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Ternary quasifission in collisions of actinide nuclei
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The microscopic framework of time-dependent covariant density functional theory is applied to a systematic
study of ternary quasifission in collisions of pairs of 238U nuclei. It is shown that the inclusion of octupole degree
of freedom in the case of head-to-head collisions extends the energy window in which ternary quasifission occurs,
and greatly enhances the number of nucleons contained in a middle fragment. Dynamical pairing correlations,
included here in the time-dependent Bardeen-Cooper-Schrieffer approximation, prevent the occurrence of
ternary quasifission in head-to-head collisions, and have an effect on the location of the energy window in which
a middle fragment is formed in tail-to-tail collisions. In the latter case, as well as for tail-to-side collisions, the
formation of very heavy neutron-rich systems in certain energy intervals is predicted.
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I. INTRODUCTION

Over the last decades, significant progress has been
achieved in the synthesis of neutron-rich atomic nuclei in
fission, fragmentation, fusion, and multinucleon transfer reac-
tions [1]. Fission and fragmentation are extensively employed
for the production of neutron-rich nuclei below uranium.
When it comes to heavy nuclei, fusion emerges as the pre-
dominant method [2,3]. However, due to the curvature of the
stability line, fusion reactions with stable projectiles tend to
produce neutron-deficient nuclei. In order to synthesize heavy
neutron-rich nuclei and eventually reach the island of stability,
it is crucial to explore alternative methods. Recently, multinu-
cleon transfer reactions have attracted considerable interest as
a promising approach for the production of new neutron-rich
nuclei [4–13].

In particular, the low-energy multinucleon transfer process
between actinide nuclei, such as two 238U nuclei, presents
a possible pathway for producing neutron-rich actinide and
transactinide isotopes. Therefore, the collision 238U + 238U
has been extensively investigated, both experimentally [14,15]
and theoretically [6,7,16–19]. Using a model based on cou-
pled Langevin-type equations [5], Zagrebaev et al. predicted
that the presence of shell effects in the 238U + 238U collision
facilitates the formation of neutron-rich heavy nuclei. Consid-
ering the complexity of the reaction mechanism, microscopic
approaches could be advantageous in a number of cases. Con-
sequently, several microscopic models have been applied to
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the 238U + 238U collision dynamics, including the quantum
molecular dynamics (QMD) model [6,7,16,18,19], and the
time-dependent Hartree-Fock (TDHF) theory [17,20–26]. In
Ref. [17], the effect of nuclear quadrupole deformation on the
collision time and reaction mechanism has been emphasized.
One of the most remarkable findings is the occurrence of
ternary quasifission in 238U + 238U collisions. While fission
corresponds to a scission of a compound nucleus with equi-
librated intrinsic degrees of freedom, and only depends on
its excitation energy and angular momentum, quasifission is a
nonequilibrium process in which the composite system of two
colliding nuclei splits into fragments, without the formation of
a compound system [27]. The composite system can also split
into three fragments, instead of the more commonly observed
binary process. However, the specific effects of deformation,
impact parameter, pairing correlations, and orientation on
ternary quasifission are still not well understood [17,28–31].
We note that the unusual ternary fission mode with a heavy
cluster as the third fragment, e.g., Ca or Ni, has also attracted
considerable interest [32–34].

In this work, we report a systematic study of ternary quasi-
fission in the collision of 238U + 238U, in the microscopic
framework of time-dependent covariant density functional
theory (TDCDFT). This approach has been successfully
developed [35–37] and applied to various nuclear phenom-
ena, including alpha-clustering [37], fission [38–40], and
nuclear chirality [41]. Static calculations are performed by
employing covariant density functional theory (CDFT) in a
three-dimensional (3D) lattice space [42,43]. To avoid vari-
ational collapse, the inverse Hamiltonian method [44] is
applied, and the Fermion-doubling problem is resolved us-
ing the spectral method of Ref. [42]. Pairing correlations are
taken into account dynamically using a monopole interaction
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in the time-dependent Bardeen-Cooper-Schrieffer (BCS) ap-
proximation [45,46].

The paper is organized as follows. In Sec. II, an outline
of the basic formalism of TDCDFT is presented, along with
an overview of the time-dependent BCS approximation. The
numerical details of the static calculations and time-dependent
calculations are included in Sec. III. Results are discussed in
Sec. IV, which contains the investigation of effects of octupole
deformation, impact parameter, pairing correlations, and ori-
entation. Finally, Sec. V concludes the paper with a summary.

II. THEORETICAL FRAMEWORK

The time evolution of the single-particle wave function
ψk (r, t ) is governed by the Dirac equation [37,45]

ih̄
∂

∂t
ψk (r, t ) = [ĥ(r, t ) − εk (t )]ψk (r, t ). (1)

Here, ĥ(r, t ) represents the single-particle Hamiltonian, and
εk (t ) = 〈ψk (r, t )|ĥ(r, t )|ψk (r, t )〉 denotes the single-particle
energy.

For the point-coupling relativistic density functional PC-
PK1 [47], the single-particle Hamiltonian ĥ(r, t ) can be
expressed as

ĥ(r, t ) = α · ( p̂ − V ) + V 0 + β(m + S), (2)

where

S(r, t ) = αSρS + βSρ
2
S + γSρ

3
S + δS
ρS, (3a)

V μ(r, t ) = αV jμ + γV ( jμ jν ) jμ + δV 
 jμ + τ3αTV jμTV

+ τ3δTV 
 jμTV + e
1 − τ3

2
Aμ. (3b)

α, β are the Dirac matrices, m is the mass of nucleon,
and αS, αV , αTV , βS, γS, γV , δS, δV , δTV are the coupling con-
stants. For further details, we refer the reader to Refs. [36,47].
The scalar potential S and vector potential V are determined
by the time-dependent densities and currents as follows:

ρS (r, t ) =
∑

k

nkψ̄kψk, (4a)

jμ(r, t ) =
∑

k

nkψ̄kγ
μψk, (4b)

jμTV (r, t ) =
∑

k

nkψ̄kγ
μτ3ψk, (4c)

where nk (t ) represents the occupation probability of the state
k.

Pairing correlations are considered in the time-dependent
BCS approximation, and the wave function of the system can
be expressed as

|(r, t )〉 =
∏
k>0

[μk (t ) + νk (t )c†
k (t )c†

k̄
(t )]|0〉. (5)

Here, c†
k (t ) denotes the creation operator for the single-

particle state ψk (t ), while c†
k̄
(t ) stands for the creation operator

of the time-reversed state ψk̄ (t ). The parameters μk (t ) and
νk (t ) represent the transformation coefficients between the
canonical and quasiparticle states.

The evolution in time of the occupation probability nk (t ),
and the pairing tensor κk (t ), are governed by the following
equations [45,46]:

i
d

dt
nk (t ) = κk (t )
∗

k (t ) − κ∗
k (t )
k (t ), (6a)

i
d

dt
κk (t ) = [εk (t ) + εk̄ (t )]κk (t ) + 
k (t )[2nk (t ) − 1],

(6b)

respectively. The gap parameter 
k (t ) is determined by the
single-particle energies and pairing tensor,


k (t ) =
[

G
∑
k′>0

f (εk′ )κk′

]
f (εk ), (7)

where G is the strength parameter of the monopole pairing
force, and f (εk ) is the cutoff function for the pairing window
[46].

III. NUMERICAL DETAILS

In this work, the density functional PC-PK1 [47] is
employed for the particle-hole channel of the effective interac-
tion. The initial states for dynamical calculations are obtained
using the self-consistent CDFT method on a 3D-lattice space,
with a box size of Lx × Ly × Lz = 24 × 24 × 30 fm3. The
mesh spacing along each axis is set to 1 fm. In the dynam-
ical case, the box size is extended to Lx × Ly × Lz = 24 ×
24 × 80 fm3. To model the time evolution of single-particle
wave functions, a predictor-corrector method is utilized with a
fourth-order Taylor expansion of the time-evolution operator.
The time step is chosen 6.67 × 10−25 s. The pairing window
cutoff function used in this work follows the formula included
in Ref. [39]. The pairing strength parameters are determined
by the empirical gaps using the three-point odd-even mass
formula. In the case of 238U, a pairing strength of Gn =
−0.135 MeV is assigned to neutrons, while a pairing strength
of Gp = −0.230 MeV is utilized for protons. For 226Ra, the
pairing strengths Gn = −0.155 MeV and Gp = −0.250 MeV
are used for neutrons and protons, respectively. Although
the time-dependent BCS approximation violates the one-body
continuity equation [48], its effect is found to be moderate in
this work. The particle number in each fragment changes only
slightly after scission.

IV. RESULTS AND DISCUSSION

A. Octupole deformation effects

Figure 1 displays the deformation energy surface of 238U
in the (β20, β30) plane, obtained using the 3D-lattice CDFT
with the PC-PK1 interaction but, for the moment, without the
inclusion of pairing correlations. The equilibrium minimum is
denoted by the star symbol, while the energy minimum along
the β30 = 0 direction is indicated by a triangle symbol. The
energy surface exhibits pronounced softness along the β30 di-
rection near the global minimum. The deformation parameters
of the equilibrium minimum are: β20 = 0.29 and β30 = 0.15.
When reflection symmetry is imposed, the energy minimum
still occurs at β20 = 0.29, but at 0.99 MeV higher energy.
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FIG. 1. The deformation energy surface of 238U in the (β20, β30 )
plane, calculated with the CDFT on a 3D-lattice space. Here, pairing
correlations are not included. Neighboring contours on the surface
differ in energy by 0.5 MeV. The equilibrium minimum is denoted
by the star symbol, while the energy minimum along the β30 = 0
direction is indicated by the triangle.

Typically, the ground state of 238U is chosen as the initial
state for time-dependent calculations. In order to investigate
the influence of octupole deformation on ternary quasifission
dynamics, we consider two initial states: the equilibrium min-
imum (the star in Fig. 1), and the quadrupole prolate state (the
triangle in Fig. 1).

Figure 2 illustrates the time evolution of the to-
tal density in the x − z plane at specific times: t =
0, 340, 640, 840, and 1000 fm/c for the central head-to-head
collision of 238U + 238U, at a center-of-mass energy of Ec.m. =
900 MeV. The left column of the figure corresponds to a

FIG. 2. The total density in the x − z plane at the times
t = 0, 340, 640, 840, and 1000 fm/c for the central collision of
238U + 238U at a center-of-mass energy Ec.m. = 900 MeV, calculated
using the TDCDFT. In the left column, the initial states of 238U
are quadrupole prolate deformed local minima with no octupole
degree of freedom. In the right column, the initial states correspond
to the equilibrium minimum of 238U with an octupole deformation
β30 = 0.15.

FIG. 3. The average number of protons and neutrons in the
middle fragment for the 238U + 238U collision, as a function of the
center-of-mass energy. The filled (empty) squares represent the pro-
tons (neutrons). The color red (blue) corresponds to the collision with
(without) an octupole-deformed initial state.

scenario with quadrupole prolate initial states and no octupole
degree of freedom, whereas in the right column snapshots of
the total density are plotted that display the time evolution
for initial states with the octupole moment of the equilibrium
minimum.

In the collision of 238U + 238U, the initial orientations are
not unique due to the presence of a deformed initial state, as
discussed in Ref. [17]. In Fig. 2 we consider the head-to-head
orientation. For the specific choice of collision energy and
initial distance, the two 238U nuclei come into contact at ap-
proximately t = 340 fm/c [Figs. 2(b) and 2(g)]. A composite
system is formed that does not equilibrate, rather it dissociates
into fragments after a certain period of time. As we follow the
time evolution to t = 640 fm/c, a neck has already formed
in both cases, as shown in Figs. 2(c) and 2(h). Notably, the
neck is significantly thicker and longer when the initial state
exhibits octupole deformation. This already indicates the in-
fluence of octupole deformation on the dynamics of collision.

At t = 840 fm/c, the system approaches the breaking
point, with a middle fragment forming in the neck. A signif-
icant difference between the densities of the middle fragment
is observed in Figs. 2(d) and 2(i). The enhanced density in
Fig. 2(i) contributes to the formation of a larger middle frag-
ment, as shown in Figs. 2(e) and 2(j). When only quadrupole
deformation is considered, the middle fragment exhibits the
average number of protons and neutrons of 13B. On the other
hand, when also the octupole degree of freedom is taken
into account, the middle fragment corresponds to 55Ca. This
result indicates that the presence of octupole deformation will
generally have a pronounced effect on the number of protons
and neutrons of the middle fragment that is formed in ternary
quasifission of actinide nuclei.

Figure 3 displays the average number of protons and
neutrons in the middle fragment as a function of the center-of-
mass energy. The filled (empty) squares represent the protons
(neutrons), while the color red (blue) corresponds to a colli-
sion with (without) an octupole-deformed initial state.
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FIG. 4. The average number of protons (left panel) and neutrons
(right panel) in the three fragments for an 238U + 238U collision, with
the octupole-deformed equilibrium initial state, as functions of the
center-of-mass energy. The nucleus evolving in the z < 0 region is
labeled as fragment L, and the one in the z > 0 plane is fragment R.

When the center-of-mass energy is lower than 780 MeV,
ternary quasifission does not take place. As the energy in-
creases, ternary fragments begin to emerge. The occurrence
of ternary quasifission is limited to a rather narrow range of
energies. In the absence of octupole deformation, this energy
window spans the interval from 800 MeV to 920 MeV. When
the initial state has octupole deformation, the energy window
for ternary quasifission in head-to-head collisions extends
from 780 MeV to 960 MeV. Along the whole interval in which
ternary quasifission occurs, the average number of protons and
neutrons in the middle fragment is significantly larger when
the octupole degree of freedom is taken into account.

One also notices that, with the octupole-deformed equi-
librium as initial state, the average particle numbers of the
middle fragment change rather abruptly at both ends of the
energy interval in which ternary quasifission takes place. In
Fig. 4, we plot the average number of protons and neutrons
in the three reaction products. The nucleus located in the
z < 0 region is denoted as fragment L, and the nucleus in the
z > 0 region is fragment R. In Figs. 4(a) and 4(b), the average
particle numbers of fragment L and fragment R are identical,
and the entire system exhibits reflection symmetry. At energy
Ec.m. = 780 MeV, at which the ternary quasifission appears,
the average proton number suddenly changes from Z = 92 to
Z = 80, while the number of neutron decreases from N = 146
to N = 126. At the same time, the remaining nucleons form
the middle fragment, characterized by the average proton and
neutron number Z = 24 and N = 40, respectively. Within the
energy interval from E = 780 MeV to E = 960 MeV, the
average proton number in fragments L and R ranges from
Z = 80 to Z = 85, while the average neutron number varies
from N = 126 to N = 134. We note that the proton numbers
in the heavy fragments align closely with the line Z = 82,
while the number of neutrons is close to N = 126. This sug-
gests a scenario in which the two 238U nuclei retain the core
of 208Pb, while the remaining constituents form a neutron-rich
middle fragment. As the energy increases beyond E = 960
MeV, ternary quasifission does not take place any more, and
the average particle numbers of fragment L and fragment R
are again Z = 92 and N = 146, respectively. Therefore, it
appears that the shell closures at Z = 82 and N = 126 exerts
a significant influence on the transfer of nucleons in ternary
quasifission, as it has previously been suggested in studies
based on TDHF [28–30,49].

FIG. 5. Total densities in the x − z plane for the 238U + 238U
collision at the center-of-mass energy Ec.m. = 900 MeV, with an
initial head-to-head orientation. The columns from left to right
correspond to impact parameters of b = 2 fm, b = 3 fm, and
b = 4 fm, respectively. Density snapshots are shown at times t =
0, 340, 640, 1000, and 1240 fm/c for b = 2 fm and b = 3 fm,
while at times t = 0, 340, 640, 1120, and 1240 fm/c for b = 4 fm.

B. Effect of the impact parameter

In the preceding section, we have considered only the
case of central collisions, with the impact parameter set to
zero. To calculate cross sections for ternary quasifission, one
must also take into account collisions with varying values of
the impact parameter. As an illustration, Fig. 5 displays the
distribution of the total density in the x − z plane for the head-
to-head 238U + 238U collision at the center-of-mass energy
Ec.m. = 900 MeV. Three values of the impact parameter are
considered, namely b = 2 fm (left column), b = 3 fm (middle
column), and b = 4 fm (right column). In all three cases, the
contact between the two 238U nuclei occurs approximately
at t = 340 fm/c, as shown in Figs. 5(b), 5(g), and 5(l). The
neck of the fissioning system is formed at t ≈ 640 fm/c,
with the thickness of the neck increasing and the length de-
creasing as the impact parameter becomes larger [Figs. 5(c),
5(h), and 5(m)]. As the system approaches scission, neck
density variations are observed in the central region, as seen in
Figs. 5(d), 5(i), and 5(n). Notably, when the impact parameter
reaches b = 4 fm and beyond, the density in the central region
decreases significantly, and the evolution time of the neck
appears longer. Consequently, when the system is at scission,
the particles in the neck are absorbed by the fragments on both
sides, and the density in the central region cannot support the
formation of a middle fragment [Fig. 5(o)].

The average number of particles in the middle fragment
is also shown in Fig. 6, including the case of a quadrupole
prolate initial state with no octupole degree of freedom. In
the case of a quadrupole initial state, the particle numbers
of the middle fragment exhibit small variations when the
impact parameter is smaller than 1.5 fm, corresponding to
a 13B-like fragment. As the impact parameter increases to
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FIG. 6. The average number of protons and neutrons in the
middle fragment for the 238U + 238U collision at the center-of-mass
energy Ec.m. = 900 MeV, as functions of the impact parameter. The
filled (empty) squares denote protons (neutrons). The color red (blue)
corresponds to the collision with (without) an octupole-deformed
initial state.

1.5 fm, the calculated middle fragment is more like 11Be, and
finally ternary quasifission does not occur any longer when
the impact parameter is equal or greater than 2 fm. On the
other hand, for the initial state with octupole deformation,
the average particle numbers gradually increase, ranging from
21 � Z � 25 and 35 � N � 45, as the impact parameter in-
creases from b = 0 fm to 3.5 fm. Once the impact parameter
reaches b = 4 fm, ternary quasifission no longer takes place.
The inclusion of octupole deformation allows for a wider
interval of impact parameters for which ternary quasifission
is predicted. Consequently, the cross section is expected to
increase when octupole deformation is taken into account.

C. Pairing effects

In the next step, we include pairing correlations in the
time-dependent BCS approximation, and analyze their effect
on ternary quasifission dynamics. In the calculation of the
deformation energy surface of 238U, the inclusion of pair-
ing correlations shifts the equilibrium minimum to a smaller
octupole deformation β30 = 0.08, compared to the result ob-
tained without pairing (β30 = 0.15, cf. Fig. 1). In Fig. 7, we
compare snapshots of total densities in the x − z plane for the
central collision of 238U + 238U at the center-of-mass energy
Ec.m. = 900 MeV, with an initial head-to-head orientation,
calculated without (left) and with (right) pairing correlations.
The effect of pairing is, obviously, very pronounced. While
without pairing one finds a third fragment forming in the
neck of the fissioning system, it appears that the inclusion
of pairing prevents the occurrence of ternary quasifission. We
have verified that, with pairing included, ternary quasifission
does not take place for energies in the interval between 780
MeV and 960 MeV, which corresponds to the energy window
for ternary quasifission in the 238U + 238U collision with an
octupole-deformed initial state.

Given the importance of the octupole degree of freedom,
and the shell closures at Z = 82 and N = 126, for the ternary

FIG. 7. Total densities in the x − z plane are for the central
collision of 238U + 238U at the center-of-mass energy Ec.m. = 900
MeV, with an initial head-to-head orientation. The left column shows
the densities at times t = 0, 340, 640, 840, and 1000 fm/c, calcu-
lated without inclusion of pairing correlations. The right column
displays the densities at times t = 0, 340, 780, 1000, and 1200
fm/c, with pairing treated dynamically in the time-dependent BCS
approximation.

quasifission mechanism, we have also considered the collision
of two 226Ra nuclei. The choice of 226Ra is motivated by its
distinct characteristics, including a deformation energy sur-
face that exhibits a more pronounced octupole deformation
compared to 238U. Without pairing, the equilibrium mini-
mum for 226Ra is calculated at β20 = 0.21 and β30 = 0.16.
When the monopole pairing interaction is included with the
strength parameters determined by the empirical pairing gaps,
the deformation parameters of the equilibrium minimum are:
β20 = 0.20 and β30 = 0.13.

Figure 8 displays the average number of protons (left
panel) and neutrons (right panel) in the fragments result-
ing from 226Ra + 226Ra head-to-head collisions, calculated
without pairing, as a function of center-of-mass energy. The
particle numbers in the middle fragment show similarities to
those calculated in the case of 238U + 238U collisions, though
in a narrower energy interval between 880 MeV and 940 MeV.
Within this energy window, the average number of neutrons in
fragments L or R varies between N = 126 and N = 131, while
the average number of protons ranges from Z = 81 to Z = 84.
The middle fragment, characterized by 8 � Z � 13 and 14 �
N � 23, exhibits a higher neutron-to-proton ratio compared to

FIG. 8. Same as Fig. 4, but for the 226Ra + 226Ra collision.
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FIG. 9. Total densities in the x − z plane, at specific instants t =
0, 320, 740, 920, and 1200 fm/c, for the central, head-to-head col-
lision 226Ra + 226Ra at the center-of-mass energy 900 MeV. In the left
column, the pairing interaction is not included. In the right column
pairing is taken into account using the time-dependent BCS approx-
imation with the strength parameters (Gn, Gp) = (−0.155,−0.250)
MeV determined from empirical pairing gaps, while in the middle
column the pairing strengths are reduced by 50%: (0.5Gn, 0.5Gp).

the 238U + 238U case. One notices that the average number of
protons and neutrons in fragments L and R are concentrated
along the lines Z = 82 and N = 126, respectively, just as in
the case of 238U + 238U collisions, emphasizing the role of
shell effects in ternary quasifission.

To illustrate the impact of pairing correlations on ternary
quasifission also in the case of 226Ra nuclei, in Fig. 9
we plot the total densities in the x − z plane at times
t = 0, 320, 740, 920, and 1200 fm/c for the central, head-
to-head collision of 226Ra + 226Ra, at the center-of-mass
energy 900 MeV. For comparison, the left column displays
the results obtained when the pairing interaction is not in-
cluded, in the right column the pairing strengths (Gn, Gp) =
(−0.155,−0.250) MeV are determined from empirical pair-
ing gaps, while in the middle column the pairing strengths are
reduced by a factor 2: (0.5Gn, 0.5Gp). We note that, in the
latter case, the pairing energy is nearly zero.

The initial orientation of the two 226Ra nuclei is shown
in Figs. 9(a), 9(f), and 9(k). They come into contact at ap-
proximately t = 320 fm/c. Subsequent to the formation of
the composite system, a neck of the fissioning nucleus can
be observed at t ≈ 740 fm/c [Figs. 9(c), 9(h), and 9(m)].
One notices that the neck appears thicker and shorter when
pairing correlations are included, and the density in the mid-
dle decreases as the pairing strength increases. As shown in
Fig. 9(n), the nucleon density in the central region is reduced
as the neck elongates, and the particles in the neck are eventu-
ally absorbed by the two fragments. Ternary quasifission does
not occur in the case of full pairing strength [Fig. 9(o)], but
in the intermediate case, when pairing is reduced, a relatively
small middle fragment appears at scission [Fig. 9(j)].

D. Orientation effects

The inclusion of pairing correlations appears to prevent the
formation of a middle fragment in head-to-head collisions,
both in the cases of 238U and 226Ra nuclei. It is, therefore, of

FIG. 10. Total densities in the x − z plane for the central collision
of 238U + 238U at the center-of-mass energy Ec.m. = 1200 MeV, with
an initial tail-to-tail orientation. The left column shows the densities
at times t = 0, 280, 640, 920, and 1220 fm/c, without the inclu-
sion of pairing correlations. The right column displays the densities
at times t = 0, 280, 640, 1240, and 1520 fm/c, taking into account
the pairing monopole interaction with empirical strength parameters.

interest to consider different orientations. Figure 10 displays
the time evolution of the total nucleon density distribution in
the 238U + 238U collision at the center-of-mass energy Ec.m. =
1200 MeV, with an initial tail-to-tail orientation. And even
though there are noticeable differences in the evolution of
densities calculated without and with pairing, in both cases
a heavy middle fragment is formed at scission.

The average proton and neutron numbers of the middle
fragment are plotted in Fig. 11, as functions of the center-
of-mass energy. While for this orientation, there is not so
much difference in the number of protons and neutrons in the
middle fragment when calculated without and with pairing,

FIG. 11. The average number of protons and neutrons in the
middle fragment for central 238U + 238U collisions with an initial
tail-to-tail orientation, are shown as functions of the center-of-mass
energy. The filled (empty) squares denote protons (neutrons). The
color red (blue) corresponds to the calculation with (without) pairing
correlations.
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FIG. 12. The total nucleon density in the x − z plane at times
(t = 0, 140, 660, 1020, 1260, and 1460 fm/c) for the central colli-
sion of 238U + 238U at the center-of-mass energy of 1300 MeV, and
the tail-to-side initial orientation. The pairing correlations are taken
into account in the calculations.

an interesting effect is that the inclusion of pairing shifts the
interval in which ternary quasifission occurs to higher energies
by more than 100 MeV. In the absence of pairing, the aver-
age nucleon numbers of the third fragment are calculated in
the interval 95 � Z � 105 and 159 � N � 174. When pair-
ing correlations are taken into account, the average particle
numbers change to 86 � Z � 92 and 144 � N � 153. This
means that neutron-rich nuclei in the uranium region could be
produced as the middle fragment in the tail-to-tail orientation
for central collisions. Finally, in Fig. 12 we show the total
nucleon density evolution in the x − z plane for the central
238U + 238U collision at the center-of-mass energy of 1300
MeV, and the tail-to-side initial orientation. The pairing in-
teraction is included in the calculation. In panel (a) of Fig. 12,
the two 238U nuclei are placed at an initial separation distance
of 30 fm. This is a somewhat smaller distance than in the
head-to-head and tail-to-tail cases, and is due to the fact that
the lattice had to be extended in the perpendicular x direction.
At t = 140 fm/c, shown in panel (b), the nuclei come into
contact. Subsequently, the density of the composite system
exhibits oscillations, as observed in panels (c) and (d). As
time evolves to 1260 fm/c, the entire system reaches a critical
point when it splits into two fragments, as shown in panel
(e). During the scission process, the majority of nucleons are
transferred to the heavier fragment, resulting in an average
particle number of Z = 113 and N = 182 for the heavy frag-
ment. No ternary quasifission occurs for the tail-to-side initial
orientation.

Because of this very interesting result, we have analyzed
the average contents of the heavy and light fragments for the
tail-to-side central 238U + 238U collision in the energy interval
from 900 MeV to 1400 MeV. The average number of pro-
tons and neutrons are plotted in Fig. 13. At lower energies,
ranging from E = 900 to 1100 MeV, the transfer of nucleons
is very limited, and the heavy fragment contains on average
Z = 93 protons and N = 149 neutrons, while the light frag-
ment consists of Z = 91 and N = 143 nucleons. As the energy
increases, a larger number of nucleons is transferred, resulting
in the formation of neutron-rich heavy nuclei. For energies
above 1100 MeV, the proton number of the heavy fragment
varies from 111 � Z � 114, and the corresponding neutron
number is in the range 180 � N � 183. It appears that mult-
inucleon transfer predicted in the tail-to-tail and tail-to-side

FIG. 13. The average number of protons and neutrons in the
heavy (left), and light (right) fragments as functions of the center-
of-mass energy for the central 238U + 238U collision, with tail-to-side
initial orientation.

orientations, presents a feasible mechanism for the production
of the heaviest neutron-rich nuclei.

V. SUMMARY

Collisions of pairs of 238U nuclei have systematically been
analyzed using the microscopic framework of TDCDFT, that
dynamically includes pairing correlations. In particular, by
considering 238U + 238U collisions at various energies and
impact parameters, we have investigated the process of ternary
quasifission of the composite system. Considering also the
case of two 226Ra nuclei it has been shown that, in addition
to quadrupole deformation, the inclusion of octupole degrees
of freedom has a pronounced effect on the formation of a
middle fragment at scission. The formation of a much larger
fragment, and in a broader interval of center-of-mass ener-
gies is predicted when an octupole deformation of the initial
equilibrium state of the colliding nuclei is taken into account.
Noncentral collisions with different impact parameters have
also been considered and, as one would expect, the occurrence
of ternary quasifission is inhibited as the impact parameter
increases beyond a critical value. Notably, the inclusion of
octupole deformation plays a significant role in extending the
range of impact parameters in which ternary quasifission can
take place, and this will result in a significant contribution to
the cross section for ternary quasifission.

The effect of pairing correlations has been investigated by
employing a monopole pairing force in the time-dependent
BCS approximation. In the case of head-to-head collisions,
both for the 238U and 226Ra colliding pairs, the presence of
pairing correlations prevents the occurrence of ternary quasi-
fission. The effect is not as striking in the cases of tail-to-tail
collisions of octupole deformed nuclei, nevertheless pairing
has a pronounced influence of the location of the energy win-
dow in which the formation of a middle fragment is predicted
to take place. For tail-to-tail and tail-to-side collisions, model
calculations predict the formation of very heavy neutron-rich
systems in certain energy intervals, a result that is potentially
interesting in studies of synthesis of superheavy elements.
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