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Exploration of reaction dynamics of the weakly bound heavy-ion interaction with an intermediate or heavy
mass target in the low energy range has been a subject of interest over the past decades; however, different
modes of fusion such as breakup fusion, incomplete fusion, and transfer phenomena observed experimentally
are not yet fully understood. Experimental studies are therefore essential to address the problem. In this article,
we report a new set of cross-section data of the residues produced in the weakly bound ’Li induced reaction on
"UTy within the 27-45 MeV energy range. Along with the major yield of 8%*mQs, production of '3®"Hf and
183Tq are also observed up to ~35 MeV, which is possibly an indication of the incomplete fusion mechanism or
breakup-transfer phenomena. The trend of the isomeric cross-section ratio of '#*Os indicates the role of angular
momentum and spin distribution besides the excitation energy, and is interpreted by theory. The optimized

production parameters and yields of '#*™MQs are assessed.
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I. INTRODUCTION

Exploration of heavy-ion fusion is required to understand
the dynamics of an excited composite nucleus approach-
ing equilibrium and the mechanism of compound nucleus
formation, as the multinucleon interaction in the fusion of
heavy ions is complex in nature. Therefore, both theoret-
ical and experimental studies of the formation and decay
of the compound nucleus at low energy are important to
understand the facts governing those reactions, and also the
mechanism considered in the reaction models, to address
some unsolved astrophysical problems, such as big-bang
nucleosynthesis.

To understand the influence of weakly bound heavy pro-
jectiles (%7°Li, "Be, etc.) in low energy reactions, several
experiments have been carried out so far [1-16]. In fact,
the study of heavy-ion induced reactions in medium and
heavy targets is a tool to understand the threshold anomaly
around the barrier, breakup fusion, preequilibrium processes,
quasielastic effects, direct effects, transfer reactions, the role
of cluster structure, etc. [17-33]. The interaction mechanism
applies in weakly bound stable nuclei (®’Li, °Be), and ra-
dioactive projectiles are believed to be qualitatively the same,
but the intensities of stable beams are several orders of mag-
nitude larger than those presently available for radioactive
beams. Thus, nuclear reactions induced by stable weakly
bound nuclei are preferred.

Unlike tightly bound projectiles, direct breakup/transfer
followed by fusion is observed for lightly bound projectiles.
Reviews by Keeley et al. and Canto et al. [7,8,34,35] have
described the influence of some important processes such as

elastic scattering, breakup reaction, and the dominant role of
coupling to the breakup channel in the low energy fusion
of weakly bound nuclei. Since the direct measurement of
breakup cross sections is a hard task, most of the experiments
determined fusion and elastic cross sections. The knowledge
of fusion and breakup processes is directly relevant to pro-
ducing nuclei near the drip line and possibly the synthesis
of superheavy nuclei. The influence of partial fusion or in-
complete fusion (ICF) of the weakly bound projectiles in the
cases of °Li 4 2%Pb and Be + 2%Bi at energies above the
Coulomb barrier and for the systems ®’Li 4+ ®Zn and °Be +
%47n near and above the Coulomb barrier have been studied
by Liu et al. and Gomes et al., respectively [36,37]. Complete
fusion (CF) and ICF were also studied for the °Be + '8!Ta
reaction [38]. Parker et al. has explored the coupling effects
of breakup and transfer reaction in *Be induced reactions on
28Gi, %7Zn, and '"**Sm [39]. Capurro et al. has reported in-
elastic excitation in the '2C 4 ''%198pq reaction at sub-barrier
energies (~3—4.5 MeV/A) and presence of transfer channels
along with inelastic excitation in "Li + '">!3In at energies
just above the barrier (~2.9-5.3 MeV /A) [40]. The available
reports at sub-barrier energies show that the direct breakup of
stable weakly bound nuclei dominates the transfer processes
followed by a breakup [41]. Our group also has reported
theoretical and experimental studies for "Li, °Be, and '*C
induced reactions on medium and heavy targets [20,21,42-46]
within ~3.5-7 MeV /A energy range.

Further, in view of the growing demand of the neutron-
deficient radionuclides of noble elements in applications, pre-
cise optimization of their production parameters is required.
Although light-ion induced reactions are preferred to achieve
better yield of the product radionuclide compared to the
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Thus the aim of this study is twofold: (1) to explore the
production of '30Os that may have possible application in
diagnostic medicine and (2) to understand the fusion mech-
anism in the "Li 4+ "Ta reaction at low energies.

The physicochemical properties of '33Os show its potential
for medical application, and it can be produced in the no-
carrier-added state. '**Os has a half-life (7j,2) of 13.0 h, it
decays through electron capture (EC), and emits low energy
y rays of 114.43 keV (21.1%) and 381.74 keV (91.6%).
The isomer '#3m0s (T 2 =9.9h) decays through isomeric
transition (IT, 15%) and EC (85%) followed by the emission
of high energy y rays 1101.94 keV (49%) and 1107.92 keV
(22.3%), which may also be suitable in some specific cases.
Due to the moderate half-life and low energy y peaks of
1832, it is also a good choice for radiotracer studies. Finally,
183m.g g decays to long-lived 183Re (T1» = 70.0 d), which is
also favored for trace/ultratrace scale geochemical research
[47].

Considering these aspects, we have explored "Li induced
reactions on "*Ta (0.012% ''Ta + 99.988% '®!Ta) within
27-45 MeV to understand the reaction mechanism involved
in the low energy range. The measured cross sections are an-
alyzed by comparing with the theoretical model calculations
from ALICE14, EMPIRE3.2.2, and PACE4.

Ismail et al. [48] in late 1990s first reported the cross
sections of !'83&MQs from the "Li + '8'Ta reaction at four
different energies and analyzed them by comparing with the
ALICE9] code estimation. We performed extensive statistical
model calculations and observed large deviations with the data
of Ref. [48]. A second measurement of the residual cross
section 1is, therefore, necessary to understand the reaction
mechanism of "Li 4+ "*Ta system and to estimate precisely the
production yield of the residues.

The experimental procedure and a comparative study of
the nuclear model calculations are presented in Sec. II. Sec-
tion III discusses the details of theoretical calculations used
in the present study, Sec. IV presents the results, and Sec. V
summarizes the paper.

II. EXPERIMENTAL DETAILS

The experiment was performed at the BARC-TIFR Pel-
letron facility at TIFR, Mumbai, India. Natural tantalum (Ta)
and aluminium (Al) foils, procured from Alfa Aesar, were
rolled to produce self-supporting thin foils of Ta, having
thickness of 1.8-3.3 mg/cm?, and Al foils of 2-2.3 mg/cm?.
These foils were mounted on Al rings having 12 mm inner and
22 mm outer diameters. A target stack prepared by placing
three Ta foils, each of which was backed by an Al foil, was
irradiated with the "Li** beam having energy between 27
and 45 MeV, and five such target stacks were used in our
experiment. The purpose of Al backing was to bring down the
projectile energy and to trapthe recoil residues in the forward
stream of the beam. Assuming beam intensity to be almost
constant, the degradation in incident beam energy through
each successive foil is estimated by SRIM [49]. An electron-
suppressed Faraday cup was placed to collect the total charge
of each irradiation at the back side of the target assembly.
The duration of irradiation was decided according to the beam

intensity and half-lives of the evaporation residues expected to
be produced.

After the end of bombardment (EOB), the activity pro-
duced in each Ta-Al combination was measured with the
help of y-ray spectrometry using a high-purity germanium
(HPGe) detector in a fixed geometry. The energy and effi-
ciency calibration of the detector was done using a standard
2By source of known strength. The energy resolution of
the detector was 2.0 keV at 1332 keV. In the experimental
geometry, efficiency was 10% at 121 keV and 2% at 1408 keV
peak energy of '>’Eu. Multiple measurements were done for
each Ta-Al combination to evaluate precisely the decay profile
of the radionuclides produced in the Ta target.

The yield Y, of an rth evaporation residue after the EOB is
calculated using

Y, = C(E))e" e, 1" (D

The cross section of the evaporation residue o,(E) at an
incident energy E is given by

rYy
Lpstr(l — e Him)(1 — ek’

where C(E,) is the net count under the photopeak area; ¢,
and I, are the detection efficiency of HPGe detector and
branching intensity of the characteristic y ray, respectively,
of the evaporation residue. py is the number of nuclei per
unit volume of the target foil; #; is the thickness of target
foil; X, is the decay constant; I, is the beam intensity of
the projectile; ¢;, ., and t,, are the irradiation, cooling, and
counting times, respectively [50]. The nuclear spectroscopic
data used in the cross-section calculation of the evaporation
residues are listed in Table I. The total uncertainty in the
cross-section measurement is estimated from the following
sources: (i) the inaccuracy in efficiency calibration of the
detector (~1%), (ii) nonuniform thickness of the foil samples
(~2-3%), (iii) inaccuracy in the current measurement of the
TLi** beam (~6-7%), and (iv) statistical error in counting the
y rays (~1-2%). The errors due to the loss of beam energy in
different foils and the branching ratio of characteristic y rays
have been assumed to be negligible in the present work.

o (E) = ()

III. THEORETICAL CALCULATION

A. PACE4

The statistical code PACE4 [51] is based on the Hauser-
Feshbach (HF) formalism, which takes advantage of the
Monte Carlo procedure using the framework of LISE++4 [52].
The Monte Carlo calculation correlates y rays and angular
distribution of particles. For a heavy projectile, the Bass
model is used to estimate the input fusion cross section of
the evaporation residues. The Gilbert-Cameron (GC) level
density is accounted for with level density parameter a =
A/9 MeV~!, where A is the mass number of the compound
nucleus. The ratio ay/a, is assumed as unity. This code was
used on a large number of events to acquire better statistics
for the energy and angular distribution of residual nuclei.
The transmission coefficient for light particles is determined
during the first stage by optical model calculations and in
subsequent phases by extrapolation from the initial steps. The
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TABLE I. Spectroscopic data of the evaporation residues.

Nuclide (J™) Half-life Decay mode (%) Ey (keV) [Iy (%)] Reaction E,;* (MeV)
183505 (9/2) 13.0h EC"(100) 114.43 [21.1] BITa("Li, 5n) 31.4
381.74 [91.6]
183mQOg (1/27) 99h EC(85), IT¢(15) 1101.94 [49.0] BLTa(’Li, 5n) 31.4
1107.92 [22.3]
180mH£ (87) 55h IT(99.69), B~(0.31) 215.42 [81.6] BlTa("Li, x)
332.27 [94]
443.16 [81.7]
183Ta (7/21) 5.1d B-(100) 246.05 [27.2] BlTa("Li, x)

353.98 [11.6]

2E,, represents threshold energy.
®EC represents electron capture.
°IT represents isomeric transition.

angular distribution of evaporated particles is monitored at
every stage of deexcitation. The yrast parameter is chosen as
unity. PACE4 does not account for the preequilibrium (PEQ)
emissions during the equilibration process.

B. ALICE14

ALICE14, an updated version of ALICE91, utilizes the
Weisskopf-Ewing (WE) model [53] for equilibrium (EQ)
process, hybrid Monte-Carlo simulation (HMS) model for
PEQ decay [54], and the Bohr-Wheeler [55] fission model.
It permits selection of different level density options, such
as Fermi gas, Kartaria-Ramamurthy, Obninsk and Gilbert-
Cameron. In the present case, back-shifted pairing energies
with Fermi gas (FG) level density parameter a = A/9 MeV ™!
are selected. In the case of heavy-ion induced reactions, the
actual coupling of Fermi energies may be chosen to get
better statistics. The angular momentum information which
is not a part of Weisskopf-Ewing calculations is estimated by
the model of Chadwick and Oblozinsky. The optical model
potential is utilized to predict the inverse cross section of
the first residuals formed after ejectile emissions and a clas-
sical sharp cutoff algorithm model is used to estimate the
values in the subroutine. The Myers-Swiatecki-Lysekil mass
formula including the shell correction was used to calculate
the Q values and binding energies during the evaporation of
particles. The isomeric states are estimated on the basis of
the Huizenga-Vandenbosch model [56]. It is limited to using
incident energies of around 200 MeV.

C. EMPIRE3.2.2

EMPIRE3.2.2 is the latest version of the EMPIRE nuclear re-
action code and it takes into account three stages of nuclear re-
action mechanisms: EQ, PEQ, and direct (DIR) processes. In
this work, a full-featured Hauser-Feshbach model including y
cascade is adopted to describe the compound nucleus reaction
mechanism [57]. A simplified coupled channel calculation
(CCFUS) was used to obtain the reaction cross section for
heavy-ion fusion. The PEQ emissions were predicted using
the exciton model (EM), which uses 1.5 as the mean free path
parameter. Cluster emission based on the Iwamoto-Harada
model and width fluctuation with the HRTW (Hofmann,

Richert, Tepel, and Weidenmueller) model up to 3 MeV were
selected, and discrete levels were chosen from the RIPL-3
library [58,59]. The nuclear level densities such as Gilbert-
Cameron (GC) [60], generalized superfluid model (GSM)
[61], and enhanced generalized superfluid model (EGSM)
[62] with HF calculations were parametrized for proper rep-
resentation of the case being considered. Input functions such
as optical model parameters, level densities, nuclear masses,
fission barriers, and y-ray strength functions are internally
adopted by RIPL-3. In the GC model, the three relevant
asymptotic value of a-parameter (a) available in EMPIRE are

Ignatyuk et al.: @ = 0.154A + (6.3 x 107)A% and y =

—0.054,
Arthur: @ =0.1375A — (8.36 x 107)A?> and j =
—0.054,
Iljinov et al.: @ = 0.114A + (9.80 x 1072)A*3 and y =
—0.051,

where a is the level density parameter and y denotes the shell
effects damping factor. In the present case, we have selected
the result of Iljinov et al., which offers comparatively better
fit to the result.

IV. RESULTS AND DISCUSSION
A. Production of residues

A quantitative measurement of all the residues populated
in the "Li-induced reaction on "*Ta was performed within the
4-6.5 MeV /nucleon range. A typical y-ray spectrum of the
35.3 MeV Li irradiated "Ta foil collected after 47 min of
the EOB is depicted in Fig. 1. It confirms the production of
183g+mQg, 183y, and '8MHF in the target matrix. The residual
cross sections have been compared with the theoretical model
calculations, which used Weisskopf-Ewing (WE) model and
HF models to estimate the EQ process and the HMS and
exciton models for the PEQ process, and are shown in Figs. 2,
3, 5 and 6, respectively. The experimental data are shown by
symbols with uncertainty and theoretical estimates are shown
by curves. The possible contributing reactions and threshold
energies of the evaporated residues are given in Table I. The
experimental cross sections of the residual radionuclides are
reported in Table II.
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FIG. 1. A y-ray spectrum of the 35.3 MeV "Li activated Ta-foil

collected after 47 min of the EOB, characteristics y-ray peaks are
shown in keV.

Figure 2 compares the measured cross sections of '3320s
along with those reported by Ismail ef al. [48] and the nuclear
model calculations within 30-55 MeV energy. It is observed
that the theoretical estimate of ALICE14 overpredicts the re-
ported cross section in Ref. [48]. The newly measured cross
sections are found to be ~40% less compared to the previ-
ous measurement [48]; however, our experimental results are
well reproduced by EMPIRE with GC level density, like other
heavy-ion induced reactions such as 'Li 4+ **Nb/"*Mo and
B 4+ %Y /%Nb [20,21,42,50], which assure the reliability
of the model calculations. Nonetheless, ALICE14 and PACE4
estimations do not follow the trend of our cross-section data,
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FIG. 2. Comparison of the experimental cross-sections of

183205 with the theoretical estimations from PACE4, ALICE14, and
EMPIRE3.2.2 with different level density parameters.
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FIG. 3. Comparison of the experimental cross-sections of '#*™Qs
with the theoretical estimations from ALICE14 and EMPIRE3.2.2 with
different level density models.

showing large overprediction and underprediction, respec-
tively. The measured cross-section of #*2Qs is also slightly
underestimated by the EMPIRE calculation with GSM and
EGSM level densities throughout the energy range.

A comparison of experimental and theoretical cross sec-
tions of '%3™Os is depicted in Fig. 3. Similar to the previous
case, measured data are in good agreement with the EM-
PIRE calculations with GC, but are underestimated using the
GSM/EGSM level densities. The experimental data follow a
similar trend in both metastable and ground state excitation
functions with the EMPIRE estimations. ALICE14 largely un-
derestimates the measured cross sections.
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FIG. 4. Half-life estimations for '**"Hf and '%3Ta.
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FIG. 5. Comparison of the experimental cross-sections of '**"Hf
with EMPIRE3.2.2 with different level density models.

Production of two new radionuclides '*""Hf and '**Ta
are confirmed in this experiment, although their productions
were small compared to other residues. The radionuclides
were confirmed from their characteristic y peaks and decay
profiles. The measured half-lives (shown in Fig. 4) of %*™Hf
and '83Ta are 5.47 h and 5.16 d, respectively, which closely
reproduce their actual half-lives. The measured production
cross sections of '8'™Hf and '*°Ta are largely underestimated
by the nuclear model calculations, as shown in Figs. 5 and
6, respectively. The total cross section of '3*™Hf and '*°Ta
estimated from the HF formalism with GC/GSM/EGSM
level densities for EQ and EM for PEQ underestimates the
experimental data by a factor of ~10*-~103. The enhancement
observed in the experimental cross sections essentially indi-
cates the occurrence of the third variety of reaction process,

t 183
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e PR g e g _:
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£ 3
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FIG. 6. Same as in Fig. 5 for '%Ta

which is not considered in the model calculation. It might
be due to breakup fusion and transfer followed by breakup-
fusion-like processes, generally called partial fusion or ICF,
which are probable in the reactions induced by weakly bound
projectiles. Several experimental studies have demonstrated
a fair possibility of the direct breakup of the weakly bound
"Li; the breakup of °Li and ®Be into « +d and « + « after
a nucleon transfer process between the 'Li and target within
~3-7 MeV /nucleon energy range. The experimental evidence
of breakup-fusion and transfer phenomena for weakly bound
"Li projectile is reported in Refs. [23,32,33,63-67].
Interaction of "Li with "*Ta may lead to the dissociation
of "Li into an « particle and a trititum nucleus (#) in the
nuclear force field due to its low breakup threshold [10].
Thus, breakup of the Li projectile may essentially lead to
the fusion of the ¢ or « particle into the "' Ta target, which

TABLE II. Experimental cross sections (mb) of the residues at different incident energies.

Energy Cross section (mb)

(MeV) 1832 ()¢ 183m () 180m £ 183,
27.8£0.6 0.4+0.07 58+£25
29.7+0.5 0.7+0.12 19.6£4.4
31.5£0.5 0.5+0.09 245+4.4
332+£0.8 0.5+0.05 149+1.2
347+£0.3 22403 0.7+0.11 26.1£3.6
353+£0.7 37+£03 0.4+0.1 0.7+0.06 159+1.3
36.9£0.6 147£14 1.94+0.3 0.9+0.13 13.6+2.4
37.9+0.5 27.1+£1.5 53+04

384 +£0.6 51.7£5.0 7.0+0.9 1.9£0.23 19.1£3.8
40.0 £ 0.6 111.9+£11.1 18.4+£1.9

40.1 £0.8 127.8+16.3 20.8+3.1

41.7£0.7 182.8+23.1 27.2+3.9

41.8+0.5 203.5£19.3 26.5+2.8

429+ 0.6 275.1+£34.6 33.8+£5.6

432404 374.1£35.4 40.5+4.2

446 £ 0.4 358.2+£47.0 36.5£5.6
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would form the compound nucleus in an excited state, from
which emission of nucleons or « particles would lead to the
production of '®™Hf and '"3Ta. The possible reaction routes
are discussed below.

J

Lile +1) = ¢ + 8'Ta — ["¥W*] — OMHf 4 2p2n,

— t + 181Ta — [184w*] — 18()me+a’

Fusion of ¢, a direct breakup component of ’Li, in '3 Ta
leads to the formation of excited '**W*, which may emit 2p2n
or an o particle to form a ''™Hf, while the non-fused «
particle flies away in the forward direction:

E;, = 14.6 MeV
E,;, = no threshold. 3)

Similarly, fusion of the & component of the dissociated ’Li with '8! Ta would produce an excited composite nucleus ('*Re*),
emission of 3p2n or @ p may lead to 180mEf and the r moves in the forward direction; however, this possibility is excluded due to
the higher value of threshold energy (35.4 MeV) for the 3p2n channel, and the o p emission without 7 is less probable, although

the reaction threshold is 6.08 MeV.

It is also possible that one neutron is stripped off from ’Li to '3 Ta and the projectile, °Li, breaks into d and an « particle in
the nuclear force field. The fusion of the d component with '32Ta leads to the formation of an excited '¥*W* which may emit o
or 2p2n to produce '8*™Hf; while fusion of d in '8! Ta would form '"**W* which may emit 2pn to form '*™Hf:

"Li+ "8'Ta — °Li(d + &) + "¥*Ta

— d + 182Ta — [l84w*] — 180me+a,
— d + 'Ta — ["¥W*] — BMYHf 4 2p2n,

Li+ "¥'Ta — °Li(d + o) + "*'Ta

— d + 181Ta — [183w*] — 180me+2pn’

E,;, = no threshold
E;, = 14.4 MeV,; 4

E; = 8.3 MeV. 5)

On the other hand, absorption of an « particle by '¥2Ta would produce '*™Hf through the 3p3n channel; however, this possibility

is avoided due to the larger threshold energy 41.2 MeV.

Similarly, a p pickup by "Li from '®!Ta, would lead to the formation of "*"™Hf, and the newly formed ®Be or its dissociation

into two « particles may lead to the following:

"Li+¥'Ta — 8Be (or o + «) + 'SO™HF,

E,;;, = no threshold,

0 = 11.3 MeV. ©6)

The enhancement (~10*) in the cross section of '%°Ta as observed from Fig. 6 compared to the EMPIRE estimations, which mainly
considers the direct fusion of the "Li projectile into '¥!'Ta, may be understood in the following way.
The "Li projectile may dissolve into & + ¢, and one of the fragments may fuse to Ta target to form '#3Ta through an appropriate

channel (p or 2p), as shown here:

Lifw 4+1) = 1 + '¥'Ta - ['¥W*] > 8Ta + p,
Li(e +1) = o + ¥1Ta — ['Re*] — ¥Ta + 2p,

E,;;, = no threshold,
E;, = 15.6 MeV. 7

The neutron stripping process may also result to the formation of '%3Ta through the following:

"Li+ "¥'Ta — °Li(d + a) + '*'Ta

— o+ "Ta — [Re*] — 3Ta + 2pn,

— d+ 182Ta — [184w*] > 183Ta+p,

Similarly, a p-pickup process would lead to the following:

"Li+ '¥'Ta — ®Be (or o + ) + '8°Hf

- a+ ]80Hf - [184w*] - 183Ta+p,

Fusion of an « particle with ! Ta would follow Eq. (7) in both
stripping and pickup of nucleons.

From the analysis of residual cross sections, indirect evi-
dence of ICF for weakly bound projectiles was reported by
several groups, including our earlier study for the ’Li + *Nb
and "Li 4 ™Mo system [21,38,42]

E;;, =21.8 MeV
E,;, = no threshold. ®)
E;, = 9.6 MeV. ®

(

However, the trend of experimental data is well reproduced
by the theory throughout the energy range.

B. Isomeric cross-section ratio (ICR)

If both ground and isomeric states of a nucleus are popu-
lated in a reaction, the ratio of cross-sections of those states
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18mQs (9.9 h)
170.70 (1/27)

E(y)= 1107.9 keV
I(y) = 22.3 %; M(y) = M1

E(y)=1101.9 keV
I(y) = 49 %; M(y) = E2

1830s (13.0 h)
000.0 (9/2*)
(g + B*)%: 100

%A ».,>_ 664.1 (11/2)
PEICANC E(y)= 167.8 keV
4N%496.3 (9/27) }io)=9% Miy) - m1se2

E(y)=381.7 keV
I(y) =91.6 %; M(y) = E1

114.5(7/24) +

E(y) = 114.4 keV
000.0 (5/2*) $!(y)= 21.1%; M(y) = M1+E2¢,

83Re (70.0d)

FIG. 7. Abridged decay scheme of #*¢™MQs residues with energy
levels marked in ke V.

is termed ICR. An investigation of ICR provides information
about the changes in angular momentum and y deexcitation
processes during the nuclear decay processes. The value of
ICR is regulated by several factors such as the energy of the
projectile, spin of the target nucleus, type of particle emission,
and, more importantly, spin associated with the isomeric state.
In this case, ICR is defined as the ratio of cross sections of the
low-spin (o = op,) to the high-spin (oy = o) products. The
ground state spin of '830s is 9/2% while the isomeric state
183mQOg has the spin of 1/2~. The associated decay scheme and
the isomeric cross-section ratio of '3*Os are shown in Figs. 7
and 8, respectively. The experimental ICR data are compared
with the estimations of the Hauser-Feshbach formalism with
GC/GSM/EGSM against increasing projectile energy. The

17— 7

= e
,,,,,

@ Exp. data

A M. Ismail et al.
— — EMPIRE-GC
—--— EMPIRE-GSM
----- EMPIRE-EGSM

ICR (0/ 5,)
o
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FIG. 8. Comparison of experimental ICR values of '*3Os with
the theoretical estimations from EMPIRE3.2.2.
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FIG. 9. Production yield of '83™Qs at distinct bombarding
energies.

ICR initially increases sharply due to the enrichment of the
low-spin state of 1/27 spin; however, with the increase in
excitation energy of the nucleus, population of the high-
spin state (9/27) that is the ground state of '3Os increases.
Therefore, with the rise in incident energy, the value of ICR is
decreasing, which indicates the strong tendency of compound
nuclear reactions to produce the residual nucleus in higher
spin states in the continuum [68]. The experimental ICR
agrees well with the HF estimation with GC level density and
follows the trend of [48].

C. Yield estimation

Since the theoretical estimation of EMPIRE with GC level
density reproduces the experimental cross-sections satisfac-
torily, it could be used to estimate the production yields
of 13%0s and '®MQs at different energies as reported in
Fig. 9. The yield of '**20s dominates as compared to #*™Os
and other coproduced radionuclides. The maximum yields of
183205 and '*MQOs are estimated as ~960 MBq/C and ~100
MBq/C, respectively, at 53 MeV incident energy, where a uni-
form experimental target thickness of 3.3 mg/cm? is chosen.
It is important to note that the yield data are sensitive to beam
current (A) and irradiation time (h), which are taken as unity
in the present case. A cumulative yield, commonly known as
thick target yield (7y), of a residue could be measured if the
beam is effectively paused within the target or significantly
deteriorated near the threshold energy for the product con-
cerned. Physical Ty values for '33¢0s and '#*™Os are deduced
using the estimated cross sections of the radioisotopes and
stopping power of ’Li in "*Ta over the range from threshold
to 53 MeV energy, where the maximum production of the
radioisotopes was observed, using the relation

GNah, [P o(E
— A / oE) . (10)
E

I =17 . ()
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where o,(E) is the estimated cross-section from EMPIRE,
(8E/8X) is the stopping power of the target (MeV g~'cm?),
and E; and E are the incident projectile energy and energy of
the projectile at which the reaction cross section of the residue
becomes zero, respectively. G; is the isotopic enrichment of
the target, N4 is Avogadro’s number, A, (h™!) is the decay con-
stant of the radioisotope, M is the atomic mass of the target, Z
is the atomic number of the projectile, and e is the electronic
charge. The Ty values of '¥%20s and '®3™Qs, to cover the
range from threshold to maximum 53 MeV, are estimated as
~3530 MBq/C and ~423 MBq/C for 87.1 & 1.5mg/cm?
thick "™ Ta. It is important to note that the reported Ty of
183¢+m(g is calculated assuming the minimum contamination
of impurities within the energy region of interest.

V. SUMMARY

In this article, the production cross sections of '#*¢*™Qs
from the "Li + ""Ta reaction have been reported within the
energy range 27-45 MeV and are analyzed by comparing with
the theoretical model calculations based on the HF and WE
models with a suitable set of parameters. The HF formalism

with a coupled channel calculation for the determination of
fusion cross section reproduces the measured data fairly well
compared to the WE model, which largely overpredicts the
data. It is understood that the compound reaction mechanism
is the decisive route for the production of '83#™Qs residues.
The small cross sections of '8'"Hf and '®3Ta observed in
the reaction indicate the occurrence of breakup/transfer fol-
lowed by fusion or ICF process in the 'Li 4+ "Ta reaction
at relatively low energy. The trend of ICR describes the
effect of angular momentum and spin distribution, and hence
the formation of isomers. The maximum production yield
of 183%emQg is found at ~53 MeV, which would help to fix

the required energy window for the optimum production of
183g,mOS'
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