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Abstract. We analyzed experimental data obtained for the mass distribution of fisaigments in the reac-
tions36S+238Y and®°Si+2%U at several incident energies, which were performed by the JABAmUsing the
dynamical model with the Langevin equation, we precisely investigate tlgeimcenergy dependence of the
mass distribution of fission fragments. We also consider the fine stredtuthe mass distribution of fission
fragments caused by the nuclear structure at a low incident eneigyexplained why the mass distribution of
fission fragments hasfiierent features in the two reactions. The fusion cross sections arestifeated.

1 Introduction are diterent from each other at the low incident energy. In
section 5, we present a summary of this study.

Our FLNR theoretical group has recently developed a cal-
culation model that can treat all reaction processes ilheav 2 Model
and superheavy-mass regions, the so called "unified model”,

which has been applied to several types of reactions [1, mainly, we focus our attention on the dynamics of the fusion-
2]. The unified model implies an unified dynamical ap- fission process in superheavy mass region. In the exper-
proach and unified multidimensional potential energy. We jmental data for the mass and TKE distribution of fission
then perform a trajectory calculation on the time-depehden fragments, each reaction type (fusion-fission processiqua
unified potential energy surface using the Langevin equa-fission process, deep-inelastic collision, elastic sdage
tion. etc.) appears simultaneously, and the reactions are abuple

Here, we mainly analyze the experimental data obtainedwith each other. Therefore, we apply an unified dynam-
for the mass distribution of fission fragments (MDFF) in jcal approach and unified multidimensional potential en-
the reaction$S+2%8U and 3°Si+238U at several incident ergy, which were proposed by Zagrebaev and Greiner [1,
energies, which were measured by the JAEA group [3,4]. 2]. We perform a trajectory calculation on the potential en-
The analysis of the mass distribution of fission fragments ergy surface. Thus, the whole evolution of the heavy nu-
is a powerful tool for investigating the mechanism of the clear system can be traced starting from the infinite dis-
reaction in the heavy- and superheavy-mass regions. Ustance between the projectile and target to the end of each
ing the dynamical model, we precisely investigate the in- process.
cident energy dependence of mass distribution of fission  \We apply a new method for the calculation of the multi-
fragments. This study is the first attempt to treat such ex- dimensional potential energy using the extended two-cente
perimental data systematically. We also consider the fineshell model [5]. We take into account the time evolution
structures in the mass distribution of fission fragmentsedu from the diabatic potentidlgian(q) to the adiabatic poten-
by the shell structure at a low incident energy. In the reac- tial Vgian(q), hereq denotes the collective coordinates of
tion 3°Si+238U, there are two peaks at approximatély= nuclear deformation. The diabatic potential is calculated
90 and 178 at a low incident energy, which do not corre- by the folding procedure withféective nucleon-nucleon
spond to nuclei with a closed shell. Using our model, we interaction [1,2,5]. We use the adiabatic potential energy
analyze the data obtained from this reaction in an attemptof the nuclear system calculated using the two-center shell
to understand the origin of these peaks. We also calculatemodel. We connect the diabatic potential and adiabatic po-
the capture cross section,p, and the fusion cross section  tential with a weight function as follow¥ = Vgian () f (t)+
o fus, and compare them with the experimental data. Vadiap(@[1 - f(0)], f(t) = exp(—%). Here,t is the time of

In section 2, we briefly explain our framework in this interaction andf (t) is a weight function on the relaxation
study and the model. We show the calculation results of thetime 7. We use the relaxation time = 1072! sec, which
MDFF in the reactior?®S + 236U and®Si + 26U at sev-  was suggested in references [6].
eral incident energies in section 3. In section 4, we discuss  As the coordinates of nuclear deformation, we use the
the reason why the shape of the MDFF for both reactions two-center parametrization [7, 8] and employ three param-
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eters as followsz, (distance between two potential cen-
ters),s (deformation of fragments), and(mass asymme-
try of the colliding nuclei)i = (A1 — Az)/ (AL + A2), where
A; and A, denote the mass numbers of the target and the ¢
projectile, respectively. The detail is explained in refeze S
(9l R e
We perform the trajectory calculation on the time-dependen
unified potential energy using the Langevin-type equation.
The multidimensional Langevin equation is described pre-
cisely in reference [1].
The adiabatic potential energy is defined as
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Fig. 1. Mass distributions of fission fragments in the reaction
3654238, Experimental data and calculation results are denoted
by circles [3] and histograms, respectively. Fusion-fission events
correspond to shaded areas.

2
Vadiab(Q, L, T) = Vip(Q) + AL+ 1) +Vsu(a,T), (1) the reaction®®s + 238U at several bombardment energies
21(@ around the Coulomb barrier [3]. Figure 1 shows the MDFF
_ _ 0 atE.=176.0 €*=61.5) MeV,E;1,=166.0 E*=51.5) MeV
Vio(Q) = Bs(@) + Ec(@), Vs(@, T) = Bge (Q2(T), (2) andE.,=154.0 E*=39.5) MeV, which are denoted by cir-
. cles. At the high incident energy, the mass-symmetric fis-
&(T) = exp(— E ) (3) sion fragments are dominant. On the other hand, at the low
Eq incident energy, the mass-asymmetric fission fragments are

dominant. We can observe Pb fragments, which have a
strong nuclear structure.
Since the nuclei of the actinides are prolately deformed,

wherel (q) is the moment of inertia of a rigid body at de-
formationq. V p andVsy are the potential energy of the
finite-range liquid drop model and the shell correction en- . : / r
ergy tak|ng into account the temperature depend&&gl_ the Coulomb barrier helght depends on the orientation of
is the shell correction energy &t= 0. The temperature de-  the target nuclei and reactions start fronffetient config-
pendent factom('r) is discussed in reference [10], where urations with the nuclei in contact. The two extreme cases
E* denotes the excitation energy of the compound nucleus.are collisions at poles and equator of the target nucleus. At

The shell damping enerdyy is chosen as 20 MeV, which
is given by Ignatyuk et aEs andEc denote a generalized

a low projectile energy, nuclear contact only occurs in po-
lar collisions, whereas at a higher energy, nuclear contact

surface energy and Coulomb energy, respectively. The cenalso occurs in equatorial collisions.

trifugal energy arising from the angular momentinof

As a first approximation, we start the calculation for

the rigid body is also considered. The detail is explained in the spherical-spherical configuration at the high incident
reference [9]. energy. Since all configurations are possible at the high in-
Each trajectory starts from afigiently large distance ~ cident energy, we use this assumption when considering

between both nuclei. The capture and fusion cross sectiongverage configurations. At the low incident energy, we take
are calculated as follows, the initial condition as a collision with the pole of the tatg

238 nucleus, whose deformationgs = 0.215 ¢ ~ 0.2).
The calculation results are denoted by histograms in

mh? Fig. 1. At the incident energieB* = 61.5 MeV andE* =
M = ;(% + DTe(Eem, 0), ) 515 MeV, we start the calculation for the spherical-spherical
2 - configuration. With the low incident energi* = 395
n MeV, as the initial condition, we consider the polar colli-
Tt = S oEam ;(2‘) + 1)Pen(Ecm, €), (%) sion of the target. The calculations are normalized to agree

with experimental data in the mass-symmetric fission re-
whereuy denotes the reduced mass in the entrance changion. The trend of the experimental data, i. e., the incident
nel. T,(Ecm, £) is the capture probability of théth par- energy dependence of the MDFF, is reproduced by the cal-
tial wave.Pcn(Ecm, £) is the probability of forming a com-  culation. However, there is a discrepancy for very asym-
pound nuclei in competition with quasi-fission events. The metric mass region (above arouAd= 210 and below 40
method used to estimate the probabilitiBgEm, £) and or 50).
Pcn (Ecm, £) by a dynamical calculation is explained in the The MDFF in experimental data includes only fission
next section. events and does not include the elastic/andhucleon-
transfer events, or deep inelastic components. In the ex-
periment, fission events can be separately clearly from the
elastic angbr nucleons transfer events as we can see in
Fig.1(c) of the reference [3]. The mass distribution was
obtained by using events entering in the 'Fission’-gate in
Fig.1(c). In addition, fission events followed by the nucleo
transfer were removed in théfdine analysis, by using the
The fragment mass distributions for fission after full mo- information on the fragment emission angle. That is the ex-
mentum transfer were measured by the JAEA group for perimental spectra include fission events when momentum

3 Incident energy dependence of mass
distribution of fission fragments

3.1 Reaction of 365+238
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Fig. 3. Mass distributions of fission fragments in the reaction
3054238y, Experimental data and calculation results are denoted
by circles [4] and histograms, respectively. Fusion-fission events
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3.2 Reaction of 30Sj+238y
Fig. 2. Excitation function ofocap, 0a/2:20 @ndorsys in the reac-
tions %6S5+238Y (@) and®°Si+2%8U (b). Experimental data af ;s
are denoted by circles [3] and [4], respectively.

In the MDFF for the reactioffS + 28U at the low incident
energy, mass-asymmetric fission events are dominant. We
can observe a peak near Pb fragments in Fig. 1. However,
in the reactior?®Si + 238U at the low incident energy, the

of the projectile is fully transferred to the system. How- overall tendency and shape of the MDFF arféelent from
ever, the calculation was included all processes. Thezefor those in the reactio?S + 28U, The MDFF in the reaction

the calculation results do not agree with the experimental *°Si + 233U has also been measured by the JAEA group [4].
data at very asymmetric mass region. In Fig. 3, the experimental data at the incident energies

The calculation and experimental data at the low inci- Ecm=144.0 €'=50.5) MeV, Ecy=134.0 €°=40.5) MeV
dent energy show the peak aroud= 200 in the MDFF.  @ndEcn=129.0 €'=35.5) MeV are denoted by circles. At
It seems that this peak is originated from the sh@#es,  the low incident energye" = 35.5 MeV, mass-symmetric
which R. Kalpakchieva et. al. pointed out [11]. We pre- fission events are dominant, and three significant peaks ap-

cisely discuss the mechanism creating this peak in the nexiP€ar @i ~ 90,134 and 178. Itis not obvious that the peaks
section. at A ~ 90 and 178 correspond to nuclei with a strong nu-

. . clear structure.
In the experiment, the cross sections for the full mo- The calculation results are shown in Fig. 3 as histograms
mentum transfer fissionfiss) are shown in Fig. 2(a) as in which we use the same parameters ags- those in t?]e re-'
function of the incident energy [3]. The cross sections are P

H 36 238 inei H ®
almost equal to those of the projectiles captured inside theﬁ/lcé'\?gndsEt _ 4%' SA;Ag:/e \/I\?eCISqEer]: tﬁzecrgllgfatio_n fso];?he
Coulomb barrier. The calculation results for the capture L :

X . : spherical-spherical configuration. At the low incident en-
crosz sectlom-_capland fusion cross sectiamiys are de- ergy,E* = 355 MeV, we take the initial condition as a col-
hoted, res'pect|ve y- , _lision with the pole of the targef®U nucleus. The results

To estimate the cross sections, we start the calculationat high and low incident energies are in agreement with the
for the spherical-spherical configuration as a first approx- tendencies of the experimental data. The calculationtesul
imation. The calculation using the Langevin equation is a f the capture cross section, fusion cross sectionrys
classical one; therefore, we obtain the cross sectionsabov 5nq mass symmetric fission cross sectig.2o are de-
the Bass barrier region/{+* = 1588 MeV). We calcu-  noted in Fig. 2(b), respectively. We obtain these cross sec-
late the capture cross section using the procedure in réf+jong performing the calculation for the spherical-spturi
erences [12], in which the capture cross sections were deconfiguration as a first approximation. The Bass barrier of
rived by counting the events within a frame using a two- ihis system i8/B3S = 1411 MeV. o¢,s iS ONe or two or-
dimensional matrix of counts as a function of the mass gers of magnitude smaller than the cross Seali@f. 20
and total kinetic energy. The calculated fusion cross sec-\yhich shows the same tendency as that in the readt®n
tion o 1ys is derived from the trajectory crossing the fusion | 238 \\e also plot the fusion events, which are denoted
region. We define the fusion region as the inside of the by shaded area in Fig. 3. It shows that mass-symmetric fis-

fission barrier in the three-dimensional coordinate spacegjon events come from fusion-fission process and quasi-
[9]. In Fig. 2(a) the cross sectioma 2.20, Which derived fission process.

from the yield of mass-symmetric fission fragments whose

mass number is greater th#gy/2 — 20 and less than

Acn/2 + 20, is denoted. Herécy denotes the mass num- . . .

ber of the compound nucleus. The fusion cross section4 Analysis of mas.s Q|str|but|on of fission

otus IS ONe or two order of magnitude smaller than the fragments at low incident energy

Cross sectionra 2.20. In the MDFF, we also plot the fu-

sion events, which are denoted by shaded areas in Fig. 1We investigate the reason why the shapes of the MDFF for
We can see that it is possible to obtain the mass-symmetrichoth reactions are fierent from each other at the low in-
fission events in the quasi-fission process [9]. cident energy. The shape of the MDFF fgeated by the
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landscape of the potential energy surface. Therefore, web.
investigated the féect of the potential energy surface by
calculating the MDFF using the potential eneigy, and

Vip + Eghw for the adiabatic potential energy part. When
we useVip + ES . the peaks appear &t~ 90 and 178 6.
in the reactior’®Si + 228U in the MDFF, because the po-
tential energy surface has valleysfat 90 and 180 which
appear owing to the balance betweéénr and E(S)he”. This
is a fine feature of the MDFF. On the other hand, the gen- ©-
eral features of the MDFF appear to be mainly governed by
the landscape of potential energy around the contact point,?:
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abatic potential an¥,p of the adiabatic potential. It de-
termines whether the distribution has a convex or concave
shape. The detail is described in reference [13].
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In this article we analyzed the experimental data obtained13. Y. Aritomo, to be published iRhys. Rev. C.

for the MDFF in the reactiong®S+238U and 30Si+238y

at several incident energies, which were measured by the
JAEA group [3,4]. We applied an unified model and per-
formed a trajectory calculation. The incident energy de-
pendence of the MDFF was precisely investigated. This
study is the first attempt to treat such experimental data
systematically. We also discussed the fine structures in the
MDFF caused by the shell structure at a low incident en-
ergy. The incident energy dependence of experimental data
was reproduced by the calculation. At the low incident en-
ergy, it is significant that we take the initial condition as a
collision with the pole of the targéf®U nucleus. We also
stress that it is very important to consider the temperature
dependence of shell correction energy on the potential en-
ergy surface.
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