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Abstract. The fission timescale of the compound nucleus (CN) 2 Rn, formed through the reaction 2Si+!7*Hf,
has been investigated using pre-scission neutron multiplicities as a diagnostic probe within the excitation energy
range of 61-90 MeV. The obtained results for the 2°°Rn system have been compared with available experimental
data for other radon isotopes (208210212214216R ) to examine the influence of shell closures on the total neutron
multiplicity. A distinct trend has been identified in the neutron-to-proton (N/Z) ratio dependence, wherein the
total neutron multiplicity decreases as the compound nucleus approaches shell closure and subsequently in-
creases as it moves away from it. Furthermore, clear signatures of shell effects have been observed at excitation
energies exceeding 50 MeV; an energy regime where such effects were not reported in earlier investigations.

1 Introduction

To investigate the underlying nuclear dynamics govern-
ing low-energy heavy-ion collisions, a range of exper-
imental observables are employed, including measure-
ments of fragment mass, total kinetic energy (TKE), par-
ticle multiplicities, angular distributions of fission frag-
ments, and their mutual correlations. Among these, the
pre-scission neutron multiplicity (Mpe) has emerged as
one of the most effective probes for assessing the fission
timescale in heavy-ion-induced fusion—fission (HIFF) re-
actions [1]. This efficacy arises from the fact that neu-
trons emitted from the compound nucleus prior to scission
are kinematically distinct from those emitted by the fis-
sion fragments, thereby enabling precise determination of
their multiplicity. Experimental observations have consis-
tently revealed pre-scission neutron multiplicities signif-
icantly exceeding the predictions of conventional statis-
tical models describing compound nucleus decay [1, 2].
Analogous deviations have also been reported for pre-
scission light charged particles [3] and Giant Dipole Res-
onance (GDR) y-rays [4]. Extensive experimental investi-
gations employing diverse projectile—target combinations
[5-24] have been conducted to elucidate the influence of
entrance-channel dynamics, shell effects, N/Z, excitation
energy, and other relevant physical parameters on these
phenomena. Nuclear dissipation significantly influences
the dynamics of HIFF. Studies across the various mass re-
gions highlight its role, along with entrance-channel ef-
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fects, in shaping nuclear evolution and compound nucleus
formation [9-13, 16, 25-31]. In particular, the entrance-
channel mass asymmetry, @ = (A; — A,)/(A; + Ap), serves
as a key parameter governing the dynamical progression
of the dinuclear system.

Further investigations revealed that dissipation is relatively
weaker in shell-closed nuclei compared to neighboring
open-shell systems [7, 29, 32]. Studies also suggest that
with increasing excitation energy, the shell effect on M
weakens progressively [9, 32]. In our recent investigation,
it was observed that below the shell closure, the dissipation
within the compound nucleus exhibits an increasing trend
with rising excitation energy. At the shell closure, the
dissipation remains nearly constant with further increase
in excitation energy, whereas beyond the shell closure, it
gradually decreases as the excitation energy continues to
rise [30]. Only limited experimental and theoretical stud-
ies have explored the impact of N/Z on pre-scission neu-
tron multiplicity in the past. W. Ye [33] reported that M
increases with an increase in N/Z, whereas Sandal et al.
[9] observed no distinct trend in dissipation strength with
respect to N/Z.

In this study, we first correlated our experimental results
with shell closure systematics, along with existing experi-
mental data on neutron multiplicities. We then compared
our observations with predictions from a dynamical model
code [34] to estimate the fission time scale. Additionally,
we evaluated the influence of shell closure on the N/Z ratio
for the present measurements and compared these results
with available data reported in the literature.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Table 1. Details of the reactions used in this work.

S.No. CN Reaction 6  Ref. S.No. CN Reaction 0 Ref.

la Am B+PZTh 19 [5] 35b 00py  DpyBITy 24 [8]
1b M8cf UB4¥INp 24 [5]  Sc 03B pilsw 21 [22]
2a W06py  12c41%pr 18 [6] 5d 23R ORp%pe 11 [7]
2b 210pg  2C4+1%8pr 14 [6]  Se 2 PE4%pr 9 (7]
2¢c 216Ra  12C4+2%pp -8 [11] Sf 216Ra YF+97Au -8 [11]
2d 2Cm  "2C+*2Th 20 [5] Sg Wige  Vpy%8pe 7 (7]
3a 97T 1604181y 27 [12] 5h 28y R 4 [13]
3b 20Ry  1004194pt 14 9]  5i Blgg  p22TR 27 [8]
3c g 1604197Ay 11 [8] 6a 2Np  Ne+?™Bi 5 [17]
3d 2l4Rn 104+%8pPt 10 [9] 7a 198pp  28Gi+!70Er 24 [18]
3e 20Th  190+2%Pb -4 [14] 7Tb 206Rn  28Si+!78Hf -18  present work
3f 22Th  190+2%%pp -2 [14] 8a 00py  308i4+10Fr 22 [18]
3g 24Th  1%0+2%pp 0 [14] 8b 208Rn  9Si+!8Hf -16 [10]
3h M8Cf  16042%2Th 24 [5] 8¢ 212Ra 0Si+1827wW .12 [19]
4a 202py 180484y 22 [15] 8d 2l4Ra  0Si4+I14W  -10  [19]
4b 204py  18Q4I80W 20 [16] 8e 216Ra  30gj4+186W .8 [19]
4c 20po 8041205 -14 [8] 8 2INp  9Si+"7Au 5 [20]
4d 22Rn BO+Pt -12 [9] 9a 26Th 284184 wW .8 [13]
4e 2Ry BO+8pt -8 [9]  9b 20py  328541%pr 4 [23]
5a 9771 VRIBHE 27 [12]  10a 208Rn  BTi+10Gd  -16 [10]
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Figure 1. Variation of available experimental data of M., including present data (7b), with dg, in three different energy regions. The
errors in My lies within the height of the symbols. Alpha-numeric value in each symbol corresponds to the reactions serial number in
Table 1. (Dashed lines are drawn to guide the eye.)
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2 Discussions

2.1 Systematics of pre-scission neutron
multiplicity

We compare the available M. data, including the present
measurements, for 40 reactions spanning the compound
nucleus mass range of 197 < Acy < 251. The details of
these reactions are listed in Table 1. To minimize the in-
fluence of excitation energy, all data are categorized into
three distinct E* intervals: 55-65 MeV, 65-75 MeV, and
75-85 MeV. For certain reactions, multiple data points ex-
ist within a 10 MeV energy window; however, since M.
exhibits minimal variation over this range, a representative
value near the midpoint of the interval is selected.

Here, 6, is defined as the sum of the deviations of
the proton and neutron numbers of the projectile and tar-
get from selected reference shell closures. In the present
work, the reference reaction 'O + 29%8Pp is adopted, as
both nuclei are doubly magic and a large fraction of the
available experimental data in the literature are clustered
around systems involving projectiles close to '°O and tar-
gets near 28Pb, rather than around other doubly magic nu-
clei such as “°Ca or '3%Sn.

We emphasize that the choice of reference is therefore
guided by consistency across the dataset, rather than by
identifying the nearest shell closure for each individual nu-
cleus. The sign of dg, is kept to show whether there is an
excess or a deficit of nucleons compared to the reference
configuration, since both cases can affect the dynamics dif-
ferently. This also helps ensure a consistent comparison
across all reactions in Table 1. As an illustrative example,
for the 28Si + !78Hf reaction, the deviations of neutron and
proton numbers of the projectile with respect to the refer-
ence nucleus '°O are given by

(5sh)proj,neul = Nasgi — Nisg = 14-8=6 (D

(6sh)pr0j,prot =Zngi —Zig = 14-8=16 ()

Similarly, for the target relative to 2*® Pb, the corresponding
deviations are

(Osh)targ,neut = Nsgg — Naospy, = 106 — 126 = =20 (3)

(6sh)targ,prot = ZI78Hf - Z208pb = 72 - 82 = —10 (4)

Summing all four contributions yields ég, = —18. Thus,
Oqn serves as a cumulative measure of the deviation of
a given projectile—target system from the chosen closed
shell reference configuration. In this work, the sign of
each contribution is explicitly retained, rather than using
absolute values, in order to distinguish between an excess
and a deficit of nucleons relative to the reference, as these
may influence the reaction dynamics differently.

The dependence of M. on g, is presented in Fig.
1 for the three excitation energy intervals defined ear-
lier. From figure 1, we observe a clear trend, the M.
value reaches a maximum at near 8y, = 0 and then
decreases sharply and almost symmetrically on both
sides, particularly in the 55-65 MeV energy range. The
present experimental data (set 7b) are consistent with

Table 2. Dynamical model calculated results for 28Si+!7Hf
reaction at various excitation energies, 8 and 7 figsion-

E* MeV) M,,. S MeV/h) Tpigion (seconds)
61.0 2.11 2.05 (37%5) x 10721
71.7 2.81 4.65 (50+5) x 107!
79.0 3.15 6.05 (66+5) x 1072!
90.0 336 6.20 (67+5) x 107!

this behavior across all the energy intervals. However,
the relative scarcity of data in the 6y, > O region calls
for further experimental investigations, especially in the
higher excitation energy ranges.

2.2 Fission-timescale calculations

In the present investigation, the characteristic timescale of
nuclear fission has been evaluated through a comprehen-
sive dynamical model employing the stochastic Langevin
equation. This formalism facilitates the description of
the complete time-dependent evolution of an excited com-
pound nucleus, beginning from its equilibrium ground-
state configuration and progressing continuously until the
occurrence of scission. The Langevin approach inherently
accounts for both deterministic and stochastic forces act-
ing on the nuclear collective degrees of freedom, thereby
enabling a realistic simulation of the dissipative dynamics
governing the fission process. Detailed theoretical formu-
lations and computational implementations of this model
are discussed extensively in Refs. [30, 34].

Within the framework of this model, the emission of neu-
trons from both the fissioning system and its post-scission
fragments has been systematically analyzed. For each
specified projectile energy, the pre-scission neutron mul-
tiplicity (M) was determined by performing statistical
averaging over an ensemble of 10° independent Langevin
trajectories. This ensemble averaging ensures an accu-
rate representation of the inherent stochastic fluctuations
and the broad distribution of fission observables associ-
ated with nuclear dissipation and diffusion effects.

The calculations were conducted by treating the shape-
independent reduced dissipation coefficient (8) as a vari-
able control parameter in order to explore its influence
on the fission dynamics. The fission timescale was sub-
sequently extracted using the variable dissipation param-
eter approach, allowing for the investigation of the corre-
lation between the dissipation strength and the system’s
intrinsic excitation energy. The obtained results reveal a
pronounced increase in both the dissipation coefficient (83)
and the corresponding fission time as the excitation en-
ergy of the compound system increases. This trend sug-
gests enhanced coupling between intrinsic and collective
degrees of freedom at higher excitation energies, leading
to a delayed scission process. The quantitative results of
these calculations are summarized in Table 2 and graphi-
cally represented in Figure 2.
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2.3 Impact of N/Z on neutron multiplicity around
shell closure

In this study, we also evaluate the neutron-to-proton ( N/Z)
ratio in relation to the total neutron multiplicity (Mio)-
Our objective is to examine the variation of total neutron
multiplicity as the N/Z of the compound nucleus changes.
In the present work, the compound nucleus 2°Rn is
formed, while 2Rn is populated via the reactions **Si +
I8Hf and *3Ti + '9°Gd [10]. Furthermore, the compound
nuclei 2!0-212.214216Rp are produced through the reactions
16180 + 194198pt [9]. A comparative analysis of the
total neutron multiplicity (Mio) is carried out at three
excitation energies: 61.0, 71.7, and 79.0 MeV. These exci-
tation energies were selected to correspond closely to the
formation of the compound nuclei 2'0212214216Rp  thereby
enabling a systematic examination of isotopic trends in
the fission dynamics. For 2%Rn, the nearest attainable
energy values were utilized to maintain consistency in the
comparative framework. Figure 3 depicts the variation
of My as a function of the N/Z of the fissioning system
[30]. A distinct correlation is observed, wherein the total
neutron multiplicity exhibits a pronounced increase as
the system departs from the shell closure, irrespective
of whether the deviation occurs toward neutron-deficient
or neutron-rich isotopes. This behavior suggests that
the weakening of shell effects at these regions facilitates
enhanced neutron emission during the fission process.
Conversely, at or near the shell closure, a marked suppres-
sion in neutron multiplicity is evident, independent of the
excitation energy.

138 14 142 144 146 148 15 1.52
N/Z

Figure 3. Variation of My, w.r.t. N/Z ratio for compound nu-
cleus 206:208.210212214216Ry at excitation energies of 61.0 MeV,
71.7 MeV and 79.0 MeV [30].

3 Conclusion

In summary, the experimental results were compared with
the shell-closure systematics and found to be in good
agreement. The fission t imescales, e valuated u sing a
Langevin-based dynamical model, exhibit an increasing
trend with excitation energy, indicating a gradual slow-
ing of the fission process athigher e nergies. Addition-
ally, the dependence of the total neutron multiplicity on the
neutron-to-proton ratio (N/Z) was examined for the com-
pound nuclei 206:208.210212214216Rpy - A distinct trend was
observed: the total neutron multiplicity decreases near the
shell closure but increases on both the neutron-deficient
and neutron-rich sides. This behavior underscores the sig-
nificant role of shell effects in governing neutron emission
and fission dynamics in radon isotopes.
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