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Preface

This book is the first to treat the chemistry of superheavy elements,
including important related nuclear aspects, as a self contained topic. It is
written for those — students and novices -- who begin to work and those who
are working in this fascinating and challenging field of the heaviest and
superheavy elements, for their lecturers, their advisers and for the practicing
scientists in the field — chemists and physicists - as the most complete source
of reference about our today's knowledge of the chemistry of transactinides
and superheavy elements. However, besides a number of very detailed
discussions for the experts this book shall also provide interesting and easy
to read material for teachers who are interested in this subject, for those
chemists and physicists who are not experts in the field and for our interested
fellow scientists in adjacent fields. Special emphasis is laid on an extensive
coverage of the original literature in the reference part of each of the eight
chapters to facilitate further and deeper studies of specific aspects. The
index for each chapter should provide help to easily find a desired topic and
to use this book as a convenient source to get fast access to a desired topic.

Superheavy elements — chemical elements which are much heavier than
those which we know of from our daily life — are a persistent dream in
human minds and the kernel of science fiction literature for about a century.
This book describes in Chapter 1 how today this dream becomes true at a
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few accelerator laboratories, what the tools are to synthesize these elusive,
man-made elements in heavy-ion nuclear reactions and how to detect the
specific nuclear decays which terminate their existence shortly after they are
created. The current status of experimental and theoretical insights into this
very unique region of nuclear stability is briefly reviewed. The last chapter
outlines historical developments, from first scientifically sound ideas about
the existence of superheavy elements, which surfaced during the mid-50s, all
the way to the beginning of the current research programs described in
Chapter 1. It also discusses experimental attempts and prospects of the
search for superheavy elements in Nature.

Today, one century after Ernest Rutherford and Frederick Soddy postulated
that in the radioactive decay one chemical element transmutes into a new
one, we know of 112 chemical elements. The discoveries of elements 114
and 116 are currently waiting to be confirmed and experimentalists are
embarking to discover new and heavier elements. Now where are
superheavy elements located on a physicist's chart of nuclides and on the
Periodic Table of the Elements -- the most basic chart in chemistry?

The term "superheavy elements" was first coined for elements on a remote
"island of stability" around atomic number 114 (Chapter 8). At that time this
island of stability was believed to be surrounded by a "sea of instability". By
now, as shown in Chapter 1, this sea has drained off and sandbanks and
rocky footpaths, paved with cobblestones of shell-stabilized deformed
nuclei, are connecting the region of shell-stabilized spherical nuclei around
element 114 to our known world.

Perfectly acceptable, some authors are still using the term "superheavy
element” in its traditional form; others have widened this region and have
included lighter elements. It is generally agreed that the term "superheavy
element" is a synonym for elements which exist solely due to their nuclear
shell effects. From this point of view there are good arguments to begin the
series of superheavy elements with element 104, rutherfordium. Because of
the extra stability from nuclear shell-effects the known isotopes of
rutherfordium exhibit half-lives of up to one minute. This is 16 orders of
magnitude longer than the expected nuclear lifetime of 10™* s these isotopes
would survive without any extra shell stabilization. Taking 10" s as a
realistic limit for a minimum lifetime of a system which can be called a
chemical element, and assuming the absence of any shell effects, the world
of chemical elements would be terminated at the end of the actinides. The
appealing aspect of having the superheavy elements begin at element 104 is
that this is identical with the beginning of the series of transactinide
elements. The terms "superheavy elements" and "transactinide elements"”, in
short "transactinides", are used with an equal meaning in this book.
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One of the most important and most fascinating questions for a chemist is
the one about the position of the superheavy elements in the Periodic Table
of the Elements; how well accommodates the Periodic Table these elements
as transition metals in the seventh period. Do the rules of the Periodic Table
still hold for the heaviest elements? What is a valid architecture of the
Periodic Table at its upper end? The main body of information to answer this
question from our today's knowledge of the chemistry of superheavy or
transactinide elements is embraced between the two mainly "nuclear"
oriented chapters at the beginning and at the end.

One century after the beginning of most dramatic changes in physics and
chemistry, after the advent of quantum theory and in the year of the 100"
anniversary of Paul A.M. Dirac, modern relativistic atomic and molecular
calculations clearly show the very strong influence of direct and indirect
relativistic effects not only on electronic configurations but also on chemical
properties of the heaviest elements. The actual state of the theoretical
chemistry of the heaviest elements is comprehensively covered in Chapter 2.
It does not only discuss most recent theoretical developments and results,
where especially up to date molecular calculations dramatically increased
our insights over the last decade, but it also relates these results to
experimental observations.

The chemistry of superheavy elements always faces a one-atom-at-a-time
situation — performing separations and characterizations of an element with
single, short-lived atoms establishes one of the most extreme limits in
chemistry. While large numbers of atoms and molecules are deeply inherent
in the statistical approach to understanding chemical reactions as dynamic,
reversible processes Chapter 3 discusses specific aspects how the behavior
of single atoms mirrors properties of macro amounts.

A large variety of tools, from manual separation procedures to very
sophisticated, automated computer-controlled apparatuses have been
developed and are now at hand to study the chemical properties of these
short-lived elements one-atom-at-a-time in the liquid phase and in the gas
phase. It is demonstrated in Chapter 4 how this can be achieved, what kinds
of set-ups are presently available and what the prospects are for future
developments to further expand our knowledge.

The known chemical properties of superheavy elements are presented and
discussed in Chapter 5 and 7 based upon experimental results obtained from
the liquid phase and from the gas phase, respectively. It is quite natural that
there is a large body of information on group-4 element 104, rutherfordium,
and group-5 element 105, dubnium, which are now under investigation for
three decades. However, recent detailed studies demonstrate that these
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elements still hold many surprises. They sometimes exhibit rather
unexpected properties. The chemistry of element 106, seaborgium, was first
tackled in 1995 followed by a series of experiments in the aqueous and the
gas phase. While most of them revealed a "surprisingly normal" behavior, at
least one experiment indicated a deviation from an extrapolation in group 6.
Even more challenging, because of the only very few numbers of atoms
produced per day, were recent investigations on elements 107, bohrium, and
108, hassium, performed in one gas phase experiment each. This is presented
in Chapter 7 together with an attempt to get a first glimpse of the chemical
property of element 112. Will it chemically react like mercury or will it be
much more inert; presumably due to strong influence of relativistic effects?

Empirical models are frequently applied in chemistry to relate experimental
observations to physicochemical or thermodynamical quantities. This has
extensively been used over several decades for the interpretation of
experimental results obtained from gas phase adsorption processes and is
still used to interpret the gas chromatographic results discussed in Chapter 7.
These empirical procedures and correlations are outlined in Chapter 6 for a
deeper understanding of one of the possible ways to interpret experimental
findings from gas phase chemistry.

All the authors of the individual chapters are describing the up-to-date
ongoing research in their field where they are leading experts and give a
thorough and comprehensive review of our today's knowledge. The
individual chapters were finished between mid of the year and November of
the year 2002. Pictures of the people involved in many of the described
experiments, photos of the instruments and more details on experiments and
results can be found on the web-page http://www.gsi.de/kernchemie.

I wish to acknowledge the contributions of Jan Willem Wijnen and Emma
Roberts from the Kluwer Academic Publishers who started (JWW) and
finalized (ER) this project with me. Many thanks go to the authors of the
individual chapters who enthusiastically agreed to contribute to this book
and who spent so much time and effort to collect, judge and write up exten-
sive amounts of material. Only thanks to them was it possible to provide
such a far-reaching coverage of the chemistry of superheavy elements. Last,
but definitely not least, its a great pleasure to thank Brigitta Schausten very
much for helping me and the authors with hundreds of smaller or larger
details which came up during the preparation of this book, and especially for
her work on some of the graphics and for preparing the final format.

Matthias Schidel
Darmstadt and Wiesbaden
December 2002



Chapter 1

Properties and Syntheses of Superheavy Elements

S. Hofmann
Gesellschaft fiir Schwerionenforschung mbH, Planckstasse 1, D-64221 Darmstadt, Germany

1. Introduction

Searching for new chemical elements is an attempt to answer questions of
partly fundamental character: How many elements may exist? How long is
their lifetime? Which properties determine their stability? How can they be
synthesized? What are their chemical properties? How are the electrons
arranged in the strong electric field of the nucleus?

Searching for new elements beyond uranium by the process of neutron
capture and succeeding B~ decay, O. Hahn and F. StraBmann [1] discovered
the possibility that a heavy nucleus might "divide itself into two nuclei."
This was the correct interpretation given by L. Meitner and O.R. Frisch [2],
and the term "fission" was coined for this process. By applying the existing
charged liquid-drop model of the nucleus [3,4], nuclear fission was
explained quite naturally, and it was shown that fission will most likely limit
the number of chemical elements. At that time, the maximum number of
elements was expected to be about 100. This number results from the
balance of two fundamental nuclear parameters, the strength of the attractive
nuclear force which binds neutrons and protons together and creates a
surface tension and the repulsive electric force.

1

M. Schdidel (ed.), The Chemistry of Superheavy Elements, 1-29.
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The properties of nuclei are not smooth uniform functions of the proton and
neutron numbers, but show non-uniformities as evidenced by variations in
the measured atomic masses. Like the electrons in an atom, also the nucleons
in a nucleus - described by quantum mechanical laws - form closed shells
called “magic” numbers. At the magic proton or neutron numbers 2, 8, 20,
28, 50, and 82, the nuclei have an increased binding energy relative to the
average trend. For neutrons, N = 126 is also identified as a magic number.
However, the highest stability is observed in the case of the "doubly magic"
nuclei with a closed shell for both protons and neutrons. Amongst other
special properties, the doubly magic nuclei are spherical and resist
deformation.

The magic numbers were successfully explained by the nuclear shell model
[5,6], and an extrapolation into unknown regions was reasonable. The
numbers 126 for the protons and 184 for the neutrons were predicted to be
the next shell closures. Instead of 126 for the protons also 114 or 120 were
calculated as closed shells. The term superheavy elements, SHEs, was
coined for these elements, see also Chapter 8.

The prediction of magic numbers, although not unambiguous, was less
problematic than the calculation of the stability of those doubly closed shell
nuclei against fission. As a consequence, predicted half-lives based on
various calculations differed by many orders of magnitude [7-12]. Some of
the half-lives approached the age of the universe, and attempts have been
made to discover naturally occurring SHEs, see Chapter 8. Although
discoveries were announced from time to time, none could be substantiated
after more detailed inspection.

There was also great uncertainty of the production yields for SHEs. Closely
related to the fission probability of SHEs in the ground-state, the survival of
the compound nuclei formed after complete fusion was difficult to predict.
Even the best choice of the reaction mechanism, fusion or transfer of
nucleons, was critically debated. However, as soon as experiments could be
performed without technical limitations, it turned out that the most
successful methods for the laboratory synthesis of heavy elements are
fusion-evaporation reactions using heavy-element targets, recoil-separation
techniques, and the identification of the nuclei by generic ties to known
daughter decays after implantation into position-sensitive detectors [13-15].

In the following sections a detailed description is given of the set-ups of the
physical experiments used for the investigation of SHEs. (The
instrumentation based on chemical methods for the study of heavy elements
is presented in subsequent chapters of this book.) Experiments are presented,
in which cold and hot fusion reactions were used for the synthesis of SHEs.



1. Properties and Syntheses of Superheavy Elements 3

These experiments resulted in the identification of elements 107 to 112 at the
Gesellschaft fiir Schwerionenforschung, GSI, in Darmstadt, and in the recent
synthesis of elements 114 and 116 at the Joint Institute for Nuclear Research,
JINR, in Dubna. We also report on a search for element 118, which started in
1999 at Lawrence Berkeley National Laboratory, LBNL, in Berkeley. In
subsequent sections a theoretical description follows discussing properties of
nuclei in the region of SHEs and phenomena, which influence the yield for
the synthesis of SHEs. Empirical descriptions of hot and cold fusion nuclear
reaction systematic are outlined. Finally, a summary and outlook is given.

2. Experimental Techniques
2.1 TARGETS AND ACCELERATORS

Transuranium elements are always man-made. Up to fermium, neutron
capture in high-flux reactors and successive B~ decay made it possible to
climb up the Periodic Table element by element. While from neptunium to
californium, some isotopes can be produced in amounts of kilograms or at
least grams, the two heaviest species, »‘Es and *"Fm, are available only in
quantities of micrograms and picograms, respectively. At fermium, however,
the method ends due to the lack of B~ decay and too short ¢ and fission half-
lives of the heavier elements. Sufficiently thick enough targets cannot be
manufactured from these elements.

The region beyond fermium is best accessible using heavy-ion fusion
reactions, the bombardment of heavy-element targets with heavy ions from
an accelerator. The cross section is less than in the case of neutron capture
and values are considerably below the geometrical size of the nuclei.
Moreover, only thin targets of the order of 1 mg/cm’ can be used. This
limitation arises from the energy loss of the ion beam in the target, which
results (using thicker targets) in an energy distribution that is too wide for
both the production of fusion products and their in-flight separation. On the
other hand, the use of thin targets in combination with well defined beam
energies from accelerators results in unique information about the reaction
mechanism. The data are obtained by measuring excitation functions, the
yield as a function of the beam energy.

Various combinations of projectiles and targets are in principle possible for
the synthesis of heavy elements: actinide targets irradiated by light
projectiles of elements in the range from neon to calcium, targets of lead and
bismuth irradiated by projectiles from calcium to krypton, and symmetric
combinations like tin plus tin up to samarium plus samarium. Also inverse
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reactions using e.g. lead or uranium as projectile are possible and may have
technical advantages in specific cases.

Historically, the first accelerators used for the production of heavy elements
were the cyclotrons in Berkeley, California, and later in Dubna, Russia. They
were only able to accelerate light ions up to about neon with sufficient
intensity and up to an energy high enough for fusion reactions. Larger and
more powerful cyclotrons were built in Dubna for the investigation of
reactions using projectiles near calcium. These were the U300 and U400,
300 and 400 centimeter diameter cyclotrons. In Berkeley a linear accelerator
HILAC (Heavy Ion Linear Accelerator), later upgraded to the SuperHILAC,
was built. The shutdown of this accelerator in 1992 led to a revival of heavy
element experiments at the 88-inch cyclotron. Aiming at the acceleration of
ions as heavy as uranium, the UNILAC (UNIversal Linear Accelerator) was
constructed in Darmstadt, Germany, during the years 1969-74.

In order to compensate for the decreasing cross sections of the synthesis of
heavy elements, increasing beam currents are needed from the accelerators.
This demands a continuous development of ion sources in order to deliver
high currents at high ionic charge states. Beam currents of several particle
microamperes (1 pAp = 6.24x10" particles/s) are presently reached. Such
high currents, in turn, demand a higher resistance of the targets. An efficient
target cooling and chemical compounds with higher melting points are
presently tested. The developments in the laboratories in Berkeley, Dubna,
and also in Finland, France, Italy and Japan are similar and are usually made
in close collaboration and exchange of know-how.

2.2 RECOIL-SEPARATION TECHNIQUES AND DETECTORS

The identification of the first transuranium elements was by chemical means.
In the early 1960s physical techniques were developed which allowed for
detection of nuclei with lifetimes of less than one second at high sensitivity.
A further improvement of the physical methods was obtained with the
development of recoil separators and large area position sensitive detectors.
As a prime example for such instruments, we will describe the velocity filter
SHIP (Separator for Heavy-Ion reaction Products) and its detector system,
which were developed at the UNILAC. The principle of separation and
detection techniques used in the other laboratories is comparable.

In contrast to the recoil-stopping methods, as used in He-jet systems or mass
separators, where ion sources are utilized, recoil-separation techniques use
the ionic charge and momentum of the recoiling fusion product obtained in
the reaction process. Spatial separation from the projectiles and other
reaction products is achieved by combined electric and magnetic fields. The
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separation times are determined by the recoil velocities and the lengths of
the separators. They are typically in the range of 1-2 microseconds. Two
types of recoil separator have been developed:

(1) The gas-filled separators use the different magnetic rigidities of the
recoils and projectiles traveling through a low pressure (about 1 mbar) gas-
filled volume in a magnetic dipole field [16]. In general, helium is used in
order to obtain a maximum difference in the rigidities of slow reaction
products and fast projectiles. A mean charge state of the ions is achieved by
frequent collisions with the atoms of the gas.

(2) Wien-filter or energy separators use the specific kinematic properties of
the fusion products. The latter are created with velocities and energies
different from the projectiles and other reaction products. Their ionic charge
state is determined when they escape from a thin solid-state target into
vacuum. lonic-charge achromaticity is essential for high transmission. It is
achieved by additional magnetic fields or symmetric arrangements of electric
fields. An example of such a separator used in experiments for the
investigation of heavy elements is the velocity filter SHIP in Darmstadt [13]
shown in Figure 1.

Recoil separators are designed to filter out those nuclei with a high
transmission, which are produced in fusion reactions. Since higher overall
yields result in increased background levels, the transmitted particles have to
be identified by detector systems. The detector type to be selected depends
on the particle rate, energy, decay mode, and half-life. Experimental as well
as theoretical data on the stability of heavy nuclei show that they decay by o
emission, electron capture or fission, with half-lives ranging from micro-
seconds to days. Therefore silicon semiconductor detectors are well suited
for the identification of nuclei and for the measurement of their decay
properties. If the total rate of ions striking the focal plane of the separator is
low, then the particles can be implanted directly into the silicon detectors.
Using position-sensitive detectors, one can measure the local distribution of
the implanted particles. In this case, the detectors act as diagnostic elements
to optimize and control the ion optical properties of the separator.

Given that the implanted nuclei are radioactive, the positions measured for
the implantation and all subsequent decay processes are the same. This is the
case because the recoil effects are small compared with the range of
implanted nuclei, emitted a particles or fission products, and detector
resolution. Recording the data event by event allows for the analysis of
delayed coincidences with variable position and time windows for the
identification of the decay chains [14].
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Y-
’ : Detectors

Si-
T‘?( Detectors

TOF
Detectors

SHIP 94 4

Target
wheel

Projectiles

Fig. 1. The velocity filter SHIP (Separator for Heavy Jon reaction Products) and its detection
system [13-15]. The drawing is approximately to scale; however, the target wheel and the
detectors are enlarged by a factor of two. The length of SHIP from the target to the detector is
11 m. The target wheel has a radius up to the center of the targets of 155 mm. It rotates
synchronously with beam macrostructure at 1125 rpm [17]. The target thickness is usually
450 pg/em?. The detector system consists of three large area secondary-electron time-of-flight
detectors [18] (only two are shown in the graph) and a position-sensitive silicon-detector array
(see text). The flight time of the reaction products through SHIP is 2 ps. The filter, consisting
of two electric and four magnetic dipole fields plus two quadrupole triplets, was extended by
a fifth deflection magnet, allowing for positioning of the detectors away from the straight
beam line and further reduction of the background. Figure reproduced from Reference [21]}
with permission from IOP Publishing Ltd. (2002).

The presently used detector system is composed of three time-of-flight
detectors, seven identical 16-strip silicon wafers, and germanium detectors
[15]. A schematic view of the detector arrangement is shown in the focal
plane of SHIP in Figure 1. Three secondary-electron foil detectors in front of
the silicon detectors are used to measure the velocity of the particles [18].
They are mounted 150 mm apart from each other. The detector signals are
also used to distinguish implantation from radioactive decays of previously
implanted nuclei. Three detectors are used to increase the detection
efficiency.

A time-of-flight signal and an energy signal from the silicon detector provide
the information for switching off the beam after detection of an implanted
residue [19]. After a response time of 20 |is a subsequent time window of
preset duration opens for counting a preset number of o particles of the
decay chain. If the desired conditions are fulfilled, the beam-off period is
prolonged up to the expected measurable end of the decay chain by opening
a third time window. This improvement considerably reduces the
background during the measuring period of the decay chain and allows for
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the safe detection of signals from long lived decays. The sequence of three
time windows is needed because time-of-flight and energy signals alone
would trigger the switching off process for the beam too often due to
background events in the corresponding windows.

3.  Experimental Results
3.1 ELEMENTS PRODUCED IN COLD-FUSION REACTIONS

In this section, we present results dealing with the discovery of elements 107
to 112 using cold fusion reactions based on lead and bismuth targets. A
detailed presentation and discussion of the decay properties of elements 107
to 109 and of elements 110 to 112 was given in previous reviews [15,20,21].
Presently known nuclei are shown in the partial chart of nuclides in Figure 2.

Bohrium, element 107, was the first new element synthesized at SHIP using
the method of in-flight recoil separation and generic correlation of parent-
daughter nuclei. The reaction used was >*Cr + 29Bj — 28107+, Five decay
chains were observed [22] .The next lighter isotope, “°'Bh, was synthesized at
a higher beam energy [23]. Additional data were obtained from the o decay
of 2°Mt [24] and the isotope ***Bh was identified as %randdaughter in the
decay chain of 272111 [19,25] The isotopes “**Bh and “Bh were produced
using the hot fusion reaction 2Ne + 2Bk — 7'Bh* [26]. These nuclei were
identified after chemical separation, see Subsection 3.2 and Chapter 7.

Hassium, element 108, was first synthesized in 1984 using the reaction **Fe
+ 2%®Pb. The identification was based on the observation of three atoms [27].
Only one o-decay chain was measured in the irradiation of *”’Pb with ¥ Fe.
The measured event was assigned to the even-even isotope *%*Hs [28]. The
results were confirmed in a later work [21,29], and for the decay of %Hs, a
fission branching of 50 % was also measured. The isotope “*Hs was
discovered as a link in the decay chain of 12 [19,30], and Hs was
identified in a recent chemistry experiment [31], see again Chapter 7.

Meitnerium, element 109, was first observed in the year 1982 in the
irradiation of *Bi with **Fe by a single a-decay chain [32,33]. This result
was confirmed later [34]. In the most recent experiment [24] twelve atoms of
2%6Mt were measured, revealing a complicated decay pattern, as could be
concluded from the wide range of O energies from 10.5 to 11.8 MeV. This
property seems to be common to many odd and odd-odd nuclides in the
region of the heavy elements. The more neutron-rich isotope **Mt was
measured after 0. decay of 2111 [19,25].
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Fig. 2. Presently known N>152 and Z>102 nuclei and their half-lives (blank box for o decay,

light grey for spontaneous fission decay and dark grey for B decay; see back book cover for a

color version). Decay chains starting from element 110, 111 and [12 were measured at GSI in

Darmstadt [15,20,21], that from 114 and 116 at JINR in Dubna [35].
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Element 110 was discovered in 1994 using the reaction “Ni + ®pb —
%110 + 1n [29].The main experiment was preceded by a thorough study of
the excitation functions for the synthesis of *'Rf and ***Hs using beams of
*Ti and **Fe in order to determine the optimum beam energy for the
production of element 110. The data revealed that the maximum cross
section for the synthesis of element 108 was shifted to lower excitation
energy, different from the predictions of reaction theories. The heavier
isotope *"'110 was synthesized with a beam of the more neutron-rich isotope
Ni [21]. The important result for the further production of elements beyond
meitnerium was that the cross section was enhanced from 2.6 pb to 15 pb by
increasing the neutron number of the projectile by two, which gave hope that
the cross sections could decrease less steeply with more neutron-rich projec-
tiles. However, this expectation was not proven in the case of element 112.

Two more isotopes of element 110 have been reported in the literature. The
first is 2"110, produced at LBNL in the irradiation of 2B with *Co [36].
The second isotope is #3110, reported to be observed at JINR in the
irradiation of **Pu with *S after the evaporation of five neutrons [37]. Both
observations need further experimental clarification.

The even-even nucleus *°110 was synthesized using the reaction ®Ni +
*7ph [38]. A total of eight o-decay chains were measured during an
irradiation time of seven days. Decay data were obtained for the ground-state
and a high spin K isomer, for which calculations predict spin and parity 8",
9~ or 10". The new nuclei **Hs and *Sg were identified as daughter
products after oo decay. Spontaneous fission of *28g terminates the decay
chain.

Element 111 was synthesized in 1994 using the reaction *Ni + **Bi —
B111". A total of three o chains of the isotope *?111 were observed [25].
Another three decay chains were measured in a confirmation experiment in
October 2000 [19].

Element 112 was investigated at SHIP using the reaction "°Zn + **Pb —
8112" [30]. The irradiation was performed in January-February 1996. Over
a period of 24 days, a total of 3.4 x 10'® projectiles were collected. One o
decay chain, shown in the left side of Figure 3, was observed resulting in a
cross section of 0.5 pb. The chain was assigned to the one neutron-emission
channel. The experiment was repeated in May 2000 aiming to confirm the
synthesis of *7112 [19]. During a similar measuring time, but using slightly
higher beam energy, one more decay chain was observed, also shown in
Figure 3. The measured decay pattern of the first four o decays is in
agreement with the one observed in the first experiment.
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32.04 MeV 24.09 MeV
18.06 mm 26.06 mm
711121 CN 77112| CN
oy y
11.45 MeV 1.17 MeV
273 280 ps (42 us) 73 1406 s (175 ps)
110 17.85 mm 110 26.03 mm
a s
11.08 MeV 11.20 MeV
269 110 ps (76 pus) 269 310 us (42 us)
ag HS| 1777 mm ag Hs| %601 'mm
923 MeV 9.18 MeV
265 197 s (12s) 265 220 s (1659)
a, Sg| 1781 mm o, Sg| 2616 mm
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Fig. 3. Two decay chains measured in experiments at SHIP in the cold fusion reaction "°Zn +
28pp — 278112" | The chains were assigned to the isotope *"'112 produced by evaporation of
one neutron from the compound nucleus. The lifetimes given in brackets were calculated
using the measured o energies. In the case of escaped o particles the alpha energies were
determined using the measured lifetimes.

A new result was the occurrence of fission which ended the second decay
chain at **'Rf. A spontaneous-fission branch of this nucleus was not yet
known, however, it was expected from theoretical calculations. The new
results on **'Rf were proven in a recent chemistry experiment [31], in which
this isotope was measured as granddaughter in the decay chain of **Hs, see
the following Subsection and Chapter 7.

A reanalysis of all decay chains measured at SHIP since 1994, a total of 34
decay chains was analyzed, revealed that the previously published first decay
chain of #7112 [30] (not shown in Figure 3) and the second of the originally
published four chains of 2110 [29] were spuriously created. Details of the
results of the reanalysis are given in [19].

Results from an experiment at the 88-inch cyclotron in Berkeley aiming to
synthesize element 118 were published in 1999 [39]. Using the new BGS
(Berkeley Gas-filled Separator) the reaction **Kr+°%*Pb — **118* was
investigated. From three decay chains consisting of six subsequent a decays
a surprisingly high cross section of 2 pb was deduced for the one neutron
emission channel.

In order to confirm the data obtained in Berkeley, the same reaction was
investigated at SHIP in the summer of 1999. The experiment is described in
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detail in [15]. During a measuring time of 24 days a beam dose of 2.9x10"
projectiles was collected which was comparable to the Berkeley value of
2.3x10". No event chain was detected, and the cross section limit resulting
from the SHIP experiment for the synthesis of element 118 in cold fusion
reactions was 1.0 pb. The Berkeley data were retracted in the summer of
2001 [40] after negative results of a repetition experiment performed in the
year 2001 in Berkeley itself and after a reanalysis of the data of the first
experiment, which showed that the three reported chains were not in the
1999 data. A comparison of the measured cross section limit for this reaction
with predictions from theoretical models is given in Section 5.

3.2 ELEMENTS PRODUCED IN HOT-FUSION REACTIONS

Hot fusion reactions are based on targets made from actinide elements. A
number of differences exist compared with reactions using lead or bismuth
targets. Probably the most significant is the excitation energy of the
compound nucleus at the lowest beam energies necessary to initiate a fusion
reaction. Values are at 10 - 20 MeV in reactions with lead targets and at 35 -
45 MeV in reactions with actinide targets, which led to the widely used
terminology of cold and hot fusion reactions. Due to the lack of targets
between bismuth and thorium, a gradual change from cold to hot fusion
cannot be studied experimentally. A second important difference of actinide
target based reactions is the synthesis of more n-rich isotopes compared with
a cold fusion reaction leading to the same element, e.g. **Hs from a *** Cm
target (see below) and ***Hs from a °*Pb target.

Actinides served already as targets, when neutron capture and subsequent f§~
decay were used for the first synthesis of transuranium elements. Later, up to
the synthesis of seaborgium, actinides were irradiated with light-ion beams
from accelerators. At that time it was already known that cold fusion
reactions yield higher cross sections for heavy element production.

The argumentation changed again when elements 110 to 112 had been
discovered in cold fusion reactions. The combination of actinide targets with
beams as heavy as “Ca became promising to study more neutron rich
isotopes, which are closer to the region of spherical SHEs and for which also
longer half-lives were expected. In addition the lowest excitation energies of
co?;pound nuclei from fusion with actinide targets are obtained with beams
of "Ca.

The experimental difficulty with using a **Ca beam is the low natural
abundance of only 0.19 % of this isotope, which makes enrichment very
expensive. Therefore, the development of an intense “Ca beam at low
consumption of material in the ion source and high transmission through the
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accelerator was the aim of the work accomplished in Dubna during a period
of about two years until 1998 [41].

The experiments at the U400 cyclotron were performed at two different
recoil separators, which had been built during the 1980s. The separators had
been upgraded in order to improve the background suppression and detector
efficiency. The energy-dispersive electrostatic separator VASSILISSA was
equipped with an additional deflection magnet [42,43]. The gas-filled
separator GNS was tuned for the use of very asymmetric reactions with
emphasis on the irradiation of highly radioactive targets [44]. Both
separators were equipped with time-of-flight detectors and with an array of
position-sensitive Si detectors in an arrangement similar to the one shown in
Figure 1.

At the separator VASSILISSA attempts were undertaken to search for new
isotopes of element 112 by irradiation of **U with *Ca ions [45]. The
irradiation started in March, 1998. Two fission events were measured
resulting in a cross section of 5.0 pb. The two events were tentatively
assigned to the residue 112 after 3n evaporation.

The experiments were continued in March 1999. The reaction **Ca + **Pu
— *114* was investigated [46]. It was expected that, after evaporation of
three neutrons, the nuclide *7114 would be produced and would decay by o
emission into the previously investigated ***112. Over a period of 21 days, a
total of four fission events were detected. Two of them could be assigned to
fission isomers. The other two fission signals were preceded by signals from
o particles (one was an escape o of 2.31 MeV) and implantations. A cross
section of 2.5 pb was obtained for the two events. They were assigned to the
nuclide *7114. The four events, two from 112 and two from 114 of the **%U
and ***Pu irradiation with ®Ca, are consistent. The fission lifetimes are
within the limits given by statistical fluctuations. Fission was measured
again after o decay, when the target was changed from *®*U to ***Pu. The
low background rate in the focal plane of VASSILISSA makes mimicking
by chance coincidences unlikely. However, further investigation is needed
for an unambiguous assignment.

At GNS a search for element 114 was started in November-December, 1998.
The experiments were performed in collaboration between the Flerov
Laboratory of Nuclear Reactions, FLNR, and the Lawrence Livermore
National Laboratory, LLNL, Livermore, California. A 2py target was
irradiated for a period of 34 days with a *Ca beam. One decay chain was
extracted from the data. The chain was claimed to be a candidate for the
decay of **114. The measured cross section was 1 pb [47].
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The **Ca + **Pu experiment was repeated in June-October, 1999. During a
period of 3.5 months, two more o-decay sequences, terminating in spon-
taneous fission, were observed [48]. The two chains were identical within
the statistical fluctuations and detector-energy resolution, but differed from
the first chain measured in 1998. The two new events were assigned to the
decay of 28114, the 4n evaporation channel. The cross section was 0.5 pb.

An investigation of element 116 was started in June 2000. Using a “BCm
target, the previously detected isotopes **°114 or ***114 were expected to be
observed as daughter products from the decay of the corresponding element
116 parent nuclei produced after eva%)oration of 3 or 4 neutrons. The first
decay chain which was assigned to 2116 was measured after 35 days on
July 19, 2000 [49]. The irradiation was continued, and two more decay
chains were measured on May 2 and 8, 2001 [35]. All three decay chains are
plotted in Figure 4. The cross section is about 0.6 pb deduced from a total
beam dose of 2.25x10".

July 19, 2000 01:21 May 02, 2001 06:20 May 08, 2001 16:54

| | an * 4n .
10.56 MeV ’292116?"‘* 2116 wane |16 "*116 10.54 eV
4865 s | 12558 55.0 s
278 mm iy 27.8 mm 198 mmy”" iy 18.2 mm 20.3 mm
288, 288, 288.
8.81 MeV 14 8.81 MeV 114 5.80 MeV 114
2428 —— 031 s n.0s -
283 mm Ty 19.5 mm Oy 20.8 mm 0Ly
264. 284, 28:
12 8.15 MeV 12 911 MeV 4112
9.09 £ 0.46 MeV 885 s 1526 s
539 s Oy 18.2 mm Olg 206 mm Olg
2440 2440 #0410
4 4"
SF SF SF
197 MeV (195+2) 21 MeV 117 MeV
68 s 285 mm 230 s 196 mm 315s 204 mm

Fig. 4. Three decay chains measured in the reaction **Ca + *®Cm — #*116* [35]. After
implantation of the evaporation residue und detection of the first o decay, the beam was
switched off and the succeeding decays were measured under almost background free
conditions. The decays assigned to the daughter nucleus 114 were in agreement with the
data measured previously from two decay chains in the reaction ®Ca + Mpy — P2114%,
Reproduced from Yu. Ts. Oganessian et al., Eur. Phys. J. A, Conf. Proc. ENAM 2001 (to be
published), Chap. 1, copyright (2002), with permission from Springer-Verlag.

The newly measured chains are of high significance. The data reveal internal
redundancy, and the lifetimes are relatively short, making an origin by
chance events extremely unlikely. In particular, because all further decays in
the chain, after the parent decay was observed, were measured during a
beam free period. The beam was switched off using as a trigger the time-of-
flight and energy signals from the implantation and the o decay from the
parent. The assignment to the 4n channel is likely, but remains subject to
further investigation until an unambiguous identification will become
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possible. As the chains end at *°110 by spontaneous fission, generic
relations to known nuclei cannot be used. Other possible procedures which
could help to establish a unique assignment could be measurements of
excitation functions, further cross bombardments, direct mass measurements
and chemical analysis of parent or daughter elements.

How well chemical properties can be wused for the separation and
identification of even single atoms was recently demonstrated in an
experiment to study hassium [31], see Chapter 7. Using the hot fusion
reaction Mg + *Cm — *™Hs*, the isotope “*Hs was produced after
evaporation of five neutrons. The hassium atoms, a total of three decay
chains were measured reacted with oxygen to form the volatile compound
HsQ,. This way it was proven independently by chemical means that the
produced atom belongs, like osmium which also forms a volatile tetroxide,
to group 8 and thus to element 108 in the Periodic Table of the Elements.
The measured decay properties of the separated atoms fully confirmed the
data obtained from the decay 112 119).

Hot fusion reactions applied to synthesize long-lived nuclides of elements
104 through 108 for chemical studies are summarized in Table 1 [50]. Cross
sections vary from about 10 nb to a few pb [26,31,51-54]. With typical beam
intensities of 3x10' jons per second on targets of about 0.8 mg/cm’
thickness production yields range from a few atoms per minute for
rutherfordium and dubnium isotopes to five atoms per hour for **Sg and
even less for *’Bh and heavier nuclides. Therefore, all chemical separations
are performed with single atoms on an "atom-at-a-time" scale. Similar to the
experiments with recoil separators characteristic a decays and time
correlated o-a-decay chains are used to identify these nuclides in specific
fractions or at characteristic positions after chemical separation.

Table 1. Nuclides from hot fusion reactions [50] used in chemical investigations.

Nuclide T2 Target Beam Evap.  Cross section  Production rate
Wimpe  78s  5Cm ®0 5n ~10nb 2 min™!
2#py *Ne 5n 4 nb 1 min™
2pp 34s Bk 5 5n 6 nb 2 min’!
5Cm g 5n 1 nb 0.5 min’!
230k 2Ts: Bk 50 4n 10 nb 3 min’!
e Tdr om Ne 5n =~ 240 pb 5h’
2665g 21s  Cm 2Ne 4n ~25pb 0.5h"
*7Bh 17s Bk Ne 5n =70 pb 1.5h"
2°Hs 14s  Cm Mg 5n =6 pb 34!

Hs 275 *Cm Mg 4n =4 pb 24!
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4. Nuclear Structure and Decay Properties

The calculation of the ground-state binding energy provides the basic step to
determine the stability of SHEs. In macroscopic-microscopic models the
binding energy is calculated as sum of a predominating macroscopic part
(derived from the liquid-drop model of the atomic nucleus) and a
microscopic part (derived from the nuclear shell model). This way more
accurate values for the binding energy are obtained than in the cases of using
only the liquid drop model or the shell model. The shell correction energies
of the ground-state of nuclei near closed shells are negative which results in
further decreased values of the negative binding energy from the liquid drop
model - and thus increased stability. An experimental signature for the shell-
correction energy is obtained by subtracting a calculated smooth macro-
scopic part from the measured total binding energy.

The shell-correction energy is plotted in Figure 5a using data from Reference
[55]. Two equally deep minima are obtained, one at Z = 108 and N = 162 for
deformed nuclei with deformation parameters B, = 0.22, B4 = —0.07 and the
other one at Z = 114 and N = 184 for spherical SHEs. Different results are
obtained from self-consistent Hartree-Fock-Bogoliubov, HFB, calculations
and relativistic mean-field models [56,57]. They predict for spherical nuclei
shells at Z = 114, 120 or 126 (dashed lines in Figure 5a) and N = 184 or 172.

The knowledge of ground-state binding energies, however, is not sufficient
for the calculation of partial spontaneous fission half-lives. Here it is
necessary to determine the size of the fission barrier over a wide range of
deformation. The most accurate data were obtained for even-even nuclei
using a macroscopic-microscopic model [58]. Partial spontaneous fission
half-lives are plotted in Figure 5b. The landscape of fission half-lives reflects
the landscape of shell-correction energies, because in the region of SHEs the
height of the fission barrier is mainly determined by the ground-state shell
correction energy, while the contribution from the macroscopic liquid-drop
part approaches zero for Z = 104 and beyond. Nevertheless we see a
significant increase of spontaneous fission half-life from 10° s for deformed
nuclei to 10" s for spherical SHEs. This difference originates from an
increasing width of the fission barrier which becomes wider in the case of
spherical nuclei.

Partial o half-lives decrease almost monotonically from 10'* s down to 107
s near Z = 126, see Figure 5c. The valley of B-stable nuclei passes through Z
= 114, N = 184. At a distance of about 20 neutrons away from the bottom of
this valley, B half-lives of isotopes have dropped down to values of one
second [59].
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Fig. 5. Shell-correction energy (a) and partial half-lives for spontaneous fission (b) and a
decay (c). See text for a detailed descriptions and for references.
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Combining results from the individual decay modes one obtains the
dominating partial half-life as shown in Figure 6 for even-even nuclei. The
two regions of deformed heavy nuclei near N = 162 and spherical SHEs
merge and form a region of o emitters surrounded by spontaneously
fissioning nuclei. The longest half-lives are 1000 s for deformed heavy
nuclei and 30 y for spherical SHEs. It is interesting to note that the longest
half-lives are not reached for the doubly magic nucleus 5 114, but for Z =

110 and N = 182. This is a result of continuously increasing Qg values with
increasing atomic number. Therefore, o decay becomes the dominant decay
mode beyond element 110 with continuously decreasing half-lives. For
nuclei at N = 184 and Z < 110 half-lives are determined by B~ decay.
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Fig. 6. Dominant half-lives for o, B*/electron capture, §~ decay and spontaneous fission. The
data are valid for even-even nuclei only. Arrows denote o-decay chains explained in the text.

The four member o-decay chain of ?*116, the heaviest even-even nucleus,
observed in the recent experiment in Dubna [35], is also drawn in Figure 6.
The arrows follow approximately the 1-s contour line down to 2%0110. This is
in agreement with the experimental observation. The nucleus *°110 is
predicted to decay by spontaneous fission. The experimentally observed
half-lives, see Section 3.2, are 53 ms - 2.6 s - 45 s - 7.6 s, respectively, which
on average is by a factor of 10 longer than the calculated values. However,
this deviation is well within the accuracy limits of the calculation. E.g., a
change of the a energy of ***114 by 350 keV only changes the half-life by a
factor of 10. The decay chains of two other recently synthesized even-even
nuclei, 27°110 [38] and *™Hs [31], are also drawn in the figure. In these cases
the decay chains end by spontaneous fission at *2Sg and *Rf, respectively.
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For odd nuclei, partial o and spontaneous fission half-lives calculated by R.
Smolanczuk and A. Sobiczewski [55] have to be multiplied by a factor of 10
and 1000, respectively, thus making provisions for the odd particle
hindrance factors. However, we have to keep in mind that fission hindrance
factors show a wide distribution from 10 to 10°, which is mainly a result of
the specific levels occupied by the odd nucleon. For odd-odd nuclei, the
fission hindrance factors from both the odd proton and the odd neutron are
multiplied. For odd and odd-odd nuclei, the island character of o emitters
disappears and for nuclei with neutron numbers 150 to 160 c-decay prevails
down to rutherfordium and beyond. In the allegorical representation where
the stability of SHEs is seen as an island in a sea of instability, see Chapter
8, even-even nuclei portray the situation at high-tide and odd nuclei at low-
tide, when the island is connected to the mainland.

The interesting question arises, if and to which extent uncertainties related to
the location of proton and neutron shell closures will change the half-lives of
SHEs. Partial oo and [ half-lives are only insignificantly modified by shell
effects, because their decay process occurs between neighboring nuclei. This
is different for fission half-lives which are primarily determined by shell
effects. However, the uncertainty related to the location of nuclei with the
strongest shell-effects, and thus longest partial fission half-life at Z = 114,
120 or 126 and N = 172 or 184, is irrelevant concerning the longest 'total'
half-life of SHEs. All regions for these SHEs are dominated by o decay,
a—decay half-lives will only be modified by a factor of up to approximately
100, if the double shell closure is not located at Z = 114 and N = 184.

The line of reasoning is, however, different concerning the production cross
section. The survival probability of the compound nucleus (CN) is
determined among other factors significantly by the fission-barrier.
Therefore, with respect to an efficient production yield, the knowledge of the
location of minimal negative shell-correction energy is highly important.
However, it may also turn out that shell effects in the region of SHEs are
distributed across a number of subshell closures. In that case a wider region
of less deep shell-correction energy would exist with corresponding
modification of stability and production yield of SHEs.

5. Nuclear Reactions

The main features which determine the fusion process of heavy ions are
(1) the fusion barrier and the related beam energy and excitation energy,
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(2) the ratio of surface tension versus Coulomb repulsion which determines
the fusion probability and which strongly depends on the asymmetry of the
reaction partners (the product Z,7, at fixed Z; + Z,),

(3) the impact parameter (centrality of collision) and related angular
momentum, and

(4) the ratio of neutron evaporation and of y emission versus the fission of
the compound nucleus.

In fusion reactions towards SHEs the product Z;Z, reaches extremely large
values and the fission barrier extremely small values. In addition, the fission
barrier itself is fragile, because it is solely built up from shell effects. For
these reasons the fusion of SHEs is hampered twofold: (i) in the entrance
channel by a high probability for reseparation and (ii) in the exit channel by
a high probability for fission. In contrast, the fusion of lighter elements
proceeds unhindered through the contracting effect of the surface tension
and the evaporation of neutrons instead of fission.

The effect of Coulomb repulsion on the cross section starts to act severely
for fusion reactions to produce elements beyond fermium. From there on a
continuous decrease of cross section was measured from microbarns for the
synthesis of nobelium down to picobarns for the synthesis of element 112.
Data obtained in reactions with **Pb and **Bi for the In-evaporation
channel at low excitation energies of about 10-15 MeV (therefore named
cold fusion) and in reactions with actinide targets at excitation energies of
35-45 MeV (hot fusion) for the 4n channel are plotted in Figure 7a and b,
respectively.

Some features which the data reveal are pointed out in the following:

(1) So far no data were measured below cross section values of about 0.5 pb.
This is the limit presently set by experimental constraints. The experimental
time necessary to observe one decay chain at a certain cross section is given
on the right ordinate of Figure 7a. Considering the already long irradiation
time to reach a cross section of 0.5 pb, it seems impractical to perform
systematic studies on this cross section level or even below. Further
improvement of the experimental conditions is mandatory. Note in this
context that the experimental sensitivity increased by three orders of
magnitude since the 1984 search experiment for element 116 using a hot
fusion reaction [60].

(2) The cross sections for elements lighter than 113 decrease by factors of 4
and 10 per element in the case of cold and hot fusion, respectively. The
decrease is explained as a combined effect of increasing probability for
reseparation of projectile and target nucleus and fission of the compound
nucleus. Theoretical consideration and empirical descriptions, see e.g.
[61,62], suggest that the steep fall of cross sections for cold fusion reactions
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may be strongly linked to increasing reseparation probability at high values
of Z,Z, while hot fusion cross sections mainly drop because of strong fission
losses at high excitation energies. Extremely small values result from an
extrapolating these data into the region of element 114 and above. However,
strong shell effects for SHEs with spherical nuclear shapes could lead to an
increase of the fission barrier and thus to an increase of the survival
probability of the compound nucleus, see also discussion in Section 4. The
relatively high values measured in Dubna for the synthesis of elements 114
and 116 would be in agreement with this argumentation. In the case of cold
fusion only cross section limits are known for the synthesis of elements 116
and 118.
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Fig. 7. Measured cross sections (a) for reactions with 2Pb and 2®Bi targets and 1n
evaporation and (b) for reactions with actinide targets and 4n evaporation. At the right
ordinate cold fusion reaction yields are given which are obtained with the presently available
technology. The values (N-Z)/2 denote the projectile isospin.
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(3) Locally an increase of the cross section by a factor of 5.8 was measured
for element 110 in cold fusion reactions when the beam was changed from
52Ni to *Ni. It was speculated that this increase could be due to the increased
value of the projectile isospin. However, the assumption could not be
confirmed in the case of element 112 which was synthesized using the most
neutron rich stable zinc isotope with mass number 70.

A number of excitation functions was measured for the synthesis of elements
from No to 110 using Pb and Bi targets [15]. The maximum evaporation
residue cross section (I1n channel) was measured at beam energies well
below a one dimensional fusion barrier [63]. At the optimum beam energy
projectile and target are just reaching the contact configuration in a central
collision. The relatively simple fusion barrier based on the Bass model [63]
is too high and a tunneling process through this barrier cannot explain the
measured cross section. Various processes are possible, and are discussed in
the literature, which result in a lowering of the fusion barrier. Among these
processes transfer of nucleons and an excitation of vibrational degrees of
freedom are the most important [64,65].

Target nuclei of actinide targets are strongly deformed and the height of the
Coulomb barrier depends on the orientation of the deformation axes. The
reaction **Ca + >**Cm, studied in Dubna, was performed at a beam energy
resulting in an excitation energy of approximately 34 MeV [35]. The
observed decay chains were assigned to the 4n-evaporation channel. An
excitation function which could provide experimental evidence for an
orientation effect on the fusion cross section is not yet measured.

It was pointed out in the literature [66] that closed shell projectile and target
nuclei are favorable synthesizing SHEs. The reason is not only a low
reaction Q-value and thus low excitation energy, but also that fusion of such
systems is connected with a minimum of energy dissipation. The fusion path
proceeds along cold fusion valleys, where the reaction partners maintain
kinetic energy up to the closest possible distance. In this view the difference
between cold and hot fusion is not only a result from gradually different
values of excitation energy, but there exists a qualitative difference, which is
on the one hand (cold fusion) based on a well ordered fusion process along
paths of minimum dissipation of energy, and on the other hand (hot fusion)
based on a process governed by the formation of a more or less energy equi-
librated compound nucleus. Fusion of the doubly magic **Ca and actinide
targets seems to proceed via an intermediate, sometimes also called "warm"
fusion process, possibly along a fusion valley less pronounced than in the
case of cold fusion. Triggered by the recent experimental success of heavy
element synthesis, a number of theoretical studies are in progress aiming to
obtain a detailed understanding of the processes involved [65,67-72].
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Due to the great uncertainty concerning the influence of the various steps in
the fusion of heavy elements, more precise experimental data are needed. It
is especially important that various combinations of projectile and target be
investigated, from very asymmetric systems to symmetric ones, and that ex-
citation functions are measured. This provides information on how fast cross
section decrease with increasing energy due to the fission of compound
nuclei, and how fast cross section decrease on the low energy side due to the
fusion barrier. From both slopes, information about the 'shape' of the fission
and the fusion barriers can be obtained. At a high enough cross section, these
measurements can be complemented by in-beam 7y-ray spectroscopy using
the recoil-decay tagging method in order to study the influence of angular
momentum on the fusion and survival probability [73-75].

6. Summary and Outlook

The experimental work of the last two decades has shown that cross sections
for the synthesis of the heaviest elements decrease almost continuously.
However, recent data on the synthesis of element 114 and 116 in Dubna
using hot fusion seem to break this trend when the region of spherical
superheavy elements is reached. Therefore a confirmation is urgently needed
that the region of spherical SHEs has finally been reached and that the
exploration of the 'island' has started and can be performed even on a
relatively high cross section level.

The progress towards the exploration of the island of spherical SHEs is
difficult to predict. However, despite the exciting new results, many
questions of more general character are still awaiting an answer. New
developments will not only make it possible to perform experiments aimed
at synthesizing new elements in reasonable measuring times, but will also
allow for a number of various other investigations covering reaction physics
and spectroscopy.

One can hope that, during the coming years, more data will be measured in
order to promote a better understanding of the stability of the heaviest
elements and the processes that lead to fusion. A microscopic description of
the fusion process will be needed for an effective explanation of all
measured phenomena in the case of low dissipative energies. Then, the
relationships between fusion probability and stability of the fusion products
may also become apparent.

An opportunity for the continuation of experiments in the region of SHEs at
decreasing cross sections afford, among others, further accelerator
developments. High current beams and radioactive beams are options for the
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future. At increased beam currents, values of tens of particle LA's may
become accessible, the cross section level for the performance of
experiments can be shifted down into the region of tens of femtobarns, and
excitation functions can be measured on the level of tenths of picobarns.
High currents, in turn, call for the development of new targets and separator
improvements. Radioactive ion beams, not as intense as the ones with stable
isotopes, will allow for approaching the closed neutron shell N = 184 already
at lighter elements. Interesting will be the study of the fusion process using
radioactive neutron rich beams.

The half-lives of spherical SHEs are expected to be relatively long. Based on
nuclear models, which are effective predictors of half-lives in the region of
the heaviest elements, values from microseconds to years have been
calculated for various isotopes. This wide range of half-lives encourages the
application of a wide variety of experimental methods in the investigation of
SHEs, from the safe identification of short lived isotopes by recoil-
separation techniques to atomic physics experiments on trapped ions, and to
the investigation of chemical properties of SHEs using long-lived isotopes.
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