PHYSICAL REVIEW C 101, 024608 (2020)

Measurement of residual cross sections in the "Li + %Y reaction up to 5.7 MeV /nucleon
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Different modes of fusion phenomena observed in the isolated experiments are not yet fully understood.
To comprehend these fusion mechanisms, more experimental studies are necessary. In view of this, a new
measurement of residual cross sections from the "Li-induced reaction on %Y has been reported in this article
within the 2.7-5.7 MeV /nucleon energy range. The y-ray spectrometry has been used to identify the residues
%Mo, **"Nb, ¥7r, °'y, and °**Y produced in the reaction. A systematic analysis of the complete and
incomplete fusion dynamics has been carried out by comparing the measured excitation functions with the
equilibrium and pre-equilibrium reaction models in the framework of EMPIRE3.2.2 and ALICE19. A strong
indication of the occurrence of incomplete fusion has been realized within the energy range considered; hence the
incomplete fusion strength is discussed in detail. The product yield of **"Mo, which is a candidate radionuclide

for radiopharmaceuticals, has been estimated.
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I. INTRODUCTION

A collision between two heavy nuclei may lead to a variety
of nuclear reaction processes such as deep-inelastic scattering,
quasifission, equilibrium (EQ), pre-equilibrium (PEQ), etc.
depending on the projectile energy and structural properties of
the interacting partners. Although the interaction of nuclei is
commonly classified in two categories: elastic scattering and
reaction, which includes mainly inelastic scattering, transfer,
and fusion, it is essential to have a thorough understanding
of the heavy-ion fusion dynamics resulting from the more
complex energy and momentum sharing process between the
two colliding nuclei around and above the Coulomb barrier.

In the case of tightly bound heavy projectiles, a significant
enhancement in the fusion cross section was observed in the
subbarrier region compared with the one-dimensional barrier
penetration model (1D-BPM). The reason for enhanced fusion
cross section was understood in terms of the internal degrees
of freedom of the colliding nuclei such as couplings of the
collective states of interacting partners and nucleon transfer,
deformation, vibration, etc. [1-5]. However, the fusion mech-
anisms of weakly bound stable (®7Li and °Be) and unstable
halo (''Li, "!'Be, and ®B) nuclei are quite multifarious.
Thus, processes like complete and incomplete fusion (CF-
ICF), elastic breakup (EBU), transfer followed by a breakup,
appear in the reaction dynamics. Full amalgamation of the
projectile (without breakup) with the target leads to the forma-
tion of the compound nucleus (CN), which is termed as direct
complete fusion (DCF); if all the chunks of the projectile
(after the breakup) fuse with the target, the process is known
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as sequential complete fusion (SCF). However, measurement
of residues could hardly describe the occurrence of DCF and
SCF since both the methods leading to the formation of the
same CN. Likewise, if one of the chunks fuses with the target
and others fly away, the process is called as ICF; if the target
captures none of the fragments, the mechanism is called EBU.

The contribution of ICF over CF for the cluster-structured
nuclei (®7Li, °Be, '>3C, '°0, and '°F) and dependency
of ICF strength fraction F;cr on different entrance channel
parameters have been studied over the past few years within
the ~3-10 MeV /nucleon energy range [6—11]. It has been
reported that F;cr increases linearly with ZpZr [11] and target
charge Zr [12] contrary to that has been observed independent
of target charge Z7 in Ref. [13]. Recently, Chauhan et al. [14]
measured the production cross sections of the residues from
the "Li 4 "'Ta reaction up to 6.5 MeV /nucleon and described
the possibility of occurrence of ICF or transfer of one nucleon
followed by ICF in the «-emitting channels. However, beyond
the critical energy of ~15 MeV /nucleon, none of the breakup
fragments fuse in the peripheral collisions, and the probability
of occurrence of the ICF process gets reduced [15]. In central
collisions such as CF, a projectile transfers its total angular
momentum to the target within the limit of 0 < [ < I, while
in peripheral collisions and the ICF process, partial angular-
momentum transfer occurs with / > [.;. For the latter case,
the potential pocket vanishes, and it restricts the fusion of
colliding nuclei until a fragment of the projectile becomes free
(P spectator) to release viable angular momentum. After its
emission, the remnant fragment (P/: participant) moves with
the remnant angular momentum (/') [15,16].

The enhancement of the CF cross section at the subbarrier
energies, hindrance in the deep subbarrier, and suppression
in the above-barrier region have also been reported for the
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weakly bound stable projectiles [17,18]. In the existing liter-
ature, no suppression in the fusion cross section was noticed
for the weakly and tightly bound projectile-induced reactions
on the light and medium-light mass targets [19,20], while
~20%-35% suppression in the fusion cross section was ob-
served for the weakly bound projectile-induced reaction in
the medium and light heavy-mass targets like °Li+ °*%Zr,
14451'1’1, 7L1 + 144,154Sm 159Tb and ()Be + 89Y, 144Sm as
compared with the coupled-channel (CC) calculations without
considering breakup and transfer couplings [21-27]. How-
ever, for the reactions with heavy-mass targets, ®’Li + 2®Bi
and °Be + 2%®Pb, ~30%—40% suppression in CF has been
reported [28]. Nucleon transfer followed by breakup has been
observed for the "Li projectile: breakup into o + « after a
proton pickup from the target and that into o 4 d after a
neutron striping from the projectile to the target; however,
the o + « channel is less probable as compared with o + d
and o + ¢ (direct breakup) [29,30]. It was shown that breakup
of "Li into « +d is more favored compared with o + ¢
channel in "Li+ %Cu reaction [31]. Gull et al. [32] reported
ICF analysis in the «-emitting channels using recoil-range
distribution and observed that ICF strength fraction increases
with Zr. Our group has also investigated the CF-ICF reactions
for "Li+""Mo, "Li+**Nb, and "Li+"*Ta systems within
the 3.5-7 MeV /nucleon energy range [6,9,14], reported the
study of EQ and PEQ reaction processes in 'Li-, *Be-, ''B-,
and '?C-induced reactions on the medium-mass targets which
could produce some medically relevant radionuclides such as
“TRu (2.83 d), '°""Rh (4.34 d), and 2°"?'°At (1.63-8.1 h)
[33-45]. The contribution of PEQ emissions was observed in
the high-energy tail of the excitation function, particularly in
the 3n channel [33,34,46].

In view of the discrepancies observed in the weakly bound
projectile mediated reactions, more experimental data are
required to understand the phenomena, especially in the light-
medium and medium-mass targets. This article describes a de-
tailed study of the fusion mechanism, contribution of CF and
ICF processes, and ICF strength fraction for "Li+ %Y sys-
tems within 19-40 MeV energy range. Experimental details
of this work have been presented in Sec. II, the description of
model calculations has been provided in Sec. III. Section IV
sheds light on the analysis of measured data, and finally, Sec.V
concludes the report.

II. EXPERIMENTAL DETAILS

The experiment was performed at the 14UD BARC-TIFR
Pelletron facility, Mumbai, India. Self-supporting thin foils
of pure (99.99%) natural *Y and ?’Al were prepared by
proper rolling. The thickness of Y and Al foils were ~2—3.9
mg/cm? and ~1.5—3.0 mg/cm?, respectively. Each stack
of targets was assembled by using two or three foils of Y,
the Al catcher foils were placed behind each target foil to
catch the recoiled residues in the forward beam direction
and also for the beam energy degradation so that suitable
energy separation between successive target foils could be
accomplished. Each stack of targets was bombarded by the
"Li beam; the beam energies were in the range 19-40 MeV
in the laboratory frame of reference. The average beam flux

Catcher foils /
Energy degrader

Target Faraday cup

7Li3* peam

FIG. 1. Schematic diagram of target-catcher foil arrangement
that was used in the experiment.

("Li**) was &7 x 10'° particles/s during the experiment. The
beam current was maintained almost constant, and the average
charge of 2456 uC was collected for each set of irradiation.
The total charge was measured by an electron-suppressed
Faraday cup installed behind the target stack. The schematic
setup of the stack-foil arrangement has been shown in Fig. 1.
The energy degradation of the incident beam in each foil of
a stack has been predicted using the Monte Carlo-simulation
based SRIM (the stopping and range of the ions in the matter)
code [47]. The projectile energy at a particular target is the
average of the incident and outgoing energy.

After the end of bombardment (EOB), the populated
residues in each target (3°Y) foil were identified following
their characteristics y rays and decay profile with the help
of y-ray spectrometry. The large-volume high-purity germa-
nium detector used in this study was precalibrated using the
conventional sources '*’Cs (30.08 y), '*?Eu (13.517 y), and
®Co (5.27 y) of known activity. The energy resolution of
the detector was 2.0 at 1332 keV y rays of *°Co. The spec-
troscopic properties of the residues are tabulated in Table 1.
The unique characteristic y rays have been used to measure
the cross section of the ith residue at the energy E using the
following activation relation:

Aity
oi(E) = e W)
£y 0y pigp(1 — e=)(1 — e7*)

where A; is the decay constant, N;(¢) is the area counts under
the photopeak, geometry-dependent efficiency of the detector
is &,, branching ratio of characteristic y ray is ), p;, is the
areal density of target nuclei, incident beam flux is ¢. The
counting time, irradiation time, and the waiting time between
the EOB and measurement are denoted by f., f., and f,,
respectively.

The sources of uncertainty in the cross section measure-
ment are the following:

(1) Maximum inaccuracy in the target thickness measure-
ment was estimated as ~2%.

(2) Uncertainty in the measurement of geometry depen-
dent efficiency of the detector was <2%.
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TABLE 1. Nuclear spectroscopic data [61] of the populated residues in "Li 4 %Y reaction.

Residue Jr Ti) Decay mode (%) E, (keV) L, (%)
BmMo 21/2+ 6.85h IT? (99.88), 263.05 57.4
e’ +8%(0.12) 684.69 99.9
1477.14 99.1
2mNb 2+ 10.15d € + B+ (100) 934.44 99.15
87r 9/2+ 78.41 h €+ B+ (100) 909.15 99.04
my 9/2+ 49.71 min IT (100), B~ <(1.5) 555.57 95.0
S0my 7+ 3.19h IT (100), B~ (1.8 x 1073) 202.53 97.3
47951 90.74

#]someric transition.
"Electron capture.

(3) Due to the fluctuation in beam current, error in the
incident beam flux was considered to be ~6%—7%.

(4) Dead time of the detector was kept <10% by adjusting
the geometry of measurement. Statistical error in the
background-subtracted peak area count, which was
varying for each residue at different projectile ener-
gies, has been considered in the error calculation.

(5) There may be a finite error in the estimation of beam
energy due to the degradation of energy in the succes-
sive target-catcher foils. However, energy straggling is
expected to be small [48,49].

Total error corresponding to each cross section has been
estimated considering all those factors, and the measured
data are reported in this article up to 95% confidence level.
The uncertainty associated with the estimation of the incident
projectile energies includes the error in the SRIM calculation
and the determination of target thickness.

III. MODEL CALCULATION

The reaction model code ALICE19 [50] is based on the EQ
and PEQ reaction processes, however, it adopted Weisskopf-
Ewing (WE) formulation for EQ, Monte Carlo formulation
of hybrid- or geometry-dependent hybrid model (HMS) for
PEQ reaction [50], and Bohr-Wheeler approach for fission
modes. The code is applicable for light as well as heavy
incident particles. In the framework of this code, one could
select different level densities such as Fermi gas (FG) with
back-shifted pairing, Kataria-Ramamurthy (KR), Obninsk,
and Gilbert-Cameron model (GCM). Therefore, we consider
the s-wave approximation and three nuclear level densities
such as FG, KR, and GCM in the present calculation within
the framework of ALICE19. Since KR and GCM are invariant
with respect to the level-density parameter, we consider the
effect of the level-density parameter a = A/K in the FG
model, where A is the mass number of the compound nucleus,
and K is an adjustable parameter; the value of K is 9, 10, and
11 in our calculation. At each stage of the deexcitation, the an-
gular distribution of emitted particles, which are mostly from
the PEQ process, is calculated by the Chadwick-Oblozinsky
linear momentum conservation model. ALICE19 considers the
classical sharp cutoff algorithm as well as the nuclear optical

model for the estimation of inverse reaction cross sections.
Binding energies and Q values of the spallation nuclide, n,
p, and « are calculated internally from the Myers-Swiatecki
mass formula (Lysekil).

The nuclear reaction model code EMPIRE3.2.2 [51] has
been used for the estimation of cross sections of the residues
from the "Li+ %Y reaction to interpret the measured data.
EMPIRE considers three significant types of reactions of heavy
projectiles: direct reactions, PEQ, and EQ or CN reactions
in its framework. The direct reactions are estimated by the
coupled-channel (CC) approach and distorted-wave Born ap-
proximation (DWBA). The CC method is useful to study the
elastic-scattering channels and low-lying states, which are
strongly excited in inelastic scattering for deformed nuclides.
Whereas the DWBA is valid for small deformation and is
commonly used for inelastic scattering, for both strongly
and weakly coupled levels, the simplified coupled-channel
approach (CCFUS) [52] is used for heavy-ion fusion. EMPIRE
uses quantum-mechanical and phenomenological models for
PEQ processes. The quantum-mechanical PEQ models are
based on the multistep direct (MSD) and multistep compound
(MSC) theories, while phenomenological models are the ex-
citon model (EM) and the Monte Carlo pre-equilibrium code.
However, the understanding of PEQ reactions for the heavy
ions is not yet evident in the quantum-mechanical models;
hence, they are not popularly used. The EM has been used
to calculate PEQ emissions in the present calculation, and the
Hauser-Feshbach (HF) formalism has been used to estimate
the EQ cross sections of the residues with width fluctuation
correction, necessary to establish a correlation between the
incident and exit channels. To investigate the effect of nu-
clear level-density models in the residual cross sections, three
phenomenological level-density models: the Gilbert-Cameron
Model (GCM) [53], the generalized superfluid model (GSM)
[54], and the enhanced generalized superfluid Model (EGSM)
[55], have been used. In all the level-density models, EMPIRE
considers the collective (rotational or vibrational) excitations,
which enhanced the theoretical cross sections.

IV. DATA ANALYSIS AND DISCUSSIONS

The Li-induced reactions in #Y led to the formation of
Bmpo, P2"Nb, 8¥7r, 'y, and "y radionuclides within
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FIG. 2. Typical y-ray spectrum of the 39.4 MeV "Li-irradiated
89y collected 49 min after EOB. The energy of the y-ray peaks is
in keV.

19—40 MeV incident energy. The residues were identified
from their characteristic y rays and decay profile. A typical
y-ray spectrum of the "Li-irradiated %Y target at 39.4 MeV
incident energy, collected after 49 min of the EOB, is shown
in Fig. 2 where residues are indicated corresponding to their
characteristic y peaks. The dead-time corrected peak area
(background subtracted) of all the unique y rays of each
residue was analyzed to measure the activity, and the cross
sections of the residues were calculated from Eq. (1). Ex-
perimentally measured cross sections, tabulated in Table II,
are compared with the theory as presented in Figs. 3-5. The
CF and ICF cross sections, along with the variation of ICF
strength fraction Fjcp, are portrayed in Figs. 6 and 7 with
respect to the incident energy. The experimental data are
shown by symbols with uncertainty, while lines present the
theoretical predictions.
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FIG. 3. Comparison of measured cross sections of **"Mo with
theoretical predictions from ALICE19 (denoted A19) with KR, GCM,
and FG (witha = A/K, K =9, 10, 11) level-density models.

A. Residual cross sections

The measured cross sections of *"Mo are compared with
the theoretical cross sections estimated from ALICE and EM-
PIRE, as presented in Figs. 3 and 4(a).

It is evident from Fig. 3 that the trend of the measured
cross sections of **"Mo is well reproduced by the excitation
functions obtained from ALICE, which uses the WE and HMS
models with FG, GCM, and KR level density. The effect in
residual cross sections has also been studied by varying the
level-density parameter (@ = A/K, K =9, 10, and 11) within
the framework of the FG model. Note that two other models,
KR and GCM, stay invariant under the change of level-density
parameter; hence K = 10 has been used for those calculations.
It could be noticed that all the level-density models show a
similar trend throughout the energy range. Although all the

TABLE II. Cross section of residues at various incident energies.

Energy Cross section (mb)

(MCV) 93mMO 92mNb 91mY 9OmY Z Ores
19.4 +£0.7 6.3 = 0.9 20+ 03 0.7 £ 0.1 9.0 £ 0.9
21.5+0.7 36.2 + 4.2 3.8 £ 0.5 1.5 £02 415 + 4.2
23.5+0.6 85.2 £ 9.1 52 £ 0.6 2.8 £ 04 93.2 £ 9.1
245£0.6 1614 £+ 16.4 156 £ 3.4 63 + 1.8 44 £ 0.6 187.7 + 16.8
26.8 +0.8 235.4 + 23.1 18.7 £ 3.2 104 £ 2.3 6.9 + 0.9 271.4 + 234
29.1 £0.7 346.7 £ 33.6 224 £ 3.8 114 £ 2.2 116 £ 1.4 392.1 £+ 33.9
31.3£0.8 396.8 £ 38.6 239 £ 3.8 32 £ 0.6 124 £+ 14 18.8 £ 2.3 455.1 + 38.8
34.1+0.8 335.6 + 32.7 295 + 4.4 143 £ 2.0 135 £ 1.5 225 £ 25 4154 £ 332
36.7+0.8 283.3 £ 27.7 333 £ 49 446 £5.9 13.0 £ 14 28.3 £ 3.0 402.5 + 28.9
39.4+£09 2233 £ 21.8 52.8 £ 8.7 111.1 + 121 146 £ 1.5 379 £ 3.9 439.7 £ 26.7
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theoretical predictions of EMPIRE3.2.2 (denoted by EMP3.2) and ALICE19.

excitation functions are close to each other, the absolute cross
sections differ within ~18-35 MeV whereas, beyond 35 MeV,
the cross sections are approximately equal. Among others, FG
with K = 11 is close to the experimental data <35 MeV, but
it starts deviating beyond it. Altogether, the relative difference
between the KR, GCM, and FG (with K = 11) is &3%-25%
in the lower-energy range while it is <5% in the higher-energy
range. Critical observation shows that the FG level density
with a = A/10 and the KR level density offer the best result in
this case, and they are very close to each other. Therefore, the
ALICE calculation with KR and FG with a = A/10 has been
used for further analysis.

In general, it may be observed in Fig. 4 that ALICE and
EMPIRE reproduce a similar shape of the excitation functions
throughout the energy range. It is evident from Fig. 4(a) that
the shape of the experimental excitation function is satis-
factorily reproduced by the EMPIRE estimations, which have

used HF and EM with three different level-density models:
EGSM, GSM, and GCM, throughout the energy range. On
the other hand, ALICE with FG and KR level density shows the
same trend of excitation function, but it overpredicts the data
throughout the energy range. On the other hand, EMPIRE level
densities are very close to each other and reproduce well the
experimental cross sections up to x25 MeV, beyond which
they start diverging. However, the EGSM estimation repro-
duces the data more accurately throughout the whole energy
range while GSM and GCM are found to be ~10%—-20% less
than the measured data beyond ~30 MeV. Thus the production
of %Mo in the 3n channel in our observation has resulted
from the PEQ and EQ neutrons. A similar trend of the cross
sections was observed for the residues produced through the
3n channel in various heavy-ion-induced reactions [33,34,46].
It is established that PEQ nucleons have slightly higher energy
compared with the emission of fully equilibrated nucleons.
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FIG. 5. Comparison of total fusion cross sections oy, as a func-
tion of energy Ej,, with EMPIRE3.2.2 and ALICE19.

Thus, mixing of PEQ with EQ processes is necessary for the
best reproduction of the experimental data.

The residues °?"Nb and %Zr, which are expected from the
Li¥Y, p3n)?*"Nb and "Li(**Y, «3n)¥Zr reactions, have
enhanced cross sections as compared with EMPIRE and ALICE,
except for **"Nb where EMPIRE with GSM describes the data
points beyond 34 MeV energy, as contemplated in Figs. 4(b)
and 4(c), respectively. To evaluate if the a-emitting channels
are produced via CF, a sum of the measured cross sections of
olmy and "y, whose productions are commonly assumed
through the ap and apn channels, have been compared with

the theoretical model calculations using the same set of input
parameters that are used for the reproduction of 3n channel, as
shown in Fig. 4(d). It is worth mentioning that the measured
cross sections are significantly large compared with EMPIRE
and ALICE, both of which consider the complete fusion of
"Li in ¥Y in its calculation kernel. Thus, the observed
enhancement in cross sections may be attributed to the ICF
process.

The measured total fusion cross section, which is the sum
of cross sections of the residues at a particular energy, has
been compared with the predicted one from EMPIRE and ALICE
in Fig. 5 over the energy range considered. The relative
difference between the fusion cross sections of EMPIRE and
ALICE is ~18%, and the reason is possibly due to the adoption
of two models for it; EMPIRE uses a simplified coupled-
channel approach (CCFUS), and ALICE relies on the parabolic
optical model to estimate the fusion cross section. The present
measurement produces only ~38% of the total cross section
estimated by EMPIRE, because the measured residual cross sec-
tions are analyzed mainly by using the EMPIRE platform. The
observed difference, as seen in Fig. 5, between the measured
and predicted values might be due to the following reasons:
(i) in the breakup of ’Li, some of the incident flux gets lost
before the interaction, and this breakup effect is not included
in theoretical calculations; (ii) short half-lives of the residues
or some of the stable residues, which are populated through
the xn, pxn, and axn channels could not be measured by the
present method.

Due to the low breakup threshold of the weakly bound
and cluster-structured "Li projectile, it breaks up in the nu-
clear force field, and it has been confirmed by many on-line
experiments that could observe the transfer channels such
as ("Li, °Li), ("Li, Li), ("Li, ®Be), ("Li, °He), ('Li, He)
followed by breakup into o +d, @ + p, @ + o, o + 2n, and
o + n, respectively [56-58], and the direct breakup of ’Li
into « 4+t [30,58]. Hence the large production cross section

ICF analysis
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1 z"Gmpxni-oc3n+p3n Eth data 1
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FIG. 6. (a) Variation of CF and ICF cross sections, and (b) variation of ICF strength fraction with projectile energy for "Li + %°Y reaction.

Fitted line is to guide the eye.
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the Coulomb barrier in the laboratory equivalent.

of 91m:90my 92mNb,_ and 3°Zr could be due to the interplay of
CF and ICF processes.

CF: Complete fusion of “Li in *Y leads to the forma-
tion of a compound nucleus **Mo* in the excited
state which may decay through the emission of light
particles (e.g., p, n, @) and produce residual nuclei

[Eq. I
Li+ ¥y — [**Mo*]
— P"Mo+3n, E,; = 11.01 MeV

— 2Nb +p + 3n,
— Zr 4o+ 3n,
— MY ta + p,
— My ta+p+ta,

E;, = 19.26 MeV

E.; = 15.71 MeV

E;, = 0.0 MeV

Ey, =441 MeV. (2)

ICF: ’Li may break up into its constituent fragments (o +
t), and one of the fragments fuses with the target
nucleus, forming a reduced CN, and remaining one
fly away in the forward direction as a spectator. The
following ICF processes could be responsible for the
vast production of 2mNb, 37r, 'y, and 2"y in
the "Li + %Y reaction. A quantitative analysis of the
ICF is discussed in the next section.

(a) The fusion of an « particle, a direct breakup
component of "Li, in Y leads to the forma-
tion of **Nb in the excited state, which may
emit neutrons and protons to form °*"Nb, Zr,
my and °'y [Eq. (3)], and  moves with the
proportionate velocity as a spectator. Similarly,

fusion of ¢ in Y may result in the production
of ¥7r, 0y, and 'Y via the 3n, pn, and p
channel, respectively:

Li(a +1)
—Sa+ ¥y > [93Nb*] — 2MNb +n,
E; =721 MeV
— ¥Zr4p+3n, E;=33.35MeV
E;, = 14.12 MeV
E;;, = 22.40 MeV.
(3)

However, the possibility of %Zr production
through the fusion of an o particle in %Y is
unlikely due to its high reaction threshold of
33.35 MeV.

(b) One-neutron stripping from ’Li in the nuclear

force field leads to the formation of *°Y (or
QOmY)’ and °Li may dissociate into « + d; fu-
sion of one of the breakup components (« or d)
with the target nuclei ®Y or *°Y may yield
the production of **"Nb, ¥7r, *'"y, and "y
through the emission of light particles, and the
other component moves in the forward direction
as spectator.
However, the production of 87 through the
Ny (d, 3n)%°Zr reaction is favorable as com-
pared with “0Y (a, p4n)¥Zr reaction due to its
large threshold energy.

(c) One-proton pickup by ’Li from the target forms
an unstable 8Be, which possibly breaks up into
o +a, and ®8Sr. If any one of the « particles
fuses with 3%Y, it would lead to the produc-
tion of *>"Nb, %Zr, "y, and °'"Y following
Eq. (3). Similarly, the fusion of an « particle in
88Sr could produce ¥Zr, *'y, and *"y, while
the remaining o« particle moves in the forward
direction with its initial velocity. The optimum
Q value for the one-proton pickup by ’Li is
comparable with the ground-state Q value within
the incident energy range.

— My 4op,

— My 42p 4 n,

Although several favorable routes that include both CF and
ICF processes could contribute to the production of °'Y and
%0my a direct fusion of ’Li, and the fusion of ICF fragments
(aort) in 37y are more likely. Neutron stripping from the
"Li to the 3%Y is also another appealing route of formation
of 9OmY'

The total residual cross section (D 0ps) from the
"Li+ %Y reaction at various projectile energies, and the
measured residues are listed in Table II.

B. Analysis of incomplete fusion

An analysis of the observed enhancement in cross sections
of the residues, “2"Nb, %°Zr, %"y, and %Y has been
carried out to understand the contribution of ICF processes by
comparing them with the theoretical model calculations from

024608-7



RINKU PRAJAPAT AND MOUMITA MAITI

PHYSICAL REVIEW C 101, 024608 (2020)

EMPIRE up to 40 MeV energy. Since EMPIRE does not consider
the break-up or ICF mechanism in its calculation, the produc-
tion cross sections of the residues are purely from the com-
plete fusion of "Liin #Y. It has been observed that the cross
sections of **"Mo, produced through the 37 channel, is well
described by EMPIRE with the EGSM level density, while the
deployment of the same set of input parameters in EMPIRE
largely underpredicts the residual cross sections of °2'Nb,
89Zr, 90my and °'Y. Thus, the observed enhancement in
the measured cross sections is attributed to the ICF reactions,
and the ICF strength has been analyzed with the help of the
data-reduction method [6,8,27].

The total cross section of the ICF processes (ojcr) is
calculated from the «- and p-emitting channels by using the
relation

> a3n+aptapn+p3n
E O|cF = Orp -

where o7p and ocp are the sum of experimental cross sec-
tions and theoretical cross sections estimated from EMPIRE,
respectively. A comparison has been made between the sum
of measured cross sections (blue line) from «3n, ap, apn,
and pxn channels (o7r), the theoretical predictions (black
line) from EMPIRE for those channels (o¢r), and the ICF cross
sections (red line; o;cr), depicted in Fig. 6(a). It is worth
mentioning that the relative separation between the TF and
CF cross sections increases with increasing projectile energy
[Fig. 6(a)], it signifies that the breakup probability of the
weakly bound "Li projectile increases with increasing energy;
a similar trend was observed in Refs. [6,8].

To quantify the contribution of ICF over CF, ICF strength
fraction (F;cr %) has been defined as F;cr = (o0jcr /o}‘}?‘)r) X
100%, where o}}}i‘” is the total theoretical fusion (sum of all
residues) cross section predicted by EMPIRE. The variation of
Fcr has been shown in Fig. 6(b), which shows an increasing
trend of F;cr with respect to the increasing projectile en-
ergy. Ficp varies between ~1%-11% within the experimen-
tal energy range, 19—40 MeV, resulting in an average Fjcp
contribution of 3% per channel. The line fit through the data
in Fig. 6(b) is to guide the eye.

o > a3n+aptapn+p3n
CF ’

1200 p———————————f—————————
L (a) @ "Li+%Y 'Present'

1000 - A TLi+natMo 'Kumar 2017"
—_ [ Linear fit T
2 300 .
E

2 600 -
o]
400 | .
200" \¥= 22578x + 1199.6 i
ol v"°=30880x + 172522 o |
PR TR T T R S S TR T PRI R al
0.02 0.03 0.04 0.05 0.06

1E,,, (MeV )

Figure 7 depicts the variation of F;cr for the o channels
as a function of reduced energy (Epn/Vy) from the "Li in-
duced reactions in ¥y, **Nb, and "*Mo [6,9]. Although ICF
fraction shows an increasing trend for all the systems, yet it
is relatively higher for "Li 4 "*Mo reaction as compared with
"Li+%y and "Li+ **Nb. It is worth mentioning that Kumar
et al. [6,9] considered five axn and one wxn channel for the
"Li+"Mo and "Li + >*Nb reactions, respectively, while we
could include three o channels for the "Li+ %Y reaction to
calculate the contribution of ICF strength fractions.

C. Nuclear potential parameters

Determination of nuclear potential parameters such as the
barrier height between the interacting nuclei and barrier radius
from the experiment is important to follow the nature of
heavy-ion reactions. However, it is hard to extract the fusion
barrier from direct methods; therefore, it is indirectly obtained
from the measured fusion cross section (sum of the residual
cross sections) data. The theoretical models which are based
on the 1D-BPM can predict the fusion cross sections. For low-
energy light-ion reactions in the intermediate-mass region,
the contribution of direct processes remain negligibly small;
hence op,s &~ o,. Therefore, the fusion cross section oyp,s can
be expressed as

Otus(Eem.) = 52 Y (2 + DTy(Eem.).
=0

“

The probability for the absorption of the /th partial wave
Ti(Ecm.) = [1 4 exp{(27 /liw)(Viyy — Eca)}]™" can be ob-
tained by using Hill-Wheeler approach; Vy; is the barrier
height in MeV corresponding to angular momentum /, w; is
the vibrational frequency of the harmonic oscillator in the
parabolic potential, and E. j, is the energy of the center-of-
mass system. The parameter w; and the effective interaction
potential V; is related by

w2 arv, 17
hoy = | —— ,
w dr? R,
1200 Tttt
(b) 7y ., 93 ]
1000 F ¢ 'Li+°°Nb 'Kumar 2016" |
} Linear fit
)
800 -
E
¢
2 600 ¢ -
©
400 1
2001 Nb_ 51463x +1372.6 . 1
i — a1 a1 i el i i 1
0.02 0.03 0.04 0.05 0.06

1E,,,, (MeV )

FIG. 8. Variation of total fusion cross sections oy, as a function of energy (1/E. ,.) for (a) TLi+%¥y (blue circles) and "Li 4+ "*Mo; Kumar
2017 (black triangles) [6], and (b) "Li + **Nb; Kumar 2016 (wine color) [7] reactions. Solid lines are linear fits through the data.
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where ©, R; are the reduced mass and the radial separation
of the colliding partners for /th partial wave. Similarly, Aw;
is referred to as the barrier curvature of the fusion barrier for
the /th partial wave. If the curvature and barrier radius R are
independent of angular momentum (I = 0) then they can be
approximated as the S-wave values hiw; = fiw and Ry = Ry,
hence the extraction of the fusion barrier can be done from
a fitting of the measured fusion cross section with Wong’s
formula [59] [Eq. (§)]:

R} hw

2
O'fus(Ec.m.) = In {1 + exp I:%(Ecm - Vh)i| }7 (5)

c.m.
where V},, Ry, and /iw are the barrier height, barrier radius, and
barrier curvature, respectively. For the energies well above the
Coulomb barrier, i.e., Ecm. — Vp 2 hw/2m, Eq. (5) leads to
the simplified classical fusion cross section

Vi
EC.m. ) ’ (6)

which shows a linear dependence of o, on 1/E, ,,. above bar-
rier energies. The total residual cross sections oy, measured
from the "Li+ %Y reaction are linear in inverse incident
energy, as shown in Fig. 8(a). Three higher-energy points
have been omitted here to obtain the best linear fit through
the measured data to estimate the Coulomb barrier, because
it is known that Wong’s formula quickly deviates from reality
for light systems as the energy increases [60]. The estimated
barrier height and radius from the measured cross sections are
18.82 MeV and 6.18 fm, respectively, whereas the predicted
barrier height from the Bass model is 16.38 MeV, which is
close to our measurement. The calculated barrier radius from
R, = 1.2(A11,/3 +A1T/3) is 7.65 fm, where Ap and Ar are mass
numbers of projectile and target, respectively.

A similar trend in the measured of, has also been ob-
served for "Li+ *Nb [7] and "Li + "*Mo [6] with respect to
1/E. m., as depicted in Figs. 8(a) and 8(b), respectively. From
the linear fit of the data, the values of V,, and R, have been
calculated for the "Li + **Nb [7] and "Li + "*Mo [6] systems
in the similar mass range to compare with those obtained from
the "Li + %Y system, and are tabulated in Table III. Although
a good agreement has been observed between the experimen-
tal and theoretical values, the measured V, is slightly high for
"Li+ %Y and slightly low for "Li + **Nb compared with the
expected barrier heights.

Ofus(Eem.) = 7TR12,(1 -

D. Application of **"Mo

Due to its moderate half-life of 6.85 h and high-intensity
y lines of 263.05 keV (57.4%), 684.69 keV (99.9%), and
1477.14 keV (99.1%), **"Mo among other radioisotopes of
molybdenum has the potential to be used in radiopharmaceu-

TABLE III. Nuclear potential parameters for various ’Li-
induced reactions.

V,[MeV] R, [fm] V,[MeV] R, [fm]
Reaction (Expt.) (Expt.) (Calc.) (Calc.)
Li+¥y 18.82 6.18 16.38 7.65
"Li+%Nb [7] 16.14 6.88 17.12 7.73
"Li+""Mo [6] 17.90 7.41 17.45 7.78

tical science, diagnostic imaging, or for therapeutic purposes.
The maximum production cross section of 396.8 £ 38.6 mb at
31.3 MeV energy has been measured for **”Mo, which could
produce ~374 MBq/C activity at a 3 mg/cm? target. Since the
production cross sections of other radionuclides ( 2mNb, 87r,
my . and °'™Y) at this energy and below are significantly
low, minimal undesired activity is expected to be present in
the thick-target yield of **"Mo. However, pure **"Mo could
be obtained from the ®Y matrix by employing a suitable
chemical separation technique.

V. CONCLUSION

This paper reports the first measurement of the residual
cross sections of Mo, *2"Nb, ¥7Zr, %y and °'"Y from
the "Li+ %Y reaction up to 40 MeV incident energy. The
cross-section data have been analyzed by using the framework
of the theoretical EQ and PEQ models. It shows that the
mixing of EQ and PEQ models is the key to reproduce the
cross sections of **"Mo produced in the 3n channel, indicat-
ing the role of the CF process. It is speculated that the ICF
processes plays a substantial role in the production of **"Nb,
87r, 9my, and °'"Y residues, which are also expected to
be produced through the p- and o-emitting channels after the
complete fusion of "Li in %Y. The ICF strength fraction has
an increasing trend with increasing projectile energy. Nuclear
potential parameters are estimated from the measured data
and are in good agreement with the theoretical parameters
estimated from the Bass model. The cross-section data over
a wide energy range might be useful for the optimized pro-
duction of **"Mo for applications.
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