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Inferring fission timescales from prescission neutron multiplicity using a Langevin dynamical model
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Background: In the theoretical analysis of nuclear fission observables, dissipation strength is often adjusted
locally to reproduce the experimental data. The global trend of the dissipation strength over the whole mass
range of fissioning nuclei is still not known convincingly. Also, its connection with fission timescales is essential
to understand the reaction dynamics.

Purpose: We extracted the nuclear dissipation strength by reproducing the experimental prescission neutron
multiplicities for reactions forming compound nuclei in the mass range of 168 < A < 256. Subsequently, we
predicted the systematics of fission lifetime over this range of compound nuclear mass.

Method: We employed a one-dimensional Langevin dynamical model for fission, where shape-dependent
shell correction and one-body dissipation are used. The dissipation strengths for different compound systems
are extracted by reproducing the measured prescission neutron multiplicities. Obtained strengths are shown
to consistently reproduce the average total kinetic energy of the fission fragments. Subsequently, dynamical
fission-time distributions were simulated in coincidence with these neutron multiplicities.

Results: We identified three different mass regions depending on the required dissipation strength: (i) for
compound nuclear mass number A < 210, the role of dissipation is minimal, (ii) in 210 < A < 244, shell
correction is found to influence the dissipation strength strongly, and (iii) for A 2 244 the dynamics is strongly
driven by dissipation. Further, for lighter masses with a fission barrier height between 18 and 30 MeV, fission
time appeared to depend very weakly on the fission barrier, whereas, for heavy nuclei, fission time is shown to
be well correlated with the barrier height of the primary compound nucleus.

Conclusion: Our paper provides a global understanding of the nuclear dissipation strength and the fission
lifetime based on the experimental neutron multiplicities. These systematics will be helpful in estimating fission

time in heavy ion-induced reactions.

DOI: 10.1103/PhysRevC.110.034604

I. INTRODUCTION

Nuclear fission provides an ideal platform to investigate
the large amplitude collective dynamics in a strongly inter-
acting many-body system. However, it involves tremendous
intricacies originating from the nontrivial nature of the inter-
nucleonic interactions. Consequently, although the dissipation
of collective energy in nuclear collective dynamics is well
established [1], a systematic global understanding of such
a dissipative phenomenon over the whole range of fission-
ing nuclei is yet to be explored comprehensively within a
dynamical framework. Especially understanding the char-
acteristics of nuclear dissipation is still an open field of
research [2-6]. In the present-day scenario, the classical
shape-dependent one-body dissipation mechanism is the best
available tool to represent nuclear dissipation at low excita-
tion energies [7-11]. However, a constant shape-independent
dissipation strength is often used as a free parameter in
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theoretical analysis [12—-14]. It is usually adjusted locally
for a certain limited number of compound nuclei (CN) in
order to analyze different experimental probes like neu-
tron multiplicities [15—-17], evaporation residue (ER) cross
sections [18,19], charged particle multiplicities [20], and frag-
ment yields [21,22]. Particularly, even with the intrinsic shape
dependence, a single prescription of the dissipation strength
cannot reproduce the experimental data of a specific probe (for
example, either prescission neutron multiplicity or ER cross
section) in the whole mass range of 150 < A 5 250.

Average prescission neutron multiplicity (Vpre) is an impor-
tant probe frequently used to gauge the dissipation strength.
Within the concept of neutron clock, it is assumed that
the average fission time (t;) can be inferred from vy, as
(tr) = VpreTy [23], where 17, is the average decay time for
neutron evaporation. In practice, 7, is calculated for each
successive decay channel by employing the standard statis-
tical model [24] and (t;) is estimated by reproducing the
experimental vy, within the statistical model for fission [25],
where the dissipation strength controls fission decay width.
However, it has been shown [26] that the actual fission time,
when the compound nucleus bifurcates into two fragments,

©2024 American Physical Society
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may be larger than the fission time predicted by the neutron
clock technique. Therefore, the connection between vy and
(tr) is not straightforward. An appropriate dynamical model
needs to be implemented to correlate these two quantities.
In this process, nuclear dissipation plays an important role.
Moreover, the variation of dissipation strength with deforma-
tion is also crucial to deciding vy and the fission timescale.

In different works, statistical model analysis has been
performed [12,27,28] to determine the dissipation strength
over different mass regions by comparing the experimental
Vpre> ER, and fission cross sections. However, several real-
istic considerations are beyond the scope of such statistical
model estimations. A few of them are the following: (i) shape
dependencies in the input variables cannot be incorporated,
(i1) dynamical time evolution during the saddle-to-scission
transition is either approximated or completely neglected, and
(iii) actual scission time at the point of bifurcation of the
compound nucleus cannot be determined accurately.

In the present paper, we have studied vy to extract a global
trend of nuclear dissipation within the wall-plus-window
model [29] of one-body dissipation. We have performed
stochastic Langevin dynamical calculations for fissioning nu-
clei covering the compound nuclear mass range of 168 <
A < 256. Further, we extracted the fission lifetime for all
these nuclei from our dynamical model to infer the correla-
tion between fission lifetime and other input quantities. The
theoretical formalism is discussed in Sec. II. Then, Sec. III
describes the results, and we finally conclude in Sec. IV.

II. THEORETICAL FORMALISM

We simulate the collective evolution of nuclei along the
elongation/fission degree of freedom, which is defined with
the help of the funny hill [30] parameter c. In general, the
neck parameter # and mass asymmetry « along with c define a
fissioning shape more accurately while exploring the fission-
fragment properties. However, both of these parameters are
close to zero [31,32] around the ground state configura-
tion, where the majority of the neutrons are evaporated [33].
Further, the significance of « reduces as excitation energy
increases. Therefore, for the present purpose, we restrict our
calculations to 2 = 0 and o = 0. It substantially enhances the
numerical efficiency. The time propagation of ¢ is followed
with the stochastic Langevin equation [1,26,34,35]:

dp _ pPd( 1 \ dF

w__r dc( . (C)) O+ HOT W),

dc P

dr ~ M)’ .

where p is the momentum conjugate to ¢ and M(c) represents
the shape-dependent collective inertia. The Werner-Wheeler
approximation [36] for the irrotational flow of incompress-
ible nuclear fluid is used to determine M(c). The one-body
dissipation mechanism is considered to estimate the shape-
dependent dissipation coefficient n(c) [32]. The term g(c)
in Eq. (1) represents the strength of the random force, and
I'(z) is its time-dependent part following the time correlation
properties: (I'(¢)) =0 and (I'(t))I'(2)) = §(t; — 12). Also,

TABLE 1. Details of reactions used in the present paper. Fission
barriers VP and Vj are in MeV.

S. no. CN Reaction VLD Vi Ref.
1 18yb 130 4 15%Sm 25.61 27.00 [44]
2 178w YE 4+ 19Tb 21.05 21.78 [44]
3 200pp VR4 181y 12.28 18.52 [44]
4 204pp 180 4 180yy 12.93 22.23 [45]
5 206pg 20 4 94pt 10.40 19.0 [46]
6 210pg 804+ 19205 10.95 22.92 [44]
7 20Rn 160 4 1%pt 8.40 17.98 [44]
8 22Rn 180 4 1%pt 8.70 19.81 [44]
9 283y 150 + 17 Au 7.66 18.46 [44]
10 215Ra 12¢ 4 204pp 6.94 15.21 [47
11 ZNp 'H+ 2%y 4.46 7.75 [48]
12 283 Am B 4 22Th 3.42 7.51 [49]
13 2Cm 2C 4 22Th 2.93 6.63 [49]
14 M 160 4+ 232Th 2.14 7.07 [49]
15 BlEg 9F 4 232Th 1.84 7.94 [44]
16 P4Em 160 4 2381y 1.57 7.75 [23,50]
17 26Fm 180 4 B8y 1.61 7.35 [23]

g(c) is related to n(c) by Einstein’s fluctuation-dissipation
theorem: g(c) = +/n(c)T. Nuclear temperature T is calcu-
lated from the ground state excitation energy E* and the
ground state level density parameter ay by using the Fermi
gas expression: T = /E*/ay. Although the excitation energy
changes with deformation, 7" is determined at the ground
state configuration and kept constant along ¢ as demanded
by canonical thermodynamics. The driving potential for the
collective dynamics is obtained from the Helmholtz free
energy [37], F(c,T)=V(c)— [a(c, E*) — aog]T?,V(c) be-
ing the shell-corrected potential energy [26], and a(c, E*) is
the level density parameter as a function of ¢ and E*. The
smooth liquid-drop part of V(c) is calculated from the double
folding Yukawa-plus-exponential mean-field interaction [38].
The deformation-dependent shell correction energy in V (c) is
calculated by employing the Strutinsky prescription [30,39],
where the single-particle energies are computed from the
Woods-Saxon mean field [40] with nuclear deformation de-
fined from c. Also, the single-particle energies are corrected
for the short-range pairing interaction, which is implemented
within the well-known BCS scheme [39,40]. We have verified
that the calculated fission barriers [V (¢)] of the chosen com-
pound nuclei are consistent with previous calculations [41,42]
from different models. Precisely, except for reactions 8, 9, 16,
and 17 in Table I, deviation in the barrier height is <9% from
that predicted in [41], and it is further reduced in F due to
high excitation energy.
We calculate a(c, E*) from Ignatyuk’s prescription [42]:

ale, E¥) = a(c)<1 L 1o expCEY/ED) SE), )

E*

where Ep (18.5 MeV) and §E represent the shell damping rate
with increasing E* and the ground state shell correction en-
ergy for individual nuclei, respectively. The asymptotic value
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FIG. 1. The vp.s calculated with CWWF (dashed lines) and WE%2 (solid lines) are compared with measured data (symbols) for the

reactions in Table 1.

a(c) is computed from the Reisdorf formula [43]:
i(c) = 0.04543r3A + 0.1355r2A5 By(c) + 0.142670A% Bi(c).

3)
Here, A is the mass number, and ry (1.12 fm) is the nuclear
radius parameter defined from the s-wave neutron resonance
spacing [43]. Bs(c) and By(c) are the ratios of the integrated
surface area and curvature, respectively, with respect to that of
a spherical shape. The explicit E* dependence in a contradicts
the expression for T defined above. However, higher-order
corrections in T are neglected to preserve the simple form of
F given above [26].

During the collective evolution, evaporation of light parti-
cles such as neutrons, protons, « particles, and statistical y
rays is considered at each Langevin time step. The Monte
Carlo random sampling technique [1] is used for this purpose.
The partial decay widths for these evaporation channels are
calculated within Weisskopf’s statistical theory [1,24], where
nuclear level densities are obtained from the Fermi gas model,
as mentioned above. These level densities are further en-
hanced owing to the low-lying collective excitations in nuclei.
Such collective enhancements are incorporated in the present
paper by following the procedure as suggested in [27,28,51].

Langevin equations are solved numerically using the finite
difference method [34]. We expand Eq. (1) up to the second
order in a small time increment 8¢ = 10~ s. It ensures better
numerical accuracy in the presence of the fluctuating force

I'(t). Further, depending on the compound system, an ensem-
ble of a large number of Langevin events (2 x 10*-5 x 10%) is
computed to minimize the numerical fluctuations. Each of the
Langevin trajectories is traced up to a maximum dynamical
time of 10~ s, which is large enough to decide the fate of a
fission event. Hence, in contrast to the standard practice [1],
we could avoid any coupling with the statistical approach
at the end of the dynamical propagation. The initial angular
momentum of the CN in each event is sampled from the
corresponding fusion spin distribution following the param-
eterization given in [1].

To validate our model calculations, we further estimated
the average total kinetic energy (TKE) of the fission frag-
ments. The expression for average TKE can be written as [31]

(Ex) = “

where A is the mass difference between the compound nu-
cleus and the fission fragments, V. represents the potential
energy at scission, and V,, denotes the part of the fragment’s
kinetic energy required to overcome the nuclear attraction
between the nascent fragments. In a one-dimensional model,
only the collective kinetic energy at scission (Eg.) varies due
to thermal fluctuations, and we need to take the average over
an ensemble of events to evaluate (Ex). It is clear from Eq. (4)
that (Ex) is sensitive to the scission criterion. We assumed the
scission configuration at a deformation where the neck radius

A + (Esc> + Vsc - Vm
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FIG. 2. The vyes calculated (solid lines) with the best-fit k; (indicated in each panel) are compared with experimental data (symbols). The
weak (k; = 0.1), moderate (0.25 < k; < 1), and strong (k; > 1) dissipations are indicated by red, blue, and magenta lines, respectively.

equals xy Ry [30,36] with Ry = roA'3 and xy = 0.3. Although
this condition has been shown to reproduce the measured
(Ek) for actinides correctly [36], xy may differ for lighter
compound nuclei.

III. RESULT AND ANALYSIS

We selected reactions covering broad ranges of compound
nuclear mass and excitation energy and excluded those reac-
tions where entrance-channel effects are dominant [12]. The
details of these reactions are listed in Table I where V4P is the
liquid drop barrier and Vj is the shell corrected barrier. The
chosen actinide compound nuclei undergo asymmetric fission
at low excitation energies, which is beyond the scope of a one-
dimensional model. Therefore, for each of these reactions,
we have carefully chosen the lowest excitation energy such
that the relative contribution of the asymmetric mode with
respect to the symmetric mode is negligible at and above this
energy. We employed two different variants of one-body fric-
tion, namely the wall-plus-window friction (WF) [29] and the
chaos-weighted wall-plus-window friction (CWWF) [52,53]
for n(c) in Eq. (1).

The standard WF formula was derived by treating the
collision of the nucleons of the moving wall classically and
assuming that the nucleons would achieve complete equi-
libration before their succeeding collision with the surface.

However, quantum mechanics renders the collisions less than
perfect, thereby weakening dissipation. Further, the nuclear
shape may not be sufficiently irregular to produce complete
equilibration. To account for all these effects, WF is often
reduced by a constant scaling factor k;.

In the rest of this paper, we denote this as WF* for k, = x.
The value of k, is often fixed at 0.25 [11,54-56] based on the
fission data in the actinide region. However, the global trend
of k, over the different compound nuclear mass regions is still
unknown. The CWWE, on the other hand, provides a more
realistic alternative to the k factor, as nonchaotic behavior is
properly taken care of in this prescription.

In Fig. 1, we compare our Langevin dynamical results on
Vpre, for both WF%? and CWWE, with experimental data
for the reactions in Table I. In this figure, the reactions
are sorted according to the increasing mass of the CN. For
all the reactions, CWWF predictions are higher than the
WE?2 calculations. In the case of A < 210, both WF?23
and CWWEF overpredict vp. For comparatively heavier CN
with 210 < A $ 244, a better reproduction of the measured
Vpre i observed except for the reactions 7-10 of Table I.
For the rest of the reactions, i.e., for A > 244, both WF?23
and CWWF underestimate the experimental vp.. As shown
in earlier works [11,53], CWWF performs better for heavy
nuclei. Therefore, we generally see that, explaining all the
reactions using a single model, either CWWF or WF%%
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is impossible. Since vy is related to the fission timescale,
explaining the value of vy, requires a more delicate adjust-
ment of the dissipation strength 7(c) that directly controls the
compound nuclear fission time. To get a correct estimate of
the fission timescale, we recalculate vy for all the reactions
in Table I by using WF with k; as a free parameter. We varied
the value of k; between 0.1 and 1.0 to fit the experimental data.
Only for the reaction 15, a much higher &; (2.2) is required.
Calculated vy, with the best-fit kys are shown in Fig. 2 along
with the experimental data. We can now grossly differentiate
the reactions into three categories based on the required k;
and the corresponding liquid-drop fission barrier ViP. For
reactions 1-5, the VP is too high, and the dynamics is pri-
marily controlled by the driving potential ' in Eq. (1). Hence,
VpreS are not quite sensitive to k, and, as Fig. 2 shows, WF*!
provides an upper limit to the required dissipation strength for
these reactions. Secondly, for the midbarrier (3 < V3P <9
MeV) systems (reactions 7—13), both the driving potential and
the nuclear dissipation are important, and k, varies between
0.25 and 0.75 depending on the detailed structure of the shell-
corrected potential profile. For example, in reactions 9 and 10,
8Vps are much higher than VP, and also, the corresponding
ks (0.75) is considerably larger than the usual value of 0.25.
However, it is difficult to draw a unique connection among
kg, 6Vp, and VBLD as the latter two quantities change with the
evaporation of each light particle. Also, the effect of §Vp in
the free energy F depends on T as the shell effect disappears
at higher T [26].

For VP < 3 MeV, strong dissipation (k, > 1) is required
to reach the experimental v.. For these reactions, the neu-
trons emitted outside the fission barrier contribute a moderate
part of vp. Thus, the whole profile of n(c) [Eq. (1)] is cru-
cial to decide the cumulative vp.. We should point out that
only a dynamical model with an explicit time evolution of
the fission coordinate can identify neutron evaporation from
different configurations. The distribution of evaporated neu-
trons from different configurations is demonstrated in Fig. 3
for a representative reaction from each category classified
above. It shows that, irrespective of the mass region, the major
contribution to vy, comes from configurations around the
ground state. Therefore, v is sensitive to the static nuclear
properties, such as the level density parameter mainly close
to the ground state shape. Further, for fairly heavy systems
[Fig. 3(c)], postbarrier dynamics is also important in deciding
the final vpre.

To validate the behavior of k; extracted from vy data, we
also calculated (Ex) for the same values k. For reactions
10 and 14-17 in Table I, experimental (Ex) are available
for symmetric fission mode. We, therefore, considered these
reactions and three other reactions closely resembling those
in Table 1, denoted here as A (10 + 86Ww), B (°Li + **2Th),
and C (**Ne + 2*Th). Figure 4 compares the measured and
calculated (Ex) for different values of xy. As expected, our
model reproduces the experimental (Ex) for actinides with
xy = 0.3. However, for lighter nuclei (A and reaction 10
in Table I), a lower xy is required. It indicates a relatively
elongated scission shape for lighter nuclei. Multidimensional
Langevin dynamical calculations would be more conclusive in
this regard. Interestingly, as presented in Fig. 4, v is almost

30

15

I

0

~ o
Vi (MeV)

neutron multiplicity (%)

-
A 00 N

FIG. 3. Distributions of vy (solid lines and left axis) and shell-
corrected potential energy Vp (dashed lines and right axis) along
the compound nuclear deformation ¢. The CN and the used dissi-
pation strengths are indicated in each panel following the same color
scheme as in Fig. 2.

insensitive to xy (Vpre changes by less than 3% in 0.15 < xy <
0.35) as xy only affects the neutron emission very close to
the scission configuration. Therefore, we can simultaneously
reproduce the measured v, and (Eg) by varying k; first and

T T
16O+186W

[ (a)
.36 E =100 MeV ]
8  ——— _ °
32+ i
1 " 1
0.2 Xy 0.3

FIG. 4. (a) Calculated vy, as a function of neck parameter
xy for the reaction and excitation energy as mentioned. (b) The
experimental average TKEs (symbols as defined in the text) are
compared with calculated average TKE (lines) for different xy as
mentioned.
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then xy. Although xy fine tunes (Ex) by affecting V5. and V,, in
Eq. (4), (Es.) strongly depend on the amount of energy taken
away by evaporated neutrons. Therefore, k; plays a significant
role in determining (Ex), and we have checked that the correct
(Ek) can only be achieved if we use the optimum k; extracted
in Fig. 2. It ensures that the obtained variations of k; in the
different mass regions are quite robust.

For a better understanding of the variation in k;, we
compared the fission time (¢) distributions in Fig. 5. Four rep-
resentative reactions, 11-14, forming heavy compound nuclei
239Np, 28 Am, 2*Cm, and >*8Cf, respectively, are considered
for this purpose. A single energy point of 80 MeV is chosen
for all four reactions, and only close-by masses are picked
to minimize the perturbations due to the mass and energy
dependencies in 7. As shown in Fig. 5(a), the ¢, distributions
obtained with CWWF are quite distinct for different reactions:
distributions become broader as the fission barrier increases.
Also, the corresponding average fission times ({ts)) for 11
and 14 differ by one order of magnitude as given in Table II.
The mismatch in ¢y distributions is somewhat reduced for
WE®23as shown in Fig. 5(b). The (tf) (Table II) also reduces,
resulting in a lower v, for WE0-23 compared to CWWE.
Interestingly, as shown in Fig. 5(c), ¢, distributions and (/)s
as well (see Table II) become close for all the four reactions
when the optimum ks are used. Therefore, we see that when
the best fit k, is used for actinide nuclei, similar Vp results in
(ty) of the same order.

TABLEIL (f;) (in 107" s) for different options of dissipation as
given in Figs. 5 and 6.

Reaction from Table I CWWF WEY-25 WRbestfit ks
1'%YDb 134 92.9 147.7
2 8w 428 265 259
3 20pp 435 281 185
4 204pp 376 251 179.5
5206pg 495 282 154.5
6 *'°Po 212 125 125
7219Rp 153 69.2 101
8 22Rn 135 24.7 120.3
9 2B3Fr 97.3 42.1 111.5
10 *'°Rn 13.0 1.6 9.97
11 2N 5.3 2.5 2.5
12 243Af)n 0.9 0.5 0.5
13 *Cm 0.6 0.38 0.6
14 28Cf 0.3 0.26 1.0
15 ®'Es 0.29 0.21 1.91
16 ®*Fm 0.24 0.18 0.74
17 ®°Fm 0.23 0.17 0.68
105 £ T | T [ T | T [ T I ']
E 0.25 -
. F WF %E ]
-~ 10°F o [ 3
5 s | ]
S 10°F E
- 102 :_ _:
] 3
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FIG. 6. Calculated (#/) as a function of fission barrier (a) VP and
(b), (c) V. Calculations are done for different dissipation options, as
indicated in each panel. Shaded bands are drawn to guide the eyes.
Arrows indicate the values of VP and V where the nature of {tr)
changes.
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For further investigation, we calculated (¢;) for all the reac-
tions in Table I considering an energy window of 80 < E* <
85 MeV. The values of (tf) are given in the Table II. Figure 6
shows the variation of (t7) as a function of V4 and V. As
illustrated, (t7) can be divided into two groups based on its
variation with the fission barrier height: an almost exponen-
tially increasing (fs) up to a certain barrier height and, then, a
flat (z;) which mildly depends on the fission barrier. First, let
us discuss the calculation with WE*23_ Figure 6(a) shows that,
for reactions with VBLD Z 13MeV, 1077 < (tr) < 1071¢ s
and is almost insensitive to the system considered. We found
a similar trend for CWWF and for different energy ranges
(not shown here). It complies with our preceding observation
related tO Vpre, i.€., the role of dynamics is minimal for large
fission barriers.

log({t7)) follows an almost linearly increasing trend with
VD for lower barrier heights. Interestingly, it resembles the
well-known analytical form for the fission probability, Py o
exp (—V4P/T) [57]. The correlation is partially removed [see
Fig. 6(b)] when the total fission barrier Vp is considered
instead of VAiP. However, WF** does not reproduce the
measured vy, and we rather expect WEPesHitks 6 provide
better results. This is evident in Fig. 6(c), where the cor-
relation is again restored due to the local adjustment of k;
depending on the CN. Moreover, Fig. 6 shows two groups of
(tr) along Vp: 10717 < (tr) < 10716 s for Vg > 18 MeV and
(tr) ~ 107" s for Vg &~ 7MeV. Based on these findings, we
can predict quantitative estimates of (z;) based on the mag-
nitude of the calculated fission barrier. Future measurements
of Ve With compound nuclear fission barrier in the range of
10 < V3 < 18 MeV can establish our findings on a stronger
footing.

IV. CONCLUSION

We performed a theoretical analysis of the measured
prescission neutron multiplicities for 17 reactions to un-
derstand the global characteristics of the shape-dependent
one-body dissipation. These reactions form CN over a wide
mass range of 168-256. The Langevin dynamical model for
fission is used for the calculations with two different models of
one-body dissipation, namely, wall-plus-window friction with
ks = 0.25 and chaos-weighted wall-plus-window friction. We
demonstrated that no single prescription of dissipation can
explain the experimental vy, for all the reactions. Further,
the required dissipation strength is strongly correlated with
the fission barrier height. This correlation is also reflected
in the fission timescales, estimated by fitting the experimen-
tal vyre. For weakly fissile systems with fission barrier Vg £
18 MeV, fission time is nearly insensitive to the compound
nuclear properties. On the other hand, for nuclei with smaller
fission barrier (~6—7 MeV), fission probability tends to fol-
low an exponential relation (similar to that conjectured by
Kramers in a simplistic theoretical model) with the barrier
height of the primary compound nucleus even in the presence
of multichance fission events where different fission channels
open up due to evaporation of light particles. This observation
is helpful for a quantitative understanding of the stability of
nuclei against fission.
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