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Fluctuation-dissipation model for synthesis of superheavy elements
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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 iongHhe3-4n)
channels show the enhancemd®0556-28189)01501-(

PACS numbgs): 25.70.Jj, 24.60.Ky, 24.60.Dr, 27.96b

I. INTRODUCTION excitation. There is a discussion based on the different ap-
proach that the combination of the most stable projectile and
Atomic nuclei which have closed shell structures aretarget as an entrance channel may be favorable for super-
known to be unusually stable, as observed in the naturdieavy element synthesis with the cold fusion mechanism
abundance, etc. Following Strutinski's idgB2], the stabil-  [21]. Naturally, however, their approach does not take into
ity is given by the shell correction energy which is easily andaccount the effects of dissipation and fluctuation in the reac-
rather reliably calculated from the single-particle spectrum otion mechanism. In the future, more mass-symmetric combi-
nucleus. Extensions of such calculations to heavier, naturallgations which lead to lower excitations are expected to be
nonexistent nuclides have predicted superheavy elements twailable at new facilities such as proposed in the PIAFE
be stable against fission around the double-closed-shefroject [22,23. Although in heavier systems fusion hin-
nucleus withZ=114 andN=184[3-8]. Many-body calcu- drance is known to exist as expressed in the necessity of
lations with the mean field approximatid,10] also have extra-push or extra-extra-push energy, it is thus natural to
predicted such a high stability in the same region of theexplore the possibility in this direction, so-calledt fusion
nuclear chart, though some of them predict the proton shelh which higher incident energies are used to gain much
closure in even heavier elements liKe=120 or 126. Natu- larger fusion probabilities in spite of the hindrance, and
rally the theoretical predictions are to be confirmed by ex-thereby the compound nuclei formed are in rather high exci-
periments, i.e., by synthesizing them. tation, say,E* ~40 MeV. They are accompanied by unde-
Attempts for synthesizing heavy elements beyond thesirable high fission probabilities. It nevertheless seems to be
atomic numbeZ~ 100 have become active since the 1970smeaningful, because the fission of highly excited nuclei has
by means of various developments in experimental techbeen clarified to be much hinder¢@4,25. Actually, it is
niques[11-13, and have recently succeeded in identifying observed experimentally that prescission neutron multiplici-
the elemenZ=112[14], which gives us hope to reach the ties increase as a function of excitation enei2§,27, while
element 114. postscission ones do not. This means that most of the exci-
The method of the so-callembld fusion[13,15, in which  tation energies are carried away by neutrons and the com-
the excitation energy of the compound nucleus is suppressgsbund nuclei are cooled down before fission. This is well
to a minimum E*<20 MeV) so as to inhibit multichance explained by dissipative dynamical calculations of fissioning
fission and to consequently gain the yield of evaporatiormotion with strong friction such as given by the one-body
residue products, has attracted attention. The magic nuclewgall-and-window formula[28,29. Therefore, fission is ex-
20%p or 20Bj was used as a target to produce the series opected to be far slower than the prediction of the conven-
heavy elements up td=112[11,14,16—-2Q but the cross tional Bohr-Wheeler theory. The decrease of residue cross
sections are extremely small with the order of pb for thesections by fission in higher excitation is thus reduced and
elements 111 and 112 due to small fusion probabilities. Emeould be covered or overcovered by an increase of fusion
pirically cross sections foZ>112 are expected to be even probability.
smaller. Although there have been enormous experimental efforts
For superheavy elements aroudd-114 andN~184, as stated abovE30], they are more or less empirical, and
practical combinations of target and projectile, such agheoretical developments are still insufficient. Of course,
244py+48Ca, would lead to compound nuclei at rather highstatic properties such as potential energy surface including
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the shell and the pairing correction energies are investigatedf the present model. So they should be taken into account
quite in detail and decays of assumed compound nuclei arf@r precise predictions, but for the moment we assume no
analyzed very carefully with the statistical modéll], but  loss of probability, energy, etc., considering that they do not
formation processes yet remain to be studied in the supeessentially change the reaction mechanisms themselves
heavy mass region. In other words, our understanding ofvhich follow. (Their effects are being investigated and will
reaction mechanisms for the synthesis of superheavy elde published in a forthcoming papeAs we will see in the
ments is far from giving suggestions or predictions on afollowing sections, the dynamical processes after contact
promising experimental way to deal with the superheavy elturn out to diminish the flux or the probability to the spheri-
ements. Particularly fohot fusion there are no theoretical cal shape by several orders of magnitude, i.e., play a decisive
frameworks applicable for calculations of formation and sur-role for residue cross sections of superheavy elements. Thus,
vival probabilities. The difficulty is that there is no fusion it is worth studying the dissipative dynamical processes with
barrier like in lighter systems, where the fusion probability reasonable initial conditions assumed.
or fusion cross section is given by a simple formula with the  The second important effect we have to take into account
barrier parametergWe try to discuss in a similar way with carefully is the cooling due to neutron evaporation which
the parameteBgy from the view point of dissipative dynam- comes into play immediately after the composite system is
ics.) Furthermore, there is no fission barrier for superheavysubstantially excited with transferred incident kinetic energy
compound systems at least before the systems cool dowand theQ value. As is well known, the cooling restores the
enough for restoration of the shell correction energy. In otheshell correction energy which stabilizes the compound
words, the fission process has to be described with a barrigrucleus. The crucial point is how fast the potential pocket or
height which is time dependent due to neutron evaporatiorthe fission barrier appears to keep appreciable probabilities
i.e., almost no barrier at the beginning and enough barrier anhside before fission is completed. The cooling speed which
the end of the process. There is no simple theory or formulaepends on isotopes, combined with the temperature depen-
to describe such reaction processes. Therefore, it is cruciallgence of the shell correction energy, determines the crucial
important to establish a dynamical framework which enablesime dependence of the appearing fission barrier.
us to calculate final residue cross sections of superheavy nu- As a first step toward the complete dissipative description
clides, starting from the contact of two incident heavy ions.of fusion-fission processes, we investigate a one-dimensional
The purpose of the present paper is thus to propose a nemodel with mass symmetry in the present paper. Even in a
dynamical model for synthesis of the superheavy elementmass-symmetric system, the fusion and fission paths are dif-
from the view point ofhot fusionor warm fusionreaction ferent in neck formation, fragments deformation, etc. But
[32-35, where the theory of Brownian motidi36] is em-  their effects could be represented by a slight difference in
ployed to describe the dynamical evolution of the whole fu-their one-dimensional potential as a function of deformation
sion and fission process from a contact of two nuclei to aor fragment separation. We therefore expect it to be possible
spherical or deformed mononucleus and finally into fissionfo learn the characteristic features of fusion-fission processes
with an extremely small probability of residues of super-and to discuss the optimum condition for the synthesis of the
heavy nuclei left inside the potential pocket due to the shelsuperheavy elements within the one-dimensional model. Fur-
correction energy. The model enables us to study two conthermore, we assume the overdamped motion just after the
flicting requirements, larger fusion probability and smallercontact of two incident ions, considering strong friction like
fission probability, and to find, as a compromise of them, arthe one-body model to be valif27,28,44, i.e., the time
optimum condition on excitation energy or incident energyscale of the momentum thermalization to be far shorter than
of collisions for synthesizing superheavy elements. that of the collective coordinate motion of the fusion-fission
As is well known, fusion occurs by overcoming the inner process. In the present analyses, we thus employ the Smolu-
barrier which is located far away from the contact configu-chowski equationi36,45, instead of the Kramers one.
ration in heavy systems; so we first have to solve dissipative As is inferred from the above simplifications, the present
dynamical motions toward the spherical shape as well agwvestigation is not for a precise prediction of absolute values
toward the reseparations leading to quasifission. It should bef residue cross sections, but for the proposal of the new
noticed here that trajectory calculations with the friction model which is promising for further developments towards
[37-4Q have been very useful for the explanation of therealistic predictions of the way to produce superheavy ele-
extra- or extra-extra-push enerfl1—-43, but are not suit- ments. But as will be given in the following, even with the
able for describing extremely small probabilities reaching theabove drastic simplifications the present model provides a
spherical shape and around, because in most cases mean taalitative understanding of the characteristic features of the
jectories do not reach there and fluctuations around them afasion-fission dynamics in the superheavy mass region. The
indispensable. Therefore, it is necessary to solve a full dissienhancement of the residue cross sections found at the opti-
pative dynamics or a fluctuation-dissipation dynamics withmum condition is remarkable. The common sense, that the
the KramergFokker-Planck equation or with the Langevin increase of the excitation energy makes residue cross sec-
equation, taking into account tails of the distribution as welltions dramatically decrease due to multichance fis§if,
as the mean trajectory. is shown to be modified by the strong friction in fissioning
Of course, there are reactions invoked before reaching theotions and by the quick restoration of the shell effect. More
contact, which result in losses of a fraction of incident flux, realistic calculations including many collective degrees of
energy, etc. The losses or a distribution of the losses in thfeedom of the compound systems are being made and will
approaching phase are the initial condition for the subsebe published in subsequent papers, where various combina-
guent dynamics in the composite system which is the objedions of projectile and target are to be discussed for suggest-
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FIG. 1. Macroscopic energy surface in nuclear deformation sgarés for Z=50, (b) for Z=80, and(c) for Z=114. The abscissa

denotes the separation between two potential centers and the ordinate denotes the fragment deformation. The s@@ss@ndicleradius

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 produced
inside the saddle point for the case® 50 but outside foz>80.

ing promising experiments in the light of the present model. In the case that the atomic number of the compound

In the next section, the diffusion model is presented fomucleus is around 80-90, the configuration of the system at
the analysis of the fusion-fission dynamics. The time depenthe end of stefa) critically depends upon the incident en-
dence of the restoration of the shell correction energy is deergy: i.e., if the incident energy is low, just enough to over-
scribed with the statistical model in Sec. lll. Results of thecome the incident Coulomb barrier, the system is found out-
dynamical calculations are given in Sec. IV, showing howside of the unconditional saddle point. Only when a
the enhancement of the residue cross sections is obtained ssfficient extra energy is given is the system found inside the
a compromise between the diffusion mechanism and the resaddle point. The hindrance for fusion that the colliding nu-
storing shell effect, and how it depends on the neutron andlei cannot fuse with each other without an additional kinetic
proton numbers of the compound nucleus and on the streng#mergy(extra-push energy{41—-43 can be qualitatively ex-
of the friction. plained in the above way.

Section V is devoted to the discussion on observations of When the atomic number of the system increases beyond
the enhancement, i.e., a relation between the optimum exct00, the situation changes dramatically. At the end of step
tation energy and the Bass barrier height. A summary iga), almost all of the configuration will be found at far out-
given in Sec. VI. side the unconditional saddle point. Therefore, in step
the high potential barrier should be overcome in order for the
system to fuse into the compact configuration. This is one of
the reasons why the extreme decrease of the fusion probabil-
ity is observed in systems with>100.

The reaction process from the contact of the colliding These situations are illustrated in Fig. 1 where the two-
nuclei to the subsequent reseparation or the formation ofenter parametrizatiof#8,49 is used for three cases of the
compound nuclei leading to evaporation residues is divideétomic number of the compound nucletis 50, 80, and 114
into the following two parts: (a) the period from the initial assuming symmetric deformatiofzero mass asymmeiry
contact to the stage when the dissipation of the relative kiThe solid curves denote the scission liteero-neck ling
netic energy into the internal one is accomplished émg  which includes an incident touching configuratitmarked
succeeding stefa), the period during which the deformed by squares and dashed curves denote the ridge passing
compound system evolves to the configuration of two sepathrough the fission saddle poifmarked by crossesOrdi-
rate nuclei or to the compact configuration. In both steps, th@ates denoté (deformation of fragmenjsand abscissas de-
time development of the probability distribution is assumednotez. The coordinate is defined az=z,/(Rc\B), where
to be governed by the fluctuation-dissipation process on the, and Rcy denote the distance between two potential cen-
potential energy surface in a multidimensional shape paranters and the radius of the spherical compound nucleus, re-
eter space, though in stép) the temperature of the system spectively. The parametd8 is defined asB=(3+ 6)/(3
increases rapidly from zero to the maximum. —26). By this scaling, we can save a great deal of compu-

When the atomic number of the compound nucleus protation time.z= =0 corresponds to a spherical compound
duced by fusion reaction is less thaiv0, the configuration nucleus(marked by circles Similar discussions are given
of the compound nucleus at the end of steplocates inside also in Ref.[50].
the unconditional saddle point. Naturally the system at the In the present calculations of the evaporation residue
contact configuration evolves into a compact configuration otross sections of superheavy nuclei, a drastic assumption is
compound nucleus with very little probability of resepara-introduced for the process in stép) without solving the
tion. This means that the fusion probability can be estimatedlynamics. At the end of stef@), the probability distribution
from the information only on the fusion barrier heig#] of  is assumed to be localized around a point along the fission
the entrance channel where the nuclear interaction starts path where the center-of-mass distance corresponds to that of
action. the touching two spheres which is outside the unconditional

Il. DIFFUSION MODEL FOR FUSION-FISSION
DYNAMICS
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saddle point. That is to say, it is assumed that the relative L T o o o o o s o e e
kinetic energy dissipates just at the touching distance.
Though the assumption is a crude approximation for &igp S

it is not so inappropriate for studying the fusion process be- —
cause the time scale of the dissipation is much shorter than >
that of the collective motion. In this assumption, there is still 2 5
room for checking the effects of possible variations in the =
dynamics of stefa) by changing the initial location of the =
probability distribution. Actually, the dynamics in stég is

T [T T T TT T T[T T T T[T T I T ToTT
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considered to give an initial distribution for the dynamical -15

evolution in step(b). This is being investigated and will be Y0 J) = AN RN RN RN B! l LN

published in a forthcoming paper. 20 00 20 40 6.0 8.0
The process in stegb) is described by fluctuation- Separation Distance x (fm)

dissipation dynamics from the initial configuration of a di-

nuclear system to the formation of the compound nucleus as FIG. 2. The finite-range droplet model energy for the element
well as to the reseparation, namely, to the fission back intd14 is drawn by the dashed line and the potential energy including
the symmetric fragments. From the analysis of prescissioffe shell and pairing corrections by the solid line. The abscissa
neutrons and fragment kinetic energies, a strong dissipatio?ie”(’tesx (separation distance between the mass of two nascent
comparable to the one-body model is recommeniis], fragmept$. The initial probability distributiop i§ settled. at th.e point
which permits us to use the Smoluchowski equation for<o wh_lch is marked by _the arrow. The fission barrier with shell
fusion-fission dynamics as an approximation of the Kramer&0rectionsBy and the differenceBex=Vom(Xsad ~Vom(Xo) are

or the Langevin equatiof29,45. lustrated.

The Smoluchowski equation is expressed as follows: ) s 3. A1 )
distance evaluated as,,= 2ro(A/2)~>— 3roA~". The posi-

9 1 9 [aV(x,I;t) tion of xo is marked by the arrow in Fig. 2 foh=298. In
EP(X'l;t):ﬁﬁ TP(X,I;t) Fig. 2, the fission barrier height with the shell correction
energy is denoted by;, and the difference between the

92 droplet model energy at the first saddle poigiyand that at

+ B 2 Pxhb. (1) the initial pointx, is denoted byBgy. As will be discussed

in the next sectionBgy is a very important quantity in the

P(x,l;t) denotes the probability distribution in the collective f(_)rmatl_on process because it is, So to speak, the fuspn b_ar—
er height that the system has to overcome by diffusion in

coordinate space. The first term on the right hand side of thgrder o reach the compact configuration
Smoluchowski equation is the potential term and the secon ) . .
d P Here, we define the compound-nuclg@N) probability

term is the diffusion term. If the potentia! =0 in the d D) that th i< inside th qdl S
Smoluchowski equation, it is just a simple diffusion equationd(To:l:t) that the system is inside the saddle poigj:

which is usually called the heat conduction equation with the «
diffusion coefficientD=T/uB. The coordinat is defined d(ToJit):J °
asx=R_,— 3r,A® so thatx=0 corresponds to the spheri- -

cal shape, wher®. , denotes the separation distance be- ] o
tween the mass centers of two incident nuclei or the nascetthereTo is the initial temperature to be calculated from the

fission fragmentsA the mass number of the nucleus, andincident kinetic energy and the reacti@value. At the be-
ro=1.16 fm. The angular momentum of the system is ex-9inning instance of the fusion process=0), all of the
pressed by. Both the inertia masg and the reduced friction Probability P(x,1;t=0) is located around the initial point
B are assumed to be independent of the shape of nucleus Yo: therefored(To,l;t=0)=0, and then the probabilitg
the present calculations. The parameeis taken to be the increases because a part of probabifyx,|;t) climbs up
reduced mass for the symmetric separation Arisltaken to ~ the fusion barrier heighBex and comes inside the saddle by
be 5x 107! s71 [45] which is consistent with the value of the diffusion. At the early stage of the time evolution, probabil-
one-body dissipation in a series of shapes. Note tha{Bq. ity d is considered to be the time-dependent formation prob-
actually does not depend on the inertia mass, but only on th@bility. Then the probability accumulated in the left inside
friction y= . the; saddle poinkg,q diffuses bagk over the fission saddle

The potentialV(x,;t) is composed of the energy of the Point and goes down the potential slope; consequently a de-
droplet model and of the shell and the pairing correctioncrease of the probability occurs. At the final stage of the
energy whose details will be described in the next sectioncooling process, due to the restoration of the shell correction
Here, it is mentioned that(x,|:t) is a function ofx, |, and  €nergy, a part of the incident f!ux, th_ough it is very ;mall, is
t. The time dependence enters through the time dependenk@pt around the compact configuration. The probabiitt
of the temperatur@ of the system. The potentia=0 and t— describes the evaporation residue probability.
with and without the shell correction energy is shown in Fig. Using the probabilityd, the evaporation residue cross
2 for the nucleus wittz =114 andN=184. sectionoy is calculated as

The initial probability distributiorP(x,l;t=0) is taken to 52
have a Gaussian shape with a very small _W|dth and is im- oey= m S (21+1)d(To,lit=50), @)
posed at arounsly=X.on—0.5 fm, wherex, is the contact 2pmoEem. 4

adP(x,I;t)dx, 2

[
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where uo denotes the reduced mass in the entrance channelr results, which is consistent with that given by Ignatyuk
andE. ., the incident energy in the center-of-mass frame. et al. [55]. The cooling curveT(t) is calculated by the sta-
tistical model codesiMDEC [54]. The details abousIMDEC
Ill. TEMPERATURE-DEPENDENT POTENTIAL are given in Appendix B.
ENERGY SURFACE As for the damping of shell effects, there is seemingly a
discrepancy between the microscopic calculations and the
The time-dependent potential energy appearing in(Bq.  experiments which indicate almost no shell stabilizing effect

is defined as follows: of the N=126 neutron shell. In order to understand the
201+ 1) strong damping of the shell effects, the collective enhance-

VX1t =V (X:t) + FV () D (1), ment of the level dens_lty, the temperature-induced defor.m'a—

( )=Vou(x;t 21(x) shell X) P (1) tion, etc., have been investigated, but up to now a definite

conclusion has not been reached; nor is it yet clear whether
Vom(X;t) =[1— ET?(1) JEg(X) + Ec(X), (4)  the seemingly strong damping is general, not specific, to
N=126 [30]. Thus, we adopt the calculated result for the

wherel (x) is the moment of inertia of a rigid body at defor- gamping energyEy (~20 MeV) in the following calcula-
mationx. HereVg, is the shell plus pairing correction en- tjons.

ergy atT=0, andVpy is the potential energy of the finite
range droplet model at time i.e., at temperatur@(t). Here

Es denotes the sum of the surface and the curvature energy, IV. NUMERICAL RESULTS

andE. is the Coulomb energy of the droplet model. These o _ _ _
are calculated with the code developed bylMioet al. [5]. A. Excitation function of evaporation residue
The temperature-dependent factor B is introduced with cross section forZ=114

£=0.014 MeV *[51]. The potential energy curve along the  Now it is in order that we present the residue excitation
fission path is calculated with theparametrizatio52] and  function calculated by the present dynamical model, taking
is shown in Fig. 2 for the nucleus witd=114 andN a5 an example the reaction forming the superheavy nucleus
=184 as described in the previous section. The solid angiith the doubly closed shell, i.e., the reaction
dashed curves deno¥py + Ve and Vpy alone, respec- 149 54149 5_,2981 14 For the purpose of understanding well
tively. When the nucleus is at high temperature, the shellhe characteristic enhancement in the excitation function
plus pairing correction energy disappears. It however regyhich we will see below, we first discuss the CN probability
stores as the nucleus cools down, and the potential energy gne partial wave, i.e., df= 10, which is one of the domi-
curve changes gradually frqm the dashed curve to the soliantly contributing partial waves. As is given in E8), the
one. Thus, one of the most important ingredients is the shelt probabilityd is a function of time, which is described by
and the pairing correction energies depending on the shapge giffusion equatioril). As is stated in Sec. Il, the physical
and temperature of the composite system. . probability responsible for the observed cross section is that
The temperature dependence of the shell correction eny; timet equal to infinity.

ergy expressed b (t) in Eq. (4) is extracted from the free Figure 3a) shows the time dependence af(Ty,l

energy[53] calculated with single-particle energigs4], =103t) for five different initial temperature®,=0.68, 0.79,
0.96, 1.11, and 1.24 MeV, which, of course, correspond to
F(T)=2, &f(e ,T)—T[ —> [f(e,T)In f(e,T) five different excitation energieS* =15.0, 20.0, 30.0, 40.0,
i i and 50.0 MeV, respectively, and hence to five different inci-

dent energies. They all increase in the beginning and later on
—f(&,T)In (e ,T)]}, (5)  start to decrease or stay almost constant, which is easily un-
derstood by the diffusion picture. Up to the time around 10
_ S _ X 102! s, the probability in the region of the compact con-
where € is the energy of theith single-particle level, figuration is supplied by diffusion from the contact region
f(e,T) the Fermi distribution function at temperatufe  and its yield increases rapidly. The higher the temperakgre
andf(e,T)=1—1(¢,T). The details are given in Appen- is, the larger the diffusion into the compact configuration is
dix A. obtained, so the larger probabilities at the beginning. But
We assume that both the shell and the pairing correctionluring that time, the main part of the probability initially
energies have the same dependence on temperature; herembundx, descends down the slope of the potential and thus
ter, the term “shell correction energy” is used to refer to themeanwhile the supply ceases. After10x10 ?!s, the
shell plus pairing correction energy. The calculated free enprobability accumulated in the compact configuration area
ergy is found to be consistent with the parametrization of theliffuses back over the fission barrier arising from the resto-
factor d(t), ration of the shell correction energy. At a low temperature
5 such asl,=0.68 MeV, 47% of the shell correction energy is
<I>(t)=ex;<— ar (t)) ©) restored already and the fission barrier is about 5 MeV.
Eq /' Therefore, the fission width becomes very small and
d(Tg,l;t) approaches its final value quickly and stays almost
following the work by Ignatyulket al. [55], wherea denotes  constant. On the contrary, in the case Tf=1.24 MeV,
the level density parameter of Ke and Swiateckj56]. The  only 10% of the shell correction energy is restored and the
shell-damping energk, is chosen as 20 MeV according to fission barrier is about 1 MeV. The restoration takes about
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FIG. 3. (@) The time evolution of the CN probabilitg(T,,l =10;t). The curves for five initial temperatures are plotted;,=0.68

(short-dashed line 0.79 (long-dashed ling 0.96 (solid line), 1.11 (dot-dashed ling and 1.24(double-dot-dashed linevieV. (b) Their
long-time behaviors are shown.

500X 102! s to become enough to prevent the system fronbilities diffuse back to fission. This is the reason why sci-
fissioning(at this time,T=0.76 MeV and the restored fission €ntists think seriously about so-calledld fusioninstead of
barrier is about 4 MeYand during the time the yield accu- hot fusion But this fact, combined with the fact that the case
mulated in the compact configuration area diffuses out rapwith the lowest initial temperature results in the smallest
idly, which gives the dramatic decrease shown in Fig).3 fusion probability due to the small diffusion into the compact
It is interesting to see their long-time behaviors which areconfiguration at the beginning, leads to the existence of the
shown in Fig. 80) and which we now plot up t¢=2000 Ooptimum initial temperature, being neither so low nor so
X 10 2% s. In the competition between the neutron evaporahigh- This is clearly seen in Fig. 4 where the solid line con-
tion and the fission, the neutron evaporation width is  hecting the open triangles denotes the CN probability at
expressed by using the Weisskopf mof&T]: =2000x 10 %' s as a function of excitation energy, showing
the maximum aroundE* =25 MeV.

gm 1 , , Because of the difference in time scale between formation
Fn=W@ j deoandB',e)epp(E")*exH(=Bn/T),  4ng decay as is readily seen in Figh8 the characteristic
(7)
10° g ] T T T
whereB,, denotes the neutron separation energy. The fission F =
decay widthT'; can be estimated from the quasistationary 107 = =10 E
solution of the Smoluchowski equatidf) as 102 __ survival  \ _:
F \ E
=0 o B, T), ® 10 E AN
278 - 7
10° E AN
where wy and wg are the oscillator frequencies of the two 10% i N _
parabolas approximating to the potenté{x) in the first =
minimum atx=x, and at the saddle point=x,, respec- 10 E .
tively [58]. Note that the essential factor exgd; /T) is com- 5, .F formation e~ E
mon with the Bohr-Wheeler mode[59]. At t~2000 107 ¥ P E
X 10 2% s in this systemB; is almost equal td,,, which is 10° E P N
about 5 MeV. Therefore, we find th&Y; is comparable with g },," formation x survival 3
| 10° & I,’ E
r, 1 10" £ E
T+, 2 © :
nthf 107 & E
To save computation time, we regard the tirtre 2000 10" ' . ' : :
X 10 %' s ast.., which might cause an error of a factor of 2 0 20 40 60
in the absolute values. E (MeV)

The cases with larger pr_obabilities at the beginning do not k1 4. The peak value af(T,,l;t) in Fig. 3@ corresponding
always stay so at later time. Actually the case WER  to the “formation” probability (open circles connected by the
=1.24 MeV, for example, is seen to go down to the next toshort-dashed lineand the ratio of the peak value and the stationary
the smallest at the final time. The higher initial temperaturesalue att=2000x 10 2! s corresponding to the “survival” prob-
require longer time for the system to cool down enough forability (open squares connected by the long-dashedl direshown.
the restoration of the fission barrier, during which most prob-The product of the above two factors is drawn by open triangles.
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: , | . evaporation is or how slow the fissioning motion is. The
former is essentially determined by the speed of the neutron
238114 evaporation.

Since the neutron decay probability is proportional to
exp(—B,/T), the smaller the separation energy, is, the
quicker the cooling speed is. Therefore, whether the opti-
mum energy exists or not depends on the isotopes, which is
investigated in Sec. IV B. The latter is controlled by the

B =5x 10" sec” strength of the friction force which results in the reduction of
the factor 18 in the fission decay width.

Ve At the same time, it affects also the time scale of diffusion
into the compact configuration, i.e., “formation” probabil-

108 ' ! ' ! ity. This is discussed in Sec. IV C. Of course, absolute values

20 40 60 of shell correction energies of the ground states of various

E (MeV) compound nuclei are basically important quantities, which

depend on proton numbet as well as neutron numbe.

FIG. 5. The excitation function of the evaporation residue crossThe 7z dependence is the subjects of Sec. IV D. Before pro-
section for the 5?La+s;1a—?**114 reaction calculated from ceeding to these subjects, we briefly discuss the possible am-
d(To,;t). The value of the reduced friction paramefeis setto  piguities:  the initial condition of the calculations and the
5.0¢10% s level density parameter.

The peak values in Figs(® and 3b), i.e., the “forma-
energy dependence of the final residue probability can b#on” probabilities, depend on the initial position,, which
understood by decomposing themselves into two factorsare taken to be close to the touching point of the two spheres
“formation” probability and “survival” probability. The of the incident nuclei. There the relative kinetic energy is
height of the peak around 010 2! s is essentially deter- assumed to be transferred intq internal th'err'nal energy.'lf we
mined by the diffusibility into the compact configuration t@ke into account a deformation of the incident nucigj,
area and is plotted by open circles in Fig. 4 which represenf/ould be larger. The increase xf by 1 fm makes the start-

“formation” probabilities. The decrease from the peak value!nd Point lower by about 3 MeV in the potential energy,
to the final yield at..= 2000< 102 s depends on how fast which means that the system has to climb up by diffusion by

the fission barrier grows enough by the restoration of th bout 3 MeV more in order to reach the compact configura-

. . ion. This results in a decrease of the “formation” probabil-
shell correction energy. The ratios of the peak value to the by ab d itud d dinalv. in th
final yield are plotted in Fig. 4 by open squares, which rep-Ity y about one order of magnitude and, accordingly, in the

. L S o reduction of the optimum cross section. Realistic values of
resent “survival” probabilities. The former is simply con-

e . . Xg Or realistic distributions ok, due to the dynamics before
trolled by_a d|ﬁu3|pn r.nechams.m. on the potential €NerY¥%ne total incident kinetic energy damps completely will be
surface with the diffusion coefficient/y and thereby in- i, estigated by the Langevin equation and their effects on
creases as the excitation enerdgmperaturp increases, fing| residue cross sections will be discussed in the forthcom-
while the latter is controlled by diffusion over the restoring, ing paper. Anyhow, the initial momentum pushes the system
i.e., time-dependent, fission barrier due to the cooling, angoward the inside and thus is expected to increase the “for-
thereby decreases as the excitation energy increases. rfation” probabilities.
should be emphasized here that the “formation” and the Another ambiguity is the level density paramegewhich
“survival” probabilities are dynamical quantities, not those governs the statistical decays and thus affects the speed of
which are described by the barrier penetration and by théhe cooling. Since the parametitself depends on tempera-
statistical decay. ture, we here investigate the effects of its temperature depen-

Then, we calculate the excitation function of fusion resi-dence on the cooling. Figure 6 shows the cooling of the
due cross section by summing up all the partial waves acceompound nucleus witd=114,N=184, and the initial ex-
cording to Eq.(3), which is shown in Fig. 5. A similar en- citation E* =30 MeV. The solid and dashed curves corre-
hancement to the case lof 10 shown in Fig. 4 is seen in the spond to the cases using the constant and temperature-
cross sectionrg, aroundE* =25 MeV; i.e., the optimum dependent level dens!ti¢§5], respectively. The two curves
excitation energy exists for synthesizing the superheavy eler0Ss each other, which can be understood from the decay
ment. As discussed above, this is due to the two competingidth for neutron emission. As a whole, it is found that the
factors having opposite energy dependence, “formation”Calculated value of the residue cross section does not change

and “survival’ probabilities, not due to the usual origin of SO much by the introduction of the-dependent level density
the maximum fusion cross Section, i_e_, an accumulation oparameter. Therefore, we use the constant level denSity in the
partial wave as the incident energy increases and a disapresent calculations.

pearance of the fission barrier at a certain high angular mo-
mentum. Therefore, the present mechanism for the optimum
energy is completely new and unexpected. Of course it doet
not always happen that the two factors generate the bell- Naively speaking, neutron-rich isotopes are considered to
shaped enhancement as shown above. As stated in the Intrgive rise to a large residue cross section, because they gen-
duction, the crucial point is how quick the cooling due to erally have large neutron decay widths and thereby are fa-

10?

b)
—
o
o
IIIII"TI |||||I1T| IIIIInTI |||||I1T| T

o

. Isotope dependence of the evaporation residue cross section
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FIG. 6. The cooling curve for the initial temperaturg, time (107 sec)

=0.96 MeV. Two cases are compar_ed: the temperature- F|G. 8. The isotope dependence of the cooling curve Zor
dependent level density parametelashed ling and the constant  — 114 with the initial temperaturd@,=0.96 MeV. Figures denote
value (solid line). neutron numbers.

vored in the survival probability’,/I'¢. However, the neu- N=176 and 178. In such isotopes, we have to go as low in
tron richness has an additional meaning in the preserdnergy as possible, i.e., to so-calledld fusion which is
dynamical model. As discussed in the previous subsectiorygnsistent with the experiences of G3#,20.
the cooling due to neutron evaporation restores the shell cor- Now we explain the isotope dependence of the evapora-
rection energy which prevents fission. Consequently, the fistion residue cross sections by using the cooling curves. In
sion decay widthd’y become smaller due not only to the order to see how sensitive the cooling speed is to neutron
time dependence of temperature but also to the time depepumberN, we calculate the time dependence of the tempera-
dence of the appearing fission barrier. Therefore, in theyre for N=176, 178, 180, 182, and 184 with the starting
present model neutron-rich isotopes are expected to be faVOLremperaturé'O:O_QG MeV E* =30 MeV), which is shown
able for larger residue cross sections due not only to largg, Fig. 8. At this temperature, the fission barrier height is
neutron decay widths but also to small fission decay widthsgpout 2 MeV with which the fission decay of the compound
Figure 7 shows the results of the calculations for a serieqycleus is possible with a considerable probability. When the
of Z=114 isotopes withN=176, 178 180, 182, and 184.. temperature cools down to 0.76 MeVE{=20 MeV),
ﬂgrl% \{\ﬁlgl\{vgys take symmetric incident channels withyhich corresponds to the shell dumping enefgyin Eq. (4),
146147.14814% nuclei. Actually, the favorableness of 369 of the shell correction energy is restored and the fission
neutron-rich isotopes, as we discussed above, is clearly se@@yrier height becomes about 4 MeV, which is enough to
in Fig. 7. And the optimum position shifts to higher energy prevent the fission decay of the compound nucleus in the
in the neutron-rich isotopes, while in the neutron-deficientspherica| region. Therefore, the duratigfor cooling from
isotopes the enhancements attenuate, and even disappear,-f%r: 0.96 MeV to T,=0.76 MeV is an important index
which represents the cooling speed. Apparently, there are
102 . I . large differences in the time dependence, which results in
surprising differences of the restoration of the shell correc-
tion energy, and hence in differences of fission decay width

10 i
or life.
In the case oN=184, the characteristic timg, is very
10° e short such as 25010 2! s. Therefore, most of the probabil-
=) 3 ity accumulated in the spherical region survives against fis-
8—101 —;| sion, due to the quick restoration of the shell correction en-
bﬁ g 3 ergy. On the contrary, in the casef 176, t, is long such
o r . as 150 10 2 s. During this time most of the compound
10 E E nuclei in the spherical region decay by fission. The evapora-
- ] tion residue cross section dependstgrand the increase in
10° E t, by 200< 10" %' s makes a decrease of the evaporation resi-
F 3 due cross section by about one order of magnitude.
10 i . ] It would be meaningful to discuss the relation of neutron
0 60 binding energy to the cooling speed. Since the energy release

by one neutron emission is approximately equal 6 2
+B,,, we might think that cases with lardg, , i.e., neutron-
FIG. 7. The isotope dependence of the excitation function of theleficient isotopes, are quick in cooling. But the cooling
evaporation residue cross section I+ 114. Figures denote neu- Speed is proportional to the product of the amount of the
tron numbers. energy removed by one emission and the emission rate,
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FIG. 9. A contour map of the neutron separation energy aver- E (MeV)
aged over four successive neutron emissi®g. The numerical . . .
numbers associated with lines gi®,) values in MeV. Three tri- FIG. 10. Dependence of the evaporation residue cross section on

angles indicate isotopes which GSI succeeded in synthesizing @e strength of the friction. Results for four values of reduced fric-

cold fusion The solid circles indicate those which are investigatedtion parameteiB are plotted:3=2.5X10°" s™* (solid circles, 5.0
in the present paper. x10" st (solid squares 7.5x10°*s™! (solid triangles, and
10.0x 10?* s7* (open squarés

dE T,
_E_(ZTJFB”) n (10 parameter8 appearing in the Smoluchowski equation is
taken to be 5.8 10°* s1, which is comparable to the small-
or est value among the variation of the one-body wall-and-
window friction which depends on the deformation.

The results fo3=2.5,5.0,7.5,10.8 10?1 s 1 are given in
Fig. 10. In general, for larger values gf the cross section is
enhanced due to the increase of the survival probability of
Because of the dominant exponential factor, the coolingspherical-like nuclei kept inside the fission barrier. The po-
speed is higher for smallé8, and hence for neutron-rich sition of the optimum cross section shifts to higher excitation
isotopes. Therefore, separation ener@g®ver relevant iso- energies as the friction becomes stronger. As can be seen
topes are very important for the synthesis of superheavy efrom the figure, no prominent optimum is expected to appear
ements in addition to the shell correction energy. for small values of8 less than 2.5 10?* s™%

In Fig. 9, a contour map of the neutron separation energy Since the friction parameteg appears in the denominator
averaged over four successive neutron emissiBps is dis-  of the right-hand side of the Smoluchowski equatiah it
played calculated from MEer's mass tabl¢5]. The numeri-  has a close relation with the time scale of the diffusion pro-
cal numbers associated with lines g&,) values in MeV. cess. Thus, the change in the valugddfives rise to a simi-
Naturally neutron-rich isotopes have smaliB,)’s than lar effect given by the change in the cooling time due to
those of neutron-deficient ones. Three triangles indicate isaeutron evaporation. If the value gfincreases by twice, the
topes which GSI succeeded in synthesizingdoyd fusion diffusion process governed by the Smoluchowski equation
[14,20. Their (B,)'s are 7-8 MeV; so there is no hope for proceeds slowly also by twice and in consequence it is
the quick cooling necessary for the enhancement in higheequivalent to a virtual acceleration of the cooling process.
energies, which is consistent with GSI experiments. On th&his results in a relatively rapid restoration of the fission
other hand, the dots indicate those which are investigated ibarrier by the shell correction energy and brings about the
the present paper witiB,)’s equal to 5-6 MeV, where enhancement of the survival probability or of the residue
some of them show the enhancement. It is expected that evenoss section. In the reverse case, the virtual cooling speed
more neutron-rich isotopes are more favorable for the enbecomes slower and the fission decay probability relatively
hancement of residue cross sections. Thus, an exploration ofcreases because of the relative delay of the restoration of
the experimental feasibility of reaching the neutron-rich sideshell effects. Briefly speaking, quick cooling or neutron rich-
of the superheavy elements is an extremely interesting andess has the same tendency as that of strong friction concern-
urgent subject. More detailed studies of the isotope and isdng the enhancement of the residue cross section in the

ar__21+B, I, 2T2+B, T B./T). (11

tone dependence will be given in forthcoming paper. higher energies.
In the initial stage of the formation process, the effects of
C. Friction parameter dependence friction are expected to be important and will be given in the

forthcoming paper including the effect of the damping of the

Since the strength of the friction is not well determinedinitia| kinetic energy.

yet, and even its order of magnitude is under deb2®g it

is necessary to know how its variation affects the excitation
function of the evaporation residue cross section, which is
also useful for understanding the role of friction in the reac- It is interesting to see how the excitation function for the
tion process. In the present work, the value of the frictionevaporation residue cross section dependg ammber. The

D. Systematic calculations aroundZ=114
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FIG. 12. The excitation function of the evaporation residue
cross section that forms the compound nucleus f&ml02 toZ

10 - =116 through the symmetric entrance channel.
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In this mass region, the macroscopic fission barrier height
estimated from the finite-range droplet model is very small,
less than 1 MeV. However, the shell correction energy which
works effectively for stabilizing the nucleus against fission
varies from 6 MeV to 11 MeV as is shown in Fig. 11 by the
solid line. We can see that the nuclei aroufyd 114 andN
=184 have a large shell correction energy, while it is small
for nuclei far from there.

Figure 12 shows the excitation functions of residue cross
sections for the above compound nuclear systems, for which
we always take symmetric incident channels. In Fig. 12, we
sion path for various systems frof=102 to 116 are shown. The Can S€€ the characteristic enhancement of the residue cross

solid curve and the dashed curve are the potential energy with an%ection ate* N_25 MeV in the systems around=114. In.
without the shell correction energy, respectively. The initial prob-the systems witlZ =102-108, although the speed of cooling
ability distributions are settled at the pointg, which are marked IS same for all systems, the enhancement is not seen. We can

by the arrows. see the enhancement only in the systems which have a large
shell correction energy.

. . . In order to have a clear understanding of the feature of the
change of thez number gives rise to the corresponding Z dependence shown in Fig. 12, we focus our attention on

variation in the potential energy surface due to the change g},o 1o factors, i.e.. the “formation” and the “survival”
fissility. The potential energy is represented Wyw and  propabilities. The former is the probability that the system
Vshenin Eg. (4). The change o¥py influences the “forma-  oyercomes the extra potential barrier from the contact point
tion” probability, while the change oV influences the to the spherical configuration arésee Fig. 2 and can be
“survival” probability, which we will see below. expressed roughly by expBgx/T). The latter is the “sur-
The cooling of a compound nucleus is essentially detervival” probability against fission for the system once dif-
mined by the separation energies of neutrons. Therefore, ifused into the spherical configuration area and can be ex-
order to see clearly th& number dependence of the evapo- pressed by exp{B;/T) approximately. The variations &g
ration residue cross section, the neutron number of comandB; with atomic number are shown in Fig. 13. The values
pound nuclei for different is so determined that the time of B¢, stem from the LDM potential energy, ar} is the
scale of cooling is the same. The neutron numbers of théission barrier height including the shell correction energy.
initial compound nuclei Z,N) are thus chosen to bd02, From Fig. 13, we can understand that the monotonous de-
166), (104, 172, (106, 176, (108, 178, (110, 180, (112, crease of the yield of residue cross sections with the increase
182), (114, 184, and(116, 186, where the average neutron of Z shown in Fig. 12 is due to the monotonous increase of
separation energies are about 5 Md&Vhey correspond to the extra potential barrier heigBicy as a function o, and
the nuclides on the contour line of 5 MeV in Fig)%he  that the enhancement of the yield of the residue cross sec-
same time scale of cooling means that the time scale of thgons aroundZ=114 andN=184 is from the strong shell
restoration of the shell correction energy is the same. In thigorrection energy in the corresponding systems ensuring the
way, we can see exclusively t@enumber dependence of the |arge fission barrier height.
cross section, in particular the effects of the absolute value of Even if there is the enhancement of the evaporation resi-
the shell correction energy in differedt (andN). due cross section, it seems very difficult to synthesize nuclei

10

Energy [ MeV ]

FIG. 11. The potential energy curves along the symmetric fis
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7 is plotted against the mass asymmetry parameter several com-
) binations of target and projectile that produce the element 114. The

FIG. 13. The ground state fission barrier heihtand the po- ~ dashed line denotes the optimum excitation energy corresponding to
tential differenceBgy defined in Fig. 2. The constant increase of the maximum cross section in our present calculationNfer184.
Bex with Z reduces the fusion probability exponentially. The in-

crease oB_f toward Z=1;4 makes an enhancement of _the residugto the asymmetry parametdr[41] of the entrance channel.
ﬁ;ogzcsrig;g ?;ig?‘évn n Fig. 12, even though the fusion IorObabllT’his is shown in Fig. 14 for the compound nucleus with

' =114 andN=170-180, and is compared with the optimum
with Z= 116 with detectable probability because the “forma- excitation energy corresponding to the maximum cross sec-
tion” probability decreases with increasi@gnumber due to  tion in our model calculation, indicated by the dashed hori-
the large value oBgy. We thus expect to synthesize super-zontal line. There, we see that the observation of the opti-
heavy nuclei around =114 andN= 184 which have a large mum cross sections is possible in systems below the dashed
shell correction energy and small neutron separation energihe, where the optimum excitation energy is ab&fg.. Of

(Bn)- course the mass asymmetry degree of freedom is expected to
change the fusion probabilities quantitatively, which is now
V. OPTIMUM EXCITATION ENERGY being investigated and will be given in the forthcoming pa-
AND BASS BARRIER HEIGHT per.

The positions of the optimum excitation energy that we
have discussed are bounded on the high excitation energy
side by the decay properties of compound systems, i.e., by VI. SUMMARY
the competition between fission and neutron evaporation. If A |ong-standing subject of synthesizing superheavy ele-
they are lower than the threshold energy of an incident chanments is theoretically challenged with the fluctuation-
nel that we choose, we cannot observe the enhancement efssipation dynamics which describes the whole process of
perimentally. In order to observe or utilize the enhancementihe collective motions from the contact of the incident heavy
we thus have to choose an incident channel so that the eXGins to the evaporation residues, with most probabilities go-
tation energy of the compound nucleus formed at the inciing back into fission. To our knowledge, this is the first at-

dent energy corresponding to the Bass barrier height shoulgmpt for dynamical calculations of the synthesis of super-
be lower than the optimum energy. Otherwise, the system dfieavy elements.

the incident channel has to undertake so-called subbarrier Assuming that nucleonic degrees of freedom are in ther-
fusion to hit the optimum energy, and then suffers from amal equilibrium immediately after contact of the ions and
drastic reduction and a strong energy dependence, anflat the frictional force is strong enough for the collective
thereby the bell shape of the enhancement could not be digegree of freedom to be described as an overdamped motion,
cernible. we employ Smoluchowski equation for fusion-fission and
In the present case of the mass-symmetric incident chafysion evaporation residue formation processes. In order to
n8|, the Bass barrier helght is 325 MeV in the Center-Of'masghOW C|ear|y the reaction mechanism' we take a mass-
system, which corresponds to the excitation of the compoundymmetric incident channel and use a simplified one-
systemE* =10 MeV as shown by an arrow in Fig. 5. There- dimensional model for fusion and fission processes, though
fore, it is meaningful to discuss the excitation function of theywe know that there is a difference between fusion and fission
reaction, the bell-shape enhancement of which is expected {gaths which would not give a crucial effe¢ctually we
be observed experimentally if the target and the beam wergave studied the reaction in the two-dimensional model
available. In the following, we denote the excitation energywhere the difference is taken into account. The results, which
corresponding to the Bass barrier heightH,.. validate the assumption, are obtained and will be given in a
Generally, the relative position &5, and the optimum forthcoming papey.
excitation energy depends on combinations of target and pro- The time evolution of the probability distribution of the
jectile. The energyEg, . varies almost linearly with respect compound nucleus witd =114 andN=184 is solved as an
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example using the friction streng=5x10?* s™! and the ments. The time evolution of the probability distributions
shell correction energy calculated with the single-particleduring the damping in the initial kinetic energy just after the
spectrum of the Woods-Saxon potential. It is found that theréouching is being studied with the Langevin equation in the
exists an optimum excitation energy of the compoundmultidimensional space of deformation without assuming the
nucleus to be initially formed. This is surprising and appeardmmediate damping of the present calculations and will be
contradictory to our experiences that fission exclusivelyeported in the forthcoming paper. Cases with mass-
dominates to leave nothing for residues in higher excitations@Symmetric combinations of incident ions are also being in-
but turns out to be consistent and realistic after careful investigated in the multidimensional space.
vestigations of possible variation of physical parameters.

The optimum energy is a compromise of two conflicting
requirements for maximizing final residue cross sections. ACKNOWLEDGMENTS
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compound nuclei to be initially formed because of the small-
ness of the neutron separation energy which accelerates the
cooling. Anyhow, it is desired that the excitation energy of APPENDIX A: THE DERIVATION OF THE EREE
the initial compound nuclei formed be as low as possible, so ENERGY FROM SINGLE-PARTICLE LEVELS
that the potential pocket or the fission barrier is quickly

formed due to the low starting temperature. This is more or ) ! ) X
less our common knowledge, especially learned from Gsfrady 1s deduced by calculating _the_free energy and its varia-
' on from the smoothed one which is expected to correspond

experiments. On the other hand, as the Smoluchowski equ%'— LDM
tion describes the diffusion of the probability from the initial ° energy

distribution given by the touching configuration of the inci- _ _

dent ions, the probability which diffuses into the compact Venel(x,T)=F (. T) =(F(x.T)),
configuration, i.e., inside the fission barrier, to emerge later
is larger for a larger diffusion coefficied=T/uB. This
requires the initial temperature to be large: i.e., the initial
excitation energy is desired to be high. Briefly speaking, the
initial excitation energy of compound nuclei is required to be R
lower for larger residue probabilities in the later stage of the S(x, T)=—=2{—f In fi—(f)In(f)}, (A1)
reaction and to be higher for larger diffusion into the inside

of the barrier in the early stage of the reaction, compromising/Ne€reei is the energy of theth single-particle level which is

of which thus gives rise to the optimum excitation ener .qalculated with the V\_/oods-Saxor_1 p_ote_ntia_l with a Qeforma-
g P 9y n [5], fi=1f(¢,T) is the Fermi distribution function at

This is a new mechanism never discussed before and is el° 2
tremely important for the synthesis of the superheavy eletémperaturel, andf(e;,T)=1—1f(¢,T). The second term
ments. In the present calculations we use the shell correctio?f EQ: (A1) is the smoothed one, following Strutinski’s pre-
energy calculated with the Woods-Saxon potential, and disScPtion,
cuss the nuclide witZ =114 andN= 184, but if there were

another large shell correction minimum such as predicted by

the microscopic model elsewhere in the nuclear chart, the
present model, of course, could apply, though the residue (E(x,T)>=f g(e)ef(e)de,

cross section depends on the absolute value of the shell cor-

rection energy. That is, the larger the correction energy is,

the larger the residue cross sectlon_ is. It also depends on the(S(x,T)>=J deg(e){—f(e)n f(e)—[F(e)IIN[T()T},

Z value of the compound nuclei formed, naturally the

smaller for the largeZ due to higher extra fusion barriers. (A2)
And it should be noted that absolute values of residue cross, is th d level densit

sections depend on the average neutron separation ener\évyereg(e) IS the averaged level denstly,
(B,) over a few emissions as shown in Fig. 9. Thus, avail-
ability of neutron-rich beam and/or target is strongly desir- g(e)=3; 1
able and promising for the synthesis of the superheavy ele- 270

The temperature dependence of the shell correction en-

F(x,T)=E(X,T)—T-S(x,T),

E(X,T):Eifi'fi ’

(FX,T)=(E(X,T)=T-(S(x,T)),

e,(e, Ei)2/20'2, (A3)
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with a value ofo suitably chosen so that the shell structure L R L L L
19F+181Ta

effect is smeared out. The temperature dependence of the 10°
pairing energy is assumed to be the same as that of the shell
correction energy.

APPENDIX B: STATISTICAL CODE SsIMDEC

A new Monte Carlo simulation cod®MDEC is developed
for analysis of the statistical decaying process of compound
nucleus[54]. In this appendix, we explain the calculation 10’
procedure ofsIMDEC and compare the results by the code
SIMDEC with the experimental data and the results by another

T ||||||||
y vl

TTTTTTT
vl

simulation code. 80 90 100 110 120 130

In the paper, the fission decay widlh is calculated by Eie» (MeV)
the diffusion model, not by the statistical model. In the cal-
culation of the cooling curve we use the calgDEC and the FIG. 15. Excitation function for evaporation residue cross sec-
temperature variation by the particle emissions is calculateton for the8*Ta (*°F, xn) reaction. Open circles, solid circles, and
with I';=0. open squares represent the measured cross sections, fén4dand

In the codesIMDEC, the time duratiomt) from theith 6n channels, respectively. The data originate from Hiredeal.
stage to thei(+1)th one by particle emission is estimated (1982 [63] and Charityet al. (1986 [64]. The dashed curves are

from the total widthl') calculated at théth disintegration standard predictions for the cross section with the cadee. The
stage[60] thick solid curves correspond to the excitation function as calcu-

lated from our codesiIMDEC.

At =— pmin R (0<R<1), At the second step, we find the timgin the same way,
. R 1 [t
ri= 3 rdO+T, (B1) S r@4rg ldi=1; (B5)
k=n,p,a,y h ti j=n,p,a,y

wherek stands for the index of disintegration channels, i.e., o ) ) )
number. The mean fission width in each disintegration stepnated by Eq(B1), andI'¢(t) is averaged over the time in-

T is calculated from the delay property of fissif28,29.  terval (tj.t) to getT{?. The same process is done for
The time-dependent fission width is assumed to have theuccessive steps, for examplg=t; + At +- . .
following factor: In each time interval thus determined, t0,(t;,t5),...,
BW the decay channel is specified by using a random number
()=, according to the weight of () andT'{" .
¢ The particle binding energy is calculated from the Mo
f(t)= 1/ 1+ exp{ C] ) , (B2) lersmass .tabl_éS]. The angular momentum transfer for par-
d ticle emission is treated precisely. For the nuclear level den-
i ism f the formul ilbert an m
Wherv'e.FfBW is the Bohr-Wheeler fission width given by the \?v;[%/h lésr?)s?sjegr? ?ir?dthldOmeiL;:ra’lsbgo?re?:fi@t&g] gtclt?w Z[?eﬂr-
transition state methofb9], andt. andd are parameters 10 e 19 estimate the-ray width correctly. The fission barrier

realize the delay time of fission and are determined Consisg_(TY in siMpEC is composed of the parts of the droplet

tently with the solution in the Langevin equation st@B].  mqdel and temperature-dependent shell and pairing correc-
In the actual calculations, the average value of fission;gp-

width T{" in each disintegration step is determined as fol-

lows. At the first step, we find the half lifetintg for various _ DM T g.s. gs. a2
disintegrations, which satisfies Bi(T)=B;"(T) — (8Ug+ oUpzi exp| aT/Ed}’(BG)
= fl > TP+Ty(yidt=1 (B3) DM DM 2
7o |icSay 1 T : BPM(T)=BP"(T=0)(1-£T2). (B7)

This equation means that the system disintegrates with unit the results by the codeiMDEC are compared with the
probability untilt,. The average valuE{" used in the first experimental data and the calculations given by another

step of disintegration can be obtained by simulation code to confirm its validity. For example, the data
t for the *¥Ta (%, xn) reaction[63,64 are analyzed and are
ﬂl)zi f 1Ff(t)dt. (B4) pompared with the results by the codacke [65] as shown
t1 Jo in Fig. 15.



PRC 59

[1] V. M. Strutinski, Nucl. PhysA95, 420(1967).

[2] V. M. Strutinski, Nucl. PhysA122, 1 (1968.

[3] W. D. Myers and W. J. Swiatecki, Nucl. Phy&l, 1 (1966.

[4] W. D. Myers and W. J. Swiatecki, Ark. Fy86, 343 (1967).

[5] P. Mdler, J. R. Nix, W. D. Myers, and W. J. Swiatecki, At.
Data Nucl. Data Table§9, 185(1995.

[6] Z. Patyk and A. Sobiczewski, inhow Energy Nuclear Dynam-

FLUCTUATION-DISSIPATION MODEL FOR SYNTHESS . . .

809

[35] Y. Aritomo, K. Okazaki, T. Wada, M. Ohta, and Y. Abe, in
Proceedings of Tours Symposium on Nuclear Physicset
ited by M. Arnould, M. Lewitowicz, Yu. Ts. Oganessian, M.
Ohta, H. Utsunomiya, and T. Wada, AIP Conf. Proc. No. 425
(AIP, New York, 1998, p. 61.

[36] C. W. Gardiner,Handbook of Stochastic MethodSpringer-
Verlag, Berlin, 1990

ics, edited by Yu.Ts. Oganessian, W. von Oertzen, and R[37] J. P. Blocki, H. Feldmeier, and W. J. Swiatecki, Nucl. Phys.

KalpakchevaWorld Scientific, Singapore, 1995p. 313.

[7] U. Mosel and W. Greiner, Z. Phy222 261 (1969.

[8] S. G. Nilsson, C. F. Wycech, A. Sobiczewski, Z. Szysiin
S. Wycech, C. Gustafson, I.-L. Lamm, P."Néw, and B. Nils-
son, Nucl. PhysA131, 1 (1969.

[9] K. Rutz, M. Bender, T. Bwenich, T. Schilling, P.-G. Rein-
hard, J. A. Maruhn, and W. Greiner, Phys. Rev56 238
(1997.

A459, 145(1986.

[38] P. Frdorich, Phys. Repl16, 337(1984).

[39] C. E. Aguiar, V. C. Barbosa, R. Donangelo, and S. R. Souza,
Nucl. Phys.A491, 301 (1989.

[40] C. E. Aguiar, V. C. Barbosa, and R. Donangelo, Nucl. Phys.
A517, 205 (1990.

[41] W. J. Swiatecki, Phys. Sc4, 113(1981).

[42] W. J. Swiatecki, Nucl. PhysA376, 275(1982.

[10] S. ONiok, J. Dobaczewski, P.-H. Heenen, P. Magierski, and[43] S. Bjthrnholm and W. J. Swiatecki, Nucl. PhyA391, 471

W. Nazarewicz, Nucl. PhysA611, 211(1996.

[11] P. Armbruster, Annu. Rev. Nucl. S@&5, 135(1985.

[12] G. Munzenberg, Rep. Prog. Phy&l, 57 (1988.

[13] Yu. Ts. Oganessian and Y. A. Lazarev,Tireatise on Heavy-
lon Science edited by D. A. Bromley(Plenum, New York,
1985, pp. 3-251.

[14] S. Hofmannet al, Z. Phys. A354, 229 (1996.

[15] Yu. Ts. Oganessian, Nucl. Phy&488, 65c(1988.

[16] H. Gaeggeleket al, Z. Phys. A289 415 (1979.

[17] Yu. Ts. OganessiarClassical and Quantum Mechanical As-
pects in Heavy lon Collision, Lecture Notes in Physi¢sl. 33
(Springer-Verlag, Heidelberg, 19% 5. 221.

[18] Yu. Ts. Oganessiaat al., Radiochim. Acta37, 113(1984).

[19] G. Munzenberget al, Z. Phys. A309, 89 (1982.

[20] S. Hofmannet al, Z. Phys. A 350, 277 (1999; 350, 281
(1995.

[21] W. Greiner, Int. J. Mod. Phys. B, 1 (1995.

[22] PIAFE Collaboration, inLow Energy Nuclear Dynamids$],
pp. 30—43.

[23] H. Nifenecker(private communication

[24] T. Sikkeland, J. Maly, and D. F. Lebeck, Phys. R&§9, 1000
(1968.

[25] A. N. Andreyevet al,, Z. Phys. A345, 389(1993.

[26] A. Gavronet al, Phys. Rev. (35, 579 (1987).

[27] D. J. Hinde, D. Hilscher, and H. Rossner, Nucl. Ph4802,
497c(1989.

[28] T. Wada, Y. Abe, and N. Carjan, Phys. Rev. L&, 3538
(1993.

(1982.

[44] P. Paul and M. Thoennessen, Annu. Rev. Nucl. Part. 8gi.
65 (1999.

[45] H. A. Weidenller and J.-S. Zhang, Phys. Rev. 29, 879
(1984).

[46] R. Vandenbosch and J. R. Huizengdyclear Fission(Aca-
demic Press, New York, 1973

[47] R. BassNuclear Reactions with Heavy loSpringer-Verlag,
Berlin, 1980Q.

[48] J. Maruhn and W. Greiner, Z. Phy251, 431(1972.

[49] K. Sato, A. lwamoto, K. Harada, S. Yamaji, and S. Yoshida, Z.
Phys. A288 383(1978.

[50] K.-H. Schmit, Nucl. PhysA488, 47c(1988.

[51] X. Campi and S. Stringari, Z. Phys. 209, 239(1983.

[52] R. W. Hasse and W. D. Myer§eometrical Relationships of
Macroscopic Nuclear PhysidSpringer-Verlag, Berlin, 1988

[53] H. J. Krappe, in “Proceedings of the International Workshop
on Dynamical Aspects of Nuclear Fission,” Smolenice, CSFR,
1991, JINR Dubna, Report No. E7-92-95, p. 51.

[54] M. Ohta, Y. Aritomo, T. Tokuda, and Y. Abe, iRroceedings
of Tours Symposium on Nuclear Physicsdtlited by H. Ut-
sunomiya, M. Ohta, J. Galin, and G. MzenbergWorld Sci-
entific, Singapore, 1995p. 480.

[55] A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin, Sov. J.
Nucl. Phys.21, 255(1975.

[56] J. Tcke and W. J. Swiatecki, Nucl. Phya372, 141(1981).

[57] V. Weisskopf, Phys. Rew2, 295(1937.

[58] H. A. Kramers, Physic&Utrech) 7, 284 (1940.

[29] Y. Abe, S. Ayik, P.-G. Reinhard, and E. Suraud, Phys. Rep[59] N. Bohr and J. A. Wheeler, Phys. Red6, 426 (1939.

275, 49 (1996.

[30] K.-H. Schmidt and W. Morawek, Rep. Prog. Physl, 949
(1991).

[31] W. Reisdorf and M. Schiel, Z. Phys. A343 47 (1992.

[32] Y. Aritomo, T. Wada, M. Ohta, and Y. Abe, Phys. Rev56,
R1011(1997.

[33] T. Wada, Y. Aritomo, T. Tokuda, M. Ohta, and Y. Abe, Nucl.
Phys.A616, 446¢(1997).

[34] Y. Abe, Y. Aritomo, T. Wada and M. Ohta, J. Phys. Z3,
1275(1997).

[60] A. Gavronet al, Phys. Rev. C35, 579(1987.

[61] A. Gilbert and A. G. W. Cameron, Can. J. Phyk3, 1446
(1965.

[62] M. K. Grossjean and H. Feldmeier, Nucl. Phys444, 113
(1985.

[63] D. J. Hinde, J. R. Leigh, J. O. Newton, W. Galster, and S. Sie,
Nucl. Phys.A385, 109(1982.

[64] R. J. Charityet al,, Nucl. Phys.A457, 441(1986.

[65] F. Pasil, Oak Ridge National Laboratory Report No. ORNL/
TM-6054, 1977.



