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Abstract. The effects of the entrance channel and shell structure on the experimental evaporation residues
have been studied by analyzing the 3?S + ¥2W, %871 4+ 1%6Er and %°Ni 4+ '5*Sm reactions leading to
217h*: the *°Ar + 81 Ta reaction leading to 22'Pa*; the “8Ca + 2*3Am, 2**Cm, 2*°Cf reactions leading
to the 297115, 296116 and 2°7118 superheavy compound nuclei, respectively. The fusion mechanism and
the formation of evaporation residues of heavy and superheavy nuclei have been studied. In calculations
of the excitation functions for capture, fusion and evaporation residues we used such characteristics as
mass asymmetry of nuclei in the entrance channel, binding energies and shape of colliding nuclei, potential
energy surface, driving potential, partial-fusion cross-sections and survival probability of the compound
nucleus, I, /It ratio at each step along the de-excitation cascade of the compound nucleus. The calculations
have allowed us to make useful conclusions about the mechanism of the fusion-fission process, which is in
competition with the quasifission process, and the production of the evaporation residues.

PACS. 25.70.Gh Compound nucleus — 25.70.-z Low and intermediate energy heavy-ion reactions —

27.80.+w 190 < A <219 —27.90.+b A > 220

1 Introduction

In this paper we analyze the importance of the entrance
channel effect on the fusion-fission reaction mechanism
in collisions of massive nuclei by comparing the excita-
tion functions of evaporation residues (ER) measured for
different mass asymmetry reactions. Often the excitation
functions of evaporation residues, measured in various re-
actions leading to the same compound nucleus (CN), differ
not only by the position of the maximum but also by the
value of their maxima. The study of characteristics of nu-
clei and the fusion-fission process which are responsible for
such a difference in the evaporation residue cross-sections
is necessary for finding the optimal conditions for the syn-
thesis of new superheavy elements. The difference in the
measured evaporation residues for the reactions leading
to the same compound nuclei can be explained by the
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difference in the excitation functions of the fusion and
survival probability of the excited compound nucleus. A
decrease in the fusion cross-sections is connected with an
increase in the contribution of the quasifission process.
Quasifission reactions are binary processes which exhibit
some of the characteristics of fusion-fission events, such as
the full relaxation of the relative kinetic energy and con-
siderable transfer of mass between the two fragments. The
basic difference between the fusion-fission and quasifission
processes is that the compound-nucleus formation is not
achieved in the latter mechanism. In quasifission reactions,
a dinuclear system, which is formed at the capture stage
of heavy-ion collisions, can evolve over the potential en-
ergy surface before reaching mass symmetry or decay by
way of overcoming the quasifission barrier. The latter de-
creases usually with an increase in the mass symmetry.
Quasifission can be thought of as a bridge between deep
inelastic scattering (in which the relative kinetic energy
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can be fully damped, but mass asymmetry of the entrance
channel is mostly preserved) and compound-nucleus fis-
sion reactions, in which all the information on the entrance
channel is lost [1-11].

A dinuclear system concept (DNS) [12] reveals the rea-
son for the strong decrease in the fusion cross-section for
a massive system or for a more symmetric entrance chan-
nel. It allows us to estimate the decrease in the fusion
probability due to an increase in the quasifission process.

Calculations based on the DNS concept show [13,14]
that entrance channel effects are important for the de-
scription of the experimental data in the case of collisions
of massive nuclei.

In the present work, we consider a set of the experi-
mental data on the production of ER in the reactions with
different mass asymmetries leading to the same 24Th*
CN. We also compare our calculation results with the ex-
perimental data on reactions leading to the 22'Pa* CN.
The capture, fusion and ER cross-sections for the *3Ca, +
243Am, 48Ca + 2*8Cm and *8Ca + 2*9Cf reactions lead-
ing to the 291115, 296116 and 2°7118 superheavy elements,
respectively, have been calculated.

The aim of this paper is to analyze the effect of the in-
trinsic fusion and quasifission barriers on the distribution
of the partial-fusion cross-sections which reveals the com-
petition between complete fusion and quasifission. The
partial capture cross-sections are calculated by solving the
equation of motion for the relative distance and orbital an-
gular momentum, taking into account dissipation of the
collective kinetic energy [13,14]. The maximum value of
the orbital angular momentum up to which the capture
can occur (at a given beam energy) is calculated dynami-
cally. The partial-fusion cross-sections are calculated from
the capture cross-sections taking into account the compe-
tition between complete-fusion and quasifission processes.
This competition is determined by the factor Pon which
is calculated statistically, using intrinsic fusion and quasi-
fission barriers.

The composition of the paper is as follows. Basic fea-
tures of the dynamical approach and the advanced statis-
tical model are described in sect. 2. In sect. 3, we compare
the results of our calculations with the available experi-
mental data and discuss the effect of the entrance chan-
nel on the formation of the evaporation residue for the
reactions leading to compound nuclei 2"4Th* and 22! Pa*.
The calculated excitation functions for the capture, fusion
and evaporation residue formation for the Ca + (?*3Am,
248Cm, 249Cf) reactions leading to the 291115, 296116 and
297118 superheavy compound nuclei, respectively, are pre-
sented in sect. 4. Conclusions are presented in sect. 5.

2 Capture, fusion and evaporation residue
cross-sections in the dinuclear system
concept

According to the DNS concept [12], the fusion between
heavy ions is a complete transfer of all the nucleons of a
light nucleus to a heavy one and formation of a compound

nucleus compact in shape. Fusion of nuclei is considered
as a two-stage process. The first step is the capture, i.e.
the overcoming of the Coulomb barrier by the nuclei mov-
ing along the axis connecting nuclear centers, followed by
a formation of a nuclear composite system (the so-called
dinuclear system) [15]). The second step is the transforma-
tion of the DNS (mononucleus) into a compact compound
nucleus via a multinucleon transfer, the overlapping of nu-
cleon distributions of nuclei being small. Due to the great
value of the inertia parameter of deformation, the change
in the nuclear shape is not so big and the area of the
overlapping between the nuclei remains small: it is about
5-6% of the total volume. The shell structure of inter-
acting nuclei is retained during the multinucleon transfer.
During this transformation, the system should overcome
the intrinsic fusion barrier (Bf,,) on the potential energy
surface moving in the direction of the mass (charge) asym-
metry axis. For light and intermediate nuclear systems or
for heavy nuclear systems with a larger mass asymmetry,
the intrinsic fusion barrier is equal to zero and the cap-
ture immediately leads to fusion. Therefore, in those cases,
the fusion cross-section is calculated in the framework of
well-known models [16]. The appearance of hindrance in
the compound-nucleus formation in reactions with mas-
sive nuclei or in symmetric heavy-ion reactions was recog-
nized earlier in the framework of the macroscopic dynamic
models (see [17,18] for references). According to this type
of models, the extra-extra push energy FEy. is needed to
satisfy a necessary condition for forming a compound nu-
cleus in heavy-ion reactions. For heavier nuclear systems
and/or for a high angular momentum, the beam energy
in the CM system must exceed the maximum in the one-
dimensional interaction barrier by the amount Fy in or-
der to form the compound nucleus. This additional energy
is connected with the shape of the mononucleus formed at
capture and depends on mass and charge numbers of ini-
tial nuclei. In the DNS concept, Bf,; is connected by mass
(charge) asymmetry degrees of freedom of a dinuclear sys-
tem and it is determined by the potential energy surface.
It is built as a sum of binding energies of fragments and
the nucleus-nucleus potential, subtracting the sum of the
compound-nucleus binding energy and its rotational en-
ergy. Therefore, it is a function of the charge Z = Z; of
one of the fragments (Zy = Zyoy — Z, Zio is the total
charge number of the system) forming the DNS and the
relative distance between their centers R (see eq. (1)). In
the case of the interaction of deformed nuclei, the nucleus-
nucleus potential depends on their orientations:

U(A,Z,;R7€,51,a1;52,a2) - Bl + BQ
+ V(Z,L, B, 15 B2, a2; R)
— (BCN + VCN(K)). (1)

Here, B;, By and Bgn are the binding energies of the
nuclei in a DNS and of the CN, respectively, which were
obtained from [19,20]; V is the nucleus-nucleus interaction
potential including the Coulomb, nuclear and rotational
parts; 3; are the fragment deformation parameters and
«; are the orientations in respect to the beam direction
(see appendix A); Von(¢) is the rotational energy of the
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Fig. 1. Potential energy surface U(A, Z; R;¢ = 0) for din-
uclear systems leading to the compound nucleus 2!*Th as a
function of the charge number Z of one of its fragments and a
relative distance between centers of nuclei.

compound nucleus. The distribution of neutrons between
two fragments of the given proton numbers Z; and Zo
(or the ratios A;/Z; and Aa/Z, for both fragments) was
determined by minimizing the potential U(A1, Z1; R) as
a function of A; for each Z;. The potential energy surface
U(A, Z; R; ¢ = 0) presented in fig. 1 was calculated for the
reactions leading to the 2!#Th CN with the orientations
of reacting nuclei a; = 60° and as = 15°. It is convenient
to calculate the competition between complete fusion
and quasifission proceeding from the driving potential.
The latter is extracted from the potential energy surface
U(A, Z; R;{) considering it as a function of mass A = A;
(A2 = Aty — A) and charge Z = Z; of one of the frag-
ments forming the DNS at the value V(R) (see appendix
A) of the internuclear distance Ry,(Z) corresponding to
the minimum of the nucleus-nucleus potential (bottom of
the pocket) for a given fragment Z; Ao is the mass of
the compound nucleus.

Bt is determined by the difference between the max-
imum value of the driving potential U(Z, A, Ry,) and its
value at the point corresponding to the initial charge
asymmetry of the considered reaction (fig. 2). If the ex-
citation energy of the dinuclear system Efjyg = Eem. —
V(Rm,?)) is not enough for overcoming By, ., the dinuclear
system decays into two fragments and undergoes quasifis-
sion after nucleon exchange between its components. The
quasifission occurs due to motion along the relative in-
ternuclear distance R and depends on the V(R) nucleus-
nucleus interaction potential. At capture, the DNS is in
the potential well (fig. 2, bottom). Thus, for quasifission,
it is necessary to overcome the barrier By which is equal
to the depth V(R) of the well. If the DNS excitation en-
ergy is not enough for overcoming By, it fluctuates on
charge asymmetry moving to a more symmetric config-

45

214Th

Shell

40

35

30

(Z.A) (MeV)

shell

25

u

20

20

18

(ZA) (MeV)

16

lig.drop

14

U

22 F

12

1615702274 o5 Z
A

20

15

10

)]

10 20 30 40 50 60 70 80 90
Fragment charge number, Z

Quasifission barrier (MeV)

o
O T

Fig. 2. Driving potential U(Z, A, Rm;{ = 0) as a function of
the charge number Z of a DNS fragment calculated by (1) using
binding energies from the nuclear data in [19] (a) and those ob-
tained with the liquid-drop model (b). The vertical arrows indi-
cate the initial charge number of light nuclei in the 32S 4 182W,
48T + 15°Er and °°Ni 4+ '%*Sm reactions leading to 2'*Th.
Panel (a) shows the intrinsic fusion By, for the ®*Ni 4+ **Sm
reaction only. In panel (c), the quasifission barriers Bqs are
shown as a function of the charge number of a DNS fragment.

uration forming a super-deformed mononucleus. A DNS
can decay into two fragments due to a decrease in By
with decreasing the charge asymmetry. The driving po-
tential containing these characteristics under discussion is
significant for considering the fusion process as a motion
of a system along the mass (charge) asymmetry degree
of freedom. The capture and fusion cross-sections are cal-
culated for different orientations and the obtained results
are averaged.

In the DNS concept [12], the evaporation residue cross-
section is factorized as follows:

Ly
oer(E) = Z(QZ + 1)g£“S(E7£)Wsur(E7£), (2)
=0

Here, the effects connected with the entrance channel are
included in the partial-fusion cross-section o"*(E), which
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is defined by the expressions

o (E) = o{™P""*(E) Pen (B, £), (3)
cal ure )\2 ca ure
o P(E) = TPT(E), (4)

where ) is the de Broglie wavelength of the entrance chan-
nel, Pox(FE,¥) is the factor taking into account the de-
crease in the fusion probability due to a break-up of the
DNS (quasifission); P;*P"""*(E) is the capture probabil-
ity which depends on the collision dynamics and is de-
termined by the number of partial waves (¢;) leading to
capture.

2.1 Capture

The capture cross-section is determined by the number
of partial waves which lead colliding nuclei into a trap
in the well of the nucleus-nucleus potential. The number
of the partial waves ¢; was obtained by solving classical
equations of motion for the relative distance and orbital
angular momentum taking into account dissipation of the
collective kinetic energy [13,14]:

%}?m +7r(R) R (t) = F(R), ()
p(r) = -0 20l (©)
% =v9(R)R(t) (9R(t) — 01 Ryeqt — 92R2eﬁ) ; (7)
Lo = Jr0 + J161 + Jabs (8)
B — Jp;éz N J1§12 n J2§22 ’ 9)

where R = R(t) is the relative motion coordinate; R (t)
is the corresponding velocity; Ly and E,..; are determined
by initial conditions; Jr and 9, J1 and 91, Jo and 6, are
the moment of inertia and angular velocities of the DNS
and its fragments, respectively (Jg,J; and Jo are deter-
mined in appendix A); yr and ~ are the friction coef-
ficients for the relative motion along R and the tangen-
tial motion when two nuclei roll onto each other’s sur-
faces, respectively; V(R) is the nucleus-nucleus potential
which includes Coulomb, nuclear and rotational energies
(see eq. (A.1) in appendix A); u(R,t)) is the reduced mass
of the system:

p(R,t) = [i(R,t) + 6pu(R, 1), (10)

where
fi(R,t) = moAr (R, t) - Ap(R,1) /(A1 (R, 1) + Ap(R,1))

at t = 0 and Ap(R) and Ap(R) are equal to mass numbers
of the target and projectile nucleus, respectively; my is the
nucleon mass. The time dependences of Ap(t) = Zp(t) +
Np(t) and Ar(t) = Zp(t)+ Nr(t) are found by solving the

master equation for the evolution of occupation numbers
of single-particle states in nuclei as in [21]; du(R,t) is the
change of 4 during the interaction due to nucleon exchange
and overlapping of nucleon densities of interacting nuclei
(see appendix A);

Ro1(02)
Riayor = —=2_p |
Y@ R+ Rog

where Rgy(g2) is the nucleus equilibrium radius: Ry; =
roAi/g,ro = 1.18 fm.

In the presented calculation, the changes in the
nucleus-nucleus potential and reduced mass due to the
nucleon exchange and the change in the overlapping of
nucleon densities have been taken into account (see ap-
pendix A). Note that the estimation showed that 6V (R)
and du(R) were small at the distance corresponding to
the capture. These quantities and the nucleus-nucleus po-
tential V(R) depend on mutual orientations of symmetry
axes of the deformed nuclei with relation to R(t). The con-
tribution of these quantities increases after the capture
stage while the system is in the potential well and the
nuclei still rotate coming to sticking. Moreover, contribu-
tions of R du(R(t))/dt and R 2d(u(R(t))/dR in egs. (5)
and (6) are negligible. Therefore, these terms do not affect
the calculated results for ¢ leading to the capture. For our
calculations of the capture cross-sections it is only nec-
essary to establish the fact that the dinuclear system has
been trapped into the potential well at a given value of the
projectile energy and initial orbital angular momentum. In
this paper the fusion process is considered using a statisti-
cal method which will be discussed in the next section. The
inertia moment of the orbital motion of a dinuclear system
is changed by the distance between the centers of nuclei
during interaction (rotation of nuclei around the axis per-
pendicular to the reaction plane while the system is in the
potential well). This fact has been taken into account in
the calculation of the capture stage. The change in the in-
ertia moment of a dinuclear system due to the turning of
(deformed) nuclei around their own axes (rolling) is small
because during the capture stage the maximum values of
turning angles of light and heavy nuclei around their own
axes is about 20°-25° and 6°-7°, respectively. Therefore,
the effect from the turning of nuclei around their own axes
on the rotational energy is negligible.

The friction coefficients vg (7s), i.e., the change in
the nucleus-nucleus potential and reduced mass of rela-
tive motion during the interaction time ¢, are calculated
from the estimation of the coupling between the relative
motion of nuclei and the intrinsic excitation of nuclei [22].
Therefore, the numerical calculation of egs. (5), (6) and
(7) for the relative motion and master equations for the
occupation numbers (see [21]) of single-particle states were
solved with the At = 210723 s. During this time, the co-
efficients of equations for one degree of freedom are con-
sidered independent of the other degrees of freedom. After
the At time, all the coefficients and matrix elements are
calculated for the thus obtained values for the collective
variables.
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2.2 Fusion

The competition between fusion and quasifission is taken
into account by the factor Pon(FE, ¢) (fusion factor, here-
after) which is calculated in the framework of the statis-
tical model. This way was first used in [12]. Validity of
using the statistical method is justified due to fact that
in the quasifission process there is a full relaxation of the
relative kinetic energy and mass (charge) asymmetry be-
tween the two fragments [11]. The statistical method is
acceptable in the calculation of the competition between
complete-fusion and quasifission processes due to the fact
that thermal equilibrium is established in the DNS rather
fast, for a few units of 10722 s:

Teher = 2.6/ Txng - 10722 s.

Here Tpng is the effective temperature of a DNS: Tphns,
where Ef\ng = Eom. — V(Z, A, Ry,) is the excitation en-
ergy of a DNS with the fragments (Z, A) and (Zioy —
Z, Aior — A); Ecm. is the beam energy in the CM system
and V(Ry,) is the minimum value of the nucleus-nucleus
potential in the potential well.

Duration of the quasifission is longer than 7ipe, by an
order of magnitude. It is more than 5 - 1072! s which
was estimated by the analysis of experimental data on
the quasifission reactions [6,23-25]. The fusion time is
longer than the quasifission reaction time. The calculation
of mass and charge yields in the frame of a microscopic
model showed that the time of formation of a DNS with a
given mass (charge) asymmetry changed from 5-1072% s
to 9-1072° 5 [26-28]. The study of the experimental data
on the fusion-fission and quasifission reactions induced by
48(Ca and ®®Fe projectiles on 232Th, 238U, 248Cm and 24°Cf
targets [29,30] showed that mass and charge distributions
could reach their equilibrium values even in quasifission re-
actions. It is clear from the fact that positions of maxima
of the mass distribution of reaction products correspond
to local minima of the DNS potential energy surface. The
yields of quasifission products, which were calculated in
the framework of the diffusion model based on the trans-
fer master equation [31,32] indicate that the fragments
resulted from the quasifission process can appear in the
mass-symmetric region and mix with the fragments com-
ing from the fusion-fission process. Experimentally, it is
difficult to distinguish between fusion-fission and quasi-
fission reaction products. Only analysis of correlation be-
tween reaction fragment mass and angular distributions
allows us to estimate a ratio between contributions of
quasifission and fusion-fission processes. These theoretical
and experimental results on the quasifission justify the use
of a statistical approach to the estimations of the compe-
tition between complete-fusion and quasifission processes.
Calculations of complete fusion in competition with quasi-
fission can be performed in the framework of statistical
methods. The probability of the complete-fusion realiza-
tion is related to the ratio of the level densities, depending
on the intrinsic fusion or quasifission barriers, by the ex-

pression:

P(Ebns — Bius)
p(Epns — Biys) + p(Efng — Bat)

where p(Efng — By ) is the level density for the DNS
at the quasifission and intrinsic fusion barriers (Bx =
By, Bf,.) (all details are in [14]). The final result for the
partial-fusion cross-sections is obtained by averaging over
the contributions of different mutual orientations of the
symmetry axes of the reacting nuclei.

(11)

Pon =

2.3 Survival probability

An advanced statistical model (ASM), described in detail
in [33-35], allows us to take into account the dynamical
aspects of the fission-evaporation competition during the
evolution of the compound nucleus along the de-excitation
cascade. The model accounts for the angular momentum
and parity coupling; it allows for the neutron, proton, and
a-particle multiple emission, as well as for the fission chan-
nel and full y-cascade in the residual nuclei.

Particular attention is paid to the determination of
level densities. These are calculated in the non-adiabatic
approach allowing for rotational and vibrational enhance-
ments. These collective effects are gradually removed
above a certain energy Eco,. Following [33], in the case of
rotational enhancement, the Ec,, energy [36,37] is related
to the Coriolis force which couples intrinsic and collective
motions. The used level densities acquire a dynamical as-
pect through the dependence of the Coriolis force and of
the rotational enhancement on the nuclear shape, which
is, in turn, obtained from the classical model of a rotat-
ing liquid drop. Intrinsic level densities are calculated us-
ing the Ignatyuk approach [38], which takes into account
shell structure effects and pairing correlations. The use of
the correct level densities is of fundamental importance
for the present analysis as they determine the phase space
available for each channel, the very essence that governs
statistical decay.

In the case of the evaporation residue production, one
should also carefully consider the low-energy level densi-
ties since in this energy interval most of the evaporation
residues is formed. That is why in our calculations we use
the super-fluid model of the nucleus [39], with the stan-
dard value of pairing correction A = 12/v/A MeV. The
yrast lines are automatically included in our calculations
by the requirement that the total excitation energy should
be higher than the rotational energy, otherwise the level
density is set to zero.

For the fission barriers, we use the predictions of the
rotating droplet model (angular-momentum dependent)
as parameterized by Sierk [40] and allow for the angular
momentum and temperature fade-out of the shell correc-
tions [34]. This is expressed by the formula for the actual
fission barrier used in calculations:

B(J,T) = ¢ BR(J) — W(T) q(J) 5W,  (12)
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which includes a dependence on temperature of the com-
pound nucleus

1, T < 1.65MeV,
h(T) = {kzexp (=mT), T > 1.65MeV,

and
q(J) = {1 +exp[(J — Ji/2)/AT]} 7,

where Bf%(J) is the parameterized macroscopic fission
barrier [40] depending on the angular momentum J, 6W =
OWsaq — 0Wys =~ —0W,s is the microscopic (shell) cor-
rection to the fission barrier taken from the tables [20]
and the constants for the macroscopic fission barrier scal-
ing, temperature, and angular-momentum dependences of
the microscopic correction are chosen as follows: ¢ = 1.0,
k = 5.809, m = 1.066 MeV ™", .J; o = 24h for nuclei with
Z ~ 80-100 (or .J; /2 = 20A for nuclei with Z > 100), and
AJ = 3h. This procedure allows the shell corrections to
become dynamical quantities, too.

Dissipation effects, which delay fission, are treated
according to [41,42]. These include Kramers’ stationary
limit [43] and an exponential factor applied to Kramers’
fission width to account for the transient time, after which
the statistical regime is reached. The systematics obtained
by Bhattacharya et al. [44] allows us to take into account
the dependences of the reduced dissipation coefficient (g;s
on the incident energy per nucleon € and compound-
nucleus mass A. [q;s is the ratio between the friction coeffi-
cient -, which describes the coupling of the fission degree
of freedom to the intrinsic degrees of freedom, and the
reduced mass of the system. This ratio characterizes the
dissipative and diffusive motion.

In the calculation of the fission width including the
Kramers’ factor, we use for reduced dissipation coefficient
expressed by a simple formula proposed by Bhattacharya
et al. [44]:

Bais(€, A) = ae + bA3, (13)

where @ = 0.18, b = 0.357 x 1076, For the investigated re-
actions, the fqis values range from about 6 to 7 x 1021 s~ 1.

In the present ASM calculations, the target-projectile
fusion cross-section was determined by formula (3). The
survival probability Wy, is defined by the partial-fusion
cross-section which affects the fission barrier and the
I, /I ratio which determines the evaporation residue pro-
duction.

3 Comparison of DNS model results and
experimental data

The qualitative difference between fusion excitation func-
tions of reactions leading to the same compound nu-
cleus allows us to analyze the effect of the shell structure
on the fusion mechanism. Experimental excitation func-
tions measured in the 328 + 82W, 48Ti 4 166Fr and
6ONi + 154Sm reactions [11,45] for the 2'*Th* CN, and
in the 4°Ar + !81Ta [46,47] reaction for the **'Pa* CN
have been compared with the results of calculation in the
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Fig. 3. The experimental data obtained from [11,45] ver-

sus the excitation energy of the compound nucleus E* for the
329 ¢+ 182W, 4By 4 166Er7 and °Ni + 154Sm reactions leading
to the *'*Th* CN.

framework of the method presented in [13,14,33,34]. It is
shown that the effect of the shell structure is revealed by
comparing the calculated excitation functions of the fu-
sion and evaporation cross-sections. To show the origin of
these differences, the partial-fusion cross-sections against
the beam energy values are presented.

3.1 The reactions leading to 2!4Th*

In this section we consider experimental results of the
328 4 182\ 487§ 4 166Ey and SONi + 154Sm reactions [11,
45] (leading to the 2“Th* CN) and analyze the effect
of the entrance channel on the formation of evaporation
residues.

In fig. 3, the experimental results taken from [11,45]
are presented versus the excitation energy E* of the com-
pound nucleus.

One can infer that at the same excitation energy E*
the capture cross-sections are almost equal. But the evap-
oration residue cross-sections of the °Ni + 154Sm reac-
tion deviate from those for the 32S + '32W reaction at
E* > 50MeV. Such result may be connected with the dy-
namical effects of the entrance channel which are different
for the considered reactions.

To analyze the role of the entrance channel, we com-
pare the results of calculations (performed in framework
of the above-presented method) of the capture, fusion and
evaporation residue cross-sections for the 32S + 182W (I)
reaction (fig. 4a), the *Ti + 65Er (II) reaction (fig. 4b)
and for the ®*Ni + %4Sm (III) reaction (fig. 4c), leading
to the same 2*Th* CN. Some parameters in the entrance
channel are presented in table 1. The value of the charge
asymmetry parameter 0z = (Zy — Z1)/(Z1 + Z3) changes
from 0.644 (for the more asymmetric reaction (I)) to 0.511
(for the reaction (II)), and to 0.378 (for the more symmet-
ric reaction (I11)).

The fusion barrier is very low and the quasifission bar-
rier is high in the case of the reaction (I) induced by the
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Fig. 4. The calculated capture, fusion and evaporation residue
cross-sections for the 328 + 32W (a), **Ti 4 '%Er (b), and
50Ni + 1°4Sm (c) reactions are compared with the experimental
data on the fission of the compound nucleus and evaporation
residue formations from [11,45] which were already presented
in fig. 3.

Table 1. Charge asymmetry, intrinsic fusion and quasifission
barriers (Bf,s) and (Bgs), and fusion factor (Pcn) for the re-
actions leading to the ?*Th* CN.

Reactions Nz By Byt PenN
(MeV)  (MeV)

28 18w (1) 0.644 1.3 5.63  0.868

487y + %Er (I1)  0.511  5.39 3.01  0.201

SONi + '54Sm (ITI) 0.378  6.25 1.50  0.103

32§ beam when realistic binding energies of the interact-
ing DNS nuclei are used in calculations (see the top panel
of fig. 2). The first arrow marks a point at the left-hand
side of the maximum of the driving potential curve, and
there is a small barrier equal to 1.3 MeV on the way to
fusion only due to the odd-even effect. If one considers the
driving potential calculated in the liquid-drop model (see
the middle panel of fig. 2), the above-mentioned arrow is
at the point situated at the right-hand side of the maxi-
mum value of the potential U(Z, A). This means that also
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Fig. 5. The driving potential (top panel) and quasifission
barrier (bottom panel) (at different orbital angular-momentum
values) as a function of the fragment charge for the reactions
leading to the 2'Th* CN.

for reaction (I) induced by 32S the intrinsic fusion barrier
is about 1.5 MeV.

For the other two reactions ((II) and (III)) induced
by the *®Ti and %°Ni beams, respectively, Bf,, increases
and By decreases with decreasing the 7 parameter (see
table 1). A combination of these conditions leads to an ap-
preciable decrease in the Pcyn value and a decrease in the
fusion cross-section from reaction (I) up to reaction (III)
(see fig. 4a, b, c). The driving potential is the same for
all the reactions leading to the same compound nucleus.
Therefore, the intrinsic fusion barriers for these reactions
under discussion can be compared. The way to fusion is
longer for a DNS which has a more mass-symmetric con-
figuration.

As one can see from fig. 4 for the 323 + 182W (I) reac-
tion, the fusion cross-section is comparable with the cap-
ture cross-section up to the excitation energy E* of about
60 MeV, while at higher excitation energies the quasifis-
sion contribution exceeds the complete-fusion contribu-
tion, even in the case of the mass-asymmetric entrance
channel (see fig. 4a). This is connected with the depen-
dence of the quasifission and intrinsic fusion barriers on
the orbital angular momentum (fig. 5). At higher projec-
tile energies the dinuclear system is formed with the higher
values of the orbital angular momentum. As a result, the
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contribution of quasifission increases due to a decrease in
By and an increase in By, . In the case of a more massive
beam and more symmetric entrance channel, as in the
48Ty + 166Er (II), the quasifission contribution exceeds
the complete-fusion contribution also at excitation ener-
gies E* > 43 MeV (fig. 4b). For the 5°Ni + %4Sm (1) re-
action, the quasifission contribution exceeds the complete-
fusion contribution at all values of the beam energy (see
fig. 4c).

The reaction mechanism can be studied analyzing ex-
perimental data and performing corresponding theoreti-
cal investigations. Since the experimental procedure does
not allow one to register all events along the compound-
nucleus de-excitation cascade, it is difficult to solve and
estimate the contribution of each evaporation channel, es-
pecially at lower energies. Therefore, scarce information
on the complete-fusion formation can be restored. The to-
tal cross-section of evaporation residues of zn, pxn, axn,
apzn channels resulting from the heated and rotated com-
pound nucleus have been calculated in the framework of
the advanced statistical model [33-35]. Our calculations of
the evaporation residues and the experimental total cross-
section of ER presented in [45] for the 32S + 82W and
60Ni + '54Sm reactions differ by more than one order of
magnitude at E* < 55 MeV (see figs. 4a and c). Calcula-
tions show a hump in the azn emission for the involved
a-emitter nuclei. Indeed, the calculated results and ex-
perimental data for the excitation functions of purely zn
channels are in good agreement. According to our calcu-
lations, the total xn yield is small in comparison with the
yields of residues obtained after charged-particle emission,
as is shown by the experimental results in [45] (see, for ex-
ample, fig. 4).

Comparison of the results obtained for different reac-
tions leading to the same compound nucleus clarifies the
reaction mechanism. Theoretical analysis showed that the
choice of the beam energy for the production of the com-
pound nucleus with the same excitation energy in differ-
ent reactions did not allow one to reach the same partial-
fusion cross-sections at the end of the fusion stage. Since
the competition between complete-fusion and quasifission
processes depend on the orbital angular momentum of col-
lision, the partial cross-sections o{"(E) of the compound-
nucleus formation in different reactions are different. As a
result, the evaporation residue cross-sections for different
channels depend on the entrance channel. In fig. 6, these
dynamical effects are shown as a function of the partial-
fusion cross-sections calculated for two different reactions.

As one can see from fig. 6, the oi%(Ey,;,) for the (I)
reaction (top panel) has a larger volume in comparison
with reaction (III) (bottom panel), whereas the distribu-
tion of the partial-fusion cross-sections for reaction (III)
extends to higher angular-momentum values, allowing for
a larger number of geometrical configurations of react-
ing nuclei. The trend in the yield is connected with the
0" (E) and Poy, which determine the partial-fusion
cross-sections (3).

The number of partial waves (number of angular mo-
menta) which contribute to of*""**(E) is determined by

214-|—h

o N A~ O

L(h)

Fig. 6. The calculated distribution of the partial-fusion cross-
sections for the 3?S + '32W (top panel) and °°Ni + **Sm
(bottom) reactions at different beam energies Eiap.

Table 2. Impact parameter values (fm) corresponding to the
orbital angular momentum (%) for two beam energies of the
328 4 182W and °Ni 4 '**Sm reactions.

Reactions 329 4 182wy 6ONi + '54Sm
Eran (MeV) 150 210 260 360
¢ (R) b (fm) b (fm)

0 0 0 0 0

10 0.77 0.65 0.51 0.43
20 1.54 1.30 1.02 0.86
30 2.31 1.95 1.53 1.29
40 3.08 2.60 2.04 1.72
50 3.85 3.25 2.55 2.15
60 4.62 3.90 3.06 2.58

the size of the potential well in the entrance channel and
its depth Bgys(¢). The latter is one of two barriers char-
acterizing Pon (another is Bf (¢)). It should be stressed
that Bqs(¢) and Bf,,(¢) depend on the orbital angular mo-
mentum: with an increase in ¢, the quasifission barrier
decreases while the intrinsic fusion barrier increases (see
fig. 5). Therefore the factor Pox (11), being a function of
these barriers, Bf,, and By, and determining the compe-
tition between complete fusion and quasifission, decreases
with increasing ¢ at given values of the beam energy.
The appearance of wiggles in the driving potential
around the fragment charges 27, 43 and the complemen-
tary charges at the angular momentum ¢ = 60k is due to
a strong dependence of the nuclear part of the nucleus-
nucleus potential (eq. (A.4)) on the overlapping region of
the nucleon distribution in the deformed nuclei. In turn,
the overlapping region changes with increasing the impact
parameter, which is a function of the angular momentum
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Fig. 7. Comparison of two paths versus R corresponding to
two initial values of the orbital angular momentum of the
50Nj 4+ '54Sm collision at the same value of the beam energy
Ec.m. = 248 MeV (panels a and b). Capture occurs at the col-
lision of nuclei with ¢ = 40% (see panel a) and it does not occur
at £ = 20h (see panel b). The nucleus-nucleus potential V (R)
for different values of the orbital angular momentum is shown
in panel c.

and the relative orientation of reacting nuclei in a DNS
(see table 2 and fig. 14 below). These effects produce wig-
gles on the Bq¢(Z) curve (bottom panel of fig. 5).

The use of calculated friction coeflicients leads to a
gradual dissipation of kinetic and rotational energies [22].
The calculations show that at the collisions of massive nu-
clei, despite continuous dissipation, capture becomes im-
possible at beam energy values much greater than the
Coulomb barrier for the low values of the orbital angu-
lar momentum (fig. 7b). The dissipation is not enough for
trapping the colliding nuclei in the potential well to cre-
ate a necessary condition for fusion at low values of the
angular momentum, which would allow the DNS to fuse.
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Fig. 8. Comparison of results for two very different entrance
channels (*2S 4 %W and ®°Ni 4 '*Sm) leading to the 2'*Th*
CN. The thick dashed line (for *2S 4 '2W) and thick dash-
dotted line (for ®°Ni + '5*Sm) represent the calculated fu-
sion cross-sections. The thin dashed line (for 32S + %2W)
and thin dash-dotted line (for °°Ni + '°4Sm) are the calcu-
lated total-evaporation residue cross-sections. Full squares and
open squares are the experimental results [11,45] for the above-
mentioned reactions induced by 32S and °°Ni beams, respec-
tively.

In this case, capture is possible only for the high angu-
lar momentum (fig. 7a). The position of the potential well
moves to higher energies with an increase in the orbital
angular momentum. Consequently, the difference between
the current value of the total kinetic energy of the relative
motion and the potential energy decreases. For example,
for the ®“Ni + 154Sm reaction at higher values of the or-
bital angular momentum (¢ > 40%4 in the case presented
in fig. 7), a less amount of the total kinetic energy loss is
enough for the capture of the dinuclear system. The an-
gle between the symmetry axis of the projectile (target)
nucleus and the beam direction was chosen as a; = 30°
(g = 105°). It should be stressed that a DNS which is
formed at high values of the orbital angular momentum
can exist in a molecular state, forming a super-deformed
shape, or it undergoes quasifission because Bf, increases
by the angular momentum of the DNS.

Therefore, the maximum of the calculated distribution
of the partial-fusion cross-sections has a tendency to move
to larger values of the angular momentum at beam ener-
gies well above the Coulomb barrier. It can be clearly seen
in the distribution of the partial-fusion cross-sections for
the two very different reactions, 32S + ¥2W and 5°Ni +
1549m (fig. 6).

The structure and shape of of%5(E) for the same ex-
cited compound nucleus formed in different reactions are
sensitive to dynamical effects of the entrance channel.
Therefore, different entrance channels leading to the same
excited compound nucleus do not generally produce the
same evaporation residue cross-section, due to the depen-
dence of the survival probability on the angular momen-
tum of the compound nucleus. This effect is clearly shown
in fig. 8, where, as an example, we compare the results for
the 328 + ¥2W and %°Ni + !54Sm reactions.
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3.2 The reactions leading to ??!Pa*

We present the calculation of the capture, fusion and
evaporation residue excitation functions for the “°Ar +
1817y, reaction leading to the 22'Pa* compound nucleus
and compare our results (see fig. 9) with the experi-
mental data reported in refs. [46,47]. This reaction is a
charge-asymmetric one (nz = 0.61). The large values of
the above-mentioned cross-sections are related both to
the small value of the intrinsic fusion barrier (Bf,, =
1.77 MeV) and to the relatively high value of the quasi-
fission barrier (Bgr = 8.5 MeV). These joined conditions
enhance the capture and increase the ratio between the fu-
sion and quasifission cross-sections determining the fusion
factor Pcn to be of about 0.16 at K¢y = 48 MeV.

The fusion excitation function extends to the lower
energies (E* about 31 MeV); it is connected with the
deformed shape of the '®1Ta nucleus: £, = 0.239 and
B3 = 0.090. Therefore, the influence of mutual orienta-
tion of nuclei in the entrance channel on the barrier is
appreciable, and consequently, a large fluctuation of the
entrance barrier is observed.

The evaporation residue production is strongly related
to the energy dependence of partial-fusion cross-sections
of%(E) and to the I, /I values at the steps of the ?>!Pa*
CN de-excitation cascade.

In fig. 9, the measured fission fragment excitation func-
tion for the 1°Ar + 81Ta reaction from [46,47] is com-
pared with the capture and fusion cross-sections. The huge
difference between the experimental data on fission and
evaporation residue cross-sections means that the fission
cross-section can be considered as a complete-fusion cross-
section. As in the case of the “°Ar + 17CHf (see fig. 2 of
ref. [48]) and *®Ti + '9Er reactions (see fig. 4b), the cap-
ture cross-section for the 4°Ar + ®1Ta reaction (the solid
line in fig. 9) is in good agreement with fragment yields
up to excitation energy E* of about 55 MeV. The dif-
ference between experimental data on fission fragments
and calculations of the capture at higher excitation ener-
gies could be explained by the sizeable contribution of the
deep inelastic processes because the capture cross-section
decreases at E* > 55 MeV (corresponding to beam ener-
gies of about Ej,p > 195 MeV).

Comparing the calculated excitation function of fusion
(dashed line in fig. 9) with the measured fragment yields
(full squares), it is easy to conclude that in the reaction
40Ar 4 181Ta the quasifission process exceeds the fusion-
fission contribution at excitation energies E* > 35 MeV.
The calculated cross-sections of evaporation residues (dot-
ted line) are in complete agreement with the measured
data related to the xn emission from the compound nu-
cleus when these fusion cross-sections are used (dashed
line). It is interesting to note that in our calculation, the
ogr production is 1-2 orders of magnitude lower than the
complete-fusion formation (of,s) in the E* = 35-60 MeV
range, while the same ratio changes from 1 to 4 orders
of magnitude in the same excitation energy range if the
fusion cross-section is considered to be equal to the fission
fragment production (full squares in fig. 9). As one can
see, this last-mentioned fact is an unusual one since the fu-
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Fig. 9. The calculated capture (solid line), fusion (dashed
line) and evaporation residue (dotted line) excitation functions,
as well as measured excitation functions of the fission fragments
(full squares) and evaporation residues (open squares) for the
40 AT 4+ 1817y reaction.

sion considerably increases while the evaporation residues
strongly decrease in the E* = 45-65 MeV range.

4 The formation of superheavy elements

A relevant problem in the study of the synthesis of super-
heavy elements in reactions with massive nuclei is finding
out unambiguously the quasifission contribution in respect
to the complete-fusion contribution. It is difficult enough,
from experimental and theoretical points of view, to esti-
mate the fusion cross-section from the experimental data
on the reaction products with symmetric masses (with a
large Am interval). Note that the quasifission process con-
tributes to the asymmetric-fragment production as well as
into the more symmetric fragments. Moreover, the anal-
ysis of the fragment angular distribution and kinetic en-
ergy distribution of fragments also does not allow one to
find out unambiguously the contribution of quasifission as
compared with that of fusion-fission.

4.1 The reaction leading to 2°6116

In accordance with the above-mentioned consideration,
our calculation of the capture cross-section (solid line in
fig. 10) for the *¥Ca + 2*¥Cm reaction leading to the
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Fig. 10. The capture and fusion cross-section calculation,
in comparison with the experimental data [30,49], for the
48Ca+ 2%8Cm reaction leading to the 26116 superheavy CN.
The difference between the fusion cross-section and more sym-
metric fragment yield ((A1 4+ A2)/24 10 amu) at a higher exci-
tation energy is related to the contribution of the quasifission
process yielding more symmetric fragments.

296116 compound nucleus is in complete agreement with
the experimental data [30] for the production of all frag-
ments (full squares), while the fusion cross-section (dashed
line) is not in agreement with the data (open squares) for
the symmetric mass fragments ((A; + Az)/2) when a large
mass interval of £20 amu is assumed.

Such disagreement is connected with the contribution
of the quasifission process in the range of the more sym-
metric fragments in which the fusion-fission process also
contributes. If it is assumed that the experimental fusion-
fission events are in the (4; + A2)/2 £ 10 amu interval
(almost close to the /(A1 + A3)/2 value), the calculated
fusion cross-sections (dashed line) will be closer to the new
set of the experimental data (open triangles [49] in fig. 10).
Indeed, in this case there is an appreciable contribution of
the quasifission process (or a contribution which cannot
be neglected), in addition to the fusion-fission fragment
formation. Therefore, the estimated experimental fusion
cross-section, connected with the new set of the experi-
mental events of fission fragments, still appears to be a
little larger than the calculated fusion excitation function
at higher excitation energies. A preliminary calculation of
the mass distribution of quasifission fragments for a fixed
reaction time t,ea. Of a DNS performed in the framework
of the model developed on the basis of the dinuclear sys-
tem concept [31,32], indicates that the fragments of the
quasifission process also appear in the mass-symmetric re-
gion and are mixed with the fragments coming from the
fusion-fission process.

In our calculation, the capture and fusion cross-
sections are characterized by the intrinsic fusion barrier
B, = 448 MeV and the quasifission barrier By =
4.12 MeV.
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Fig. 11. The excitation functions for the evaporation residue
nuclei obtained from the 2°°116 CN after the (2-5) neutron
emission in the **Ca + ?*8Cm reaction. The figure also shows
the capture and fusion cross-sections.

In fig. 11 we also present excitation functions of the
evaporation residues obtained as a result of the 2-5 neu-
tron emission from the 26116 compound nucleus. The
maximum of the cross-section is several pb for the 3n emis-
sion, and it is almost 2 pb for the maximum of the 4n
emission.

4.2 The reaction leading to 2°1115

In this section we present the data on the reaction induced
by the “®Ca beam (even-even nucleus with a double-shell
closure) on the 2*3Am target (odd-even nucleus) leading
to the 21115 compound nucleus.

In our calculation we have found the intrinsic fu-
sion barrier Bf , = 1.8 MeV and the quasifission barrier
Byt = 4.2MeV. These values lead to an appreciable ratio
between fusion and quasifission. A big difference between
the values of the intrinsic fusion barrier obtained for the
reaction under discussion and the *Ca 4 248Cm reac-
tion is related to the peculiarities of the calculated driving
potentials of these reactions. For example, the maximum
value of the driving potential on the way to fusion for the
48Ca + 243Am reaction is lower than that for the **Ca +
248Cm reaction. Therefore, the compound nucleus 271115
can be formed with a lower excitation energy as compared
with 296116.

In fig. 12 we present the capture and fusion cross-
sections as well as the excitation functions of the evap-
oration residues after the emission of 2-5 neutrons from
the 291115 excited compound nucleus. As one can see, the
fusion cross-section is about 1-2 mb for a wider beam en-
ergy range, the maximum for the ERg3, is about 8 pb at
E* =26 MeV and the maximum for ERy, is about 1 pb
at E* = 35 MeV.

The present reaction, forming the 2°1115 compound
nucleus, appears to have a slightly higher yield of residues
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Fig. 12. The excitation functions for the evaporation residue
nuclei obtained from the ?*'115 CN after the (2-5) neutron
emission in the *¥Ca + 2*3Am reaction. The figure also shows
the capture and fusion cross-sections.

than reactions leading to Zcn = 114 [50] and 116. This
result is related to the very low value of the intrinsic fusion
barrier B, = 1.8 MeV and to the relatively high value
of the survival probability against fission of the excited
compound nucleus due to a substantial shell correction in
the fission barrier.

4.3 The reaction leading to 297118

We also present our calculations for the *8Ca + 24°Cf re-
action, leading to the 297118 compound nucleus, aiming at
the evaluation of the fusion cross-section and the excita-
tion functions for the evaporation residue nuclei obtained
as a result of the x (2-5) neutron emission from the com-
pound nucleus. For this reaction, we obtained the intrinsic
fusion barrier Bf, = 9 MeV and the quasifission barrier
Byt = 4.5 MeV.

Figure 13 shows the capture cross-section (lower than
1 mb) and the fusion cross-section (with a maximum value
of about 50 ub) versus the beam energy. For the evapora-
tion residue cross-section, we found the maximum values
of about 3.5 pb for the 3n channel, and of about 0.8-0.9
pb for the 4n channel.

Comparing the results of the *Ca + 248Cm, 249Cf re-
actions leading to the 296116 and 297118 compound nuclei,
respectively, one can make a conclusion that the complete
fusion decreases, as does the evaporation residue nuclei
(ER3n,4n) in the case of the 297118 nucleus formation.

5 Conclusions

The role of the entrance channel in fusion-fission reac-
tions was studied aiming at the explanation of the differ-
ence between the experimental data for the 328 + 182W,
48Ti + 166Er, and %°Ni + 1%4Sm reactions leading to the
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Fig. 13. The same as in fig. 11 but for the >°7118 superheavy
CN obtained in the *¥Ca + 24°Cf reaction. The capture, fu-

sion and evaporate residue cross-sections are lower than those
obtained for the 226116 CN in the **Ca + 2*8Cm reaction.

214Th* CN. A combined dynamical and statistical model
based on the DNS approach was used to estimate the ex-
citation functions of quasifission, fusion, and formation
of evaporation residues in reactions with massive nuclei.
The capture stage was calculated by numerical solution
of a classical equation of motion for a relative distance
between nuclei and the orbital angular momentum of col-
lision. The nucleus-nucleus potential is calculated taking
into account possible mutual orientations of deformed nu-
clei. The coefficients of radial and tangential friction are
calculated simultaneously by the estimation of nucleon ex-
change and particle-hole excitations in nuclei, i.e. micro-
scopically. The maximum value of £ leading to capture for
a given beam energy and initial orientation of nuclei is cal-
culated in the framework of this model. Then the fusion
stage is calculated within the statistical approach using
the excitation energy of a dinuclear system, level densities
at intrinsic fusion and quasifission barriers. The fusion ex-
citation functions thus calculated were used for the esti-
mation of the survival probability of the formed compound
nucleus against fission in the framework of the advanced
statistical model for the de-excitation cascade. The fis-
sion barriers which were used in this model were obtained
from the rotating droplet model (angular-momentum de-
pendent) as parameterized by Sierk [40]. They allow for
the angular momentum and temperature fade-out of the
shell corrections.

The results of the calculations obtained in the frame-
work of the DNS concept and advanced statistical model
for evaporation residue cross-sections for the sum of the
xn-channel contributions have been compared with the
experimental data obtained in the 32S + 182W, 4¥Tj +
166Er, and 5°Ni + 154Sm reactions [11,45] leading to the
214Th* CN.

For the 328 + '82W reaction, the competition between
complete-fusion and quasifission processes begins at beam
energies corresponding to E* = 60 MeV, whereas for the
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reactions with more massive nuclei this occurs at beam
energies corresponding to E* > 43 MeV in the case of
48Ty 4 16Er, or to £ > 30 MeV for °Ni 4 1%4Sm.

The big difference between the values of the ogr /0ot
ratio calculated for the °Ar + '¥'Ta reaction in the
present work and that extracted from experimental data in
the excitation energy range of 35-60 MeV is explained by
the overestimation of the cross-section of the fusion-fission
fragments due to a sizeable contribution of the quasifis-
sion process into the fragment yield. Having analyzed the
48Ca + 248Cm reaction, we note that the quasifission pro-
cess also contributes to the symmetric-fragment formation
at higher excitation energies.

As for the synthesis of superheavy elements, the
48Ca + 243Am reaction yields appreciable values of the
evaporation residue cross-section, while for the other two
investigated reactions leading to Z = 116, 118, the re-
spective cross-sections (capture, fusion and evaporation
residue nuclei) decrease.

In the calculations of the evaporation residue excita-
tion function, the choice of suitable parameters allows a
description of experimental data; however the peculiarity
of the reaction mechanism of projectile-target pairs with
different mass-asymmetries still remains unclear. It is dif-
ficult to measure directly the fusion cross-section since it
is difficult to establish the origin of the fusion-fission re-
action fragments unambiguously.

Due to the fact that the nuclear shell effect and the
shape of colliding nuclei are taken into account in the
calculation of the competition between complete-fusion
and quasifission processes, the mechanism of the fusion-
fission process can be analyzed. Thus, the DNS concept
reveals the reason for the strong decrease in the fusion
cross-section for a massive system or for a symmetric en-
trance channel. The smallness of the evaporation residue
cross-sections for the 5°Ni + !54Sm reaction in compari-
son with that for the other 32S + ¥2W and 48Ti + 165Er
reactions leading to the same 2'4Th* is explained by the
effect of quasifission. We have shown that the competi-
tion of quasifission with complete fusion increases by the
intrinsic fusion barrier.
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Appendix A. Nucleus-nucleus potential and
kinetic coefficients

The nucleus-nucleus potential is calculated as follows:

‘/()(R) = VC (R) + Vnucl(R) + V}ot (R), (Al)
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Fig. 14. The coordinate systems and angles which were used
for the description of the initial orientations of projectile and
target nuclei. The beam direction is opposite to OZ.

where Vo (R), Vaua(R), and Viet(R) are the Coulomb, nu-
clear, and rotational potentials, respectively. The nuclear
shape is important in the calculation of the Coulomb and
nuclear interactions between colliding nuclei. Thus, the
Coulomb interaction of deformed nuclei can be calculated
according to the following expression taken from [51]:

_ leQ 62
R

7.7 9 \ /22 i
+ ]1%3262 { <ﬁ> ZR%Zﬂé )Pz(cos al)
i1

3 2 , 2
+ 7—7(;1%32 |: éZ)PQ(COSag)} } y

Ve(R)

(A.2)

where o} = a1 +6, a, = 1—(ap+0), sin © = |L|/(uRR);
Z;, ﬂéz), and o are the atomic number (for each fragment),
the quadrupole deformation parameter, and the angle (see
fig. 14) between the line connecting the centers of masses
of the nuclei and the symmetry axis of the fragment
i(i = 1,2), respectively. Here, Ro; = roAz/j, ro = 1.18
fm and Pa(cos ) is the second term of the second type
of Legendre polynomial.

The nuclear part of the nucleus-nucleus potential is cal-
culated using the folding procedure between the effective
nucleon-nucleon forces feg[p(z)] suggested by Migdal [52]
and the nucleon density of the projectile and target nuclei,

pﬁo) (B.5) and pgo) (B.1), respectively:

Vel (R) = / O 1) fer[p]py) (x — r2)dr,  (A.3)

p(0) — p(r)
o) e

Here fi, = 0.09, fox = —2.59 are the constants of the ef-

fective nucleon-nucleon interaction; p = p§°> +pgo) (details
are in appendix B).

fcff[p] = 300 <fin + (fcx - fin)
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Expressions for the friction coefficients

(i) = 3| H O 5D, (a5)
) ., 2
i) = 5 S| BP0, e

i1

and the dynamic contribution to the nucleus-nucleus po-
tential

Vi (R(1))

2
B¢
Sl B0,

SV(R(t) =

i

(A7)

were obtained in [22] by estimating the evolution of the
coupling term between relative motion of nuclei and nu-

cleon motion inside nuclei; Bg],) (t) is given by eq. (A.9).

The dynamic correction of the reduced mass du(R(t))
is calculated using the expression

aVii/(R(t)) ’ : Bi(ig’) (t)

4,1 OR
(0) (0)
2 — —
i W =rl =) 5 )
A (0) (0)
tot S pp (= 1r1) 4 py (1 = 72)
where Bi(ﬁ) (t) is given by
t /
() 2 / , o (t — t)
B, (t)=—= [ dt'(t—1)"ex
ik () h 0 ( ) p Tik
xcsin [wir (R(E) (= )] [ (') = 7a()],  (A9)
hwik, = €i + Aiz — ek — Ag - (A.10)

Here n; is the diagonal matrix element of the density ma-
trix which is calculated according to the model presented
elsewhere [22,53]; Ti, = 737 /(7; + 7% ); 7i is the lifetime of
the quasiparticle excitations in the single-particle state i of
the nucleus. It determines the damping of single-particle
motion. 7; is calculated using the results of the quantum
liquid theory [54] and the effective nucleon-nucleon forces
from [52]:

1 \/577

7 32he(e)

x [(wTK)Q + (s} - Aﬁ?))z}

[(fK -9+ %(fK + 9)2]

)\(04) _ ~i -1
X {1 + exp(Kisﬂ , (A.11)
Tk
where

Ex (1)
Tk (t) = 3.46 K (A.12)

(Ax(t))
is the effective temperature determined by the amount
of intrinsic excitation energy Ej = E;((Z) + E;}(N) and

by the mass number (A (t)) (with (Ax(t)) = (Zk(t)) +
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(Nk(t))). In addition, Ag?)(t) and E;((a)(t) are the chemi-
cal potential and intrinsic excitation energies for the pro-
ton (o = Z) and neutron (o« = N) subsystems of the nu-
cleus K(K = 1(projectile), 2(target)), respectively. Fur-
thermore, the finite size of the nuclei and the difference
between the numbers of neutrons and protons makes it
necessary to use the following expressions for the Fermi
energies [52]:

2 ,\(Ng)—(Z
s%?—eF[1§(1+2fK)< K<>AK§ Kq,
2 Ng) —(Z
where egp = 37 MeV,
2
fK :fin_W(fin_fex)a
’ ’ 2 ’ /
fK:fi _W(fin_fex) (A14)

and fi, = 0.09, fl = 042, fex = —2.59, fl. = 0.54,
g = 0.7 are the constants of the effective nucleon-nucleon
interaction.

Finally, the rotational potential is

I(1+1)
_ 12
Vior(R) = =5

(A.15)

The moment of inertia of the axial deformed nucleus
for the rotation around the axis perpendicular to its axial
symmetry is calculated by the expression

M; 2 2 .
where M; is the mass of the nucleus; R, (82) and R (82)
are the nucleus axes which are perpendicular and parallel
to the symmetry axis, respectively,

R (B2) = Ro {1 + B2Y20 (g)} ;

Ry(B2) = Ro [1 + B2Y20(0)] .

Here Ry is the spherical equivalent radius. The moment of
inertia of a DNS is calculated by the rigid-body approxi-
mation

JR(Ckl,OZQ;R) :/LRz(Oél,az)-i-Jl-i-JQ, (A17)

where R(aq,a2) is the distance between the centers of
nuclei at their given mutual orientations.

Appendix B. Space distribution of nucleon
density

The angles between the symmetry axis of the projectile
and target nucleus and the beam direction are a; and aq,
respectively (fig. 14). The spherical coordinate system O
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with the vector r, angles # and ¢ is placed at the mass
center of the target nucleus and the Oz axis is directed
opposite to the beam. In this coordinate system, the di-
rection of the vector R connecting the mass centers of the
interacting nuclei has angles @ and ®¢: r; = R and ry = 0.
The coordinate system is chosen in such a way that the
planes, in which the symmetry axes of nuclei are located,
cross the Oz line and form the angle ¢. For head-on col-
lisions ©® = 0 and @ = ¢.

The nucleon distribution functions of interacting nu-
clei in the integrand (A.3) can be expressed using these
variables in the same coordinate system O. The shape of
the dinuclear system nuclei changes with the evolution of
the mass asymmetry degrees of freedom: By = (2(Z, A)
and (3 = f3(Z, A). In order to calculate the potential en-
ergy surface as a function of the charge number, we use the

values of ﬁéﬁ) from [55] and the values of ﬁ?()g ) from [56].
In the O system the symmetry axis of the target nucleus
is turned around the as angle, so its nucleon distribution
function is as follows:

a

(32 32, -1
- R , ;0
péo)(r)=po{1+e><p{r 257 s Q)H :
Ro(52, 552 04) = B (14 Yoo 6) + 65 Yi 0)))
(B.1)
where pg = 0.17fm ™2, ag = 0.54 fm,
cos 05 = cos 0 cos(m — az) + sin O sin(m — az) cos . (B.2)

The mass center of the projectile nucleus is shifted to
the end of the vector R and its symmetry axis is turned
by the angle m — ;. According to the transformation for-
mulae of the parallel transfer of vectors the variables of
the transferred system O’ are as follows:

7% =% + R? — 2rRcos(wis),
cos(wiz) = cosf cos © + sin fsin O cos(¢p — D),
(rcosf — Rcos©)

/ b

cosf =
r

cos ¢ = (1+ tan® ¢})~"/2,
rsin ¢sin @ — Rsin O sin @
rcos¢gsin — Rsin©cosP

tan ¢} = (B.3)
In the coordinate system O’ the deviation of the sym-
metry axis of projectile nuclei relative to the O’z axis is

determined by the angle
cos 0} = cos 0] cos(m — ) + sin 6] cos @] . (B.4)

Now the nucleon distribution function of the projectile-
nucleus looks like this

a

Do) A1) g -1
pﬁo)(r')=p0{1+e><pr Falfs . Ps ’91)” :

Ry (85", 65501) = REY (14 857 ¥20(04) + 55 Yao (61) )
(B.5)
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The nuclear part of the nucleus-nucleus potential was cal-
culated by (A.3) using the folding procedure of the effec-
tive nucleon-nucleon forces by Migdal [52] with the nu-
cleon distribution functions (B.1) and (B.5) of the inter-
acting nuclei.
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