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Reexamination of fission in the A ~ 200 mass region with excitation energy near 50 MeV
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Even though the fission of nuclei in the mass region 200 with excitation energy near 50 MeV has been studied
extensively, a unique description of the fission probability and prefission neutron multiplicity (vp) data remains
elusive. In the present work, a reexamination of the relevant data along with a new estimate of vy, and fission
chance distributions, obtained from the experimental fission excitation functions of neighboring Po isotopes, has
been carried out. The vy, from the above-mentioned method, sensitive to only the presaddle part, is significantly
lower than the value obtained from neutron spectra measurements. Further, vy, from the fission chance data is
in good agreement with the statistical model predictions, which also accounts for the light-ion induced fission
probability data up to low excitation energy (~30 MeV). From this observation, it is concluded that the presaddle
dynamical effects are not significant over this excitation energy range, and the vy, data determined from the
neutron spectra might have a significant contribution from the near-scission emission.
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I. INTRODUCTION

Understanding fission of a nucleus, particularly in the mass
region ~ 200, continues to be challenging problem. Study of
fission has relevance in studies related to superheavy elements,
stellar nucleosynthesis, and nuclear energy applications. Both
statistical and dynamical models are used to interpret fission
observables. In both models, the potential energy surface and
the nuclear level densities are the key ingredients. In general
the potential energy has a macroscopic (liquid drop) part and a
microscopic (shell correction) part. The nuclear level density
also depends on shell correction and deformation. Even though
significant progress has been made in the understanding of
the fission process, there are ambiguities in choosing the
parameters of the theoretical models [1-4].

Simultaneous statistical model analysis of the heavy-ion
induced fission excitation function and prefission neutron
multiplicity (vpr) data for ?'°Po (E* ~ 40-60 MeV) required
lowering the fission barrier (saddle point) [2,5]. The correction
due to dynamical emission with a delay of 30 zs (1 zs =
107! s) was estimated to be not so significant at these energies
[2]. However, the light-ion induced fission excitation functions
could not be reproduced with the same fission barrier. The
statistical model calculation with the value of fission barrier
[6] determined from the p and o induced fission excitation
functions for 2'°Po underpredicts the vy data extracted from
the measured neutron energy spectra [5].

In a recent Letter [1], the results of calculations for
fission observables using an advanced four-dimensional (4D)
Langevin code [7,8] for '2C + "*!%8pt systems have been
reported. The authors claim to have reasonably reproduced the
experimental fission probability and the vy, data along with
other observables without incorporating a shell correction in
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the potential energy surface. They have also suggested that
the differences between the results of the statistical model
[2,5] and their results are not due to dynamical effects, and
that these two sets of calculations differs in some statistical
model parameters (level density parameters, particle decay
width, etc.).

It seems that the experimental masses were used to calculate
the excitation energy at the equilibrium deformationin Ref. [1].
So the potential energy surface at the equilibrium deformation
was fixed at the experimental mass, thus having microscopic
corrections. Now if one uses only the macroscopic part of the
potential to describe the change in the potential as a function
of deformation, it amounts to lowering the whole surface with
the same microscopic corrections as that at the equilibrium de-
formation, rather than having no microscopic corrections (see
Fig. 1). If one wants to assume that microscopic corrections
are completely washed out, the potential of the equilibrium
deformation should be raised from the experimental mass to
the liquid drop mass. In other words, the liquid drop mass
of the compound nucleus [9] or the experimental mass with
back shifting [10] should be used in order to do calculations
using only the macroscopic potential energy. One should also
keep in mind that the ground state shell corrections (A,,) in this
mass region are large (A, = —10.6 MeV for 2!°Po), which can
influence the fission as well as the particle emission widths.

As mentioned in Ref. [1], the calculations in the 1970s
[10-12] could obtain consistent descriptions of experimental
fission cross sections in this mass region without any shell
correction at the saddle point. However, those calculations
have not considered the multi-chance nature of fission. In
other words, they have assumed that the fissions following
neutron emissions or the prefission neutron multiplicities are
negligible. The model used in Refs. [2,5] also predicted smaller
Vpre, if no shell correction at the saddle point is assumed.
Hence the results in Refs. [2,5] are consistent with the results
in the 1970s [10-12]. However, the experimentally measured
Vpre data in heavy-ion induced fission were found to be
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FIG. 1. A schematic representation of the potential energy as
a function of deformation in mass A ~ 200. Different reference
surfaces frequently used in the statistical model calculations are
marked as “a”, “b”, and “c”. Dominant deexcitation modes of
a excited compound nucleus in this mass region are also shown
by vertical and slanting arrows for neutron emission and fission,
respectively.

significantly large even at an excitation energy of 50 MeV
[5]. Simultaneous statistical model analysis of the heavy-ion
induced fission excitation function and v, data requires
lowering the fission barrier (saddle point) [2,5]. In Ref. [2],
the vy data were corrected for the emission of dynamical
neutrons corresponding to an assumed fission delay of 30 zs,
taken from the literature [13]. It seems the saddle point has
also been lowered in the advanced 4D Langevin calculation
presented in Ref. [1].

In an earlier work [6], it was observed that both the
heavy-ion and light-ion induced fission excitation functions
for the compound nucleus >'°Po could be simultaneously
explained. However, they failed to reproduce the experimental
Vpre data. It was concluded that the experimental vy, data may
have a contribution from nonstatistical processes and that the
experimental v, data should not be used in a statistical model
to determine the fission barrier. The mechanism of prefission
neutron emission at these lower excitation energies (~50 MeV)
in this mass region should be investigated further.

II. STATISTICAL MODEL ANALYSIS

In order to highlight the sensitivity of the fission observables
to the potential energy surface, we have carried out statistical
model calculations with three different options (see Fig. 1):
option “a” uses the liquid drop mass (M p) and liquid drop
fission barrier (Brp), “b” the experimental mass (Mex, =
M p + A,) along with a damping of the shell correction at the
ground state (A,) with excitation energy and shell corrected
fission barrier (B, p — A,), and “c” the experimental mass and
liquid drop fission barrier.

Option “a” can be used at sufficiently high energy, when
microscopic corrections are expected to wash out. This option
uses the liquid drop potential energy for the equilibrium
deformation as well as for the saddle deformation. Option
“b” should be used for intermediate excitation energy, where
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the microscopic corrections are expected to be weaker than
those at the ground state but not washed out completely.
This option uses the shell corrected potential energy for the
equilibrium deformation and the liquid drop potential energy
for the saddle deformation. It is assumed that there is no
shell correction at the saddle deformation and the saddle
point coincides with the liquid drop saddle point. Analysis of
the low energy light-ion induced fission excitation functions,
which are more sensitive to the fission barrier and hence to the
shell correction at the saddle point, yielded negligibly small
shell correction at the saddle point [6]. The gradual washing
out of the shell corrections at the equilibrium deformation
is taken into account according to the Ignatyuk prescription
[14] with an energy dependent damping factor (1) [6]. Option
“c” is often used in the analysis of fission at intermediate
and high excitation energy. As shown in Fig. 1, the saddle
point in option “c” is lower by A, as compared to the liquid
drop saddle point. This is a special case of the more general
prescription (Bf = Brp — A, + Ay)usedinRefs. [2,5,6,15],
where A is the shell correction (if any) at the saddle point.
The option “c” can be arrived at with A ; = A,,. This option is
often considered by many as a purely macroscopic calculation,
which is not true.

The statistical model calculations have been carried out
using a modified version of the statistical model code PACE
[16]. According to the statistical model of compound nucleus
decay, all possible decays are intrinsically equally likely
and are governed by factors such as the relative density
of levels (phase space) and transmission coefficients. In the
present case, the most dominant mode of decay is sequential
(3-5) neutron emission leading to (3n—5n) evaporation residue
formation. As shown in Fig. 1, fission occurs from the initial
compound nucleus excitation energy (first chance fission) or
after emission of one or more neutrons (later chance fission).
In the case of fission of nuclei with sufficient excitation energy
above the fission barrier, as in the present case, quantum
tunneling does not play a significant role and has not been
considered. The expression used for the level density is the
same as that given in Ref. [6], with entropy as given below.
At the equilibrium deformation, the value of entropy, S, is
calculated as

Sy =4d,[E; + A,]
= 4d,[E; + A,(1 — e "")]
=44, E,

for option “a”,
for option “b”,
for option “c”.

At the saddle point deformation, the value of entropy is
calculated as

SJ% =4ddr[E, + A, — Brp] for option “a”,

=4ds[E; — (BLp — Ap)] for option “b”,

=4ds[E; — Brpl for option “c”,

where E, = E* —§, — E.(J). Here, 6, and E;(J) are the
pairing energy and the rotational energy, respectively. As can
be seen from the above expressions, while option “a” is an
approximation of the realistic option “b” in the high energy
limit, option “c” is an incorrect implementation of option “a”.

The asymptotic value of the level density parameter at the
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FIG. 2. Statistical model predictions for fission (top panel) and
prefission neutron multiplicity (bottom panel) with options “a”
(dashed line), “b” (continuous line), and “c” (dot-dashed line) are
compared with the experimental data and the prediction of the
advanced 4D Langevin code (Schmitt 2014 [1]) for the 12C 4 19py
system. The prefission neutron multiplicity obtained from the fission
chance distribution (see text) for 212pg is also shown as an open

rectangle.

equilibrium deformation (d;,) is taken as A /9. The ratio of the
asymptotic value of the level density parameter at the saddle
deformation to that at the equilibrium deformation (a7 /dj) is
taken as 1.018, which was found to give the best fit to the data
for the a 4 2%°Pb system [6]. Shell corrections at the ground
state (A,) are taken from Ref. [17]. The angular momentum
dependent macroscopic (liquid drop) part of the fission barrier
[Brp(J)] and E,n(J) are taken from the rotating finite range
model (RFRM) [18].

As can be seen from the Fig. 2, the statistical model
calculation with option “a” reproduces both the experimental
fission probabilities and the prefission neutron multiplicity
(Vpre) data [5,19,20]. Calculation with option “b” reproduces
the experimental fission probabilities. However, it fails to
reproduce the experimental vy data. Calculation with option
“c” overpredicts both the experimental fission probabilities
and vy data. However, they are in good agreement with the
results obtained from the advanced 4D Langevin dynamical
calculation [1]. The dynamical calculation of Schmitt et al. [1]
also overpredicts both the experimental fission probabilities
and vy, data over the entire energy range, contrary to their
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FIG. 3. Statistical model predictions of the excitation energy of
the nuclei undergoing fission arising from the decay of compound
nuclei with same excitation energy (59 MeV) after one or more
neutron emissions for the ?C 4 '°®Pt system with different options
for the potential energy surface (see text).

claims of reasonable agreement. Good agreement between the
results of the dynamical calculation [1] and the present statis-
tical model with similar values of the fission barrier (option
“c”) and level density parameters indicates that the dynamical
contribution in the results of the dynamical calculation [1] was
not significant. It should be mentioned here that the low energy
light-ion induced fission excitation functions of 2!°Po could be
reproduced by the statistical model with option “b” only [6],
and the corresponding barrier height is in good agreement with
that predicted by the macroscopic-microscopic finite range
liquid-drop model [21].

III. MULTICHANCE FISSION AND NEUTRON
MULTIPLICITY

In order to investigate further, we have studied the multi-
chance nature of fission. Figure 3 shows the distribution of
excitation energy of the nuclei undergoing fission arising
from the decay of the compound nuclei with same initial
excitation energy (59 MeV) after one or more neutron
emissions for the '2C 4 8Pt system. In the case of option
“c”, the saddle point is lower than the liquid drop saddle
point. As a consequence, fission occurs even at energies
below the liquid drop saddle point, resulting in higher vy
as compared to the other options. Like most of the models,
the present statistical model calculations do not consider
barrier tunneling for fission. As far as the level density at
the saddle point is concerned, the options “a” and “b” are the
same. However, the level density at equilibrium deformation
falls off slowly with decrease in excitation energy when a
realistic continuous damping of shell effect is considered
(option “b”) as compared to complete washing out of the
shell effect (option “a”). Hence, as excitation energy decreases,
neutron emission is more favored over fission in option “b” as
compared to that in option “a”. This reduces the higher chance
fission probabilities in the case of option “b” as compared
to that in the case of option “a”, leading to lower vy, with
option “b”.
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FIG. 4. Relative fission probabilities as a function of chance
for 2'?Po at E* = 59 MeV, extracted from the experimental fission
excitation functions of >*He + 2°62072%8pp, [22], are compared with
the statistical model predictions with different options for potential
energy surface (see text).

We have also extracted the fission chance distribution and
Vpre in fission of 22pg at E* = 59 MeV from the experimental
fission excitation functions for **He + 20¢-207:208pp gystems
[22]. The first chance fission probability is obtained from the
observed cumulative fission probabilities Pyp,s of neighboring
isotopes: 2'2Po at an excitation energy Eo and >!'Po at E; =
Ey— S, — 2T as

Pobs(znpoa EO) - Pobs(zllpoa El)
1 - Pobs(ZHPOvEl)

P("Po,Ey) = . (D
where S, and T are the neutron separation energy and
temperature, respectively. A similar method was used earlier
by Natowitz et al. [23]. It should be noted here that the fission
probability also depends on angular momentum. Hence, the
angular momentum population in 2'?Po at E, should also
match with that of 2!'Po at E;. The measured fission fragment
anisotropy values for the *He + 2°°Pb system [24] are constant
in the excitation energy range 30 to 40 MeV, indicating the
saturation of angular momentum population above 30 MeV.
Hence, the populated angular momentum distributions in these
light-ion induced reactions are expected to be same over
the energy range considered here. The second chance fission
probability of 2!*Po is taken as the first chance probability
of 2!'Po at the excitation energy E;, the third chance fission
probability is taken as the first chance fission probability of
210pg at the excitation energy E, = Ey — S, — 2T, and so on.

The extracted fission probabilities as a function of chance
for 12Po at an excitation energy of 59 MeV are compared with
the statistical model calculations with the different options for
the potential energy surface in Fig. 4. The values dy/d, =
1.026 and B;p = Brrrm X 1.10 gives best fit to the fission
excitation function of 2'?Po with option “b”, and have been
used for all the options to calculate the chance distribution.
The predicted distributions do not change significantly, even
if the parameters are allowed to vary to fit the high energy part
(> 40 MeV) of the excitation functions with the option “c”.
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The low energy (< 40 MeV) part of the excitation functions
cannot be fitted with option “c” [6]. While the calculation with
option “b” reproduces the experimental chance distribution,
the predicted distribution with option “c” is found to be very
different.

The average number of neutron emitted before fission (Vpr)
can also be obtained from the chance distribution as

Yy — 1) x Pl
i Py

where P )’c is the probability of i th chance fission. The vy value
obtained from the experimental chance distribution is 0.86 &
0.16 for >'?Po at an excitation energy of 59 MeV. While the
result with option “b” (0.9) is in excellent agreement with the
value of vp.. obtained from the chance distribution, predicted
values with option “a” (1.35) and “c” (2.62) are found to
be much larger compared to experimental value. The same
observations were made at 43 and 51 MeV. For comparison,
we have plotted the vy obtained from the chance distribution
for 2'?Po in Fig. 2. As can be seen, the values of vy, obtained
from the chance distribution for 2'?Po are smaller than those
obtained from the neutron energy spectra measurement for
210pg and are in excellent agreement with the statistical model
calculation with option “b” (see Fig. 2). The measured v
data were found to be similar for 2*°Po and >!°Po at excitation
energies around 50 MeV [5] and the statistical model also does
not predict any strong isotopic dependence.

In general, the fission probability can also be influenced
by the dynamics. However, for the systems and excitation
energies considered here, the fission probabilities are very low
and the statistical fission mean lives are very large (estimated
statistical fission mean life ~ 900 zs at E* = 59 MeV for
210Po.). Dynamical fluctuations, much shorter in time scale,
are not expected to have significant effect. The experimental
fission probabilities also show a monotonic increase as a
function of excitation energy, as expected from statistical
competition. According to statistical theory of fission, post-
saddle phenomena do not alter the fission probability. Hence,
the vy extracted from the fission excitation functions can be
considered as presaddle contributions. These v, values are
in excellent agreement with the statistical model with option
“b” (see Fig. 2), which also accounts for the available fission
excitation functions in light-ion as well as heavy-ion induced
reactions [6]. This indicates that the influence of dynamics in
the motion from the equilibrium to the saddle deformation is
not significant for the systems considered in the present study.

The vy extracted from the neutron spectra measurement
[5] are found to be higher than those from chance distri-
butions. This confirms that there are significant post-saddle
contributions in the vy, obtained from the neutron energy
spectra measurement [5]. For the nuclei in the mass region
A =~ 200, the saddle point is extremely deformed and close to
the scission point. The saddle-to-scission motion is expected
to be fast and to not contribute to vy significantly. A combined
dynamical and statistical model also predicted negligibly small
saddle-to-scission contribution in vy for nuclei in the mass
region A ~ 200 with excitation energy around 50 MeV [25].
The contribution and the characteristics of scission neutrons

@

Vpre =
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emitted at the instant of neck rupture for actinide nuclei is
being investigated [26,27]. Upper limits of 0.58 and 0.73 in
25U(nyp, f) and »2Cf(sf) have been estimated, respectively
[27]. Such a contribution, if present in this mass region also,
would be sufficient to explain the observed difference between
the vy obtained using the two different methods.

IV. SUMMARY AND CONCLUSION

In summary, we have reexamined fission in the A ~ 200
mass region with excitation energy around 50 MeV. The
sensitivities of fission observables to the different potential
energy surfaces, frequently used in literature, have been
studied. The use of experimental mass with only liquid drop
deformation energy (option “c’’), which might have been used
in Ref. [1] and by many others, does not correspond to a pure
liquid drop surface. Even though the application of a pure
liquid drop surface (option “a”) is justifiable at high energies,
it is difficult to constrain the model parameters [2,3,6], and the
conclusion drawn from such an analysis can be ambiguous.
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The chance distributions and the v values obtained from the
fission excitation functions for the neighboring Po isotopes are
in excellent agreement with the statistical model calculation
with realistic damping of the ground state shell correction
[14,28] (option “b”), which also accounts for the available
fission excitation functions in both light-ion and heavy-ion
induced reactions. This prescription should be employed for
more accurate knowledge of fission. The vy values obtained
using the new approach are found to be smaller than those
obtained from the measured neutron spectra. This confirms
that there are post-saddle contributions in the vy, extracted
from the neutron energy spectra. The contribution of scission
neutrons, largely ignored in the study of fission of excited
nuclei, should be investigated.
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