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The experimental and theoretical results on the properties of the isotopes of
superheavy elements, obtained up to now, have made it possible to consider different
reactions for the synthesis of heavier nuclei located in the vicinity of the closed proton
and neutron shells. It is shown that the advance to the heaviest possible nuclei, for
which the microscopic models predict further rise of stability, is inseparably linked
to the future investigation of the mechanism of synthesis reactions. Direct and model
experiments, aimed at solving this problem, are also discussed.
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Introduction

The advance in the theory of extremely heavy nuclei, which is observed
recently, is due mainly to the accumulation of new experimental data during
the last 30 years. The different models, which describe the obtained data and
predict the properties of heavier nuclei, require the commissioning of new
experiments.

At the same time, all approaches to solving the problem of the artificial
synthesis of heavy and superheavy elements in heavy-ion-induced reactions
are directly connected to the investigation of the dynamics of the collective
motion of complex nuclei, this being one of the fundamental problems of the
physics of atomic nuclei. The situation is further complicated by the fact that
even when using the basic heavy nuclei synthesis technique — the fusion
reactions — experiments are performed at the limit of experimental
sensitivity. The advantages of using beams of secondary radioactive ions
with some (usually — not significant) neutron excess, but with considerably
lower beam intensity, are not yet clearly obvious due to the loss of
luminosity. It seems that the quest of new ways, similarly to the estimation
of the already used reactions, is connected with the staging of new
experiments, in conditions maximally close to solving the problem of the
synthesis of superheavy elements with Z > 120.

Some of them are considered in the present work.

Fusion reactions

It is well known that the heaviest nuclei were synthesized in fusion reactions
with heavy ions. Such synthesis reactions, according to the mechanism of
formation and revival probability of the nuclei during the neutron
evaporation process, are conditionally classified as of the following two
types — cold and hot fusion, by using one parameter only — the excitation
energy of the compound nucleus at the maximum of the resulting excitation
function. Actually, the difference is much more profound.

Cold fusion

Indeed, in the fusion reactions of the magic nuclei ***Pb (or **Bi) with
massive projectiles (A = 50-70), the maximum yield of evaporation products
with Z = 104-112 is observed at an excitation energy of the compound
nucleus E* =20-22 MeV, respectively [1-3]. The decay of the weakly heated



nucleus to the ground state is accompanied by the emission of one neutron
only and y-rays. And this is the main advantage of this type of reactions.
However, with increasing the projectile mass, the formation cross sections of
the evaporation products drastically decreases, which is due to factors
hindering fusion already in the entrance reaction channel. In fact, as it
follows from calculations of static nuclear shapes that determine the
potential surface (Fig. 1), the hindrance takes place along the whole
trajectory of the collective motion — from the touching point to the final
configuration of the compound nucleus. The basic limitations are connected
with the necessity to increase the nuclear potential energy on the way to
reaching compact configurations, which in turn, can be achieved only by
fluctuations of the shape in the conditions of high viscosity of nuclear
matter. The fluctuations of nuclear shapes depend on the dynamic properties
of the nuclear system (the many-body problem) and its temperature. The
increase of temperature is disastrous, since cold fusion is no longer “cold”
and it thus loses its basic property — the high survival probability of the
compound nucleus.

Theoretical models, such as “extra-extra push” [4,5], the variations of the
fusion barrier [6], complex many-dimensional calculations of the collective
motion in the framework of transport models [7-10], and many other
approaches, each containing definite assumptions about the dynamic
properties of heavy nuclei, can, in principle, describe the situation, but they
do not find ways to eliminate the above mentioned problem. On the contrary,
all models predict further drastic fall of cold-fusion reaction cross sections
with the increase of the atomic number of the synthesized nucleus. This is
confirmed by the latest experiments on the synthesis of element 113: the
cross section of the In-evaporation channel of the fusion of **Bi with °Zn
(Z = 113) decreases in comparison to the **Bi + **Ca (Z = 103) by a factor
of 107 [12]. It is difficult to assume that in this way it will be possible to
advance to the nuclei with Z = 114, 120 or 122, for which the different
microscopic models predict the existence of closed proton shells and,
therefore, a relatively high stability of the new nuclides.

Another question concerns the decay properties of the superheavy nuclei.

The necessity to use magic target nuclei — the isotopes of Pb and Bi, leads to
the formation of very neutron deficient evaporation products. With the
increase of the atomic number of the compound nucleus the neutron excess
AN = N-Z practically does not change, staying in the range AN = 52-54 for
all nuclei with Z > 102. As a result, the half-lives of the synthesized nuclei
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strongly decrease with the increase of the atomic number: for the even-odd
isotopes with Z = 110-112 they are T~ 0.1-1 ms [13,14]. This tendency is
expected to continue also for the heavier elements. Thus for instance, the
isotope 114, a product of the reaction 208Pb(%’Ge,n), has only 169 neutrons,
while the rise of stability of superheavy nuclei is expected at N > 172.

At the same time, it was just in cold fusion reactions that elements with
atomic numbers 107-112 were synthesized for the first time and their decay
properties studied [15]. The observed long decay chains of the new nuclides,
the lifetimes and a-decay energies, as well as the weak competition from
spontaneous fission (SF) were the first experimental evidence of the
influence of the closed deformed shells with Z = 108 and N = 162, which
were predicted by the macro-microscopic nuclear models [16,17].

.o Lo 48, .
Hot fusion in reactions induced by "°Ca ions

In asymmetric reactions, when heavy actinide isotopes are used as targets
and *Ca nuclei — as projectiles, the dynamic hindrances to fusion are
considerably smaller, because the final state (the compound nucleus) is
reached along another trajectory of the collective motion (see Fig. 1). The
competition to the formation of the compound nucleus comes from the
strongly asymmetric fission — quasi-fission, the probability of which depends
on the entrance fusion reaction channel and the profile of the potential
energy surface [18]. But, this process is not as dramatic as in the case of cold
fusion. As a result, the probability of formation of the compound nucleus
turns out to be by 3-4 orders of magnitude higher than in cold fusion
experiments. However, the mass excess and the difference in the potential
energy of the heavy nuclei in the initial and final states of its motion leads to
heating of the compound nucleus up to about 30-40 MeV of excitation
energy (hot fusion). The main loss (~ 10°— 10™) in reactions of this type is
connected with the survival probability of the compound nucleus, in the
cooling process by the emission of 3-4 neutrons and y-rays.

Considering now a different task — the thermodynamic behaviour of the
heated compound nucleus — it is possible to make a conclusion that the basic
reason for the low survival probability of the compound nucleus is fission,
which interrupts the process of cooling by neutron emission. The fission
probability, in turn, depends on the height of the fission barrier, which, as is
well known, for the heavy nuclei is completely determined by shell effects.
For this reason, in the region of superheavy elements, the advent to the
closed shells must lead to an increase in the fission barriers and, therefore, to



a significant increase of the yield of hot fusion reactions [19]. The choice of
the neutron-rich nucleus **Ca as a projectile and neutron-rich targets, such as
*Pu and ***Cm, was directed to the production of compound nuclei with
Zcen = 114-116 and Ny = 178-180, located in the vicinity of the closed
shells Z = 114 and N = 184. The advantages of this method manifested
themselves in the synthesis of heavy nuclei with Z > 112, where the yield of
the cold fusion reactions showed to be at the limit of experimental capacities.

It should be noted that the increase of the neutron number in the above
mentioned isotopes of elements 110-112 by AN = 8 led to an increase of
their half-lives by a factor of 10*-10°. Among the daughter nuclei of the
sequential a-decay, nuclei with even longer lifetime are observed including
the isotopes **’Rf (Tsp~ 1h) or ***Db (Tsp~ 1.2 d). This made it possible to
check experimentally not only the predictions of the microscopic nuclear
models, what concerns the investigated region of nuclei, but also to
significantly extend this region by using radiochemical methods, mass-
separators, etc.

There are good reasons to assume that any further increase of the neutron
excess in the evaporation residues will bring forth a large increase in the
lifetime of superheavy nuclei. Unfortunately, all possible fusion reactions
with stable beams exclude this possibility. Because of the enormous
difficulties to accumulate nuclei heavier than Cf (Z = 98) in amounts that
would be necessary for the target material (~ 10 mg), the isotope **118 (N =
178) appears to be the last and heaviest nucleus to be synthesized in **Ca-
induced fusion reactions [20]. How much will the cross section decrease,
when the more massive projectiles *°Ti, **Cr or **Fe are used, can be
determined only experimentally. A first step then can be the measurement of
the cross section for producing the known isotopes of element 116 in the 2n-
4n evaporation channels of the reactions ***Pu + ’Ti and ***Cm + **Ca,
leading to the formation of the compound nucleus ***116. But it should be
noted that approaching the shell N = 184 is possible only for the heavier
elements (Z > 120) in the fusion reactions of ***Pu, ***Cm with projectiles
like Fe or *Ni and this needs a further study of the mechanism of hot
fusion reactions.

However, independent of the different reasons hindering the formation of
superheavy nuclei in either cold or hot fusion reactions, they have common
features, too. In both cases, the shape of the nucleus in the initial and final
states strongly differ and the compact configuration, which is close to the
ground (compound) state is reached by passing a long trajectory of the



collective motion. The main loss of compound nucleus takes place just along
this path: in cold fusion there are dynamic hindrances, in hot fusion — the
competing channel of quasi-fission, more probable at the early stage of the
fusion process. In connection with this, a shortening of the path could
decrease the loss and increase the probability of formation of a compound
nucleus.

Taking into account this circumstance, as well as the new data on the
properties of superheavy nuclides, obtained during the last few years, it
seems reasonable to consider some other reactions of synthesis.

Deep-inelastic reactions and quasi-fission

Long ago it had been suggested to synthesize superheavy nuclei with a large
neutron excess (up to N = 184) as products of the fission of even heavier
nuclei that are produced in a fusion reaction of two extremely massive nuclei
[21,22]. It was assumed that similar to classic fission, the heavy fragments
would exhibit wide mass, charge, excitation energy, deformations, and other
spectra. The majority of heavy fragments would themselves undergo fission,
but it could not be excluded that some of them, with low excitation energy,
situated near the closed shells (small deformations, high fission barriers),
would decay to the ground state by emission of neutrons and y-rays.
Obviously, such a strong restriction (by so many parameters) on the initial
states of the heavy fragments would lead to very small formation cross
section of the heavy nuclei in the ground state. The question lies in the
quantitative estimation of these cross sections.

In the radiochemical experiments, performed in the reactions **U+"°Xe
[23], Z*U+7*U [24] and **Cm+**U [25] practically all known neutron-rich
isotopes of the actinides up to >Cf, *'Fm and **Md, respectively, were
observed. The results obtained with the ***Cm+>**U reaction are presented in
Fig. 2. The cross sections o(Af) for the isotopes with Zr = 98-101, observed
in this reaction (up to 10 nucleons are transferred from the incident **U
nucleus to the target nucleus ***Cm), as shown by the calculations [26], can
be explained by deep-inelastic reactions. From calculations it also follows,
that the inelastic cross sections, characterized by the transfer of a large
number of nucleons, will exponentially decrease with the increase of the
fragment mass and charge.
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Fig. 2. Cross sections for the formation of isotopes of elements with Z > 98
in the ***Cm+>**U reaction. The experimental points are taken from ref. [25],
the dashed curves (deep-inelastic reactions) and the solid curves (quasi-
fission) show the calculations of ref. [26].

At the same time, going down to cross sections values o(Af) < 1 nb, a
contribution to the formation of nuclei with Zr > 103 could be expected from
another process — quasi-fission, in which nuclei near the closed shells with
Zrp= 82, Np= 126 are formed as light fragments, similarly to what has been
observed in the ***Pu, ***Cm + **Ca reactions.

If in the **Cm+>*U reaction, the calculated formation cross sections of
nuclei, e.g. of **Lr (~200 pb) and ***Db (~20 pb), are experimentally
confirmed, then the channel of strongly mass asymmetric fission of the type
Pb + Hs (A/A,= 1.34) may happen to be an efficient method of synthesis of
neutron-rich and long-lived nuclei near the closed deformed shells Z=108,
N=162. Naturally, the capacities of such a method are limited by the masses
of the interacting nuclei (practically the reaction **Cm+>**U is that limiting
case), while the yield from the quasi-fission channel leads, as it can be seen



from Fig. 2, to a strong decrease of the formation cross section of nuclei with
Ar>270.

Fusion of fission-fragment-like nuclei

Another way is to form a compound nucleus in a fusion reaction of two
nuclei, which are close in mass and nuclear composition to the fission
fragments. At first sight, this idea seems unfeasible, since the process inverse
to fission needs additional energy and has a direction opposite to the
collective motion in the fission process. In fact, in fission a practically
spherical nucleus is transformed at the scission point into two nuclei, while
in fusion the scenario is just the opposite: two touching nuclei evolve into a
compact configuration of total mass. However, in a limited region of
deformation, close to the top of the fission barrier, the shapes of the nuclei
moving in opposite directions (to fusion and to fission) is equilibrated, in
particular, if in the fusion reaction two fission-like fragments are used. In
order to approach this region as close as possible, it is necessary in both
processes to shorten the path of collective motion: in fission — by moving the
scission point closer to the saddle point (so-called cold fission — see below),
in fusion — by choosing a compact configuration, closest to the shape of the
nucleus at the top of the fission barrier. All this is demonstrated by an
experiment, which we have performed with the compound nuclei *****Th,
obtained in the ******Pb+'°0O reactions [27].

The total fission-fragment mass distribution, shown in Fig. 3a, is determined
by the whole set of nuclear shapes in the moment of scission into two fission
fragments. Both factors — the symmetric mass distribution and TKE = 160
MeV, observed for the **Th nuclei (E* = 35 MeV) give evidence of the
prevailing rupture into symmetric forms with deformation corresponding to
the distance between the fission-fragment centers at the scission point of
about p = 17 fm. In addition, selecting events with the maximum value of
TKE, in our case TKE > 194 MeV, the mass distribution becomes
asymmetric with a maximum yield at masses A~ 86 and Ay~ 136. In ref.
[28], where the charge distribution for the photofission of **Th (E* =~ 11
MeV) was measured, it was shown that the maximum mass yields
correspond to charges Z, ~ 36 and Zy~ 54. In other words, the nuclei *Kr
(N = 50) and "*Xe (N = 82) with closed neutron shells are observed at the
maxima of the mass and charge distributions of the fission fragments of
*2Th. Thus, considering the reverse process — it seems reasonable to use the
fusion reaction **Kr + **Xe to form the compound nucleus ***Th.
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The experimental cross section Ggyr =20y, for the formation of evaporation
residues in the **Kr(***Xe,xn)**'*Th reaction, measured for the channels
x=1-7 in the range of excitation energies E* = 10+70 MeV [29], are shown
in Fig. 3b. The highest cross section, 6gyr = 30 ub, corresponds to the 2n-
evaporation channel at E* ~ 25 MeV. In other reactions, the cross section
opvr(E* < 25 MeV) is considerably lower; in the symmetric reaction
"9Rh+""Rh (in Fig. 3b the cross sections for the fusion of neighbouring
nuclei ""’Pd + '"°Pd [30] are shown) the formation cross sections of the
evaporation residues — the isotopes of Th (or U), at E* <25 MeV are almost
~ 10’ times smaller than in the **Kr + *°Xe reaction.

What are the possibilities of using reactions of fusion of fission-fragment-
like nuclei for the synthesis of heavier and superheavy nuclei?

Fission and the production of superheavy nuclei

In the fusion reactions ***U, ***Pu, ***Cm and **’Cf + **Ca the superheavy
nuclei, as has been shown in [31], undergo predominantly asymmetric
fission. From the analysis of the mass, charge and energy distributions of the
fission fragments, obtained in these reactions, a conclusion can be drawn that
the asymmetric fission mode is connected with the nuclear shell effects at Z
=50, N = 82 forming the light fragment (see Fig. 4a). It is well known that
this effect plays role when heavy fragments are formed in the fission of the
actinides (Fig. 4b); for some of them, particularly for **°U [32] and **°Cf
[33], the characteristics of “cold fission” have been studied. Then it follows
that in the opposite process — in the fusion of nuclei aimed at the production
of a superheavy compound nucleus, similarly to the previous case with the
formation of ***Th, it is necessary to use a fusion reaction involving nuclei
close to '**Sn.

In spite of the enormous difficulties in producing an intense beam of the
radioactive **Sn (T, = 39 s) nuclei, the neutron excess in '**Sn could make
it possible to approach the closed N = 184 neutron shell, which is not
feasible with stable beams. Experiments with the '*’Sn ions open
possibilities for further investigation of fusion reactions of fission-fragment-
like nuclei in the region of the light U-Cf isotopes. However, the data
obtained in this region, exactly as in the case of the **Kr + **Xe reaction,
cannot reveal all the complexity of the way in which superheavy elements
are synthesized, for example in the **Sn('’°Yb,xn)’***120 reaction, where
the fusion process is strongly suppressed by the significant increase (by a
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factor of ~ 1.7-1.8) of the Coulomb repulsion. Since experimental data are
scarce for the region of heavy nuclei, and indeed — for the region of the
superheavy ones, it is difficult to estimate, even approximately, the
hindrances staying in the way. But it is quite possible to obtain these
estimates in an experimental way. Let us consider an experiment, which can
lead to the formation of a heavy enough compound nucleus (Zcy= 108). In
this experiment, the evaporation cross sections ogyr(E*) can be used to
reconstruct the values of ocn(E*) and in this way determine the hindrances
arising in the fusion process when going from the above-mentioned nucleus
*2Th (Zen= 90) to the considerably heavier nucleus **Hs (Zey = 108).

Fission and production of the 75 (Z = 108) nuclei

The light isotopes of element 108 with N = 153-155 were produced in the
cold fusion reactions *****Pb(**Fe,n) ******Hs [34]. In recent years, in the hot
fusion reactions **Mg(**Cm, 3-5n)*"'?*Hs, the heavier isotopes of element
108 with N = 161-163 were produced and their decay properties studied
[35,36]. It is as important that in the same reaction the fission of the
compound nucleus *’*Hs was studied in the excitation energy interval E* =
35-50 MeV [37]. The results of the two experiments, obtained in the **Mg+
*8Cm reaction lie in the basis of the plan for a new experiment aimed to
synthesize nuclei of element Hs in the symmetric reaction **Xe+"**Xe [38].
From the total kinetic energy (TKE) spectrum of the fission fragments,
shown in Fig. 5a, it follows that in the fission of the compound nucleus ***Hs
the symmetric fission mode prevails and is characterized by high kinetic
energy TKE =~ 230 MeV. This is confirmed by a direct measurement of the
fragment masses for all values of TKE > 210 MeV (Fig. 5b). The increase in
the dispersion of the symmetric mass distribution is determined by the
relatively high excitation energy of the compound nucleus *"*Hs (E* ~ 40
MeV); for lower excitation energies, unfortunately unavailable in this
reaction, the mass dispersion will be much smaller.

The fission scenario in these experiments can be easily explained.

The nucleus *"*Hs (or the considered nucleus *”*Hs) is situated in the vicinity
of the closed deformed shells Z = 108, N = 162 and has in its ground state,
according to calculations, a shape that is axially symmetric with a
deformation B, ~ 0.25. Its collective motion to fission, up to the scission
point, will take place via symmetric shapes, due to the closed spherical shell
N = 82 in both fragments. The configuration of two touching spherical nuclei
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¥9%e (N = 82) is similar, in deformation and mass symmetry, to the shape of
the *"*Hs nucleus, when it is near the top of its fission barrier (§,=0.45); the
conditions for two "*°Xe nuclei to fuse seem to be most favourable. An
obstacle on the way of forming a compound nucleus could come from
dynamical hindrances that arise in the process of collective motion, mainly
because of the strongly repulsive Coulomb field. However, having an intense
beam of "**Xe nuclei and using efficient methods of separation of the well-
known short-lived isotopes ****’'Hs [36], it is possible to reach high
experimental sensitivity in determining the cross sections of the evaporation
residues of the order of ogygr > 0.1 pb. This value is about a factor of 107
smaller than the production cross section of Th isotopes in the **Kr+"**Xe
reaction.

If, when going from the fusion of the nuclei *Kr+'"*°Xe (Z,-Z, = 1944) to the
heavier system '°Xet+"’Xe (Z,Z, = 2916), the factors hindering the
production of Hs evaporation residues turn out to be 7 orders of magnitude
less compared to Th, then they can be determined quantitatively. The
obtained data can be used to estimate the cross sections of production of
superheavy elements in reactions induced by the radioactive '**Sn ions.

Such an experiment is now being prepared at the U400 cyclotron of FLNR
(JINR).



Conclusions

For the synthesis of isotopes of elements 120 and 122 with N =175 and 181
in cold fusion reactions, it is necessary to use massive projectiles — **Sr and
%Zr. The yield of the isotopes *°120 (N = 175) and ***122 (N= 181), which
are products of the In-evaporation channel of the fusion reaction with the
*%Pb nuclei, will be strongly diminished due to the exponential decrease of
the fusion probability with the increase of the atomic number and the mass
of the compound nucleus. More perspective for this purposes seem to be hot
fusion reactions with the use of neutron-rich targets such as ***Pu and ***Cm
and projectiles like **Fe and *Ni, leading to the formation of superheavy
nuclides with N = 179-184 in the 2n- and 3n- evaporation channels.
Compared to the reaction **Cm + **Ca (Zcy = 116), the production cross
section of compound nuclei with Zcy = 120-124 decreases when heavier
projectiles are used. However, this can be compensated by the increase of
their survival probability, due to the decrease of the excitation energy and
the neutron binding energy, as well as the increase of the fission barrier near
the closed shells Z = 122, N = 184.

Realistic estimations of the cross sections of reactions induced by fission-
fragment-like nuclei, such as **Sn('"*Yb, xn)****120, can be obtained on the
basis of the experimental cross sections for the xn-channels of the symmetric
reaction *°Xe('**Xe, xn)*”**Hs. The high experimental sensitivity together
with the intense beam of **Xe ions (ogyr > 0.1 pb) will allow to estimate
quantitatively the hindrances to the fusion of massive nuclei compared to the
already studied reaction **Kr("**Xe, xn)****Th.

It cannot be excluded that the neutron-rich isotopes of Rf, Db and even Sg,
firstly synthesized among the a-decay products of the heavier nuclei **’114
and ***115, can be produced also as the heavy fragment of the quasi-fission
reaction in the process of interaction of extremely massive nuclei — like
*¥Cm + #*U. The probability of quasi-fission, which defines the efficiency
of the given method, can be estimated on the basis of the cross sections for
producing light fragments near the closed shells Zr= 82, Np= 126 and heavy
fragments with known properties (for example, **’Lr and ***Db).
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