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Analysis of the dynamics of 7Li-induced fusion with natZr up to 44 MeV
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An experimental study on the fusion dynamics of the 7Li+natZr reaction has been carried out within the
4.0 to 6.3 MeV/nucleon energy range by measuring cross sections of the populated residues with the help of
γ -ray spectrometry. The equilibrium and pre-equilibrium reaction models have been used in the framework of
EMPIRE3.2.2 to analyze the measured residual cross sections to shed light on the reaction mechanism involved
in it. It indicates that the complete and incomplete fusion of 7Li contribute to the residual cross sections. Thus,
the strength of incomplete fusion has been derived and is compared with other 7Li-induced reactions in the
similar mass range. Further, coupled channel (CC) calculations have been carried out to understand the effect
of couplings in the fusion process. It has been observed that the fusion cross section is suppressed in 7Li+natZr
reaction as compared to CC calculations far above the Coulomb barrier. The isomeric cross-section ratio has also
been obtained from the measured cross sections of the isomeric pairs of 93,95Tc that describes the role of angular
momentum and relative spins of the ground and isomeric states with the variation of bombarding energy.
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I. INTRODUCTION

Exploration of charged-particle-induced reactions is essen-
tial to accomplish an array of goals, such as to probe the
structure of nuclei, particularly far from the stability line, to
study the fundamentals of nuclear collisions, and to measure
the reaction rates both to understand nuclear astrophysics and
in the field of applied nuclear science. Apart from this, a
variety of nuclear reaction processes such as complete fusion
(CF) and incomplete fusion (ICF), equilibrium (EQ) and pre-
equilibrium (PEQ) emissions, fusion-fission, quasielastic and
deep inelastic, occur depending upon the entrance channel
parameters (mass, charge, energy, reaction time, and impact
parameter) of the interacting partners. In heavy-ion collisions,
the direct nuclear processes help to probe the breakup of the
weakly bound projectiles or transfer of few nucleons between
the colliding partners; and these direct processes compete with
the compound nuclear process at ≈10.5 MeV/nucleon energy
[1]. Further, fusion reactions with weakly bound nuclei are
also imperative to understand the stellar reactions, particularly
low-energy-capture cross sections of astrophysical relevance.
Besides, the complete fusion of heavy ions is the only tool
to synthesize the superheavy elements [2]. But because of the
low binding of weakly bound stable or radioactive nuclei, the
fusion cross section gets reduced, which may create difficulty
in forming superheavy nuclei [3]. In the case of CF, projectile
transfers its total angular momentum to the target within
the limit of 0 < l � lcrit, while partial angular momentum
transfer occurs with l � lcrit in peripheral collisions and ICF
process. Thus, the exploration of heavy-ion fusion reactions
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is necessary to understand the dynamics of nuclear reactions
around and above the Coulomb barrier.

Britt and Quinton reported the first experimental evidence
of ICF [1], which described the high-energy α-particle emis-
sion, predominantly in the forward direction, during the bom-
bardment of 12C, 14N, and 16O in the Au and Bi targets,
respectively. The cluster structured weakly bound stable (6,7Li
and 9Be) and unstable halo (11Li, 7,11Be, and 8B) projectiles
used to explore reaction dynamics usually have low binding
energies, and they tend to break up into the respective cluster
fragments. Thus, distinct reaction processes emerge in the
reaction dynamics like CF-ICF, elastic or no-capture breakup
(EBU), and transfer followed by a breakup. When the pro-
jectile completely fuses with a target (without rupture), that
leads to the formation of compound nucleus (CN), known as
direct complete fusion (DCF), whereas if all the fragments
of a projectile (after breakup) fuse with a target, the process
is known as sequential complete fusion (SCF). However,
measurement of residues could hardly describe the occurrence
of DCF and SCF since both the methods lead to the formation
of the same CN. Likewise, if one of the fragments fuses with
the target and others fly away, the process is called ICF; if
the target captures none of those fragments, the mechanism
is termed as EBU. These reaction processes are pictorially
demonstrated in Fig. 1.

Enhancement in fusion cross sections of tightly and weakly
bound nuclei-induced reactions were observed when com-
pared with the estimation from one-dimensional barrier pen-
etration model (1D-BPM) in the sub-barrier energy region
[4–10]; however, suppression in the fusion cross section has
also been reported in the above-barrier energy region, par-
ticularly for the weakly bound stable projectiles [7–9,11].
Contrary to this, no evidence of fusion suppression was rec-
ognized for the weakly and tightly bound projectile-induced
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FIG. 1. A schematic diagram describes various fusion mecha-
nisms of the loosely bound nuclei. It is a simplified version of the
fusion procedures described in Ref. [11].

reactions on the light and medium-light mass targets [12,13].
In contrast, fusion cross sections at above-barrier energies
were suppressed by ≈20–35% for the weakly bound pro-
jectile in the medium and light-heavy mass targets such
as 6Li+90,96Zr, 144Sm, 7Li+144,154Sm, 159Tb, and 9Be+89Y,
144Sm compared to the coupled-channel (CC) calculations
without considering breakup and transfer couplings [7–9,14–
17]. However, suppression in cross sections was ≈30–40%
for the reactions with heavy mass targets at above-barrier
energies, 6,7Li+209Bi and 9Be+208Pb [18]. Suppression in CF
cross section may arise due to the following reasons:

(i) A part of the incident flux gets lost because of the
breakup of loosely bound projectiles;

(ii) the rupture of projectiles yields the repulsive polar-
ization potential that increases the barrier height and
leads to the suppression in CF cross section near the
barrier region [19]; and

(iii) some of the residues might be stable or have short
half-lives and hence they could not be measured by
recoil-catcher activation techniques [20–24].

Moreover, Gasques et al. and Kumawat et al. [14,25] have
demonstrated that CF suppression is independent of target
charge (ZT ) for the reactions involving loosely bound pro-
jectiles and light-medium, medium, and heavy mass targets
(59Co, 90,96Zr, 144,154Sm, and 208Pb), contrary to Rath et al.
[7], who described increase of CF suppression with increasing
ZT . It also increases with the decreasing breakup threshold (α
separation energy, Sα) of the projectiles. The Sα of the loosely
bound nuclei having cluster structures [26] are 1.48, 2.45,
and 1.57 MeV for 6Li(α+d), 7Li(α+t), and 9Be(α+α+n),
respectively; hence, the breakup probability of 6Li is large
compared to 7Li and 9Be nuclei. Thus, detailed knowledge
of the dependency of CF suppression factor on the Coulombic
charge of target and breakup threshold of the loosely bound
projectile is still obligatory due to the discrepancies in the
literature.

Various efforts have been made to understand the dynamics
of heavy-ion collisions in the past few years. The direct or
indirect signature of ICF over CF has been observed in the
fusion of cluster-structured nuclei (6,7Li, 9Be, 12,13C, and 16O)
around the Coulomb barrier. The dependence of different
entrance channel parameters (incident energy, deformation
parameter, and deformation length of the target) on ICF
has been studied in the α-emitting channels within ≈3–
10 MeV/nucleon energy range [20,21,23–25,27]. The ICF
strength fraction (FICF) showed an increasing trend with the
increasing charge of the target ZT [28], while an indifferent
nature of FICF against the target charge ZT is reported in
Ref. [29]. However, Giri et al. [27] concluded that FICF rises
exponentially with entrance channel parameters such as mass
asymmetry, ZPZT , and α Q value of the projectile.

Besides this, the enhanced cross section for the inclusive
α production by breakup or transfer channels has been well
established, and the competition between different breakup
processes, such as direct and sequential breakup, and trans-
fer channels has been studied with the help of continuum-
discretized coupled channels (CDCC) for the reactions involv-
ing weakly bound projectiles with cluster structure [30–34]. It
has been observed that the flux diverted from CF to ICF or
transfer is mainly due to direct breakup components in the
fusion of weakly bound projectiles [33]. Other processes like
nucleon transfer followed by breakup have been demonstrated
for 7Li projectiles that break up into α+α or α+d after a
proton pickup from the target or a neutron stripping from
the projectile to target, along with the shell structure effect
of the target nuclei [35,36]. However, it was suggested that
the α+α channel from one proton pickup is less probable as
compared to α+d from one neutron stripping and α+t (direct
breakup) in 7Li+93Nb system [36], while it was demonstrated
that breakup of 7Li into α+d is more favorable compared to
the α+t channel in the 7Li+65Cu reaction [37]. We also made
a systematic investigation of CF-ICF in 7Li+natMo/93Nb/89Y
within 3.5–7 MeV/nucleon energy range [20–23], along with
some 7Li-, 9Be-, 11B-, and 12C-induced reactions in the
medium mass targets to study EQ and PEQ reaction mecha-
nisms in the past few years [38–47]. The contribution of PEQ
emissions was also observed in the higher energy tail of the
excitation functions, particularly in the 3n channel [38,39].

Because of the discrepancies observed for the weakly
bound projectile-mediated reactions, more experimental data
are required to understand the phenomena of CF-ICF and
dependency of fusion suppression, especially in light-medium
and medium mass targets. This article reports a detailed study
of the CF-ICF process and ICF strength fraction for the
7Li+natZr system within the 4.0–6.3 MeV/nucleon energy
range. Further, an analysis has been carried out to understand
fusion suppression and its dependency on target charge in
medium and light-heavy mass targets.

II. EXPERIMENTAL DETAILS

The experiment was performed using the 7Li3+ beam de-
livered by the 14UD BARC-TIFR Pelletron facility, Mumbai,
India, within the energy range 28–44 MeV in the laboratory
frame for the 7Li+natZr reaction. Self-supporting thin foils of
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FIG. 2. A schematic diagram shows the target-catcher foil ar-
rangement used for the study of 7Li-induced reaction on natZr.

pure (99.99%) natural Zr and Al were prepared by the rolling
method. The thickness of the Zr and Al foils were within
1.4–2.0 and 1.5–2.0 mg/cm2, respectively. A stack of two
to three target foils was prepared by placing Al catcher foil
behind each target. The purpose of the Al foils was to catch
the recoiled residues in the forward beam direction and also
for the energy degradation so that a suitable energy separation
between the successive target foils could be attained. A total
of five such target stacks were irradiated in this experiment
by varying the bombarding energy so that some overlapping
energy points be obtained between the two consecutive irra-
diations. The beam irradiation time was decided considering
the projectile flux and half-lives of the expected residues. A
constant beam current, which was typically in the range of
≈15 pnA, was maintained throughout the experiment, and the
amount of integral charge in each irradiation was measured by
an electron-suppressed Faraday cup installed behind the target
stack. A schematic diagram of the stack-foil arrangement has
been shown in Fig. 2. The energy degradation of the 7Li ions
in each foil of a stack was estimated using the Monte Carlo
simulation-based SRIM (the stopping and range of the ions
in the matter) code [48]. The projectile energy at a particular
target is the average of the incident and outgoing energy.

After the end of bombardment (EOB), populated residues
in each target-catcher assembly (Zr-Al) were identified with
the help of γ -ray spectroscopy following the characteristics
γ rays and decay profile using a large-volume high-purity
germanium detector and the GENIE-2K software. The detector
was precalibrated with the help of conventional sources 137Cs
(30.08 y), 152Eu (13.517 y), and 60Co (5.27 y) of known
activity. The resolution of detector was 2.0 keV at 1332-keV
γ rays of 60Co. The spectroscopic data of the residues are
tabulated in Table I. The yield (Yi) of the ith residue at the
EOB is measured by

Yi = C(tc)

θ
γ
i ε

γ
i

eλitw . (1)

The characteristic γ rays have been used to measure the cross
section of the ith residue at the energy E using the following

TABLE I. Nuclear spectroscopic data [61] of the residues pro-
duced in 7Li+natZr reaction. The γ -ray energies marked in bold are
used for cross-section calculation.

Residue Jπ T1/2 Decay mode (%) Eγ (keV) Iγ (%)

96Tc 7+ 4.28 d ε+β+ (100) 778.22 99.76
812.54 82.0

95Tc 9/2+ 20.0 h ε+β+ (100), 765.79 93.8
1073.71 3.74

95mTc 1/2− 61 d ε+β+ (96.12), ITa (3.88) 204.12 63.2
582.08 30.0
835.15 26.6

94Tc 7+ 4.88 h εb+β+ (100) 702.67 99.6
871.05 99.9

94mTc 2+ 52 min ε+β+ (100), IT < (0.10) 871.05 94.2
93Tc 9/2+ 2.75 h ε+β+ (100) 1362.94 66.2

1520.28 24.4
93mTc 1/2− 43.5 min IT (77.4), ε+β+ (22.6) 391.83 58.3
93mMo 21/2+ 6.85 h IT (99.88), ε+β+ (0.12) 263.05 57.4

684.69 99.9
1477.14 99.1

96Nb 6+ 23.35 h β− (100) 568.87 58.0
778.22 96.45
1091.35 48.5

90Nb 8+ 14.6 h ε+β+ (100) 141.18 66.8
1129.22 92.7
2318.96 82.0

aIsomeric transition.
bElectron capture.

activation relation:

σi(E ) = Yi

ρtgφ(1 − e−λitr )
, (2)

where C(tc) is the count rate (counts per second) under the
photopeak, θγ

i and ε
γ

i are the branching intensity of character-
istic γ -ray and geometry-dependent efficiency of the detector,
λi is the disintegration constant, ρtg is the areal density of
target nuclei, and incident beam flux is φ. The counting time,
irradiated time, and the waiting time between the EOB and
measurement are denoted by tc, tr , and tw, respectively. The
uncertainty in the cross-section measurement is considered
from the following sources: (i) nonuniformity in the target
thickness was maximum 2%, (ii) inaccuracy in the measure-
ment of efficiency of the detector was �2%, (iii) propagation
of error due to the incident beam flux was estimated maximum
as 7%, (iv) statistical error in the peak area count has been
considered, and (v) there might be some error in energy due to
the beam energy degradation in the successive target-catcher
foils. However, energy straggling in the target-catcher was
expected to be very small [49,50]; hence it is neglected in
the present case. The average estimated error was found to
be ≈12% considering all those factors, except for a few cases
where it is estimated as ≈18%. The residual cross section data
are presented here with a 95% confidence level.

III. THEORETICAL CALCULATION

The nuclear reaction model code EMPIRE3.2.2 [51] has
been used for the estimation of the cross section of the
residues from 7Li+natZr reaction. EMPIRE has been designed
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to study comprehensive aspects of theoretical models over a
broad range of energy and projectiles such as photons, nucle-
ons, deuterons, tritons, 3He, α particles, and other heavy ions;
however, EMPIRE is more reliable for the study of heavy-ion-
induced reactions. It accounts for the three dominant reaction
processes: direct, PEQ, and EQ or the compound nuclear
(CN) reaction in its frame of reference. The direct reactions
are predicted using the coupled channel (CC) approach and
distorted-wave Born approximation (DWBA) [52]. The CC
method is appealing to study the elastic scattering channel
and low-lying states, which are strongly excited in inelastic
scattering for deformed nuclei, while the DWBA is com-
monly used for the inelastic scattering, for both strongly
and weakly coupled levels, and it is valid for small defor-
mation. However, the simplified coupled-channel approach
(CCFUS) [53] has been used in EMPIRE for the estimation
of heavy-ion fusion that incorporates the inelastic excitations
and transfers reaction channels independently that couple
to the initial ground state. The PEQ emission that occurs
due to the localized high-energy density has been incorpo-
rated through the quantum-mechanical and phenomenological
models. The quantum mechanical PEQ models are based on
the multistep direct (MSD) and multistep compound (MSC)
theory [54,55], while phenomenological models are the ex-
citon model (EM) and Monte Carlo pre-equilibrium code.
However, the understanding of PEQ reactions for the heavy
projectiles still lacks in the quantum mechanical models;
hence they are not popularly used. EMPIRE uses an input
library based on RIPL-3 [56] that covers nuclear masses,
optical model parameters, ground-state deformations, discrete
levels and decay schemes, level densities, fission barriers,
and γ -ray strength functions. In the present calculation, EM
and Hauser-Feshbach (HF) formalism have been used for the
estimation of PEQ, and EQ cross sections of the residues
with width fluctuation correction, which is necessary to es-
tablish a correlation between the incident and exit channels,
respectively.

Three phenomenological nuclear level density models,
such as Gilbert-Cameron model (GCM) [57], generalized
super-fluid model (GSM) [58], and enhanced generalized su-
perfluid model (EGSM) [59] with mean free path parameter of
1.5 (optimum value), have been used to estimate the residual
cross sections. The GC model adopts constant temperature
formalism at the low excitation energies; however, beyond
a particular matching point (say Ux), the Fermi gas (FG)
formula has been considered. The GSM accounts for the
phase transition from a superfluid to normal behavior at low
energy to the locality of high energy, which is characterized
by the FG model. On the other hand, the EGSM adopts the
superfluid model below the critical excitation energy and FG
model above it. The angular momentum is treated more ac-
curately in EGSM, which is favorable for heavy-ion-induced
reactions.

In the case of the HF model, the cross section of a (α, β)
reaction can be obtained from

σα,β (E ) =
∑

Jπ

σ CN
α (E , Jπ )

Tβ (Ex, Jπ )∑
γ Tγ (Ex, Jπ )

, (3)

FIG. 3. A typical γ -ray spectrum of the 42.0-MeV 7Li irradiated
natZr target collected 61.6 min after the EOB. The γ -ray energies,
shown in the spectrum, are in keV.

where σ CN
α (E , Jπ ) represents the compound nucleus forma-

tion cross section in a state of spin and parity Jπ and the
second part of Eq. (3) is the decay probability in terms of
transmission coefficients. On the other hand, the differential
cross section of PEQ emission can be calculated from

dσα,β

dεβ

= σ reac
α,β (E )�α,β (E )

∑

n

Wβ (Ex, n, εβ )τ (n), (4)

where σ reac
α,β represents the cross section of the reaction (α, β)

and Wβ (Ex, n, εβ ) is the emission probability of particle type
β (or γ rays) with energy εβ from a state with n excitons with
excitation energy Ex of CN. �α,β (E ) is the depletion factor
and defined with direct reaction cross section σ dir

α,β as

�α,β (E ) = 1 − σ dir
α,β (E )

σ reac
α,β (E )

. (5)

This depletion factor incorporates the flux loss as a result of
direct reaction processes.

IV. RESULTS AND DISCUSSION

The complete or partial fusion of 7Li in natZr has led
to the production of 93,93m,94,95,95m,96Tc, 93mMo, and 90,96Nb
radionuclides. A typical γ -ray spectrum of the 42.0-MeV
7Li irradiated natZr, collected 61.6 min after the EOB, is
presented in Fig. 3. The background-subtracted peak area of
all the unique characteristic γ rays of each radionuclide was
analyzed to measure activity and hence residual cross section
from Eq. (2). The cross sections of residues measured from
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TABLE II. The measured cross sections of the residues are tabulated at various incident energies.

Cross section (mb)

Energy (MeV) 96Tc 95mTc 95Tc 94Tc 93mTc 93Tc 93mMo 96Nb 90Nb

28.7 ± 0.6 161.9 ± 17.7 30.6 ± 4.9 184.3 ± 18.7 320.9 ± 30.0 0.0 ± 0.0 8.1 ± 1.0 2.8 ± 0.4 20.1 ± 2.4 7.7 ± 0.9
30.5 ± 0.6 159.6 ± 19.2 32.7 ± 5.3 206.6 ± 32.0 330.3 ± 35.5 3.3 ± 0.6 23.6 ± 2.4 10.1 ± 1.2 20.8 ± 2.5 10.8 ± 1.2
32.0 ± 0.5 103.7 ± 11.3 25.8 ± 4.6 177.4 ± 19.8 341.1 ± 31.9 3.0 ± 0.5 57.7 ± 6.0 19.4 ± 2.1 13.8 ± 2.0 12.2 ± 1.5
33.4 ± 0.5 90.8 ± 10.4 23.8 ± 4.2 185.0 ± 21.1 328.1 ± 30.9 3.9 ± 0.6 87.1 ± 8.9 31.7 ± 3.4 14.0 ± 2.1 13.8 ± 1.7
34.8 ± 0.5 76.5 ± 9.1 20.9 ± 4.0 184.7 ± 20.4 303.0 ± 28.6 5.5 ± 0.7 115.8 ± 11.7 48.7 ± 5.0 13.3 ± 1.8 18.1 ± 2.2
38.3 ± 0.5 68.4 ± 8.3 20.2 ± 2.7 180.2 ± 19.5 247.5 ± 23.5 6.8 ± 1.0 176.2 ± 17.4 100.8 ± 10.0 13.8 ± 2.1 29.0 ± 3.2
39.6 ± 0.5 61.0 ± 7.4 17.6 ± 2.7 167.1 ± 19.7 192.1 ± 18.2 5.6 ± 0.8 176.2 ± 17.3 107.5 ± 10.7 13.0 ± 2.2 32.0 ± 3.6
40.8 ± 0.5 69.3 ± 9.0 17.6 ± 2.7 162.8 ± 19.7 198.5 ± 18.8 6.6 ± 1.0 202.7 ± 20.1 140.4 ± 13.7 13.5 ± 2.0 43.6 ± 4.6
42.0 ± 0.5 80.2 ± 9.5 15.4 ± 2.4 157.0 ± 24.8 193.3 ± 18.3 5.3 ± 0.7 212.2 ± 20.9 152.6 ± 15.0 13.9 ± 2.1 50.3 ± 5.4
43.3 ± 0.5 99.1 ± 11.9 19.0 ± 2.8 156.7 ± 19.2 185.2 ± 17.7 6.1 ± 0.9 244.2 ± 24.1 187.1 ± 18.1 14.6 ± 2.2 67.3 ± 7.0

the 7Li+natZr reaction up to 44 MeV, in the present study, are
listed in Table II. The measured cross sections of residues have
been compared with theoretical predictions of EMPIRE3.2.2
with different level densities, as depicted in Fig. 4. The CF

and ICF cross sections, the variation of ICF strength fraction
(FICF), are presented in Figs. 5 and 6 against incident energy.
Experimental data are shown by symbols with uncertainty,
while lines denote theoretical predictions.

FIG. 4. Comparison between the measured ratio of the individual channel (xn) to the sum of all such channels (
∑

σxn) of (a) 93,95Tc(m + g)
and 93,95Tc(g)[42], (b) 94,96Tc(g) and 94,96Tc(g) [42], with predicted ratios from EMPIRE3.2, [(c), (d)] represent the comparison between the
excitation function of 93mMo, 93mMo [42] and 90,96Nb, 90,96Nb [42] with theoretical predictions of EMPIRE3.2 (denoted as EMP3.2), respectively.
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FIG. 5. Variation of (a) CF and ICF cross section (
∑

σαxn+pxn) for αxn + pxn channel, and (b) ICF strength fraction (fitted line is to guide
the eye), with projectile energy.

A. Analysis of residual cross sections

The measured excitation function of residues produced in
7Li+natZr reaction has been compared with EMPIRE estima-
tions, where weighted averages of cross sections from all
the abundant isotopes of Zr, 90Zr (51.45%), 91Zr (11.22%),
92Zr (17.15%), 94Zr (17.38%), and 96Zr (2.8%), have been
considered.

Because of the existence of five naturally abundant iso-
topes of natZr, various reaction channels may contribute to
the production of a single residue. Figures 4(a) and 4(b)
compare measured fractional cross sections of 93Tc(m + g)
and 95Tc(m + g) and of 94Tc(g) and 96Tc(g), respectively,
with the theoretical predictions. The fractional cross section is
defined as the ratio of a particular residue cross section that is

FIG. 6. ICF strength fraction (FICF) plotted as a function of
reduced projectile energy (Ec.m./Vb) for 7Li+natZr (present work),
7Li+89Y [23], 7Li+93Nb [21], and 7Li+natMo [20] systems.

populated by the xn channel (σres) to the sum of cross sections
of all residues produced through the xn channel (

∑
σres) at a

particular energy. The production of the xn channel residues
comes purely from the CF of 7Li in natZr. The fractional
cross sections, σres/

∑
σres(xn), estimated from EMPIRE with

EGSM and GCM level density are in good agreement with
the experimental ratios, but GSM calculations underestimate
and overestimate the measured data of 93Tc (m + g) and
94gTc, respectively, throughout the energy range. A critical
observation demonstrates that EMPIRE with the EGSM level
density best reproduces the measured cross sections of Tc
residues produced via the xn channel. The residues 93mMo
and 90,96Nb have enhanced cross sections as compared to
EMPIRE throughout the energy range, except for 93mMo beyond
42-MeV energy, where GSM level density reproduces the
measured data reported by Maiti et al. [42], as depicted in
Figs. 4(c) and 4(d). It is worth mentioning here that the same
set of input parameters, which reproduced the measured xn
channel cross sections satisfactorily, has been used to estimate
cross sections of the residues 93mMo and 90,96Nb in the frame-
work of EMPIRE with EGSM level density model. The statis-
tical model code EMPIRE assumes CF of the projectile, and
energy relaxation of the composite system evolves through
the direct, PEQ, and EQ reactions; hence, it is evident that
the observed enhancement in the production cross sections of
93mMo and 90,96Nb is due to a process that goes unaccounted in
the EMPIRE calculation. The enhanced cross section could be
attributed to the ICF process, as the probability of occurrence
of breakup phenomena is established for weakly bound 7Li
in the literature [20,21,35,36,60]. Thus, the production of
93mMo and 90,96Nb is contributed by both CF (via xn, pxn,
and αxn channels) and ICF processes. Similar enhancement in
the 93mMo and 90,96Nb cross sections was observed by Maiti
et al. [42] in the energy range ≈37–45 MeV, as depicted in
Figs. 4(c) and 4(d).

The large production cross section observed for 93mMo
and 90,96Nb, above the theoretical estimate, in the present
experiment could be attributed to the following:
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TABLE III. Probable CF and ICF reactions, corresponding Q values, and threshold (Eth) are listed below.

CF of 7Li ICF of 7Li (7Li → α+t)

Reaction Q value Eth Reaction Q value Eth

90Zr(7Li, p3n) 93mMo −18.56 20.0 90Zr(α, n) 93mMo −7.61 7.95
90Zr(7Li, 5n2p) 90Nb −46.14 49.74 90Zr(α, p3n) 90Nb −35.19 36.76
90Zr(7Li, α3n) 90Nb −17.84 19.24 91Zr(α, 2n) 93mMo −14.81 15.46
91Zr(7Li, p4n) 93mMo −25.75 27.74 91Zr(α, p4n) 90Nb −42.38 44.25
91Zr(7Li, α4n) 90Nb −25.04 26.97 92Zr(α, 3n) 93mMo −23.44 24.46
91Zr(7Li, 2p) 96Nb −1.96 2.12 92Zr(α, p5n) 90Nb −51.02 53.24
92Zr(7Li, p5n) 93mMo −34.39 37.02 94Zr(α, 5n) 93mMo −38.39 40.03
92Zr(7Li, α5n) 90Nb −33.67 36.24 94Zr(α, pn) 96Nb −14.60 15.22
92Zr(7Li, 2pn) 96Nb −10.60 11.41 96Zr(α, p3n) 96Nb −28.91 30.12
94Zr(7Li, αn) 96Nb 2.74 0.0 90Zr(t, 3n) 90Nb −15.38 15.89
96Zr(7Li, α3n) 96Nb −11.57 12.41 91Zr(t, 4n) 90Nb −22.57 23.32

92Zr(t, 5n) 90Nb −31.20 32.23
94Zr(t, n) 96Nb 5.21 0.0
96Zr(t, 3n) 96Nb −9.10 9.39
91Zr(d, 3n) 90Nb −16.31 16.67

(1) CF: Complete fusion of 7Li in one of the naturally
abundant isotopes of natZr, i.e., 90,91,92,94,96Zr isotopes,
may lead to the formation of a compound nucleus
(CN), which eventually decay via xn, pxn, and αxn
channels to form 93mMo and 90,96Nb, respectively.
The possible reactions, which may contribute to the
production of those residues via CF mechanism, are
listed in Table III.

(2) ICF: Being weakly bound, 7Li may break up into
its constituent fragments (7Li → α+t), and fusion
of one of these fragments in the target nucleus would
form a reduced CN, and remaining fragment flies away
in the forward direction (known as a spectator). The
following ICF processes may contribute to the large
production of 93mMo and 90,96Nb in the 7Li+natZr
reaction.
(a) In the case of ICF of 7Li, the fusion of an α particle

with 90Zr, the highest abundant Zr isotope, leads
to formation of an excited CN 94Mo∗, which could
eventually emit a n and p+3n to form the residues
93mMo and 90Nb, respectively, and t moves in
the forward direction as a spectator. Similarly, the
fusion of t in 90Zr leads to formation of 90Nb
by emitting 3n from the CN 93Nb∗, and the α

particle moves as a spectator. However, production
of 90Nb and 96Nb is more likely through the fusion
of t , due to low reaction threshold compared to
the fusion of the α particle. The assumed partic-
ipation of the abundant isotopes of natZr in this
regard are listed in Table III along with the Q
value.

(b) One neutron striping from 7Li in the field of target
nucleus, say 90Zr, leads to the formation of 91Zr
and 6Li (7Li+90Zr → 6Li+91Zr). Weakly bound
6Li may dissociate into α+d; the fusion of any
one of the breakup fragments (α or d) with the
isotopes of natZr would lead to the formation of
93mMo and 90,96Nb through the emission of light

particles, and the other fragment would move in
the forward direction as a spectator. There might
be a chance of direct α or d transfer, as explained
in Ref. [30]; however, its possibility will depend
on the optimum Q value and ground-state Q value
of the reaction.

(c) One-proton pickup by 7Li from the target forms an
unstable 8Be, which possibly breaks up into two α

particles (8Be → α+α) and isotopes of Y, includ-
ing stable 89Y, as heavy residue; if any one of the
α particles fuses with natZr isotopes, it will lead to
the production of 93mMo and 90,96Nb, as shown in
Table III, while the unfused α particle would fly in
the forward direction with its initial velocity. The
optimum Q value for the one proton pickup by 7Li,
say for the 7Li+natZr reaction, is comparable with
the ground-state Q value of the reaction within
the incident energy range; therefore, one-proton
pickup is possible in this system. The probability
of fusion of a α-particle in Y isotopes would be
negligible.

(d) Possibility of direct transfer of the breakup frag-
ments (α or t) from the ground state of 7Li to the
target should not be ignored. However, optimum Q
values would suggest the preferential population
of high-lying states in regions where little or noth-
ing is known about the structure of the relevant
nuclei. In the present scenario, let us consider the
7Li+90Zr reaction, the direct transfer of α or t to
the 90Zr, and the subsequent decay of the product
is shown in Eq. (6):

7Li(α + t ) + 90Zr

→ t + 94Mo∗ → decay, Qg = −0.40 MeV

→ α + 93Nb∗ → decay, Qg = 10.92 MeV.

(6)
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However, subsequent Q optimum values for the
direct α or t transfer in 7Li+90Zr reaction does
not match with their respective ground-state Q
values within the studied energy range. Hence, the
direct transfer of α or t may not be feasible in this
reaction; however, it is tough to separate breakup
followed by the capture of one of the fragments
(refer to Table III) from a transfer process, while
both forming the same nucleus.

Since the present experiment has been performed using
the stack-foil technique and inclusive γ -ray spectrometric
method, it restricts to disentangle different breakup or transfer
mechanisms from other reaction processes.

B. Analysis of ICF

The enhancement in the measured cross sections of
residues 93mMo and 90,96Nb, produced through the pxn and
αxn channels, respectively, has been observed as compared
to the EMPIRE estimate, which does not account for projec-
tile breakup or ICF mechanism in its calculation. However,
measured cross sections of the 93,94,95,96Tc residues populated
through the xn channels are well reproduced by EMPIRE with
the same set of input parameters. Thus, enhanced residual
cross sections of 93mMo and 90,96Nb are assumed due to
ICF of 7Li in the Zr target, as the breakup phenomena of
weakly bound 6,7Li in the nuclear field is already established
[11,20,21,23,30–36,60].

Since the enhancement in pxn and αxn-channel cross
sections is attributed to ICF, for better insight, the relative
strengths of ICF in the α- and p-emitting channels have
been analyzed with the help of the data reduction method
[17,20,24] considering the EMPIRE estimate with EGSM level
density as reference.

∑
σ

αxn+pxn
ICF = ∑

σ
αxn+pxn
TF − ∑

σ
αxn+pxn
CF

for the 7Li+natZr reaction, where
∑

σTF and
∑

σCF are the
sum of measured cross sections of 93mMo and 90,96Nb, and
theoretical cross sections estimated from EMPIRE for the same
residues at a given energy, respectively. A comparison has
been made between the sum of measured cross sections from
αxn and pxn channels (i.e.,

∑
σ

αxn+pxn
TF ), theoretical predic-

tions from EMPIRE (i.e.,
∑

σ
αxn+pxn
theor ), and ICF cross section

(i.e., σICF), as presented in Fig. 5(a).
It is evident from Fig. 5(a) that the relative separation be-

tween measured data (solid circles) and theoretical prediction
on CF (solid triangles) increases with the gradual increase
in projectile energy; it signifies that increasing bombarding
energy fuels the breakup probability of weakly bound 7Li,
a similar observation was reported earlier in the literature
[20,23,24]. To measure the contribution of ICF over CF in
α- and p-emitting channels, and to understand its dependency
on the incident energy, ICF strength fraction (FICF) has been
analyzed for the 7Li+natZr system. The ICF strength fraction
(%) is defined as FICF = (

∑
σICF/σ

theor
TF )100, where σTF is the

total theoretical fusion cross section (sum of all residual cross
sections) anticipated from EMPIRE. Thus, FICF is not a purely
measured quantity, rather it is a model-dependent fraction.
The variation of FICF shows an increasing trend, between
≈2 and 10%, with growing bombarding energy, as presented

in Fig. 5(b). Hence, on average, a maximum of ≈3% ICF
contribution up to 6.3 MeV/nucleon energy could be expected
from each reaction channel.

In order to make a comparison between the 7Li-induced
reactions on various targets, having mass ≈90, and to blend
the Coulomb barrier, a suitable data reduction method in
energy has been adopted, as shown in Fig. 6. It depicts FICF

as a function of reduced energy (Ec.m./Vb), which upholds a
proportional relationship with incident energy. A similar trend
of FICF has been observed from the 7Li-induced reactions
on natMo, 93Nb, 89Y [20,21,23], and natZr (present work), as
evident in Fig. 6. The ICF strength fraction for 7Li+natMo
is relatively higher as compared to other reactions, which
might be due to some missing α- and p-emitting channels
in the 7Li+89Y, 7Li+natZr, and 7Li+93Nb reactions. It is
worth mentioning here that Kumar et al. [20,21] observed
five α-emitting channels in 7Li+natMo and one α channel in
7Li+93Nb, while three α- and one p-emission channels were
reported from 7Li+89Y [23] to ICF. In the case of 7Li+natZr,
two α channels and one p channel have been observed to
contributed to the ICF strength fraction. On average, ≈2–5%
ICF per contributing channel has been observed from the
above reactions up to ≈6.5 MeV/nucleon energy.

C. Isomeric cross-section ratio

Nuclear isomers, highly excited metastable states, are the
potential candidates to probe the structure of the nucleus,
and this metastability of quantum states is distributed in neu-
tron number, proton number, excitation energy, and angular
momentum [62]. The isomeric nuclear pairs, which have
the measurable half-lives, are used to predict the isomeric
cross-section ratio (ICR), which yields the knowledge of γ

de-excitation processes, transmutation of angular momentum,
and couplings of different reaction channels. To characterize
the relative population of the isomeric and ground states
of 93,95Tc and to understand the effect of other factors like
relative spins of the ground and isomeric states, projectile
energy, types of emitted particles, level difference, and decay
of compound nucleus, ICRs have been calculated for 93m,gTc
and 95m,gTc pairs. ICR has been defined as the ratio of cross
section of the isomeric state σm to the ground-state production
cross section (σg), ICR = σm/σg. The measured ICR values
decreasing sharply with increasing 7Li energy in both cases,
except for 95Tc beyond ≈40 MeV energy, where ICR becomes
constant, as shown in Fig. 7. The observed trend of ICR could
be understood as follows: 93Tc residues have ground-state
spin 9/2+ and isomeric state with spin 1/2− at 0.0- and
391.8-keV energies, respectively, while 95Tc has ground-state
spin of 9/2+ and isomeric state of 1/2− at 0.0 and 38.9
keV, respectively. The simplified decay schemes of 93,95Tc
are shown in Figs. 8(a) and 8(b). The decay of the high-spin
compound nucleus state is more probable to the high-spin
(9/2+) state of the residue, which is ground state for both 93Tc
and 95Tc, compared to the decay to 1/2+ state; hence, a large
population of those residues is observed in the ground state at
low energies, leading to the sharp decrease in ICRs. However,
as the incident energy increases, the high-energy state, having
low spin (1/2+), starts populating; hence, a relatively slow fall
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FIG. 7. Variation of ICRs of 93Tc and 95Tc is shown with projec-
tile energies.

in the ICRs is observed, although the population of the ground
state always stays high [63]. In the case of 95Tc, possibly
an equilibrium between two spin states occurred above 40
MeV due to the release of large angular momentum through
PEQ emissions from the composite system that led to almost
constant ICRs, which also agrees with the trend reported in
Ref. [64].

D. Coupled channel calculations and analysis

To assess the fusion cross section for 7Li+natZr reaction
within 28–44 MeV, coupled channel (CC) calculations have
been performed using the modified version of the CCFULL
code [65]. The code incorporates the inelastic couplings in
the low-lying states of the projectile as well as the target.
Although it allows a pair-transfer coupling between ground
states of interacting nuclei, this degree of freedom has not
been considered in the present calculation. The crucial part
of its input parameter is the choice of nuclear potential for the
estimation of fusion cross section; the Wood-Saxon form of
nuclear potential with Akyuz-Winther (AW) parametrization
has been adopted for the present calculations. The values of
the parameters such as deformation parameter β, excitation
energy E∗

x of considered excited states of interacting nuclei,
and spin parity were taken from Refs. [5,6,8], and the cal-
culated AW potential parameters are listed in Table IV. The
weighted average of calculated AW potential parameters are
V0 = 44.2 MeV, r0 = 1.16 fm, and a = 0.61 fm. The AW
potential parameters are slightly modified to fit the fusion
barrier; values are V0 = 48.0 MeV, r0 = 1.11 fm, and a
= 0.61 fm. The parameters for the 91Zr, such as excitation
energy of considered excited states of interacting partners and
deformation parameter, have been calculated by taking the
average of neighboring even-even isotopes (90Zr and 92Zr) fol-
lowing the reported prescription [9], since 90Y is an unstable
neighboring nucleus. Full couplings in the ground state (3/2−)
and the first excited state (1/2−) of the 7Li projectile and 2+
and 3− vibrational states of the natZr were incorporated in the
calculation to figure out the coupling effect. Theoretical fusion

FIG. 8. Simplified decay scheme of isomeric pairs of (a) 93Tc and
(b) 95Tc. Electron capture is denoted by e.

cross section for 7Li+natZr system is the weighted average of
all the naturally abundant isotopes of Zr.

The total fusion cross sections of 7Li+natZr reaction from
the CCFULL with and without couplings within the energy
range considered, far above the Coulomb barrier energies, are

TABLE IV. List of the deformation parameters (β), spin parity
(Jπ ), excitation energies of the states (E∗

x ), AW potential parameters,
depth of the potential (V0), and diffuseness parameter a used in CC
calculation for the 7Li+natZr reaction.

Nucleus Jπ E∗
x (MeV) β System V0 (MeV) a (fm)

90Zr 2+ 2.19 0.089 7Li+90Zr 44.22 0.612
3− 2.75 0.211

91Zr 2+ 1.56 0.096 7Li+91Zr 44.17 0.612
3− 2.54 0.192

92Zr 2+ 0.93 0.103 7Li+92Zr 44.12 0.613
3− 2.34 0.174

94Zr 2+ 0.92 0.090 7Li+94Zr 44.02 0.613
3− 2.06 0.193

96Zr 2+ 1.75 0.080 7Li+96Zr 43.93 0.613
3− 1.89 0.270
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FIG. 9. (a) Comparison of measured fusion cross sections (circles) for 7Li+natZr system and theoretical estimations from CCFULL with
uncoupled (black dash-dotted line) and coupled (green dashed and red dash-dotted lines) levels; the solid line is for normalized CC × 0.84,
and (b) fusion suppression (Fsuppression) at energies far away from the Coulomb barrier in 7Li+natZr; the solid line represents a least-squares fit
to the values.

higher than the experimental values as presented in Fig. 9(a).
It can be observed that the measured cross sections, the sum
of all residual cross sections at a given energy, are closer
to the theoretical one when couplings are included in the
ground as well as the first excited state of projectile and target
(denoted as CC). Interestingly, the experimental data can be
reproduced when the CC is multiplied by a factor of 0.84.
Thus, it could be seen that the fusion cross section is ≈16%
suppressed as compared to the CC estimate. Usually, a relative
estimate of the fusion suppression at above-barrier energies
depends on the below-barrier fusion cross sections, which are
not measured in the present study. On the other hand, it is
≈28% suppressed as compared to the 1D BPM. The fusion
suppression for 7Li+natZr as a function of center-of-mass
energy has been deduced and found to be almost constant
over the energy range, as depicted in Fig. 9(b). The observed
suppression in the fusion cross section of 7Li+natZr might be
due to the following reasons:

(1) Due to the breakup of 7Li, some of the incident flux
gets lost before interaction, and the breakup phenom-
ena stay unaccounted for in the CCFULL calculation.

(2) The residues which have short half-lives and the stable
products (populated through xn, pxn, and αxn chan-
nels) could not be identified by the adopted technique.

In order to investigate the systematic of fusion suppression
(Fsuppression) due to breakup of the projectile, a comparison has
been made on the fusion suppression as a function of charge
product of reaction (ZPZT ) of weakly bound projectile 6,7Li,
9Be, and 10B mediated reactions in the medium to little-heavy
mass targets, as shown in Fig. 10. The extents of suppres-
sion in the fusion cross section for 6Li-induced reactions on
90,96Zr [14,15] and 144Sm [7] were 34%, 25%, and 32%,
respectively, while they were 16%, 24%, 25%, and 26% for
7Li+natZr (present work), 7Li+144,154Sm [8], and 7Li+159Tb
[16] reactions, respectively. Similarly, the CF suppressions

for 9Be+89Y [9], 9Be+144Sm [17], and 10B+159Tb [16] were
20%, 10%, and 14%, respectively. All these reactions cer-
tainly do not follow the increasing trend in the suppression
of the fusion cross section with the increasing charge of the
target nuclei; a similar conclusion can be seen in Ref. [60].
Thus, it seems that the suppression of fusion is independent
of the target nucleus charge, as also reported by Kumawat
et al. [14] in many targets. Further, it has been found that
fusion suppression is related to the α-separation energy (Sα)
of the projectile, and it increases with decreasing Sα . As the
α breakup thresholds, which are 1.48, 2.45, 1.57, and 4.46
MeV for 6,7Li, 9Be, and 10B, respectively, of weakly bound
projectiles increase, the suppression in the fusion cross section
gets reduced (Fig. 10), as also pointed out in Refs. [7,60]. The

FIG. 10. Comparison of fusion suppression from the weakly
bound projectile-induced (6,7Li, 9Be, and 10B) reactions on the
medium and heavy mass targets such as 6Li+90Zr [14], 6Li+96Zr
[15], 6Li+144Sm [7], 7Li+natZr (present study), 7Li+144,154Sm [8],
7Li+159Tb [16], 9Be+89Y [9], 9Be+144Sm [17], and 10B+159Tb [16].
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suppression in the fusion cross section was deduced from 1
− σfus

σCC
, where σfus is the experimentally measured fusion cross

section and σCC is the coupled channel calculation predicted
from CCFULL. Gomes et al. [28] also recalculated fusion
suppression using the same expression for 9Be induced on dif-
ferent targets like 89Y, 124Sn, 144Sm, and 208Pb and observed
that in some systems fusion suppression is independent of the
charge of the target nucleus.

V. CONCLUSION

In this article, we have measured the cross sections of
product residues populated via the CF/ICF process in the
7Li+natZr reaction using the offline γ -ray technique within
the 4.0 to 6.3 MeV/nucleon energy range. Comparison with
theoretical Hauser-Feshbach formalism with EGSM level
density for compound evaporation and exciton model for
PEQ shows good agreement with the measured data that
confirms the production of residues from the CF mechanism.
However, the amount of enhancement observed in the α- and

p-emitting channels as compared to theoretical predictions
could be attributed to the ICF of 7Li. It has been observed
that the measured ICF strength fraction increases with the
projectile energy. Comparison of fusion cross section with
coupled channel calculation without the inclusion of breakup
and transfer channels shows ≈16% suppression in the fusion
of the 7Li+natZr reaction. It has also been observed that
fusion suppression is independent of charge of the target
nuclei and depends on α-separation energies of loosely bound
projectiles.
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