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The experimental investigations performed in the past few years in GSI and FLNR with
the aim to synthesize new isotopes of the heaviest elements are addressed in connection with
the theoretical predictions on the existence of "islands of stability" in the region of superheavy
elements. The experimental data, which demonstrate the enhanced stability of nuclei close to
the deformed shells Z = 108 and N = 162, as well as the reactions of synthesis, are discussed
in the light of the possible advance to the heavier long-lived nuclides located close to the
spherical shell N = 184. First experimental results are presented on the synthesis of
superheavy nuclei in **Ca-induced reactions. The considerable increase in the half-lives of the
isotopes of heavy elements, situated nearby the closed shells, confirm the basic conclusion of
theoretical models about the decisive role played by nuclear structure in favour of the stability
of superheavy elements.

1. NUCLEAR SHELLS AND THE STABILITY OF HEAVY NUCLEI

One of the fundamental consequences of modern nuclear theory is the prediction of the
islands of stability in the region of superheavy elements. This hypothesis proposed more than
thirty years ago [1,2] has lately become the subject of intensive experimental research.

According to the classical approach, the transition into the region of extremely heavy
nuclear masses and high charges is connected with a substantial loss of their stability against
spontaneous fission. This is why the existence of regions (islands) of stability of extremely
heavy nuclei, which cannot exist within classical liquid drop models by definition, is caused
entirely by the quantum effect of nuclear shells. Calculations of nuclear masses and
deformations lately made wusing macro-microscopic approaches of the type of
Yukawa+exponential model with Woods-Saxon single particle potentials (YPE+WS) [3,4]
and the determination of the nuclear shell amplitude using Strutinsky’s method (or the finite-
range droplet model with folded Yukawa single particle potentials (FRDM+FY) [5] have
confirmed the predictions made earlier on the existence of quite a stable doubly magic

spherical nucleus Jg3114 which follows right after * Pb. The results of calculations presented

in Figure 1 demonstrate the influence of the shell effect on the stability of heavy nuclei.
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We shall first consider the spontaneous fission probability. The partial half-lives of
spontaneous fission strongly depend on the amplitude of the shell correction. The significant
rise in Tsp(N) when moving away from the N = 152 shell, which manifests itself noticeably in
the radioactive properties of the actinide nuclei, is due to the influence of another neutron
shell at N = 162. It is necessary to note that these two shells are related to deformed nuclei.
The maximum stability with respect to spontaneous fission is expected for the nucleus 27°108
(N =162) for which the predicted Tsr value can amount to several hours. When the neutron
number increases, the ground-state deformation of the nucleus decreases due to the moving
away from the deformed shell N = 162. At N > 170 a significant rise of Tgsr is expected for
nuclei up to *?108 (N = 184), whose partial half-life with respect to spontaneous fission is as
long as Tsr ~ 3.10 years.
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Figure 1. a) Map of the shell corrections (in MeV) to the nuclear liquid drop potential energy.
b) The open squares and circles denote calculated half-lives with respect to o-decay and
spontaneous fission, the black points — experimental data.



Here we come across a very interesting situation.

If superheavy nuclei possess high stability with respect to spontaneous fission, they will
undergo other modes of decay — a-decay and, perhaps, B-decay. The probability for these
modes of decay, hence the lifetimes, will be determined by the nuclear masses in the ground
state. The latter can be calculated by different models, which are based on different
assumptions of the fundamental properties of nuclear matter. In these circumstances any
experimental result becomes extremely informative as far as the verification of the theoretical
models is concerned. Following the YPE+WS calculations the deformed nucleus °*106
(N =162) should undergo a-decay with a half-life of T, ~ 2 h. (According to the FRDM+FY
calculations — a few days). For the heavier spherical nucleus 2*110 (N = 184), T, increases to
several hundred, probably even thousand, years. It is worthwhile noting that in the absence of
a nuclear structure (in the liquid drop model) this nucleus should fission spontaneously with
Tsr < 107" 5. The difference is, as we can see, about 30 orders of magnitude!

Calculations of the energy of the nucleus as a many-body system, carried out in the
Hartree-Fock approach, as well as calculations in the relativistic mean field model also
indicate a significant increase in the binding energy of the nucleus when approaching the
closed neutron shell N = 184,

There is yet no agreement among theoreticians regarding the magic proton number for
which the maximum binding energy of the spherical nucleus is realized, at the same time the
neutron number being N = 184. In macro-microscopic models the shell correction amplitude
has a maximum value for the nucleus 2°%1 14, irrespective of the variation of the parameters
used in the calculations. On the contrary, the calculations performed using the method of
Hartree-Fock employing Skyrme effective interaction of the Sly4 (HF+Sly4) type [6], or
using a self-consistent relativistic mean-field model with the parameterization of the NL-2Z
type (RMF+NL-72) [7] the proton shells are predicted at Z = 120 and 126. In the latter case
the manifestation of the neutron shell N = 172 is also expected. This, however, does not
change the main conclusion that in the region of very heavy nuclei there may exist "islands of
stability", which in turn substantially can extend the limits of existence of superheavy
elements.

2. REACTIONS OF SYNTHESIS

It is well known that the first artificial elements heavier than uranium were synthesized in
reactions of sequential capture of neutrons during long exposures at high-flux reactors. The
long lifetime of the new nuclides made their separation and identification possible using
radiochemical methods followed by the measurement of their radioactive decay properties.
This pioneering work, which was performed in the Lawrence Berkeley National Laboratory
(USA) by Prof. G.Seaborg and colleagues in the period of 1940-1953, led to the discovery of
8 artificial elements with Z =93 + 100. The heaviest nucleus was *’Fm (Ty, ~ 100 d). The
further advance into the region of heavier nuclei was blocked by the extremely short lifetime
of **Fm (Tsr ~ 0.3 ms). The attempts to overcome this barrier by means of pulsed neutron
fluxes (underground nuclear explosions) also did not go beyond observing *’Fm.

The transfermium elements with mass A > 257 were produced in heavy-ion induced
reactions. The interaction of massive nuclei turns out to be a complicated process,
characterized by a large number of reaction channels. Only one of them - complete fusion -
can lead to the formation of a superheavy nucleus.



The formation cross section of the final nuclei in this channel is defined by the probability
of formation and survival of the compound nucleus in the whole available energy region.
Having this in mind, fusion reactions, which are used for the synthesis of heavy nuclei, can be
conditionally divided into two kinds:

e "cold fusion reactions", based on the use of 2®Pb or *’Bi targets and characterized by a
large Q-reaction-value and, therefore, with a low excitation energy ( E, ~ 15-20 MeV);

e ‘"hot fusion reactions" in which heavier nuclei, such as isotopes of uranium or
transuranium elements, are used as targets (£, ~ 30-50 MeV).

We shall start our discussion with the final results. For this purpose in Figure 2 the results
are presented on the production cross section of evaporation residues (EVR), obtained in the
two types of reactions. We shall try to estimate the potentialities inherent in both methods for
the synthesis of nuclei with Z > 112.

As a whole — this is a difficult task. The theoretical models based on different assumptions
on the fusion dynamics of massive nuclei leading to the formation of new elements are tested
only by the final results — the rare events of radioactive decay of evaporation residues. The
separation of the two stages - the compound nucleus formation and its decay by neutron
emission - would be very helpful in providing more information for understanding of the
reaction process. The compound nucleus formation cross section can be in principle
determined by the characteristics of its main decay mode — the fission into two fragments.
Such attempts were made recently in the experiments carried out by M.G.Itkis et al. in FLNR
(Dubna) by means of systematic measurements of the angular correlations, mass and energy
distributions of the fission fragments as well as in some cases of the fission neutrons [8,9].

As a reference reaction, we shall consider the reaction **Ca + 2%62%pp, leading to the
formation of isotopes of No (Z = 102), whose fission barrier height is determined mainly by
the amplitude of the shell correction to the nuclear deformation energy.
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Figure 2. EVR cross sections for cold and hot fusion reactions.



The two-dimensional mass and kinetic energy spectra presented in Figure 3a for the
correlated fragments indicate that there are two different channels for their formation:
asymmetric mass distribution due to the massive transfer of nucleons from the target nucleus
to the projectile and symmetric distribution arising as a result of the fission of the compound
nucleus with Z = 102. Comparing the dependence ocn(ex) With the cross sections ogyr in the
xn-channels (x = 1- 4), it is possible to determine the survival probability of the compound
nucleus >*****No [10] in a wide excitation energy range (Figure 4). On the other hand, the
survival probability could also be calculated within the statistical model. Further, the
dependence B{E,) can be determined from the best fit between calculation and experiment.
The use of cold fusion reactions for the advent into the region of heavier elements brings forth
a considerable drop in ocn. When the projectile mass increases by 10 a.m.u. (i.e., *Fe instead
of **Ca), only a small part of the fragments in the region of symmetric masses can be
attributed to the fission of the compound nucleus ***Hs (Z = 108) (Figure 3b). At the same
time, the experimentally observed drop by 3 orders of magnitude in the cross section for 2*Hs
in comparison to >**No (both nuclei are formed in the In-evaporation channel at E ~15 MeV)
is due to the small survival probability of the heavy nucleus (Figure 5). The survival
probability, as it is well known, is defined by the neutron binding energy in the nucleus ***Hs
(Bn = 8.03 MeV and the height of its fission barrier B¢~ 5 MeV).
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Figure 3. TKE vs A¢ for correlated fragments, obtained in the reactions:
a) *8Ca + 2P, b) **Fe +2%Pb, ) **Ca + 2**pu.
The events marked with a square are attributed to the fission of a compound nucleus.
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Figure 4. Cross sections for compound nucleus (fission) and evaporation residues, obtained in
the *8Ca + 2°02%pp reaction. The lines are drawn through the experimental points to guide the
eye.

In the synthesis of heavier nuclei this trend is kept. In the reaction 8Kt + 2%Pb only the
upper limit of ocn was obtained for 294118 at the level of ocn < 0.5 pb [11]. We should note
that this limit is approximately 200 times less than the cross section for the formation of the
compound nucleus ***Hs [12] at the same excitation energy Ex~ 14 MeV.

The other means - the transition to more asymmetric reactions is connected to the increase
of the target mass. The transition from ***Pb to the isotopes of actinide elements such as 3y
and 2*'Pu (the target mass is increased by 30-36 a.m.u.) qualitatively changes the picture of
the fusion process.

The main part of the fission fragments, as it is shown in Figure 3c, is connected to the
asymmetric quasifission of the nucleus 22114 into two fragments with masses close to A; =
208 and A, = 84. Only a small part of the fragments in the region of the medium mass nuclei
can be attributed to the fission of the compound nucleus ***114. In this region the fission
fragment mass distribution also is asymmetric with maximal close to Aq = 132 and Ap = 160.
The asymmetry in the fission of the superheavy nucleus is most probably due to the shells Z =
50 and N = 82 in the "*2Sn nucleus, formed as a light fragment. A similar situation, as it is
well known, is observed also in the fission of actinide elements (Z = 90 - 98) with the only
difference in that the shell effect manifests itself in the formation of the heavy fragment.
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Figure 5. Experimental cross sections, obtained in fusion-fission reactions with 28pp.targets
and *3Ca, **Fe-beams at different excitation energies. Open symbols denote symmetric fission;
black symbols - EVR; dot-dashed line — quasifission; dashed lines - calculated cross sections
for EVR.

In asymmetric hot fusion reactions, where the compound nucleus excitation energy even at
the Coulomb barrier amounts to 45-50 MeV, the survival probability strongly depends on E.
For this reason the choice of the nuclei participating in a hot fusion reactions leading to
compound nuclei with a minimal excitation energy is of great importance. Most promising
from this point of view seem to be the fusion reactions induced by *Ca-ions. Due to the
considerable mass excess of the doubly magic nucleus **Ca, the excitation energy of the
compound nuclei with Z = 112, 114 at the Coulomb barrier amounts to about 30 MeV.
However, even in these favourable conditions Ggvr is very sensitive to the fission barrier of
the compound nucleus. Following the calculations of Meyers and Swiatecki [13] predicting
for the 2*¢112 nucleus a fission barrier of about 6.9 MeV, we can expect that the maximum
cross sections opyr in the reaction 2*U(**Ca,3-4n)***?**112 may reach hundreds of pb.
However, opyr decreases by almost 3 orders of magnitude for Br ~ 3.7 MeV, obtained in the
macro-microscopic calculations of R.Smolanczuk [4]. This may be the reason for which
previous attempts to produce superheavy elements in *Ca-induced reactions for which the



production cross sections amounted to hundreds of picobarn could not be successful [14-16].
Hence, for the synthesis of superheavy elements the sensitivity of the new experiments in
comparison to earlier ones has to be improved by hundreds of times.

3. EXPERIMENTAL APPROACH AND SET-UP

The planning of experiments on the synthesis of heaviest elements is determined to a great
extent by their radioactive properties and above all by the lifetime of the atoms to be
synthesized. The lifetime, as mentioned earlier, can vary in a wide range depending on how
justified are the predictions concerning the influence of nuclear shells on the stability of heavy
nuclides with different Z and A. Hence the experimental set-up should be sufficiently fast. On
the other hand, the evaporation residues, whose yield is extremely small, should be quickly
separated from the enormous background of incidental reaction products, which are formed
with an 8-10 orders of magnitude higher probability.

These conditions can be achieved if the separation of the products is performed in-flight
(during 10° +10” s), taking into account the kinematical characteristics of the reaction
channels. Such an operation can be performed by Wien velocity selectors (the separator SHIP
in GSI) [17] or the energy selector (the separator VASSILISSA in JINR) [18], where the
reaction products are separated according to the electric rigidity in transverse electric fields.
Essentially, such operations can also be performed by gas-filled separators, where the
separation of the recoil atoms is achieved by the magnetic rigidity in a gaseous hydrogen or
helium atmosphere at a pressure of about 1 torr [19].

The efficiency of the kinematic separators depends on the ratio of the masses of the
interacting nuclei. For fusion reactions induced by relatively light projectiles (A, < 20) it
amounts to only a few percent, but increases to 30 + 50% when going to ions with mass
A, > 40. The experimental set-ups have also high selectivity. In the focal plane practically all
the background from the primary beam is eliminated and the products of incomplete fusion
reactions are suppressed by a factor of 10* + 10, depending on the kinematical characteristics
of the different channels leading to their formation. This is, however, not enough for the
identification of the extremely rare events corresponding to the production of atoms of a new
element. Therefore, the selection of the sought nuclei is further accomplished with a
sophisticated registration device (Figure 6).

Figure 6. The detector array used as a focal plane detector.



The recoil atoms, which have reached the focal plane, are implanted into a multistrip
silicon semiconductor detector with an active area of ~ 40 =+ 50 cm’. The length and width of
the strips, as well as their number, is determined by the size of the object image on the focal
plane of the separator. Each strip had longitudinal position sensitivity. The position resolution
depends on the particle type (recoil nucleus, o-particle or spontaneous fission fragments).
However, more than 95% of all particles, accompanying the decay of the implanted atom, are
confined in an interval A, ~ 1.0 - 1.5 mm. The front detector is surrounded by side detectors
so that the entire array has the shape of a box with an open front wall. In this way the
detection efficiency for particles resulting from the decay of the implanted nucleus
(a-particles or two fission fragments) is increased to 85 + 87%. For distinguishing between
the signals of the recoil nucleus and those belonging to the particles from its decay, a time-of-
flight (TOF) detector is situated before the front detector. The signals from the TOF detector
are used also for determining the velocity of the implants.

The selection of the events according to their generic decay significantly improves the
background conditions. The parent nucleus, implanted into the detector, can be reliably
identified if the decay chain of its sequential a- and B-decays leads to nuclei with known
properties. This method has been successfully used in the experiments on the synthesis of new
elements with Z =107 + 112 whose isotopes have insignificant neutron excess (N-Z < 53).
Advancing into the region of spherical, more neutron-rich nuclei this advantage is lost. Here
the decay of the parent nucleus results in the formation of hitherto unknown nuclei, whose
properties can be only predicted with precision allowed by the theoretical calculations.

At the same time, if the basic theoretical prediction on the existence of the "island of
stability" is justified, in any decay chain of sequential a- and B-decays the daughter nuclei
move more and more away from the closed spherical shells. Finally the decay chains will be
terminated by spontaneously-fissioning nuclei. In principle, such a decay scheme appears to
be a reliable sign of the formation of a heaviest nucleus. From a technical point of view the
appearance of such an event should strongly differ from other possible correlated decays.
Following the signal from the recoil atom, which has been implanted into a definite position
in the front detector, and the measurement of its time of flight by the TOF detector, in the
same position window in definite time intervals, signals will occur due to the emission of an
a-particle with an amplitude corresponding to its energy ~8.5 + 10 MeV (without a TOF
signal). Next, a signal with high amplitude will be registered, which is the result of the
spontaneous fission fragments with total kinetic energy TKE ~ 200 MeV.

4. ENHANCED STABILITY OF NUCLEI CLOSE TO THE DEFORMED SHELLS
Z =108, N=162

The synthesis and the decay properties of nuclides in this region as a matter of fact provide
the first test of the theoretical concepts on the role of shell effects in nuclei, where the liquid
drop fission barrier is practically absent.

Most interesting for this purpose seem to be the even-even isotopes of Sg (Z = 106), which
can be synthesized with relatively high cross section (= 100 pb) in cold and hot fusion
reactions. For nuclei with Z = 106 situated between the two shells N = 152 and N = 162, the
increase of the neutron number should, according to theory [3], considerably enhance their
stability with respect to both a-decay and spontaneous fission (Figure 7).
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Figure 7. Half-lives for a-decay and spontaneous fission for the Sg-isotopes (Z = 106). Black
symbols — experiment; open symbols — calculated values [3].

For the synthesis of the heavy isotopes of element 106 we chose the reaction 2Ne + 2Cm
at a beam energy close to the Coulomb barrier, where the maximum cross section expected is
for the 4n- and Sn-evaporation channels. In a 360-hour irradiation of the 28Cm-target with a
total beam dose of 1.6-10", at the gas-filled separator two isotopes of element 106 with
masses 265 and 266 were synthesized [20].

The two nuclei 2°Sg (N = 159) and ***Sg (N = 160) undergo predominantly a-decay. The
o-decay energy of the even-even nuclide 2685 (Qy = 8.76 MeV) determines its half-life
Ty =20 % 10 s. On the basis of 6 registered correlated events (o — SF), observed in the decay
of the nucleus **Sg, the half-life of the daughter nucleus 2IRf (Z = 104, N = 158) was also
determined. It undergoes spontaneous fission with Tsg~ 1.2 s. The radioactive properties of
the new nuclides indicate a considerable rise in the stability of heavy nuclides with respect to
spontaneous fission while approaching the closed shells Z =108 and N = 162 (Figure 7) and
quantitatively agree with the macro-microscopic calculations of Patik et al. [3].

The data obtained for the Z = 106 nuclei force the conclusion that for even heavier nuclei
with Z > 106 the fission modes will not bring forth a revision of the optimistic theoretical
predictions on the existence of a wide region of stability of heavy nuclei. They will
predominantly undergo o-decay as long as the shell corrections to the deformation energy
will restrain spontaneous fission. These conclusions are confirmed by the experimental
investigations, carried out at GSI, where many new a-radioactive isotopes with atomic
numbers up to Z = 112 were synthesized and their properties determined [21-23]. To an equal
extent these conclusions are true also for the heaviest isotopes with Z = 106 - 110, obtained in
FLNR in hot fusion reactions [20,24,25].

In Figure 8 three decay chains of the isotope 217112 are ?resented. They were observed in
the experiments carried out by S.Hofmann et al. in the °Zn + 2%Pb reaction [26]. The
energies and times of the sequential a-decays of this nucleus, as well as those for nuclei with
7 <112, as it will be shown below are also in good agreement with the calculated values of

10
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Figure 8. Decay chains of the isotope */'112.

nuclear masses close to the shells Z = 108 and N = 162. We should note that in one of the
three decay events of the even-odd nucleus *""112 the decay chain terminates by spontaneous
fission. With the increase of the neutron number (going away from N = 162), the spontaneous
fission probability will be rising up to the moment when the stabilizing effect of the next
shells will start to play a role.

5. TRANSITION TO THE REGION OF SPHERICAL NUCLEL
THE “Ca + **Pu REACTION

According to the macro-microscopic theory, the maximum contribution of nuclear shells
appears at Z = 114 and N = 184 (Figure 1). No combination of stable or even long-lived
isotopes can bring us to the very neutron-rich isotopes of element 114. One may hope to
approach at least the boundaries of this unknown region so as to come under the influence of
the N = 184 spherical shell. For this purpose the fusion reaction “*Ca + 2**Pu was chosen, as it
leads to the formation of the compound nucleus 22114 (N = 178). The experiments were
performed at the Dubna Gas-Filled Recoil Separator.

The target consisted of the enriched isotope 2**Pu (98.6 %), supplied by our collaborators
from LLNL (Livermore). The energy of the **Ca-beam in the middle of the target was chosen
equal to 236 MeV. Taking into account the energy losses in the target and the weak variations
of the beam energy during the long-term irradiations, the excitation energy of the compound
nuclei should be in the range 31.5 to 39 MeV. However, for each event of a recoil atom
registered in the detector array we could determine the exact (prompt) beam-energy value and
the target-segment in which the event originated. The average intensity of the **Ca-beam on
the target was about 4- 10'? pps at a rate of material consumption equal to about 0.3 mg h™.
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In these conditions two practically identical experiments were carried out.

In one of them at a beam dose of 1-10" ions two identical o-decay chains terminated by
spontaneous fission were registered [27]. The genetic relation in the chain was determined
according to their position. All 4 signals (EVR, o, oz, SF) appeared within a position interval
of 0.5 mm, which indicates that there is a strict correlation between the observed decays
(Figure 9a). In the limits of the detector energy resolution and the statistical uncertainty in the
decay times, the two events coincide in all measured parameters. The probability of random
coincidences imitating recoil nuclei and their correlated decays is estimated to be less than
5107
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Figure 9. Decay sequences, observed in the **Ca + *****Pu, ***Cm reactions. For the SF
fragments the energy deposit in the front and side detectors is shown. For all registered
signals positions in the strip detector are presented.
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We should note that in this long-term experiment only two spontaneous fission events
were observed: they are characterized by a large value of the fission fragment kinetic energy
(TKE ~ 235MeV) and both are preceded by the same a-decay sequences. The projectile
energy, measured at the moment of registration of the given events, corresponds to an
excitation energy of the compound 2*114 nucleus equal to Ex=37 + 2 MeV. At this energy
the most probable 4n-evaporation channel leads to the formation of the isotope 2*%114
(N=174). Evaporation channels accompanied by the emission of charged particles (protons,
a-particles) are strongly suppressed due to the high Coulomb barrier of the heavy nucleus.
Channels leading to the formation of heavy spontaneously fissioning isotopes with Z > 98
(Q > 80 MeV) are also hindered.

The parent nucleus ***114 undergoes a-decay with a decay energy Q, = 9.98 + 0.05 MeV

and a half-life T,=1.87; s. For the even-even nuclei the value of Q, is directly connected

with the mass difference between the parent and daughter nuclei. According to the Geiger-
Nuttall rule, the energy and probability of o-decay, Q, and T,, determine the atomic number

of the parent nucleus. Following the relation T(Q) as a version of the Viola and Seaborg
formula with constant coefficients, describing the o-decay of all known 58 even-even
isotopes with Z > 82 and N > 126 [4], it follows that the first-step o-decay in the observed
decay sequences and the third event — from the decay of the 22116 nucleus (see below) is due

to the nucleus with Z = 114.4*}2. The daughter nucleus, the even-even isotope ***112 also
undergoes o-decay with Q,=9.30 + 0.05 MeV and a half-life T,=19.0727 s. Its atomic

number can be estimated as Z=111.2"}2. Finally, the "grandchild", the nucleus **’110

undergoes spontaneous fission with a half-life Tsp = 7.5'); s. For the two observed binary

events the fission fragment energy release in the detectors is about 40 MeV higher than the
value obtained in the reaction ***Pb(**Ca,2n) for the known spantaneously fissioning nucleus
B2No. Regardsless of the relatively wide fragment kinetic energy distributions (TKE)
manifested in spontaneous fission, this value also gives evidence that the "grandchildren” in
the decay chain are the result of the fission of a sufficiently heavy nucleus (Z > 106).

In a second experiment (chronologically, it was the first one), with a beam dose of 5.2:10"
ions, another longer a-decay sequence was observed terminating by spontaneous fission [28].
Applying the same criteria as in the previous case, we came to the conclusion that this, still
single, event was due to the decay of the neighbouring isotope of element 114. In this decay
chain, all 5 signals (recoil nucleus, o, 0, a3, SF) appeared within a position interval of
1.5 mm, which also is a strong indication that there is a correlation between the observed
decays (Figure 9b). The total time between the implantation of the recoil nucleus and the
spontaneous fission amounts to 34 min. The probability of random coincidences imitating
such a decay in any point of the working area of the detector was less than 0.6%. For that
place, where the decay occurred (the given position window in the considered strip), this
probability was even less (~10%.

For all the steps of the decay sequence the basic rule for a-decay, giving the relation
between the decay energy Q, and the half-life T, was also satisfied. Considering the °
experimental conditions and the observed decay characteristics, the origin of the decay chain
is most probably found in the isotope 114, which has been produced in the 3n-evaporation
channel. Despite the high efficiency of the detector array, in the long decay sequence the
probability to lose one of the a-particles is ~34%. Then the observed spontaneous fission can
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be attributed to the decay of the nucleus *”*106. The probability to lose the first o-particle of
the chain is about 8.5%.For this reason the first transition with a 91.5% probability can be
considered as due to the decay of EVR.

The decay properties of the neighboring odd isotope ***114 agree well with the above-
mentioned properties of the even-even nucleus ***114. For this nucleus, as it was expected, an
increase is observed in the halflives T, and Tgy that is due to the additional odd neutron.

The production cross section of the new nuclides amounts to about 1 pb. In spite of the
small value of the cross section, obtained in both experiments, background from spontaneous
fission is practically negligible. At a total beam dose of 1.5-10" ions, in addition to the
observed decays only two decay events were registered, which could be attributed to the
short-lived spontaneously fissioning nucleus ***"Am (Tsp) = 0.9 ms) with energy release in the
detectors amounting to 149 and 153 MeV. From this point of view the sensitivity of the
experiment can in the future be raised by increasing the intensity of the **Ca-beam.

6. EXPERIMENTS WITH THE %*U AND 2**Pu TARGETS

If the identification performed in the preceding two experiments with the ***Pu target is
correct, it is not difficult to predict the properties of another isotope, viz. *"114 (N = 173). 1t
should predominantly undergo a-decay to the daughter nucleus ***112, which was formed in a
previous experiment in the **Ca + 2**U reaction [29]. In the given case we can expect a short
decay sequence (a-SF), implying a few-seconds o-decay half-life, followed by spontaneous
fission with considerably longer (of the order of minutes) half-life. This isotope of element
114 can be synthesized via the 3n-evaporation channel in the **Ca + 2*?Pu reaction.

The experiments were performed at the VASSILISSA separator [30]. The rotating
0.2 mg/cm’ thick ***Pu target was bombarded by a 235 MeV **Ca-beam with a total beam
dose of 7.5-10" ions. The most probable deexcitation channel of the compound nucleus *°114
(Ex = 33.5 MeV), corresponding to the emission of 3 neutrons, leads to the formation of the
even-odd isotope 2*7114 (N = 173).

In this experiment 4 spontaneous fission events were observed.

Two spontaneous fission events were registered 59 and 20 ps after the implantation of
corresponding position-correlated recoil atoms, respectively. We could assign these events to
the SF-isomer **'™Pu(24-ps), produced in the one-neutron transfer reaction on the 2*?Pu-
target nucleus. In the case of the two other events, the search for a-decays preceding the
spontaneous fission revealed the two decay chains presented in Figure 9d.

In one of the sequences only one a-particle (Eq = 10.29 MeV) was detected by the front
detector 1.32 s after the implantation of a heavy recoil. Spontaneous fission was observed
9.32 min later. All three signals (recoil nucleus, o, SF) appeared within a position interval of
0.82 mm, which indicated that there is a correlation between the observed decays. The second
decay chain is similar to the previous one with the exception that the detector registered only
a part of the o-particle energy emitted in the back hemisphere (the open window). The
probability that both events are due to random coincidences imitating the decay chains (recoil
nucleus, o, SF) in the given position intervals is less than 10,

In both events the parent nucleus undergoes o-decay. The half-life of the parent nucleus,
derived on the basis of the two events, amounts to To = 5.57)° s. The detected daughter nuclei
undergo spontaneous fission. Their decay properties are comparable with the ones of the
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spontaneously-fissioning nuclide produced earlier in the BCa + 28U reaction [29]. All four
spontaneous fission events, observed in these two reactions, within the experimental error, can
be described by the same half-life Tsr = 3.0*>; min and can be attributed to the decay of one
and the same nucleus. In the **Ca + **®U reaction this nuclide was produced directly as an
EVR in the 3n-evaporation channel, while in the **Ca+ ***Pu reaction it is the daughter of the
a-decay of the parent *’114 nucleus (E, = 10.29 MeV).

The production cross section of the new isotope of element 114 amounts to about 2 pb.

Its half-life and the decay sequence are shorter than the ones of the previously observed
heavier isotope 289114, formed in the reaction “*Ca + 244py. Such a trend is expected,
according to theory, with the decrease of the neutron number of the superheavy nucleus, or in
other words with moving away from the closed N = 184 shell.

7. OBSERVATION OF THE DECAY OF ??116

On June 14, 2000, an experiment aimed at the synthesis of superheavy nuclei with Z=116
in the complete fusion reaction **Cm + **Ca was started at FLNR.

Already after the conference, on 19 July, on the 35-th day of irradiation, with the
accumulated beam dose of 6.6x10'® ions, the first event sequence was observed, that can be
assigned to the implantation and decay of the isotope of element 116 with mass number 292,
see Figure 9c.

Implantation of a heavy recoil in the focal-plane detector was followed, in 46.9 ms, by
a-particle with E,=10.56 MeV. This sequence switched the ion beam off, for one hour and
further decays were detected under lower-background conditions. Second a-particle with
E.=9.81 MeV was observed 2.42 s later. Then, in 53.87 s the third a-decay was registered by
the side detector with the energy of 8.63 MeV. The energy deposited by this a-particle in the
focal-plane detector was lower than the detection threshold of 0.92 MeV. Thus it’s total
energy is determined with larger uncertainty, E=9.09+0.46 MeV; the probability that the
third o-particle appeared in the chain (At~1 min) due to random count can be estimated as
~1%.

Finally, 6.93 s after the last a-decay, two coincident fission fragments with sum energy of
197 MeV were registered by both the focal-plane and the side detectors. The low energy of
one fission fragment measured by side detector for this event means large energy lost by this
fragment in the dead layers.

Positions of the four events (EVR, o, o2, and SF) were measured to be within a window of
about 0.5 mm, all events appeared within time interval of 63.26 s, which points to a strong
correlation between them. The probability of the random origin of the observed event chain is
negligible (<10™).

All the decays following the first 10.56-MeV a-particle agree well with the decay chains
of 88114, previously observed in the 243py+*8Ca reaction, see Figure 9a.

Thus, it is reasonable to assign the observed decay the nuclide 22116, produced via
evaporation of 4 neutrons in the complete-fusion reaction ***Cm+**Ca. Decay energy of the
new observed nuclide is Q = 10.71 MeV, its half-life estimated from one event is
To= 3377 ms.

Experiments are in progress.
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8. COMPARISON WITH THEORY

The data on the radioactive decay of nuclides, produced in the given series of
investigations, can be compared with the predictions of different theoretical models.

Unfortunately, in many cases the calculations go no further than look for the region of
greatest stability of superheavy nuclides without giving the definite properties of nuclei
comprising this region. Therefore we shall consider only those few cases, which can be
directly applied for comparison with the experiment.

First we would like to point out that the heaviest isotopes with Z = 110, 112 and 114,
produced in the **Ca-induced reactions, undergo a-decay. Spontaneous fission in this region
of nuclei is observed only for elements when (N-Z) < 61.

For the even-odd nuclei *''108 (N =169) and #*112 (N'=171) the spontaneous fission
half-lives turn out to be respectively 5 and 3 orders of magnitude higher than the predicted
values for the neighbouring even-even nuclei. Such a difference can be explained by the
presence of the extra neutron, which significantly diminishes the probability for spontaneous
fission of the heavy nucleus. For the even-even nucleus *°110 (N =170) the experimental
value (Tsr ~ 10 s) is also about 3 orders of magnitude longer than the calculated one, obtained
in ref. [3]. Keeping in mind the uncertainty in calculating the probability for spontaneous
fission, connected with tunnelling through the potential barrier, this difference could be taken
as an evidence of the larger contribution of the shells to the deformation energy of the nucleus.

Some conclusions can be drawn on the basis of the ground state properties of the observed
nuclei (Table 1).

The experimental values of the a-decay energies of all known nuclides with Z > 100 and
N > 148 are shown in Figure 10, together with the calculated values Qq, obtained in the
macro-microscopic theory, for all even-even isotopes of the same elements [3,4].

Certainly, the experimental results well reflect the expected by theory changes Qu(N) for
different N and Z, including the region of superheavy elements, where a transition from
deformed to spherical shells is predicted. Quantitatively, for nuclei located in the transition
region between the deformed neutron shells N =152 and N =162 a negligible difference
AQ, < 0.2 MeV is observed between the calculated and experimental values. When going to
the spherical shell in the region N = 170 +175 the difference grows up to AQ, < 0.5 MeV.

Other calculations, carried out by S.Cwiok, W.Nazarewicz and P.H.Heenen using the
Hartree-Fock-Bogoliubov method with selected Skyrme forces, concerned the heaviest
nuclide 2*°114, produced in the “*Ca + ***Pu reaction [6]. Within this approach, which can
definitely be applied to other nuclei also, the quite good agreement obtained between the
calculation and experiment (AQq < 0.25 MeV) for the chain 2114 — 25112 — 2'110. The
calculations of the a-decay energies of heavy nuclei, performed recently by M.Bender [7] in
the relativistic mean field theory, where, according to the author, the spin-orbit interactions of
the particles are calculated more precisely, very well agree with the experimental values of Q,
for the sequence of the even-even nuclei 2%*114 — %4112, but greatly differs from Qu(exp) for
292116. For the decay sequences of the even-odd nucleus 2*°114 the calculated Q,, values differ
from the experimental ones by AQ, < 0.3 MeV. According to this model, the small values of
Q.. and the corresponding long half-lives of the isotopes of element 114, which were obtained
in the “Ca + 2*Pu reaction, are due to the appearance of local deformed sub-shells with
Z =114 and N = 174. This, however, does not exclude the existence of spherical shells in the
more neutron-rich nuclei.
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Table 1
Experimental and calculated Q, values for the a-decay chains of the isotopes Z=110-116

7 A Qepr cheon
MeV) YPE+WS FRDM+FY SHFB RMF

110 273 9.87 - 10.09 - 10.82

11.24+0.02

11.36
110 280  <9.4” (SF) 9.8 9.05 9.8 8.98
110 281 8.9610.18 - 8.55 9.44 8.68
112 277 11.82 - 12.08 - 11.32

11.62+0.02

11.33
112 283 10.39+0.02 - 9.01 - -
112 284 9.3+0.05 9.8 8.69 9.42 9.3
112 285 8.80+0.05 - 8.59 8.76 9.02
114 288 9.9840.05 10.3 9.16 9.35 9.83
114 289 9.85+0.05 - 8.87 10.16 9.38
116 292 10.71+0.05 11.07 10.82 10.61 11.65

YPE+WS — macroscopic-microscopic Yukawa-plus-exponential model with Woods-Saxon
single-particle potentials.

FRDM+FY - macroscopic-microscopic finite-range droplet model with folded Yukawa
single-particle potentials.

SHFB - self-consistent Skyrme-Hartree-Fock-Bogoliubov model with pairing.

RMF - self-consistent relativistic mean-field model.

® The Q limit was calculated from experimental Ty, value using the formula by Viola and
Seaborg with parameters [4].

More definitely a comparison between theoretical calculations within different approaches
and experiment, from our point of view, can be made for the even-even isotopes, where AQ,,
as it is well known, corresponds to the mass difference in the ground state. As it can be seen
in Figure 11, the variation in AQ,, for 5 known even-even nuclei with Z = 106 — 114 amounts
to about +0.7 MeV (this is approximately 7% of the calculated energy Q). It is clear that
theoreticians have the possibility to improve the agreement with experiment, while the
experimentalists can add new even-even nuclides to the already known ones. For this purpose,
cold fusion reactions can be used as before using *’Pb targets and hot fusion reactions of Th-
Cm targets with *°S and **Ca ions.

Finally, it is necessary to point out that the decay properties of the heaviest nuclei that
have been synthesized up till now confirm the basic conclusions of the shell model on the
decisive role of the nuclear structure on the stability of superheavy elements.
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Figure 10. Solid lines and open symbols denote calculated values Qq for even-even isotopes,
obtained in the framework of the macro-microscopic theory [3,4]. The black symbols denote
the experimental Q, values; the points — even-odd nuclei, squares — even-even nuclei. The
dashed line is drawn through the experimental points to guide the eye.
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Figure 11. The difference AQ, = Qq(th) - Qu(exp) for the heaviest even-even nuclei with
Z =106 — 114. The line through the points correspond to calculations performed in different
models (indicated in the Figure).

This paper presents the results obtained by a large group of physicists, many of them are co-
authors of the original publications. The experiments were performed at the heavy ion
accelerator complexes of GSI (Darmstadt) and FLNR (Dubna) in collaboration with LLNL
(Livermore), RIKEN (Saitama), the Institute of Physics and Department of Physics of the
Comenius University (Bratislava) and the Department of Physics of the University of Messina.
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Oranecsn 10.11. » E7-2000-259
CuHTe3 TIXeNESHLINX JIEMEHTOB U CBOKCTBA MX pacmaja

CHHTE3 M UCCIIEOBaHHE PaliOAKTUBHBIX CBOMCTB HOBBIX BJIEMEHTOB PacCMaTPUBAIOTCS
B IUIaHE CYyILECTBOBAHUS «OCTPOBOB CTaOMIIBHOCTH» THIIOTETHYECKUX CBEPXTIXKEIbIX SOep,
npeicKa3aHHBIX Teopuei 6osee 35 jeT ToMy Hasal. DKCIEpUMEHTaIbHBIC NaHHbBIE, JEMOH-
CTpUpYIOLIKE ITOBBILICHHYIO CTaOHIBHOCTh snep BOMM3M OeOpMHUpPOBaHHBIX 000JI0YEK
Z =108, N =162, o6cyxnalTcsi B IUlaHe MPOABHXEHHs K OoJjiee TSKENbIM M 3HAYUTENBHO
6osee cTaGHIBHBIM HYKJIUAAM BOIU3M NpencKa3aHHbIX c%)cpnqecxnx obonoyek Z =114-122
u N =184, cnenyromux 3a ABaXIbl MarHYECKUM SIPOM 208py, IIpuBOnATCS pe3yapTaThl OIbI-
TOB 10 CHHTE3Y H30TOINOB 114 1 116 21eMEHTOB B peakL¥siX CIMSIHUSA C HOHAMU 48Ca. Iloka-
3aHO, YTO B 3THX peaKUUIX HaOMIOOAIOTCS LENOYKU pacliaja OTAENbHBIX aTOMOB, COCTOSLIME
U3 TMOC/IeNOBATENbHBIX (-PaclalOB U OKAHYMBAIOLIHECS CHOHTAHHBIM JEJIeHUEM. DHEpPruu
U BEPOSTHOCTH PacIaZioB CPaBHUBAIOTCS C MpPeICKa3aHUeM pa3lIMuHbIX TEOPETHYECKUX MOJe-
JIel, ONMHUCHIBAIOIIMX CTPYKTYPY TXensIx snep. IlomydyeHHbIe pe3ynpTaThl paccMaTpPHUBAOTCS
KaK IepBOe 9KCIePHMEHTATPHOE yKa3aHHe CYIIECTBOBaHHs obiiacTeil cTaOMIIBHOCTH CBEpX-
TSKEJNBIX SAep, 3HAYUTENIBHO PaCUIMPSIOIUX Mpefer CYIECTBOBAHUS XUMUYECKUX BJIeMeH-
TOB.

Pa6ora BeimonseHa B JIabopatopuu anepHsix peakuuit um. I.H.®neposa OMSIH.

Ipenpunt OGbeANHEHHOTO UHCTHTYTA SAEPHBIX HccenoBanuii. Iy6Ha, 2000

Oganessian Yu.Ts. E7-2000-259
The Synthesis and Decay Properties of the Heaviest Elements

The synthesis and the study of radioactive properties of new elements is considered
with respect to the existence of the «islands of stability» of hypothetical superheavy ele-
ments predicted by the theory more than 35 years ago. Experimental data demonstrating
an enhanced stability of nuclei in the vicinity of deformed shells with Z =108 and N =162 is
discussed from the point of view of advent into more heavy and much more stable nuclides
near the predicted spherical shells Z=114-122 and N =184 following after the doubly
magic nucleus 208pp,

The author presents the results of exgeriments on the synthesis of isotopes of elements
114 and 116 in the fusion reactions with *8Ca. In these reactions the decay chains of heavy
atoms consisting of sequential a-decays interrupted by spontaneous fission have been ob-
served.

The decay energies and probabilities are compared with predictions of different theo-
retical models describing the structure of heavy nuclei. The obtained results are considered
as the first experimental evidence of the existence of domains of stability of superheavy nu-
clei which substantially extends the boundaries of existence of chemical elements.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2000
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