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A new model that includes the time-dependent dynamics of the single-particle motion in conjunction with
the macroscopic evolution of the system is proposed for describing the compound nucleus formation in fusion
of heavy nuclei. The diabaticity initially keeps the entrance system around its contact configuration, but the
gradual transition from the diabatic to the adiabatic potential energy surface leads to fusion or quasifission.
Direct measurements of the probability for compound nucleus formation are crucial to discriminate between
the current models.
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The understanding of new experimental results on fusion
of heavy nuclei and the formation of superheavy elements
(SHE) require modeling, not only of the initial capture pro-
cess and the final compound nucleus(CN) deexcitation pro-
cess, but also of the intermediate stage of evolution of the
combined system from the contact configuration into the CN.
The competition between fusion and quasifission(resepara-
tion before CN formation) can inhibit fusion by many orders
of magnitude, e.g., Ref.[1]. Understanding this inhibition
may be the key to forming more SHE. Nowadays, there is no
consensus[2] for the mechanism of the CN formation in
fusion of heavy nuclei near the Coulomb barrier. Depending
on the main coordinate for fusion, two sorts of models can be
distinguished. In the first type[3–12], the fusion occurs
along the radial coordinate using either adiabatic potential
energy surface (PES) obtained with Strutinsky’s
macroscopic-microscopic method or liquid drop PES. The
competition between fusion and quasifission, which depends
on the fluctuations[13], has only been included in recent
models, e.g., Ref.[9–12]. However, the experimental data
are not always explained. In the second type[14,15] [di-
nuclear system(DNS) model], the fusion happens in the
mass-asymmetry coordinateh=sA1−A2d / sA1+A2d, whereA1

andA2 are the mass numbers of the nuclei. The DNS nuclei
remain at the touching configuration and exchange nucleons
until either all nucleons have been transferred from the
lighter to the heavier fragment(complete fusion) or the DNS
decays before the CN formation(quasifission). The model
assumes a sudden(double folding in frozen density approxi-
mation) PES in the radial coordinate, while the PES behaves
adiabatically along the fusion path in theh coordinate. Al-
though the model has been used to explain many experimen-
tal evaporation residues(ER) cross sections, its theoretical
foundation is not clear enough yet.

In this paper a new model is proposed for the CN forma-
tion, which is based on the following general ideas(which
are well established but have up to now not been used in
combination in any of the current models of fusion): (i) Once
the two nuclei are at the contact point, the system moves in a
multidimensional space of collective coordinatesq (shape
parameters), (ii ) this motion is governed by the master equa-

tion, and(iii ) the nature of the single-particle(sp) motion is
time dependent, it is initially diabatic and then approaches
the adiabatic limit due to residual two-body collisions. The
diabatic sp motion arises from the coherent character of the
coupling between the intrinsic and collective degrees of free-
dom and the dissipation is caused by the residual two-body
collisions [16]. The adiabatic limit refers to the case when
the occupation of the sp energy levels obeys an equilibrated
Fermi distribution with a finite temperature. The thermal ef-
fect on the sp energies may be neglected at low temperature
sT=1–2 MeVd, so diabatic and adiabatic limits essentially
correspond to two extreme situations for the occupations of
the zero temperature sp energy levels. For practical purposes
two types of sp energy levels can be distinguished, namely,
the adiabatic and diabatic levels. These levels differ only in
the area of avoided crossings of adiabatic states[17], i.e., the
diabatic states are defined with real crossings. In the diabatic
limit [16] (elastic nuclear matter), the nucleons do not oc-
cupy the lowest free sp energy levels as in the adiabatic case
(plastic nuclear matter), but keep their quantum numbers and
remain in the diabatic states during a collective motion of the
system. Another way of saying this is that the probability for
Landau-Zener promotion of the nucleons at the avoided
crossings of adiabatic sp levels is near the unity. This ap-
proach is realistic in the initial stage of collisions near the
Coulomb barrier where the total excitation energy per
nucleonE* *0.03 MeV [18,19]. During the transition from
the diabatic to the adiabatic limit, the nuclear matter is elas-
toplastic like glycerine. As a result of(iii ), the system moves
in a time-dependent PES defined below,Vsq ,td, which is
initially diabatic and gradually becomes adiabatic. In con-
trast to the current models for CN formation, the present
approach explicitly includes for the first time the time-
dependent dynamics of the sp motion in conjunction with the
macroscopic evolution of the system into the CN. In Refs.
[6,7,10,11] the ideas(i) and(ii ) were applied, but the authors
exclusively used either adiabatic PES or liquid drop PES. In
a recent paper[19], only idea(iii ) was used to calculate the
dynamical potential for the radial motion of the combined
system, while in the past only the diabatic limit of the sp
motion was used to study the initial capture process[20,21].
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The ideas(i)–(iii ) have solely been applied in combination to
describe deep-inelastic reactions[22]. The scenario pre-
sented here for the CN formation shows that following con-
tact the diabaticity forms a valley in the PES where the sys-
tem remains trapped around its touching configuration, but
the gradual transition from the diabatic to the adiabatic PES
allows the system to evolve in shapes leading to fusion or
quasifission. The time scale for the decay to the adiabatic
PES is crucial in determining the time scale of the transition
to the compact fused system. The calculations are based on
the master equation[23] and the diabatic two-center shell
model(TCSM) [17] developed using the asymmetric TCSM
(ATCSM) [24]. The critical ingredients of the model are(i)
temperature,(ii ) diabatic PES,(iii ) adiabatic PES,(iv) tran-
sition from diabatic to adiabatic PES, and(v) shape param-
eters. The evaluation of each will be described, then the re-
sults from the model will be presented.

The time-dependent population probabilitiesp for the dif-
ferent configurationsq (shapes) of the system are solutions
of the master equation

ṗsq,td = o
q8

fLsq,q8,tdpsq8,td − Lsq8,q,tdpsq,tdg, s1d

where the macroscopic transition probabilities according to
Ref. f25g are Lsq ,q8 ,td=k0 expfVsq8 ,td /2Tsq8 ,td−Vsq ,td /
2Tsq ,tdg, justified by the assumption that the level density
of the system determines the transition. The strength con-
stantk0 characterizes the global time scale and has a re-
alistic value of ,1022 s−1 f26g. The sum in Eq.s1d is
extended only to the nearest configurationsq8 sthe collec-
tive coordinate space is discretizedd. It is assumed that the
system is initially at the contact configurationq0 where
the sp occupation numbers obey a Fermi distribution
na

Fsq0,T0d for a temperatureT0. Configurations other than
q0 are not populated at this time, and hence the initial
condition for Eq.s1d is psq ,0d=dq,q0

. The temperatureT0

is related to the excitation of the system immediately after
the capture process. This temperature can be estimated
either asT0<ÎfEc.m.−Vsq0,0dg /a, whereEc.m. is the total
incident energy in the center of mass frame anda
=A/12 MeV−1 sA is the total mass number of the systemd,
if the initial radial kinetic energy is dissipated when the
nuclei reach the contact point, or using a frictional model,
e.g., Ref.f11g, for the capture process. The localsat fixed
qd temperatureT=ÎEexc/a is defined by means of the local
excitation energy

Eexcsq,td = a T0
2 +E

0

t S−
dDVdiabsq,t8d

dt8
Dpsq,t8ddt8, s2d

which results from the decay of the diabatic partDVdiab of
the potentialV. DVdiab represents an energetic hindrance for
the initial system to reach a configurationq, if the nucleons
follow diabatic levels during this processselastic responsed.
The local excitation of the system is caused by the loss of its
elasticity f16g. DVdiab is calculated as

DVdiabsq,td < o
a

«a
diabsqdfnasq,td − na

Fsq,Tdg, s3d

where«a
diab are the diabatic levels with occupationsnasq ,td

and a denotes the quantum numbers of these states. The
diabatic levels«a

diab and their wave functionsfa
diabsr d are

obtained with the maximum symmetry methodf17g. Follow-
ing Ref. f17g, the dynamical PES can be defined in general
as Vsq ,td=Vadiabsq ,Td+DVdiabsq ,td, where Vadiab is the
temperature-dependent adiabatic PES which is the sum of
the liquid drop energy and the microscopic shell and pairing
corrections obtained with Strutinsky’s methodf27g. The
nuclear part of the liquid drop energy is obtained with the
Yukawa-plus-exponential methodf28g. It is important to
note that the diabatic contributions3d is initially maximal,
but gradually decreases when the actual sp occupations ap-
proach the Fermi distribution. The dynamical PES describes
a continuous transition from the initial diabatic potential to
the asymptotic adiabatic one. The diabaticity destroys the
Fermi distribution of the occupations, but the residual two-
body collisions gradually recover it. This process is locally
described by the relaxation equationf29g

ṅasq,td = − t−1sq,tdfnasq,td − na
Fsq,Tdg, s4d

wheret is an average relaxation timesin order to conserve
the number of particlesd. The initial occupationsnasq ,0d are
the diabatic ones obtained fromna

Fsq0,T0d. t is defined as

t−1sq,td =
oa

fnasq,td − na
Fsq,TdgGasq,Td

Ncoll "o
a

nasq,td
, s5d

whereGa are the widths of the sp levels. The factorNcoll is
the average number of two-body collisions per nucleon to
establish the equilibrium occupationsna

F. The valueNcoll=3
f18g will be used. The expressions5d follows the idea that
the relaxation process becomes slower when the occupations
approachna

F. If the equilibrium was reached, the relaxation
time would be infinite, i.e., the occupations would remain the
same. The widthsGa are obtained with the parametrization
given in Ref. f27g. Since the diabatic sp excitations occur
around the Fermi surface, the valuesG0

−1=0.061 MeV−1 for
half saturation density andc=20 MeV will be usedf27g.

The collective coordinatesq are the shape parameters of
the ATCSM [24]: (i) the elongationl= l /2R0, which mea-
sures the lengthl of the system in units of the diameter 2R0
of the spherical CN and describes the relative motion,(ii ) the
deformationbi =ai /bi of the fragments, defined by the ratio
of their semiaxes,(iii ) the neck coordinatee=E0/E8, defined
by the ratio of the actual barrier heightE0 to the barrier
height E8 of the two-center oscillator, and(iv) the volume
asymmetry of the nuclear shapes(equipotential shapes) j
=sV1−V2d / sV1+V2d, whereV1 andV2 are the volumes of the
left and right regions divided by a plane at the necks between
the fragments. The collective coordinate space is divided into
three regions:(i) compact shapes around the spherical shape
(fusion region), (ii ) elongated shapes outside the initial con-
tact configuration and beyond the Coulomb barrier(quasifis-
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sion region), and (iii ) intermediate shapes which could lead
to fusion or quasifission. In the fusion region the physical
mass asymmetryh [defined likej but in terms of the masses
which are calculated using the microscopic density distribu-
tion rsr d=oa naufa

diabsr du2] reaches a minimal plateau, i.e., a
maximal number of nucleons move(their wave-functions
spread) in the whole volume of the system due to the de-
crease of the barrierE0 between the fragments. The fusion
sPCNd and quasifissionsPQFd probabilities are defined as the
sum of the population probabilitiesp in the fusion and quas-
ifission regions, respectively. In addition the CN excitation
energyECN is defined as the average of the excitation ener-
gies (2) of the different shapes in the fusion region.

In the following the fragments are considered as spherical
sbi =1d and the neck coordinate is fixed ate=0.75. With this
value of e the Coulomb barrier of the diabatic potential for
an initial system withT0=0 MeV is close to the barrier of
the double-folding potential[19]. For computational reasons
the calculations are done using the coordinatesl andj that
are the relevant ones in the current models for CN formation,
e.g., as in Refs.[11,15]. The nonlinear set of equations
(1)–(5) are solved by successive iterations using a small time
stepDt=10−23 s. The master equation(1) is solved on a grid
(1ølø1.8,ujuø0.7 whereDl=0.02 andDj=0.1) with ap-
propriate boundary conditions to follow the continuous split
of the initial population probabilitiespsq ,0d into fusion and
quasifission. Values ofuju.0.7 are not included in the calcu-
lation because the TCSM used[24] is not appropriate for
largej. The fusion and quasifission processes are determined
at the time scalet0 when PCNst0d+PQFst0d.1. The model
will be applied to some(near) symmetric centralsl =0d col-
lisions. In these calculations the excitation energy of the ini-
tial system at the contact configuration is 40 MeV. The effect
of rotation of the combined system on its evolution can also
be included in the model. However, as it is well established
experimentally and theoretically, this effect is weak in fusion
of a heavy system due to its large moment of inertia. The
experimental spin distribution[30] shows that the main con-
tribution to the ER cross sections results from low partial
waves. The repulsive potential energy gained by diabatic ef-
fects is much larger than the centrifugal energy that the sys-
tem can gain by rotation. The inclusion of the rotation of the
system may lead to the loss of transparency of the main
features of the model, i.e., diabatic effects.

Figure 1 shows the dynamical PES for110Pd+110Pd (i) at
the initial moment(diabatic PES, upper part) when the nuclei
are at the contact configuration(square), (ii ) at t0=4
310−20 s (middle part), and (iii ) the adiabatic PES(lower
part). The PES is normalized with the macroscopic energy of
the spherical CN. In Fig. 2, the distribution of the population
probabilitiespsl ,j ,t0d on the PES of Fig. 1(middle part) is
presented. From these figures, it is observed that the diaba-
ticity initially forms a valley confining the entrance system
around its touching configuration as in the DNS model[14].
Nevertheless, the gradual transition to the adiabatic PES
leads to fusion mainly in the elongationl (relative distance)
or the population of neighboring configurations ending in the
quasifission channel. In contrast to the DNS model, the dif-
fusion along thej coordinate, while the nuclei remain at the

contact pointsl=1.5−1.6d, is strongly suppressed by a large
diabatic hindrance. Calculations performed in Ref.[11] with
the fluctuation-dissipation approach using liquid drop PES
have also shown that the mass-asymmetry path does not con-
tribute significantly to the CN formation.PCN and PQF are
determined before the dynamical PES reaches the adiabatic
one(comparing middle and lower parts in Fig. 1). The com-
petition between fusion and quasifission is regulated by the

FIG. 1. Dynamical PES for110Pd+110Pd: (upper part) at t=0 s
(diabatic PES), the square denotes the contact configuration;
(middle part) at t0=4310−20 s; and(lower part) the adiabatic PES.
See text for further details.

FIG. 2. Distribution of the population probabilitiespsl ,j ,t0d for
110Pd+110Pd on the PES of Fig. 1(middle part). The fusion region
is lø1.3. See text for further details.
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dynamical PES. The probability of configurations which stay
close to that of the entrance channel and reseparate is very
large, as can be seen from Fig. 2. This causes the fusion
hindrance for110Pd+110Pd which is consistent with the ex-
perimental conclusions drawn in Ref.[1], namely, that the
fusion hindrance is primarily caused by reseparation shortly
after passage of the Coulomb barrier. The final population
probabilities in the fusion region(lø1.3 in Fig. 2) are very
small, and as a result of the expression(2), ECN is practically
the same as the excitation energy of the initial system at the
contact point, i.e., 40 MeV. The scenario seen so far is the
same for other systems studied. Table I showsPCN, t0, and
ECN calculated for some(near) symmetric reactions. The val-
ues of the model parameters are the same for all the reac-
tions. The decrease of thePCN values from 90Zr+ 90Zr to
110Pd+110Pd is observed along with an increase of the quas-
ifission probability beyond 90%. This is because(i) the re-
pulsive character of the diabatic PES increases with increas-
ing mass numberA of the combined system and(ii ) the
valley of the diabatic PES becomes more shallow with in-
creasingA. Consequently the time scalet0 of the fusion and
quasifission processes decreases with increasingA. The PCN
for 96Zr+ 124Sn agrees very well with the recent direct experi-
mental measurement[31]. The PCN

expt. includes the contribu-
tion of higher partial wavesl, i.e., l .0, although the main
contribution results from lowl for heavy systems at this
energy. ThePCN obtained with the DNS model for this reac-
tion [14] also agrees well with that experiment, whilePCN
for, e.g., 110Pd+110Pd, is about one order of magnitude
smaller than the presentPCN (see Table I). The fluctuation-

dissipation model in Ref.[7] predicts PCN values that are
much larger than the present ones, i.e., about one order of
magnitude larger for110Pd+110Pd and100Mo+ 110Pd. Direct
experimental measurements ofPCN as in Ref.[31] are crucial
to discriminate between the current models for CN forma-
tion. The dependence ofPCN on the parameterG0

−1 is strong
for the heaviest systems studied, i.e., changing the latter from
0.061 MeV−1 to 0.03 MeV−1, causes thePCN decrease by
about one order of magnitude due to the faster transition to
the adiabatic PES, whereas the effect on the time scalet0 is
rather weak. The time scalet0 is mainly determined by the
quasifission process that occurs near the contact configura-
tion of the initial system, where the diabatic effects are small.
The dependence ofPCN on the excitation energy of the initial
system at the touching point is rather weak, i.e., a saturation
of the PCN practically occurs from,20 MeV upwards.

In summary, a new realistic model for the CN formation
in fusion of massive nuclei has been developed. It incorpo-
rates for the first time important physical effects which criti-
cally affect the evolution of the fusing system. The diabatic-
ity initially keeps the entrance system around its touching
point, but the gradual transition from the diabatic to adiabatic
PES leads to fusion(mainly in the relative distance) or quas-
ifission. The dynamical PES regulates the competition be-
tween fusion and quasifission. The probabilities for CN for-
mation in some(near) symmetric central collisions have
been obtained and found to agree very well with the recent
direct experimental determination for96Zr+ 124Sn. Direct
measurements of thePCN as in Ref.[31] along with distribu-
tions of the quasifission fragments are crucial to discriminate
between the current models for CN formation. To calculate
ER cross sections the present approach should be combined
with other models that describe the initial capture stage and
the survival of the CN against fission. A TCSM more appro-
priate for reactions with large mass asymmetry is being de-
veloped which should be useful in predicting production
cross sections of SHE.
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