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Diffusion mechanism for synthesis of superheavy elements
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The fusion-fission process in heavy systems is analyzed by the Smoluchowski equation with the finite-range
droplet model potential of no pocket and the temperature-dependent shell correction energy which generates
the pocket around the spherical shape. The evaporation residue cross sections of superheavy elements have
been shown to have an optimum value at a certain initial temperature, due to the balance between the diffus-
ibility for fusion at high temperature and the restoration of the shell correction energy against fission at low
temperature[S0556-281®7)50303-7

PACS numbe(s): 27.90:+b, 24.60.Dr, 24.60.Ky, 25.70.Jj

In recent years, new heavy elements have been synthe- In this paper, we describe the whole process by dissipa-
sized by the so-calledold fusionreaction[1], in which the tive dynamics from the contact of two incident nuclei to the
target of Pb or Bi isotopes near doubly magic nucleus ardormation of the compound nucleus and further to the resepa-
bombarded by Ni or Fe isotopes, and the findings of theation, namely, fission back into the symmetric fragments.
heaviest elements from 110 to 112 are reported with thérom the analysis of prefission neutrons and fragment kinetic
cross section of the order of picobai2]. The cold fusion energies, a strong dissipation comparable to the one-body
reaction is aimed at obtaining a high survival probability model is recommende®], which permits us to use Smolu-
against fission, but it suffers a great loss of fusion probabilitychowski equation for fusion-fission dynamics as an approxi-
into compound nuclei. On the other hand, a symmetricmation of the Kramers or Langevin equation. As is well
target-projectile combination can p_roduce a rather CO!Qmown and is readily seen in Eql) below, the Smolu-
heavy compound nucleus due to the interplay of the potentiadhowski equation describes diffusion over the potential en-
barrier and theQ value[3]. It turns out, though, that there is g1y surface with the diffusion coefficiefit u 8, whereT is
a fusion hindrance, i.e., a necessity of extra-push enefbly  yhe temperature of the compound nucleughe inertia mass

Thergfore, also in.those _systems, th_ere are the Conﬂi.CtmEarameter, ang the reduced friction coefficierithe product
requirements of high fusion probability and high surwvalgf the latter two being simply a friction coefficient

probability. The purpose of the present paper, thus, is to fin Y — .B). With this diffusion model, we can immediately ex-

out an optimum condition compromising the two require- . o : .
ments for synthesis of superheavy elements with massiv@eCt that an optimum condition exists for residue cross sec-

target-projectile combinations. tions. Qualitatively, in the formation process, higher tem-

Since there is no pocket around the spherical shape in thRerature is favorable due to large diffusibility into the
potential of the droplet model, and therefore no barrier, ther€ompact configuration from the dinucleus one at contact,
is no formula for fusion probability, neither for fission decay While in the decaying process, lower temperature is favored
probabmty of Superhea\/y e|ementwe remind the reader fOI‘ |arger reSIdue pl’Obablllty because Of the h|gher f|SS|0n
that Bohr-Wheelef5] as well as Kramer§6] formulas are  barrier caused by the restored shell correction energy as well
not valid for cases without barrierTherefore, there is no as the smaller diffusion coefficient. Therefore, a balance be-
proper description for formation and decay of the superheaviween the above two requirements gives rise to an optimum
compound nuclei before they cool down enough to restoréemperature or excitation energy of the compound system for
the shell correction energy which generates the pocket. Ithe synthesis of superheavy elements. It should be noted here
other words, we have to employ a new dynamical descripthat, in the later stage of the decay process, the present treat-
tion, at least for the early stage from the dinucleus complexment is more or less the same as the conventional one, but it
with the fully dissipated incident kinetic energy to the spheri-is completely different from the latter in the formation stage
cal compound nucleus formation, and for its decay in theand in the early stage of the decay. Thus, contrary to the
stage before the temperature becomes low enough for trednventional statistical analyses, the residue probability can-
restoring barrier to appear. If cooling due to neutron evaponot be factored into the static fusion probability and the sur-
ration is much faster than the time scale of fission, which isvival probability, but is given by the result of the dynamical
now becoming well accepted from the analyseyahy and  evolution of the system.
neutron multiplicities[7—9], we can expect a certain prob-  The evolution of the probability distributioR®(x,!;t) in
ability for the system to remain around the spherical shapéhe collective coordinate space is assumed to follow Smolu-
protected by the barrier. chowski equation,
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10 T tion energy disappears. It, however, is restored as the nucleus
cools down and the potential energy curve changes gradually
from the dashed curve to the solid one. Thus, one of the most
important ingredients are the shell and the pairing correction
energies, depending on the shape and temperature of the
composite system.

The temperature dependence of the shell correction en-
ergy is extracted from the free enerfy3] calculated with

V(x) (MeV)
&

[N AN NN N |

-10 single particle energielsl4]. We assume that both the shell
and the pairing correction energies have the same depen-
-15 dence on temperature; hereafter, the term “shell correction
h energy” is used to refer to the shell plus pairing correction
2ot b b - energy. The temperature dependent fadit) in Eq. (2) is
-2.0 0.0 . 2.0. 4.0 6.0 8.0 parametrized as
Separation Distance x (fm)
- . p( aT2(t))
FIG. 1. The finite-range droplet model potential energy for the d(t)=exp — , 3)
element 114 is drawn by the dashed line and the potential energy Eq

including the shell and paring corrections is drawn by the solid line. .
The initial probability density distribution is settled x, which is  following the work by Ignatyulet al. [15], wherea denotes
marked by the arrow. the level density parameter of ke and Swiatecki16]. The

shell-damping energi, is chosen as 20 MeV according to
NV(x,1:1) the above results. The cooling curvét) is calculated by the
P(x,l;t) statistical model codsIMDEC [14], which is confirmed to
give similar results to the codes in the market for medium
92 and heavy nuclei. The Smoluchowski equation is solved nu-
+ B WP(XJ it). (1) merically with the finite difference method.
- Concerning the initial condition, we assume that the ki-
The coordinatex is defined asx=R.,,— 3r A so that netic energy of the relative motion in the entrance channel
x=0 corresponds to the spherical shape, wirg denotes dissipates completely just inside the contact distance. The
the separation distance between the mass centers of the rifial probability distributionP(x,l;t=0) has a Gaussian
scent fission fragments in the case of symmetric fissfon, Shape with a very small width and is imposed at
the mass number of the nucleus, and-1.16 fm. The an-  Xo=Xcon 0.5 fM, wherexe,y is the contact distance evalu-
gular momentum of the system is expressed both the ~ at€d aSXcon=2ro(A/2)™—3roA™" The position ofx, is
inertia massu and the reduced frictiop are assumed to be Marked by the arrow in Fig. 1 fok=298.(The effect of the
independent of the shape of the nucleus in the present calc@PProaching phase before contact such as the barrier penetra-
lations. The parametex is taken to be the reduced mass for tion, and coherent or incoherent interactions should be taken
the symmetric separation agtis 5x 10?'s™* corresponding into account[_l?]. But in the_pres_ent cal_culatlon, they are
to the weakest value of one-body dissipation in a series dféglected while the penetration will be discussed Ia@h-
shapes. Note that Eq1) actually does not depend on the viously, the present initial condition is crude, but should be

7 pxlity= — 2
ot (X”)_,uﬂax ax

inertia mass, but only on the frictiop= 3. allowed f_or the first prelimina_lry cglculations. A_s the fusion
The time-dependent potential energy curve appearing if"OC€SS is supposed to be diabatic, the potential would be a

Eq. (1) is defined as follows: Ilttl_e d|ﬁ_‘erent frqm that for the decay processupposedly _
adiabatig. The difference surely changes the results quanti-

#2A(1+1) tatively, but not qualitatively, so in the present calculation

V(x,1;t) = Vom(X;t) + W+Vshel(x)¢(t)1 we use the one-dimensional potential. An extension to mul-
tidimensional coordinate space including the neck degree of

Vou(X:t) = (1= ET3(1))E4(X) + Ec(X), 2) freedom from the contact stage with velocity distributions,

etc. is straightforward and will be made in the near future for
where | (x) is the moment of inertia of the rigid body at realistic calculations with various mass asymmetric combi-
deformationx. Vpy andVg,e are the potential energy of the nations of projectiles and targets.
finite-range droplet model and the shell plus pairing correc- The evaporation residue cross section is defined as the
tion energy afT=0, respectively. Both are calculated with probability which is left inside the fission barrier in the final
the code developed by Mer [10]. Es denotes the sum of stage of the cooling process and is proportional to the quan-
the surface and the curvature energy &hds the Coulomb  tity d(To,l;t) att=co:
energy of the droplet model. The temperature dependence of
Es is introduced withé=0.014 MeV 2 [11]. The potential d(To,l:t)= fx
energy curve along the minimum valley is calculated with 0
the e parametrizatior{12] and is shown in Fig. 1 for the
nucleus withZ=114 andN=184. The solid and dashed Here,T is the initial temperature amnxi,qstands for the first
curves denot& o+ Vpuw andVpy,, respectively. When the saddle point in Fig. 1. The evaporation residue cross section
nucleus is in high temperature, the shell plus pairing correcegy=2,0(Hl,yn) is calculated as

SaUIP(X,I;t)dx. (4
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FIG. 3. The excitation function of the evaporation residue cross
section for $3%a + i%a —?%114 reaction calculated from
d(Ty,l;t.). Results for three values of reduced friction parameter
B are plotted:3=2.5x 10?*s ! (circles, 5.0x 10?'s™! (squarek
and 7.5<10%*s ! (triangles. The corresponding Bass potential bar-
rier is indicated by the arrow.

FIG. 2. The time evolution of the probability density in the
compact configuration regiod(Ty,l=10;t). The curves for five
initial temperatures are plottedT(=0.68 (short-dashed 0.79
(long-dashey 0.96 (solid), 1.11 (dot-dashey and 1.24 Me\(dot-
dot-dashed

2 —298114 reaction is shown in Fig. 3 by squares. The results

with B=2.5x10%'s ! and 7.5<10**s ! are also plotted by
circles and triangles, respectively. It is seen that the charac-
) teristic feature in the excitation function exists over a wide
where uo denotes the reduced mass in the entrance channgdnge of the friction strength. In this reaction system, the
andE. n the incident energy in the center-of-mass frame. Bass potential barrier height8] is 320 MeV in the center-

As an example of reactions forming the doubly closedypf.mass frame and correspondsBg=9 MeV in the com-

7h
ov=5———2, (21+1)d(To,l;t=2),
2:‘*LOEc.m. |

©)

superheavy nucleus, we consider the reactigfiLa

pound nucleus as shown in Fig. 3. Thus, abBye-9 MeV,

+g7La —2%114. The time-dependent feature of the prob-the penetration factor for the Bass barrier does not drastically

ability d(T,,I=10;t) is plotted in Fig. 2 for five different
incident energies which correspondTg=0.68, 0.79, 0.96,
1.11, and 1.24 MeV. Up to the time of around>300 ?!s,

change the energy dependencel©f,l;t.,) obtained by the
diffusion model. The excitation function shows a bell shape
having a maximum aroune,~25 MeV which is produced

the probability density in the region of the compact configu-by the two competing factors discussed above, not by the
ration is supplied by diffusion from the contact region and itsusual origin, i.e., accumulation of partial waves and disap-
yield increases rapidly. But during that time, the main part ofpearance of the fission barrier in high angular momenta. It
the probability initially atx, has descended down the slope should be emphasized that the optimum cross section can be
of the potential and thus the supply ceases. Afterrealized above the Bass barrier in this reaction system and
t~30%x 10 2's, the probability density accumulated in the thereby can be observed experimentally.
compact configuration area diffuses back over the fission In summary, a diffusion model which takes into account
barrier arising from the restoration of the shell correctiondynamical evolution of a distribution including statistical
energy. At low temperatures such Bs=0.68 MeV, 60% of fluctuations in the deformation parameter space is shown to
the correction energy is restored and the fission barrier i9e a necessary and appropriate way to describe fusion-fission
about 6 MeV. Therefore, the fission width is very small andprocess for systems without, as well as with, pocket. With
d(Ty,l;t) becomes flat quickly. On the contrary, in the casethe model, it is shown for the synthesis of superheavy ele-
of To=1.24 MeV, restoration sufficient to prevent the sys-ments that there exists the optimum initial temperature or the
tem from fissioning takes time, during which the yield accu-excitation energy of compound system due to the balance
mulated in the compact configuration area diffuses out rapbetween the diffusibility for fusion and the restoration of the
idly as shown in Fig. 2. shell correction energy against fission. Roughly speaking, the
The height of the peak around 800 ?'s is essentially optimum temperature is around the restoration temperature
determined by the diffusibility into the compact configura- of the shell correction energy. In the present symmetric sys-
tion area, while the decrease from the peak value to the findem, the maximum cross section of about ten picobarns is
yield at t,,=2000x 10 ?'s is determined by how fast the obtained around,=20~30 MeV. The absolute value of the
shell correction energy is restored to give rise to a sufficientross section, of course, depends on the friction coefficient
barrier height. Thus, the final yield surviving in the compacty= 8 as well as the initial condition, etc. as stated above,
configuration area is determined by two factors: the diffusawhich should be treated in more realistic ways, but the pro-
ibility depending on the temperature and the restoration oposed mechanism will not essentially be affected by them.
the shell correction energy. For example, the qualitative feature does not change with
In terms of the obtained values of(T,,l;t.), we can B as shown in Fig. 3. We can also take into account the
calculate the evaporation residue cross seatippwith Eq.  temperature dependence of the level density paraneeter
(5). The excitation function obrg, for the 1*%a + *La  used in the statistical calculation. It was confirmed that the
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gualitative feature does not change with the modificationinvestigated in detail in comparison with the present one-
The authors believe that this novel mechanism can inspirdimensional model.

new experimental studies for the synthesis of superheavy el-

a full paper, which is now in preparation. A more realistic agement from the early stage of this work. This work was
model of two-dimensional dynamics including the neck de-partly supported by a Grant-in-Aid for Scientific Research on
gree of freedom has been prepared, in which effects of théhe Priority AreagNo. 08213101 of the Ministry of Educa-

difference between the fusion and the fission paths will beion, Science, Sports and Culture in Japan.
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