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Quasifission process in a transport model for a dinuclear system
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A new method is suggested for calculating the charge and mass distributions of quasifission products. The
quasifission is treated within a transport model describing the evolution of a dinuclear system in charge~mass!
asymmetry and the decay of this system along the internuclear distance. The calculated yields of these products
are in agreement with recent experimental data for the hot fusion reactions leading to superheavy nuclei. The
quasifission distributions in cold Pb-based fusion reactions are predicted.
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I. INTRODUCTION

The experimental evaporation residue cross section
cold (208Pb- and209Bi-based! and hot~actinide-based! fusion
reactions leading to the production of heavy and superhe
nuclei @1–3# can be well reproduced in the dinuclear syste
~DNS! model of fusion@4–9#. In order to support and to
prove the DNS mechanism of fusion, it is very crucial a
important to describe also other experimental observab
like mass and charge distributions of the quasifission pr
ucts which accompany the fusion process. The aim of
paper is to describe the quasifission yields inside the D
model.

In the quasifission process one finds large mass rearra
ments between the interacting heavy ions occurring o
short time scale@10–12#. The experimental signatures of th
process are the large widths of mass distributions and
hanced angular anisotropy, incompatible with compou
nucleus fission. The quasifission conceptually bridges
gap @13# between deep-inelastic collisions, where the re
tion partners get into close contact to exchange many
ticles without altering their average mass and charge@14#,
and the complete fusion process where the reaction part
lose their identity after forming the compound nucleus@11#.
As shown in@4–9,15,16#, quasifission and fusion have th
common property to be described as an evolution of the D
which is formed in the entrance channel during the capt
stage of the reaction, after dissipation of the kinetic energ
the collision. One can assume that the decay of the D
which evolves in mass asymmetry coordinate predestines
charge and mass distributions of the quasifission produc

In the DNS model@5–9# the total quasifission cros
section

sq f~Ec.m.!5 (
J50

scap~Ec.m.,J!@12PCN~Ec.m.,J!# ~1!

depends on the partial capture cross sectionscap for the
transition of the colliding nuclei over the entrance~Cou-
lomb! barrier and on the probabilityPCN of the compound
nucleus formation after the capture. In the first step o
fusion reaction the projectile is captured by the target an
DNS is formed which either evolves into the compou
0556-2813/2001/64~2!/024604~9!/$20.00 64 0246
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nucleus or decays~quasifission!. The partial capture cros
section for the transition of the colliding nuclei over the Co
lomb barrier with probabilityT(Ec.m.,J) and for the forma-
tion of the DNS is given by

scap~Ec.m.,J!5p|2~2J11!T~Ec.m.,J!, ~2!

where |25\2/(2mEc.m.) is the reduced de Broglie wave
length andm the reduced mass. The probability of comple
fusionPCN(Ec.m.,J) depends on the competition between t
complete fusion and quasifission. Since in this paper we
interested in reactions with heavy ions which occur near
Coulomb barrier and in partial waves with smallJ which are
typical for fusion and quasifission, only partial waves wi
angular momenta less than the critical angular momen
contribute to the sum in Eq.~1!. Larger values ofJ corre-
spond to deep inelastic collisions and are not treated h
For smallJ, the values ofPCN(Ec.m.,J) are not much differ-
ent from PCN(Ec.m.,J50)5PCN(Ec.m.). Then we can write
the quasifission cross section as

sq f~Ec.m.!'@12PCN~Ec.m.!#(
J50

scap~Ec.m.,J!

5@12PCN~Ec.m.!#scap~Ec.m.!. ~3!

The total quasifission cross section can be splitted into
cross sectionssq f(Ec.m.,A) of the quasifission products with
certain mass numbersA,sq f(Ec.m.)5(Asq f(Ec.m.,A).

In spite of an intensive experimental study of the quasi
sion process, no microscopical model was elaborated for
culating the yields of quasifission products up to now. In S
II of this paper such a model is presented. The results
calculations in comparison with experimental data are sho
in Sec. III. A short summary is given in Sec. IV.

II. MODEL

A. Evolution of the DNS in charge „mass… asymmetry
coordinate

The DNS model@5–9# of fusion assumes that the com
pound nucleus is reached by a series of transfers of nucle
or small clusters from the light nucleus to the heavier one
©2001 The American Physical Society04-1
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a touching configuration. So, the dynamics of fusion is c
sidered as a diffusion of the DNS in the charge~mass! Z(A)
asymmetry coordinate, defined by the charge~mass! number
of the light fragment of the DNS. The potential inner barr
Bf us* in the Z (A) coordinate supplies a hindrance for th
fusion in the DNS model which well reproduces the existi
experimental data for the fusion evaporation residue cr
sections.

While the DNS model suggested in Refs.@5–9# allows us
to describe the fusion probabilityPCN and total quasifission
cross sectionsq f , it has to be modified to calculate th
charge~mass! distribution of the quasifission products. W
suggest a new variant of the DNS model for the quasifiss
process where the DNS simultaneously evolves inZ(A) by
nucleon transfer between the nuclei and inR by decay into
the direction of increasing internuclear distance. A diffusi
process leads to the exchange of nucleons between the
touching fragments, thus generating a time-dependent di
bution in the charge~mass! asymmetry of the DNS. This
process can be described by a master equation@14,17,18# for
the probabilityPZ(t) to find the DNS at the timet in the
configuration with charge numbersZ andZtot2Z, whereZtot
is the total charge number of the system. This mas
equation is derived from the microscopic treatment@14,19#
assuming the validity of the kinetic approach in the DNS a
the shorter time for reaching internal equilibrium at fixedZ
than the transition time between the states with differenZ.
The initial DNS withZ5Zi evolves to a compound nucleu
or to the symmetric DNS. The melting of the DNS nuclei
smaller values of the variableR is strongly hindered due to
the structural forbiddenness effect@20–25#. The decay inR
affects the motion of the system inZ. In order to take the
effect of the DNS decay into consideration, we modify t
known master-equation forPZ(t) @14,17,18# as follows:

]PZ~ t !

]t
5DZ11

(2) PZ11~ t !1DZ21
(1) PZ21~ t !

2~DZ
(1)1DZ

(2)1LZ
q f!PZ~ t !, ~4!

wherePZ(0)5dZZi
and the microscopically calculated tran

port coefficientsDZ
(6)

DZ
(1)5

1

Dt (
P,T

ugPT~R!u2nT
Z~Q!@12nP

Z~Q!#

3
sin2@Dt~ ẽP

Z2 ẽT
Z!/2\#

~ ẽP
Z2 ẽT

Z!2/4
,

DZ
(2)5

1

Dt (
P,T

ugPT~R!u2nP
Z~Q!@12nT

Z~Q!#

3
sin2@Dt~ ẽP

Z2 ẽT
Z!/2\#

~ ẽP
Z2 ẽT

Z!2/4
~5!

characterize the probability rate of the proton transfer from
heavy to a light nucleus (DZ

(1)) or in opposite direction
(DZ

(2)). The coefficientLZ
q f is the rate of decay probability in
02460
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R. The solution of master equations~4! with the decay terms
and the microscopically calculated transport coefficients
sults in the realistic description of the DNS evolution
charge~mass! asymmetry. In our previous papers on fusio
in the DNS model@5–9# Eq. ~4! was not considered and th
quasifission was treated in a simple manner. The use of
~4! with Eq. ~5! assumes an overdamped motion inZ and
does not demand a separate calculation of the mass pa
eter inZ to describe the DNS dynamics. As shown in@5#, the
friction extracted from Eq.~4! is in agreement with othe
calculations.

In Eq. ~4! we take only transitionsZ
Z11 andZ
Z
21 into account in the spirit of the independent-partic
model. The indices ‘‘P’’ and ‘‘ T’’ in Eqs. ~5! are quantum
numbers characterizing the single-particle states in the l
and heavy nucleus, respectively,nP

Z(Q) @nT
Z(Q)# are the

Fermi occupation numbers of the single-particle proton sta
in a light ~heavy! nucleus depending on the temperatu
Q, gPT5^Pu0.5(UP1UT)uT& are the matrix elements fo
the proton transition between nuclei by the action of t
mean fieldsUP and UT of the DNS nuclei@14,18,26–32#.
The time intervalDt51.5310222 s is larger than the relax
ation time of the mean field but considerably smaller than
characteristic evolution time of the macroscopic quantiti
The mutual influence of the mean fields of the reaction p
ners leads to a renormalization of the single-particle ener
eP(T) of noninteracting nuclei@14,18#. Due to the long-range
character, the Coulomb interaction gives the main contri
tion to this renormalization. Thus, in Eq.~5! for protons ap-
proximately

ẽP
Z2 ẽT

Z5eP
Z2eT

Z1~ZT2ZP!e2/~2R!,

where ZP(T) is the atomic number of a light~heavy! frag-
ment. As was shown in@14# the Coulomb interaction in-
creases the formation probability of very asymmetric co
figurations.

In order to simplify the calculation of the transport coe
ficients ~5! for each Z, we used the single particle leve
obtained with the spherical Woods-Saxon potentials, sp
orbit, and Coulomb interactions@14,18#. The examples of
these level schemes are given in Ref.@27#. The energies of
last occupied levels were normalized to describe the nucl
separation energies known from the experiment or s
consistent calculations@14,18#. As shown in @18,28#, with
this simplified procedure the peculiarities of the structure
the DNS nuclei are effectively taken into account in Eq.~5!.
Indeed, the values ofDZ

(6) depend on the sum over sing
particle states which is not crucial to the level splitting due
the deformation. The nucleon transfers mainly occur betw
the single-particle states near the Fermi levels of the D
nuclei due to the action of the Pauli blocking facto
nT(P)

Z (12nP(T)
Z ) and the selection rules in the matrix el

mentsgPT . In the calculations we do not fit any paramete
they are taken to be the same for all reactions considere

In Ref. @26# the analytical method of the calculation of th
matrix elementsgPT(R) was suggested. This method~see
Appendix! allows one to obtain the matrix elements for va
4-2
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QUASIFISSION PROCESS IN A TRANSPORT MODEL . . . PHYSICAL REVIEW C 64 024604
ous values ofR. At R>ReP
1ReT

@ReP(T)
is the radius of

sewing for internal and external parts of the wave function
the stateP(T)] we have

gPT~R!5~21! l T1mT11/2Cl T
exCl P

exA~2 j P11!~2 j T11!

3(
L

S j T2
1

2
, j P

1

2 UL0D ~ j T2mT , j PmPuL0!

3@APkL~æPR!1ATkL~æTR!#. ~6!

At R,ReP
1ReT

the following expression has to be use

gPT~R!5~21! l T1mT11/2Cl T
exCl P

exA~2 j P11!~2 j T11!

3(
L

S j T2
1

2
, j P

1

2 UL0D ~ j T2mT , j PmPuL0!

3$~21!(L2 l T2 l P)/2@BPyL~kPR!1BTyL~kTR!

1DPj L~kPR!1DTj L~kTR!#1GPkL~æPR!

1GTkL~æTR!1I PT
0 ~R,L !%. ~7!

Here, j L(x), kL(x), yL(x) are the spherical Bessel func
tions @29#, l P(T) and j P(T) are the orbital and total singl
particle momenta, respectively,mP(T) is the projection
of j P(T) . The dependences of normalized coefficie
Cl P(T)

ex , constantsAP(T) , BP(T) , DP(T) , GP(T), and value of

I PT
0 (R,L) on single particle quantum numbers are given

Appendix. The wave numbers for external and internal pa
of the wave function are determined by the relations

æP(T)5A2m

\2
@BCoul2eP(T)#,

kP(T)5A2m

\2
@eP(T)2ŪP(T)#,

where ŪP(T)5^P(T)uUP(T)uP(T)& is the average value o
the single particle potential of light~heavy! nuclei over state
P(T), m is the proton mass,BCoul is the Coulomb barrier of
the nucleus for protons.

B. Decay rate of the DNS

The DNS potential energy is required for calculating t
decay ratesLZ

q f in Eq. ~4!. This potential can be derived from
the microscopically calculated transport coefficients~5!
@18,28#. However, since the study of the DNS evolution wi
a microscopically obtained potential is similar@14# to the one
with the phenomenologically calculated potential@5,28#, we
use for simplicity the latter one in the following. It is give
as

U~R,Z,J!5B11B21V~R,Z,J!2@B121Vrot8 ~J!#, ~8!

whereB1 , B2, andB12 are the binding energies of the frag
ments and the compound nucleus, respectively. The valu
02460
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U(R,Z,J) is normalized to the energy of the rotating com
pound nucleus byB121Vrot8 . The nucleus-nucleus potentia
@5,28#

V~R,Z,J!5VC~R,Z!1VN~R,Z!1Vrot~R,Z,J! ~9!

in Eq. ~8! is the sum of the Coulomb potentialVC , the
nuclear potentialVN(R,Z), and the centrifugal potentia
Vrot(R,Z,J). For the nuclear part ofV(R,Z,J) we use a
double folding formalism with the effective density
dependent nucleon-nucleon interaction@5# which is known
from the theory of finite Fermi systems. As a result of n
merous calculations, the simple approximate expression
be suggested forVN(R,Z)

VN~R,Z!5V0@exp„22~R2RPT!a/RPT…

22 exp„2~R2RPT!a/RPT…#,

V052paPaTR̄~11.320.82R̄!,
~10!

a511.47217.32aPaT12.07R̄,

R̄5RPRT /RPT , RPT5RP1RT , RP(T)5r 0AP(T)
1/3 ,

where r 051.14–1.16 fm, the diffusenessaP(T)50.52–0.55
fm, and RP(T) is the radius of nucleus ‘‘P’ ’( ‘ ‘ T’ ’). The
influence of the rotational energy on Eq.~8! is negligible@5#
for heavy systems considered here and small values of
angular momentum. Deformation effects are taken into
count in the calculation ofV(R,Z,J). Deformed nuclei are
treated in the pole-to-pole orientation. For ground state
formations of the nuclei, the deformations mainly influen
V(R,Z,J) throughVC .

For RP1RT21 fm ,R,RP1RT12 fm, the potential
V(R,Z,J) has a pocket as a function of the relative distan
R with a small depth which results from the attractiv
nuclear and repulsive Coulomb interactions. As follows n
merous calculations of the nucleus-nucleus potential w
nuclear part in the double-folding form@5#, the bottom of the
pocket is situated at the distanceRm5RP1RT10.5 fm. The
decaying DNS has to overcome the potential barrierBq f @5#
which value coincides with the depth of this pocket. T
values ofBq f , depending onZ, mainly determine the life-
time t0 of the DNS. Since we consider reactions with hea
nuclei which occur slightly above the Coulomb barrier atR
'RP1RT12 fm, partial waves with angular momenta le
than 30\ contribute to the yield of quasifission products wi
Z far from Zi , and the values of the quasifission barrierBq f
weakly depend on angular momentumJ because of the large
moment of inertia of the DNS.

The decay of the DNS inR can be treated with the one
dimensional Kramers rate@33–35# LZ

q f of probability

LZ
q f5

v

2pvBq f
XAS G

2\ D 2

1~vBq f!22
G

2\
C expS 2

Bq f~Z!

Q D ,

~11!
4-3
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DIAZ-TORRES, ADAMIAN, ANTONENKO, AND SCHEID PHYSICAL REVIEW C64 024604
which exponentially depends on the quasifission bar
Bq f(Z) for a given charge~mass! asymmetryZ @5#. The
heightBq f of this barrier uniformly decreases with increasi
Z because the increasing Coulomb repulsion leads to v
shallow pockets in the nucleus-nucleus potential for n
symmetric configurations. The temperatureQ(Z) is calcu-
lated by using the Fermi-gas expressionQ5AE* /a with the
excitation energyE* (Z) of the DNS and with the level-
density parametera5Atot/12 MeV21, whereAtot is the to-
tal mass number of the system. If the fusion barrier inZ
coordinate is located atZ5ZBG , the excitation energy
E* (Z) of the DNS increases with decreasingZ for Z,ZBG
and increasingZ for Z.ZBG . The calculated DNS potentia
energy surfaces as function ofZ have fusion barriers a
ZBG57 –9 in the cold and hot fusion reactions considered
Eq. ~11!, vBq f is the frequency of the inverted harmonic o
cillator approximating the potentialV in R around the top of
the quasifission barrier atZ5ZBG , andv is the frequency of
the harmonic oscillator approximating the potential inR at
the bottom of the pocket. The local oscillator approximati
of the potential energy surface is good, and we can neg
the nondiagonal components of the curvature tensor.
method of the calculation of the mass parameters neede
obtain the frequencies is given in@36#. The mass of the DNS
in the R coordinate is close to the reduced mass and
nondiagonal mass coefficient forR and Z motions is small.
Therefore, the one-dimensional Kramers rate~11! gives simi-
lar results as the quasifission rates over a two-dimensi
potential barrier in the space (R,Z) @5#. The constant values
\vBq f51.0 MeV and\v52.0 MeV are used for the reac
tions considered in the following. Further, we setG
52 MeV in Eq. ~11! which means that the friction coeffi
cient inR has the same order of magnitude as the one ca
lated within one-body dissipation models@15,5#. The possi-
bility to apply the Kramers expression to relatively sm
barriers was demonstrated in@37#. Since the transient time
are quite short for the considered excitations energiesE* and
quasifission barriersBq f , the use of the expressions~12! and
~11! are justified. As in fission where other channels are
volved as well, the Kramers formula is suitable in our ca
within the accuracy of the calculation of the potent
barriers.

C. Charge „mass… yield for quasifission

The measurable charge~mass! yield for quasifission can
be expressed by the product of the formation probabi
PZ(t) of the DNS configuration with charge~mass! asymme-
try Z and the decay probability inR represented by the quas
ifission rateLZ

q f :

YZ~ t0!5LZ
q fE

0

t0
PZ~ t !dt. ~12!

Here,t0 is the time of reaction which is determined by sol
ing the equation

(
Z

LZ
q fE

0

t0
PZ~ t !dt512PCN ,
02460
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wherePCN5(Z,ZBG
PZ(t0), i.e., the fusion probability is de

fined by the fraction of probability existing at timet0 for Z
,ZBG . With this definition the calculated values ofPCN

practically coincide with those obtained in@7# with the other
method. Mainly the decay of the DNS withZ.ZBG contrib-
utes to the quasifission yield. The DNS withZ,ZBG are
assumed to evolve to the compound nucleus with a h
probability. The characteristic time~a few units of 10221 s)
of this evolution is shorter than the decay time of unsta
~the lifetime is shorter than the shortest time for the expe
mental detection! superheavy compound nucleus or unsta
superheavy nucleus in the very asymmetric DNS. Becaus
this we separate two processes: the formation and the
vival of superheavy nucleus.

A yield of the quasifission products with very smallZ
could be seen only in reactions with a quite large m
~charge! asymmetry in the entrance channel. For large an
lar momenta and excitation energies which are not con
ered here, a decay of the DNS with 2,Z,ZBG becomes
more pronounced@30#. The factorsPZ(t) andLZ

q f in Eq. ~12!
are considered separately because the characteristic tim
nucleon transitions between the nuclei is much shorter t
the decay time of the DNS. Earlier calculations@14,18,31,32#
of charge ~mass! distributions in deep-inelastic collisions
which occur during much shorter time than the quasifissi
were performed without the decay rateLZ

q f in Eq. ~4! but
assuming simplyYZ(A)(t0)'PZ(A)(t0) with t0 as a free pa-
rameter. With the decay rate in Eq.~4! the description of the
DNS evolution becomes self-consistent. The yieldYZ(A) cal-
culated without decay term in Eq.~4! at quite large timet
5t0 can deviate from the experimental data. Therefore,
incorporation of the decay term in Eq.~4! is very important
for the description of the DNS evolution for quite a lon
time.

III. RESULTS AND DISCUSSION

A. Important elements of computations

In the calculations with Eq.~4! the isotopic composition
of the nuclei forming the DNS is chosen from the conditi
of a N/Z equilibrium in the system. As follows from the
experimental data on deep inelastic collisions@15# and our
previous calculations@14#, the N/Z equilibrium in the DNS
is mainly established by the nucleon exchange in quit
short time after the DNS formation. Therefore, in our calc
lations of the quasifission, which is a slower process tha
deep inelastic collision, collective contributions~like a large
amplitude dipole mode! can be neglected.

The transport coefficientsDZ
(6) in Eq. ~4! are calculated as

described in Sec. II A with realistic single particle lev
schemes. Due to the Pauli blocking factorsnT(P)

Z (12nP(T)
Z )

in Eq. ~5! and the selection rules in the matrix elementsgPT ,
only about ten levels near the Fermi level of each nucleus
necessary to determineDZ

(6) . The results of the present pap
could be slightly improved in more complicated calculatio
without reasonable simplification made in Sec. II A for inco
porating the level schemes in Eq.~5!.
4-4
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The quasifission distributions of charge and mass slig
depend on the excitation energyE* of the initial DNS ~Fig.
2!. This is due to a weak dependence of the transport c
ficients DZ

(6) on the temperature@14#. With an increasing
temperature of the system, the influence of the shell effe
on the process of nucleon transfer decreases more sl
than the exponential decrease of the shell correction to
potential energy. Although the nucleon exchange increa
with the temperature, this effect is rather weak in the cons
ered interval of excitation energy. The factors suppress
the growth of the neck and melting of the DNS inR survive
at even higher temperature@25#. It was experimentally found
@11# in the quasifission reactions238U116O, 26Mg, 27Al,
32S, 35Cl, 40,48Ca, andnatZn at several bombarding energie
that the motion in mass asymmetry is dominated by the o
body dissipation which is independent of temperature. Si
one can describe@14# many experimental data of deep inela
tic collisions with a one-body dissipation, one can assu
that the inclusion of a two-body dissipation creates min
changes in the results which are within the accuracy of
definition of the parameters used.

If in the vicinity of someZDZ
(1) is close toDZ

(2) and the
inequalitiesDZ

(1).DZ
(2) and DZ

(1),DZ
(2) hold for smaller

and largerZ, respectively, orDZ
(1) and DZ

(2) are minimal
with respect to those for neighboringZ, the distributionPZ
has local maximum at thisZ @38#. For example, in the48Ca
1238U reaction this occurs atZ530–32, 42–44, 54, and 56
While the difference between the Fermi levels of heavy a
light nuclei is 8.2 MeV in the system74Ni1212Po, it is 2
MeV in the system80Ge1206Hg. As a result,DZ

(1) (DZ
(2))

decreases~increases! when the DNS passes the configurati
with 208Pb. If in the entrance DNSDZ

(1)'DZ
(2) , then the

charge~mass! distribution has maximum atZ5Zi . One can
expect this in the reactions with lead. The maxima a
minima of PZ as a function ofZ correlate with minima and
maxima in the DNS potential energy as a function ofZ at
R5Rm(Z), respectively@28#.

FIG. 1. Calculated dependence of the quasifission barrierBq f on
Z in the DNS formed in the48Ca1238U reaction atJ50.
02460
ly

f-

ts
ly
e

es
-
g

e-
e

e
r
e

d

d

The decay rate of the DNS is calculated using the value
Bq f determined with the potential~9!. The dependence o
Bq f on Z in the DNS formed in the48Ca1238U reaction is
shown in Fig. 1. Although the values of fusion barrierBf us*
are not directly used in the present calculations,
show them to demonstrate its correlation with the fus
probability.

In all reactions considered here the lifetimet0 of the DNS
is about (324)310220 s that is in agreement with time
extracted from experimental data@39#. In Fig. 2 the distribu-
tion of the DNS in mass asymmetry is presented att5t0

53.5310220 s for the case ofLZ
q f50 in Eq.~4!. The maxi-

mum of this distribution is expected to correspond to t
minimum of the potential energy as a function ofZ at sym-
metric DNS, Z'Ztot/2 @28#. Since Bq f decreases with in-
creasingZ ~Fig. 1!, the decay of the DNS, when it moves
Z, prohibits the formation of configurations with largeZ. The
calculation withLZ

q f5” 0 in Eq. ~4! leads to much smalle
yield of symmetric DNS. Thus, the account of the decay te
is very important for correct description of the yield o

FIG. 2. Charge~upper part! and mass~lower part! yields,YZ and
YA , of the quasifission products as a function of the charge~Z! and
mass~A! numbers of the light fragments, respectively, for the h
fusion reaction48Ca1238U→286112. The charge distribution is cal
culated for two values of the excitation energy of the initial DN
E* 55 MeV ~dotted line! andE* 510 MeV ~solid line!. The mass
distribution is compared with experimental data@12# ~solid points!
for E* 510 MeV ~the initial DNS! which corresponds to the exci
tation energy of compound nucleus of about 33 MeV. ForE*
510 MeV, the distribution of the DNS inA calculated with Eq.~4!
andLZ

q f50 at t5t053.5310220 s is presented by the dashed lin
~lower part!.
4-5
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quasifission products which are formed during timet0 at
least 10 times larger than the characteristic time of deep
elastic collisions.

The decrease of quasifission cross sectionsq f(Ec.m.,A)
5scap(Ec.m.)YA(t0) and increase of asymmetry of mass d
tribution with decreasing bombarding energy~excitation en-
ergy of the initial DNS! under the Coulomb barrier@12# can
be mainly explained by the reduction ofscap(Ec.m.). In our
calculations we assume that the DNS is formed in all re
tions considered.

B. Hot fusion reactions

Figures 2 and 3 show the calculated charge and m
distributions of quasifission products for hot fusion reactio
with the projectile 48Ca on the targets238U and 244Pu
@2,11,12#, which lead to the synthesis of the elements286112
and 292114, respectively. Only the part of the quasifissi
charge~mass! distributions corresponding to the light frag
ments is depicted. The distributions reveal large widths,
one can observe a notable drift in mass and charge a
from the initial mass~charge! asymmetry. The masses o
products are substantially different from the initial targ
projectile masses and symmetric fragments can be for
with a quite large cross section. The main peak of the cha
and mass distributions is around the initial configuration
the DNS. Since the calculations were performed with angu

FIG. 3. The same as in Fig. 2, but for the hot fusion react
48Ca1244Pu→292114. The experimental mass distribution~solid
points! is taken from Ref.@12#. The excitation energy of the initia
DNS is E* 510 MeV.
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momenta less than the critical angular momentum and de
inelastic or quasielastic collisions were not considered,
main calculated peak corresponds to quasifission.
quasifission barriers are rather small in the entrance cha
of the reactions considered. If the quasifission barrier for
initial mass asymmetry would be larger, this peak would n
be so pronounced and even could vanish. The figures s
no experimental points in this mass region because of
difficulties to discriminate the quasifission events from t
products of deep inelastic or quasielastic collisions.

The calculated charge~mass! distributions of quasifission
products are in good agreement with the available exp
mental data@12# ~Figs. 2 and 3!. The structures in the distri
bution of quasifission products reflect the influence of
shell effects in the DNS nuclei on the nucleon-exchange p
cess, especially the maxima in the charge~mass! distribu-
tions are related to the decay of the DNS consisting of ma
or semimagic nuclei. The absence of local peaks for so
magic nuclei is explained by the shell structure of the co
jugated nucleus and the influence of the neutron subsys
In the reactions48Ca1238U @PCN'1022, Bf us* 58.5 MeV,
Bq f(Zi520)53.2 MeV], and 48Ca1244Pu @PCN'1023,
Bf us* 510.5 MeV, Bq f(Zi520)53.1 MeV] the maximum
yield of the quasifission fragments occurs around the nuc
208Pb for the heavy fragment where the DNS potential e
ergy has a minimum@28#. Together with the decay term in
Eq. ~4! this suppresses the evolution of the DNS to sma
mass asymmetry and, correspondingly, increases the d
probability from such configuration. In reaction48Ca
1238U (48Ca1244Pu) the height of this peak is 6~3! times
larger the height of peaks in the symmetric mass region.

The experimental fusion probabilityPCN becomes smaller
with decreasing mass asymmetry in the entrance cha
@40#. The fusion cross section depends also on the nuc
shells but not so strongly as the decay process of the c
pound nucleus. For example, the dependence of experime
fusion probability on theZ13Z2 in the entrance channe
shows the strong macroscopic trend which is related to
change of the Coulomb interaction between nuclei and to
small fluctuations around this trend due to shell structure
fusing nuclei@40,41,7#. The value of excitation energyECN*
of the formed compound nucleus is related to the bomba
ing energyEc.m.5ECN* 2Q which exceeds the Coulomb ba
rier by the valueECN* 2@U(Rm ,Z520)1Bq f(Z520)#5E*
2Bq f(Z520). In actinides based reactions the value ofE*
510 MeV was taken in the calculations to supplyECN*
'35 MeV.

Taking the deformation of the nuclei in the DNS@5# in the
48Ca1238U reaction into account, we find that the calculat
average total kinetic energŷTKE&5240 MeV of the quas-
ifission products with 70,A,120 is in agreement with the
experimental data@11# and the systematics@42#. Considering
the fluctuations of the DNS charge asymmetry~the fluctua-
tions of the Coulomb interaction! at fixed mass asymmetry
the fluctuations of the quadrupole deformation parameter
the DNS nuclei and the fluctuations of the bending mode
the DNS, it is possible to explain the large variance of t
TKE distribution as a function of the mass numbers of t

n

4-6
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fragments. Investigations in this direction are in progress

C. Cold fusion reactions

The calculations of quasifission products for the co
fusion reactions are important for the plann
quasifission experiments in many laboratories. Figure
shows the quasifission distributions of charge and mass
the cold fusion reactions with the projectiles48Ca @PCN

'531021, Bf us* 55.5 MeV, Bq f(Zi520)55.3 MeV],
50Ti @PCN'331022, Bf us* 54.7 MeV, Bq f(Zi522)
54.0 MeV], 64Ni @PCN'1025 Bf us* 57.2 MeV, Bq f(Zi

528)51.4 MeV#, and 76Ge @PCN'431029, Bf us*
514.7 MeV, Bq f(Zi532)50.6 MeV] on the target208Pb,
which lead to the synthesis of the elements256102, 258104,
272110, and284114, respectively, with an excitation energy
about ~11–16! MeV @1#. The ratio between the motions o
the DNS to more symmetric and more asymmetric confi
rations increases exponentially with an increasing cha
number of the superheavy compound nucleus. Due to
fact, complete fusion in the DNS model related to the dif
sion of the system to more asymmetric configurations
creases by several orders of magnitude from the compo

FIG. 4. Charge~upper part! and mass~lower part! yields,YZ and
YA , of the quasifission products as a function of the charge~Z! and
mass~A! numbers of the light fragments, respectively, for the co
fusion reactions48Ca1208Pb→256102 ~solid curves!, 50Ti1208Pb
→258104~dashed curves!, 64Ni1208Pb→272110~dotted curves!, and
76Ge1208Pb→284114 ~dashed-dotted curves!. The charge and mas
distributions are calculated for the excitation energyE*
510 MeV of the initial DNS.
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nucleus258104 to 278112 @1#. It is seen that in the Pb-base
reactions the charge and mass distributions have no
nounced maxima besides the main peak around the entr
DNS ~Fig. 4!. This structure of the mass~charge! distribution
of the quasifission products well corresponds to the pe
liarities of the DNS potential energy which has the con
quence that the DNS consisting of such strongly bound
clei like 208Pb for Z.Zi are absent.

The form of the mass and charge distributions chan
much from the reaction48Ca1208Pb→256No ~Fig. 4! to the
reactions 48Ca1238U, 244Pu→286112,292114 ~Figs. 2 and
3!. In the reactions leading to the nuclei286112 and292114
the decay of the more symmetric DNS configurations is m
pronounced. The motion of the initial DNS to more asym
metric configurations~mass asymmetry channel of fusion! is
more favored in the reaction48Ca1208Pb than in the reac-
tions 48Ca1238U and 48Ca1244Pu where the distributions
show similar features forZ,20 andA,48. This has as a
consequence that the fusion probability in the mass asym
try coordinate is significantly larger in the48Ca1208Pb reac-
tion.

Comparing Fig. 4 with Fig. 3, we see that the mass a
charge yields of the quasifission products for near symme
configurations of the DNS are larger for the hot fusion re
tion 48Ca1244Pu than for the cold fusion reaction76Ge
1208Pb. In the cold and hot fusion reactions considered
the synthesis of the 114 elements, the excitation energie
the initial DNS are practically the same and the excitat
energies of the compound nuclei are different mainly due
the difference between theQ values. Since the quasifissio
barrierBq f increases with decreasingZ and increasing neu
tron number of the system, the difference between the qu
ifission distributions in cold and hot fusion reactions is r
lated to different choices of the colliding nuclei. We foun
for the reaction76Ge1208Pb→284114, that the quasifission
products are practically associated with fragmentations n
the initial DNS due to the small values of the quasifissi
barriersBq f . This is consistent with the conclusion that th
hot fusion reaction48Ca1244Pu→292114 is preferable for the
synthesis of the element 114, although the survival proba
ity of the compound nucleus decreases with increasing e
tation energy@6,9#. Indeed, the synthesis of the nucleus w
Z5114 was reported in the reactions48Ca1242,244Pu
→287,28911413n @2# and 48Ca1244Pu→28811414n @3# with
a cross section of about 1 pb. Our calculations@6# within the
dinuclear system model give approximately the same va
as in experiment.

IV. SUMMARY

The main conclusions are~1! The diffusion in charge
~mass! asymmetry and in relative distance~the DNS decay!
coordinates contributes to the yields of quasifission produ
The calculated characteristic quasifission time is about
24)310220 s which is in agreement with time extracte
from experimental data.~2! The quasifission products of ho
fusion reactions48Ca1244Pu and 48Ca1238U are correctly
described with the DNS model. The estimated average t
kinetic energy of the quasifission products is in agreem
4-7
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with the experimental data and the empirical systematics.~3!
For the cold fusion reactions leading to the superheavy
ments the quasifission products are practically associ
with fragmentations near the initial~entrance! DNS.
Such examples are the reactions64Ni1208Pb, 70Zn
1208Pb, 76Ge1208Pb, etc.~4! If the compound nucleus is
quite stable to be detected, the quasifission process is
main factor suppressing the complete fusion of heavy nuc
In fusion reactions the fusion-fission events are much sma
than the events of the production of certain quasifission pr
ucts. The main contribution to symmetric and near symm
ric fragmentations comes from quasifission process.~5!
Since the quasifission dominates in the cold and hot fus
reactions, a comparison of theoretical and experimental d
of quasifission constitutes a critical test for the dynamics
existing fusion models.
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APPENDIX A

In order to calculate the matrix element

gPT~R!5
1

2E drcT* ~r !@UT~r !1UP~r2R!#cP~r2R!,

we approximate the radial parts of wave functions by
wave functions of rectangle box with the depthŪ i ( i
5P,T), whereŪP(T) is the average value of the single pa
ticle potential of light~heavy! nuclei over the stateP(T),

c i~r !5c l i
~r !(

ms
~ l im,1/2su j imi !Yl imi

~u,f!xs ,

c l i
~r !5H Cl i

inj l i
~k i r !, r<Re i

,

Cl i
exkl i

~æir !, r>Re i
.

For each state with energye i , the value ofRe i
is defined

from Ui(Re i
)5e i . The spherically symmetric potentials a

treated here. Taking into account the continuities of the w
function atRe i

and normalization condition, we obtain

Cl P(T)

ex 5A2FReP(T)

3 S 11
æP(T)

2

kP(T)
2 D kl P(T)11~æP(T)ReP(T)

!

3kl P(T)21~æP(T)ReP(T)
!G21/2

,
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Cl P(T)

in 5
kl P(T)

~æP(T)ReP(T)
!

j l P(T)
~kP(T)ReP(T)

!
Cl P(T)

ex .

Using the Fourier transformations of the wave function
one can obtain

gPT~R!5
1

2E dpeipRcT* ~p!F H eT2
\2

2m
p2J

1H eP2
\2

2m
p2J GcP~p!

5
~21!mT21/2

2
A~2 j P11!~2 j T11!

3(
L

i L~ j T21/2,j P1/2uL0!~ j T2mT , j PmPuL0!

3E
0

`

dpp2 j L~pR!F H eT2
\2

2m
p2J

1H eP2
\2

2m
p2J Gc l T

* ~p!c l P
~p!.

The integrand in this expression has poles atp56 iæP(T) ,
6kP(T) . Calculating the residues, we obtain Eq.~6! for R
.ReP

1ReT
, where

AP(T)5dP(T)j@ i l T(P)
~æP(T)ReT(P)

!#

and

dP(T)5
~eP1eT1\2æP(T)

2 /m!~æT(P)
2 1kT(P)

2 !ReP(T)

2

2~æP(T)
2 1kT(P)

2 !~æP(T)
2 2æT(P)

2 !

j@ f l P(T)
~k8ReP(T)

!#

5 f l P(T)

2 ~k8ReP(T)!
]

]ReP(T)
S kl P(T)

~æP(T)ReP(T)
!

f l P(T)
~k8ReP(T)

!
D .

Here, f l P(T)
(x) is one of the spherical Bessel functions.

In Eq. ~7! obtained forR<ReP
1ReT

the constantsBP(T) ,

DP(T) , andGP(T) are

BP(T)5bP(T)@j„yl T(P)
~kP(T)ReT(P)

!…j„yl P(T)
~kP(T)ReP(T)

!…

2j„j l T(P)
~kP(T)ReT(P)

!…j„j l P(T)
~kP(T)ReP(T)

!…#,

DP(T)5bP(T)@j„j l T(P)
~kP(T)ReT(P)

!…j„yl P(T)
~kP(T)ReP(T)

!…

1j„yl T(P)
~kP(T)ReT(P)

!…j„j l P(T)
~kP(T)ReP(T)

!…#,

GP(T)5
~21! l P(T)

p
dP(T)j„kl T(P)

~æP(T)ReT(P)
!…,

where

bP(T)5
kP(T)~eP1eT2\2kP(T)

2 /m!~kT(P)
2 1æT(P)

2 !ReP

2 ReT

2

4~kP(T)
2 1æT(P)

2 !~kT(P)
2 2kP(T)

2 !
.
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If æP5æT or kP5kT the corresponding limit of Eq.~6!
or Eq. ~7! is calculated. Since in Eq.~7! the termI PT

0 (R,L)
arising from the pole of the integrand atp50 weakly de-
s-
-
c

l-

on

, M

.

v,

ys

A

g

.

02460
pends onR and its analytical expression is very complicate
we replaced this term by its value atR5ReP

1ReT
which is

calculated from the comparison Eqs.~6! and ~7!.
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