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Orientation effects of deformed nuclei on the production of superheavy elements
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Within the dinuclear system model, the effects of the relative orientations of interacting deformed nuclei on
the interaction potential energy surfaces, the evaporation residue cross sections of some cold fusion reactions
leading to superheavy elements are investigated. The competition between fusion and quasifission is studied to
show the effect of the orientation. It turns out that the belly-belly orientation is in favor of the production of
superheavy nuclei, because in the case a barrier has suppressed the quasifission and thus helped fusion.
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I. INTRODUCTION

The exploration of synthesis of superheavy elements
(charge number Z > 106) is hotly maintained in both ex-
perimental and theoretical aspects. The superheavy nuclei
can exist against the strong Coulomb repulsion because of
the existence of the shell effect. Some cold fusion reactions
with the target Pb or Bi are performed to produce the
superheavy nuclei Z = 107-112 [1], and some superheavy
nuclei are produced with hot fusion that some actinide nuclei
are bombarded by doubly magic nucleus “*Ca [2]. In the
theoretical aspect, to understand the production mechanism
of superheavy nucleus (SHN), several models are proposed,
such as the dinuclear system (DNS) concept, the fluctuation-
dissipation model, the nuclear collectivization concept, as well
as the macroscopic dynamical model [3—13]. Although great
achievements about understanding the production mechanism
of SHN have been obtained, there are still many problems
that are not fully understood. The reasonable understanding of
the formation of superheavy nuclei is still a challenge for the
theory.

The present work is based on the DNS model. After the
capture process, the DNS system is formed in the pocket of the
nucleus-nucleus potential. The compound nucleus is formed
by successive nucleon transfer from one nucleus to the other
until all the nucleons of the smaller nucleus emerged in the
larger one. The transfer process has to pass over the inner
fusion barrier. Meanwhile, two nuclei at any mass asymmetry
may overcome a barrier along the distance R between the
centers of the nuclei to separate; this is the quasifission. The
DNS model thus contains two important new aspects for the
complete fusion: (i) the appearance of a specific inner fusion
barrier in the mass asymmetry coordinate, which determines
the excitation energy of the compound nucleus, and (ii) the
competition between complete fusion and quasifission during
the time development of the dinuclear system to the compound
nucleus. The competing process of quasifission diminishes the
fusion probability of very heavy systems by many orders of
magnitude. In the DNS model the inner fusion barrier could be
smaller than the fusion barrier in the macroscopic models that
need an extra-extra push for the fusion and, therefore, give a
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too high excitation energy of the compound nucleus. It turns
out that the DNS is one of a few models so far that gives no
contradiction to available experimental data.

One of the open questions is the effect of the nuclear
deformation. In principle, the deformed nuclei may have
different orientations that can supply different conditions for
the synthesis of SHN. And different orientations for a certain
kind of projectile-target combination may lead to different
quasifission barriers of the incident channel and different
inner fusion barriers in the potential energy surfaces for the
nucleon transfer within DNS model. The two factors can both
influence the production cross sections of SHN. In Ref. [14],
it is observed that the deformed target can influence the
fusion in a way that collision with side leads to fusion-fission
while the collision with tip leads to quasifission. Thus, in
this article, we attempt to study the competition between the
fusion and the quasifission at different nuclear orientations for
some Pb-based cold fusion reactions and study the dependence
of the evaporation residue cross sections of SHN on nuclear
orientations within DNS model. The article is organized as
follows: in Sec. II, a description about the dinuclear system
model is presented. Some results about the potential energy
surface and SHN production are described in Sec. III. The
summary is given in Sec. I'V.

II. DINUCLEAR SYSTEM CONCEPT

A. Evaporation residue cross section for SHN

In DNS model, it is assumed that the two touching nuclei
always keep their individualities, and the compound nucleus
can be formed from dinuclear configuration by nucleon
transfer from the light nucleus to the heavy one. The dinuclear
system may evolve along two degrees of freedom: (i) along
the mass asymmetry degree of freedom, n = ﬁi;’zz, and at
the extreme asymmetric condition, n = %1, the compound
nucleus formed; and (ii) along the distance R between centers
of two nuclei, and the evolution along increasing R will lead
to the quasifission of the DNS. The evaporation residue cross
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section can be written as

J=J;

UER(Ecm) = Z U(‘(Ecma J)PCN(Ecma J)W%ur(Ecm» J)a (1)
J=0

where oc, Pen, Wy represent the capture cross section of
two colliding nuclei overcoming the potential barrier in the
entrance channel to form the DNS, the probability for the
dinuclear system to form compound nucleus via nucleon
transfer and the survival probability for the compound nucleus
in de-excitation process, respectively. The transmission proba-
bility is calculated by introducing barrier distribution function,
which can reproduce very well available experimental capture
cross sections [10,15]. The survival probability is treated by
the statistical model [16,17].

The nucleon transfer process can be described with the
master equation (ME)

dP(A], Eq 1) .

T > Wa,alda, P(A, EYL 1)

A
—dy P(A1, E1, )] — A¥(®)P(Ay, Ey, 1),
)

where P(Ai, Eq, t) denotes the distribution function to find
fragment 1 with A nucleons and local excitation energy E|
at time ¢. Here E; is determined by the dissipation energy
from the relative motion and the potential energy of the
corresponding DNS, which is presented as e}, and will be
shown later in Eqs. (12) and (13). The dissipation energy
is described by the parametrization method of the classical
deflection function [18,19]. Wy, A is the mean transition
probability from (A;, E;) to (A}, E}) and d, denotes the
microscopic dimension for fragment 1 with macroscopic
variables (A, E{). The sum should be taken over all mass
numbers (from 0 to A; + A;). AY(®) is the quasifission
rate along the variable R. The single-particle Hamiltonian to
describe the nucleon’s motion in dinuclear model reads

H(t) = Ho(t) + V(1) 3)
Ho(t) =YY ey (D)a] (Day (1) €

k Vi

V()= Y ttay p,(Da], (Dag, ()

k,k' o, By

=Y Vi), kK =1,2, 5)

k. k'

where k, k'(k, k'’ = 1,2) denote fragment 1 or 2. &,(z) and
u,,(t) are single-particle energy levels and interaction matrix
element, respectively [16,20]. The single-particle states are
defined with respect to the centers of the interacting nuclei
and are assumed to be orthogonalized in the overlap region.
So the annihilation and creation operators are dependent on
time. The single-particle matrix elements are parameterized
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by
Ugy g () = Ug g (1)

1 [ga,((t)—sﬁ,{,(;)T s
X | exp 5 TK(I) ak.Bx |
(6)

which contains five fixed independent parameters Uy (¢) and
U (t) for exciting anucleon in fragments 1 and 2, respectively,
and Uj,(t) = U (¢) for transferring a nucleon between the
fragments and the corresponding width parameters A(¢) =
Ay (t) and Ar(t) = Ay (¢). The detailed calculation of these
parameters is described in Refs. [15,16,20]. The strength
parameters are given by

1

3
U = %221 X % X 2¥kk (7

8l T8  &8&
with g, = Ay /12, and the reduced strength parameters y;; =
y22 = y12 = ya1 = 3 [15,16,20].
The transition probability reads:

Tmem(Alv El’ A/la Ei)
Rdy,dy,
x Y WAL ELIVIALELDE, @)

ii’

Waa, =

where i denotes all remaining quantum numbers. The memory
time is:
Tmem(A1, Ei; A}, ED) = Q) PR{(VA(D) 4, £,

(Vi) O

where ()4, g, stands for the average expectation value with
Ay, E; fixed. According to Eq. (5), the transition probability
can be written as [20,21]:

Tmem(A1, E1; A, E})
da,dy,

+ (A, Er; E))18a, 4

+w12(Ar, E; EDSa; a1

W(Ay, Ei; A}, EY) = {lon(A1, Er; EY)

+w21(Ay1, Ev; ED)8apa,41) (10)
where
ok (A1, Ev; E)) =Y (A1, E1, i|Vew AL EpL i)
ii'A}
= dy, (Viw Vi) (11

During the reaction process, the relative kinetic energy is
gradually dissipated into the intrinsic excitation energy of
the nuclei, a valence space Ae¢ is thus formed symmetrically
around the Fermi surface. Only the nucleons in the valence
space can be excited or transferred.

*

48k % % Ak
Agp = , &g =¢&(1)—, gr = Ar/12, (12)
8k A

where ¢*(t) is the local excitation energy of the DNS,
which determines the mean transition probability. There are
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Nk = gk Aek valence states and mxg = Nk /2 valence nucle-
ons in the valence space A¢g, which give the dimension

d(my,my) = <nj\2> (:Z) )

The local excitation energy of the DNS is defined as
e"(t) = E(t) — U(Ay, Ay), (13)

where E(t) is the intrinsic excitation energy of the composite
system converted from the relative kinetic energy loss, which
is determined for each initial relative angular momentum
J by the parametrization method of the classical deflection
function. The method has been described in detail in Ref. [18].
U(A}, Ay) is the driving potential energy of the system for
the nucleon transfer of the DNS, and will be given in the
next section. The transitions for a proton or neutron are not
distinguished in the transition probability because the ME
is essentially restricted to one dimension. It is, however,
remedied by including the explicit proton and neutron numbers
of the isotopic composition of the nuclei forming the DNS
in the driving potential. The averages in Eqgs. (9) and (11)
are carried out by using the method of spectral distributions
[22-24]. We obtain

+ 1
(Viw Vk’k/) =7 U 8k 8k A Mg Agy

1 —-1/2
X [A,{k, + E(Ae,f + As,%,)} .14

The nucleus-nucleus interaction potential as a function
of the relative distance R of two nuclei has a pocket with
a small depth that results from the attractive nuclear and
repulsive Coulomb interactions. The probability P(A;, E1, t)
distributed in the pocket will have the chance to decay out of
the pocket with a decay rate AY A,.£,.:(©) in the ME. Therefore,
the evolution of the DNS along the variable R leads to the
quasifission of the DNS. The quasifission rate A9 can be
estimated with the one-dimensional Kramers formula [25]:

AT[O@)] = 5— I T
277w Bar 2n 2h

Byi(Ay, Az):| (15)

e [_ o)

Here the quasifission barrier By measures the depth of the
pocket of the interaction potential. The local temperature is
given by the Fermi-gas expression ® = /¢*/a corresponding
to the local excitation energy ¢* and level-density parameter
a=A/12 MeV~'. P is the frequency of the inverted
harmonic oscillator approximating the interaction potential of
two nuclei in R around the top of the quasifission barrier, and
o is the frequency of the harmonic oscillator approximating
the potential in R at the bottom of the pocket. The quantity
I' denotes the double average width of the contributing
single-particle states. According to the linear response theory
by Hofmann et al. [26], the friction coefficients are simply
approximated by y;;; = %y,,-i/, (with i, i’ = R, n). InRef. [27],
it is argued that the friction coefficients ygr and y,, obtained
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with I' =2.8 MeV has the same order of magnitude as
the one calculated within the one-body dissipation model
by Ref. [28]. So, the value I' =2.8 MeV is used. Here
we use average constant values iwB = 2.0 MeV and how =
3.0 MeV for the following reactions. The Kramers formula
is derived at the quasistationary condition of the temperature
O(t) < By(A1, Az). However, the numerical calculation in
Ref. [25] indicated that Eq. (15) is also available at the
condition of ®(t) > Bgr(Ay, A»).

The distribution function P(A;, E1, t) can be obtained by
solving the master equation numerically. All the configurations
on the left side of the BG point [top point on the potential
energy surface (PES)] are considered to form the compound
nucleus inevitably. Thus the fusion probability Pcy can be
written as summation of P(A, E, t) from 0 to Agg.

Agc
PCNZ/ P(A,E,t)dA (16)
A=0

B. Potential energy surface (the driving potential)

The PES is very important in the DNS model, which gives
information about the optimal projectile-target combination,
optimal excitation energy and influences the fusion probability
significantly. The potential energy surface for the nucleon
transfer of the DNS is defined as

U(A1, Ay) = Up(A1) + Up(A2) + V (A4, Ay)
—[URR" + Vi (I, D)), an
V(A1, A2) = Ve(Ar, Ay) + Vv(Ay, Ay) 4+ Vie(J),  (18)

where Urp(A1), Uip(A»), and Uf)" are the nuclear masses
for the fragment 1, fragment 2, and the compound nucleus,
respectively. Ve (Aq, Az), VN(Aq, Az), and Vi (J) are the
nuclear, Coulomb, and centrifugal parts of the nucleus-nucleus
potential, respectively.

The Coulomb interaction can be calculated numerically as
follows [29]

AVAL A
R

()
)z

where R;, B; are the radius and the quadrupole deformation
of the ith nucleus, respectively. 6; is the angle between radius
vector R and the symmetry axis of the ith nucleus.

As for the nuclear interaction potential, the Skyrme-type
interaction without considering the momentum and spin
dependence is adopted.The sudden approximation is assumed.

Ve(Ar, Ay) =

2
<Zl Zye” ) Z Bi P>(cos 6;)

[B: Pa(cos 6,)17,

19)
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Thus the nuclear potential can read as
Fin — Fix o o=
Vn(AL, Ay) = Co{;[/‘ pi(F)pa(F — R)dF
P00
+ fpl(?)p§(7 - ﬁ)d?}

t Fo. / pP)palF — E)d?} 20)

with
N, —Z N, — 2,
Aq Ay

Here, Ny, and Z, , are neutron and proton numbers of the
two nuclei, respectively. In this work, some parameters are as
follows: Co = 300 MeV fm?®, f;, = 0.09, fuox = —2.59, fi, =
0.42, fI, = 0.54, and poo = 0.17 fm~>. p; and p, are two-
parameter Woods-Saxon density distributions for the two
nuclei [30,31]. The distance R between centers of nuclei is
taken to be the value which gives the minimum value of
Ve(Ar, Ay) + Vy(Ay, Ag).

The evolution of the DNS in the variable R of the relative
distance between the centers of the interacting nuclei will lead

Fin,ex = fin,ex + fi;,ex (21)
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to the quasifission of the DNS. For a given mass asymmetry 7,
the nucleus-nucleus interaction potential as a function of R is:

V(Ai, A2, R) = Ve(Ar, Ay, R) + Vy(Ay, A2, R)

+ Viot(A1, Az, R), (22)

where the Coulomb interaction V- and the nuclear interaction
V are as a function of R at each combination of the DNS. V.
is the centrifugal potential. The nucleus-nucleus interaction
potential V (A, Ay, R)hasapocket as a function of the relative
distance R with a small depth that results from the attractive
nuclear and repulsive Coulomb interactions. The probability
P(Ay, Ey, t) distributed in the pocket will have the chance to

decay out of the pocket with a decay rate A‘}‘fl £,..(®)inthe ME.

III. RESULTS

A. The influence of orientation on the potential energy surface

As mentioned above, the PES, which governs the nucleon
transfer, can be calculated with Eq. (17), where the distance
R between the centers of nuclei is chosen as the value that
gives the minimum value of V¢ (Aj, Az, R) + Vy(A1, Az, R).
The PES for the reactions 3Fe + 208Pb, 7°Zn + 29%8Pp, 82Se +
208Pb and *Kr + 2%Pb are shown in Figs. 1(a), 1(b), 1(c)

30 T T T T T 30 T T T T T
20 C;%% 580, 4 208py, g?@% ] 20 = 707, 4 208y P
1 St L o K
104 Sfds |e  fEe g N A 01 &7 % % & b Em
1 % She T g% o 5 ] o] ¥ %% fm% TS ]
5 "1c =0 s, T @y ] = 1L e A L o g i ]
= -10- ¢ :"% o F’( ] g 101 N % ; ! ]
S q{o " . . : S 20 ° %, 2.8 #
20 b ﬁ& < . - 3 é’ s i
1 . . -30- . . .
-30 - o g o
_ Ne » o tiptip | o] LY ¥ e tptp
-40- O belly-belly O belly-belly |
T T T T T T T T _50 T T T T T T T T T
1.0 05 0.0 05 1.0 1.0 05 0.0 05 1.0
n n
30 T T T T T T T 30 T T T T T T T T T
20_' ) 82q, 4 208p), f%ym i 204 0%@%%& 86y 4 208pp -
10- ‘;ﬁ’-"z’ﬁ% & B @géz,@fx@ i 10 -b.’*,?%@é; . $ ‘J-s,g. i
] ® a ° % S g ‘o ¢ 3 % % Qe %? g > §
< ol ® ..,.‘Qg:ﬁo oo F ] = o7 %t B :%5’ ]
g ¢ Wi Lag cat o] el S wad il v
s 1o peE & 98 Qe = ol ’.%’ g %0..%
-20 '& se i -20+ ] i .
30- N N =307 X 4 i
B . . . . . % ‘.t 4
w0 ‘.:‘ secgnd 'J‘ ® tip-tip -40+ "s“"‘w"" L tip-tip
1 O belly-belly] 50 O belly-belly]
-50 T T T T T T T T T T T T T T T T T
1.0 05 0.0 05 1.0 1.0 05 0.0 05 1.0
n n

FIG. 1. Potential energy surfaces for (a) **Fe + 2%Pb, (b) 7°Zn + 2%*Pb, (c) ¥2Se + 2®Pb, and (d) *Kr + 2®®Pb as functions of mass
asymmetry. The solid circles represent the PES at tip-tip nuclear orientation, whereas the open circles represent the PES at belly-belly nuclear
orientation.
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FIG. 2. Interaction potentials for (al) **Fe + 2%Pb and (b1) #2Se + 2°*Pb as functions of central distance between two nuclei, and quasifission
rates for (a2) **Fe + 2%8Pb, (b2) 32Se + 2°8Pb as functions of excitation energies of dinuclear system. Dotted lines are for the tip-tip case and

solid lines are for the belly-belly case.

and 1(d), respectively. The PESs at tip-tip and belly-belly
orientations are displayed. In each figure the solid circles
(curve 1) represent the tip-tip case, and open circles (curve 2)
represent the belly-belly case. If we make comparison between
the curve 1 and curve 2, it is found that the shapes of PES
for the two orientations are quite different. Generally, for
the belly-belly orientations, a barrier can be found between
n~ —0.3 and n ~ —0.2 on the right side of the incident
configuration, and here we call it By. In Fig. 1(a) the incident
channel is at n = —0.56, one may see that the potential
energy for incident configuration is located in an energy
pocket between the inner fusion barrier Bipuer and Bgy. For
the tip-tip case, the barrier Bgy on the right side of the incident
configuration is rather low (about 2.53 MeV) but the inner
fusion barrier is about 21.88 MeV. However, for the belly-
belly case, the inner fusion barrier Biyner is 21.37 MeV and
the barrier Bgy, which hinders the nucleon diffusion toward
the symmetrical configuration, is about 9.74 MeV. Thus,
for the two cases, inner fusion barriers are nearly the same,
but the barriers By, are quite different. For the belly-belly
case, more probabilities may be stored in the pocket, which
may enhance the fusion. Furthermore, with decreasing the
absolute value of mass asymmetry ||, the quasifission barrier

decreases so the quasifission rate increases. One may bear
in mind that the fraction of the probability, which goes to
quasifission, leaks out of the evolution system, so the decay in
R affects the motion of the system in . With higher By, less
probability distributes to the symmetrical region to undergo
quasifission, the effect also enhances the fusion. For the tip-tip
case, the nucleon diffusion to the symmetric direction is much
easier due to the lower By, and the quasifission could be more
pronounced. One may find the similar schema in Figs. 1(b),
1(c), and 1(d). The detailed inner fusion barrier and B, for
some reaction channels are listed in Table I. This description
is agreeable with the conclusion in Ref. [14] that belly-belly
collisions lead to fusion, whereas collision with tips lead to
quasifission.

Our calculations claim that for the reaction ¥ Se + *2Ce
with E ., around Vg, the fusion probabilities at belly-belly case
and tip-tip case are 4 x 107> and 2 x 1073, respectively. The
probability at belly-belly is about twice of that at tip-tip case.
For the reaction "°Ge + '’°Nd, because of the strong prolate
deformation of '"°Nd, the fusion probability at belly-belly is
five times larger than that at the tip-tip case. And it is found
that fusion probability for 7°Ge 4 '°Nd is larger than that
for 82Se + *2Ce. Actually, the reason can be attributed to two
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FIG. 3. The excitation functions for (a) **Fe 4+ 2%Pb — 2108 + 1n, (b) °Zn + 2%Pb — 277112 + 1n, (c) *2Se + 2%Pb — %116 + 1n, and
(d) 8Kr + 28Pb — 23118 + 1n. The solid lines represent the tip-tip case, and the dotted lines represent the belly-belly case. The experimental
data are depicted with solid dot, together with error bars. In lower figures, the star represents the calculation results from Adamian et al. [8]

factors. On one hand, it is the effect of the nuclear deformation
and orientation. On the other hand, the mass asymmetry
for °Ge + "ONd (1, = —0.3274) is smaller than that for
825e + 1%2Ce (17, = —0.2679), which may also contribute to
the difference.

B. The quasifission and evaporation residue cross sections

The nucleus-nucleus interaction potentials as a function of
the relative distance between the centers of the interacting
nuclei R for the dinuclear configuration ®Fe 4 2%Pb and
82Se + 28Pb channels are depicted in Figs. 2(al) and 2(bl),

TABLE I. The inner fusion barrier Binner and barrier Bgymmery for
some Pb-based reaction channels.

Projectile B! Bl L B ob
(MeV) (MeV) (MeV) (MeV)
#Cr 5.18 21.43 11.92 22.11
BFe 2.53 21.88 9.74 21.37
9Zn 0.64 25.20 17.49 30.46
5Ge 0.83 33.16 19.36 33.27
82Se 4.60 39.97 23.33 38.68
8Kr 2.47 40.28 27.18 44.71

respectively. As shown in Fig. 2(al), the height of the barrier
at belly-belly orientation is 9.1 MeV higher than that at tip-tip
case. Thus, at a certain bombarding energy, the lower excitation
energy can be obtained at belly-belly orientation. It can be also
found that the quasifission barrier at belly-belly orientation
is 2 MeV higher than that at the tip-tip case. Thus, at a
certain bombarding energy, the lower quasifission rate may be
obtained at belly-belly case because of the lower excitation
energy and higher quasifission barrier. The corresponding
quasifission rates to overcome the barriers at belly-belly
orientation (solid line) and at tip-tip orientation (dotted line)
as functions of dinuclear system excitation energy are shown
in Figs. 2(a2) and 2(b2), respectively. It is found in Figs. 2(a2)
that the quasifission rates at two orientations are increasing
with the excitation energy. But the rate at the tip-tip case is
much larger (about one order of magnitude or even larger) than
that at the belly-belly case. In Figs. 2(b2), the rate at the tip-tip
case is also larger (from four times to one order of magnitude)
than that at the belly-belly case. And the difference between
the quasifission rates at two orientations for *Fe 4 2%Pb
seems larger than that for 82Se + 208pp, because the difference
between the quasifission barrier heights at two orientations for
the relatively heavier dinuclear system is smaller than that for
the relatively lighter dinuclear system.
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FIG. 4. The quasi fission barriers for (a) 3Fe + 28Pb — 293108 + 1n, (b) "°Zn + 2®Pb — 277112 + 1n, (c) *Se + 2®Pb — 28116 + 1n and
(d) 3°Kr + 28Pb — 223118 + 1n. The solid circles represent the tip-tip case while the open circles represent the belly-belly case.

By solving the master equation coupled with the relative
motion, the fusion probability can be obtained. After the
formation of the compound nucleus, it will de-excite by means
of fission or emitting small number of neutron. Thus, the
competition between the fission and the emission of neutron
can determine the survival probability of the SHN. Then, for
the cold fusion reaction the survival probability can be written
as

TW(E*, J)
Tu(E*, J)+ T p(E*, J)’

Wsur(E*’ J)= PI(E*7 J) (23)
where the E*, J are excitation energy and angular momentum
of the compound nuclei. The P;(E*, J) represents the real-
ization probability, and I',, I' ¢ stand for the neutron emission
width and fission width, respectively. The neutron emission
width and fission width can, respectively, read

1
FW(E") = -—Fx
2 p(E*)
2MnR2 E*—B,—1/a
3 g/ ep(E* — B, —&g)ds (24)
h 0
and

1 E**B[*l/a
FH(E)= —= E*— By —¢g)de, (25
J(E¥) ZW(E*)/O p( ; —e)de, (25)

where p(E*) = J‘T;EEN exp[2,/aE{y] is the energy level
density with the level-density parameter a, M, stands for
the mass of neutron, R, B,, By represent the radius, neutron
separation energy and fission barrier of the compound nucleus,
respectively. The neutron separation energies are taken from
Ref. [32]. The fission barrier can be separated into two parts,

the macroscopic part B and the microscopic part BY'
as [11,16,33]

. E*
By = B}D + B} exp [——} , (26)

Ep

where Ep is the damping factor because the microscopic
part comes from the shell energy, which is decreasing with
increasing the excitation energy of the compound nucleus.

Applying Eq. (1), we can obtain the evaporation residue
cross sections for the superheavy nuclei. The excitation func-
tions for the cold fusion reactions Fe + 2%Pb — 26108 +
1n,79Zn + 2%Pb — 277112 + 1n,32Se + 2%Pb — 2116 + 1n,
and 8Kr + 2%%Pb — 23118 + 1n are shown in Fig. 3. The
experimental results are shown in upper figures with a solid
dot together with an error bar. For the heavy projectile 8*Se
and 3°Kr, no experimental data are available. The results from
Adamian et al. are shown with stars. When comparing the
residue cross sections at two orientations, it is seen that at
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belly-belly orientation, the residue cross section is larger than
those at tip-tip orientation. The quasifission barriers for the
corresponding channels are shown as a function of mass
asymmetry 7 in Fig. 4. It is indicated that the quasifission
barrier for the belly-belly case is bigger than that for the tip-tip
case, which suppresses quasifission and thus helps fusion.

And, in general, for the relatively lighter projectile, the
residue cross-section difference between the two orientations
is small, e.g., for the 38Fe + 208pp — 265108 + 1n reaction,
the difference is about 1.5 times. However, for the relatively
heavier projectile, e.g., for 32Se, 8K, the difference between
two orientations can be larger, about 3—4 times. We can
conclude that the belly-belly orientation, at which the target
and projectile can reach each other in a more compact way, is
in favor of the production of the superheavy nuclei than that
of tip-tip orientation.

IV. SUMMARY

In summary, the PES, the evaporation residue cross sections
at tip-tip and belly-belly nuclear orientations for some cold

PHYSICAL REVIEW C 78, 054607 (2008)

fusion reactions leading to superheavy elements are calculated.
Because at belly-belly orientation the barrier that prevents the
DNS system from moving to more symmetric configurations
where the DNS system will be more likely to decay by means of
quasifission and the quasifission barrier are both higher than
those at tip-tip orientation, it is found that the evaporation
residue cross sections of superheavy nuclei at belly-belly
orientation are larger than those at tip-tip orientation, and thus
the belly-belly orientation is in favor of the production of
SHN.
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