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Abstract:
of pre-equilibrium (PE) emission on probing postsaddle friction (3) with neutrons. A postsaddle friction value of

Using the stochastic Langevin model coupled with a statistical decay model, we study the influence

(14—16.5) x10?* s7" and (11—13) x10' s is obtained from comparing calculated and measured prescission neutron
multiplicities of heavy fissioning systems 2**Fm and ?**Fm in the absence and presence of the deformation factor.
Moreover, it is found that a larger (8 is required to fit multiplicity data after the PE effect is accounted for, and
that the effect becomes stronger when more energy is removed by PE particles. Our findings suggest that, to more
accurately determine the postsaddle friction strength through the measurement of prescission neutrons, in addition
to incorporating the contribution of PE evaporation source into the experimental multi-source analysis for particle
energy spectra in coincidence with fission fragments, on the theoretical side, it is very important to make a precise
evaluation of the energy that PE emission carries away from excited compound systems produced in heavy-ion fusion

reactions.
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1 Introduction

The nature and the strength of nuclear dissipation
remains one of the major problems as yet unsolved in nu-
clear physics. It affects a variety of low-energy nucleus-
nucleus collision phenomena such as deep-inelastic scat-
tering, the quasifission process and the decay of hot nu-
clei [1-5]. Dissipation hinders fission, which results in
an excess of observed prescission light particles and a
large evaporation residue cross section with respect to
predictions of standard statistical models [6-9]. Accord-
ingly, information on dissipation is obtained by compar-
ing theoretical calculations with experimental measure-
ments [10-13]. It has been demonstrated [14-24] that
stochastic approaches are a suitable framework to ad-
dress a great number of observables, including particle
multiplicities and evaporation residue cross sections for
a lot of compound nuclei (CNs) over a broad range of
excitation energy, angular momentum and fissility.

Currently intensive efforts have been made on the
constraint of presaddle dissipation strength [25-32]. As
a result, presaddle friction is severely constrained. But
little attention is paid to the accurate determination of
postsaddle dissipation strength. Light particles can be
evaporated along the whole fission path. They are thus

Received 12 April 2016

considered to be the main indicator for postsaddle dissi-
pation effects [33-35].

Experimentally, the three-source model [36], i.e.,
a compound nucleus source and two fission fragment
sources, are widely used to extract prescission light par-
ticle multiplicity by reproducing particle energy spec-
tra originating from fusion-fission processes. The pre-
equilibrium (PE) evaporation source is usually neglected
in the fitting procedure, because the contribution aris-
ing from it to particle energy spectra is considered to
be small. However, with an increase in the bombard-
ing energy, the PE emission becomes evident [37], and
has been noted to have an effect on the formation and
subsequent decay of hot nuclei [38-40]. In a heavy-ion
fusion reaction, while the influence of PE emission on
the characteristics of the produced CNs, i.e., mass and
spin, is not very prominent, given that excitation energy
is a key parameter controlling the de-excitation mode of
a CN, the energy removed by PE particles from the de-
caying CN could affect the decay properties of excited
nuclei markedly.

In the decay process of a heavy CN, neutron evapo-
ration competes with fission. Moreover, the distance be-
tween the saddle and scission points is a rising function
of the system size. For these reasons, neutrons evapo-
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rated from heavy decaying systems have been utilized as
a principal tool to pin down postsaddle dissipation. In
the present work, we investigate the influence of PE emis-
sion on neutrons of the heavy fissioning nuclei >**Fm and
256Fm as a sensitive probe of the strength of postsaddle
dissipation.

2 Theoretical model

Stochastic equations like the Langevin equations [15—
24] have given a successful description of the fission
process of a highly excited CN. The model used here
combines the Langevin equation with a statistical decay
model (CDSM) [41]. The dynamic part of CDSM is de-
scribed by the Langevin equation that is expressed by
entropy. We employ the following one-dimensional over-
damped Langevin equation [33] to perform the trajectory
calculations:

dg_ T ds [T
& MFdg M—ﬂp(t)' (1)

Here ¢ is the dimensionless fission coordinate and is de-
fined as half the distance between the center of mass of
the future fission fragments divided by the radius of the
compound nucleus. M is the inertia parameter [41], and
3 is the dissipation strength. The temperature in Eq. (1)
is denoted by T'. I'(¢) is a fluctuating force with < I'(t) >
=0and <I'(t)['(t')> = 26(t—t'). The driving force of
the Langevin equation is calculated from the entropy:

S(q, E") =2+/a(q)[E* =V (q)], (2)

where E* is the excitation energy of the system. Equa-
tion (2) is constructed from the Fermi-gas expression
with a finite-range liquid-drop potential [42]. The ¢-
dependent surface, Coulomb and rotation energy terms
are included in the potential V'(q).

In constructing the entropy, the deformation-
dependent level density parameter is used:
a(q) = a1 A+a, A**B,(q), 3)

where A is the mass number, and a; = 0.073 MeV~! and
a; = 0.095 MeV ™! are taken from Ignatyuk et al. [43].
B, is the dimensionless surface area (for a sphere B, = 1)

which can be parametrized by the analytical expression
[44]

if ¢<0.452
if ¢>0.452.

Bs(q):{ 1+2.844(g—0.375)2, "

0.983+0.439(q — 0.375),

In the CDSM, prescission particle evaporation along
Langevin fission trajectories from their ground state to
their scission point is taken into account. The emission

width of a particle of kind v (=n,p,«) is given by [45]

my
I, =(2s,+1
(25 )ﬂWpc(E*)

E*— By
< / devpp(E" — By —ey)evom(es), (5
0

where s, is the spin of the emitted particle v, and m,, its
reduced mass with respect to the residual nucleus. The
level densities of the compound and residual nuclei are
denoted by p.(E*) and pr(E* — B, —&,). B, are the
liquid-drop binding energies. ¢ is the kinetic energy of
the emitted particle and oy, (€,) the inverse cross sec-
tions [45].

Light-particle evaporation is coupled to the fission
mode by a Monte Carlo way. The present simulation
allows for the discrete emission of light particles. The
procedure is as follows. We calculate the decay widths
for light particles at each Langevin time step 7. Then
the emission of particles is allowed by asking along the
trajectory at each time step 7 whether a random number
( is less than the ratio of the Langevin time step 7 to the
decay time Tgee = B/ Lior: ¢ < 7/Taee (0 < ¢ < 1), where
Iio; is the sum of light particle decay widths. If this is
the case, a particle is emitted and we ask for the kind of
particle v (v =mn,p,«) by a Monte Carlo selection with
the weights I, /Iio:. This procedure simulates the law of
radioactive decay for the different particles.

After each emission of a particle of kind v the energy
of the emitted particle is calculated by a hit-and-miss
Monte Carlo procedure, using the integrand of the for-
mula for the corresponding decay width as weight func-
tion. Then the intrinsic energy, the entropy and the tem-
perature in the Langevin equation are recalculated and
the dynamics is continued.

The CDSM describes the fission process as follows:
At early times, the decay of the system is modelled by
means of the Langevin equation. After the fission proba-
bility flow over the fission barrier attains its quasistation-
ary value, the decay of the CN is described by a statistical
branch. In the statistical branch we calculate the decay
widths for particle emission and the fission width and
use a standard Monte Carlo cascade procedure with the
weights I /I (i=fission,n,p,«) and I, =, I}. This
procedure allows for multiple emissions of light particles
and higher chance fission. In case fission is decided there,
one switches again to the Langevin equation for comput-
ing the evolution from saddle to scission. Prescission par-
ticle multiplicities are calculated by counting the number
of corresponding evaporated particle events registered in
the dynamic and statistical branch of the CDSM. To ac-
cumulate sufficient statistics, 107 Langevin trajectories
are simulated.

For starting a Langevin trajectory an orbital angular
momentum value is sampled from the fusion spin distri-
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bution, which reads
do(f) _2m 2041 (6)
A k2 14exp[(0—1L.)/80)

The parameters ¢. and ¢ are the critical angular mo-
menta for fusion and diffuseness, respectively.

3 Results and discussion

Neutrons are a dominant decay channel of heavy CNs.
So, for the analysis of neutron yields we have chosen
two heavy systems 2Fm and 2*Fm, which were formed
in the reactions **O+23¥U and “°Ar+2°%Pb, respectively
[46].

In the present study, the presaddle friction strength
is fixed as 3 zs™' (1 zs = 1072 §), in accordance with
recent theoretical estimates and experimental analyses
[27-32, 47, 48], whereas the postsaddle friction strength
[ is determined by fitting measured data.

We show in Fig. 1 the experimental prescission neu-
tron multiplicity of fissioning systems ?*®Fm and ?*Fm
and theoretical values which are calculated based on the
Langevin model considering various 3. At the same post-
saddle friction strength, the M, calculated without the
PE effect is evidently higher than that calculated with it.
The reason is that the PE emission removes some amount
of energy from these systems, which decreases the exci-
tation energy available for particle emission, resulting in
a reduction in the number of the emitted prescission neu-
trons. Consequently, a larger 3 is required to fit neutron
multiplicity data. This is confirmed in Fig. 1(a), where
the best-fit 5 value (denoted by B in the figure) rises
from 11.5 zs™* to 14 zs™* when the PE effect is taken
into account. This clearly indicates the importance of
the PE emission in the accurate determination of the
postsaddle friction strength.

A similar picture is seen for another heavy 2*Fm sys-
tem [Fig. 1(b)], where the PE effect leads to an increase
of the best-fit value of 3 from 13.5 zs~! to 16.5 zs~ 1.

Moreover, we note in Fig. 1(a) that the gap between
solid and blue dashed lines, which reflects the magni-
tude of the PE effect on the extraction of g, is wider
than that between solid and red dashed double-dot lines.
This is because in the latter case, the energy removal
by PE emission estimated with BME code [46, 50] is ~
3.1 MeV, which is lower than that in the former case,
where the numerical value estimated with Holub’s ap-
proach [49] is ~ 4.6 MeV. As a consequence of a smaller
correction (caused by PE effects) to the excitation en-
ergy of the populated 2°°Fm, while the friction strength
(represented by the red dashed double-dot line) required
to fit data has a change with respect to that of neglect-
ing the PE effect, its changed amplitude is smaller than
that represented by the blue dashed line. This compar-
ison demonstrates that precisely evaluating the energy

carried away by the PE emission will play an important
role in more stringently constraining the postsaddle fric-
tion strength.

(b)

5 10 15 20 25
B/(107s7)

5 10 15 20 25
B/10%s7)
Fig. 1. (color online) Fits to prescission neutron
multiplicity measured in (a) 80 (Frap = 159
MeV) + 238U — 2°Fm and (b) “*Ar (E1a, = 249
MeV) + 2°Pb — 2*®Fm systems. Experimen-
tal values [46] are denoted by the shaded band.
Solid lines and dashed lines are model calculations
without and with the PE effect, respectively. In
panel (a), blue dashed and red dashed double-dot
lines correspond to energy removed by PE parti-
cles as estimated with Holub’s systematic method
[49] and with Boltzmann master equation com-
puter code BME [50], respectively. In panel (b),
since no estimate [46] for the energy removal by
PE emission for 2**Fm using the BME code was
made, the corresponding calculation results are
not displayed here.

In the literature (e.g., [49]), the energy removed by
PE neutrons is usually calculated as follows: First, the
neutron multiplicity emitted in the PE phase and the PE
source temperature and its energy per nucleon are ex-
tracted by fitting measured particle energy spectra with
the PE evaporation source and the other three known
evaporation sources mentioned before. Then, the loss of
the excitation energy of a decaying CN because of the
PE effect is computed with an empirical approach [49]
that contains the experimentally extracted information
about PE emission pointed out above and neutron bind-
ing energy. In this respect, it is clear that a dynamical
model that can handle entrance channel collision dynam-
ics, such as Feldmeier’s program HICOL [51], which was
successfully applied by Siwek-Wilczytiska et al. [52] to
simulate the dynamical evolution of the intrinsic exci-
tation of the composite system populated in projectile-
target collisions, can be employed to provide a more pre-
cise estimate for the energy that PE emission takes away
by comparing its predictions with the experimental PE
neutron multiplicity. Also, a hybrid Monte Carlo simu-
lation (HMS) model [53] was proposed to treat precom-
pound decay. Therefore, to further explore the PE effect
on pinpointing dissipation properties in fission of excited
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nuclei, it is interesting to develop a new framework based
on the HICOL—Langevin model or the HMS—Langevin
model.

A nucleus undergoes deformation when it fissions.
The amplitude of postsaddle deformation in a fission pro-
cess is obviously greater than that of presaddle deforma-
tion, especially for heavy fissioning nuclei. Since vari-
ous decay channels compete with each other in a decay
process and neutrons and light-charged particles (LCPs)
respond differently to deformation effects [54, 55|, it is
thus important to further examine the influence of PE
emission on the determination of § in the presence of
deformation effects.

Deformation affects emission barriers for LCPs,
which can be evaluated with the formula in [33]. In addi-
tion, it also modifies particle binding energies. The rea-
son is that mass formula [56] contains the deformation-
dependent surface energy term and Coulomb energy
term. Particle binding energy is thus a function of ¢
[54, 55, 57], and it can be written as B;(q) = M,(q) —
Mg(q)+M;. Here M; (i=n,p,«) is the mass of the emit-
ted particles. M,(q) and My(q) are the masses of the
mother and daughter nuclei, respectively.

Figure 2 shows that deformation decreases the mag-
nitude of M, (M,) as a consequence of the competition
between the rapid rise of binding energies of LCPs [Fig.
2(a)] and a drop in their emission barriers [Fig. 2(b)]
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Fig. 2. (color online) (a) Change in neutron, pro-

ton and a-particle binding energies AB as a func-
tion of deformation coordinate ¢ relative to the
spherical binding energies for *°Fm. (b) Emis-
sion barrier (V) of protons and « particles of the
256FPm system as a function of g. Theoretical pre-
dictions of prescission multiplicities of protons (c)
and « particles (d) as a function of postsaddle fric-
tion strength (3 for the reaction 80 (Erap = 159
MeV) + 23U — ?5°Fm. Curves represent calcu-
lations without (solid line) and with (dashed line)
deformation effects.

with increasing deformation. Different from LCPs, de-
formation lowers the neutron binding energy, which en-
hances the neutron emission and hence a smaller 3 is
found to reproduce the measured M,, as seen from a
comparison between the solid lines shown in Fig. 1 and
those shown in Fig. 3.

5 10 15 20 25
BA10%s7Y)

5 10 15 20 25
B/A10%s7)
Fig. 3. (color online) Same as Fig. 1 but with de-

formation effects included in the model calcula-
tion.

In the presence of deformation effects, Fig. 3(a) re-
veals that PE effects make the deduced best-fit 5 value
(denoted by W) rise from 9 zs™! to 11 zs™! for 2*Fm.
Displayed in Fig. 3(b) is the result for the ?**Fm system,
for which the PE effect increases the friction strength
(close to 13 zs™1) as well.

Overall, a friction strength of (14—16.5) zs™* is ob-
tained in Fig. 1. While taking account of deforma-
tion factors yields a sightly small postsaddle friction of
(11—13) zs™* (see Fig. 3), the typical features of the PE
effect observed in Fig. 1, where the deformation factor
is neglected in calculation, are not altered. That is, ac-
counting for the PE effect requires the introduction of a
stronger friction to explain neutron data, and the more
energy the PE emission removes, the larger the [ is re-
quired. This again illustrates that, to more tightly limit
the postsaddle friction strength with neutrons, on the ex-
perimental side, when applying the multi-source model
to analyze particle energy spectra, the PE evaporation
source is indispensable.

In the fission process of a hot nucleus, both dissipa-
tion effects and excitation energy can affect prescission
particles. A change in the excitation energy will affect
the contribution from the dissipation effects to particle
emission. Thus, an accurate determination of the friction
parameter requires a better evaluation of the excitation
energy of the decaying system.

While a reduction in the initial excitation energy
due to PE emission affects the contributions of pre- and
post-saddle dissipative effects to prescission particles, it
does not mean that the presaddle dissipation parameter
(fixed to 3 zs™! here) should be changed with energy. As
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pointed out recently by Lestone et al. [58], the possible
temperature dependence of nuclear dissipation assumed
in the literature arises from the use of an inadequate sta-
tistical fission model. So, the presaddle friction param-
eter used here is treated as a temperature-independent
quantity and thereby, not altered due to the reduction
of the excitation energy resulting from the PE emission.

In Figs. 1 and 3, the presaddle friction parameter is
fixed to 3 zs~!. While the presaddle friction parameter
is currently severely constrained, there exists an uncer-
tainty on it. Here we check the possible influence of
a slightly different presaddle friction parameter on the
present results. As an illustration, we show a comparison
between theory and experiment at the presaddle friction
strength of 4.5 zs™!; see Fig. 4. The best-fit postsaddle
friction strength (denoted by solid squares in the fig-
ure) required to fit the prescission neutron multiplicity
of #8Fm is 15.5 zs™* [Fig. 4(a)] for the case with PE ef-
fect considered and is 12 zs~! [Fig. 4(b)] for the case with
both deformation and PE effects included in the calcula-
tion. These values are smaller than that obtained using
the presaddle friction strength of 3 zs~!. An increasing
presaddle friction contributes to more prescission neu-
trons, which correspondingly decreases the contribution
from the postsaddle region. This leads to a decrease of
the extracted postsaddle friction parameter. However,
the deduced postsaddle friction strength is still stronger
than the presaddle one.

3.
= 2r
1F
5 10 15 20 25 5 10 15 20 25
B/(10%s") BA10Ys™)
Fig. 4. (color online) Fits to prescission neutron

multiplicity measured in the 0Ar (Blap = 249
MeV) + 2Pb — 2"Fm system. Here panel
(a) and panel (b) are respectively the same as
Fig. 1(b) and Fig. 3(b), but the theoretical cal-
culations are performed at the presaddle friction
strength of 4.5 zs~ 1.

Prescission neutrons are sensitive to both fractions
of the fission path, implying that one cannot disentangle
between pre- and post-saddle dissipative effects using the
observable only. So, in the present work the presaddle
friction parameter adopted is not determined by the neu-
tron multiplicity, but from the result of a number of pre-
vious studies. There, by reproducing those observables
(e.g., fission excitation function and evaporation residue

cross sections) sensitive to presaddle dynamics only, the
presaddle friction parameter is tightly constrained, and
is around 3 zs~'. For the Fm systems studied here, no
experimental fission excitation function is available. So,
the strength of presaddle friction mentioned above was
used in our calculation. Thus, our conclusion on the de-
formation dependence should be considered as a result
that combines previous studies for presaddle friction with
observable fission/evaporation residue excitation func-
tion and the current analysis for postsaddle friction with
neutron multiplicity of heavy fissioning systems, and not
solely determined by the neutron multiplicity.

A strong postsaddle was noted earlier based on differ-
ent approaches. In the framework of a statistical model
that contains dissipation effects, Shaw et al. [59] showed
that a strong postsaddle friction along with a weak pre-
saddle friction described giant dipole resonance ~y-ray
spectra measured for heavy 2*°Cf nuclei very well. With
the nonequilibrium statistical-operator theory, Aleshin
[60] has indicated that the friction strength rises with
deformation, lending a certain support to a strong post-
saddle friction. Our present calculations show that the
PE effect not only has an obvious influence on the accu-
rate determination of 3, but it reinforces the result; that
is, postsaddle friction is greater than presaddle friction.
This conclusion is consistent with that reached recently
with a different observable, i.e., excitation energy at scis-
sion [61].

In the literature, a weak dependence of the friction
parameter with deformation predicted by the one-body
chaos-weighted wall formula [62] and observed in the
investigation of fusion reactions by using the linear re-
sponse theory [63] was used in calculation. A study based
on Langevin models indicated that employing the chaos-
weighted friction [64], which predicts a presaddle fric-
tion value analogous to that used here, and assuming a
small postsaddle friction 3, underestimates significantly
the measured prescission neutron multiplicity of heavy
fissioning systems (A ~ 250), showing that a larger (
[41] needs to be incorporated into model calculations. In
addition, multi-dimensional Langevin calculations were
made [65, 66] which even predict a small decrease of the
friction parameter with deformation by introducing a re-
duction factor k, (< 1) for the wall formula. This type
of friction was found to be able to reproduce the fission
excitation function, but it also significantly underesti-
mates the measured prescission neutron multiplicity of
heavy fissioning systems (A > 240); see Table I in Ref.
[65]. This may be a signature that hints at introducing
a greater postsaddle friction to address the evident dis-
crepancy between theoretical and experimental prescis-
sion neutron multiplicity of heavy fissioning systems.

In previous calculations, only neutron emission in the
PE phase was considered. While charged particles such
as protons can be emitted in the precompound stage,
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their emission probability is smaller than that of neu-
trons. In addition, as far as the present reaction systems
are concerned, PE emission (even for neutrons) in heavy-
ion fusion reactions is not very strong, so the angular mo-
mentum carried away by the PE particles is very small.
As a result, proton evaporation and the angular momen-
tum brought by the emitted particles are not considered
here. However, they can also affect the fission dynamics
and hence, the accuracy of the postsaddle friction pa-
rameter extracted here. This indicates the necessity of
employing advanced models to better treat various types
of particle emission in the PE phase, as shown in a recent
work [40].

4 Summary and conclusions

In the framework of the Langevin model of fission
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