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Description of the mass-asymmetric fission of the Pt isotopes, obtained in the reaction
¥ Ar + “Nd within the two-stage fusion-fission model
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The two-stage dynamical stochastic model developed earlier for the description of fusion-fission reactions
is applied to the calculation of mass and energy distributions of fission fragments of platinum isotopes in the
reaction **Ar 4+ >Nd — ""8=*Pt 4 xn. The first stage of this model is the calculation of the approaching of
the projectile nucleus to the target nucleus. In the second stage, the evolution of the system formed after the
touching of the projectile and target nuclei is considered. The evolution of the system in both stages is described
by three-dimensional Langevin equations for the shape parameters of the system. The mutual orientation of the
colliding ions and tunneling through the Coulomb barrier in the entrance channel are also taken into account.
The potential energy of the system is calculated within the macroscopic-microscopic approach. The calculated
mass-energy distributions of fission fragments are compared with the available experimental data. The impact of
shell effects, rotation of the system, and neutron evaporation on the calculated results is discussed.
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I. INTRODUCTION

The first theoretical description of nuclear fission discov-
ered in 1939 [1,2] was given in the framework of the liquid
drop model [3] in which it is assumed that the properties of
the atomic nucleus are similar to those of a charged viscous
incompressible liquid drop. It turned out that the liquid drop
model predicts splitting of the fissioning nucleus into two
fragments with the same masses, which was confirmed by
experiments of highly excited nuclei. However, in the case
of low excitation energies, such as the fission of *U by
thermal neutrons, the masses of the fission fragments are
not equal. The explanation of mass-asymmetric fission was
given later by the influence of shell effects. The presence of
a mass-asymmetric fission valley for transuranium elements
was demonstrated by Pashkevich in Ref. [4]. In this paper,
the dependence of the potential energy of nuclei on their de-
formation was constructed using the shell correction method
of Strutinsky [5] and Brack et al. [6], and it was shown that
the fission process is strongly affected by the deformation
dependence of the potential energy of the system. Further
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progress in the description of the process of nuclear fission
is associated with the use of statistical [7,8] and dynamical
[9,10] models as well as their combinations [11]. These
models describe the fission of a nucleus initially located
in a potential well near the ground state (g.s.) (compound
nucleus). Such an excited compound nucleus can be formed
by the irradiating of atomic nuclei by light particles. A
fully microscopic stochastic description of the fission pro-
cess was developed in Ref. [12]. The first application of
this approach to a realistic physical phenomenon (sponta-
neous fission of ®Fm) is presented in recent publications
[13,14].

The description of the fission process becomes much more
complicated if the excited nucleus is formed in the result of a
fusion reaction of two massive ions. In this case, one can not
talk merely about the fission of the compound nucleus. From
the moment of touching of the initial nuclei to the moment of
formation of the compound nucleus passes quite a long time
during which the system may undergo fission or may reduce
its excitation energy by emitting a light particle or y quanta
and form the compound nucleus in the g.s. As a result, for the
description of the mass distribution of fission fragments it is
necessary to consider the whole evolution of the fusion-fission
process starting from the approach of the initial nuclei to each
other and ending with the formation of a compound nucleus
or fission.
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FIG. 1. The potential-energy Vi, (5) of colliding ions *°Ar
and Nd in the entrance channel (solid curve) and the liquid
drop deformation energy of '"®Pt for mass-symmetric (a3 = a4 = 0,
dashed curve) and mass-asymmetric (¢3 = 0.3, a4 = 0.1, dot-
dashed curve) shapes as a function of the distance r between
centers of mass. The horizontal line is the Q value of reaction
BAr + "*Nd—> 'Pt.

For this purpose, in Refs. [15-17], the so-called two-stage
dynamic stochastic model for the description of a fusion-
fission reaction with heavy ions was developed. In this model,
in the first stage of calculations, the approaching of the
projectile nucleus to the target nucleus up to their touching
point is considered. In the second stage, the evolution of the
compact system, formed after merging of colliding nuclei, is
studied.

In the present paper, we apply the two-stage model [15-17]
for the description of the kinetic energy (KE) and mass
distributions of the fission fragments obtained in a recent pub-
lication [18] for the reaction °Ar + '"*Nd — 8Pt 4 xn
at beam energies Ej,, = 153.9, 168.8 and 178.8 MeV. This
paper contains experimental data on the energy and mass
distributions of fission fragments, average energy taken away
by the prefission neutrons, the average induced angular mo-
mentum, and the rotational energy. Comparison of such data
with calculated results would be a good test for the theoretical
models.

II. THE TWO-STAGE APPROACH

As was mentioned above, in the first stage of the calcula-
tions, we consider the approaching of the projectile nucleus
to the target nucleus up to their touching point. In the second
stage, we study the evolution of the compact system, formed
after the merging of colliding nuclei. The schematic compar-
ison of the potential energy in fusion and fission channels
is shown in Fig. 1. The final point of the second stage
calculations could be the splitting of the system back into two
fragments or the formation of the evaporation residue !7*~*Pt,
where x is a number of neutrons, evaporated by the compound

36Ar + 142Nd
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FIG. 2. An example of the touching configuration of **Ar and
“INd (r = 12.1 fm, o, = &, = 0.05, solid curve) and the fit by
three-dimensional («, 1, a4) Cassini ovaloids (dashed curve).

system in order to reduce its excitation energy. Of course, the
outcome depends on the reaction energy.

The evolution of both separated ions and compact system is
described by Langevin equations for the collective parameters
that fix the shape of the system. For the approaching process,
the collective parameters are the parameters o, and «; of
quadrupole deformation for both ions and the distance r be-
tween their centers of mass. In the approaching stage, we also
take into account the orientation of the target nucleus—the
angle 6, between the symmetry axis of the deformed ions in
the g.s. target nucleus and the line connecting the centers of
mass of colliding nuclei.

The shape of the compact system is described by the
parameters «, o, and o4 of Cassini parametrization [4] that
specify the total elongation, the mass asymmetry, and the neck
radius of the system.

At the end of the first stage calculations (at the touching
point), we fix the center-of-mass (c.m.) distance and the
potential and internal (dissipated) energies of the system.
At the initial point of the second stage calculations, we use
these data to define the shape of the system, formed after
the collision of the initial nuclei. To do it, we use three
conditions. First, we fix o4 and define o and «; from the
requirement that the c.m. distance r and the mass asymmetry
of separated ions and the compact system are the same. Then,
we vary a4, and among all possible shapes, which satisfy that
requirement, choose the one, that corresponds to the lowest
potential-energy Eger(o, o1, otg) of the compact shape. An
example of the relation between the shapes of separated ions
and the compact system is shown in Fig. 2.

At both stages of the calculation, the time evolution of the
collective degrees of freedom q = {«, ¢,} and corresponding
momenta p/m = {«, «,} is described in terms of the Langevin
equations [19,20], namely,

q.ﬁ = HpvPv,

. 1 dphon

DB = —=DPvPn + Kg — vpoltog Py + 0060 (1)
2 36]5
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Here, gg’s are the deformation parameters, and a convention
of summation over repeated indices v, 1 is used. The quantity
ygv 1s the tensor of friction coefficients, and g, is the tensor
inverse to the mass tensor mg,, Kg is a component of the
conservative force K = —VF , where ' = Vo — aT? is the
free energy of the system, V,, is the potential (deformation)
energy, a is the level-density parameter [8], and the temper-
ature 7 of the system is related to the internal (dissipated)
energy by the Fermi-gas formula T = /Eg;/a.

The friction force leads to the dissipation of collective
motion energy into internal energy. The fluctuations in the
system are described by the random force 6g,§,. Here, &, is
a random number with the following properties:

(Sv) = 07
(Ep(t1)E,(12)) = 28p,6(t1 — 12). 2

The magnitude of the random force 6g, is expressed in
terms of diffusion tensor Dg, = 6g,6,,, which is related to the
friction tensor yg, via the modified Einstein relation Dg, =
T*yg,, where T* is the effective temperature [21].

The internal energy of the system could be calculated from
the energy conservation condition,

Ec.m. = Vpot + Exin + Edis’ (3)

here E. . = EjapANd/(ANg + Aar) 1s the reaction energy, cal-
culated in the c.m. system, and Ey;, is the kinetic energy of the
collective motion.

Some terms of Eq. (1) should be determined twice, one
for the first, and one for the second stage of the calculations.
Such terms we will denote by the upper indices (/) and (I]),
respectively.

The deformation energies Eé’el)c and Eégt) of colliding ions
and Eg4r of the combined system are calculated within the
macroscopic-microscopic shell-correction approach proposed
by Pashkevich [4], Strutinsky et al. [5], and Brack et al. [6].
The interaction potential between the colliding ions consists
of Coulomb part Vo [22] and nuclear Gross-Kalinowski po-
tential Vgk [23], modified in order to describe the interaction
of deformed ions [20]. The rotation of the system is taken into
account in both stages of the calculations,

,  RLL+1D u BLL+1)

V7 S A T

where M = M,M,/(M, +M,) is the reduced mass of the
target and the projectiles J;, J,, and J are the rigid body
moments of inertia of the target, projectile nucleus, and of the
combined system, respectively, and L is an angular momen-
tum of the whole system.

Finally, the potential energy of the system is as follows:

“

Vi = Veou + Vok + Egy + E{ + EL. ©)

Vpl(fl = Eqer + E[L. (6)

Besides the deformation energy, the dynamical properties of
each nucleus are characterized by the friction yg, and inertia
mg, tensors, that were calculated within the linear-response
approach and local harmonic approximation [24,25]. In this
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FIG. 3. The potential energy of the system as a function of
distance r between target and projectile. The orientation of target
6, = 0, deformation parameters o, and «,, correspond to the ground-
state shapes of the target and projectile ions.

approach, many quantum effects, such as shell and pairing
effects, the dependence of the collisional width of single-
particle states on the excitation energy, are taken into account.
The precise expressions for the components of the friction yg,
and inertia mg, tensors can be found in Ref. [26]. Tensors yg,
and mg, [26] characterize completely the inertia and friction
properties of the combined system and were used in our
previous calculations within the three-dimensional Langevin
approach with Cassini shape parametrization and the two-
center shell-model shape parametrization [27].

For the first stage of the calculation, besides the internal
processes in ions, one should account also for their relative

motion. The inertial tensor m;,v in this case has only diagonal
components: mj, = M (reduced mass), m/, , = My, m}, , =
mb,, and mélel = J;. The friction tensor for the first stage of
the process was defined as the sum of the friction tensor for
the relative motion, obtained in the surface-friction model
[28], such as was performed in Ref. [29], and the diagonal
friction tensor for colliding ions, which has only two nonzero

I _ ot 0 _.p
components (Y, o = Vyo' Yape, = Yea)-

III. THE RESULTS OF FIRST STAGE CALCULATIONS

In the present paper, the first stage calculations were
stopped as soon as the system overcame the potential barrier.
The position of the barrier depends on deformations and
orientation of the colliding ions. It depends also slightly on
the angular momentum of the system (see Fig. 3).

As one can see, some experimental data in Ref. [18] are
obtained for the subbarrier energies. In order to describe
such reactions, we took into account the quantum tunneling
through the potential barrier. The penetrability of the barrier
was defined in the Wentzel-Kramers-Brillouin approximation
[30] as

r -1
T.(E) = |:1 + exp <%/ V2m(Vies — E)dr)] , (D
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FIG. 4. The dependence of the probability (top) and the partial
cross section (middle) of the penetration through the potential barrier,
calculated with an account of the tunneling effect, on the angular
momentum of the system. Bottom: the dependence of the cross
section of the penetration through the potential barrier on the reaction
energy.

where the integration is carried out between the turning points
r1 and r, in the subbarrier region and E is the incident energy,
equal to the potential energy of the system at the turning
points. As one can see from Fig. 4 (bottom), the account of
quantum tunneling increases substantially the probability of
penetration through the barrier in the subbarrier region.

The angular momentum is a free parameter of our model.
So, the first stage calculations are carried out for a set of
L. One can see from Fig. 3 that the height of the potential
barrier increases with the angular momentum of the system.
The probability to overcome the barrier will decrease in this
case, see Fig. 4. Knowing the probability of an event, we can
calculate its partial, Fig. 4 (middle) and total, Fig. 4 (bottom),
cross sections, respectively,

Ossier (L Eem.) = mA2Q2L + DParrier (L, Ec), (8
Obvarrier (Ec.m.) = Z O}JL;lrrier(Ly Ecm). ®
L

The main goal of the first stage calculations is to obtain the
potential-energy VpI()t of the system and its internal (dissipated)
energy Egis at the touching point.

Having at our disposal the distributions given in Fig. 4
(middle) and Figs. 5(b)-5(d), we can specify (by the hit-and-
miss method) the initial values of angular momentum, internal
and potential energies of the system for the beginning of the
second stage of the calculations. The way to choose the initial
shape parameters of the combined system was discussed in
the previous section, see Fig. 2 and the text around it. So, the
initial values for the second stage calculations are defined by
the final data from the first stage,

El (L) = EL (L),

kin,in
Eéils,in(L) = Eéli(L) + Vplot - Vpl(ft' (10)

E,. (MeV)

60 0 20 40 60
L (7)

FIG. 5. The distributions of (a) c.m. distance, (b) potential,
(c) dissipated, and (d) rotational energies of the system as functions
of angular momentum L at the touching point for E* = 50.5 MeV.

In order to bring V., and Vi), to the same scale, the so-called

Q value of the reaction should be added to V.,

Viriin — Voin + 0 (11)

where O < 0 is defined in terms of g.s. energies of the target,
projectile, and combined system Q = Eg: P _ Efs) — Eg([é)
One can define also the excitation energy E* of reaction by
the relation,

E*=E.n. + 0. (12)

The distribution in Fig. 5(d) is the distribution of rotational
energy at the touching point. The width of this distribution
is very small. The contribution to this width comes from
the uncertainty of c.m. distance r [which is also small, see
Fig. 5(a)] that appears in the moment of inertia in Eq. (4).
Each point in Fig. 5(d) is the contribution of trajectory
that reached the touching point. By summing over all
trajectories, one can define the average angular momentum
(L) and the average rotational energy (E.y) of the system at
the touching point,

(L)=ZL1-/ZL <Erm>=ZEr"m/Zl. (13)

The summation over trajectories based on distribution of
Fig. 5(d) leads to the values of (L) ~ 20.5% and (E;x) &
1.89 MeV. In the same way, we can calculate the average
value of dissipated energy (Eq;s) ~ 4.40 MeV. As we can see,
the sum of rotational and dissipated energies at the touching
point is not so large compared with the excitation energy
E* =50.5 MeV.

[T
l

IV. THE EVOLUTION OF THE COMPACT SYSTEM

The potential-energy surface (PES) of !”®Pt in coordinates
r-mass asymmetry (A, — Ag)/(AL + Ag) is shown in Fig. 6.
The star in this figure marks the position of the initial point
corresponding to the shape shown in Fig. 2.
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FIG. 6. The minimized, with respect to oy, deformation energy
of Pt at T = 0. The white line marks the position of the zero neck
foray, = 0.

Starting from the touching point, the system would move in
the direction of the g.s. under the action of the random force,
form the compound nucleus, and then undergo fission. The
evolution of the compound nucleus could last long enough to
evaporate y’s or light particles, so we should take into account
this deexcitation process. The evaporation of particles and
y quanta by the excited compact system is described in our
approach within the statistical model [8]. On each integration
step, the partial width of the corresponding decay channel
[8] is calculated, then by the hit-and-miss method, we decide
whether some particle was emitted and which kind of particle
was emitted. If some particle was emitted, the binding energy
of this particle was subtracted from the excitation energy of
the system. Also, the particle can carry away some energy
(its KE).

The main evaporation channel is the evaporation of neu-
trons. The probability of the neutron evaporation and its KE
depends on the dissipated energy of the system as shown in
Fig. 7. One can see that the system with dissipated energy
Eqs = 40 MeV, for example, should live, on average, 400 zs
before the first neutron is evaporated. After evaporation, it
loses about 10 MeV as a neutron kinetic and binding energy,
S0, to evaporate the second neutron, it needs about 1500 zs,
and so on. Of course, during this evolution time there is
a competition between neutron evaporation and fission. The
fission of the nucleus can occur before it evaporates any neu-
tron (dashed curve), or it could evaporate one (short dashed
curve), two (dotted curve), or more neutrons before fission
(see Fig. 8). The maximal number of the evaporated neutrons
depends on the initial excitation energy of the system E*, see
Eq. (12).

After evaporation of several neutrons, the system’s internal
energy decreases, and the role of the nuclear shell structure
becomes more and more significant. In Fig. 9, one can see
the evolution of fragment mass distribution due to the deex-
citation process (for the initial excitation energies E* = 39.6
and E* = 50.5 MeV). The mass distribution is symmetric if
the system undergoes fission before it evaporates any neutron.
Then, after the first neutron evaporation, the system slightly
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FIG. 7. The neutron evaporation probability (per zeptosecond) as
a function of the neutron KE (top) and nuclear internal energy Eg
(bottom).

cools down, and the influence of the shell effects will be
noticeable. And, finally, after the second neutron evaporation,
the distribution becomes strongly mass asymmetric.

The total mass distribution obtained by superimposing of
distributions shown in Fig. 9 is compared in Fig. 10 with the
experimental data [18]. One can see that the calculated mass
distributions for all three values of excitation energy E* are
very close to the experimental data.

V. THE TOTAL KINETIC ENERGY

The mass-energy distribution of fission events is shown in
the left part of Fig. 11. In these calculations, for each trajec-
tory that reached the scission point {g;}, we define the total
kinetic-energy TKE; as the sum of the Coulomb interaction

all events

- ----0n
4 i
i~ 2
£
S
o 2 g

0 20 40 60
L(n)

FIG. 8. The partial cross sections of the fission process in the
case of zero (dashed curve), one (dashed-dotted curve), and two
(dotted curve) neutrons emitted by the compound nucleus before
fission as a function of angular momentum of the system. The solid
curve is the partial cross sections of all fission events.
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FIG. 9. The contributions to the total fission cross section of
278pt (solid curve) at E* = 39.6 and 50.5 MeV of the fission events
without neutron evaporation (dashed curve), with evaporation of one
neutron (dashed-dotted curve), and with evaporation of two (dotted)
neutrons.

of spherical fragments at the scission point and prescission
kinetic-energy KE®™,

TKE; = EX™(g;) + KE™ . (14)
Here,

E&Na) = ZuZye* [r(qy). (15)

where eZ; and eZy are the charges of light and heavy frag-
ments. The prescission kinetic-energy KE™™® is the kinetic
energy in the fission direction obtained from the solutions of
Langevin equations at the scission point. It turned out in these
calculations that the average value of KE®™ is very small, on
the order of 1 to 2 MeV, and the main contribution to TKE
comes from the Coulomb repulsion energy.

The TKE distribution of fission fragments is shown in the
right part of Fig. 11. The shape of the distribution is very

6 v T v T v T v T v
4 [ U*=58.4 MeV -Calculations_'
L Experimental
2+ data b
0
6 v T v ) ) )
g 4 '_U*=50.5 MeV ]
E 3 e
[0} - -
$ 20
0
6 v T v T v T v T v
[ U*=38.6 MeV ]
41 ]
2F ]
0
40 60 80 100 120 140

Fragment mass number

FIG. 10. The calculated fission fragment mass distributions in
comparison with the experimental data [18].

160 ‘ ‘ ‘ ‘ 10

178Pt

£[0]0) e 0 ‘ ‘
40 60 80 100 120 140 100 120 140 160

Fragment mass number TKE (MeV)

FIG. 11. Left: The mass-energy distribution of fission events for
E* =50.5 MeV. Right: The normalized to 100% yield of fission
fragments as function of the total kinetic energy.

close to a single Gaussian. We did not find the contributions
to TKE distribution from the two fission modes as was argued
in Ref. [18]. We see the two fission valleys on the potential-
energy surface at large elongation, beyond the saddle point,
see Fig. 12. Between saddle and scission, the mass-symmetric
valley is even deeper compared with the mass-asymmetric
valley. However, it follows from the calculations that the
dynamical trajectories do not follow the bottom of the fission
valley. The mass and energy distributions are formed mainly
at the saddle. The trajectories spend a lot of time inside the
saddle. Some of them reach the saddle and move very quickly
towards the scission. The descent from saddle to scission in
78 At (and other light fissioning nuclei) is very short, see
Fig. 12, and steep. The trajectories do not have much time
to adjust themselves to the potential-energy landscape during
saddle-to-scission motion. Note also that the mass asymmetry
of the asymmetric valley beyond the saddle is much larger as
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FIG. 12. The “backside” of the PES: the saddle-to-scission part
of the deformation energy of >’*Pt minimized with respect to a at
T=0.
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(coinciding with experimental) the mass asymmetry of PES at
the saddle.

The average value of the TKE is equal to 130.4 MeV,
which is rather close to the position of the main peak
TKE"e" = 133.4 MeV in experimental results [18]. The
width of TKE-distribution orxg = 11 MeV is, however,
much smaller than experimental value, see Fig. 2(a) of
Ref. [18].

We tried hard to increase orgg and did not succeed. For the
following reason: The contribution to the total kinetic energy
comes from the fragments’ prescission KE and the fragments’
Coulomb repulsion energy immediately after scission, see
Egs. (14) and (15). Since the prescission KE is very small
in the considered case, only a few MeV, the main part of
the TKE is the Coulomb repulsion energy E.™). In Eq. (15),
r(g;) is an only variable quantity. In order to get the value of
TKE = 70 MeV (that is the smallest experimental value of the
TKE for symmetric splitting at E* = 50.5 MeV), r should be
close to 30 fm. Taking into account that the distance between
centers of mass for the touching configuration of *®Ar and
142Nd is only r ~ 10.4 fm, it is not difficult to come to the
conclusion that there is no way to produce a compact shape
of '8Pt with extremely large elongation r &~ 30 fm. Such a
compact shape should break apart much earlier at smaller
values of r. So, we do not see many chances to get the fission
events with TKE = 70 MeV.

The difference between calculated and experimental val-
ues of orgg might be attributed to the uncertainty of the
scission point configuration formed in the reaction, the finite
(in)accuracy of TKE measurements, and some limitations
of the theoretical approach. In particular, the generaliza-
tion of the three-dimensional Langevin approach to a four-
dimensional approach would increase the variety of shapes at
the scission point and, thus, could increase the width of TKE
distribution.

VI. CONCLUSIONS

Within the developed earlier two-stage approach for
the fusion-fission reactions, we have studied the reaction
O Ar + 2Nd — "8=*Pt + xn. The obtained results are com-
pared with the available experimental data [18]. The calcu-
lated mass distributions of fission fragments for three energies
E.m. = 122.78, 134.68, and 142.58 MeV are in good agree-
ment with the experimental results. The most probable mass
division for the asymmetric component of fission fragments
mass distribution (Fig. 10) is found to be about A /Ay =
79/98, which is rather close to the experimental data [18].
From our calculations, it follows that the competition between
symmetric and asymmetric fission channels is caused by the
enhancement of shell effects in the compound nucleus due to
the process of its deexcitation by neutron emission.

The average value of the TKE is equal to 130.4 MeV, which
is rather close to the position of the main peak TKEM&h =
133.4 MeV in experimental results. The calculated shape of
distribution is very close to a single Gaussian. We did not find
the contributions to TKE distribution from two fission modes
as was argued in Ref. [18].

From the results of the calculations, it follows that the
dynamical trajectories do not follow the bottom of the fission
valley and the mass distribution of fission fragments of '"3Pt
is formed mainly at the saddle.
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