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Using the statistical model, we analyse the survival probabilities of
excited heavy and superheavy nuclei. The calculated production cross sec-
tions of heavy neutron-deficient isotopes are in a good agreement, with the
experimental data for different de-excitation channels, especially near the
maxima of excitation functions. The dependence of obtained values for
superheavy nuclei produced in cold fusion reactions on different theoretical
predictions of nuclear properties are discussed.

PACS numbers: 25.70.Jj, 24.10.-i, 24.60.-k, 24.90.+b

1. Introduction

The synthesis of heavy and superheavy nuclei is an interesting field of
nuclear physics research during the last decade. The analysis of experi-
mental yields of different neutron-deficient evaporation residues allows us
to conclude whether magic numbers are changed in the nuclei far from the
line of stability. There is experimental evidence that in the de-excitation of
these nuclei the charged particles emission successfully competes with neu-
tron emission which is the most probable process in the nuclei near the line
of stability. Since the stability of superheavy nuclei is mainly determined
by shell effects, it is important to find the regions in (Z, N)-plane where the
shell effects are strongest and supply the largest survival of excited super-
heavy nuclei.
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Among various models the dinuclear system (DNS) model seems to be
more successful in the consideration of production of heavy and superheavy
nuclei [1-4]. The DNS model assumes that the compound nucleus is reached
by a series of transfers of nucleons or small clusters from the light nucleus
to the heavier one in a touching configuration. So, the dynamics of fusion
is considered as a diffusion of the DNS in the mass asymmetry, defined by
n = (A1 — A2)/(A1 + A2) (A1 and As are the mass numbers of the DNS

nuclei). In fusion reactions the evaporation residue cross section [1-4|

UER(EC.m.a J) ~ Uc(Ec.rn.a J)PCN (Ec.m.)Wsur(Ec.m.) ) (1)

depends on the partial capture cross section o, for the transition of the collid-
ing nuclei over the entrance (Coulomb) barrier, on the probability Pox of the
compound nucleus formation after the capture and on the survival probabil-
ity Wayr of the excited nucleus against fission. Pen and Wy, are considered
as the most crucial factors for production of heavy and superheavy nuclei.
Reducing the survival probability to that of zero angular momentum, we
include the dependence on angular momentum in the effective capture cross
section [4].

In the present paper the survival probabilities of different neutron-defi-
cient isotopes and superheavy nuclei are analysed by using statistical model.
The dependence of obtained values for superheavy nuclei produced in cold
fusion reactions on different theoretical predictions [5-8| of nuclear properties
is discussed.

2. Survival probability

The survival probability under the evaporation of a certain sequence s
of = particles is considered as

> Li(E:, ;)

(B = Py(E¢ sl L 2

Wsur( CNaJ) s( CNaJ)isl__Il Ft(E;'kajis) ( )

Here, is, Ps, E; and J;, are the indices of the evaporation step, the proba-
bility of realization of the channel s at the initial excitation energy Efy of
the compound nucleus, the mean values of excitation energy and, angular
momentum quantum number, respectively. The total width I} for com-
pound nucleus decay is the sum of partial widths of particle evaporation
I';, y-emission and fission It. At the first step i = 15, Bj, = Efy and
Ji, = J [9,10]. Since ogg can be factorised into three factors in (1) with
Waur(Fem., J = 0) the calculations of the survival probability were done
for J = 0 only. The probability of realization of considered evaporation se-
quence Py(E¢y) [11,12] is afunction of particles separation energies and their



Survival Probability of Fxcited Heavy Nuclei 2085

Coulomb energies in the case of charged particles emission. This function
has a bell-like shape with a maximum near the maximum of corresponding
excitation function.

In the excited superheavy nuclei the Coulomb barrier for the emission of
charged particles is high and the widths for the emission of a proton or an
a-particle are much smaller than the width I, for the neutron emission in
these nuclei. Under these circumstances we set I} ~ I, +It. So, the survival
probability under the evaporation of x neutrons in this case is considered
according to as

T

n(EF, J;)
Wsur(Eon, J) = Pon(Ecy, J H * .
i=1 Fn )+Ff(EZaJ’L)

(3)

The width of the decay of channel 7 is defined through the probability Rcx;
of this process as [9,10, 13-15]

Ren,
I=— . 4
21p(Eéy, J) @)

The probability of evaporation of particle j (neutron, proton, a-particle)

Eon—Bj Jats  J4S

Ren; (EénsJ) ZJd / depa(Ecx —Bj—¢, Ja) Z Z

S=|Jq—s|I=|J—S|

can be calculated by using the separation energy B; of particle j with spin s,
the level density pq(E¢&N — Bj — €,Jq) of the daughter nucleus, and the
transmission coefficient Tj;(¢) through the barrier. The value of Tj(e) is
calculated using an optical model potential [13].

The fission probability in the case of an one-hump barrier of height
Bf(E&y) and curvature determined by Aw is defined as

E{n—Bt

Rong(Bén, J) = /
0

,Of(EéN —Bf—6, J) de (6)
1+exp [L(E'i'g;_EEN) ’

where pe(E¢N — Br — €, J) is the level density at the saddle point. For all
the nuclei considered, we take iw = 2 MeV. We calculated the level density
using the Fermi-gas model [15].

The value of fission barrier By consists of the liquid drop BfLD and mi-
croscopical BM parts. The liquid drop part is calculated as in Ref. [16].
The value BM = 5Wsﬁ — 5W£ is related to the shell correction 5W£ of the
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nucleus with mass number A at the ground state and the shell correction
(SWS’?Jl at the saddle point. Usually, one neglects the shell correction at the
saddle point, (SWS‘?Jl ~ 0. Due to the dependence of the shell effects on the
nuclear excitation, the microscopical part and By depend on Efy as

* * —E¢
Bi(Egy) = Bi® + B (Egy = 0) exp [E—EN] . (7)

With (7) the level density parameter is taken as a constant. The other way
to take into account the shell effects is using excitation energy dependent
level density parameter in the calculations of level density [15] (without
damping of the shell effects in By). However, as was shown in Ref. [17] these
two possible ways are equivalent and lead to the same results at the proper
choice of parameters.

For calculation of the Coulomb barrier, we used the expression

ZCN — jZ]‘62
T0; (Aé/l\?fj + A}/‘g)

Uc = (8)

where rg; is the constant and Zcn_j and Acn—j; are the charge and mass
numbers of the daughter nucleus after the evaporation of particle j (proton
or alpha) with charge Z; and mass number A;. The variations of parameter
roj are not crucial for our calculations of ogr near the maxima of excitation
functions for all neutron-deficient isotopes considered [12].

3. Results and discussion

While considering the heavy neutron-deficient isotopes yields we use the
existing experimental values of microscopic corrections and particle separa-
tion energies, and their theoretical values from Ref. [5] when the experimen-
tal data are not available. For superheavy nuclei we used a set of different
theoretical predictions [5-8] and analysed their influence on the results ob-
tained.

3.1. De-excitation of 20U

Production cross sections and excitation functions of neutron deficient
isotopes of U, Pa and Th have been measured in the ?2Ne+}2%®Pb reac-
tion [18]. Since the initial configuration is very asymmetric, the quasifission
probability can be neglected and the probability of complete fusion Pcn
is close to 1. The calculated values of ogg in Fig. 1 are in a good agree-
ment with the experimental data especially near the maxima of excitation
functions both for neutron and charged particles evaporation channels [12].
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Fig.1. Measured [18] and calculated excitation functions and evaporation residue
cross sections for acxn evaporation channels in the reaction 2>Ne+298Pb.

3.2. De-excitation of 20 Th

In Fig. 2 and Fig. 3 evaporation residue cross sections and excitation
functions for the reactions “*Ar-+180Hf [19] and '2*Sn+%Zr [20] are shown,
respectively. Due to the different fusion probabilities, the same isotopes are
finally produced in these two reactions at the same excitation energy with
the cross sections differing approximately by one order of magnitude. One
can conclude, that the fusion probability Pcy, which is calculated with the
dinuclear system model in Ref. [12], is important ingredient of the description
of excitation function. Note that the excitation functions for these reactions
were calculated in [20]. Here, we obtain a better agreement with the ex-
periment, especially for the channels with evaporation of charged particles,
without special adjustment of the theoretical data to one of the evaporation
channel as was done in Ref. [20]. The results of measurements and our cal-
culations are in quite good agreement almost for all evaporation channels
except some points on the low energy tails of excitation functions. These
tails are related to the influence of contamination of the target used in the
experiment [12].
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Fig. 2. Measured [19] and calculated excitation functions and evaporation residue
cross sections for pzn evaporation channels in the reaction “°Ar+'80Hf,
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Fig.3. Measured [20] and calculated excitation functions and evaporation residue
cross sections for pzn evaporation channels in the reaction '24Sn+2Zr.

3.3. The superheavy nuclei

The survival probability of superheavy nuclei [17] (with charge numbers
Z > 102) produced in cold fusion reactions is analysed using different the-

oretical predictions of the nuclear properties of these nuclei [5-8], which
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predict practically the same neutron binding energies but different fission
barriers. In 1n evaporation channel Wy, differs from I, /It by the factor of
P, (P, = 1 at the maximum of excitation function). For 104 < Z < 112,
the calculated I,/It weakly depend on the choice of predicted properties
of superheavies. With the predictions of Ref. [7,8] the values of I,/I} are
much smaller than the ones obtained with Refs. [5,6] for Z > 114. So, the
calculated evaporation residue cross section for Z > 114 would be larger
with the predictions of Refs. [5,6] (Fig. 4).
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Fig. 4. The dependences of I', /It calculated with the Fermi-gas model and damping
of the shell effects in By for the indicated nuclei at the excitation energies shown
in [17]. The predictions of Refs. [5-8] are used.

4. Summary

Near the maxima of excitation functions the calculated values are close
to the experimental ones. The low energy tails of the excitation functions in
pzn and azrn evaporation channel are sensitive to the contaminations of the
targets by other isotopes. The calculated evaporation residue cross sections
for the nuclei with Z > 114 are very crucial to the choice of the predicted
properties of superheavies.
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