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New inverse quasifission mechanism to produce neutron-rich transfermium nuclei
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Based on time-dependent Hartree-Fock theory, a new inverse quasifission mechanism is proposed to produce
neutron-rich transfermium nuclei in the collision of prolate deformed actinides. Calculations show that the
collision of the tip of one nucleus with the side of the other results in a nucleon flux toward the latter. The roles
of nucleon evaporation and impact parameter, as well as collision time, are discussed.
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I. INTRODUCTION

The quest for and study of the heaviest elements has
involved much experimental and theoretical effort in recent
years. Their existence relies only on stabilizing quantum
shell effects, which make them ideal for testing quantum-
mechanical nuclear-structure models. Both the location of
the predicted island of stability in the superheavy element
(SHE) region [1-3] and spectroscopy of transfermium nuclei
(Z > 100) [4,5] are needed to constrain these models. A
natural way to form such nuclei is through the fusion of
heavy nuclei, followed by neutron and y evaporation from the
compound nucleus. SHEs have been produced either in “cold”
fusion reactions based on closed-shell target nuclei [6,7] or
in “hot” fusion reactions involving actinide targets [8,9]. The
heaviest element, containing 118 protons, has been synthesized
with the latter technique [8]. However, a-decay chains of SHEs
formed in hot fusion end in a region of unknown neutron-rich
isotopes with 104—110 protons. Thus, it is necessary to study
this region of the nuclear chart to provide a better identification
of the decay daughters and confirm these SHEs.

Fusion-evaporation cross sections decrease rapidly with
the product of the charges of the reactants, down to few
picobarns for SHEs. These cross sections are too small to
allow a detailed study of nuclear structure. For instance, a
basic property like the mass has been measured only recently
for 2272%%No fusion products with a Penning trap mass
spectrometer [10]. Furthermore, fusion reactions lead usually
to neutron-deficient compound systems, which, in addition,
decay by neutron emission. It is therefore worth exploring
other reaction mechanisms to produce and study the heaviest
nuclei, and, in particular, their neutron-rich isotopes.

An alternative way to form neutron-rich heavy nuclei is to
consider multinucleon transfer in such a way that one ejectile
gets heavier than any of the reactants [11]. This process is
sometimes called “asymmetry-exit-channel” [12] or “inverse”
[13] quasifission, because the mass asymmetry of the outgoing
fragments has increased, whereas “standard” quasifission
tends to reduce this asymmetry. Such a process has been
investigated experimentally considering either a light-medium
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mass projectile on an actinide target [14—18] or actinide
collisions [19-23]. Recent theoretical studies of multinucleon
transfer have been performed in the dinuclear system (DNS)
model [12,24], using multidimensional Langevin equations
[13,25-27], in the constrained molecular dynamics model
[28], in the improved quantum molecular dynamics approach
[29,30], and within the time-dependent Hartree-Fock (TDHF)
theory [31]. In particular, it is predicted that shell effects in
the 2°%Pb region should favor inverse quasifission [13,20,24].
Indeed, as one actinide falls into the valley of the potential
energy surface toward the magic numbers Z = 82 and N =
126, the mass and charge of its collision partner increases
correspondingly.

Multinucleon transfer depends also strongly on deformation
and relative orientation of the nuclei [30,31]. This should
play an important role in actinide collisions as nuclei have
strong prolate deformations in this region of the nuclear
chart [32]. In particular, it has been shown, in the case of
the symmetric central collision 23U + 28U, that a nucleon
flux appears in the neck when one nucleus has its deformation
axis aligned with the collision axis and perpendicular to the
deformation axis of the collision partner [31]. In this case,
the “aligned” nucleus loses nucleons. The main goal of the
present article is to investigate a new inverse quasifission
mechanism due to such orientation effect in initially mass and
charge asymmetric collisions of actinides. As an illustration,
we perform calculations for the 22 Th + 2°Cf reaction within
the TDHF framework. In Sec. II, we present briefly the TDHF
theory and give some numerical details of the calculations.
Then the results are presented and discussed in Sec. I1I. Finally,
we conclude in Sec. IV.

II. THE TIME-DEPENDENT HATREE-FOCK APPROACH

A. Theory

The TDHF theory has been proposed by Dirac [33]
and applied in nuclear physics [34,35], including actinide
collisions [36], with Skyrme effective interactions [37]. In its
Liouville form, the TDHF equation is written
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It gives the evolution of the one-body density matrix p
assuming that the system is always described by an antisym-
metrized independent-particle wave function to ensure an exact
treatment of the Pauli principle during time evolution [38]. The
one-body density matrix can be used to compute expectation
values of any one-body observable, and its evolution, within
TDHE, accounts for one-body dissipation mechanisms. The
latter are known to drive low-energy reaction mechanisms as
the Pauli blocking prevents nucleon-nucleon collisions.

The one-body density matrix of an independent particle
state can be written

A1+Ay
p(rsq. ¥'s'q) = > @f(X's'q)ei(rsq). 2
i=1

where {¢;} are the occupied single-particle wave functions;
A and A, are the number of nucleons in each nucleus; and
r, s, and g denote the nucleon position, spin, and isospin,
respectively. The single-particle Hartree-Fock Hamiltonian
h[p] is self-consistent and can be expressed as

SE[p]
Sp(r's'q’, rsq)’
where E[p] is the Skyrme energy density functional (EDF)
modeling the interaction between the nucleons. The EDF is the
only phenomenological ingredient because it has been adjusted
to reproduce nuclear structure properties [39]. In practice, the
TDHF equation (1) is written as a set of nonlinear Schrodinger-
like equations for the occupied single-particle wave functions

dgi(1)

ihT = hlp()]ei(). “4)

Realistic TDHF calculations in three dimensions are now
possible with modern Skyrme functionals including spin-orbit
term [40—43] and supercomputers allow simulation of realistic
actinide collisions [31].

hlpl(rsq,x's'q") = €)]

B. Numerical details

The nuclei are assumed to be initially in their Hartree-Fock
(HF) ground state. The HF and TDHF calculations are both
performed with the SLy4d Skyrme EDF [40], allowing for a
fully consistent treatment of nuclear structure and dynamics.
HF ground states are generated by solving the stationary
version of Eq. (1), in which the left-hand side is replaced
with 0, by using the imaginary-time method [44]. The wave
functions are decomposed in a cartesian basis with a mesh-size
unit Ax = 0.8 fm [40]. The encapsulating box has to be large
enough so that the tails of ¢; are not significantly affected
by the hard-box boundary condition. The HF calculations are
converged for the 2°Cf nucleus with 16 steps of Ax from the
center of the nucleus.

The dynamical calculations for central collisions are per-
formed in a half box with N, =96, N, =32, and N, =16
mesh points along the x, y, and z axis, respectively. The z = 0
plane is assumed to be a plane of symmetry to speed up the
calculations. For noncentral collisions, N, is doubled to allow
full reseparation of the fragments without spurious reflections
at the box boundaries. The nuclei start initially along the
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FIG. 1. (Color online) A 12.8 x 25.6 x 76.8-fm? half box used
for 232Th 4 2°Cf central collisions. The surface represents an exam-
ple of isodensity, at half the saturation density py/2 = 0.08 fm~3, of
the fragments moving apart after contact.

x axis at adistance Dy = 51.2 fm. Their initial velocity vectors
are determined assuming a Rutherford trajectory and they are
given a boost by applying a translation in momentum space
[45]. Equations (4) are then solved iteratively using a real-
time propagation algorithm that ensures energy conservation
[35,46] (see also Ref. [38] for more details). The TDHF3D
code [40] is used with a time step of 1.5 x 107 s for a
maximum simulation time of 6 x 102! s, sufficient for contact
and subsequent reseparation of the fragments. Figure 1 shows
the half box encapsulating an example of isodensity obtained
after contact of the nuclei in a central collision.

III. MULTINUCLEON TRANSFER IN 22Th + 250Cf
AT LOW ENERGY

Let us now study the multinucleon transfer mechanism in
the 232Th + 2°0Cf reaction at energies between 626.6 MeV (no
contact) and 1205 MeV with the TDHF3D code.

A. Definition of the relative orientations

Both nuclei exhibit a strong prolate deformation in their
ground state and can, in principle, take all possible orientation
in the entrance channel. Five different relative orientations
between the nuclei, labeled XX, XY, YX, YY, and YZ, have
been selected to study their role on the reaction mechanism
[see top of Fig. 2 and Fig. 3(a)]. We define them according to
how the elongation axes are angled with the collision axis (i.e.,
the x axis). For instance, the XX (YY) orientation involves the
two nuclei colliding on their tips (sides), as shown by the
left (right) column of Fig. 2. In the XY and YX orientations,
contact occurs first between the tip of one nucleus and the side
of the other. The first letter corresponds to the heavier nucleus.
Thus, the central column of Fig. 2 displays the YX orientation,
with the elongation axis of 2°Cf (**’Th) perpendicular
(parallel) to the collision axis. Figure 2 clearly shows the im-
portance of the initial orientation on the reaction mechanism.
For instance, in the last snapshot, the fragments in the XX
configuration are well separated while a neck is still present in
the other orientations, showing a shorter contact time in the XX
case. The internal density and shape evolutions also depends
on the orientation, going from strong fluctuations in the XX
orientation to a smooth evolution in the YY one. Finally, the
YX orientation produces the heaviest element (left fragment),
corresponding to a transfermium nucleus.
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FIG. 2. (Color online) Nucleon density in the z = 0 plane at
various times for a central collision of a 2°°Cf (initially on the left)
with a 22Th (right) nucleus at a center of mass energy E.. =
1012.2 MeV. Snapshots are shown from t =24 x 1072 s to
3.54 x 107%! s in time steps of 3 x 10~%? s from top to bottom. From
left to right, the columns represent the XX, YX, and YY relative
orientations (see text). Dark blue denotes densities below 0.1 fm™3
and dark red marks those above 0.16 fm 3.

B. Multinucleon transfer in central collisions

The process of standard quasifission is usually dominant in
reactions with heavy nuclei where nucleons are transferred
from the heavier to the lighter nucleus. As the dinuclear
system is electrostatically unstable, it then separates into two
fragments, with an increased mass symmetry. The production
of transfermium nuclei in 2*Th + 2>°Cf implies that a product
nucleus has to have more mass than either of the original
two. Quasifission must either act in reverse, with nucleon
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FIG. 3. (Color online) (a) Representation of the initial relative
orientations and sketch of the transfer from the tip to the side in the
XY and YX configurations. Variation of (b) proton and (c) neutron
numbers in the 2°°Cf-like fragment after collision with a 2**Th nucleus
at varying center-of-mass energies for five relative orientations. The
dashed lines at O represent >°Cf and the lines at AZ = —8 and
AN = —10 mark %*Th.

transfer from the lighter to the heavier nucleus, called inverse
quasifission (IQ), or overshoots so that 3>Th attains enough
nucleons to end up heavier than >°Cf, which we define as
swap 1Q.

To count the number of protons, Z,, and neutrons, Ny,
in the fragment i (i = 1,2 as all the present calculations
show only two fragments in the exit channel), an integration
of the corresponding densities is performed in space regions
where the total density exceeds 0.001 fm~ at the last iteration
time. Applying this procedure at the initial time step excludes
approximately 0.7 bound neutrons per fragment and no proton.
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The remnant neutrons are found in the tails of the wave
functions. Thus, this value is added to the integration of
density to obtain a correct estimate of N y,. Note that the TDHF
evolution is stopped before the fragments reach the walls of
the box to avoid nucleon emission due to unrealistic rebounds.

The dependence on beam energy of the proton and neutron
numbers in the 2°Cf-like fragment are plotted in Figs. 3(b)
and 3(c), respectively, for each initial relative orientation. The
dashed lines represent the change in nucleon value required to
end either as a 2°Cf or a 2*2Th in the exit channel. Events lying
between these two lines correspond to standard quasifission,
while events above the upper and below the lower line
are associated with IQ and swap-1Q processes, respectively.
Though most events are located around or between these
lines, the YX configuration leads clearly to a strong 1Q for
center-of-mass energies E., > 800 MeV. Here, the tip of
232Th comes into contact with the side of 2°Cf and is absorbed
[see the sketch of the exit channel in Fig. 3(a)]. Note that the
rapid increase of the number of transferred nucleons around
E.m. ~ 1200 MeV can be attributed to strong dynamical
fluctuations of the internal density, modifying the breaking
point of the dinuclear system (see Ref. [31] and Sec. III D),
rather than standard transfer where the flux of nucleons occurs
with a smooth change of the shape of the fragments.

Focusing on the low-energy range (E.n, < 1000 MeV)
of the YX orientation in Fig. 3, the most massive nucleus,
corresponding to 2L, is formed at 915.8 MeV. This corre-
sponds to three neutrons heavier than the heaviest lawrencium
isotope found experimentally to date [10]. Furthermore, this
corresponds only to the expected center of the fragment mass
and charge distributions for this particular orientation. Taking
into account particle number fluctuations in the fragment
(which are known to be underestimated in TDHF [47]) would
lead to more neutron-rich nuclei in the tail of the fragment
mass distribution. Finally, let us note that heavy fragments
are also produced by swap IQ in the XY orientation
at E. ., >~ 950 MeV.

C. Fast neutron evaporation

During the collision, a significant part of the relative kinetic
energy of the nuclei is transformed into internal excitation
of the dinuclear system and its fragments. Thus, the system
can emit particles, in particular neutrons, before and after its
separation [48]. On one hand, this neutron emission reduces
the chance to produce neutron-rich nuclei, but, on the other
hand, it is a cooling mechanism that increases the survival
probability of the fragments against secondary fission.

In principle, nucleon emission is a one-body process
accounted for in TDHF. However, the finite time of the
calculation makes it possible only to estimate the total
number of emitted nucleons soon after the reseparation of
the fragments (typically about 107! s after the neck breaks).
To get a quantitative insight into neutron emission, the total
number of neutrons lost to the fragments is computed at the
end of the calculation. As the TDHF evolution is unitary
and conserves the total number of neutrons, Ny = 294, the
number of evaporated neutrons is determined from the relation
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FIG. 4. (Color online) The total number of neutrons evaporated
from the »°Cf and ?’Th fragments for varying center-of-mass
collision energies and five different relative orientations.

Nevap. = Niot. — Ny, — Ny,. Figure 4 gives the evolution of
Neyap. for various orientations and energies. A global linear
increase of emitted neutrons is observed with increasing
energy. In contrast, the calculations shows that no proton has
been lost to either fragment, due to the Coulomb barrier at the
surface of the nuclei.

The way the number of nucleons in the fragments is defined
in Sec. III B implies that the variations of the neutron number in
the 2°Cf-like fragment in Fig. 3(c) already takes into account
this neutron emission. For instance, in the YX case at E.,, =
915.8 MeV, leading to the ®*Lr nucleus, approximately three
neutrons have been evaporated, that is, approximately one
to two neutrons per fragment, carrying away some of their
excitation energy. The subsequent decay occurs by neutron
and y emission and by secondary fission. The question of
the remaining excitation energy of the fragments is essential
to determine their survival probability against fission on one
hand, and, on the other hand, to predict which isotopes are
finally produced. For instance, for all IQ events in the YX
configuration, the final total kinetic energy of the fragments
predicted by TDHF is of the order of ~650 MeV. Then, to
enhance the survival probability of neutron-rich heavy nuclei,
it may be preferable to consider a lower energy than the
optimum one deduced by Fig. 3 [49].

D. Collision time and saturation in the neck

The multinucleon transfer is expected to be affected by the
lifetime of the dinuclear system, that is, the time during which
the two fragments are in contact. The collision time is also an
important input for example in the calculations of electron-
positron pair production from the quantum electrodynamics
(QED) vacuum decay [50-52]. As for multinucleon transfer,
the collision time between actinides has been investigated
recently in various models [13,25,28-31,53], as well as
experimentally [23]. In particular, it has been shown that the
collision time depends on the initial orientation [31]. Indeed,
as one can see in Fig. 2, it is much smaller for the XX
orientation.
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FIG. 5. (Color online) Time during which the fragments are in
contact, for five relative orientations, as a function of the center-of-
mass energy.

Following Ref. [31], we define the collision (or “contact”)
time as the time during which the fragments are in contact with
a neck density exceeding one-tenth of the saturation density,
that i, Pneck = po/10 = 0.016 fm—3, Figure 5 presents the
evolution of this time with energy. The same behavior as in the
238U 4 238U case is observed in the present energy range (see
Fig. 2(b) of Ref. [31]), that is, an increase with energy up to
34 x 102! sat E.,,, = 1200 MeV for all orientations except
the XX one, which exhibits a plateau at ~2 x 1072 .
Comparing Figs. 3 and 5, it is interesting to note that the
absolute value of the number of transferred nucleons and
the contact times have very different behaviors. This may be
attributed to the dynamics of the dinuclear system, in particular
in terms of its complex shape evolution (see, e.g., Fig. 2). Note
that the decrease of the collision time at higher energy observed
in [31] is outside the energy range of the present calculations.

As in the uranium-uranium case, the saturation of the
collision time in the XX orientation can be interpreted as
an effect of the overcoming of the saturation density in the
neck, inducing a strong repulsion between the fragments. To
get a deeper insight into this effect, let us study the maximum
density for two overlapping nuclei. The criterion for defining
that the nuclei overlap is that the minimum density in the neck
region on the collision axis has to be greater than 0.14 fm~.
Figure 6 shows the maximum density along the collision
axis during the overlap. The maximum density increases with
increasing energy above an energy threshold that depends
on the initial orientation of the nuclei. A nucleus with an
orientation X, that is, with its deformation axis along the
collision axis, overlaps with its collision partner sooner, and
at lower energy than for the other orientations. This is why
the energy threshold Ey, above which the maximum density
increases is lower for XX (EX* ~ 870 MeV) than for YX and
XY (EIEX XY ~ 960 MeV), which, in turn, are also lower than
for YY and YZ (E}" " =~ 1010 MeV). As a consequence, the
maximum density exceeds the saturation density in the XX at
lower energy (typically for £ > 1000 MeV), than in the other
orientations. It is interesting to note, however, that the plateau
in the contact time in the XX orientation (see Fig. 5) starts at
lower energy (at about ~770 MeV) than Et)ﬁx and that other
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FIG. 6. (Color online) Maximum density along the collision axis
between 2°Cf and 2*>Th for varying center-of-mass energies and
five relative orientations. The dashed line represents the saturation
density py = 0.16 fm~ and points are displayed only if the two
nuclei overlap, as decided by a minimum central axis density greater
than 0.14 fm™=3.

dynamical effects may also play a role in the saturation of the
contact time.

We also note that the sudden increase of IQ nucleon transfer
for orientation YX at E., >~ 1200 MeV in Fig. 3 coincides
with densities surpassing saturation in Fig. 6. A close look at
the internal density evolution shows that this overcoming of pg
generates fast dynamical fluctuations. As a consequence, the
system can break at different positions, inducing variations of
the number of nucleons in the fragments that are not totally
due to standard multinucleon transfer through the neck. It
is important to note that this effect occurs only in violent
collisions, and that the excited fragments should have a very
small chance to survive against subsequent fission.

E. Role of impact parameter

We finally investigate how multinucleon transfer evolves
with impact parameter for the YX orientation at E.p, =
915.8 MeV, where the heaviest nucleus (?®Lr) is formed.
As described in Sec. II B, these noncentral collisions are
performed in a twice bigger box to avoid any spurious effect
of the box before the full reseparation of the fragments. Like
in the central collision case, the nuclei start initially on the
x axis. However, their initial Rutherford trajectory is deter-
mined for a finite impact parameter b.

Figures 7(a) and 7(b) display the postcollision number of
protons and neutrons in the heavier fragment, respectively. The
global effect of increasing the impact parameter is to reduce the
number of nucleons transferred via IQ. This can be interpreted
in terms of a reduction of the contact time because of the
centrifugal potential. Note that the transfermium production
is predicted to be dominant for this configuration up to
b ~ 3 fm, corresponding to an angular momentum of ~118hx.

It is interesting to note that IQ disappears for impact
parameters above b ~~ 4 fm. In particular, the heavy fragments
lose about one proton, but no neutron, for 4 < b < 8 fm. This
can be understood in terms of charge equilibration as >°Cf
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FIG. 7. (Color online) Number of (a) protons Z and (b) neutrons
N in the heavier fragment as a function of the impact parameter
at a center-of-mass energy E.,, = 915.8 MeV in the YX relative
orientation. 2°Cf is represented by the dashed lines at Z = 98 and
N =152.

is slightly more proton-rich than 2*Th and a transfer of one
proton is enough to equilibrate this asymmetry. In addition,
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with the initial condition for a YX orientation, a nonzero
impact parameter shifts the system at contact, going away
from the configuration where the tip of one nucleus collides
with the side of the other, which we identified as the most
favorable in terms of heavy-element production in Sec. III B.
Finally, at » > 8 fm, the overlap is not sufficient to allow any
transfer of nucleons.

IV. CONCLUSIONS

The time-dependent HF theory has been used to study the
reaction mechanisms in the 2*>Th + 2°Cf reaction. The role of
the deformation and relative orientation has been investigated
and number of transferred nucleons, collision time, density
in the overlap region, and fast neutron emission have been
analyzed.

A new process of 1Q has been identified when the tip of
the lighter nucleus collides with the side of the heavier one. In
this case, nucleons are transferred to the heavier nucleus and
new neutron-rich transfermium nuclei can be produced. With
the present reaction, 2°Lr, which has three more neutrons
than the most neutron-rich observed lawrencium isotope,
could be produced in this process. In addition, fluctuations in
the fragment neutron distribution should produce even more
neutron-rich nuclei.

ACKNOWLEDGMENTS

The authors are grateful to D. J. Hinde and M. Dasgupta for
stimulating discussions during this work and a careful reading
of the manuscript. D.K. acknowledges the Australian National
University summer school program during which this work has
been done. The calculations have been performed on the Centre
de Calcul Recherche et Technologie of the Commissariat a
I’Energie Atomique, France, and on the NCI National Facility
in Canberra, Australia, which is supported by the Australian
Commonwealth Government.

[1] M. Bender, K. Rutz, P.-G. Reinhard, J. A. Maruhn, and
W. Greiner, Phys. Rev. C 60, 034304 (1999).
[2] M. Bender, W. Nazarewicz, and P. G. Reinhard, Phys. Lett. B
515, 42 (2001).
[3] M. Morjean et al., Phys. Rev. Lett. 101, 072701 (2008).
[4] A. Chatillon et al., Eur. Phys. J. A 30, 397 (2006).
[5] R.-D. Herzberg et al., Nature (London) 442, 896 (2006).
[6] S. Hofmann and G. Miinzenberg, Rev. Mod. Phys. 72, 733
(2000).
[7] K. Morita et al., J. Phys. Soc. Jpn. 76, 043201 (2007).
[8] Y. T. Oganessian et al., Phys. Rev. C 74, 044602 (2006).
[9] S. Hofmann et al., Eur. Phys. J. A 32, 251 (2007).
[10] M. Block et al., Nature (London) 463, 785 (2010).
[11] V. V. Volkov, Phys. Rep. 44, 93 (1978).
[12] G. G. Adamian, N. V. Antonenko, and A. S. Zubov, Phys. Rev.
C 71, 034603 (2005).
[13] V. L. Zagrebaev, Y. T. Oganessian, M. G. Itkis, and W. Greiner,
Phys. Rev. C 73, 031602(R) (2006).

[14] D. Lee, H. von Gunten, B. Jacak, M. Nurmia, Y.-f. Liu, C. Luo,
G. T. Seaborg, and D. C. Hoffman, Phys. Rev. C 25, 286 (1982).

[15] D. Lee, K. J. Moody, M. J. Nurmia, G. T. Seaborg, H. R. von
Gunten, and D. C. Hoffman, Phys. Rev. C 27, 2656 (1983).

[16] H. Gaggeler et al., Phys. Rev. C 33, 1983 (1986).

[17] D. C. Hoffman et al., Phys. Rev. C 31, 1763 (1985).

[18] A. Tiirler et al., Phys. Rev. C 46, 1364 (1992).

[19] M. Schidel et al., Phys. Rev. Lett. 41, 469 (1978).

[20] H. Freiesleben, K. D. Hildenbrand, F. Piihlhofer, W. F. W.
Schneider, R. Bock, D. v. Harrach, and H. J. Specht, Z. Phys. A
292, 171 (1979).

[21] M. Schidel ef al., Phys. Rev. Lett. 48, 852 (1982).

[22] J. V. Kratz et al., Phys. Rev. C 33, 504 (1986).

[23] C. Golabek et al., Eur. Phys. J. A 43, 251 (2010).

[24] Z.-Q. Feng, G.-M. Jin, and J.-Q. Li, Phys. Rev. C 80, 067601
(2009).

[25] V. Zagrebaev and W. Greiner, J. Phys. G 34, 1 (2007).

[26] V. Zagrebaev and W. Greiner, Phys. Rev. C 78, 034610 (2008).

044613-6


http://dx.doi.org/10.1103/PhysRevC.60.034304
http://dx.doi.org/10.1016/S0370-2693(01)00863-2
http://dx.doi.org/10.1016/S0370-2693(01)00863-2
http://dx.doi.org/10.1103/PhysRevLett.101.072701
http://dx.doi.org/10.1140/epja/i2006-10134-5
http://dx.doi.org/10.1038/nature05069
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1143/JPSJ.76.043201
http://dx.doi.org/10.1103/PhysRevC.74.044602
http://dx.doi.org/10.1140/epja/i2007-10373-x
http://dx.doi.org/10.1038/nature08774
http://dx.doi.org/10.1016/0370-1573(78)90200-4
http://dx.doi.org/10.1103/PhysRevC.71.034603
http://dx.doi.org/10.1103/PhysRevC.71.034603
http://dx.doi.org/10.1103/PhysRevC.73.031602
http://dx.doi.org/10.1103/PhysRevC.25.286
http://dx.doi.org/10.1103/PhysRevC.27.2656
http://dx.doi.org/10.1103/PhysRevC.33.1983
http://dx.doi.org/10.1103/PhysRevC.31.1763
http://dx.doi.org/10.1103/PhysRevC.46.1364
http://dx.doi.org/10.1103/PhysRevLett.41.469
http://dx.doi.org/10.1007/BF01441624
http://dx.doi.org/10.1007/BF01441624
http://dx.doi.org/10.1103/PhysRevLett.48.852
http://dx.doi.org/10.1103/PhysRevC.33.504
http://dx.doi.org/10.1140/epja/i2010-10911-5
http://dx.doi.org/10.1103/PhysRevC.80.067601
http://dx.doi.org/10.1103/PhysRevC.80.067601
http://dx.doi.org/10.1088/0954-3899/34/1/001
http://dx.doi.org/10.1103/PhysRevC.78.034610

NEW INVERSE QUASIFISSION MECHANISM TO PRODUCE ...

[27] V. Zagrebaev and W. Greiner, Phys. Rev. Lett. 101, 122701
(2008).

[28] T. Maruyama, A. Bonasera, M. Papa, and S. Chiba, Eur. Phys.
J. A 14, 191 (2002).

[29] J. Tian, X. Wu, K. Zhao, Y. Zhang, and Z. Li, Phys. Rev. C 77,
064603 (2008).

[30] K. Zhao, X. Wu, and Z. Li, Phys. Rev. C 80, 054607 (2009).

[31] C. Golabek and C. Simenel, Phys. Rev. Lett. 103, 042701 (2009).

[32] S. Hilaire and M. Girod, in Proceedings of the International
Conference on Nuclear Data for Science and Technology,
April 22-27 2007, Nice, France, edited by O. Bersillon,
F. Gunsing, E. Bauge, R. Jacqmin, and S. Leray (EDP Sciences,
Les Ulis, France, 2008), p. 107.

[33] P. A. M. Dirac, Proc. Cambridge Philos. Soc. 26, 376 (1930).

[34] Y. M. Engel, D. M. Brink, K. Goeke, S. J. Krieger, and
D. Vautherin, Nuc. Phys. A 249, 215 (1975).

[35] P. Bonche, S. Koonin, and J. W. Negele, Phys. Rev. C 13, 1226
(1976).

[36] M. R. Strayer, R. Y. Cusson, H. Stoecker, J. A. Maruhn, and
W. Greiner, Phys. Rev. C 28, 228 (1983).

[37] T. Skyrme, Philos. Mag. 1, 1043 (1956).

[38] C. Simenel, D. Lacroix, and B. Avez, Quantum Many-Body
Dynamics: Applications to Nuclear Reactions (VDM Verlag
Dr. Miiller e.K., 2010).

[39] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R. Schaeffer,
Nucl. Phys. A 635, 231 (1998).

PHYSICAL REVIEW C 81, 044613 (2010)

[40] K.-H. Kim, T. Otsuka, and P. Bonche, J. Phys. G 23, 1267
(1997).

[41] T. Nakatsukasa and K. Yabana, Phys. Rev. C 71, 024301
(2005).

[42] A.S.Umarand V. E. Oberacker, Phys. Rev. C 73, 054607 (2006).

[43] J. A. Maruhn, P.-G. Reinhard, P. D. Stevenson, and M. R. Strayer,
Phys. Rev. C 74, 027601 (2006).

[44] K. Davies, H. Flocard, S. Krieger, and M. Weiss, Nucl. Phys. A
342, 111 (1980).

[45] D. J. Thouless and J. G. Valatin, Nucl. Phys. 31, 211 (1962).

[46] H. Flocard, S. E. Koonin, and M. S. Weiss, Phys. Rev. C 17,
1682 (1978).

[47] C. H. Dasso, T. Dgssing, and H. C. Pauli, Z. Phys. A 289, 395
(1979).

[48] D. J. Hinde, D. Hilscher, H. Rossner, B. Gebauer, M. Lehmann,
and M. Wilpert, Phys. Rev. C 45, 1229 (1992).

[49] S. Heinz, V. Comas, S. Hofmann, D. Ackermann, J. Heredia,
F. HeBberger, J. Khuyagbaatar, B. Kindler, B. Lommel, and
R. Mann, Eur. Phys. J. A 43, 181 (2010).

[50] Quantum Electrodynamics of Strong Fields, edited by W. Greiner
(Plenum, New York, 1983).

[51] J. Reinhardt, B. Miiller, and W. Greiner, Phys. Rev. A 24, 103
(1981).

[52] E. Ackad and M. Horbatsch, Phys. Rev. A 78, 062711 (2008).

[53] V. V. Sargsyan, Z. Kanokov, G. G. Adamian, N. V. Antonenko,
and W. Scheid, Phys. Rev. C 80, 047603 (2009).

044613-7


http://dx.doi.org/10.1103/PhysRevLett.101.122701
http://dx.doi.org/10.1103/PhysRevLett.101.122701
http://dx.doi.org/10.1140/epja/i2001-10196-9
http://dx.doi.org/10.1140/epja/i2001-10196-9
http://dx.doi.org/10.1103/PhysRevC.77.064603
http://dx.doi.org/10.1103/PhysRevC.77.064603
http://dx.doi.org/10.1103/PhysRevC.80.054607
http://dx.doi.org/10.1103/PhysRevLett.103.042701
http://dx.doi.org/10.1017/S0305004100016108
http://dx.doi.org/10.1016/0375-9474(75)90184-0
http://dx.doi.org/10.1103/PhysRevC.13.1226
http://dx.doi.org/10.1103/PhysRevC.13.1226
http://dx.doi.org/10.1103/PhysRevC.28.228
http://dx.doi.org/10.1080/14786435608238186
http://dx.doi.org/10.1016/S0375-9474(98)00180-8
http://dx.doi.org/10.1088/0954-3899/23/10/014
http://dx.doi.org/10.1088/0954-3899/23/10/014
http://dx.doi.org/10.1103/PhysRevC.71.024301
http://dx.doi.org/10.1103/PhysRevC.71.024301
http://dx.doi.org/10.1103/PhysRevC.73.054607
http://dx.doi.org/10.1103/PhysRevC.74.027601
http://dx.doi.org/10.1016/0375-9474(80)90509-6
http://dx.doi.org/10.1016/0375-9474(80)90509-6
http://dx.doi.org/10.1016/0029-5582(62)90741-1
http://dx.doi.org/10.1103/PhysRevC.17.1682
http://dx.doi.org/10.1103/PhysRevC.17.1682
http://dx.doi.org/10.1007/BF01409391
http://dx.doi.org/10.1007/BF01409391
http://dx.doi.org/10.1103/PhysRevC.45.1229
http://dx.doi.org/10.1140/epja/i2010-10914-2
http://dx.doi.org/10.1103/PhysRevA.24.103
http://dx.doi.org/10.1103/PhysRevA.24.103
http://dx.doi.org/10.1103/PhysRevA.78.062711
http://dx.doi.org/10.1103/PhysRevC.80.047603

