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Fluctuation-dissipation model for synthesis of superheavy elements
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Department of Physics, Konan University, Kobe, Hyogo 658-8501, Japan
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Fusion-fission dynamics in superheavy elements is investigated by an approximate fluctuation-dissipation
model, i.e., a diffusion model in the deformation space, assuming that the kinetic energy of the incident ion
dissipates immediately after the contact. The probability accumulated inside the fission barrier is calculated by
the one-dimensional Smoluchowski equation taking account of the temperature dependence of the shell cor-
rection energy. A new mechanism for an optimum condition is found as a compromise of two conflicting
requirements: higher incident energy for larger fusion probability and lower excitation energy of compound
nuclei for larger survival probability. Enhancements of the residue cross sections at the optimum condition are
obtained for the cases in which the cooling is quick to restore the shell correction energy, combined with slow
fissioning motion due to the strong friction. With symmetric combinations of incident ions, the~HI, 3-4n)
channels show the enhancement.@S0556-2813~99!01501-0#

PACS number~s!: 25.70.Jj, 24.60.Ky, 24.60.Dr, 27.90.1b
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I. INTRODUCTION

Atomic nuclei which have closed shell structures a
known to be unusually stable, as observed in the nat
abundance, etc. Following Strutinski’s idea@1,2#, the stabil-
ity is given by the shell correction energy which is easily a
rather reliably calculated from the single-particle spectrum
nucleus. Extensions of such calculations to heavier, natur
nonexistent nuclides have predicted superheavy elemen
be stable against fission around the double-closed-s
nucleus withZ5114 andN5184 @3–8#. Many-body calcu-
lations with the mean field approximation@9,10# also have
predicted such a high stability in the same region of
nuclear chart, though some of them predict the proton s
closure in even heavier elements likeZ5120 or 126. Natu-
rally the theoretical predictions are to be confirmed by
periments, i.e., by synthesizing them.

Attempts for synthesizing heavy elements beyond
atomic numberZ;100 have become active since the 197
by means of various developments in experimental te
niques@11–13#, and have recently succeeded in identifyi
the elementZ5112 @14#, which gives us hope to reach th
element 114.

The method of the so-calledcold fusion@13,15#, in which
the excitation energy of the compound nucleus is suppre
to a minimum (E* <20 MeV) so as to inhibit multichance
fission and to consequently gain the yield of evaporat
residue products, has attracted attention. The magic nuc
208Pb or 209Bi was used as a target to produce the series
heavy elements up toZ5112 @11,14,16–20#, but the cross
sections are extremely small with the order of pb for t
elements 111 and 112 due to small fusion probabilities. E
pirically cross sections forZ.112 are expected to be eve
smaller.

For superheavy elements aroundZ;114 andN;184,
practical combinations of target and projectile, such
244Pu148Ca, would lead to compound nuclei at rather hi
PRC 590556-2813/99/59~2!/796~14!/$15.00
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excitation. There is a discussion based on the different
proach that the combination of the most stable projectile
target as an entrance channel may be favorable for su
heavy element synthesis with the cold fusion mechan
@21#. Naturally, however, their approach does not take in
account the effects of dissipation and fluctuation in the re
tion mechanism. In the future, more mass-symmetric com
nations which lead to lower excitations are expected to
available at new facilities such as proposed in the PIA
project @22,23#. Although in heavier systems fusion hin
drance is known to exist as expressed in the necessit
extra-push or extra-extra-push energy, it is thus natura
explore the possibility in this direction, so-calledhot fusion,
in which higher incident energies are used to gain mu
larger fusion probabilities in spite of the hindrance, a
thereby the compound nuclei formed are in rather high ex
tation, say,E* ;40 MeV. They are accompanied by und
sirable high fission probabilities. It nevertheless seems to
meaningful, because the fission of highly excited nuclei h
been clarified to be much hindered@24,25#. Actually, it is
observed experimentally that prescission neutron multipl
ties increase as a function of excitation energy@26,27#, while
postscission ones do not. This means that most of the e
tation energies are carried away by neutrons and the c
pound nuclei are cooled down before fission. This is w
explained by dissipative dynamical calculations of fission
motion with strong friction such as given by the one-bo
wall-and-window formula@28,29#. Therefore, fission is ex-
pected to be far slower than the prediction of the conv
tional Bohr-Wheeler theory. The decrease of residue cr
sections by fission in higher excitation is thus reduced a
could be covered or overcovered by an increase of fus
probability.

Although there have been enormous experimental eff
as stated above@30#, they are more or less empirical, an
theoretical developments are still insufficient. Of cour
static properties such as potential energy surface includ
796 ©1999 The American Physical Society
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PRC 59 797FLUCTUATION-DISSIPATION MODEL FOR SYNTHESIS . . .
the shell and the pairing correction energies are investig
quite in detail and decays of assumed compound nuclei
analyzed very carefully with the statistical model@31#, but
formation processes yet remain to be studied in the su
heavy mass region. In other words, our understanding
reaction mechanisms for the synthesis of superheavy
ments is far from giving suggestions or predictions on
promising experimental way to deal with the superheavy
ements. Particularly forhot fusion, there are no theoretica
frameworks applicable for calculations of formation and s
vival probabilities. The difficulty is that there is no fusio
barrier like in lighter systems, where the fusion probabil
or fusion cross section is given by a simple formula with t
barrier parameters.~We try to discuss in a similar way with
the parameterBEX from the view point of dissipative dynam
ics.! Furthermore, there is no fission barrier for superhea
compound systems at least before the systems cool d
enough for restoration of the shell correction energy. In ot
words, the fission process has to be described with a ba
height which is time dependent due to neutron evaporat
i.e., almost no barrier at the beginning and enough barrie
the end of the process. There is no simple theory or form
to describe such reaction processes. Therefore, it is cruc
important to establish a dynamical framework which enab
us to calculate final residue cross sections of superheavy
clides, starting from the contact of two incident heavy ion

The purpose of the present paper is thus to propose a
dynamical model for synthesis of the superheavy eleme
from the view point ofhot fusionor warm fusionreaction
@32–35#, where the theory of Brownian motion@36# is em-
ployed to describe the dynamical evolution of the whole
sion and fission process from a contact of two nuclei to
spherical or deformed mononucleus and finally into fissi
with an extremely small probability of residues of supe
heavy nuclei left inside the potential pocket due to the sh
correction energy. The model enables us to study two c
flicting requirements, larger fusion probability and smal
fission probability, and to find, as a compromise of them,
optimum condition on excitation energy or incident ener
of collisions for synthesizing superheavy elements.

As is well known, fusion occurs by overcoming the inn
barrier which is located far away from the contact config
ration in heavy systems; so we first have to solve dissipa
dynamical motions toward the spherical shape as wel
toward the reseparations leading to quasifission. It should
noticed here that trajectory calculations with the fricti
@37–40# have been very useful for the explanation of t
extra- or extra-extra-push energy@41–43#, but are not suit-
able for describing extremely small probabilities reaching
spherical shape and around, because in most cases mea
jectories do not reach there and fluctuations around them
indispensable. Therefore, it is necessary to solve a full di
pative dynamics or a fluctuation-dissipation dynamics w
the Kramers~Fokker-Planck! equation or with the Langevin
equation, taking into account tails of the distribution as w
as the mean trajectory.

Of course, there are reactions invoked before reaching
contact, which result in losses of a fraction of incident flu
energy, etc. The losses or a distribution of the losses in
approaching phase are the initial condition for the sub
quent dynamics in the composite system which is the ob
ed
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of the present model. So they should be taken into acco
for precise predictions, but for the moment we assume
loss of probability, energy, etc., considering that they do
essentially change the reaction mechanisms themse
which follow. ~Their effects are being investigated and w
be published in a forthcoming paper.! As we will see in the
following sections, the dynamical processes after con
turn out to diminish the flux or the probability to the sphe
cal shape by several orders of magnitude, i.e., play a deci
role for residue cross sections of superheavy elements. T
it is worth studying the dissipative dynamical processes w
reasonable initial conditions assumed.

The second important effect we have to take into acco
carefully is the cooling due to neutron evaporation whi
comes into play immediately after the composite system
substantially excited with transferred incident kinetic ener
and theQ value. As is well known, the cooling restores th
shell correction energy which stabilizes the compou
nucleus. The crucial point is how fast the potential pocket
the fission barrier appears to keep appreciable probabil
inside before fission is completed. The cooling speed wh
depends on isotopes, combined with the temperature de
dence of the shell correction energy, determines the cru
time dependence of the appearing fission barrier.

As a first step toward the complete dissipative descript
of fusion-fission processes, we investigate a one-dimensi
model with mass symmetry in the present paper. Even
mass-symmetric system, the fusion and fission paths are
ferent in neck formation, fragments deformation, etc. B
their effects could be represented by a slight difference
their one-dimensional potential as a function of deformat
or fragment separation. We therefore expect it to be poss
to learn the characteristic features of fusion-fission proces
and to discuss the optimum condition for the synthesis of
superheavy elements within the one-dimensional model. F
thermore, we assume the overdamped motion just after
contact of two incident ions, considering strong friction lik
the one-body model to be valid@27,28,44#, i.e., the time
scale of the momentum thermalization to be far shorter t
that of the collective coordinate motion of the fusion-fissi
process. In the present analyses, we thus employ the Sm
chowski equation@36,45#, instead of the Kramers one.

As is inferred from the above simplifications, the prese
investigation is not for a precise prediction of absolute valu
of residue cross sections, but for the proposal of the n
model which is promising for further developments towar
realistic predictions of the way to produce superheavy e
ments. But as will be given in the following, even with th
above drastic simplifications the present model provide
qualitative understanding of the characteristic features of
fusion-fission dynamics in the superheavy mass region.
enhancement of the residue cross sections found at the
mum condition is remarkable. The common sense, that
increase of the excitation energy makes residue cross
tions dramatically decrease due to multichance fission@46#,
is shown to be modified by the strong friction in fissionin
motions and by the quick restoration of the shell effect. Mo
realistic calculations including many collective degrees
freedom of the compound systems are being made and
be published in subsequent papers, where various comb
tions of projectile and target are to be discussed for sugg
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FIG. 1. Macroscopic energy surface in nuclear deformation space.~a! is for Z550, ~b! for Z580, and~c! for Z5114. The abscissa
denotes the separation between two potential centers and the ordinate denotes the fragment deformation. The scission line~zero-neck radius!
is denoted by the solid curve and the ridge is given by the dashed line. Symbols are given in the text. The compound nucleus is
inside the saddle point for the case ofZ550 but outside forZ.80.
e
fo
e
d
he
ow
d
r

an
ng

s
x

ng

de

k

d
p
th
e
th

am
m

ro

th
o

a
te

ts

nd
at

-
r-
ut-
a

the
u-
tic

ond
tep
t-

the
of

abil-

o-
e

ing

-

en-
re-

pu-
nd
n

ue
n is

ion
at of
nal
ing promising experiments in the light of the present mod
In the next section, the diffusion model is presented

the analysis of the fusion-fission dynamics. The time dep
dence of the restoration of the shell correction energy is
scribed with the statistical model in Sec. III. Results of t
dynamical calculations are given in Sec. IV, showing h
the enhancement of the residue cross sections is obtaine
a compromise between the diffusion mechanism and the
storing shell effect, and how it depends on the neutron
proton numbers of the compound nucleus and on the stre
of the friction.

Section V is devoted to the discussion on observation
the enhancement, i.e., a relation between the optimum e
tation energy and the Bass barrier height. A summary
given in Sec. VI.

II. DIFFUSION MODEL FOR FUSION-FISSION
DYNAMICS

The reaction process from the contact of the collidi
nuclei to the subsequent reseparation or the formation
compound nuclei leading to evaporation residues is divi
into the following two parts: ~a! the period from the initial
contact to the stage when the dissipation of the relative
netic energy into the internal one is accomplished and~b!,
succeeding step~a!, the period during which the deforme
compound system evolves to the configuration of two se
rate nuclei or to the compact configuration. In both steps,
time development of the probability distribution is assum
to be governed by the fluctuation-dissipation process on
potential energy surface in a multidimensional shape par
eter space, though in step~a! the temperature of the syste
increases rapidly from zero to the maximum.

When the atomic number of the compound nucleus p
duced by fusion reaction is less than;70, the configuration
of the compound nucleus at the end of step~a! locates inside
the unconditional saddle point. Naturally the system at
contact configuration evolves into a compact configuration
compound nucleus with very little probability of resepar
tion. This means that the fusion probability can be estima
from the information only on the fusion barrier height@47# of
the entrance channel where the nuclear interaction star
action.
l.
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In the case that the atomic number of the compou
nucleus is around 80–90, the configuration of the system
the end of step~a! critically depends upon the incident en
ergy: i.e., if the incident energy is low, just enough to ove
come the incident Coulomb barrier, the system is found o
side of the unconditional saddle point. Only when
sufficient extra energy is given is the system found inside
saddle point. The hindrance for fusion that the colliding n
clei cannot fuse with each other without an additional kine
energy~extra-push energy! @41–43# can be qualitatively ex-
plained in the above way.

When the atomic number of the system increases bey
100, the situation changes dramatically. At the end of s
~a!, almost all of the configuration will be found at far ou
side the unconditional saddle point. Therefore, in step~b!,
the high potential barrier should be overcome in order for
system to fuse into the compact configuration. This is one
the reasons why the extreme decrease of the fusion prob
ity is observed in systems withZ.100.

These situations are illustrated in Fig. 1 where the tw
center parametrization@48,49# is used for three cases of th
atomic number of the compound nucleusZ550, 80, and 114
assuming symmetric deformation~zero mass asymmetry!.
The solid curves denote the scission line~zero-neck line!
which includes an incident touching configuration~marked
by squares! and dashed curves denote the ridge pass
through the fission saddle point~marked by crosses!. Ordi-
nates denoted ~deformation of fragments! and abscissas de
notez. The coordinatez is defined asz5z0 /(RCNB), where
z0 and RCN denote the distance between two potential c
ters and the radius of the spherical compound nucleus,
spectively. The parameterB is defined asB5(31d)/(3
22d). By this scaling, we can save a great deal of com
tation time.z5d50 corresponds to a spherical compou
nucleus~marked by circles!. Similar discussions are give
also in Ref.@50#.

In the present calculations of the evaporation resid
cross sections of superheavy nuclei, a drastic assumptio
introduced for the process in step~a! without solving the
dynamics. At the end of step~a!, the probability distribution
is assumed to be localized around a point along the fiss
path where the center-of-mass distance corresponds to th
the touching two spheres which is outside the unconditio
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PRC 59 799FLUCTUATION-DISSIPATION MODEL FOR SYNTHESIS . . .
saddle point. That is to say, it is assumed that the rela
kinetic energy dissipates just at the touching distan
Though the assumption is a crude approximation for step~a!,
it is not so inappropriate for studying the fusion process
cause the time scale of the dissipation is much shorter
that of the collective motion. In this assumption, there is s
room for checking the effects of possible variations in t
dynamics of step~a! by changing the initial location of the
probability distribution. Actually, the dynamics in step~a! is
considered to give an initial distribution for the dynamic
evolution in step~b!. This is being investigated and will b
published in a forthcoming paper.

The process in step~b! is described by fluctuation
dissipation dynamics from the initial configuration of a d
nuclear system to the formation of the compound nucleu
well as to the reseparation, namely, to the fission back
the symmetric fragments. From the analysis of presciss
neutrons and fragment kinetic energies, a strong dissipa
comparable to the one-body model is recommended@28#,
which permits us to use the Smoluchowski equation
fusion-fission dynamics as an approximation of the Kram
or the Langevin equation@29,45#.

The Smoluchowski equation is expressed as follows:

]

]t
P~x,l ;t !5

1

mb

]

]x H ]V~x,l ;t !

]x
P~x,l ;t !J

1
T

mb

]2

]x2 P~x,l ;t !. ~1!

P(x,l ;t) denotes the probability distribution in the collectiv
coordinate space. The first term on the right hand side of
Smoluchowski equation is the potential term and the sec
term is the diffusion term. If the potentialV50 in the
Smoluchowski equation, it is just a simple diffusion equati
which is usually called the heat conduction equation with
diffusion coefficientD5T/mb. The coordinatex is defined
asx5Rc.m.2

3
4 r 0A1/3 so thatx50 corresponds to the spher

cal shape, whereRc.m. denotes the separation distance b
tween the mass centers of two incident nuclei or the nas
fission fragments,A the mass number of the nucleus, a
r 051.16 fm. The angular momentum of the system is
pressed byl . Both the inertia massm and the reduced friction
b are assumed to be independent of the shape of nucle
the present calculations. The parameterm is taken to be the
reduced mass for the symmetric separation andb is taken to
be 531021 s21 @45# which is consistent with the value of th
one-body dissipation in a series of shapes. Note that Eq~1!
actually does not depend on the inertia mass, but only on
friction g5mb.

The potentialV(x,l ;t) is composed of the energy of th
droplet model and of the shell and the pairing correct
energy whose details will be described in the next sect
Here, it is mentioned thatV(x,l ;t) is a function ofx, l , and
t. The time dependence enters through the time depend
of the temperatureT of the system. The potentiall 50 and
with and without the shell correction energy is shown in F
2 for the nucleus withZ5114 andN5184.

The initial probability distributionP(x,l ;t50) is taken to
have a Gaussian shape with a very small width and is
posed at aroundx05xcont20.5 fm, wherexcont is the contact
e
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distance evaluated asxcont52r 0(A/2)1/32 3
4 r 0A1/3. The posi-

tion of x0 is marked by the arrow in Fig. 2 forA5298. In
Fig. 2, the fission barrier height with the shell correcti
energy is denoted byBf , and the difference between th
droplet model energy at the first saddle pointxsadand that at
the initial pointx0 is denoted byBEX . As will be discussed
in the next section,BEX is a very important quantity in the
formation process because it is, so to speak, the fusion
rier height that the system has to overcome by diffusion
order to reach the compact configuration.

Here, we define the compound-nucleus~CN! probability
d(T0 ,l ;t) that the system is inside the saddle pointxsad:

d~T0 ,l ;t !5E
2`

xsad
P~x,l ;t !dx, ~2!

whereT0 is the initial temperature to be calculated from t
incident kinetic energy and the reactionQ value. At the be-
ginning instance of the fusion process (t50), all of the
probability P(x,l ;t50) is located around the initial poin
x0 : therefored(T0 ,l ;t50)50, and then the probabilityd
increases because a part of probabilityP(x,l ;t) climbs up
the fusion barrier heightBEX and comes inside the saddle b
diffusion. At the early stage of the time evolution, probab
ity d is considered to be the time-dependent formation pr
ability. Then the probability accumulated in the left insid
the saddle pointxsad diffuses back over the fission sadd
point and goes down the potential slope; consequently a
crease of the probabilityd occurs. At the final stage of the
cooling process, due to the restoration of the shell correc
energy, a part of the incident flux, though it is very small,
kept around the compact configuration. The probabilityd at
t→` describes the evaporation residue probability.

Using the probabilityd, the evaporation residue cros
sectionsEV is calculated as

sEV5
p\2

2m0Ec.m.
(

l
~2l 11!d~T0 ,l ;t5`!, ~3!

FIG. 2. The finite-range droplet model energy for the elem
114 is drawn by the dashed line and the potential energy includ
the shell and pairing corrections by the solid line. The absci
denotesx ~separation distance between the mass of two nas
fragments!. The initial probability distribution is settled at the poin
x0 , which is marked by the arrow. The fission barrier with sh
correctionsBf and the differenceBEX5VDM(xsad)2VDM(x0) are
illustrated.
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wherem0 denotes the reduced mass in the entrance cha
andEc.m. the incident energy in the center-of-mass frame

III. TEMPERATURE-DEPENDENT POTENTIAL
ENERGY SURFACE

The time-dependent potential energy appearing in Eq.~1!
is defined as follows:

V~x,l ;t !5VDM~x;t !1
\2l ~ l 11!

2I ~x!
1Vshell~x!F~ t !,

VDM~x;t !5@12jT2~ t !#ES~x!1EC~x!, ~4!

whereI (x) is the moment of inertia of a rigid body at defo
mationx. HereVshell is the shell plus pairing correction en
ergy atT50, andVDM is the potential energy of the finit
range droplet model at timet, i.e., at temperatureT(t). Here
ES denotes the sum of the surface and the curvature ene
andEC is the Coulomb energy of the droplet model. The
are calculated with the code developed by Mo¨ller et al. @5#.
The temperature-dependent factor forES is introduced with
j50.014 MeV22 @51#. The potential energy curve along th
fission path is calculated with thee parametrization@52# and
is shown in Fig. 2 for the nucleus withZ5114 and N
5184 as described in the previous section. The solid
dashed curves denoteVDM1Vshell and VDM alone, respec-
tively. When the nucleus is at high temperature, the s
plus pairing correction energy disappears. It however
stores as the nucleus cools down, and the potential en
curve changes gradually from the dashed curve to the s
one. Thus, one of the most important ingredients is the s
and the pairing correction energies depending on the sh
and temperature of the composite system.

The temperature dependence of the shell correction
ergy expressed byF(t) in Eq. ~4! is extracted from the free
energy@53# calculated with single-particle energies@54#,

F~T!5(
i

e i f ~e i ,T!2TH 2(
i

@ f ~e i ,T!ln f ~e i ,T!

2 f̄ ~e i ,T!ln f̄ ~e i ,T!#J , ~5!

where e i is the energy of thei th single-particle level,
f (e i ,T) the Fermi distribution function at temperatureT,
and f̄ (e i ,T)512 f (e i ,T). The details are given in Appen
dix A.

We assume that both the shell and the pairing correc
energies have the same dependence on temperature; h
ter, the term ‘‘shell correction energy’’ is used to refer to t
shell plus pairing correction energy. The calculated free
ergy is found to be consistent with the parametrization of
factor F(t),

F~ t !5expS 2
aT2~ t !

Ed
D , ~6!

following the work by Ignatyuket al. @55#, wherea denotes
the level density parameter of To¨ke and Swiatecki@56#. The
shell-damping energyEd is chosen as 20 MeV according t
el
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our results, which is consistent with that given by Ignaty
et al. @55#. The cooling curveT(t) is calculated by the sta
tistical model codeSIMDEC @54#. The details aboutSIMDEC

are given in Appendix B.
As for the damping of shell effects, there is seemingly

discrepancy between the microscopic calculations and
experiments which indicate almost no shell stabilizing eff
of the N5126 neutron shell. In order to understand t
strong damping of the shell effects, the collective enhan
ment of the level density, the temperature-induced deform
tion, etc., have been investigated, but up to now a defi
conclusion has not been reached; nor is it yet clear whe
the seemingly strong damping is general, not specific,
N5126 @30#. Thus, we adopt the calculated result for t
damping energyEd (;20 MeV) in the following calcula-
tions.

IV. NUMERICAL RESULTS

A. Excitation function of evaporation residue
cross section forZ5114

Now it is in order that we present the residue excitati
function calculated by the present dynamical model, tak
as an example the reaction forming the superheavy nuc
with the doubly closed shell, i.e., the reactio

57
149La157

149La→298114. For the purpose of understanding w
the characteristic enhancement in the excitation funct
which we will see below, we first discuss the CN probabil
of one partial wave, i.e., ofl 510, which is one of the domi-
nantly contributing partial waves. As is given in Eq.~2!, the
CN probabilityd is a function of time, which is described b
the diffusion equation~1!. As is stated in Sec. II, the physica
probability responsible for the observed cross section is
at time t equal to infinity.

Figure 3~a! shows the time dependence ofd(T0 ,l
510;t) for five different initial temperaturesT050.68, 0.79,
0.96, 1.11, and 1.24 MeV, which, of course, correspond
five different excitation energiesE* 515.0, 20.0, 30.0, 40.0
and 50.0 MeV, respectively, and hence to five different in
dent energies. They all increase in the beginning and late
start to decrease or stay almost constant, which is easily
derstood by the diffusion picture. Up to the time around
310221 s, the probability in the region of the compact co
figuration is supplied by diffusion from the contact regio
and its yield increases rapidly. The higher the temperatureT0
is, the larger the diffusion into the compact configuration
obtained, so the larger probabilities at the beginning. B
during that time, the main part of the probability initiall
aroundx0 descends down the slope of the potential and t
meanwhile the supply ceases. Aftert;10310221 s, the
probability accumulated in the compact configuration a
diffuses back over the fission barrier arising from the res
ration of the shell correction energy. At a low temperatu
such asT050.68 MeV, 47% of the shell correction energy
restored already and the fission barrier is about 5 Me
Therefore, the fission width becomes very small a
d(T0 ,l ;t) approaches its final value quickly and stays alm
constant. On the contrary, in the case ofT051.24 MeV,
only 10% of the shell correction energy is restored and
fission barrier is about 1 MeV. The restoration takes ab
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FIG. 3. ~a! The time evolution of the CN probabilityd(T0 ,l 510;t). The curves for five initial temperatures are plotted:T050.68
~short-dashed line!, 0.79 ~long-dashed line!, 0.96 ~solid line!, 1.11 ~dot-dashed line!, and 1.24~double-dot-dashed line! MeV. ~b! Their
long-time behaviors are shown.
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500310221 s to become enough to prevent the system fr
fissioning~at this time,T50.76 MeV and the restored fissio
barrier is about 4 MeV! and during the time the yield accu
mulated in the compact configuration area diffuses out r
idly, which gives the dramatic decrease shown in Fig. 3~a!.

It is interesting to see their long-time behaviors which a
shown in Fig. 3~b! and which we now plot up tot52000
310221 s. In the competition between the neutron evapo
tion and the fission, the neutron evaporation widthGn is
expressed by using the Weisskopf model@57#:

Gn5
gm

p2\2

1

r~E* !
E d«sabs~E8,«!«rD~E8!}exp~2Bn /T!,

~7!

whereBn denotes the neutron separation energy. The fiss
decay widthG f can be estimated from the quasistationa
solution of the Smoluchowski equation~1! as

G f5
\v0vs

2pb
exp~2Bf /T!, ~8!

wherev0 and vs are the oscillator frequencies of the tw
parabolas approximating to the potentialV(x) in the first
minimum at x5x0 and at the saddle pointx5xs , respec-
tively @58#. Note that the essential factor exp(2Bf /T) is com-
mon with the Bohr-Wheeler model@59#. At t;2000
310221 s in this system,Bf is almost equal toBn , which is
about 5 MeV. Therefore, we find thatG f is comparable with
Gn :

Gn

Gn1G f
;

1

2
. ~9!

To save computation time, we regard the timet52000
310221 s ast` , which might cause an error of a factor of
in the absolute values.

The cases with larger probabilities at the beginning do
always stay so at later time. Actually the case withT0
51.24 MeV, for example, is seen to go down to the next
the smallest at the final time. The higher initial temperatu
require longer time for the system to cool down enough
the restoration of the fission barrier, during which most pro
-
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t
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abilities diffuse back to fission. This is the reason why s
entists think seriously about so-calledcold fusioninstead of
hot fusion. But this fact, combined with the fact that the ca
with the lowest initial temperature results in the smalle
fusion probability due to the small diffusion into the compa
configuration at the beginning, leads to the existence of
optimum initial temperature, being neither so low nor
high. This is clearly seen in Fig. 4 where the solid line co
necting the open triangles denotes the CN probability at
52000310221 s as a function of excitation energy, showin
the maximum aroundE* 525 MeV.

Because of the difference in time scale between forma
and decay as is readily seen in Fig. 3~b!, the characteristic

FIG. 4. The peak value ofd(T0 ,l ;t) in Fig. 3~a! corresponding
to the ‘‘formation’’ probability ~open circles connected by th
short-dashed line! and the ratio of the peak value and the stationa
value att52000310221 s corresponding to the ‘‘survival’’ prob-
ability ~open squares connected by the long-dashed line! are shown.
The product of the above two factors is drawn by open triangle



b
or

-
n
e
ue
t
th
th
p
-
g

g
an
s.
th
e
th

si
a

-
e

el
tin
n
f
o

sa
m
u
o
e
n
to

he
tron

to

pti-
h is
e
of

on
l-
ues
ous
ich

ro-
am-
e

res
is
we

-
y,
by
ra-
il-
the

of
e
be
on
m-

em
for-

d of
-
en-

the

e-
ture-
s
cay

he
ange

the

n

d to
gen-
fa-

os
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energy dependence of the final residue probability can
understood by decomposing themselves into two fact
‘‘formation’’ probability and ‘‘survival’’ probability. The
height of the peak around 10310221 s is essentially deter
mined by the diffusibility into the compact configuratio
area and is plotted by open circles in Fig. 4 which repres
‘‘formation’’ probabilities. The decrease from the peak val
to the final yield att`52000310221 s depends on how fas
the fission barrier grows enough by the restoration of
shell correction energy. The ratios of the peak value to
final yield are plotted in Fig. 4 by open squares, which re
resent ‘‘survival’’ probabilities. The former is simply con
trolled by a diffusion mechanism on the potential ener
surface with the diffusion coefficientT/g and thereby in-
creases as the excitation energy~temperature! increases,
while the latter is controlled by diffusion over the restorin
i.e., time-dependent, fission barrier due to the cooling,
thereby decreases as the excitation energy increase
should be emphasized here that the ‘‘formation’’ and
‘‘survival’’ probabilities are dynamical quantities, not thos
which are described by the barrier penetration and by
statistical decay.

Then, we calculate the excitation function of fusion re
due cross section by summing up all the partial waves
cording to Eq.~3!, which is shown in Fig. 5. A similar en
hancement to the case ofl 510 shown in Fig. 4 is seen in th
cross sectionsEV aroundE* 525 MeV; i.e., the optimum
excitation energy exists for synthesizing the superheavy
ment. As discussed above, this is due to the two compe
factors having opposite energy dependence, ‘‘formatio
and ‘‘survival’’ probabilities, not due to the usual origin o
the maximum fusion cross section, i.e., an accumulation
partial wave as the incident energy increases and a di
pearance of the fission barrier at a certain high angular
mentum. Therefore, the present mechanism for the optim
energy is completely new and unexpected. Of course it d
not always happen that the two factors generate the b
shaped enhancement as shown above. As stated in the I
duction, the crucial point is how quick the cooling due

FIG. 5. The excitation function of the evaporation residue cr
section for the 57

149La157
149La→298114 reaction calculated from

d(T0 ,l ;t`). The value of the reduced friction parameterb is set to
5.031021 s21.
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evaporation is or how slow the fissioning motion is. T
former is essentially determined by the speed of the neu
evaporation.

Since the neutron decay probability is proportional
exp(2Bn /T), the smaller the separation energyBn is, the
quicker the cooling speed is. Therefore, whether the o
mum energy exists or not depends on the isotopes, whic
investigated in Sec. IV B. The latter is controlled by th
strength of the friction force which results in the reduction
the factor 1/b in the fission decay width.

At the same time, it affects also the time scale of diffusi
into the compact configuration, i.e., ‘‘formation’’ probabi
ity. This is discussed in Sec. IV C. Of course, absolute val
of shell correction energies of the ground states of vari
compound nuclei are basically important quantities, wh
depend on proton numberZ as well as neutron numberN.
The Z dependence is the subjects of Sec. IV D. Before p
ceeding to these subjects, we briefly discuss the possible
biguities: the initial condition of the calculations and th
level density parameter.

The peak values in Figs. 3~a! and 3~b!, i.e., the ‘‘forma-
tion’’ probabilities, depend on the initial positionx0 , which
are taken to be close to the touching point of the two sphe
of the incident nuclei. There the relative kinetic energy
assumed to be transferred into internal thermal energy. If
take into account a deformation of the incident nuclei,x0
would be larger. The increase ofx0 by 1 fm makes the start
ing point lower by about 3 MeV in the potential energ
which means that the system has to climb up by diffusion
about 3 MeV more in order to reach the compact configu
tion. This results in a decrease of the ‘‘formation’’ probab
ity by about one order of magnitude and, accordingly, in
reduction of the optimum cross section. Realistic values
x0 or realistic distributions ofx0 due to the dynamics befor
the total incident kinetic energy damps completely will
investigated by the Langevin equation and their effects
final residue cross sections will be discussed in the forthco
ing paper. Anyhow, the initial momentum pushes the syst
toward the inside and thus is expected to increase the ‘‘
mation’’ probabilities.

Another ambiguity is the level density parametera which
governs the statistical decays and thus affects the spee
the cooling. Since the parametera itself depends on tempera
ture, we here investigate the effects of its temperature dep
dence on the cooling. Figure 6 shows the cooling of
compound nucleus withZ5114,N5184, and the initial ex-
citation E* 530 MeV. The solid and dashed curves corr
spond to the cases using the constant and tempera
dependent level densities@55#, respectively. The two curve
cross each other, which can be understood from the de
width for neutron emission. As a whole, it is found that t
calculated value of the residue cross section does not ch
so much by the introduction of theT-dependent level density
parameter. Therefore, we use the constant level density in
present calculations.

B. Isotope dependence of the evaporation residue cross sectio

Naively speaking, neutron-rich isotopes are considere
give rise to a large residue cross section, because they
erally have large neutron decay widths and thereby are

s
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PRC 59 803FLUCTUATION-DISSIPATION MODEL FOR SYNTHESIS . . .
vored in the survival probabilityGn /G f . However, the neu-
tron richness has an additional meaning in the pres
dynamical model. As discussed in the previous subsect
the cooling due to neutron evaporation restores the shell
rection energy which prevents fission. Consequently, the
sion decay widthsG f become smaller due not only to th
time dependence of temperature but also to the time de
dence of the appearing fission barrier. Therefore, in
present model neutron-rich isotopes are expected to be fa
able for larger residue cross sections due not only to la
neutron decay widths but also to small fission decay wid

Figure 7 shows the results of the calculations for a se
of Z5114 isotopes withN5176, 178, 180, 182, and 184
Here we always take symmetric incident channels w
145,146,147,148,149La nuclei. Actually, the favorableness o
neutron-rich isotopes, as we discussed above, is clearly
in Fig. 7. And the optimum position shifts to higher ener
in the neutron-rich isotopes, while in the neutron-deficie
isotopes the enhancements attenuate, and even disappe

FIG. 6. The cooling curve for the initial temperatureT0

50.96 MeV. Two cases are compared: the temperatu
dependent level density parameter~dashed line! and the constan
value ~solid line!.

FIG. 7. The isotope dependence of the excitation function of
evaporation residue cross section forZ5114. Figures denote neu
tron numbers.
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N5176 and 178. In such isotopes, we have to go as low
energy as possible, i.e., to so-calledcold fusion, which is
consistent with the experiences of GSI@14,20#.

Now we explain the isotope dependence of the evapo
tion residue cross sections by using the cooling curves
order to see how sensitive the cooling speed is to neu
numberN, we calculate the time dependence of the tempe
ture for N5176, 178, 180, 182, and 184 with the startin
temperatureT050.96 MeV (E* 530 MeV), which is shown
in Fig. 8. At this temperature, the fission barrier height
about 2 MeV with which the fission decay of the compou
nucleus is possible with a considerable probability. When
temperature cools down to 0.76 MeV (E* 520 MeV),
which corresponds to the shell dumping energyEd in Eq. ~4!,
36% of the shell correction energy is restored and the fiss
barrier height becomes about 4 MeV, which is enough
prevent the fission decay of the compound nucleus in
spherical region. Therefore, the durationta for cooling from
T050.96 MeV to Ta50.76 MeV is an important index
which represents the cooling speed. Apparently, there
large differences in the time dependence, which results
surprising differences of the restoration of the shell corr
tion energy, and hence in differences of fission decay wi
or life.

In the case ofN5184, the characteristic timeta is very
short such as 250310221 s. Therefore, most of the probabi
ity accumulated in the spherical region survives against
sion, due to the quick restoration of the shell correction
ergy. On the contrary, in the case ofN5176, ta is long such
as 1500310221 s. During this time most of the compoun
nuclei in the spherical region decay by fission. The evapo
tion residue cross section depends onta and the increase in
ta by 200310221 s makes a decrease of the evaporation re
due cross section by about one order of magnitude.

It would be meaningful to discuss the relation of neutr
binding energy to the cooling speed. Since the energy rele
by one neutron emission is approximately equal toT
1Bn , we might think that cases with largeBn , i.e., neutron-
deficient isotopes, are quick in cooling. But the cooli
speed is proportional to the product of the amount of
energy removed by one emission and the emission rate,

-

e

FIG. 8. The isotope dependence of the cooling curve forZ
5114 with the initial temperatureT050.96 MeV. Figures denote
neutron numbers.
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2
dE

dt
5~2T1Bn!

Gn

\
~10!

or

dT

dt
52

2T1Bn

2aT

Gn

\
}~2T21BnT!exp~2Bn /T!. ~11!

Because of the dominant exponential factor, the cool
speed is higher for smallerBn and hence for neutron-rich
isotopes. Therefore, separation energiesBn over relevant iso-
topes are very important for the synthesis of superheavy
ements in addition to the shell correction energy.

In Fig. 9, a contour map of the neutron separation ene
averaged over four successive neutron emissions^Bn& is dis-
played calculated from Mo¨ller’s mass table@5#. The numeri-
cal numbers associated with lines are^Bn& values in MeV.
Naturally neutron-rich isotopes have smaller^Bn& ’s than
those of neutron-deficient ones. Three triangles indicate
topes which GSI succeeded in synthesizing bycold fusion
@14,20#. Their ^Bn& ’s are 7–8 MeV; so there is no hope fo
the quick cooling necessary for the enhancement in hig
energies, which is consistent with GSI experiments. On
other hand, the dots indicate those which are investigate
the present paper witĥBn& ’s equal to 5–6 MeV, where
some of them show the enhancement. It is expected that
more neutron-rich isotopes are more favorable for the
hancement of residue cross sections. Thus, an exploratio
the experimental feasibility of reaching the neutron-rich s
of the superheavy elements is an extremely interesting
urgent subject. More detailed studies of the isotope and
tone dependence will be given in forthcoming paper.

C. Friction parameter dependence

Since the strength of the friction is not well determin
yet, and even its order of magnitude is under debate@29#, it
is necessary to know how its variation affects the excitat
function of the evaporation residue cross section, which
also useful for understanding the role of friction in the rea
tion process. In the present work, the value of the frict

FIG. 9. A contour map of the neutron separation energy av
aged over four successive neutron emissions^Bn&. The numerical
numbers associated with lines are^Bn& values in MeV. Three tri-
angles indicate isotopes which GSI succeeded in synthesizin
cold fusion. The solid circles indicate those which are investiga
in the present paper.
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parameterb appearing in the Smoluchowski equation
taken to be 5.031021 s21, which is comparable to the smal
est value among the variation of the one-body wall-an
window friction which depends on the deformation.

The results forb52.5,5.0,7.5,10.031021 s21 are given in
Fig. 10. In general, for larger values ofb, the cross section is
enhanced due to the increase of the survival probability
spherical-like nuclei kept inside the fission barrier. The p
sition of the optimum cross section shifts to higher excitat
energies as the friction becomes stronger. As can be s
from the figure, no prominent optimum is expected to app
for small values ofb less than 2.531021 s21.

Since the friction parameterb appears in the denominato
of the right-hand side of the Smoluchowski equation~1!, it
has a close relation with the time scale of the diffusion p
cess. Thus, the change in the value ofb gives rise to a simi-
lar effect given by the change in the cooling time due
neutron evaporation. If the value ofb increases by twice, the
diffusion process governed by the Smoluchowski equat
proceeds slowly also by twice and in consequence it
equivalent to a virtual acceleration of the cooling proce
This results in a relatively rapid restoration of the fissi
barrier by the shell correction energy and brings about
enhancement of the survival probability or of the resid
cross section. In the reverse case, the virtual cooling sp
becomes slower and the fission decay probability relativ
increases because of the relative delay of the restoratio
shell effects. Briefly speaking, quick cooling or neutron ric
ness has the same tendency as that of strong friction conc
ing the enhancement of the residue cross section in
higher energies.

In the initial stage of the formation process, the effects
friction are expected to be important and will be given in t
forthcoming paper including the effect of the damping of t
initial kinetic energy.

D. Systematic calculations aroundZ5114

It is interesting to see how the excitation function for t
evaporation residue cross section depends onZ number. The

r-

by

FIG. 10. Dependence of the evaporation residue cross sectio
the strength of the friction. Results for four values of reduced fr
tion parameterb are plotted:b52.531021 s21 ~solid circles!, 5.0
31021 s21 ~solid squares!, 7.531021 s21 ~solid triangles!, and
10.031021 s21 ~open squares!.
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PRC 59 805FLUCTUATION-DISSIPATION MODEL FOR SYNTHESIS . . .
change of theZ number gives rise to the correspondin
variation in the potential energy surface due to the chang
fissility. The potential energy is represented byVDM and
Vshell in Eq. ~4!. The change ofVDM influences the ‘‘forma-
tion’’ probability, while the change ofVshell influences the
‘‘survival’’ probability, which we will see below.

The cooling of a compound nucleus is essentially de
mined by the separation energies of neutrons. Therefore
order to see clearly theZ number dependence of the evap
ration residue cross section, the neutron number of c
pound nuclei for differentZ is so determined that the tim
scale of cooling is the same. The neutron numbers of
initial compound nuclei (Z,N) are thus chosen to be~102,
166!, ~104, 172!, ~106, 176!, ~108, 178!, ~110, 180!, ~112,
182!, ~114, 184!, and~116, 186!, where the average neutro
separation energies are about 5 MeV.~They correspond to
the nuclides on the contour line of 5 MeV in Fig. 9.! The
same time scale of cooling means that the time scale of
restoration of the shell correction energy is the same. In
way, we can see exclusively theZ number dependence of th
cross section, in particular the effects of the absolute valu
the shell correction energy in differentZ ~andN).

FIG. 11. The potential energy curves along the symmetric
sion path for various systems fromZ5102 to 116 are shown. The
solid curve and the dashed curve are the potential energy with
without the shell correction energy, respectively. The initial pro
ability distributions are settled at the pointsx0 , which are marked
by the arrows.
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In this mass region, the macroscopic fission barrier hei
estimated from the finite-range droplet model is very sm
less than 1 MeV. However, the shell correction energy wh
works effectively for stabilizing the nucleus against fissi
varies from 6 MeV to 11 MeV as is shown in Fig. 11 by th
solid line. We can see that the nuclei aroundZ5114 andN
5184 have a large shell correction energy, while it is sm
for nuclei far from there.

Figure 12 shows the excitation functions of residue cr
sections for the above compound nuclear systems, for wh
we always take symmetric incident channels. In Fig. 12,
can see the characteristic enhancement of the residue
section atE* ;25 MeV in the systems aroundZ5114. In
the systems withZ5102– 108, although the speed of coolin
is same for all systems, the enhancement is not seen. We
see the enhancement only in the systems which have a l
shell correction energy.

In order to have a clear understanding of the feature of
Z dependence shown in Fig. 12, we focus our attention
the two factors, i.e., the ‘‘formation’’ and the ‘‘survival’’
probabilities. The former is the probability that the syste
overcomes the extra potential barrier from the contact po
to the spherical configuration area~see Fig. 2! and can be
expressed roughly by exp(2BEX/T). The latter is the ‘‘sur-
vival’’ probability against fission for the system once di
fused into the spherical configuration area and can be
pressed by exp(2Bf /T) approximately. The variations ofBEX
andBf with atomic number are shown in Fig. 13. The valu
of BEX stem from the LDM potential energy, andBf is the
fission barrier height including the shell correction energ
From Fig. 13, we can understand that the monotonous
crease of the yield of residue cross sections with the incre
of Z shown in Fig. 12 is due to the monotonous increase
the extra potential barrier heightBEX as a function ofZ, and
that the enhancement of the yield of the residue cross
tions aroundZ5114 andN5184 is from the strong shel
correction energy in the corresponding systems ensuring
large fission barrier height.

Even if there is the enhancement of the evaporation r
due cross section, it seems very difficult to synthesize nu

-

nd
-

FIG. 12. The excitation function of the evaporation resid
cross section that forms the compound nucleus fromZ5102 to Z
5116 through the symmetric entrance channel.
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806 PRC 59Y. ARITOMO, T. WADA, M. OHTA, AND Y. ABE
with Z>116 with detectable probability because the ‘‘form
tion’’ probability decreases with increasingZ number due to
the large value ofBEX . We thus expect to synthesize supe
heavy nuclei aroundZ5114 andN5184 which have a large
shell correction energy and small neutron separation en
^Bn&.

V. OPTIMUM EXCITATION ENERGY
AND BASS BARRIER HEIGHT

The positions of the optimum excitation energy that
have discussed are bounded on the high excitation en
side by the decay properties of compound systems, i.e.
the competition between fission and neutron evaporation
they are lower than the threshold energy of an incident ch
nel that we choose, we cannot observe the enhancemen
perimentally. In order to observe or utilize the enhancem
we thus have to choose an incident channel so that the e
tation energy of the compound nucleus formed at the in
dent energy corresponding to the Bass barrier height sh
be lower than the optimum energy. Otherwise, the system
the incident channel has to undertake so-called subba
fusion to hit the optimum energy, and then suffers from
drastic reduction and a strong energy dependence,
thereby the bell shape of the enhancement could not be
cernible.

In the present case of the mass-symmetric incident ch
nel, the Bass barrier height is 325 MeV in the center-of-m
system, which corresponds to the excitation of the compo
systemE* 510 MeV as shown by an arrow in Fig. 5. Ther
fore, it is meaningful to discuss the excitation function of t
reaction, the bell-shape enhancement of which is expecte
be observed experimentally if the target and the beam w
available. In the following, we denote the excitation ener
corresponding to the Bass barrier height byEBass* .

Generally, the relative position ofEBass* and the optimum
excitation energy depends on combinations of target and
jectile. The energyEBass* varies almost linearly with respec

FIG. 13. The ground state fission barrier heightBf and the po-
tential differenceBEX defined in Fig. 2. The constant increase
BEX with Z reduces the fusion probability exponentially. The i
crease ofBf towardZ5114 makes an enhancement of the resid
cross section as shown in Fig. 12, even though the fusion prob
ity decreases to;1028.
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to the asymmetry parameterD @41# of the entrance channe
This is shown in Fig. 14 for the compound nucleus withZ
5114 andN5170– 180, and is compared with the optimu
excitation energy corresponding to the maximum cross s
tion in our model calculation, indicated by the dashed ho
zontal line. There, we see that the observation of the o
mum cross sections is possible in systems below the da
line, where the optimum excitation energy is aboveEBass* . Of
course the mass asymmetry degree of freedom is expect
change the fusion probabilities quantitatively, which is no
being investigated and will be given in the forthcoming p
per.

VI. SUMMARY

A long-standing subject of synthesizing superheavy e
ments is theoretically challenged with the fluctuatio
dissipation dynamics which describes the whole proces
the collective motions from the contact of the incident hea
ions to the evaporation residues, with most probabilities
ing back into fission. To our knowledge, this is the first a
tempt for dynamical calculations of the synthesis of sup
heavy elements.

Assuming that nucleonic degrees of freedom are in th
mal equilibrium immediately after contact of the ions a
that the frictional force is strong enough for the collecti
degree of freedom to be described as an overdamped mo
we employ Smoluchowski equation for fusion-fission a
fusion evaporation residue formation processes. In orde
show clearly the reaction mechanism, we take a ma
symmetric incident channel and use a simplified on
dimensional model for fusion and fission processes, tho
we know that there is a difference between fusion and fiss
paths which would not give a crucial effect.~Actually we
have studied the reaction in the two-dimensional mo
where the difference is taken into account. The results, wh
validate the assumption, are obtained and will be given i
forthcoming paper.!

The time evolution of the probability distribution of th
compound nucleus withZ5114 andN5184 is solved as an

e
il-

FIG. 14. The excitation energy at the Bass barrier energyEBass*
is plotted against the mass asymmetry parameterD for several com-
binations of target and projectile that produce the element 114.
dashed line denotes the optimum excitation energy correspondin
the maximum cross section in our present calculation forN5184.
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example using the friction strengthb5531021 s21 and the
shell correction energy calculated with the single-parti
spectrum of the Woods-Saxon potential. It is found that th
exists an optimum excitation energy of the compou
nucleus to be initially formed. This is surprising and appe
contradictory to our experiences that fission exclusiv
dominates to leave nothing for residues in higher excitatio
but turns out to be consistent and realistic after careful
vestigations of possible variation of physical parameters.

The optimum energy is a compromise of two conflicti
requirements for maximizing final residue cross sectio
Since without the shell correction energy there is no poten
pocket in the energy surface, the speed of the restoratio
the shell correction energy, i.e., the cooling speed, is cru
for the probability to be captured inside the emerging bar
which gives residues of the superheavy nuclides. In ot
words, in order to obtain large residue cross sections
cooling should be quick or the fission life should be lon
The latter requires the friction to be strong as is known fr
Kramers limit@29,58#, while the former requires neutron-ric
compound nuclei to be initially formed because of the sm
ness of the neutron separation energy which accelerate
cooling. Anyhow, it is desired that the excitation energy
the initial compound nuclei formed be as low as possible
that the potential pocket or the fission barrier is quick
formed due to the low starting temperature. This is more
less our common knowledge, especially learned from G
experiments. On the other hand, as the Smoluchowski e
tion describes the diffusion of the probability from the initi
distribution given by the touching configuration of the inc
dent ions, the probability which diffuses into the compa
configuration, i.e., inside the fission barrier, to emerge la
is larger for a larger diffusion coefficientD5T/mb. This
requires the initial temperature to be large: i.e., the ini
excitation energy is desired to be high. Briefly speaking,
initial excitation energy of compound nuclei is required to
lower for larger residue probabilities in the later stage of
reaction and to be higher for larger diffusion into the insi
of the barrier in the early stage of the reaction, compromis
of which thus gives rise to the optimum excitation energ
This is a new mechanism never discussed before and is
tremely important for the synthesis of the superheavy e
ments. In the present calculations we use the shell correc
energy calculated with the Woods-Saxon potential, and
cuss the nuclide withZ5114 andN5184, but if there were
another large shell correction minimum such as predicted
the microscopic model elsewhere in the nuclear chart,
present model, of course, could apply, though the resi
cross section depends on the absolute value of the shell
rection energy. That is, the larger the correction energy
the larger the residue cross section is. It also depends on
Z value of the compound nuclei formed, naturally t
smaller for the largerZ due to higher extra fusion barriers
And it should be noted that absolute values of residue c
sections depend on the average neutron separation en
^Bn& over a few emissions as shown in Fig. 9. Thus, av
ability of neutron-rich beam and/or target is strongly des
able and promising for the synthesis of the superheavy
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ments. The time evolution of the probability distribution
during the damping in the initial kinetic energy just after t
touching is being studied with the Langevin equation in t
multidimensional space of deformation without assuming
immediate damping of the present calculations and will
reported in the forthcoming paper. Cases with ma
asymmetric combinations of incident ions are also being
vestigated in the multidimensional space.
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APPENDIX A: THE DERIVATION OF THE FREE
ENERGY FROM SINGLE-PARTICLE LEVELS

The temperature dependence of the shell correction
ergy is deduced by calculating the free energy and its va
tion from the smoothed one which is expected to corresp
to LDM energy

Vshell~x,T!5F~x,T!2^F~x,T!&,

F~x,T!5E~x,T!2T•S~x,T!,

E~x,T!5S ie i• f i ,

S~x,T!52S i$2 f i ln f i2~ f̄ i !ln~ f̄ i !%, ~A1!

wheree i is the energy of thei th single-particle level which is
calculated with the Woods-Saxon potential with a deform
tion @5#, f i5 f (e i ,T) is the Fermi distribution function a
temperatureT, and f̄ (e i ,T)512 f (e i ,T). The second term
of Eq. ~A1! is the smoothed one, following Strutinski’s pre
scription,

^F~x,T!&5^E~x,T!&2T•^S~x,T!&,

^E~x,T!&5E g~e!e f ~e!de,

^S~x,T!&5E deg~e!$2 f ~e!ln f ~e!2@ f̄ ~e!# ln@ f̄ ~e!#%,

~A2!

whereg(e) is the averaged level density,

g~e!5S i

1

A2ps
e2~e2e i !

2/2s2
, ~A3!
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with a value ofs suitably chosen so that the shell structu
effect is smeared out. The temperature dependence o
pairing energy is assumed to be the same as that of the
correction energy.

APPENDIX B: STATISTICAL CODE SIMDEC

A new Monte Carlo simulation codeSIMDEC is developed
for analysis of the statistical decaying process of compo
nucleus@54#. In this appendix, we explain the calculatio
procedure ofSIMDEC and compare the results by the co
SIMDEC with the experimental data and the results by anot
simulation code.

In the paper, the fission decay widthG f is calculated by
the diffusion model, not by the statistical model. In the c
culation of the cooling curve we use the codeSIMDEC and the
temperature variation by the particle emissions is calcula
with G f50.

In the codeSIMDEC, the time durationDt ( i ) from the i th
stage to the (i 11)th one by particle emission is estimate
from the total widthG ( i ) calculated at thei th disintegration
stage@60#,

Dt ~ i !52
\

G~ i ! ln R ~0,R,1!,

G~ i !5 (
k5n,p,a,g

Gk
~ i !1Ḡ f

~ i ! , ~B1!

wherek stands for the index of disintegration channels, i
neutron, proton, alpha, and gamma channels.R is a random
number. The mean fission width in each disintegration s
Ḡ f

( i ) is calculated from the delay property of fission@28,29#.
The time-dependent fission width is assumed to have

following factor:

G f~ t !5 f ~ t !G f
BW ,

f ~ t !51Y S 11expH t2tc

d J D , ~B2!

whereG f
BW is the Bohr-Wheeler fission width given by th

transition state method@59#, and tc andd are parameters to
realize the delay time of fission and are determined con
tently with the solution in the Langevin equation study@28#.

In the actual calculations, the average value of fiss
width Ḡ f

( i ) in each disintegration step is determined as f
lows. At the first step, we find the half lifetimet1 for various
disintegrations, which satisfies

1

\ E
0

t1H (
j 5n,p,a,g

G j
~1!1G f~ t !J dt51. ~B3!

This equation means that the system disintegrates with
probability until t1 . The average valueḠ f

(1) used in the first
step of disintegration can be obtained by

Ḡ f
~1!5

1

t1
E

0

t1
G f~ t !dt. ~B4!
he
ell

d

r

-

d

.,

p

e

s-

n
-

it

At the second step, we find the timet2 in the same way,

1

\ E
t18

t2H (
j 5n,p,a,g

G j
~2!1G f~ t !J dt51; ~B5!

here, the lower limit of the integralt18 is equal toDt (1) esti-
mated by Eq.~B1!, andG f(t) is averaged over the time in
terval (t18 ,t2) to get Ḡ f

(2) . The same process is done fo
successive steps, for example,t285t181Dt (2)1¯ .

In each time interval thus determined, (0,t18),(t18 ,t28),...,
the decay channel is specified by using a random num
according to the weight ofGk

( i ) and Ḡ f
( i ) .

The particle binding energy is calculated from the Mo¨l-
ler’s mass table@5#. The angular momentum transfer for pa
ticle emission is treated precisely. For the nuclear level d
sity, use is made of the formula by Gilbert and Cameron@61#
with Grossjean and Feldmeier’s correction@62# at low ener-
gies to estimate theg-ray width correctly. The fission barrie
Bf(T) in SIMDEC is composed of the parts of the dropl
model and temperature-dependent shell and pairing cor
tion:

Bf~T!5Bf
DM~T!2~dUsh

g.s.1dUpair
g.s.!exp$2a2T/Ed%,

~B6!

Bf
DM~T!5Bf

DM~T50!~12jT2!. ~B7!

The results by the codeSIMDEC are compared with the
experimental data and the calculations given by anot
simulation code to confirm its validity. For example, the da
for the 181Ta (19F, xn) reaction@63,64# are analyzed and ar
compared with the results by the codeALICE @65# as shown
in Fig. 15.

FIG. 15. Excitation function for evaporation residue cross s
tion for the181Ta (19F, xn) reaction. Open circles, solid circles, an
open squares represent the measured cross sections for 4n, 5n, and
6n channels, respectively. The data originate from Hindeet al.
~1982! @63# and Charityet al. ~1986! @64#. The dashed curves ar
standard predictions for the cross section with the codeALICE. The
thick solid curves correspond to the excitation function as cal
lated from our codeSIMDEC.
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