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A comparative decay analysis of 3°Zr*, 8Sr*, and ¥Kr* isobaric nuclear systems formed in *°Ca + *°Ca,
160 4 %4Zn, and **S + *®Ca reactions, respectively, has been conducted to investigate the N/Z dependence of
different decay modes within a dynamical cluster-decay model based on the collective clusterization approach
of quantum mechanical fragmentation theory. The comparative contributions of the emission of light particles
(LPs), intermediate mass fragments (IMFs), and symmetric mass fragments (SMFs) in the total fusion cross-
sections, Orysion, have been calculated. The results show that LPs have a major contribution to oy0, in the decay
of all three compound nuclei (CN). The percentage contribution of LPs is larger for CN with higher N /Z ratio.
The IMFs and SMFs cross-section are comparatively low in the total oy, but their emissions are in competition
in the decay process. The results show that the shape of mass distribution evolves from symmetric to asymmetric
with increasing N /Z ratio. The yield around SMFs is greater for the system having the lowest N /Z ratio. This
may be attributed to higher P, for the symmetric exit channel, particularly at higher ¢ values. The calculated
fusion cross-sections for all three CN are in good agreement with the experimental data.
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I. INTRODUCTION

Heavy-ion reactions are an effective probe to study the
nuclear structure and the characteristics of reaction dynamics.
The hot and rotating compound nuclei (CN) formed in these
reactions are de-excited from the different modes ranging
from the evaporation of light particles (LPs) to fission and
the intermediate mass fragments (IMFs) in between these two
extremes. The study of fragment production is significant due
to an increased interest in the production of “exotic” nuclei
via the decay of excited CN [1-3]. The formation and decay
of a CN into different exit channels is significantly influenced
by various degrees of freedom such as beam energy, mass
of the projectile and target combination, angular momentum,
projectile and target neutron-to-proton (N/Z) ratios, mass
asymmetry of the projectile and target combination, etc. The
entrance channel mass asymmetry () plays a crucial role
in the determination of CN formation probability for the
synthesis of superheavy elements. Studies of the heavy mass
region show that 7 and the shell structure of the colliding part-
ners leading to the same CN strongly affect the competition
between fusion and quasifission. It has been observed that, for
different mass asymmetric reactions leading to the same CN,
there is an increased compound nucleus fusion probability in
a mass asymmetric reaction compared to that in a symmetric
mass reaction [4,5]. The different mass asymmetric reactions
leading to CN with the same Z show that the shape of the
mass distribution strongly depends upon the mass asymmetry
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[6]. Also, the study of an incomplete fusion component is
reported to be influenced by mass asymmetry, which rises
with increasing n [7].

Another factor that affects the reaction dynamics and the
fragment production in the exit channel is the N/Z ratio of
CN. Several studies have shown that the fusion process is
influenced considerably by the N /Z ratios of colliding nuclei
[2,8]. The study of "8%?Kr + “°Ca reactions shows that sym-
metric splitting yields are about 30% smaller for the neutron-
rich system as compared to those for the neutron-deficient
system [2]. The staggering in fragment cross-sections oy,
superimposed on mass distribution, depends on the size of
the emitter nuclei as well as on the N/Z ratios of the emitter
nuclei. The staggering in 04 may be due to the persistence of
structure effects in fragment production mechanism. Besides,
the neutron contents of emitter nuclei are apparent from the
values of the IMFs cross-sections [9]. This raises the question
about the N/Z dependence of different decay modes and
channels, which is relatively unknown.

On the theoretical front, several approaches, such as the
Hauser-Feshbach approach, the transition-state model, and
the dinuclear system model [10-12], have been developed to
understand the various decay modes. These models are based
on distinct assumptions and involve nuclear ingredients like
fission barrier and level density to study the thermal and col-
lective properties, which influence the competition between
different decay paths. The neutron-proton compositions of nu-
clei significantly affect these quantities [13]. Moreover, some
studies near barrier have shown that the fusion mechanism is
affected by the internal structures and N/Z contents of the
colliding nuclei [8]. Therefore, it is important to explore the
decay modes of nuclei at high angular momentum and having
different N/Z ratios. Some studies have explored the role
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of the N/Z ratio in isotonic CN, whereas its influence in
the decay of isobaric CN ranging from neutron-deficient to
neutron-rich needs to be investigated further.

The influence of the discussed entrance channel parameters
has been studied in the heavy mass region and needs to be
further explored in the light mass region. The studies in light
mass region with 40 < Acny < 80 show fusion-fission pro-
cess in these systems (see, e.g., Refs. [14,15] and earlier ref-
erences in them). The binary decay of light mass systems with
A = 40-80 shows a swing towards symmetric mass fission for
A = 56-80 mass systems [14]. The CN S2pe*, ¥Cr*, and *0V*
formed in '?C 4 *°Ca, °Be + “°Ca, and °Li + “°Ca reactions,
respectively, have been studied using coincidence technique
and within the coalescence and reseparation model, which
shows the symmetric splitting of these CN. Moreover, the
measured energy spectra and angular distributions were found
to be consistent with the decay of CN [16]. The contribution
of symmetric splitting in the decay of the CN 7°Se* and 7*Sr*
has been measured [17].

In the present work, we intend to investigate the decay of
807 80K¢* and 80Sr* formed in *°Ca + *°Ca, 3%S + *3Ca,
and '°0 + *Zn reactions; all the CN have same excitation
energy, Ef&y ~ 47 MeV, in reference to the available data
[18]. Here, our aim is to address the N/Z dependence of
(a) predominant LPs emissions in the decay of isobaric nu-
clear systems Zr*, Sr*, and Kr* having A = 80, and (b) the
comparative contribution of IMFs and SMFs channels in the
decay, within the framework of the dynamical cluster-decay
model (DCM) of Gupta and collaborators [19,20].

The organization of the paper is as follows. Section II
presents in brief the collective clusterization approach of the
DCM. The calculations and results are discussed in Sec. III.
Finally, the conclusions are given in Sec. IV.

II. THE DYNAMICAL CLUSTER-DECAY MODEL

The DCM, based on quantum mechanical fragmentation
theory (QMFT) [21-23], is used to study the decay of hot
and rotating CN formed in heavy-ion reactions, which is an
extended version of the preformed cluster model (PCM) to
study ground-state decay. The decay of excited CN is worked
out in terms of (i) the collective coordinate of mass asymmetry
n=(A; — Ay)/(A; + A,) and (ii) relative separation R, with
(iii) multiple deformations B;, (with A =2, 3, and 4; i =1
and 2) and (iv) orientations 0; of two nuclei in the same plane.
These coordinates, n and R, respectively, characterize the
nucleon division (or exchange) between outgoing fragments
and the transfer of the kinetic energy of the incident channel
(E.m.) to the internal excitation [total excitation energy (TXE)
or total kinetic energy (TKE)] of the outgoing channel. The
TKE and the TXE of fragments are related to the excitation
energy of CN as E¢y + Qou(T) = TKE(T) + TXE(T).

The decay cross-section of equilibrated CN, using the
decoupled approximation to R and n motions, defined in terms
of ¢ partial waves, is [24-26]

Cma
2E

o= % Y e+ )PP, k= “h;'m', (1)
=0

where the preformation probability (Py) and the penetrability
(P) refer to n motion and R motion, respectively, and €.«
is the maximum angular momentum, defined for LPs cross-
section orps — 0, and R, is the first turning point, defined
later, where the penetration starts. The entrance channel ef-
fects in the DCM enter via the E., , the maximum angular
momentum €., or its critical value, £, which depends
on the entrance-channel mass asymmetry n [27]. The cross
section for the decay of CN, denoted as the CN production
cross-section or the fusion cross-section ofysion, 1S given as

Ofusion = OLPs + OIMFs + OSMFs + OncN = OcN + OneN,  (2)

where o1 ps, O1MEs, OsMmFs, and op,cn denote the cross sections
for LPs, IMFs, SMFs, and noncompound nucleus process
contribution (if any is present), respectively. In the present
work, however, there is no contribution of a noncompound
nucleus process. It is clear that in the DCM, the decay of the
CN into LPs, IMFs, and SMFs is treated as the dynamical
collective mass motion of preformed clusters or fragments
through the interaction barrier.

Py in Eq. (1) is given by the solution of a stationary
Schrodinger equation in 7, at a fixed R = R;:
{ U S T)}w“( )= E"y(n)

T = A= A RrR\1, n = 1),

23/B,, 91 /B, 91
3)

with v =0, 1,2, 3, ... referring to ground-state (v = 0) and
excited state solutions summed over as a Boltzmann-like
function:

[o.¢]
| P=)_ 1 ¥ I exp(—E"/T). )
v=0
Then, the probability of fragment preformation is

2
Po(A) = ¥ (n(A) 1> ——/Byy, §))
Acn

where i =1 or 2 and B,, are the smooth hydrodynamical
mass parameters [28]. Evidently, P, assimilates the structure
information of the CN which enters Eq. (3) via the fragmen-
tation potential Vg(n, T'), which is the potential energy for
all possible mass combinations A; for each mass fragmen-
tation coordinate 14. The minimized fragmentation potential
obtained is defined as
2 2 T2

Ve, T) = ) [Viom(Ai, Zi. T+ ) [8U;] exp (‘F)

i=1 i=1 0

+Ve(R, Z;, B3, 6:, T) + Vp(R, A;, B3, 0;, T)

+V€(R’ Ai’ ﬂ)\iaehT)a (6)

where V,, V,,, and V; are the temperature-dependent Coulomb
potential, the nuclear proximity potential, and the angular-
momentum-dependent potential, respectively, for deformed
and oriented nuclei. B; = Vipm(A;, Z;, T)+ 8U; (i = 1 and
2) are the binding energies of two nuclei. Vi py is the liquid
drop energy, i.e., the macroscopic part, and §U are the “em-
pirical” shell corrections, i.e., the microscopic part [29], of the
binding energies. Temperature-dependent binding energies
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FIG. 1. Variation of scattering potential with internuclear distance R for the symmetric decay of (a) 3°Zr*, (b)*Kr*, and (c) 3°Sr* with

E¢y ~47MeV at £ = 0/ and £ = €.

were obtained from Ref. [30] with its constants at T =0
refitted [24,25] to give the ground-state (7 = 0) experimental
binding energies [31], and, where the data is not available, the
theoretical binding energies of Moller ef al. [32] are used.

The penetration probability P in Eq. (1) is calculated by
using the WKB integral as

Ry

P =ex —% 2 — 172
=exp| =4 [ 2ulV(R) = Qerl} dR |, (7)

Rq
where V(R) is the scattering potential, which is calculated
as the sum of Coulomb, nuclear proximity, and angular-
momentum-dependent potentials. It is solved analytically
[33], with R, as the first turning point, illustrated in Fig. 1
for the case of the respective symmetric decay of all A = 80
CN at £ = 0 and their respective £ = £,«. The first turning
point of the penetration path, R,, is given as

R, = Ri(a1, T) + Ra(a2, T) + AR, (8)

with the radius vector R;(«;, T) defined as

Ri(0;, T) = ROi(T)|:1 +Y B Y;°><ai>], ©)

A

where
Roi(T) = [1.284;” = 0.76 +- 0.84;"*](1 + 0.000772),

(10)

with T calculated by using E¢y = (%)T2 — T. The choice of
parameter R,, for a best fit to the data, allows us to relate in
a simple way V(R,) to the top of the barrier Vy for each ¢,
by defining their difference AV as the effective “lowering of
the barrier”: AVy = V(R,) — V. Note that AVp is defined
as a negative quantity because the actually used barrier is
effectively lowered, which is a built-in property of the DCM.
This ensures that V(R,) (=Qer) lies below the barrier, as
illustrated in Fig. 1 for the symmetric decay of (a)®'Zr*,

(b) ¥Kr*, and (c) 3°Sr* at £ = 0% and the respective £max
values.

III. RESULTS AND DISCUSSION

In this section, the results for the decay of isobaric nuclear
systems having A = 80 are presented. It is studied via the
collective potential energy surface, the preformation profile,
and the summed up preformation and penetration probabilities
of different fragments. The contributions of LPs, IMFs, and
SMFs emissions towards the total fusion cross-sections are
calculated to explore the role of N/Z ratio in the reaction
dynamics.

Figure 2 shows the fragmentation potential for the decay of
807r*, 30Sr*, and 3Kr* at £ = Oh (left panels) and £ = £1ay
(right panels). One observes that the structure of potential
energy surface changes from ¢ = 0/ to £ = {y,,x. For all the
CN, LPs (A <4, Z < 2) are energetically favorable at low
angular momentum while the case is reversed at £ = fp,x,
at which the IMFs and the SMFs start competing strongly;
i.e., at lower angular momenta, the LPs are energetically
more favorable. The minima in the potential energy surface
correspond to the stable fragments, which consequently have
more preformation probabilities Py (Fig. 3) compared to the
neighboring fragments. From Figs. 2(b), 2(d) and 2(f), it is
clear that the magnitude of the potential energy minima in the
fragmentation potential for 3°Zr* is much smaller, compared
to Kr* and 8°Sr* at both £ = 0/ and £ = £,,,, showing that
807r* is more fissile compared to 8°Sr* and 3Kr*.

Furthermore, the nuclear structure effects in the decay of
CN having A = 80, and formed at same excitation energy,
E¢y ~ 47 MeV, are analyzed through the relative prefor-
mation probability (Pp) of different fragments as shown in
Fig. 3. It shows that the mass distribution changes from a U
shape with minima at symmetry (at low angular momentum)
[Figs. 3(a), 3(c) and 3(e)] to a bell shape with maxima around
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FIG. 2. Variation of the fragmentation potential V with the frag-
ment mass A for the decay of ¥Zr*, ¥Kr*, and 3°Sr*, respectively,
with Efy ~ 47 MeV at £ = 0/ (left panels) and £ = £, (right
panels).

symmetric fragments (at high angular momentum) [Figs. 3(b),
3(d) and 3(f)].

It is observed that in the decay of 8077 [Figs. 3(a) and
3(b)], the LPs ("?H, >*He) dominate at £ = 0% but with an
increase in angular momentum; i.e., for £ = £,,,x, the SMFs
(Acn/2 =+ 10) are strongly preformed. Among the IMFs, 4N
has significant Py. In the case of 80gp* [Figs. 3(c) and 3(d)],
the n-rich LPs (particularly “H) are significantly preformed at
both £ = 07 and £ = £,.x.

In the decay of 80Kr* [Fi gs. 3(e) and 3(f)], the LPs (particu-
larly 'n, *H) have relatively significant preformation values at
both £ = 0% and £ = £, 2*Mg, followed by 70, is the most
probable among the IMFs. It is to be noted here that maxima in
the SMF window (as seen in the case of 3°Zr*) disappear and
IMFs are in strong competition with SMFs. It is interesting
to note that in Figs. 3(b), 3(d) and 3(f) the mass distribution
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FIG. 3. Variation of the preformation probability P, with the
fragment mass A for the decay of ¥Zr*, 8°Kr*, and 3°Sr*, respec-
tively, with E&y ~ 47 MeV at £ = 0% (left panels) and £ = £
(right panels).

changes from symmetric to asymmetric with increasing N/Z
ratio.

To explore the role of angular momentum in the decay of
CN, the variations of summed up preformation probabilities
(3" Py) and summed up penetration probabilities (D P) for
LPs, IMFs, and SMFs with angular momentum are shown in
Figs. 4 and 5, respectively. For all three CN, in general for
LPs, Y P, is large at lower £ values and decreases abruptly
near the ¢, value. With an increase in the £ value, > Py for
IMFs shows a rise and then a fall near the £y, while Y Py
increases for SMFs. For 3°Zr* [see Fig. 4(a)], the SMFs have
the highest " Py; for 8Sr* [see Fig. 4(b)], the SMFs have
significant }_ Py followed by LPs and IMFs; and for 3Kr*
[see Fig. 4(c)], the LPs have the highest > Py followed by
SMFs. Figure 5 shows that for 807r* [panel (a)], the > P
values for SMFs and IMFs are more than those for LPs; for
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FIG. 4. Variation of the summed up preformation probability
% Py with the angular momentum £ (%) for the decay of (a) *°Zr*,
(b)¥Kr*, and (c) **Sr* with Egy ~ 47 MeV.

80Sr* [panel (b)], the > P values are the largest for SMFs
followed by IMFs and LPs; and for 3°Kr* [panel (c)], the " P
values are the smallest for SMFs while IMFs have the highest
> P values followed by the LPs.
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FIG. 5. Same as Fig. 4 but for the summed up penetration prob-
ability X P.

The above discussed factors, i.e., summed up preforma-
tion and penetration probabilities, contribute to the respective
cross sections and their total sum, i.e., Ofyson, Which are
presented in Table I. It shows comparison between the DCM
calculated cross-sections for the decay of LPs, IMFs, and
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TABLE I. The DCM calculated fusion cross-sections for the emissions of LPs, IMFs, and SMFs in the decay of Zr*, 3°Kr*, and *°Sr*
formed at the same excitation energy, E&y ~ 47 MeV, compared with the experimental data [18].

Reaction N/Zratio Ecm. L

MeV)  (n)

VCa+%Ca —> 71 > A+ A, 1.0

160 +%7n — 80 —» A, + A, 1.1 48.0 44 197
39.80 52 0.72

28 4+8Ca - YKr* > A+ A, 1.2

62.14 48 1.62

AR (fm) o (mb) oP™M (mb) o™ (mb)
LPs IMFs/SMFs LPs IMFs SMFs
1.35 37338 20.74 50.65 44477 438 4 69.44
1.55 820.48 190.78 69.89  1081.15 1095 + 110
0.72 135 0013 0.0003 1364 126 + 0.26

SMFs from A = 80 CN. Their total sums, i.e., Ofjon, have
also been compared with experimental data [18], which are in
good agreement. These results are further reinforced in Fig.
6, depicting the N/Z dependence of the percentage cross-
section oy /Ofusion. It follows from Table I and Fig. 6 that LPs
emission is dominant in all three CN. In case of 39Zr*, the
SMFs contribution towards the total fusion cross-section is
greater than the IMFs contribution. However, with an increase
in the N/Z ratios of the CN, the percentage contribution of
the SMFs cross-section decreases accompanied by an increase
in the IMFs cross-section. Further, Fig. 7 shows the cross
sections for different fragments, i.e., 04 for two extreme N/Z
ratio cases. An odd-even staggering of o4 for 5 < A < 14
fragments can be seen in the inset of Fig. 7. Moreover, it is
observed that with increasing the N/Z ratio, the odd-even
staggering decreases. It is to be noted that the structure in
Fig. 7 follows that of the preformation profile Py (Fig. 3),
through which nuclear structure effects in the decaying nu-
clear system are probed within the DCM. It indicates that

10°
AN N N
LPs
] — —]IMFs
10 3 — HFH SMFs
s SINEH NE
i 1073 NH — —
o) ] — | —
~ L — 1 -
» ] H — H
© 10"4 N\E = =
1074 N5 = —
10°4 NE = —
1.0 1.1 1.2
N/Z

FIG. 6. Variation of the percentage cross-section oy /0Gfsion
(where x symbolizes LPs, IMFs, and SMFs) with the N/Z ratio in
the decay of ¥Zr*, 3°Sr*, and 3Kr* having N/Z ratios of 1.0, 1.1,
and 1.2, respectively.

staggering effects come into play due to nuclear structure
effects in the fragment decay cross-sections.

IV. SUMMARY

The decay of isobaric nuclear systems %°Zr*, 3°Sr*, and
80K * has been studied, comparatively, within the DCM to
elucidate the role of the neutron-to-proton ratio in the different
decay channels. The decay products are calculated as emis-
sions of preformed clusters with the preformation probability
Py within the collective clusterization approach of the DCM
and their subsequent penetration with the penetration proba-
bility P through the interaction potential barrier. The analysis
depicts that LPs are the dominant mode of decay in all three
CN and the LPs contribution towards oyygjon 1S maximum for
neutron-rich system (N/Z = 1.2). The IMFs and SMFs have
smaller contributions in oyyon but they are competing in the
decay path. The percentage contribution of SMFs is higher
for the neutron-deficient system (N/Z = 1.0). The calculated
fusion cross-sections are in good agreement with experimental
data.
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FIG. 7. Variation of o4 with the fragment mass A in the decay of
807r* and *°Sr* nuclear systems.
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