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The fission time scale and associated distributions play a crucial role in investigating the full dynamical evolution of the excited
compound nucleus. In the present work, we have performed a one-dimensional Langevin dynamical model calculation to simulate the
fission time scale and corresponding fission time distributions (FTDs) for '2’Cs, 2'3Fr, and **Am. The time evolution of the collective
deformation coordinate from the ground state to scission is followed under the influence of dissipation, fluctuations, and realistic fission
barriers, and a large ensemble of trajectories is used to construct fission—time distributions for each compound nucleus. The results
reveal distinct differences in the shapes and widths of the distributions, characterized by extended long-time components that
significantly impact the average fission time. Particle evaporation is found to play an important role in shaping the fission time
distributions by modifying the excitation energy during the dynamical evolution. These findings emphasize the importance of analyzing
the full fission time distribution, rather than relying solely on average values, for a realistic description of fission dynamics.
Keywords: Nuclear fission; Fission time scale; Fission time distribution; Langevin dynamical model; Neutron multiplicities
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INTRODUCTION

Nuclear fission is a complex many-body process in which an excited compound nucleus evolves from its ground-
state configuration to scission under the combined influence of the mean nuclear potential, dissipation, fluctuation, and
statistical particle emission. It has been a topic of great interest and has been extensively studied both theoretically and
experimentally [1-3]. Also, the study of nuclear fission dynamics is a challenging subject due to the intricate nature of
this process. A compound nucleus may undergo fission depending on the excitation energy, angular momentum, fission
barrier, and other factors. The dynamics of the fission process are governed primarily by the target—projectile combination,
viz -a- viz., the total mass and the excitation energy. This relevance can be examined by using the fission timescale (f),
which is the time required for the CN to reach the scission configuration from the ground state shape. Significant effort
has been made to comprehend fission timescales through various experimental techniques. Fission time (c;) of an excited
compound nucleus can be inferred from the measured particle multiplicities such as pre-scission neutron
multiplicities [4, 5], charged particles (proton and ) [6], and y-rays [7]. Also, the average fission time (c¢) can be
estimated from observables such as the evaporation residue (ER) cross-section [8] and fission probabilities [9]. All these
nuclear probes are considered indirect probes, and with a proper model, they are used to evaluate the fission time in the
range of 10%'s (1 zs = 10?'s). On the other hand, direct probes, including crystal blocking and K-shell X-ray
measurements, determine significantly longer lifetimes in the order of 10-'%s (attosecond) scales. This apparent
discrepancy has motivated renewed interest in dynamical approaches that explicitly follow the time evolution of the
fissioning system, incorporating fluctuations, dissipation, and particle evaporation on an event-by-event basis. A one-
dimensional Langevin dynamical model has been used recently to resolve this discrepancy [10]. In this work, a similar
study is extended for a wide range of masses with different excitation energies.

THEORETICAL MODEL
In the present work, a stochastic one-dimensional Langevin dynamical model is utilized to describe the full
dynamical evolution of an excited compound nucleus, with the elongation of the nucleus considered as a collective
coordinate and usually defined in terms of the Funny-Hill shape parameter ¢ [11]. The one-dimensional Langevin equation
in terms of ¢ is given by,

dp p2 dm™1(c) dF(c)
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E_m(c)a (1)

where c is the collective coordinate defining the deformation of a fissioning nucleus, and p is the collective momentum
conjugate to c¢. The shape-dependent collective inertia m(c) is calculated by employing the Werner-Wheeler
approximation [12] for the irrotational flow of incompressible nuclear fluid. The parameter § appearing in Eq. (1) is the
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shape-independent reduced dissipation coefficient that represents the coupling between collective and intrinsic nuclear
degrees of freedom and governs the irreversible energy flow from collective to the intrinsic excitation and is denoted by
the ratio of the dissipation coefficient ) to the inertia parameter m (f =n/m). Since nuclear dissipation governs the fission
time scale and the time available for prescission neutron emission, the prescission neutron multiplicity (v,y) is highly
sensitive to B. Therefore, f is treated as the only adjustable parameter and is constrained by reproducing the experimental
(vpre). The product gI'(t) is the random force, with I'(t) being the time-dependent stochastic part with time average
(I'|(t)) = 0 and time-correlation (I'(t)I'(t")) = 8(t — t'). g is the strength of the random force, and it is related to the
dissipation coefficient i) through the fluctuation-dissipation theorem: g2 = nT [13].
The driving force for the collective motion is extracted from the Helmholtz free energy:

F(©) = V(o) — {alc) — ao}T? 2

where V (c) and a(c) are the deformation-dependent potential energy and level density parameter, respectively. a, is the
value of a(c) at the spherical shape (¢ = 1).

The shell correction in the level density parameter a(c) is incorporated using Ignatyuk’s prescription [14]. The
nuclear temperature T in the above Eq. (2) is calculated from the ground state excitation energy (E™) and the ground state

level density parameter a, by using the Fermi gas relation: T = \/E*/a,. The deformation-dependent shell correction
energy in V (¢) is obtained by solving a two-centered Woods-Saxon mean field [15], followed by the application of
Strutinsky’s prescription [16].

A large number of Langevin trajectories, approximately 10°, are sampled to reduce statistical uncertainties. For each
event, dynamics are followed numerically up to 10"'°s with a time-step of 10->s. At each time step, evaporation of light
particles (n, p, @) and GDR y-rays are sampled with the Monte-Carlo technique. The standard statistical model prescription
is considered to calculate the widths for these evaporation channels. The initial collective coordinate is that of a spherical
nucleus, and its initial momentum distribution follows from an equilibrated thermal system. A Langevin trajectory is
judged as a scission when the neck radius reaches its critical value Cg. = 0.3R,; (Ro being the spherical nucleus radius).
For each fission event, fission time is evaluated with associated neutron evaporation fission channels. If c} is the fission

N .

i
. . . . Y2, c
time for the i fission event, then the average fission time is calculated as (cr) = ‘;,1 L

, where, N is the total number of
fission events.

RESULTS AND DISCUSSION
The details of the reactions chosen for the present work are given in Table I. For each compound nucleus excitation
energy (E*), the reduced dissipation coefficient () — determined by accurately reproducing experimental prescission
Vpre(Exp) along with the average fission time (c), and barrier height (B;) are listed. These nuclei were chosen to provide
a systematic comparison of fission dynamics across a wide range of masses.

Table I: Details of the reactions

CN E*(MeV) Vpre (EXp) Vpre(Cal) B(Mev/h) {cr) zs By (MeV) Ref.
125Cs 241.78 4.0=£0.5 4.0676 4 1.45 x 103 34.64 [5]
2BFr 72.19 3.28 +0.30 3.30 5.5 1.53 x 10* 18.44 [17]

23 Am 54.1 1.35+0.14 1.4312 0.5 3.28 x 10! 7.50 [18]
- Fig. 1 shows the deformation energy landscape of
2 23Fr as a function of the deformation parameter c,
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Figure 1. The Potential-energy landscape of the >'3Fr nucleus
calculated using the Liquid drop model (LDM) (solid line) and
the LDM plus microscopic corrections (dashed line) as a
function of the collective deformation coordinate ¢

incorporating shell and pairing corrections. The height and
shape of the fission barrier play a crucial role in governing
the fission dynamics by controlling both the barrier
penetration probability and the residence time of the
compound nucleus in the pre-scission region. The
deformation-dependent microscopic corrections
significantly modify the macroscopic LDM barrier,
converting the originally single-humped fission barrier
into a characteristic double-humped shape. This barrier
structure leads to a competition between fission and
particle evaporation, which strongly influences the
average fission time and fission time distributions
discussed below.

Fig. 2 depicts the total fission yields of '°Cs, 213Fr,
and ’Am as a function of fission time. The fission time
distribution is sharply peaked at short times around 10-%°s
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with a very small non-vanishing tail up to 10° zs (zeptosecond) for the '>>Cs compound system. Further, the distribution
for 21Fr has a broader width with a peak around 10-'s, and has a considerably longer tail up to the maximum dynamical
time. The pronounced long-time tail is correlated with the structured fission barrier of Fig. 1, where the second hump and
the shallow intermediate minimum trap a non-negligible fraction of trajectories and allow for additional neutron
evaporation before scission. Conversely, the actinide nucleus *?Am shows a narrower peak with a shorter 7, ~10% s
without any long tail structure. From these distributions, we have observed the average fission time (z), 1.45%10° zs,
1.53 x 10* zs and 3.28 x 10' s for the systems '**Cs, 2"*Fr and ***Am, respectively. The (;) are mainly contributed by the
long tail part of fission yields.
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Figure 2. Fission yield distribution as a function of time for Figure 3. Partial fission yields from different isotopes of 12°Cs,
125Cs, 213Fr, and 2% Am 213Fr, and ¥ Am through neutron evaporation

Further, to understand the behaviour 7 more clearly, partial fission yields of different fission channels are depicted

in Fig. 3. For '%°Cs, fission channels up to (87, f) have contributed, which indicates that the CN has survived for a longer
dynamical time after the last particle evaporated. This behavior is consistent with the relatively higher fission barrier of
125Cs, which hinders early saddle crossing and allows successive neutron evaporations to occur. Since each neutron
usually reduces the CN excitation by 8 to 10 MeV (separation energy kinetic energy), it makes the fission process slower.
The same scenario is valid for 2'*Fr up to (6n, f) fission channel. For this system, the available E* falls between
15 —25 MeV, hence a substantial percentage of CN persists for a longer time. In contrast, a larger partial fission yield is
observed for the (1n, f) and (2n, f) channels for 2**Am, resulting in a very short fission timescale. Also, this behavior can
be directly related to the comparatively lower fission barrier of 2 Am, which allows rapid saddle crossing and suppresses
higher-order evaporation chains.

CONCLUSIONS
The present Langevin dynamical study demonstrates that the fission decay of the compound systems '>°Cs, 2'3Fr,
and 2 Am is governed by a subtle interplay between excitation energy, fission barrier structure, and dissipation strength.
From this study, we conclude that the fission timescale primarily depends on CN mass, which determines the potential
energy surface (PES). Consequently, the fission timescale of each nucleus is determined by the shape of the PES near the
ground state configuration.
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MACIITABH TA PO3HOILINA YACY MOALITY, JOCJIIKEHI 3 3ACTOCYBAHHSAM JUHAMIYHOI MOJIEJII JIAHXKEBEHA
Yapwmi Baparama', lipyrya Hecai', M.T. Centin Kannan®

'Kagpedpa pizuxu, konedc nayx im. cepa IL.T. Capsadocanixa, Cypam-395007, Indisa

’Kageopa ¢pizuxu, inowcenepnuii konedac Xpucma Ilapsa, Kapamaoaii - 641104, Inois
Illkana vacy moaidy Ta MOB'sI3aHi 3 HEIO PO3MOIUIM BIiAITPArOTh BHUPIMIANBHY POJb y JOCHIIKEHHI MOBHOI TUHAMIYHOI €BOJFOLIL
30yIDKEHOTO CKIagHOTO siapa. Y ik poOOTI MH BHKOHANM PO3PaXyHOK OJHOBUMIpHOI IuHaMiuHOi mopemi JlamkeBena st
MOJICTIOBAHHS [IKaJIH Yacy MOALTY Ta BIANOBIMHHUX po3moxuriB dacy noxairy (FTD) mms '*°Cs, 213Fr ta 243Am. YacoBa eBoirorist
KOJICKTUBHOI KOOpJWHATH AedopMamii BiJi OCHOBHOTO CTaHy JI0 PO3PHBY BiICTEXYETHCS IIiJ| BIDIMBOM AWCHMIaNii, GiaykTyamiii Ta
peanicTHyHUX Oap'epiB MOAITY, a 411 MOOYIOBU PO3MOALTIB Yacy HOALTY Ul KOXKHOTO CKJIAJIHOTO SIIPA BUKOPHCTOBYETHCS BEIUKHNA
aHcaMOnb TpaekTopiil. Pe3ynpraT mMOKa3yloTh YiTKi BigMiHHOCTI y (opmax Ta IIMPHHI PO3MOXUIIB, IO XapaKTEPH3YIOThHCS
HPOTSHKHUMHU JIOBFOYaCOBHMH KOMIIOHEHTAaMH, SIKi CyTTEBO BIUIMBAIOTh Ha CepeiHiil yac moainry. BusBieHO, 110 BUIapoOBYBaHHS
YaCTHHOK BiIirpae BaXKIUBY poib y (OpMyBaHHI PO3MOALTY Yacy MOJiNY, 3MIHIOIOYM CSHEepriio 30y/DKeHHs M Yac AWHAMIYHOT
eBomonii. L{i pe3ynbTaTu miAKPECIIOITh BaXIUBICTH aHaJi3y MOBHOTO PO3MOILTY Yacy MOIUTY, a HE MOKIAAaTHUCS BHKIIOYHO HA
CepeHi 3HAUCHHS, TS PEATiCTHYHOTO ONUCY AWHAMIKH TOALTY.
KarouoBi caoBa: sdepnuii nodin; wkana uyacy nooiny;, posnodin uacy noodiny, ounamiuna moodens Jlamgicesena; metimponui
MHOICUHHOCI



