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Background: Multinucleon transfer (MNT) reactions involving heavy projectile and target combinations stand
as a promising method for synthesizing new neutron-rich exotic nuclei, which may not be possible using hot
or cold fusion reactions or fragmentation. Exploring the mechanisms behind MNT reactions is essential and it
requires a comprehensive theoretical framework that can explain the physical observables in these reactions.
Purpose: This work aims to show that the quantal diffusion approach based on the stochastic mean-field
(SMF) theory is capable of explaining the reaction dynamics observed in MNT reactions. Primary product mass
distributions in 48Ca + 244Pu reaction at Ec.m. = 203.2 MeV and 86Kr + 198Pt reaction at Ec.m. = 324.2 MeV are
calculated and compared with the available experimental data.
Methods: In this work, we utilize the time-dependent Hartree-Fock (TDHF) calculations to analyze the mean-
field reaction dynamics computationally in the reactions 48Ca + 244Pu and 86Kr + 198Pt for a broad range of
initial angular momenta. Quantal transport description based on the SMF approach is used to calculate quantal
diffusion coefficients and mass variances in 48Ca + 244Pu and 86Kr + 198Pt systems. The primary products arising
from quasifission reactions are described by joint probability distribution in the SMF approach and those arising
from fusion-fission are estimated by using the statistical deexcitation code GEMINI++.
Results: Mean values of charge and mass numbers, scattering angles of the primary reaction products, and the
total kinetic energies after the collision are calculated within the TDHF framework for a broad range of initial
angular momenta. Throughout all the collisions, drift toward the mass symmetry and large mass dispersion
associated with this drift are observed. The calculated primary fragment and mass distributions using the SMF
approach successfully explain experimental observations for the 48Ca + 244Pu and 86Kr + 198Pt systems.
Conclusions: The primary mass distributions, mean values of binary products, and mass dispersions are
determined and results are compared with the available experimental data. The observed agreement between
the experimental data and SMF results highlights the effectiveness of the quantal diffusion mechanism based on
the SMF approach, which does not include any adjustable parameters other than standard parameters of Skyrme
energy density functional.

DOI: 10.1103/PhysRevC.108.064604

I. INTRODUCTION

Over the last decade, the number of isotopes in the chart
of nuclides has increased significantly. Although there has
been a great effort to synthesize superheavy elements and
exotic isotopes such as neutron-rich or proton-rich isotopes,
the relatively low cross sections of these isotopes still impose
a difficult challenge in heavy-ion experiments. Superheavy
elements produced so far have been a product of either
hot [1,2] or cold fusion [3] reactions, wherein the highly
excited compound nuclei deexcite mostly by neutron emission
and secondary fission. As an alternative, multinucleon transfer
(MNT) in heavy-ion collisions is a promising approach for the
synthesis of new neutron-rich nuclei. For this purpose, MNT
reactions involving heavy projectile and target combinations
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have been extensively studied experimentally near barrier en-
ergies over the last few years [4–17]. In quasifission reactions
involving heavy nuclei, ions stick together to form a dinuclear
system. During this period, a large number of nucleons are
transferred between the colliding ions. It has been experimen-
tally observed that entrance channel properties such as N/Z
ratio, the presence of entrance-channel magicity (the number
of spherical shells in the reaction entrance channel) [18],
relative orientation of deformed ions [19–23], and the charge
product ZPZT [24–28] could have a significant effect on the re-
action outcome. Although quasifission reactions usually favor
transfer towards mass symmetry, it has been experimentally
observed that nucleon transfer from lighter to heavier ions is
also possible [5,7,29].

Exploring the mechanisms behind multinucleon transfer
reactions requires a comprehensive theoretical framework
that can properly account for these intricate processes.
The time-dependent Hartree-Fock (TDHF) theory provides a
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microscopic description of reaction dynamics and it has been
employed extensively to analyze MNT reactions [30–38] (see
Refs. [39–42] for recent reviews of TDHF applications to
heavy-ion reactions). In TDHF theory, it is possible to cal-
culate the physical dynamical observables, such as the mean
values of the fragment charge and mass, and the mean ki-
netic energy depletion arising from one-body dissipation [43].
Although the TDHF theory has shown that it is a strong
candidate for exploring MNT reactions, it is unable to ac-
count for fluctuations and dispersions of the fragment mass
and charge distributions. To overcome this limitation, one
has to go beyond the mean-field approximation [44–48]. One
such approach is through the time-dependent random phase
approximation (TDRPA) developed by Balian and Vénéroni,
which offers a reasonable theory to compute larger observ-
able fluctuations beyond mean field. This method has been
used to study multinucleon transfer reactions in symmetric
systems [49–53], and was validated by comparing to exper-
imental data. However, the method is limited to describe the
dispersion of charge and mass distributions only for symmet-
ric systems.

In analogy with TDRPA, the stochastic mean-field (SMF)
theory, which was first proposed by Ayik in 2008 [47],
provides an alternative extension to the mean-field approx-
imation. The SMF theory goes beyond the TDHF method
by including mean-field fluctuations and correlations into the
description. This work aims to show that the quantal diffu-
sion approach based on SMF theory can explain the reaction
dynamics observed in 48Ca + 244Pu reaction at Ec.m. = 203.2
MeV and 86Kr + 198Pt reaction at Ec.m. = 324.2 MeV without
any adjustable parameters other than standard Skyrme energy
density functional parameters. The remainder of this paper
is organized as follows. In Sec. II, we present TDHF calcu-
lations for 48Ca + 244Pu reaction at Ec.m. = 203.2 MeV and
86Kr + 198Pt reaction at Ec.m. = 324.2 MeV. In Sec. III, we
briefly discuss the quantal transport theory based on the SMF
approach and discuss the SMF results for both systems. In
Sec. IV, we present the primary product mass distributions for
both reactions using the quantal diffusion approach based on
the SMF theory and compare our results with the available ex-
perimental data [27,54]. In Sec. V, conclusions are presented.

II. MEAN REACTION DYNAMICS IN TDHF

In Table I, we share the TDHF results for 48Ca + 244Pu
system at Ec.m. = 203.2 MeV for the tip orientation of the
244Pu nucleus and 86Kr + 198Pt system at Ec.m. = 324.2 MeV
for the tip orientation of the 198Pt nucleus for a range ini-
tial orbital angular momenta, �i, final values of mass and
charge numbers of projectilelike A f

1 , Z f
1 and targetlike A f

2 , Z f
2

fragments, final total kinetic energy TKE, scattering angles
in the center-of-mass frame θc.m., and laboratory frame θ lab

1
and θ lab

2 , respectively. The calculations presented in the paper
employed the TDHF code [56,57] using the SLy4d Skyrme
energy density functional [58], with a box size of 60 × 60 ×
36 fm in the x-y-z directions. To reduce the computation time,
we present quantities that are evaluated for every two units
of initial angular momentum for 48Ca + 244Pu system, and 20
units of initial angular momentum for 86Kr + 198Pt system.

TABLE I. Results of the TDHF calculations for the 48Ca + 244Pu
system at Ec.m. = 203.2 MeV for the tip orientation of the 244Pu
nucleus and the 86Kr + 198Pt system at Ec.m. = 324.2 MeV for the tip
orientation of the 198Pt nucleus.

�i (h̄) Af
1 Z f

1 Af
2 Z f

2 TKE θc.m. θ lab
1 θ lab

2

48Ca + 244Pu system at Ec.m. = 203.2 MeV
44 88.9 35.4 203.1 78.6 218.8 94.9 78.8 53.7
46 88.4 35.1 203.6 78.9 217.8 89.1 73.4 57.6
48 89.4 35.0 203.6 79.0 216.6 84.0 68.6 61.4
50 88.2 35.0 203.8 79.0 217.2 79.7 64.9 64.3
52 87.7 34.9 204.3 79.1 218.3 76.7 62.4 66.5
54 87.6 34.9 204.4 79.1 218.4 74.1 60.1 68.5
56 87.9 35.1 204.1 78.9 216.9 70.9 57.2 71.0
58 86.8 34.7 205.2 79.3 215.2 66.9 53.8 73.6
60 83.8 35.5 208.2 80.5 214.8 62.2 50.1 76.4
62 88.7 35.5 203.3 78.5 215.6 56.3 44.7 83.4
64 92.1 36.6 199.9 77.4 211.1 43.6 34.1 -83.1
66 84.5 33.9 207.5 80.1 197.5 43.7 34.4 -88.5
68 80.8 32.5 211.2 81.5 190.0 57.4 45.7 76.4
70 65.0 26.5 227.0 87.5 168.2 75.1 61.9 55.9

86Kr + 198Pt system at Ec.m. = 324.2 MeV
60 95.9 39.1 188.1 74.9 214.2 109.4 75.3 32.8
80 89.7 36.7 194.3 77.3 220.6 102.9 71.8 34.9
100 88.4 36.2 195.6 77.8 223.6 98.4 68.6 36.7
120 88.3 36.2 195.7 77.8 242.5 93.9 66.0 39.7

TDHF ground-state calculations show that 48Ca and 86Kr nu-
clei exhibit spherical shapes, whereas 244Pu and 198Pt nuclei
exhibit strong prolate and oblate deformations, respectively.
For this reason, to consider all possible relative orientations
of the deformed nuclei, TDHF and SMF calculations were
performed for all possible relative orientations of the reaction
partners. As a convention, we denote the initial orientation of
the target principal deformation axis to be along the collision
axis direction as the tip, and the case when their principal axis
is perpendicular to the collision axis as the side.

In Ref. [55], 48Ca + 244Pu system is analyzed at two dif-
ferent energies, Ec.m. = 193.3 MeV and Ec.m. = 203.2 MeV,
corresponding to Ec.m./VBass = 0.98 and Ec.m./VBass = 1.03,
Similarly in Refs. [27,54], 86Kr + 198Pt system is analyzed
at Ec.m. = 324.2 MeV corresponding to Ec.m./VBass = 1.12. In
these experiments, the reaction fragments for 48Ca + 244Pu
and 86Kr + 198Pt systems were detected between 42◦–78◦ and
30◦–68◦ in the laboratory frame. The mass-energy distribu-
tions of the detected fragments are shown in Fig. 2 of Ref. [27]
and Fig. 1 of Ref. [54]. In these figures, red continuous con-
tours were used to exclude elastic events and select events
arising from either MNT or fissionlike reactions. In order to
determine the initial angular momenta intervals corresponding
to the experimental windows, the TKE vs. mass value is scat-
tered in the TKE-mass plane for each calculated initial angular
momentum value and the resultant distribution is plotted for
both systems in Fig. 1. Red continuous contours represent the
gates used in the experiments in Refs. [27,54,55]. By con-
sidering the mean-field calculations shown in Fig. 1 and the
scattering angles in the laboratory frame, θ lab

1 and θ lab
2 , given
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FIG. 1. Mass-energy distributions of fragments obtained by
TDHF calculations for the 48Ca + 244Pu system at Ec.m. =
203.2 MeV and the 86Kr + 198Pt system at Ec.m. = 324.2 MeV. Red
continuous contours represent the gates used in the experiments in
Refs. [27,54,55].

in Table I, we determined that the initial angular momenta
range to be 44h̄ � �i � 70h̄ for the 48Ca + 244Pu system and
60h̄ � �i � 120h̄ for the 86Kr + 198Pt system, corresponding
to the angular coverage range in these experiments [27,54,55].
For the side orientation of the target nuclei, we observed that
the primary binary products do not satisfy the angular range
and TKE-mass region conditions related to the experimental
setup mentioned above at the same time. Thus, in this study,
calculations for side orientations were excluded.

If we denote the charge asymmetry of the reaction frag-
ments with δ = N−Z

A , the charge asymmetry values of the
reaction partners are found to be δ(Ca) � 0.17, δ(Pu) � 0.23,
δ(Kr) � 0.16, and δ(Pt) � 0.21. When reaction partners have
different charge asymmetries, particularly during the initial
phase of the collision, reaction partners quickly exchange few
nucleons to reach the same charge asymmetry value. Subse-
quently, the reaction partners continue to exchange nucleons
and the system drifts along the nearly constant charge asym-
metry line in the (N-Z ) plane, which we call the isoscalar line.
As an example of the reaction dynamics calculated within
TDHF framework, we present the time evolution of the neu-
tron N (t ) and proton Z (t ) numbers of targetlike fragments in
48Ca + 244Pu at �i = 40h̄ and 86Kr + 198Pt system at �i = 60h̄
in Fig. 2. To gain more insight into these systems, we can
easily eliminate the time dependence of neutron N (t ) and
proton Z (t ) numbers and plot the collision dynamics in the
(N-Z ) plane. In the resultant Fig. 3, thick blue lines show
the mean drift path of the targetlike fragments, whereas the
dashed lines show the isoscalar lines corresponding to each
system. The angle φ between the N plane and isoscalar path
was found to be φ = 32.0◦ and φ = 32.5◦ for each system. In
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FIG. 2. Mean values of neutron and proton numbers of targetlike
fragments at initial angular momentum �i = 40h̄ for 48Ca + 244Pu
system at Ec.m. = 203.2 MeV and �i = 60h̄ for 86Kr + 198Pt system at
Ec.m. = 324.2 MeV are shown as a function of time. Solid blue lines
denote the neutron numbers and dashed red lines denote the proton
numbers of targetlike fragments. The labels tA, tB, and tC indicate
the projection of the time intervals used to determine the curvature
parameters.

both systems, the isoscalar line extends from the lighter reac-
tion partner up to a heavier reaction partner, passing through
the mass symmetry point (N0, Z0), where N0 = (N1 + N2)/2.
As we can clearly see in Fig. 3, because the charge asym-
metries of the initial reaction partners differ in both systems,
both systems initially quickly drift towards the isoscalar line.
The reaction partners then drift along the stability line toward
the mass symmetry point. In Figs. 2 and 3, labels tA, tB, and
tC indicate the time labels used in calculating the reduced
curvature parameters, which will be explained in Sec. III C.
Lastly, within the given initial angular momentum intervals,
the mean reaction times are roughly equal to 6 zs for the
48Ca + 244Pu system, and 3 zs for the 86Kr + 198Pt system,
which is consistent with the predictions in Refs. [27,59].

III. QUANTAL DIFFUSION DESCRIPTION

A. Langevin equation for macrovariables

In the TDHF approach, with a given set of initial con-
ditions, a single-particle density matrix is calculated by a
single Slater determinant. In the SMF approach, the colli-
sion dynamics are described in terms of an ensemble of the
mean-field events [47,48,60]. In each event, the complete set
of single-particle wave functions is determined by the TDHF
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FIG. 3. Mean drift path in the N-Z plane for the target-
like fragments are given at initial angular momentum �i = 40h̄
for 48Ca + 244Pu system at Ec.m. = 203.2 MeV and �i = 60h̄ for
86Kr + 198Pt system at Ec.m. = 324.2 MeV. Solid blue lines denote
the mean drift path and dashed black lines denote the isoscalar lines.
The labels A, B, and C indicate the projection of the time intervals
used to determine the curvature parameters.

equations with the self-consistent Hamiltonian of that event.
The ensemble is considered to be generated by incorporating
the quantal and thermal fluctuations at the initial state. We
consider low-energy collisions at which a dinuclear structure
is maintained during the collision. The identities of colliding
nuclei are preserved to a large extent, but nucleon trans-
fer takes place between targetlike and projectilelike nuclei.
With the help of geometric projection, for small amplitude
fluctuations, we derive the linearized coupled Langevin equa-
tions (Eq. (7) in Ref. [60]) for macroscopic variables. For
further explanation of Langevin equation for macroscopic
variables in nuclear reactions, we refer the reader to Sec. 1A
in the online Supplemental Material [60].

B. Quantal diffusion coefficients

According to the SMF approach, stochastic parts of drift
coefficients (given by Eq. (8) in Ref. [60]) have Gaus-
sian random distributions with zero mean values, δv̄λ

p(t ) =
0, δv̄λ

n (t ) = 0 with the autocorrelation functions, which are
integrated over the history, determining the diffusion coef-
ficients Dαα (t ) for proton and neutron transfers. Usually, to
calculate the quantal diffusion coefficients, one needs to sum
over the whole particle and hole states. But in the diabatic
limit, we can get rid of the particle states by utilizing clo-
sure relations and calculate the diffusion coefficients only
in terms of the occupied single-particle states of the TDHF
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FIG. 4. Diffusion coefficient for neutron and proton transfers
at initial angular momentum � = 40h̄ for 48Ca + 244Pu system at
Ec.m. = 203.2 MeV, and � = 60h̄ for 86Kr + 198Pt system at Ec.m. =
324.2 MeV are shown as a function of time. Solid blue lines denote
the diffusion coefficients of neutron transfer, DNN (t ); dashed red
lines denote the diffusion coefficients of proton transfer, DZZ (t ).

calculations. This is consistent with the dissipation-fluctuation
theorem of nonequilibrium statistical mechanics. The explicit
expression for the quantal diffusion coefficients is given in
Eq. (10) in the online Supplemental Material [60]. Such a
quantal expression for the nucleon diffusion coefficient in
heavy-ion collisions is given in the literature for the first time
from a microscopic basis.

In Fig. 4, the diffusion coefficients for neutron and pro-
ton transfers are shown. The quantal diffusion coefficients
were calculated using Eq. (10) in online Supplemental Ma-
terial [60] (see also Refs. [61,62]), for each initial angular
momentum. As shown in the figure, the neutron diffusion
coefficients are almost twice the value of the proton diffusion
coefficients. This is mainly due to the Coulomb repulsion
between the protons and the total neutron number of the col-
liding system being far greater than the total proton number.
This behavior is also observed in different heavy-ion reactions
in which the SMF theory is employed [63–70].

C. Reduced curvature parameters

After the colliding nuclei form a dinuclear system, the nu-
cleon drift mechanism is mainly determined via the potential
energy surface projected in the (N-Z ) plane. TDHF theory
includes different energy contributions microscopically such
as surface energy, electrostatic energy, symmetry energy, and
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TABLE II. Calculated reduced curvature parameters for
48Ca + 244Pu system at Ec.m. = 203.2 MeV and 86Kr + 198Pt system
at Ec.m. = 324.2 MeV. The time intervals tA and tB are used
to calculate the isovector reduced curvature parameter α using
Eqs. (27), (28) of Ref. [60]. The time intervals tB and tC are used
to calculate the isoscalar-reduced curvature parameter, β, using
Eqs. (25), (26) of Ref. [60]. These time labels are also shown in
Figs. 2 and 3.

System tA (fm/c) tB (fm/c) tC (fm/c) α β

48Ca + 244Pu 300 425 2000 0.156 0.004
86Kr + 198Pt 260 390 1400 0.176 0.003

centrifugal potential energy. In SMF theory, we approximate
the shape of the potential energy in the (N-Z ) plane near the
local equilibrium state in terms of two parabolic forms, given
by Eq. (18) in Ref. [60]. By using Einstein relations in the
overdamped limit [63,67,69,71,72] and inverting Eq. (17) of
Ref. [60], we can derive Eqs. (25)–(28) to calculate reduced
curvature parameters.

As we briefly mentioned in Sec. II, to calculate the reduced
curvature parameters related to each system, we considered
the collision at �i = 40h̄ for 48Ca + 244Pu system and collision
at �i = 60h̄ for 86Kr + 198Pt system. By using Eqs. (25)–(28)
in Ref. [60], we can calculate the isoscalar and isovector
reduced curvature parameters related to each system. In Ta-
ble II, we tabulate the calculated values of reduced curvature
parameters and time intervals related to each system. The local
equilibrium state (N0, Z0) in Eqs. (26), (28) in Ref. [60] is
taken as mass symmetry point (N0, Z0) = (NT /2, ZT /2) for
both systems; where its value is equal to (N0, Z0) = (89, 57)
for the 48Ca + 244Pu system and (N0, Z0) = (85, 57) for the
86Kr + 198Pt system.

D. Covariances of fragment charge and mass distributions

Primary mass distribution is found by using the standard
expression

Y (A)MNT = 1∑�max
�min

(2l + 1)

�max∑
�min

(2� + 1)P�(A). (1)

Here, P�(A) is given by

P�(A) = 1
2

[
Ppro

� (A) + Ptar
� (A)

]
, (2)

where Ppro
� (A) and Ptar

� (A) denote the normalized probabilities
of producing projectilelike and targetlike fragments, respec-
tively. A factor of 1/2 was introduced to normalize the total
primary fragment distribution to unity. In Eq. (2), probabilities
are given by

Ppro,tar
� (A) = 1√

2π

1

σ 2
AA(�)

exp

⎡
⎣−1

2

(
A − Apro,tar

�

σ 2
AA(�)

)2
⎤
⎦. (3)

Here, the probability distribution of the mass number of
produced fragments is determined by summing over N or
Z and keeping the total mass number constant A = N + Z
in correlated Gaussian function Eq. (29) in Ref. [60]. In

TABLE III. Results of the SMF calculations for the 48Ca + 244Pu
system at Ec.m. = 203.2 MeV in tip configuration of 244Pu nucleus
and the 86Kr + 198Pt system at Ec.m. = 324.2 MeV in tip configura-
tion of 198Pt nucleus.

�i (h̄) σNN σZZ σNZ σAA

48Ca + 244Pu system at Ec.m. = 203.2 MeV
44 11.6 7.4 8.9 18.7
46 11.6 7.5 8.9 18.7
48 11.7 7.5 9.0 18.8
50 11.7 7.5 9.0 18.8
52 11.7 7.5 8.9 18.8
54 11.6 7.4 8.9 18.6
56 11.5 7.4 8.8 18.5
58 11.4 7.3 8.8 18.4
60 11.5 7.4 8.8 18.5
62 11.5 7.4 8.8 18.5
64 11.9 7.6 9.2 19.2
66 11.5 7.4 8.8 18.5
68 10.6 6.8 8.1 17.0
70 8.9 5.8 6.7 14.2

86Kr + 198Pt system at Ec.m. = 324.2 MeV
60 10.3 6.7 8.0 16.7
80 8.5 5.6 6.4 13.7
100 7.2 4.8 5.3 11.5
120 5.9 4.0 4.1 9.2

Eq. (3), the mass variance is given by σ 2
AA(�) = σ 2

NN (�) +
σ 2

ZZ (�) + 2σ 2
NZ (�), where σ 2

NN (�), σ 2
ZZ (�), and σ 2

NZ (�) stand
for neutron, proton, and mixed dispersions, respectively. By
using the calculated reduced curvature parameters and quan-
tal diffusion coefficients for proton and neutron transfer, we
can solve the coupled differential equations (Eqs. (14)–(16)
of Ref. [60] and Refs. [73,74]) to determine σ 2

NN , σ 2
ZZ , σ 2

NZ ,
and σ 2

AA for each initial angular momentum with the initial
conditions σNN = σZZ = σNZ = 0 at t = 0. In Table III, we
show the asymptotic values for neutrons σNN , protons σZZ ,
mixed dispersions σNZ , and mass dispersions σAA calculated
for each initial angular momentum value. As an example, the
calculated neutron, proton, and mixed variances as a function
of time in 48Ca + 244Pu reaction at �i = 40h̄ and 86Kr + 198Pt
reaction at �i = 60h̄ are shown in Fig 5. In both systems,
we see that during the initial phase of the reaction, up to
about t � 500 (fm/c), the magnitude of variances are in order
as σNZ < σZZ < σNN . After that the correlations evolve over
time, changing the order to σZZ < σNZ < σNN , demonstrating
the importance of correlations arising from significant energy
dissipation.

In the experiments of Refs. [27,54,55], it was observed that
both quasifission and fusion-fission contribute to the mass-
symmetric region near ( A1+A2

2 ± 20) � (146 ± 20) for both
systems. By using the quantal diffusion approach [Eq. (1)], we
can determine the fragment mass distribution due to the MNT
mechanism (please see Eq. (29) in the online Supplemental
Material [60] and Ref. [75]). Furthermore, to obtain informa-
tion about the contribution from fusion-fission-like events, we
can utilize the statistical Monte Carlo code GEMINI++ [76]
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FIG. 5. Neutron, proton, and mixed variances as a function of
time at initial angular momentum � = 40h̄ for 48Ca + 244Pu sys-
tem at Ec.m. = 203.2 MeV, and � = 60h̄ for 86Kr + 198Pt system at
Ec.m. = 324.2 MeV. Solid blue lines denote the neutron variances,
σNN ; dashed red lines denote the proton variances, σZZ ; and dotted
green lines denote the mixed variances, σNZ .

for this region. The excitation energy of the compound nu-
clei 284,292Fl is estimated by, E∗

CN = Ec.m. + Qgg, where Qgg

stands for released disintegration energy in fusion reaction.
Combined with GEMINI++, total primary fragment mass dis-
tribution takes the form

Y (A)sum = [ηMNTY (A)MNT + ηFFY (A)FF ], (4)

where Y (A)FF stands for the probability of reaching fission
fragment with mass number A, after the statistical deexcitation
of superheavy flerovium compound nucleus. The reliability
of this method is discussed and verified in the next section,
Sec. IV. In GEMINI++ calculations, the number of simulation
times is set to Mtrial = 100 000, which is sufficient to get a
statistical distribution for this region. In Eq. (4), ηMNT and
ηFF stand for normalizing constants for distributions arising
from the MNT reaction and fission reaction, respectively.
The value of ηMNT is determined by matching the peak
values of experimental yield [27] at A ≈ 208 to give value
ηMNT = 202 for 48Ca + 244Pu system and peak value of exper-
imental yield [54] at A ≈ 200 to give value ηMNT = 225 for
86Kr + 198Pt system. Similarly, for fusion-fission reactions,
the value of ηFF is determined by matching the experimental
yield at A ≈ 146 for both systems to give value ηFF = 17 for
48Ca + 244Pu system and ηFF = 4 for 86Kr + 198Pt system.

FIG. 6. Primary fragment yield in the 48Ca + 244Pu system at
Ec.m. = 203.2 MeV and 86Kr + 198Pt system at Ec.m. = 324.2 MeV in
tip orientation of targetlike nuclei. The experimental data obtained
from Refs. [27,54] are indicated by the closed black circles. Dashed
blue lines indicate the primary product mass distributions calculated
within the SMF framework. The fusion-fission fragment distribution
indicated by the green filled area was calculated using the GEMINI++
code [76]. The summation of yield distribution calculated by the
SMF approach and GEMINI++ are indicated by solid red lines.

IV. PRIMARY PRODUCT MASS DISTRIBUTIONS

In Fig. 6, we share the calculated primary product distri-
butions for 48Ca + 244Pu system at Ec.m. = 203.2 MeV and
86Kr + 198Pt system at Ec.m. = 324.2 MeV in tip orientation
of targetlike nuclei and compare the results with the exper-
imental data available [27,54]. Dashed blue lines indicate
primary product mass distribution calculated within the SMF
framework, whereas filled green areas represent the fusion-
fission fragment distribution calculated using the GEMINI++
code [76]. The summation of yield distribution calculated by
Eq. (4) is indicated by solid red lines. For comparison, the
positions of initial reaction partners are shown by vertical
dashed black lines in Fig. 6.

First, we can start by comparing the results obtained from
the SMF approach for both systems. In Fig. 6, we can see
that the SMF approach is well capable of explaining the mass
distribution arising from the MNT reactions near the peak
values. In the vicinity of the peak position, around 40 nucleons
are transferred for 48Ca + 244Pu system, and around five nu-
cleons are transferred for the 86Kr + 198Pt system. The SMF
approach can clearly predict the peak position of the mass
distribution for both systems. Furthermore, in 48Ca + 244Pu
system, the SMF approach is able to explain the transfer
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channels up to ≈55 nucleon transfer, up until A ≈ 100 for
projectilelike fragments (A ≈ 190 for targetlike fragments).
Similarly, in 86Kr + 198Pt system, since the contributions
from fusion-fission are much lower, and MNT reactions are
dominant, the SMF approach agrees quite well with the ex-
perimental data. We have to mention that, since the primary
mass probability P�(A) in Eq. (2) is normalized to unity, the
value normalization constant η also determines the integrated
yield value under the mass-distribution functions in Fig. 6. In
order to compare the contributions from fusion-fission in these
systems we can calculate the ratio of integrated yield between
the interval ACN ± 20 to the total integrated yield under the
experimental values. In 48Ca + 244Pu system, the interval for
experimental data is taken as 65 � A � 225, and the inter-
val ACN ± 20 region is taken as 126 � A � 166 to give the
value 22.3/201.3 ≈ %11. Similarly, in 86Kr + 198Pt system,
the interval for experimental data is taken as 65 � A � 215,
and the interval ACN ± 20 region is taken as 122 � A � 162
to give the value 6.5/225.4 ≈ %3. Both results are consistent
with the experimental results reported in Refs. [27,54]. This
result clearly supports the idea that at energies above the Bass
barrier, the MNT reactions dominate fusion-fission reactions
with increasing Coulomb factor, ZPZT .

V. CONCLUSIONS

In this work, we consider the charge and mass number as
the macroscopic variables and utilize the quantal diffusion ap-
proach based on the SMF theory to calculate primary fragment

mass distributions in 48Ca + 244Pu reaction at Ec.m. = 203.2
MeV and 86Kr + 198Pt reaction at Ec.m. = 324.2 MeV. The
quantal diffusion coefficients associated with charge and mass
variables are evaluated only in terms of the time-dependent
single-particle wave functions of TDHF theory. The descrip-
tion includes the full collision geometry, quantal effects due
to shell structure, and the Pauli exclusion principle. We em-
phasize that the SMF theory does not involve any adjustable
parameters other than the standard parameters of energy den-
sity functional employed in TDHF theory. The calculated
primary product mass distributions are compared with the
experimental data for both systems. The observed agreement
between the experimental data and SMF results highlight the
effectiveness of the quantal diffusion approach based on the
SMF approach.
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