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Measurement of residues from the ®Li 4+Zn reaction: Analysis of fusion phenomena
below 7.1 MeV /nucleon
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We report the measurement of fusion-evaporation residues emerging from °Li+Zn reaction within the
21-43 MeV energy range in conjunction with the underlying reaction dynamics in the scarcely explored
light-medium mass region. The stack foil activation technique followed by offline y spectroscopy was employed
to measure the cross sections of residues populated in the reaction. The measured data were compared with
theoretical predictions from statistical model codes like PACE4 and EMPIRE3.2.2 to probe the underlying reaction
dynamics. The imitation of n- and p-channel data grossly by both the model codes suggests the production of
residues via the complete fusion (CF) mode, while the enhancement observation in «-channel cross sections hints
at the signatures of breakup fusion in addition to the dominant CF. We report a new branching intensity of
93.31 keV y-line retrieved experimentally from % Ga decay following the end of bombardment activity in each
target foil. The optimized production of %’ Ga is also reported from the application perspective.
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I. INTRODUCTION

The cluster structure of weakly bound particles (WBPs)
has boosted nuclear research for over a decade [1]. Scientists
have scrutinized the multifarious reaction mechanisms, such
as complete fusion (CF), incomplete fusion (ICF), preequi-
librium emission (PEQ), fusion-fission, quasifission, transfer,
etc., in heavy-ion (HI) reactions with strongly and weakly
bound particles. CF processes are anticipated in central col-
lisions, implied by a complete transfer of angular momentum
from projectile to target within 0 < € < £, in contrast to the
peripheral processes (ICF) occurring at £ > £ due to partial
angular momentum transfer. However, the potential pocket
vanishes for the latter case, restricting the fusion from oc-
curring until a viable angular momentum is released through
breakup [2]. Besides CF-ICF, other processes like sequential
complete fusion and elastic breakup have also been exhib-
ited by WBPs. However, the compound nucleus (CN) formed
through direct CF or sequential CF remains indistinguishable.
The evaporation of light particles such as n or p from the hot
composite system prior to attaining equilibrium is termed the
PEQ process. PEQ has been extensively studied in n-emitting
channels, seen in the high energy tail of the excitation function
[3].

In literature, °Li breakup has been manifested as a conse-
quence of direct prompt breakup from continuum nonresonant
states, sequential breakup into « 4+ d fragments from res-
onance states (17, 2%, 3%) and/or the transfer-triggered
breakups into « 4+ p and o 4 o through n stripping and d
pickup, respectively [4—6]. Luong et al. [4] and Santra et al.
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[5] suggested the dominance of transfer-triggered breakup
over a direct breakup (« + d), contrary to Chattopadhyay et al.
[7]. However, d capture contributing to large « production
dominates the other processes, as stated by Santra et al. [8].
The disentanglement of direct breakup and transfer-triggered
breakup poses experimental challenges due to the same re-
sulting fusion products, especially in inclusive measurements.
Compared to the one-dimensional barrier penetration model
(1D-BPM) predictions, CF suppression has been attended in
several studies with WBP at above-barrier energies [9-11].
The role of repulsive polarization potential due to breakup
couplings in the continuum, enhancing the fusion barrier
height and thus depleting the CF channel flux, has been
understood to explain suppression. In this series, Kumawat
et al. [9] and Hu et al. [10] report ~15-30% suppression
in light-medium mass nuclei, while ~30-40% suppression
has been reported in heavy systems [11]. Furthermore, CF
suppression independence of target charge (Zy) was reported
by Kumawat et al. [9] and Gasques et al. [12], contrary to the
increasing trend suggested by Rath et al. [13]. The enhance-
ment below the barrier has been contemplated as the effect of
transfer channels and inelastic couplings [13,14]. In contrast,
hindrance has been reported in the deep sub-barrier region.
Dynamics of low energy (3—10 MeV /nucleon) reaction has
been investigated over the years using activation technique,
particle-y coincidence, and recoil range distribution measure-
ments with «-clustered beams. The effect of several entrance
channel parameters such as bombarding energy, projectile
structure (Q, value), mass asymmetry (u), Zr, deforma-
tion (8), etc., on reaction dynamics in the case of clustered
particles has been explored [15-19]. At a constant relative
velocity, more breakup for relatively loosely bound projectiles
over others and larger mass asymmetry have been observed
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[15,16]. Moreover, Trautmann et al. [20] discussed the periph-
eral nature of ICF. A review by Gerschel et al. [21] elaborates
on the localization of driving angular momentum window
dependency on target deformation. However, recent studies
[16,22] suggest the fusion of £ boundaries depicting breakup
fusion occurrence below {4, contrary to the sharp cutoff
approximation in the sum-rule model [23]. We report a new
set of measured residual cross sections from the °Li 4+ "'Zn
reaction alongside the role of underlying mechanisms in the
light-medium mass region. Besides reaction dynamics, WBP
reactions help to optimize the production of radionuclides that
have found applications in nuclear medicine, as is the case
in our study. Several diagnostic or therapeutic purposes are
being met through consistent efforts from researchers working
in this field [24]. Thus, precisely measured decay data must
be ensured, though we report a discrepancy in the intensity
value of 93.31 keV y line from the decay of application-based
7Ga reported in databases in this regard. Ambiguous findings
in the literature entail a comprehensive measurement of data
employing distinct techniques and investigation of reaction
dynamics and entrance channel dependencies at near-barrier
energies to draw better conclusions, especially in the context
of WBPs in the scarcely explored medium mass region.

For the first time, we report the residual cross section mea-
surement in the ®Li reaction on a "Zn target within the
2143 MeV energy domain and analysis of associated fusion
phenomena. The experimental methodology and theoretical
model calculations are discussed in Secs. II and III, respec-
tively. Section IV discusses the experimental findings, and
Sec. V concludes the report.

II. EXPERIMENTAL DETAILS

The experiment was performed using a low energy (3.5—
7.1 MeV /nucleon) beam of °Li*3 ions delivered by the pel-
letron facility at BARC-TIFR, Mumbai, India. Self-supported
thin "Zn foils (99.99% pure) of thickness 2.8 mg/cm? and
Al backing having thickness 1.8 mg/cm? were assembled
to fabricate the target matrix after rolling. An Al foil was
planted between two successive target foils to suffice the
purpose of energy degrader and residue catcher. Target ma-
trices were irradiated with varying energy to ensure a slight
overlap of energies between successive irradiations. Monte
Carlo simulation-based stopping and range of ions in matter
(SRIM) code [25] was used to compute the energy degrada-
tion through the target and catcher foil. The energy at the
center of a foil was obtained by averaging the entrance and
exit energies. The irradiation time was decisively estimated
according to the half-lives of the radionuclides expected in
the reaction. The beam current was measured to be almost
constant during the experiment; the beam was dumped into
the electron-suppressed Faraday cup positioned at the rear
of the target-catcher assembly. The average beam flux and
irradiation dose were measured to be 5.6 x 10! particles/s
and ~391 uC, respectively.

After the irradiation, the off-beam measurements were
done using a precalibrated high-purity germanium (HPGe)
detector having energy resolution < 2.0 keV at the 1332 keV
energy y ray of ®Co to assess the induced residual activity.

The y spectra were recorded using a multichannel analyzer
coupled to a PC operating with GENIE-2K (Canberra) software.
The calibration of the detector was performed for energy and
efficiency using the standard sources '*?Eu (13.506 yr), '*7Cs
(30.08 yr), and ®°Co (5.27 yr) of known strengths. Subse-
quently, the y-spectrum analysis was performed to identify
the residues populated in the reaction from their character-
istic y rays and decay profiles. Dead time corrected and
background subtracted photopeak counts were considered
to determine the residual production cross sections at each
bombarding energy using the well-known activation formula
[26,27]. The nuclear spectroscopic data used in evaluating
residual cross sections are tabulated in Table I. The measured
data have an associated average uncertainty of ~12-14%,
contributed by the following sources: (i) Uncertainty in the
target thickness measurement was ~2%. (ii) Inaccuracy in
detection efficiency was < 2%. (iii) The beam current fluc-
tuations resulted in &5-7% of uncertainty in the beam flux.
(iv) There was statistical uncertainty in the photopeak counts.
Finally, (v) the energy degradation at successive target-catcher
foils contributed to the uncertainty in beam energy, which in
turn has contributions from uncertainty in target thickness and
SRIM calculation.

III. THEORETICAL MODEL CALCULATIONS

To decipher the underlying reaction mechanisms, we em-
ployed statistical model calculations using PACE4 [28] and
EMPIRE3.2.2 [29] codes. A brief description of the two codes
is given here with the set of input parameters used in the
calculations

PACE4. Preinstalled in the LISE4+ program, PACE4 is a
Monte Carlo simulation based statistical code that predicts the
residual cross sections in the framework of CF dynamics com-
prising equilibrium (EQ) processes. The Hauser-Feshbach
(HF) formalism [30] was deployed to follow the decay se-
quence of an excited CN, where angular momentum coupling
is preserved at each deexcitation stage. A Monte Carlo method
with large deexcitation cascades (100 000 in the present case)
governs the correlation between emitted particles, y rays,
energy, and angular distribution. The Bass model [31] esti-
mates the HI fusion cross section and initial spin distribution.
Transmission coefficients for the evaporation of light parti-
cles were estimated from the optical model. The approach
of Hill and Wheeler [32] ensures the quantum mechanically
treated transmission probabilities. Level density (LD) com-
puted using the Gilbert-Cameron formalism was considered
with a variable LD parameter a = A/K, where A is the mass
number of the CN and K is a free parameter varied to ob-
tain the best fit to the experimental data. K = 10 was used
in the present analysis, although the sensitivity of theoreti-
cal cross sections was also checked with K = 8 and 9. The
ARATIO parameter defined as ay/a, and the yrast parameter
were set to unity in the present calculations, where ay and
a, are the LD parameters for fission and neutron evapora-
tion, respectively. PACE4 does not account for the direct and
PEQ processes.

EMPIRE3.2.2. This is a versatile nuclear reaction code that
accounts for the reaction mechanisms such as EQ, PEQ, and
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TABLE 1. Nuclear spectroscopic data [33] of residues populated in the SLi +"*Zn reaction.

Nuclide J* Ti) Decay mode (%) E, keV) [I, (%)]
2As 2" 26 h €* + B(100) 629.92 [8.07], 833.99 [81]
TAs 5/2- 65.3h € + B+(100) 174.954 [82.4], 326.785 [3.05]
499.876 [3.64], 1095.49 [4.1]
As 4+ 52.6 min € + BT(100) 252.46[2.71], 595.11 [18.8]
607.34 [4.3], 668.21 [22.1]
743.62 [22.1], 905.61 [11.2]
1113.6 [20.6], 1338.76 [9]
1411.86 [8.71, 1522.55 [4.3]
1707.61 [17.5], 2019.16 [16.6]
“As 5/2- 15.2 min € + BT(100) 145.96 [4.94], 232.73 [10.9]
“Ge 5/2- 39.05 h € + BT(100) 318.63 [1.55], 574.11 [13.3]
871.98 [11.9], 1106.77 [36]
“Ge 1/2- 18.9 min € + BT(100) 167.01 [84], 828.3 [3]
911.2[3.1],914.8 [3]
1472.8 [4.9], 1809.4 [1.32]
Ge ot 2.26h € + B+(100) 108.85 [10.6], 190.2 [5.7]
245.71 [5.43], 272.97 [10.6]
338.05 [8.8], 381.85 [28.3]
470.62 [7.5], 536.74 [6.2]
705.94 [4.3]
%8Ga 1+ 67.71 min € + BT(100) 1077.34 [3.22]
Ga 3/2° 3.2617d € + BT(100) 93.31 [38.81], 184.576 [21.41]
208.95 [2.46], 300.217 [16.64]
393.527 [4.56]
%Ga ot 9.49h € + BT(100) 1039.22 [37], 1918.329 [1.99]
2189.616 [5.3], 2422.525 [1.88]
%Ga 3/2- 15.2 min € + B1(100) 115.09 [54], 153 [8.9]
751.8 [8.1]
Timzn 9/2+ 3.96h B~(100) 386.28 [91.4], 487.34 [61.2]
620.19 [55.8]
9mzn 9/2+ 13.756 h IT%(99.97), 8~(0.03) 438.634 [94.85]
%7n 5/2° 243.93d € + B+(100) 1115.539 [50.04]
7n 3/2° 38.47 min €+ B+(100) 962.06 [6.5]
5lCcu 3/2- 3.339h € + B+(100) 282.956 [12.7], 373.05 [2.14]

656.008 [10.4], 1185.234 [3.6]

“Electron capture.
Isomeric transition.

direct reactions emerging from a HI interaction over a wide
range of energies and projectiles. The code has adopted the
full-featured HF model with width fluctuation correction to
study the EQ process. Quantum mechanical models such
as multistep compound (MSC) or multistep direct (MSD)
and phenomenological models such as the exciton model
(EM) with the Iwamoto-Harada cluster emission model or
hybrid Monte Carlo simulation (HMS) are considered for
the PEQ process in the framework of EMPIRE code. Due to
poor understanding, MSC and MSD options are not widely
employed. The direct reaction contribution is estimated us-
ing the coupled-channels approach for deformed nuclei and
the distorted-wave Born approximation (DWBA) for slightly
deformed/spherical nuclei. A simplified coupled-channels
calculation (CCFUS) which considers inelastic excitations and
transfer channels independently was used to estimate the HI
fusion cross section. The optical model computes the trans-
mission coefficients for particle evaporation. The code reads

the inputs such as nuclear masses, level densities, ground state
deformations, discrete levels, decay schemes, optical model
parameters, y-ray strength functions, and fission barrier in-
ternally from RIPL-3 library [34]. In the present analysis, we
used the HF model with default width fluctuation correction
and EM with mean free path parameter PCROSS = 0.5 to fit
the measured cross sections. Three options are available for
the phenomenological level density models, viz., the Gilbert-
Cameron model (GC) [35], the generalized superfluid model
(GSM) [36], and the enhanced generalized superfluid model
(EGSM) [37] were used to test the sensitivity of theoretical
calculations. These models incorporate the collective excita-
tion (rotational/vibrational) effects on level density and use
the Ignatyuk energy-dependent level density parameter, which
follows the shell effect dependency on excitation energy.
EGSM treats the angular momentum more legitimately among
all the three level density models, which is quite favorable for
HI fusion reactions.
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FIG. 1. Typical y-ray spectrum of 43 MeV SLi irradiated Zn foil, collected 46 min after the end of bombardment (EOB). The y peaks of

residues are marked with energies in keV.

IV. RESULTS AND DISCUSSION

A comprehensive analysis of the time-resolved y -ray spec-
trum ensured the production of 16 radionuclides, ">71:7%-%% As,
69'67’66(}6, 68’67’66’65Ga, 71m,69m,65,63zn’ and 61CU, in 6L1 fusion
with a Zn target within 21-43 MeV energy range. A typical
y-ray spectrum collected 46 minutes after the end of bom-
bardment (EOB) is portrayed in Fig. 1. Residues populated
in the target matrix were identified through their character-
istic y rays and half-lives. Table II tabulates the measured
residual cross sections. The following subsection discusses
the revised experimental branching intensity of the 93.31
keV y line from %’Ga decay. The experimental excitation
functions (EFs) of residues compared to theoretical estimates
from PACE4 and EMPIRE3.2.2 are displayed in Figs. 3—6. Since
"4t7n has a contribution from five abundant isotopes, viz., %“7Zn
(49.17%), ®Zn (27.73%), ©"Zn (4.04%), ®3Zn (18.45%), and
07n (0.61%), the reported theoretical estimates also assume
weighted contributions from these isotopes (in accord with
the abundance-wise contribution in experimental data [26,38—
40]). The measured data are symbolized in EF plots with
associated uncertainties, while curves denote the theoretical
predictions.

A. Determination of 93.31 keV y-line intensity
from “Ga decay

Tracking the EOB activity (Agog) of ®’Ga residue in the
target matrix, we observed the measured activity for the 93.31
keV y-line being almost half the values calculated from other
lines despite having the same measured half-lives [Fig. 2(a)].
This discrepancy is speculated to result from uncertainty pre-
vailing in the reported intensity value in different databases
[33,41-44], ranging from 38.81% to 39.2%. Obeying the for-
malism available in the literature [26,45,46], we estimated a
new value of intensity for the 93.31 keV y line in comparison
with other lines [184.576 (21.41%), 208.95 (2.46%), 300.217
(16.64%), and 393.527 (4.56%)] of %’Ga residue. Eleven

target foils were used, and multiple activity measurements
were recorded for each activated target foil with elapsed time
to follow the decay profile of the residue. Each target foil
furnished around 24 values of intensity (six values of intensity
for the 93.31 keV y line compared to each other y line, and
one value corresponding to each activity measurement). Thus,
264 closest data extracted from 11 foils were averaged to
obtain the mean value reported in Fig. 2(b). The estimated
overall mean intensity value comes out to be 21.65 £ 0.23%,
in close consonance with the value reported in Refs. [26,46].
The reported new value of intensity is further backed by the re-
produced Agop = 30475.0 &= 277.8 Bq (using the new value),
which stands in the range deduced from other lines [Fig. 2(a)].
Table III displays the experimental intensity for the 93.31 keV
y line and half-life of ®’Ga residue compared to the values
reported in databases and literature [26,46]. Caution should
be used considering the reported discrepancy in the intensity
value, and a dedicated experiment should be planned in this
direction to address the ambiguity.

Note that, during the analysis, it was ensured that the
production of ’Ga in the present case is free of speculated
contamination from ¢’Cu, as the two radionuclides decay to
the same daughter nucleus (°’Zn) resulting in almost identical
energies of y emissions. However, there is a drastic difference
in the branching intensities of 184.576, 300.217, and 393.527
keV y lines from these two radionuclides. This feature (sug-
gested in literature [47,48]) was utilized to confidently judge
the contamination-free production of %’Ga as realized in our
previous measurements for nearby systems [26,46,49]. More-
over, the consistent experimental cross sections (or Agop)
obtained for all the y peaks in all the target foils (except the
93.31 keV peak owing to the discrepancy in intensity value)
utilizing the properties of ®’Ga rather than ¢’ Cu, experimental
half-life from all y-peaks in each target foil being in close
consonance with that of %’Ga, the consistent trend (without
any deviation) of the measured EF of ®’Ga with the theoretical
one [Fig. 5(b)], and energetically forbidden or negligible pro-
duction (<0.05 mb at highest energy) of ’Cu in SLi +"*Zn
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TABLE II. Experimental production cross sections of residues at various incident energies.

Cross section (mb)

ELp (MeV) 2 As TAs As “As 9Geeum Ge %Ge 8Ga
21.3+0.9 349+4.1 21.9+3.1 22.4+3.2 185+29 1.3£0.2 26.1+£3.6
23.84+0.9 32.6+3.8 40.1+54 229429 48.44+6.7 59+0.7 352446
26.2+0.8 20.5+2.4 52.6+6.7 18.5+2.7 76.0£9.7 119+1.3 36.6 4.7
28.4+0.8 16.1 £2.1 65.4+8.2 15.0+2.1 7.3£2.1 108.4 £ 13.1 21.8+2.9 0.2£0.1 40.7£5.1
30.540.8 12.7+1.6 69.6+9.0 11.6+1.6 7.5+£2.0 131.8£15.6 20.7+4.4 0.3+0.1 424452
32.5+0.7 93+£1.3 653+79 10.1£1.6 8.8+£19 136.2+17.2 33.1+4.8 0.5+0.2 43.1+£54
35.7+0.7 54+£1.0 58.6 6.7 11.3+1.6 17.2+7.0 139.1+15.3 69.8+9.5 1.1+0.2 56.2+6.9
37.540.7 5.1+09 51.94+6.2 12.14+1.7 1824+7.1 140.3 £16.0 T1.1+11.4 1.8+04 58.8+7.6
39.2+0.7 4.74+0.8 41.1£49 127+1.8 16.7+4.7 1243+ 14.2 63.2+9.9 2.8+0.6 65.8+8.3
40.9+0.7 4.14+0.8 342442 135+1.9 15.7+4.3 116.1£12.6 59.6 +8.6 4.14+0.7 71.5+8.9
42.6+0.7 3.6+0.7 24.6+2.9 1444+1.9 10.6 £3.5 90.1 +10.5 439+73 49+0.9 70.6 8.6
Cross section (mb)

ELab (Mev) 67Gacum 66Gacum 65Ga 7ImZrl 69mZn 6Schum 63Zn 61Cu
21.3+0.9 100.3£13.3 1.24+0.2 13.6+2.4 0.10+£0.04 5240.6 198.7£41.9

23.840.9 169.9 +£20.7 2.5+0.5 15.0+2.3 0.124+0.05 5.8+0.7 234.5+47.3 04+0.2
26.2+0.8 220.2 +£26.1 57+1.1 14.14+£23 0.124+0.04 5.6+0.6 286.7 +£54.0 0.8+£0.3
28.4+0.8 295.74+32.3 12.7+2.1 139+1.9 0.13+£0.04 6.11+0.7 324.7+£59.8 1.8+0.5 1.4+04
30.54+0.8 352.1+£36.8 23.14+3.7 1224+1.8 0.144+0.05 6.2+0.7 326.2+61.6 2.7+0.7 3.1+0.6
32.540.7 364.2+40.0 33.7+£4.8 104415 0.124+0.04 5.7+£0.7 360.2 £ 64.6 3.1+0.7 5.1+09
35.7+0.7 370.2 £38.8 57.6+£6.9 23.0+3.7 0.13+£0.04 5.8+0.7 220.4£36.0 6.0+1.2 7.6+£1.3
37.5+0.7 370.3 £38.5 75.5+£9.7 21.6+3.6 0.124+0.04 59+0.7 213.8+£28.2 8.7+1.7 9.7+14
39.240.7 338.9+37.0 93.6+12.9 18.8+3.0 0.134+0.04 5.6+0.6 203.7+£35.6 14.1£2.6 103+1.5
40.9+0.7 3204+35.2 120.2£15.8 16.7+2.4 0.13+£0.04 5.7+0.6 218.4£30.1 21.1+3.0 11.8+£1.6
42.6+0.7 253.8+28.4 128.7+£15.3 16.1+£2.7 0.124+0.05 48+0.6 1969 £32.2 22.8+3.1 11.3+£1.6

suggested by both the theoretical calculations firmly validate
our conclusion.

B. Analysis of excitation functions

xn channel. Evaporation of neutrons from the CN ex-
perimentally yields four residues, >""7%®As, in the °Li
reaction on Zn. Measured EFs of these residues compared
with theoretical estimations from PACE4 (K = 10) and EMPIRE
with EGSM, GSM, and GC level densities are displayed in
Fig. 3. Figure 3(a) depicts that EMPIRE with EGSM well re-
produces the measured data for 7>As, compared to GSM and
GC calculations. GSM and GC also describe the data within
uncertainties in the low energy region up to 32.5 MeV and
overestimate above it, whereas PACE4 satisfies the data well
within uncertainties above 30.5 MeV and overestimates below
this energy. As suggested by theory, >As may dominantly
emerge via 2n and 4n channels in °Li fusion with ®Zn and
707n isotopes of "*Zn, respectively, with *Zn contributing
effectively in the low energy region and an almost similar con-
tribution from 7°Zn at higher energies, with an insignificant
contribution from ®Zn (y channel) and ®’Zn (1n channel)
isotopes. EMPIRE with EGSM and PACE4 both comply with the
experimental data of 7' As within the studied energy range, as
shown in Fig. 3(b), while GSM and GC explain the data in
a higher energy window of 35.7-42.6 MeV only and devi-
ate from the low energy data. Figure 3(c) demonstrates the
abundance-wise contribution from constituent isotopes of Zn

in the population of "'As residue theoretically to justify the
trend of measured EF, where the solid and dotted curves rep-
resent the EMPIRE (EGSM) and PACE (K = 10) calculations,
respectively. One may notice that at lower energies the contri-
bution comes from °Li fusion with %-67-%87n isotopes, while
at higher energies 96768707 isotopes (or 1n, 2n, 3n, and 5n
channels, respectively) contribute with predominating yield
from %8Zn throughout the energy range. Thus, we observe an
unusually broad Gaussian effective excitation function (black
color) owing to the contribution from constituting isotopes of
Zn in line with the thoroughly reproduced trend of measured
EF. Figure 3(d) compares the measured EF of "°As residue
with theoretical ones, which may be populated via y, 2n,
3n, and 4n channels in °Li reactions on ®*Zn, °Zn, ¢’Zn, and
%7n isotopes, respectively, subject to the respective reaction
thresholds, with *Zn majorly contributing at lower energies,
%7n at higher energies, and ®’Zn at intermediate energies.
Thus, the experimentally observed valley-shaped effective EF
can be justified in consonance with the theoretical one. EMPIRE
with EGSM matches the data within experimental errors at
higher energies with an overestimation below 35.7 MeV. GSM
matches the data within uncertainties up to 37.5 MeV and
predicts enhanced yields above this energy. GC consistently
overstates the data in the studied energy range. PACE predicts
amplified cross sections exhibiting a sizable deviation from
the data in the low energy region and standing close to the
data in the high energy tail of the EF with a slightly shifted
trend. As conveyed in Fig. 3(f), the measured data of ®As
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FIG. 2. (a) Experimental decay curves and half-life of ®’Ga from
distinct y lines measured in one of the target foil. The slope of a
linear fit to the data gives the half-life, and the uncertainty in 7},
is from the systematic error in the linear fit. Agog has units Bq.
(b) The experimental intensity of 93.31 keV y line was obtained from
different target foils. The solid black line denotes the mean value of
the intensity. E1,, is the incident energy in the laboratory frame.

residue show close agreement with both EMPIRE EGSM as
well as PACE predictions (with a slight deviation of one or two
energy points), which predict similar yields within the 24-30
MeV window and diverge significantly above 30 MeV. How-
ever, PACE explains the upper limit of the data, while EMPIRE
reveals the lower limit of the data at higher energies. GSM
reproduces the data within the error bars in the low-energy
region, whereas GC does the reverse. As the theory points
out, °Li fusion with Zn, %Zn, 4Zn, and *3Zn isotopes may
cause the population of % As via n, 3n, 4n, and 5n channels,
respectively, with ®Zn and %Zn contributing significantly.
The larger uncertainties associated with %°As data can be
accredited to the low production with identification of one or

TABLE III. Comparison of the experimental half-life of ®’Ga
and its 93.31 keV y-line intensity with reported values in different
databases and Refs. [26,46].

Database Half-life (h) E, (keV) I, (%)
NuDat3.0 [33] 78.28 £0.012 93.31+0.05 38.81+0.03
LUND [41] 78.27+0.014 93.311+£0.05 39.2+1.0
NDS [42] 78.28 £0.012 93.31£0.05 38.81£0.03
JAEA [43] 78.28 £0.012 93.31+£0.05 38.81+0.03
KAERI [44] 78.28 £0.012 93.314£0.05 38.81£0.03
Singh et al. [26] 78.42+0.33 93.31 21.41£041
Kumar et al. [46] 78.60+ 1.5 93.31 21.294+0.32
Present work 78.48 £0.45 93.31 21.65+£0.23

two characteristic y rays and a quite short half-life of 15.2 min
[26].

Based on the comparative analysis, we can comment that
EMPIRE with EGSM and PACE4 with K = 10 show better
predictive capabilities in reproducing the major xn-channel
residual cross sections to a fair extent over GSM and GC level
densities. This reveals the population of xn-channel residues
through the CF mechanism as both the codes predict resid-
ual cross sections in the framework of CF dynamics. Thus,
we opted for EMPIRE EGSM and PACE4 K = 10 as optimum
reference level densities for subsequent analysis. Further, on
account of the inconsistency (overestimation) exhibited by
optimum EMPIRE EGSM calculations in reproducing the lower
energy data of "°As, theoretical investigations were performed
in terms of the optional input parameters to examine the
abnormality, as suggested in Ref. [46]. Obeying the EMPIRE
manual, the first step is to check the sensitivity of theoretical
calculations with different level densities, which we report
in Fig. 3(d). The next element is the examination of the fit-
ting of discrete levels of "°As, performed using the FITLEV
option, which suggested that the fitting was good. Last, one
can vary the ATILNO parameter to alter the asymptotic value
of the level density parameter (the formalism can be found
in Ref. [46]), which in turn modifies the densities of levels
of a particular residual nuclide ("’As) under examination.
For instance, altering the ATILNO parameter from 0.8 to 1.2
(within admissible limits), the asymptotic value of the level
density parameter varies from 4.1 to 6.2 (default = 5.2) for
"0As. Figure 3(e) displays the effect of the ATILNO param-
eter on optimum EMPIRE EGSM calculations compared with
measured data. Notice that the optimum theoretical cross sec-
tions are sensitive to the variation of the ATILNO parameter
within an energy window of 16—40 MeV, where low values of
ATILNO (i.e., 0.8 or 0.9) favor the low energy experimental
data (where optimum EMPIRE EGSM calculations exhibit in-
consistency) with a slight underestimation at higher energies.
In contrast, higher values of ATILNO (1.1 or 1.2) satisfac-
torily fit the high-energy data with significant overestimation
in the low-energy region. Among all, ATILNO = 0.9 may be
regarded as optimal as it stands close to the data in lower as
well as higher energy regions. These arguments indicate that
the internally calculated cross sections of "As by EMPIRE are
sensitive to the external optional input parameter (ATILNO)
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within the energy region of the inconsistency exhibited by
optimum (or default ATILNO) calculations. It is worth men-
tioning that the variation of the ATILNO parameter for a
particular residue ("°As) does not alter the optimum theoreti-
cal cross sections of other residues produced in the reaction.
pxn/axn channel. CN deexcitation through proton chan-
nels results in the identification of %°7%°Ge residues. Fig-
ure 4(a) visualizes a comparison of the experimental data of
“Ge residue with optimal theoretical estimations, which was
produced cumulatively through p, p2n, p3n, and p4n evapora-
tion from the respective CNs formed in ®Li +6466-67.687n re-
actions as well as the decay of short-lived precursor ®As. The
independent cross sections symbolized by hollow symbols
were extracted employing the prescription by Cavinato et al.
[50]. We observe a good agreement between the independent
cross sections of “Ge residue and EMPIRE EGSM predictions
when PACE4 poses an underestimation of data up to 32.5 MeV
with an overlap within the uncertainties at higher energies.
Portrayed in Fig. 4(b), EGSM calculations overestimate the
measured data of ' Ge up to 32.5 MeV and exhibit data agree-
ment beyond it. PACE4 estimates align with the data above
26.2 MeV and undervalue the data below this energy, contrary
to EMPIRE yields. The ®Li 4 %Zn reaction dominantly popu-
lates %’Ge via p2n or t channel with a minimal share from
7n (p4n channel) and ”Zn (p5n channel) isotopes at higher
energies. The overestimation of low energy data of ®’Ge by
favorable EMPIRE EGSM calculations was further investigated
with the variation of optional input ATILNO parameter for
7Ge as reported in Fig. 4(c). EMPIRE EGSM calculations were
found to be insensitive to the variation of ATILNO parameter
for “’Ge in the energy region of overestimation, though a
slight sensitivity can be seen at higher energies within the limit
of measured data. The experimental cross sections of ®Ge

residue plotted in Fig. 4(d) exhibit compliance with EGSM
calculations, in contrast to a complete underestimation by
PACE4 predictions. It may be noted that the %*Zn isotope out of
"atzn plays a dominant role in the production of %°Ge residue
via p3n or tn-channel. Most pxn-channel data revealed by
EMPIRE EGSM suggest the population of residues via the CF
mechanism unambiguously. To assess the aberrant behavior
of PACE4 in p channels, we plotted the n- and p-channel cu-
mulative cross sections (X0, px,) in Fig. 4(e), which shows
a fair reproduction of X0y, ., data by both the optimum
theoretical references [38,51] well in trend. The reproduction
of cumulative data by EMPIRE is quite justified as it reasonably
reproduces the majority of n or p channels. It should be noted
that the fair justification of X0y, ., data by PACE despite
inconsistencies in a few n or low energy data of a few p chan-
nels may be ascribed to the underestimation of low energy
insignificant cross sections of p channels (where PACE shows
disagreement) masked by the overestimation of low energy
data of a few n channels, thus bringing the cumulative PACE
cross sections in close agreement with the measured ones, as
given in Refs. [38,51]. Overall, it can be concluded that As
(n channel) and Ge (p channel) residues have cumulatively
emerged via the CF mechanism, as no direct processes are
anticipated in n or p channels. Furthermore, the insensitivity
of EMPIRE EGSM calculations to the ATILNO parameter on
account of inconsistency in the ®’Ge case (as reported in
literature [10,38-40,49,51-53] for particular n or p channel
residue) poses an open question of the theoretical refinements,
as suggested in Ref. [46].

68.67.66.65Ga residues populated via the a-emitting chan-
nels were identified from their characteristic y rays. The
experimental EF of %®Ga is compared with the theory in
Fig. 5(a), illustrating a thorough overestimation by both the
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model codes, with PACE4 revealing the data at extreme en-
ergies. ®*Ga residue may be formed dominantly via 2p, a,
an, and o2n channels in °Li reactions with ®*Zn, %Zn, ©’Zn,
and %Zn isotopes, respectively, with a minor contribution
from the 7°Zn isotope (a4n channel). Expectedly, due to the
cluster structure possessed by the °Li projectile, almost the
same degree of enhancement is witnessed in the ®’Ga case
relative to the theoretical predictions from both the codes,
as presented in Fig. 5(b). The respective compound nuclear
deexcitations via 2pn, an, ®2n, and a3n channels in SLi fusion
with %Zn, %Zn, ¢'Zn, and %Zn, respectively, yield the ©’Ga
residue with a well reproduced trend of EF. The independent
cross sections of 9’Ga were extracted from the cumulative
ones, fed by the deexcitation of the CN and decay of short-
lived precursor %’ Ge. Figure 5(c) displays the measured EF of
Ga in accordance with theoretical estimations from both the
model codes, where PACE4 exhibits an overestimation of data
at two lower energy points. The independent cross sections of
%Ga (populated by the EC decay of short-lived precursor
%Ge as well as the deexcitation of CNs via «, a2n, and o3n-

channels in ®Li + %Zn, %Zn, and ®’Zn reactions, respectively)
are shown using hollow symbols. The enhancement in cross
section is also observed for $Ga throughout the energy range
compared to EGSM calculations (Fig. 5(d)) and above 32.5
MeV relative to PACE4 predictions. Moreover, PACE4 claims a
contrasting behavior of overestimation in low energy regions
below 32.5 MeV. °Li reactions on *Zn and ®Zn isotopes
may result in the formation of Ga residue via an and a3n
channels, respectively. %*Zn contributes significantly in the
low energy region and ®°Zn at higher energies, justifying
the double-humped trend exhibited by the theoretical effec-
tive excitation function in line with the measured trend. The
observed enhancement in o-emitting channels relative to the
theoretical predictions is quite supportive of the low breakup
threshold for the ®Li projectile, indicating the existence of a
breakup fusion mechanism competing with CF in the popu-
lation of residues, as reported in earlier studies with WBPs
[26,27,38,39,52,53].

apxn/2axn  channel. Four isotopes of Zn, viz,
71m.69m.65.637,  were identified as a consequence of CN
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deexcitation through apxn channels in the °Li+4"*Zn
reaction. Figures 6(a) and 6(b) suggest an apparent
enhancement in the measured cross sections of ’'"Zn
and ®"Zn nuclides, respectively, relative to the isomeric
cross sections predicted by EMPIRE with EGSM. It should
be noted that PACE4 does not estimate the isomeric cross
sections disjointly. Thus we show ""*8Zn and %*"+¢Zn cross
sections predicted by PACE4 to portray the replicated trend
of EFs. One may readily judge that 71"Zn residue populates
via 3p and ap channels in SLi reactions with ®Zn and
07n, respectively, while mzy was formed via 3pn, ap,
and ap2n or ot channels in °Li reactions with ©’Zn, %Zn,
and 7°Zn, respectively. CN deexcitation via ap, ap2n, and
ap3n channels from SLi+%7Zn, %Zn, and %"Zn reactions,
respectively, in addition to the decay of short-lived higher
charge isobar ®Ga, may contribute to the population of %Zn.
Figure 6(d) suggests that the main contribution comes from
%7n, with %Zn and 'Zn playing a role at higher energies,
thus resulting in a double-peaked trend of measured effective
EF in compliance with theoretical ones. The independent
cross sections of %°Zn determined out of the cumulative
ones as outlined in Fig. 6(c) also exhibit an enhancement
relative to both the model predictions in the studied energy
domain. PACE4 better matches the shape of the measured
EF than EMPIRE with a slightly shifted trend. As conveyed
in Fig. 6(e), the underestimation of data resulted from PACE
calculations for %3Zn residue. In contrast, EMPIRE gives an
underestimation of data at lower energy up to 35.7 MeV
and a sound data reproduction above it. The enhancement
trend observed in «pxn-channel cross sections endorses the
prevalent breakup fusion mechanism causing the formation
of residues in addition to the dominant CF mechanism, as
reflected in Refs. [26,27,52,53]. Figure 6(f) displays the
measured production cross sections of ®! Cu residue populated
via 2cexn channel, in comparison with theory. We notice an
overestimation of data by PACE4 over the entire energy range
except one point in the low-energy region being predicted
well; EMPIRE predictions stand close to data, implying the role
of CF mechanism feeding the production of ®' Cu residue. It is
worthwhile to mention that SLi + *Zn reaction merely results
in the population of ®*Zn and ' Cu residues via a p2n and 2an
channels, respectively, as revealed by theoretical estimations.

Even though the two model codes use the HF formalism for
CF dynamics, the observed disparity between the predicted
residual cross sections could be attributed to their distinct
computation approaches and inputs, such as fusion cross sec-
tion models, empirical transmission coefficients for particle
evaporation, and level densities. Furthermore, the role of PEQ
in reaction (tested through switching off the PEQ controlling
parameter PCROSS in the EM model of EMPIRE code with
other parameters unaltered) remains trivial. Thus, the equilib-
rium process is predominant, with no sign of PEQ. Figure 6(g)
compares measured total residual cross sections with total
fusion cross sections predicted by the two model codes. It
should be noted that we could measure ~70-75% of fusion
data compared to the theoretical predictions by EMPIRE or
PACE [Fig. 6(g)]. The observed discrepancy may be accredited
to the missing channels (stable or short-lived residues), as sug-
gested in Refs. [26,27,40,49]. The fraction of stable residues

from the reaction constitutes ~22—18% of total fusion cross
sections predicted by theory. Moreover, the slight divergence
of total fusion predicted by EMPIRE (at higher energies) in
comparison with PACE estimates, as shown in Fig. 6(g), may
be due to the disparity of predicted residual yields by the two
model codes.

C. Justification of the enhanced «-channel cross sections:
Signatures of breakup fusion

The results from the EF analysis assert a fundamental
role of the CF mechanism in n- and p-emitting channels as
the measured X0y, data are fairly reproduced by both
model codes. A competing alternative mode of fusion (prob-
ably breakup fusion) in addition to the dominant CF [54,55]
can be interpreted on account of the enhanced residual cross
sections in «-emitting channels, owing to the low breakup
threshold of the °Li projectile. The following probable ex-
planations are anticipated because of the substantial residual
yields in a-emitting channels, and the discussion has been re-
stricted to the most abundant isotope of Zn (**Zn) to justify the
observations. However, there will be a contribution from each
abundant isotope of Zn in the population of residues via CF
as well as ICF depending on the respective reaction channel
thresholds and the excitation energy of the compound nuclei
70.72.73.74.76 Ag* formed in °Li fusion with 64:66:67.68.707p jsq.
topes, respectively. Thus, a similar kind of analysis with other
isotopes can be perceived, though we have presented the dis-
cussion with most abundant isotope **Zn for understanding.

(1) The CF mechanism proceeds via the formation of
an equilibrated CN through the complete blending of
interacting nuclei followed by the emission of ejec-
tiles via different deexcitation channels to form cold
residues. Table I'V manifests the favored population of
residues via CF mechanism as the excitation energy of
the CN (for instance, E* ~ 51.7 MeV at the highest
bombarding energy) formed through this mode is suf-
ficiently higher than the reaction thresholds (Table IV)
to populate the residues. The possibility of # emission
or other channels from the CN were also considered,
in line with theory.

(2) The breakup fusion (ICF) mechanism proceeds via the
projectile fragmentation (o + d) in the field of the tar-
get nucleus due to a low breakup threshold followed by
the fusion of either fragment o (or d) with the target,
and remnant d (or &) moving as a spectator in the
beam direction with proportionate velocity. This pro-
cess also breeds the identical residues emerging from
o channels post-evaporation of ejectiles from the re-
duced CN, thus, enhancing the residual yields through
the breakup fusion mode. Apart from the direct prompt
breakup of °Li, a sequential breakup from 1% and 2+
excited inelastic resonant states [6] may also feed the
residual yield. The energy of the breakup fragment
supports the feasibility of breakup fusion [26]: Ef,e =
(Ein — So) X (Mirag/min), where Ej, is the incident
energy of the projectile, S, is the « separation energy
for °Li, and Mirag and m, are the masses of breakup
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TABLE IV. Contributory CF and ICF reaction channels with corresponding reaction thresholds (Ey,) populating the residues in the
®Li 4 %Zn reaction. Ey, for population of %’ Ga through d-ICF channel is mentioned with ®Zn isotope.

ICF of °Li °Li — « +d)

CF of °Li Ey (MeV) «-ICF (E, = 27.7-13.2 MeV) Eg (MeV)
%7Zn(°Li, y) °As 0.0 “7Zn(a, p)“Ga 42
%47Zn(°Li, n) ®As 0.0 “Zn(x, 1) %Ga 16.7
%7n(°Li, p)¥Ge 0.0 “Zn(e, *He) %Zn 13.2
%7Zn(°Li, t) % Ge 45 “7Zn(a, an)®Zn 12.5
%47Zn(°Li, tn) *°*Ge 14.5 d-ICF (E; = 13.8-6.6 MeV) Eqn MeV)
%7n(°Li, 2p) ¥Ga 0.6 %7Zn(d, n)*Ga 0.0
%7Zn(°Li, 2pn) “’Ga 8.4 7n(d, p)®Zn 0.0
%7Zn(°Li, ) ®Ga 0.0 %7Zn(d, 1) %Zn 5.7
%7Zn(°Li, an) ®Ga 0.3 %7n(d, n)% Ga 0.0
%47Zn(°Li, ap) %Zn 4.6

47Zn(°Li, ap2n) ©Zn 17.0

7Zn(°Li, 2an) *' Cu 3.1

fragment and projectile, respectively. The fragment’s
energy is adequate to form the reduced CN (with
E* ~29.5 MeV for «-ICF, 24.3 MeV for d-ICF at
highest bombarding energy), which eventually decays
to populate the enhancement exhibiting channels, as
inferred from the reaction thresholds for ICF channels,
shown in Table IV along with contributory reactions.
One may notice that the enhancement depicted by Ga
and Zn residues is energetically favored via o as well
as d capture by the target nucleus. However, as quoted
in Refs. [8,56], d capture is more probable over «
capture due to lower reaction thresholds.

(3) The transfer-triggered breakup channels may also fa-
vor the production of residues as recognized in several
in-beam studies [4,5,7]. In this series, ln-stripping
(*Li+%Zn — %Zn +°Li /o + p) followed by the
prompt breakup of >Li into o + p constituents [4,5,7]
proceeding via fusion of either of these fragments with
%7n or %Zn target nuclei may yield the residues. The
n-stripping is backed by the positive Q values (42.3
MeV for °Li production and 4+4.3 MeV for « + p) of
the processes. However, p capture by the target may
dominate over « capture, as indicated by the reaction
thresholds. The positive Q value (+0.2 MeV) may also
favor the p-stripping (°Li + %Zn — %Ga +°He /o +
n) process [57] with subsequent dissociation of He
into « 4+ n fragments. The fusion of « or n with the
target may lead to residues. However, major inclu-
sive o production (*50%) was observed by Castaneda
et al. [58] from °Li — « +d and °Li — "He — o +
n exclusive breakups in SLi+ !’ Au system. They
also suggested an almost equal probability of p-
and n-stripping induced breakup processes. d pickup
(°Li+%Zn — %2Cu+%Be) followed by the breakup
of ®Be from excited resonance states like 2+ into o +
a components [4,7,59] may also influence the fusion
process owing to the positive Q value (+5.9 MeV)
for the process and fulfilled Q value matching condi-
tion (i.e., the ground state Q value is comparable to
the optimum Q value in the studied energy range).

Subsequent fusion of either of these o’s with ®Zn
or ©2Cu target nuclei may thus populate the residues.
Furthermore, a significant contribution from the direct
breakup was noted by Souza et al. [57] in «-d coin-
cidence measurements for the °Li+%°Co system. In
addition to breakup fusion, a feasible direct n-stripping
process may contribute to the observed substantial ex-
perimental yield of ®Zn residue.

(4) The possibility of other modes, such as the single-
step direct cluster transfer (DCT) [46,54,57] process
feeding the residual population by virtue of the pos-
itive Q values (4+9.4 MeV for d-DCT, +1.9 MeV
for «-DCT), should not be overlooked. However, the
optimum Q values for these processes in the studied
energy range nowhere stand close to the ground state
Q values (with either isotope of the target), implying a
negligible probability of DCT process in this reaction,
as discussed in Ref. [39]. If they happen to coexist in
a reaction, the nucleus formed through breakup fusion
and DCT modes will remain indistinguishable.

Thus, diverse energetically favored breakup routes may
cause the population of $7:%Ga, 716965637y residues in
addition to the dominant CF mode. Though, the explicit
disentanglement of these contributions is constrained by the
adopted offline y spectroscopy. For a better insight into the
reaction dynamics, one may prefer to estimate the implicit
contribution of direct or transfer-induced breakup fusion em-
ploying the data reduction method [38,39,52], interpreting
their role in residue production. We quantified ICF cross
sections from the enhancement depicting channels at each
energy point using the relation, Xojcr = X 0CF+IcF — X2 OCF,
where Yocpyicr and Xocp denote the sum of measured
cross sections of the enhancement exhibiting channels and
the sum of theoretically predicted cross sections for the
same channels, respectively. A comparison of Xocpicr With
Yocr for the ICF channels in reference to PACE4 predictions
[shown in Fig. 7(a)] denotes an increasing trend of relative
separation, implying that the surging projectile energy fuels
the ®Li breakup probability. The deduced T oicr are displayed
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FIG. 7. (a) A comparison of the measured (Xocg;1cr) and PACE predicted (X ocg) cross sections as a function of incident energy for the
enhancement depicting channels. The solid green line is the empirical fit to the measured Y ocpycr data (refer to the text for details). (b) A
similar comparison in context to EMPIRE results for the enhancement depicting respective « channels. The solid orange line is similar empirical
curve deduced from EMPIRE predictions. Insets of panels (a) and (b) display the variation of deduced ICF cross sections with bombarding
energy in reference to the PACE and EMPIRE codes, respectively. The line joining the data is to guide the eyes. (c¢) Variation of experimental
fusion cross sections (oy,s) as a function of 1/E, . for the evaluation of nuclear potential parameters. The solid red line is a linear fit to the

data.

in the inset of Fig. 7(a), exhibiting a linear trend with bom-
barding energy up to 32.5 MeV with a slight deviation from
linearity above it, in line with the trend of measured Xocpyicr
data from « channels. In order to qualitatively justify the
breakup fusion existence, we empirically fitted the mea-

: : PACE _
sured Xocpyicr data using the relation Xocpep = Zocr +

2(0.750 PASE + 0.25015E), where Tocp is PACE predicted

CF estimate for the en(ilancement depicting channels as men-
tioned above, and oPSE and oISE are the PACE predicted
d- and a-capture cross sections, respectively, for the same
channels computed at corresponding breakup fragment ener-
gies (Efag). The resulting empirical curve (solid green line)
nicely fits the measured data in Fig. 7(a), which indicates
that the discrepancy between the measured Xocpiicr data
and theoretical Xocg from o channels is due to the unac-
counted breakup fusion mechanism in model calculations.
Moreover, the empirical ICF contribution £(0.750P4SE +
0.250€E) also supports the deduced Eojcr. The empirical
relation suggests a dominant contribution from the d cap-
ture over o capture in line with published results [8,56]. A
similar analysis was also performed with regard to EMPIRE
predictions for the enhancement depicting channels as shown
in Fig. 7(b), where the empirical curve [solid orange curve
in Fig. 7(b)] was deduced from the relation Eoggfﬂc}; =

Tocr + Z(0.7038 + 0.305)¢%). Symbols denote the same
meaning as quoted above in the context of EMPIRE. The
empirical curve obtained from EMPIRE predictions fits lower
energy points and underestimates the higher energy points
by a factor of ~1.4. The empirical Tof}} r yields being
markedly higher than Xocp suggest the breakup fusion con-
tribution. However, the discrepancy between the measured
Y ocpticr and empirical curve could be attributed to low d-
or a-capture cross sections predicted by EMPIRE compared to
PACE4 owing to the obvious reasons mentioned in Sec. IV B.
Notably, almost the same orders of Xojcp (within errors)
were obtained from respective o channels using both model
codes, as shown in insets of Figs. 7(a) and 7(b). Xoicr

is mainly fed by ®’Ga and %Zn residues owing to high

experimental yields; also, the use of a natural target might
have facilitated the contribution from several contributory
channels [26,38,39]. Furthermore, the contribution from
breakup fusion in the experimental residual yields of « chan-
nels in the present study is supported by the substantial
ICF fraction and fusion suppression due to breakup reported
in limited studies [9,10,26,38,53,60-65] done with weakly
bound or «-clustered particles in the light-medium mass
region. Nevertheless, the strength of the breakup fusion mech-
anism in this mass region remains unclear due to insufficient
fusion data, unlike the heavy mass region where segregation of
CF and ICF channels is possible because of the restricted pop-
ulation of charged-particle CN deexcitation channels owing to
the strong Coulomb field. However, the competing ICF mech-
anism populates the same channels formed via the dominant
CF mechanism in the light-medium mass region. Thus, clear
segregation and ambiguities regarding breakup fusion in this
mass region should be addressed through a reaction dynamics
study using distinct techniques and exploring the dependency
on several entrance channel parameters in bulk. The role of
entrance channel angular momentum was also judged for the
®Li4%7Zn system in support of the feasibility of breakup
fusion. Employing the formalism by Wilczyfiski et al. [23,66],
the estimated value of critical angular momentum () lies in
the range [52] 15/4-22/. The maximum angular momentum
(Lmax) for the reaction is found to be less than this range in
the studied energy domain, which hints at the contribution of
several £ bins below €. (i.e., £ < £.4) in populating the ICF
channels. A similar case of the fusion of £ boundary was ob-
served in Refs. [16,52,53]. The energy-dependent £ values
[67] lie below £, for most of the energies, suggesting the
obvious occurrence of ICF at £ > £.. A detailed description
can be found elsewhere [52].

D. Nuclear potential parameters

The measured fusion data enable an indirect extraction of
the potential parameters, such as barrier height and barrier
radius, which are difficult to obtain using direct methods.
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Theoretically, 1D-BPM-based codes predict the fusion cross
sections using the formulation

otu(Eem) = 75 D20+ DTy (Eem). (1)
£=0

where T is the absorption probability for the £th partial wave
obtained from the Hill-Wheeler approach; a detailed descrip-
tion can be found elsewhere [27]. The deduced experimental
fusion data (ocg = ogr — O1cF, Where oggr is the sum of all
the measured residual cross sections and ojcr is the ICF cross
section shown in the inset of Fig. 7(a)) fitted using the Wong’s
formula [68] [Eq. (2)] under the S-wave approximation yields
the fusion barrier:
2

Ryhiw 2w
25 In {1 + exp [%(Ec,m, - VB):| }, )

c.m.

Ofus(Eem.) =

where Rp, Vp, and 7w are the barrier radius, height, and
curvature, respectively. However, Eq. (2) simplifies to the
expression for classical fusion cross section [Eq. (3)] for en-
ergies well above the barrier (i.e., Ecpy, — Vg > ;—Z), which
follows a linear dependence of og,s on 1/E. ., as shown in
Fig. 7(c) for the studied reaction. The inconsistency of Wong’s
formula for lighter systems at much higher energies [69] has
led us to omit a higher energy point to obtain the best linear
fit to the data [27].

L ) 3

Otus(Ecm) = nR,é(l -z
c.m.

The extracted barrier height and radius are 14.0 0.9 MeV
and 5.8 £ 0.2 fm, respectively, with uncertainties from the
data fitting. The extracted parameters may be regarded as ef-
fective values obtained from the fusion data of the SLi +"*Zn
reaction. The values are within acceptable deviation limits
reported in the literature (with natural or enriched targets)
[27,40,49,70,71] when compared to the values from system-
atics [72] ranging Vg = 13.3-13.6 MeV, Rp = 8.8-8.9 fm
for the SLi interaction with individual isotopes of Zn. The
slight deviation from systematic values can be ascribed to
the unaccounted missing channels constrained by the present
measurement technique. This fact is further strengthened by
the deduced values of Vz = 13.4 + 0.1 MeV and Rg = 8.8 &+
0.02 fm from the fitting of theoretical total fusion cross sec-
tions (sum of all the residual cross sections predicted by
theory, which includes the measured as well as missing chan-
nels), lying close to the systematic values as suggested in
Ref. [40].

E. Yield of  Ga: Application radionuclide

Physicochemical properties exhibited by the %’ Ga radionu-
clide make it a potential candidate in nuclear medicine. ©’Ga
functions well in single-photon emission computed tomog-
raphy (SPECT) and therapeutic studies for its low-energy
high-intensity y rays [93.31 keV (38.81%), 184.57 keV
(21.41%)] and Auger electron emission tendency, respec-
tively [24]. The present study suggests a no-carrier-added
(NCA) production of 100.3 % 13.3-370.3 + 38.5 mb for ’Ga
corresponding to the integral yield of 789.7 MBq/C for a
30.8 mg/cm? thick target within the studied energy domain,

(mb)

Cre Ooss-section

FIG. 8. Comparison of the measured production cross sections of
Ga residues.

with a maximum of 370.3 & 38.5 mb achieved at 37.5 MeV
that is promising for clinical purposes. Figure 8 compares
the measured cross sections of ®’Ga with the isotopic impu-
rities to portray the energy window (21-43 MeV) of clean
production. It is pertinent to mention that the longer half-life
of 7Ga (3.2617 d) among the coproduced isotopic impurities
will favor its contamination-free production, leading to the
extraction of pure ®’Ga from the target bulk as the nonisotopic
impurities can be easily separated chemically.

V. CONCLUSION

For the first time, we put forth the EF analysis of residues
populated in the ®Li+Zn reaction within the 21-43 MeV
energy range. The experimental EFs were compared with
theoretical predictions from PACE4 and EMPIRE3.2.2 model
codes to interpret the underlying reaction mechanisms. The
analysis reveals a fair reproduction of xn and pxn channel
data (X 0yu4pxn) With both the model codes, while a significant
enhancement was witnessed in «-emitting channels relative
to the theory. Owing to the low breakup threshold of the
®Li projectile, the enhancement was implicitly interpreted as
the signatures of direct or transfer-triggered breakup fusion
processes in addition to the dominant CF mechanism play-
ing a vital role in the reaction. Nuclear potential parameters
extracted from the measured fusion data were reported in
proximity to the systematic values, validating the present
measurement. We reported a new experimental intensity for
the 93.31 keV y-line from ®’Ga decay, which happens to
be 21.65 +£0.23%. Thus, it necessitates the formal inten-
sity measurement through a dedicated experiment to address
the ambiguity. Also, the optimized production of medically
relevant %’Ga residue and the energy window of NCA pro-
duction were discussed from the application perspective.
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