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The cross sections for the production of nuclides of element 108 via hot fusion evaporation reactions are studied

using a two-parameter Smoluchowski equation. The optimal reactions for the synthesis of new nuclides of element 108

with mass numbers from 266 to 271 are suggested. The macroscopic-microscopic approach predicts a strong deformed

shell closure at Z =~ 108 and N = 162. The synthesis of more nuclides of element 108 is meaningful to the confirmation

of the existence of this deformed shell closure.
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1. Introduction

The superheavy elements (SHE) are of great in-
terest in the fundamental study of the stability limit
of heavy nuclei.l? The nuclear shell model predicts
the next double magic shell closure beyond 2°Pb at
Z =114 — 126 and N = 172 — 184.1] To date, the
region of the ‘island of superheavy nucleus’ extends
up to element Z = 116 or probably Z = 118 using
the “8Ca-induced hot fusion reactions with actinide
targets.[* Additionally, the macroscopic—microscopic
approach® predicts a strong deformed shell closure
at Z ~108 (Hs) and N = 162.
element 108 have been produced in ‘cold fusion
and ‘hot fusion’.l8) These are 264Hs[” with half-life
Tij2 ~ 0.08ms, 2Hsl7 with T}/, = 1.8ms, and
267THs with Tyo = 19msl®. It is worth noting that
as Hs increases three neutrons, i.e. the number of
neutrons increases from N = 156 (24Hs) to N = 159

(%67Hs), the half-life increases by more than two or-

Three isotopes of
’[6,7]

ders of magnitude. This provides an indication of the
existence of a relatively strongly bound ‘double-magic’
deformed shell at Z ~ 108 and N = 162. In addition,
Dullman et all® claimed that they had synthesized
269,270,271 Tn order to confirm the existence of this
‘double-magic’ deformed shell, it is necessary to syn-
thesize more nuclides of element 108, and to investi-

gate their structures experimentally.

The cross sections for the production of super-
heavy nuclei are on the picobarn (1072 barn) level.
Due to the extremely small cross section, the produc-
tion of superheavy nuclei is quite difficult experimen-
tally. In order to successfully synthesize the super-
heavy nucleus it is very important to select the op-
timal combination of target and projectile, and the
most favourable bombarding energy. In this paper,
we will present such optimal selections for the syn-
thesis of the new nuclides of element 108. In the fol-
lowing, we treat the whole reaction process in three
stages: the capture, formation of spherical compound
nucleus, and nucleus surviving against fission decay
and cooling down by particle evaporation.

2. Capture cross section

The capture cross section for the transition of the
colliding nuclei over the Coulomb barriers is given by

o0

eapt (B) =X Y (2] + 1)T (E, J), (1)

J=0
where X is the wave-length, and J is the angular mo-
mentum of the system. The transmission probability

is calculated using a ‘diffused-barrier formula’[10-11]
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T(E,J) = / T By [1 +exp {

Bo—En

The normalized barrier distribution P(B) is assumed
to have a Gaussian shape with a threshold value Et[:f]
and average barrier height By. The barrier radius Rp
and thickness hwp are calculated at the average barrier
By. As an example, we present in Fig.1 the capture

excitation function for the system 26Mg+244Pu.

3. Competition between com-

pound nucleus formation and

quasifission

The system, originally in the fusion valley, is in-
jected into the asymmetric fission valley when cap-
tured. The dynamics in the second stage is assumed
to be described by a two-parameter Smoluchowski
equation:13:14]

oW (x,y,t)
ot

Here x = s denotes the relative length between the ef-

= [Lz (%, y) +vLy (2, 9)| W (2, 9,t) . (3)

fective surfaces of the approaching nuclei, and y = N
represents the neutron number of the light nuclei. The
operators L, and L, are defined in Refs.[13,14].

In Eq.(3) we have introduced a parameter vy to
indicate the different time scales. In the limit v > 1,
which is consistent with the assumption that y de-
cays very rapidly to an equilibrium value yeq, Eq.(3)
can be reduced to a one-parameter Smoluchowski
equation,13:14]

%W (2,t) = Lo oW (z,t). (4)

The operator Ly ¢ has the form

0 = 0?
LO,O = —%Dz (117) + Dzz@’ (5)
with

Here ¢p (y,z) is the eigenfunction of the operator
Ly, (y,x) for n = 0.'%4 We assume that the diffu-
sion coefficient, D, is a constant, i.e. Dy, = kT/a,
where «a, is proportional to the dissipation happen-
ing in the degree of freedom z. For t — oo, the

final results are independent of it. The potential,

P ©)

Vat (z,y) in the asymmetric fission valley is calcu-
lated by using the formulae in Ref.[15] and approx-
imated by a repulsive parabolic potential Vy¢ (z,y) =
—a () (Z — Zmax (¥))? /2 with Zpax (y) being a max-
imum value in V,r. By means of this potential, we
obtain a drift coefficient D, = a (y) (¢ — Tmax)/ -
The solution of the Fokker—Planck equation (4)
turns out to have a Gaussian shape. The probability
to reach the compound nucleus configuration is equal
to the area under the distribution’s tail in the region

of z < Tyax ¥

PCN = %erfC\/E (7)

where = B/ET, and erfc is the error function com-
plement, equal to (1-erf). According to Eq.(6), the
average barrier height reads

B= /B (¥)%0 (Y5 Tmax) dy, (8)

with B(y) being the barrier height in the asymmet-
ric fission valley for different values of y. Figure 1
shows the cross sections of capture (solid line) and
compound nucleus formation (dashed line) as func-
tions of the centre-of-mass energy E for the system
26Mg+244Pu. It may be seen from the figure that the
competition between the compound nucleus formation
and quasifission inhibits the cross section for the fu-
sion increased by more than two orders of magnitude.

4 capture

- - - compound 3

10—4 1 1 1 1
110 115 120 125 130 135

E/MeV
Fig.1. The cross sections of capture (solid line) and com-

pound nucleus formation (dashed line) as functions of the
centre-of-mass energy E for the system 26Mg+244Pu.



Vol. 16

Liu Zu-Hua et al

2340

4. Evaporation residues

The survival probability Wy, (E, J) is the probability for compound nucleus to decay to the ground state
of a final residual nucleus via evaporation of light particles and ~ rays thus to survive fission. The survival

probability of emitting x neutrons can be written as

Wsur (EéNu J) = GXH (E6N7 J) H

where E¢y is the excitation energy of compound nu-
cleus, and Gy, is the probability of realization of x
neutron evaporation.'®17 The partial widths of neu-
tron emission and fission are calculated by using the
formula of Refs.[14, 16, 18]. In these calculations,
the level density parameter is taken as a, = A/12.0
and the ratio of the level density parameters in the
fission and neutron evaporation channels is equal to
af/a, = 1.07,1 where a; is the level density param-
eter at a saddle point. The values of neutron sepa-
ration energy are taken from Ref.[19]. The rotational
energies are calculated under the assumption of the
rigid-body moments of inertia with the ground-state
and saddle-point deformations.!'2%] The fission bar-
rier depends on the excitation energy of the nucleus

as follows:

By (k) = Bip (k) — Asn (k) exp(=E};/Ea),  (10)

where Eq = 25MeV is the shell-damping energy.?!]

The fission barrier B¢ contains the macroscopic liquid
drop energy part Br,p and microscopic shell correction
part Ag,. The values of Brp are estimated in the lig-
uid drop approximation,/?? and those of Agy, are taken
from Ref.[19].

The cross section of evaporation residue can be

written as
opr (E) = mX° Y (2J+ )T (E,J)
J=0

xPex (B, J) W (E, J).  (11)

We have calculated the evaporation residue cross sec-
tions in the 3n and 4n channels for the fusion reactions
260\ [g 4244 Cm, 27 A14+-243 A, 308244 Py, 343654 23877
WOAr4+232Th and *+*8Ca+2%6Ra. The results are

shown in Figs.2, 3 and 4.
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Fig.2. The calculated excitation functions for the 3n and
4n channels of the fusion reactions 26Mg+244Cm (dashed
lines), 27 Al+243 Am (Dash-dotted lines) and 44Ca+225Ra

(solid lines).
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Fig.3. The fusion-evaporation excitation functions for
the reactions 238U(34S, 3n)?0%Hs (dash-dotted line),
232Th(40Ar, 3n)209Hs (dashed line), 238U(34S,4n)?58Hs
(solid line) and 232Th(%°Ar, 4n)268Hs (dotted line).

The maximal evaporation residue cross sections and
the corresponding excitation energies for the optimal

reactions are listed in Table 1.
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Table 1. The optimal reactions for the synthesis of new nuclides of element 108, the maximal evaporation

residue cross sections (0gR), the corresponding excitation energies of the compound nuclei (EéN) and the

centre-of-mass energies (E).

Nuclide Reaction ocER/pPb E&y/MeV E/MeV
266 244Cm(?6Mg,4n)200Hs 0.81 41.88 123.0
267Hs 244Cm(?6Mg,3n)267Hs 2.35 38.88 120.0
268 s 23877 (348,4n) 203 Hs 5.29 38.66 148.0

232Th(40 Ar,4n)268Hs 5.34 38.44 164.8
269Hs 232Th(40 Ar,3n)269Hs 11.90 33.19 159.5
270Hs 2387J(368,4n)270Hs 396.0 34.99 149.5
226Ra(*8Ca,4n)2"0Hs 600.0 34.30 186.0
271 Hs 226Ra(*8Ca,3n)2"1 Hs 873.0 28.3 180.0
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Fig.4. The description same as that in Fig.2, but for
the fusion reactions 30Si+244Pu (dashed lines), 36542387
(solid lines) and 48Ca+226Ra (dash-dotted lines).

5. Summary

The cross sections (ogr) for the production of
new nuclides of element 108 via hot fusion evapo-
ration reactions are studied using a two-parameter
Smoluchowski equation. The cross section ogg de-
pends sensitively on the combination of projectile and
target. Therefore, in order to synthesize superheavy
nuclei successfully, it is quite necessary to theoreti-
cally search for the optimal reactions and favourable
bombarding energies before the experiment. From
our results, the optimal reactions for the synthesis of
new nuclides of element 108 with mass numbers from
266 to 271 are selected. The macroscopic-microscopic
approach!® predicts a strong deformed shell closure at
7Z = 108 (Hs) and N = 162. Hence it is of interest
to synthesize new nuclides of element 108. Our re-
sults may be helpful to the future experiments in the
production of new nuclides of element 108.
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