys-
tems. In this technique, y ray obtained in coincidence with the
escaping particle has only been used to identify the composite
system, but the cross sections have been determined from

the inclusive y counts. The fifth technique, i.e., light charged
particle-fission coincidence technique has been used by Raabe
et al. [31] to obtain ICF cross sections in 'Li, 7?Be + 23%U
reactions.

It may be pointed out that out of all the techniques men-
tioned above, the last technique, i.e., light charged-particle
and fission-fragments coincidence technique is the most re-
liable, as the triple coincidence of two fission fragments and
one light charged particle (the noncaptured projectile breakup
fragment) confirms the occurrence of a specific ICF event.
Whereas, the characteristic particle decay technique and the y
counting technique have the major disadvantage that the same
composite system, which emits characteristic y or particle,
can be formed by different mechanisms (ICF or CF followed
by particle evaporation).

In the present work, we have used the last technique, i.e.,
the light charged-particle and fission-fragment coincidence
technique to measure the cross sections for individual ICF
(with respect to p-, d-, t-, and «-gated) channels, for the
87Li + 238U reactions. These reactions have been chosen
because we have already made several measurements on
fission fragment mass and angular distributions for these two
systems [9,14,32] and the present measurements will add
further information towards the understanding of a complete
fission reaction mechanism. It may be noted that p-, d-, t-,
and «-gated ICF channels correspond to the captures of *He,
a, He, and d, respectively, in case of OLi projectile and
captures of %He, He, «, and t, respectively, in case of "Li
projectile. An attempt has also been made to address the
quantitative difference in P :V ratio between total fusion
fission and complete fusion fission as observed in Ref. [14],
using the simulated mass distributions for inclusive fission by
overlapping the distributions for complete fusion and all ICF
fissions, taking into account proper weight factor proportional
to the respective measured cross sections.

The paper is organized as follows. The experimental details
are described in Sec. II. Details of the determination of
experimental ICF cross sections for the present systems and
a systematic study of the ratio of ICF to TF cross sections
for several systems along with present systems have been
described in Sec. III. A systematics of TF cross sections along
with the coupled channel calculations have been described in
Sec. IV. A description of the simulated mass distributions for
total fission using the experimental mass distribution of CF
fission and ICF fission is given in Sec. V. Finally, the results
of the present study are summarized in Sec. VI.

II. EXPERIMENT AND DATA ANALYSIS

The experiment on ®’Li + 238U reactions was carried out
at 15-UD Pelletron facility in Inter University Accelerator
Centre (IUAC), New Delhi. Three beam energies of 30, 34,
and 40 MeV were used for °Li and two beam energies of
31.4 and 41.4 MeV were used for "Li. The U target of
thickness ~100 pg/cm? was sandwiched between two layers
of '2C of thickness ~15 pug/cm? each. Two position sensitive
multiwire proportional counter (MWPC) detectors [33] were
used to detect fission fragments. They were placed on two
rotatable arms and kept on either side of the beam direction
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FIG. 1. Schematic diagram of the experimental setup inside the
scattering chamber consisting of two MWPC detectors (MWPC1
and MWPC2) to detect fission fragments, two transmission-type
START detectors (S1 and S2), four CsI(Tl) detectors (C1-C4) (4 x 4
crystals) to detect light charged particles, and two monitor detectors
(M1 and M2) kept at £10°.

making a folding angle of ~172°-175°. A schematic diagram
of the experimental setup has been shown in Fig. 1, same
as in Ref. [9]. Each MWPC detector has an active area of
16 x 11 cm?. The central distances of MWPC1 and MWPC2
from the target center were 39.5 cm and 33.5 cm, respec-
tively. Each MWPC detector provides position information
(horizontal and vertical) and a timing signal (STOP signal)
for the time-of-flight (T1 and T2) measurements. The starts of
the timing signals were taken from two transmission-type gas
detectors of active area 3.7 x 3.7 cm? (S1 and S2) placed in
front of the two MWPC detectors at a distance of 11 cm from
the target center. Two monitor detectors (M1 and M2) were
also used at £10° to monitor the incident flux.

Four CsI(Tl) detectors having four crystals each [34] were
used to detect projectilelike fragments (PLF) covering the
angular range of 101°-168° for beam energies of 30, 31.4,
and 34 MeV, and 71°-138° for beam energies of 40 and 41.4
MeV. The energy spectra of these detectors were calibrated
using the known energies of o from a standard *Th source.
Typical spectra corresponding to time correlation, coincidence
TAC, and light charged-particle identification obtained from
one of the CsI(Tl) detectors gated with MWPC detectors
for ®Li + 238U reaction at a beam energy of 40 MeV are
shown in Fig. 2. The correlation between the time-of-flight
signals, T1 versus T2, obtained from two MWPC detectors
has been shown in Fig. 2(a), which shows a clean spectrum of
correlated fission events. Figure 2(b) shows the coincidence
TAC spectrum between fission fragments and the PLFs. As
mentioned in Ref. [9], the raw two-dimensional (2D) spec-
trum of PID versus energy measured in Csl detector has been
gated with the above fission timing distributions (within red
dashed contour) and the TAC spectrum (within the red dashed
vertical lines). The resultant 2D spectrum thus obtained is
shown in Fig. 2(c). It provides clear distinction between
proton, deuteron, triton, and « bands.
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FIG. 2. Typical spectra involving 40 MeV °Li beam correspond
to (a) 2D plot of the timings T1 versus T2 of the gas detectors
MWPC1 and MWPC?2, respectively, (b) 1D plot of the TAC between
OR of MWPCs and OR of CsI(Tl) detectors, and (c) 2D plot of
particle identification (PID) versus energy gated with the TAC and
the banana gate on MWPC timings, shown in spectra (a).

III. INCOMPLETE FUSION CROSS SECTION

Incomplete fusion (ICF) is a process where one of the
breakup fragments is captured by the target following the
breakup of the projectile into two or more fragments. Some-
times, the same set of nucleons as that of the fragment may be
directly transferred from the projectile to the target, making
the stripping transfer reaction indistinguishable from the ICF
process. If the target is in actinide region, after capturing
the fragment, the composite system mostly undergoes fission.
So, experimentally we can detect two fission fragments in
coincidence with the escaping projectilelike fragment (the
ejectile) without distinguishing the origin of the process, ICF
or transfer. The ICF cross section, which includes transfer
cross section as well, can be determined as follows. If Yo,
is the counts of the noncaptured projectilelike breakup frag-
ments detected in coincidence with the two fission fragments,
the differential ICF cross section can be written as

d_0(0) — Ycoin dQM dO—Ruthli’ (1)
a2 YM dQCsI 17491 EPf

where, Y;; is the number of counts at monitor detector,
dQQy, and dQ¢q are the solid angles of monitor and CsI(TI)
scintillator detectors, respectively, % is the Rutherford’s
differential scattering cross section at the scattering angle of

the monitor (6y), € is the fission-fission coincidence efficiency
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and Py is the fission probability followed by transfer or
incomplete fusion. The efficiency € mainly depends on two
factors: (i) the FF coincidence efficiency between the two
MWPC detectors (€1) and (ii) the geometric efficiency of the
MWPC detectors (¢3).

(i) FF coincidence efficiency, €. Although the MWPC
detectors have been placed in such a position that their central
angles are at folding angles, but due to the finite width of the
folding angle distribution, there is a chance that one of the two
complementary fission fragments from a single fission event
may miss the coincidence detection by the MWPC detectors.
Hence, the interdetector coincidence efficiency has been de-
termined using a Monte Carlo simulation assuming isotropic
emissions of fission fragments in center of mass frame, though
it is not a valid assumption since FF angular distribution
is in general anisotropic. However, for the present systems,
FF angular anisotropy being less (=10-30%) [15,32,35], the
above assumption is reasonable. Thus, using the Monte Carlo
simulation, the interdetector coincidence efficiency (€;) has
been obtained and found to be ~70-80% for the present
systems at all excitation energies.

(i1) Geometric efficiency, €;. Geometric efficiency of the
MWPC detectors depend on the effective solid angle of
the detectors. It can be calculated from the formula e, =
domwec ]‘;;dUMWPCZ )

Therefore, the product of €; and €, will be equal to the total
coincidence efficiency (€). Now P, has been calculated using
GEF code, version 2016/1.2 [36], where three main inputs
are: fissioning nuclei, excitation energy, and RMS angular
momentum (calculated assuming grazing collision in transfer
reaction). P,y has been found to be ~80-95% for all the
fissioning systems at the measured excitation energies.

The FF-PLF coincidence counts will also depend on the
position of the MWPC detectors, because of anisotropy of FF
angular distribution. However, the anisotropy being small for
the present systems at measured energy ranges, the ICF cross
sections have been obtained by integrating the differential
cross section over the all solid angles of PLF detectors.

do T do
= —(6)dQ =2 —(8)sinOd6. 2
o1k /d9< ) n/o 2 @)sin P

Following Eq. (1), the differential cross section as a func-
tion of 6,,, for -, triton-, deuteron-, and proton-gated ICF re-
actions on °Li + 28U system, have been obtained for 40 (red
circle), 34 (blue square), and 30 MeV (pink star) projectile
energies and shown in Figs. 3(a)-3(d), respectively.

Similarly, the differential cross section as a function of 6,,,
for «-, triton-, deuteron-, and proton-gated ICF reactions on
"Li 4+ 28U system, has been obtained for 41.4 (red circle)
and 31.4 MeV (pink star) projectile energies and shown in
Figs. 4(a)-4(d), respectively. In both the cases it is clearly
observed that the differential cross section is the highest for
o emission and lowest for proton emission at all the measured
energies.

It may be noticed that the data presented in Figs. 3 and
4 are of limited angular range surrounding the peaks though
they cover the majority of the cross sections. So, in order
to get the angle-integrated cross section, a suitable fit with
proper shape to the angular distribution data is necessary.
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FIG. 3. The differential ICF cross sections at 40 MeV (red
circle), 34 MeV (blue square), and 30 MeV (pink star) projectile
energies corresponding to the ejectiles (a) «, (b) triton, (c) deuteron,
and (d) proton in °Li 4 238U reaction. The fit to each of the data has
been shown by dashed lines.

The shape of the angular distribution of the inclusive « cross
section for reactions involving weakly bound projectiles is
known to be similar to that of the transfer reaction, i.e., both
of these reaction cross sections peak at the grazing angles
[37]. In the present measurements the coincident PLF angular
distributions at different energies indeed peak at the respective
grazing angles. The shape of the angular distributions at a
particular beam energy normalized to Coulomb barrier is
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FIG. 4. The differential ICF cross sections at 41.4 MeV (red
circle) and 31.4 MeV (pink star) projectile energies corresponding
to the ejectiles (a) «, (b) triton, (c) deuteron, and (d) proton in
"Li 4 238U reaction. The fit to each of the data has been shown by
dashed line.
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FIG. 5. The angle integrated ICF cross sections corresponding
to the ejectile o (red circle), t (blue square), d (green diamond),
and p (pink star) at different projectile energies for (a) Li and (b)
"Li. Black triangles represent CF cross sections estimated from the
relation “oF = oTF-%,0/CF.

expected to be similar to that for a nearby system, e.g., °Li +
209Bj [37]. Since the differential cross sections for inclusive o
are available for a wide angular range at several near barrier
beam energies, the shapes of these data at matching beam
energy of E.,/V, has been used to fit the present data for
each PLF angular distribution. The fits to the PLF angular
distribution data corresponding to «-, t-, d-, and p-gated
fissions are shown by dashed lines in Figs. 3 and 4.

Next, using Eq. (2), the angle integrated ICF cross sections
corresponding to the outgoing noncaptured fragments such
as « (red circle), t (blue square), d (green diamond), and p
(pink star) have been obtained at different projectile energies
as shown in Fig. 5(a) for °Li and 5(b) for "Li. It has been
found that o emission is the most dominant ICF channel in
both the reactions. The ICF cross sections have been observed
to increase with increasing projectile energy, as expected.
At higher °Li projectile energies the sequence of different
ICF cross sections associated with different noncaptured frag-
ments is observed to be o, > 04 > 0, > 0;, whereas for L,
the sequence is 0, > 0, > 0, > 0,. At lower projectile ener-
gies for oL, o, ~ o;, whereas for 'Li, 0}, ~ 4. The total ICF
cross section at a particular beam energy has been obtained
by summing all the individual ICF cross sections measured
at that energy. The cross sections for CF have been estimated
by subtracting total ICF cross sections from total fusion (TF)
cross sections and the results are shown as black triangles in
Fig. 5. The measured total ICF cross sections, existing TF

TABLE 1. ICF, TF, and CF cross sections for ®’Li 4 2*8U systems.

Beam  Energy ICF x-section  TF x-section  CF x-section
(MeV) (mb) (mb) (mb)
30 33+£3 47+7 14+7
OLi 34 877 258 +26 171 £27
40 232 £22 807 + 40 575 £ 46
31.4 30£2 62+4 32+£5
Li 414 183 £ 15 950 £ 50 767 £ 52

cross sections from the literature [32,35] and the estimated
CF cross sections have been given in Table I.

A. Ratio of ICF to TF cross sections

To find the relative contribution of ICF to total fusion cross
section, the ratio of cross section for ICF to TF, i.e., ffﬂ has
been determined from the measured data at different energies
and shown in Fig. 6 as red filled (red hollow) circles for
Li ("Li) + 2*®U reaction. For a systematic study, the same
quantity has been determined from the ICF and TF data
available in the literature for several other systems involving
weakly bound projectiles [24,25,30,31,38,39] and compared
with the present data in Fig. 6. The relative contribution of ICF
to TF for the present systems has been found to be the highest
(~70%) at the lowest measured energy and then it decreases
with increasing energy, consistent with the trend for all the
other systems obtained from the systematics. It is observed
that the ICF to TF ratio for the present °Li + 28U system
is nearly equal to that of °Li + ?%Bi system [24] at near
or below barrier energies. However, the ratio for Li+ 28U

T e :
:. 6Li-*—238U(Prcscnt) O 7Li+238U(Present)

rO oL 2094 [Dasgupta04] ¥

| O 1290 paarlg) O

TLi+29p; [Dasgupta 04] |
TLi+1249n ['Li, Parkarl8] |
TLi+238U[Raabe 06]

B8 7Li+198Pt[Srivastaval3]
TLi+'Tb [Broda75]
"Li+?3Nb[Pandit 17]

O ICF/C TF

.
%%i com
o5

0.1\\I\\\\I\\\\I\\\\I\\\\I\\\\

Ecm. /V b

FIG. 6. The ratios of total ICF cross section to total fusion
cross section for the present systems °Li + 233U (red filled circles)
and "Li + 28U (red hollow circles) have been compared with the
literature data for "Li + **Sn [25], °Li + '**Sn [38], °Li + **Bi
[24], and for "Li + 2®Bi [24], "Li + 23¥U [31], Li + Pt [30], and
"Li + "°Tb [39].
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FIG. 7. A systematics of the total fusion (TF) cross sections for
reactions involving several different targets such as 24Mg [401, 28Si
[41,42], 3°Co [43], %Zn [44], '**Sn [25,38], P°Tb [25,38], '*’Au
[45], and ***Th [35] along with the present target 222U (red filled
circles) [35] with projectile (a) Li and (b) "Li, respectively.

system obtained from the present measurement as well as
from Ref. [31] is found to be slightly smaller than other
systems available in the literature with ’Li as a projectile.
From the systematic study, it is interesting to note that the ratio
of ICF to TF at above barrier energies is nearly equal to the
complete fusion suppression factors for both the projectiles.

IV. SYSTEMATICS OF TF CROSS SECTIONS

To investigate any target dependence, the TF cross sections
for the present systems have been compared with the ones
available in the literature involving same projectile (either
®Li or 7Li), but different targets as a function of energy
normalized to Coulomb barrier as shown in Fig. 7. It may be
observed that the normalized TF cross sections for reactions
involving heavier targets (A > 124) with both %7Li projectiles
follow a common trend [dotted lines in Figs. 7(a) and 7(b),
respectively] with respect to the normalized beam energy. The
reactions involving light targets, e.g., Mg and ?%Si, are found
to have larger TF cross sections compared to heavier targets,
especially at sub-barrier energies. For reactions involving
¥Co with both ®7Li, the TF cross sections follow the same
common trend (dotted lines) as of the heavier targets. How-
ever, for %Zn target, though the TF cross section involving
®Li projectile follows the dotted line it does not follow for "Li
projectile.

Further, to understand the role of projectile breakup thresh-
old on ICF, the ratio of TF cross sections for reactions with
®Li projectile to that with "Li projectile involving same target
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‘\j 6 | 124Zn * M
<} [ Sn ——— Fresco
S oaf ]
[5) [
2L ]
%¢ Ny
20 25 3.0
Eem (A, 3+A3)z,7,

FIG. 8. A systematics of the ratio of total fusion (TF) cross
sections for reactions involving °Li to “Li with several different
targets like >*Mg [40], 2Si [41,42], ¥Co [43], %Zn [44], '**Sn
[25,38], 'Tb [25,38], 7 Au [45]) and *2Th [35] along with the
present target 2%U (red filled circles) [35].

has been obtained as shown in Fig. 8. It may be observed
that at above barrier energies the ratio is almost constant
(=~1) but as one moves down in energy below the barrier,
the ratio increases sharply irrespective of the target mass.
Qualitatively, one can understand this as follows. Due to low
breakup threshold of ®°Li (compared to "Li), the breakup cross
sections for reactions involving °Li are expected to be higher
leading to higher ICF cross sections and hence higher TF cross
sections than the reactions involving 7Li. However, at near
and sub-barrier energies the difference is expected to be much
larger as a slight change in beam energy makes the excitation
energy either above or below the breakup threshold depending
upon the projectile. Thus, the cross section for breakup as
well as fusion that vary exponentially with the excitation
energy will make a huge difference in reactions involving two
projectiles with different breakup thresholds at Epeym < Vp.
To understand the above energy dependence of the ratio of
TF cross sections for °Li to "Li, coupled channels calculations
using FRESCO (version 2.9) [46] have been performed. The
continuum discretized coupled channels (CDCC) approach,
similar to Refs. [47—49], has been considered to incorpo-
rate the effect of projectile breakup on fusion cross sections
for °Li + 2%U and "Li+ 2®U reactions, respectively. The
short-ranged imaginary potentials considered for each of the
outgoing channels absorb flux from the elastic and projectile
breakup channels (assumed to be the major channels) corre-
spond to total fusion cross section. For both ®’Li 4 2*%U re-
actions, all the resonant states and the nonresonant continuum
above breakup threshold up to an excitation energy of about
8 MeV have been included. In case of "Li + 233U reaction,
the projectile bound excited state (0.48 MeV, 1/27) has also
been included. No target excitation was considered. The pro-
jectile °Li ("Li) has been assumed to have a two-body cluster
structure of @ + d (« + t) with the breakup threshold (Ey,) of
1.48 (2.47) MeV. The continuum of o + d (o + t) cluster of
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°Li ("Li) at E > Ey, has been discretized with respect to the
o-d (a-t) relative momentum of /k into several momentum
bins, in steps of Ak =0.2 fm~!, up to k = 0.8 fm~' [50].
Each bin has been treated as an excited state of & + d (o + 1)
cluster with excitation energy equal to the mean excitation. An
average wave function, assumed to be independent of energy
within the bin width, has been normalized to unity. The spin
of the excited state has been obtained as the vector sum of the
a-d (a-t) relative angular momentum L and the spin of the
deuteron (triton) S. All possible states with L =0, 1,2 (L =
0, 1, 2, 3) have been included. The binning of the continuum
of ®Li ("Li) with L = 2 (L = 3) has been suitably modified to
include the resonance states with average excitation energies
matching with the resonance energies.

The CDCC calculations were performed using cluster-
folded (CF) interactions, where Sao Paolo potentials [51] were
used as the real parts of the fragment target (o 4+ 2**U and
d 4 28U or t + 2U) potentials. The imaginary potentials for
the above three interactions were taken to be short ranged
and Woods-Saxon squared form with W = 10 MeV, r,, = 0.8
fm, and a,, = 0.2 fm. The @ + d and « + ¢ binding potentials
of Ref. [52], suitably modified for resonances that generate
proper phase shifts, have been used.

The total absorption cross sections (considered as TF cross
sections) obtained from the above calculations have been used
to calculate the ratio of TF cross sections for °Li + 2*%U to
"Li 4 23U reactions and shown as a dashed line in Fig. 8.
The theoretical results have a reasonable agreement with the
trend of the experimental data, which is almost independent of
target mass. It implies that the difference in TF or ICF cross
sections for ®Li and "Li is a direct consequence of the effect of
projectile breakup threshold for all the systems studied here.

V. UNDERSTANDING MASS DISTRIBUTION
OF TF FISSION

As stated in Sec. I, a difference in peak to valley ratio
(P : V) of mass distributions between TF fission and CF
fission has been observed in ®”Li + 28U reactions [14] and
ICF fission was assumed to be the reason for this discrepancy.
In our recent work [9], the mass distributions of the nuclei
populated in those ICF channels have been measured for the
same reactions and the P :V ratio of all the ICF channels
(-, t-, d-, and p-gated fissions) have been already obtained.
In the present study, it has been possible to determine the
cross sections for individual ICF and CF channels (see Fig. 5
and Table I). So, one can now explain the experimental mass
distribution for TF fission as a combination of the mass
distribution of CF and ICF fissions with appropriate weight
factors proportional to their respective cross sections.

A typical case of mass distribution measured in °Li + >*%U
reaction at the beam energy of 30 MeV, where the difference
between CF and TF fission is maximum, has been considered
for the above purpose. An overlap of the mass distributions
of all ICF channels with the CF channel with proper weight
factor proportional to the measured cross sections has been
obtained. The percentage contribution of CF and different ICF
fissions to total fission is given in Table II. In Fig. 9, the
fitted curves of the experimental mass distributions for CF,

TABLE II. Percentage contributions of CF, «-gated, t-gated, d-
gated, and p-gated fission in 7Li + 23U reactions.

Beam Energy CF a-gated t-gated  d-gated p-gated
MeV) (%) (%) (%) (%) (%)

30 31+£17 64+£11 - 43+£34 14+£0.8

Li 34 66+12 28+4 07+£04 42+£15 1.3+£04
40 T71£7 162 18£09 69+1.5 3.9£09
314 52+8 46+4 17£11 04=£03 03£03
Li 414 817 14£2 35£05 07£04 1.0£04

a-gated, t-gated, d-gated, and p-gated fission events obtained
from Ref. [9] have been shown by black dotted, red short-
dashed, pink long-dashed, blue dash-dotted, and green dash-
dot-dotted lines. The black hollow circles and red filled circles
represent the experimental mass distributions for CF and TF
fissions, respectively. Using the above fitted mass distributions
of CF and individual ICF channels an overlap of all the
mass distributions has been obtained employing the following
relation:

ocrYcr(m) + Z,' Oi—gated Yi—gated (m)

OTF

(i=a,t,d,p). 3)

Yrr(m) =

The overlapping mass-distribution thus obtained for total
fission has been shown as the red solid line in Fig. 9. It is
clearly observed that P :V ratio of the overlapping mass-
distribution is larger than the one for CF fission. Similar exer-
cise has been carried out at remaining energies for °Li + 233U
as well as "Li 4+ 2*U systems and the results for the P : V
ratios obtained from the simulated mass distributions for the
TF fission have been compared with the ones obtained from

Yield(%)

60 80 100 120 140 160 180

Mass number

FIG. 9. Mass distributions for CF fission and «-, t-, d-, and
p-gated fission have been shown by black dotted, red short-dashed,
pink long-dashed, blue dash-dotted, and green dash-dot-dotted lines,
respectively, for 30 MeV °Li 4+ 28U system. The overlapping mass
distributions obtained from Eq. (3) have been shown by solid red
line.
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TABLE III. Calculated and experimental P : V ratios of TF fis-
sion mass distributions for ®7Li 4 28U systems.

Beam Energy (P/V)calculaled (P/V )experimemal
(MeV)

30 39 £20 2.80 £ 0.10

Li 34 23 £ 0.9 2.00 £ 0.05

40 1.9 £ 05 1.56 £ 0.01

31.4 32 +£ 1.8 2.39 £ 0.10

Li 41.4 1.66 & 0.3 1.56 & 0.01

the measurements [9,14] in Table III. The calculated P : V
ratios of the simulated mass distributions for TF fission are
found to be consistent with the experimental values within
experimental uncertainty.

VI. SUMMARY

The cross sections for individual transfer-induced fission
or incomplete-fusion fission channels in ®7Li + 23%U reac-
tions have been measured using the fission-fragments and
light- charged-particle coincidence technique. In this triple
coincidence measurement, the two fission fragments were de-
tected using large area MWPC detectors and the light charge
particles were detected using CsI detectors. The coincidence
efficiency between two MWPC detectors, required for cal-
culating cross sections, has been determined using a Monte
Carlo simulation.

The cross sections for incomplete fusion have also been
obtained at different energies by multiplying the above ICF-
fission cross sections by the respective excitation energy
dependent fission probabilities calculated using GEF code
(version 2016.V1.1.2) [36].

It may be noted that the p-, d-, t-, and «-gated ICF channels
correspond to the captures of SHe, «, *He, and d, respectively,
in case of °Li projectile and captures of °He, He, o, and
t, respectively, in case of 'Li projectile. The cross sections
for ICF followed by d capture and t capture for °Li and
"Li projectile, respectively, have been found to be the most
significant channels at all the measured energies. Total ICF
cross sections for a projectile energy have been obtained
by adding individual ICF channels measured at that beam
energy. The ratio of total ICF cross section to total (CF+ICF)
fusion cross section have been obtained and compared with
the literature data. Interestingly, the ratio of ICF to TF at above
barrier energies for Li ("Li) + 2*®U reaction was found to be
~30% (20%), which is of same order as the complete fusion
suppression factor commonly observed in reactions involving
weakly bound projectile °Li ("Li).

A systematic study of the TF cross sections for ®°Li and "Li
projectiles involving same target has been made and compared
with the present systems and coupled channels calculations.
The ratio of TF cross sections for °Li to that of "Li is found to
increase with the decrease in energy (irrespective of the target)
at sub-barrier energies manifesting the effect of projectile
breakup threshold.

The overlapping distributions of CF-fission and all the ICF-
fission channels with appropriate weight factors proportional
to the measured CF and ICF cross sections were found to
reasonably reproduce the experimental mass distributions for
TF fission and thus quantitatively explain the difference in the
peak to valley ratios between TF and CF fission for the present
systems.
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