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A new mechanism of the fusion-fission process for a heavy nuclear system is proposed, which takes place in the
(A1, A2) space, where A; and A; are two nuclei, surrounded by a certain number of shared nucleons AA. The nuclei
A: and A, gradually lose (or acquire) their individualities with increasing (or decreasing) a number of collectivized
nucleons AA. The driving potential in the (A1, A2) space is derived, which allows the calculation of both the proba-
bility of the compound nucleus formation and the mass distribution of fission and quasi-fission fragments in heavy
ion fusion reactions. The cross sections of super-heavy element formation in the “hot” and “cold” fusion reactions

have been calculated up to Zcy =118.

1. Introduction

The interest in the synthesis of super-heavy nuclei has lately
grown due to the new experimental results™? demonstrating a
real possibility of producing and investigating the nuclei in the
region of the so-called “island of stability”. The new redlity de-
mands a more substantial theoretical support of these expensive
experiments which will alow a more reasonable choice of fus-
ing nuclel and collision energies aswell as abetter estimation of
the cross sections and unambiguous identification of evapora-
tion residues (ER). Unfortunately, at present it is quite difficult
(and hardly possible) to make an accurate qualitative analysis
of the complex dynamics of the heavy ion fusion reaction lead-
ing to the formation in the exit channel of ER of easily fissile
super-heavy nucleus.

A whole process of super-heavy nucleus formation is di-
vided usually into three reaction stages even if connected with
each other but treated and calculated separately: (1) overcom-
ing the Coulomb barrier and approaching the point of contact
Reont = Ri + Ry, (2) formation of the compound mono-nucleus,
(3) decay (“cooling”) of the compound nucleus. Different the-
oretical approaches are used for analyzing all the three reaction
stages. However, the dynamics of the intermediate stage of the
compound nucleus formation is the most vague. It is due to the
fact that in the fusion of light and medium nuclei, in which the
fissility of the compound nucleusis not very high, the colliding
nuclei having overcome the Coulomb barrier form a compound
nucleus with a probability Poy = 1. Thus, this reaction stage
does not influence the yield of ER at al. However, in the fu-
sion of heavy nuclei it isthe fission channels (regular and quasi-
fission) that substantially determine the dynamics of the whole
process; the Pcy value can be much smaller than unit, while its
accurate calculation is very difficult. Moreover, today there are
no consensus for the mechanism of the compound nucleus for-
mation itself, and quite different, sometimes opposite in their
physics sense, models are used for its description.®®

The production cross section of a cold residual nucleus C,
which isthe product of neutron evaporation and y emission from
an excited compound nucleus C*, formed in the fusion process
of two heavy nuclel A; + A, —C*— C+xn+ Ny at center-of-
mass energy close to the Coulomb barrier in the entrance chan-
nel, can be decomposed over partial waves and written in the
following form
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Here P [1+exp(hm|)[B+ 2uR§I) E])} is the penetra-
tion probability of the one-dimensional potential barrier given
by the usual Hill-Wheeler formula’ with the barrier height mod-
ified to include a centrifugal term. f(B) is the “barrier distribu-
tion function”,® which takes into account the multi-dimensional
character of the redistic barrier given by dynamic deforma
tions of nuclear surfaces and/or different orientations of stati-
cally deformed colliding nuclei. Integration over effective bar-
rier B means, in fact, integration over such dynamic deforma-
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Figurel. Schematic view of the process of compound nucleus forma-
tion, fission and quasi-fission in the space of A;, A, and AA, i.e., the
number of nucleons in the projectile-like nucleus, target-like nucleus,
and shared nucleons, here A, + A, + AA = Acn.
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tions and/or different orientations. A choice of the function
f(B), which defines the capture cross section, is discussed in
References 5, 6. Pcy is the probability that the nuclear system
will evolve from a configuration of two touching nuclei into
a spherica or nearly spherical form of the compound mono-
nucleus. In the course of this evolution the heavy system may,
in principle, fall again into two fragments without forming the
compound nucleus (quasi-fission) and, thus, Poy < 1. Thisprob-
ability depends aso on initial deformations and orientations of
two touching nuclei. The last term in eq 1, W, defines the
probability of producing the cold evaporation residue C in the
process of the compound nucleus decay. It has the initial exci-
tation energy E* = E — Qjj, where E is the beam energy in the
center-of-mass system, Qi = B(A1) + B(A2) — B(C), and B(C),
B(A1), B(A2) are the binding energies of the nuclei. Details of
the calculation of survival probability Wi, (1, E*) and discussion
of the factors, which bring major uncertainty into estimation of
this quantity for super-heavy niclei, can befound in Reference 6.
Putting Wi, = 1in eq 1 we get the “fusion cross section”, putting
in addition Pcy = 1 we get the “ capture cross section”.

2. Fusion-fission Dynamics of Heavy Nuclei

The following mechanism have been proposed for the com-
pound nucleus formation and quasi-fission process.®
(1) Down to the instant of touch the nuclei keep their individu-
alities and the potential energy of their interaction isdefined in a
usual manner, e.g. by the proximity forces. The distance of con-
tact Reone is smaller by 1-3 fm than the radius of the Coulomb
barrier and, thus, the nuclel have to overcome this barrier to
reach it.
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Figure 2. Driving potential Vius—fis(Z1,Z>) of the nuclear system con-
sisting of 116 protons and 180 neutrons. (a) Potential energy of two
touching nuclei at A; + A = Acy, AA =0, i.e.,, dong the diagonal of
the lower figure. The thick line corresponds to the case of spherical nu-
clei, wheresas the thin line corresponds to § = 8«/2 (see the text). (b)
Topographical landscape of the driving potential on the plane (Z;,2,)
(zero deformations). The dark regions correspond to the lower potential
energies (more compact configurations).
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(2) Inthe point of contact the nuclei begin to lose their individu-
alities due to an increasing number of shared nucleons AA, here
A1+ A; + AA = Acn (configuration (b) in Figure 1). Interaction
of two touching nuclel A; and A, weakens with increasing the
number of shared nucleons AA, and their specific binding ener-
gies approach specific binding energy of the compound nucleus.
Callectivized nucleons move in the whole volume occupied by
thetwo nuclei and have the average over A; and A, specific bind-
ing energy.
(3) The processes of compound nucleus formation and quasi-
fission occur in the space (Aq, A2), here the compound nucleusis
finally formed when two fragments A, and A> go in its volume,
i.e, a R(A1) 4+ R(A2) = Ren or at AY® + AY® = AZS (configura-
tion (c) in Figure 1).

The total potential energy of the nuclear system can be de-
fined in the following way

Vfus—fis(r 1 Z1,N1, Zo, Ny; 51, 52)
= Via(r, 81,82, AA) — [Py + Pohe + BAA]
+B(AY) +B(A). 2

Here B(A?) and B(A3) are the binding energies of the projectile
and target; B1, B2, and B = (B1+ B2)/2 are the specific bind-
ing energies of the nucleons in the fragments Aq, Ao, and that of
the shared nucleons AA, respectively. These quantities depend
on the number of shared nucleons. If we define the measure of

the collectivization as x = 532~ (see Figure 1), then B12 can be

approximated as P12 = B73 (1 —X) + Byx. 81 and &, are the dy-
namic deformations of the fragments. The interaction Vi, (sum
of the Coulomb and nuclear potential) is defined in usua way
a r > Reone and gradually goes to zero at r > Ren (X = 1), see
details in Reference 5. Thus, once the compound nucleus has
been formed (the dark areain Figure 1), the total energy of the
system Vius—is = Qf, asiit should be if the energy of two resting
at infinity initial nuclei istaken as zero. A microscopic calcula-
tion within the two-center shell model should be doneto find the
quantities B1 2 and Vi, at AA # 0. However it is quite difficult to
perform such realistic calculations especialy for the “contact”
configurations with AA ~ 0.

The topographical landscape of the driving potentia
V(Z1,25;6:, = 0) for the case of formation of the compound
nucleus 2116 is shown in Figure 2. One can see that the shell
structure, clearly revealing itself in the contact of two nuclei, i.e.
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Figure 3. Driving potential Vius_1is as a function of mass asymmetry
and distance between centers of two nuclei with zero deformations. The
black solid curve corresponds to the contact configurations. The ways
1 and 2 lead to the asymmetric and near-symmetric quasi-fission chan-
nels, whereas 3 and 4 correspond to the compound nucleus formation
and its regular fission, respectively. See a conformity with Figure 2.
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Figure 4. Probability of the compound nucleus formation for the (a) “hot” and (b) “cold” fusion reactions. In the inset the charge distribution of
quasi-fission fragments is shown for the “Ca+2®Cm fusion reaction at E* =40 MeV (linear scale, relative units). The main peaks correspond to the
way 1 in Figure 3, whereas the small near-symmetric peaks correspond to the way 2.

at the borderline A; + A2 = Acn, (Figure 2(a)) is also retained at
AA # 0 (see, e.g., the deep minimain the regions of Z; , ~50 and
Z12~82in Figure 2(b)). At the synthesis of the nucleus *¢116
in the fusion reaction “Ca+2*®Cm, after the contact the system
decays with a large probability into the quasi-fission channels
(mainly asymmetric: Se+ Pb, Kr +Hg and al so near-symmetric:
Sn+ Dy, Te+Gd) — solid arrow lines in Figure 2(b). Only a
small part of the incoming flux reaches a compound nucleus
configuration (dashed arrow line).

In fact, the driving potential (2) is a continuous function at
r = Reont @nd can be used to describe the evolution of the system
at al reaction stages. In Figure 3 the driving potentia is shown
as a function of mass asymmetry and distance between centers
of two nuclei. In these variables the driving potential (2) can
be easily compared with the potential energy calculated within
the two-center shell model. Such comparison have been made
in Reference 5 demonstrating a reasonable agreement between
the two approaches.

3. Compound Nucleus Formation and Cross Sections of
Super-heavy Element Production

Using the driving potential Vius—fis(Z1, N1, Z2, N, 81,62) we
can determine the probability of the compound nucleus forma-
tion Pon (A + A — C), being part of expression (1) for the cross
section of the synthesis of super-heavy nuclei. It can be done,
for example, by solving the master equation® for the distribu-
tion function F (Y = {Z1,N1,Z>,Ny, 81,82};t). The probability of
the compound nucleus formation is determined as an integral of
the distribution function over the region R + R, < Ren. Sim-
ilarly one can define the probabilities of finding the system in
different channels of quasi-fission, i.e., the charge and mass dis-
tribution of fission fragments measured experimentally. In fact,
it is not so easy to perform such redlistic calculations due to a
large number of the variables.

The master equation approach with restricted number of the
variableswas used for arough estimation of Poy and evolution of
the nuclear system in the (Z1, Z»)-space. First, the deformations
of the fragments were fixed at & = d«/2, where 3 is the defor-
mation corresponding to the saddle of the interaction potential
Viz inthe(r, 8)-space, see Reference 5. Then thepotential energy
was minimized over N; and N, and a two-dimensional driving
potential Vius—fis(Z1,Z2) was calculated. Finaly we solved the
master equation for the distribution function F(y = {Z1,Z,},t)

aa_lt: = SAWY)FY, 1) — MY, YF (). &)
2

We used the same macroscopi ¢ transition probabilities asin Ref-

erence 9, i.e, A(Y,Y) ~ exp{Mus—iis(Y') — Vius—1is(¥)] /2T (¥) },
where T = /[Ecn — Vius_sis(Y)] /a is the local temperature and
aisthe level density parameter. Equation 3 describes an over-
damped evolution, when a potential energy of the nuclear sys-
tem playsamajor role. The sumover y' in eq 3 is extended only
to nearest configurations Z; > + 1 (no fragment transfer). Equa-
tion 3 was solved up to the moment when the total flux comesto
the compound nucleus configurations (dark areain Figure 2(b))
and/or escapes into the fission channels, giving us the probabil -
ity of the compound nucleus formation and the charge distribu-
tion of quasi-fission fragments.

Results of such calculations are shown in Figure 4. For
the “hot” fusion reactions, based on using “Ca as a projec-
tile, the probability of the compound nucleus formation falls
down very sharply at first with increasing Zcn, but then it re-
mains at the level of 1073 for Zcy = 114-118 at excitation en-
ergies E* > 30 MeV. Such behaviour of Pcy reflects the fact of
insignificant changes of Vius—1is(A1, A2) for al thesereactions. In
contrast with that, for the “cold” fusion reactions, based on us-
ing ?®Pb as a target, the probability of the compound nucleus
formation decreases very fast with increasing Zc.

Calculating the capture cross sections and the survival prob-
ability Wy, within the approach proposed in References 5, 6 and
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Figure5. Cross sectionsfor formation of heavy evaporation residuesin
“hot” (triangles, 3n evaporation channel) and “cold” (sguares, 1n evap-
oration channel) fusion reactions. The open symbols correspond to the
experimental values, whereas the solid ones to the calculated cross sec-
tions. For the “hot” fusion reactions the corresponding projectile-target
combinations are shown. For the “cold” fusion reactions 2®Pb is used
as atarget and only the projectiles are shown.
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using the fission barriers based on the ground state shell correc-
tions of Moller et al.,° we estimated the cross sections of super-
heavy element formation in the “hot” fusion reactions leading
to heavy nuclei with Zcy >102 — Figure 5. The cross sections
for formation of super-heavy nuclei with Z=114-118 in the 3n
and 4n evaporation channels of the “hot” fusion reactions were
found to be at the level of 0.1-1 pb.

For the available experimentally “cold” fusion reactions the
cross sections for formation of the same elements in the 1n
evaporation channel are much lower, see Figure 5. A gain of
about three orders of magnitude in the survival probability —
Win(E* ~ 15 MeV) /Mg, (E* ~ 35 MeV) ~ 10° — is compen-
sated here by a loss of 2 orders in the capture cross sections
and more than 2 orders of magnitude in the probability of the
compound nucleus formation.

Acknowledgement. The work was supported by the Russian
Foundation for Basic Research under grant No. 00-02-17149.

References

(1) Yu. Ts. Oganessian, V. K. Utyonkov, Yu. V. Lobanov, F.
Sh. Abdulin, A. N. Polyakov, 1. V. Shirokovsky, Yu. S.
Tsyganov, G. G. Gulbekian, S. L. Bogomolov, B. N. Gikal,
A. N. Mezentsev, S. lliev, V. G. Subbotin, A. M. Sukhov,

Zagrebaev

G. V. Buklanov, K. Subotic, M. G. Itkis, K. J. Moody, J.
F. Wild, N. J. Stoyer, M. A. Stoyer, and R. W. Lougheed,
Phys. Rev. Lett. 83, 3154 (1999).

(2) Yu. Ts. Oganessian, A. V. Yeremin, A. G. Popeko, S.
L. Bogomolov, G. V. Buklanov, M. L. Chelnokov, V. I.
Chepigin, B. N. Gika, V. A. Gorshkov, G. G. Gulbekian,
M. G. Itkis, A. P. Kabachenko, A. Yu. Lavrentev, O. N.
Malyshev, J. Rohac, R. N. Sagaidak, S. Hofmann, S. Saro,
G. Giardina, and K. Morita, Nature 400, 242 (1999).

(3) N. V. Antonenko, E. A. Cherepanov, A. K. Nasirov, V. P
Permjakov, and V. V. Volkov, Phys. Rev. C 51, 2635 (1995).

(4)Y. Aritomo, T. Wada, M. Ohta, and Y. Abe, Proceedings
of the International Workshop on Fusion Dynamics at the
Extremes, edited by Yu. Ts. Oganessian and V. |. Zagrebaev
(World Scientific, Singapore, 2001), p. 123.

(5) V. |. Zagrebaev, Phys. Rev. C 64, 034606 (2001).

(6)V. |. Zagrebaev, Y. Aritomo, M. G. ltkis, Yu. Ts.
Oganessian, and M. Ohta, Phys. Rev. C 65, 014607 (2002).

(7)D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953).

(8) N. Rowley, G. R. Satchler, and P. H. Stelson, Phys. Lett. B
254, 25 (1991).

(9)L. G. Moretto and J. S. Sventek, Phys. Lett. 58B, 26 (1975).

(10) P. Maller, J. R. Nix, W. D. Myers, and W. J. Swiatecki, At.
Data Nucl. Data Tables 59, 185 (1995).



