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Abstract. Professor Walter Greiner, our mentor, colleague, and friend, passed away in
the age of eighty. During his lifetime, the search for elements beyond uranium started
and elements up to the so far heaviest one with atomic number 118 were discovered. In
this talk I will present a short history from early searches for ’trans-uraniums’ up to the
production and safe identification of shell-stabilized ’Super-Heavy Nuclei’ (SHN). The
nuclear shell model reveals that these nuclei should be located in a region with closed
shells for the protons at Z = 114, 120 or 126 and for the neutrons at N = 184. The out-
standing aim of experimental investigations is the exploration of this region of spherical
SHN. Systematic studies of heavy ion reactions for the synthesis of SHN revealed pro-
duction cross-sections which reached values down to one picobarn and even below for
the heaviest species. The systematics of measured cross-sections can be understood only
on the basis of relatively high fission barriers as predicted for nuclei in and around the
island of SHN. A key role in answering some of the open questions plays the synthesis
of isotopes of element 120. Attempts aiming for synthesizing this element at the velocity
filter SHIP will be reported.

1 Review and status of experiments

Scientific attempts to synthesize new elements beyond uranium started in the 1930s, when the atomic
model was established and the constituents of the atomic nucleus, protons and neutrons, were known.
E. Fermi in Rome [1] and O. Hahn, L. Meitner, and F.W. Straßmann in Berlin [2] tried to use the
nuclear reaction of neutron capture by uranium target nuclei and subsequent β− decay for production
of transuranium elements. Although first results were misinterpreted, the experiments opened a new
area of research in nuclear physics. A chart of nuclei existing in 1935, the relevant year of this special
session of the conference, is plotted on top of fig. 1.

The discovery of Hahn and Straßmann [3] in 1938 was that uranium, more accurate the odd-mass
isotope 235U, breaks into two approximately equal parts after neutron capture. This new phenomenon
of nuclear fission was described by Meitner and O.R. Frisch in 1939 using the charged liquid-drop
model [4]. One year later, G.N. Flerov and K.A. Petrjak [5] detected that uranium, 238U, decays
spontaneously by fission from its ground-state.

The first new elements beyond uranium were synthesized during the years of the Second World
War in laboratories in the US. These were the elements from neptunium (Z= 93) to curium (96). In
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Figure 1. Three charts of nuclei from the years 1935, 1958, and 2015 demonstrating the advance in nuclear
physics during 80 years of research. The nuclei known in 1935 were compiled by G. Fea working at the School
of Nuclear Physics in Rome in collaboration with F. Rasetti and E. Segré [6]. The heaviest nucleus known at that
time was 238U. Most of the stable isotopes have been identified using mass spectrograph’s. Radioactive nuclei
were known from the α decay of uranium and thorium isotopes and at the lower end of the chart from nuclear
reactions of those α particles with low Z target nuclei. The arrangement of the original chart was changed to an
N over Z plot and the isotopes were colored according to the convention of the ‘Karlsruher Nuklidkarte’ shown
in the lower part, which was compiled and published for the first time in 1958 [7].

the years 1949−55 the elements from berkelium (97) to mendelevium (101) were also produced in the
US.

The production processes were capture of fast neutrons from a reaction of 2H with 9Be by 238U and
subsequent β− decay (239Np), β− decay of 238Np which was produced from 238U in irradiations with
2H (238Pu), slow neutron capture by 240Pu produced from 239Pu in a nuclear reactor and subsequent β−

decay (241Am), fusion using a 4He beam from the 60-inch cyclotron in Berkeley (242Cm, 243Bk, 245Cf,
256Md), and rapid capture of 15 and 17 neutrons by 238U in a thermonuclear explosion and subsequent
β− decays (253Es, 255Fm).

Chemical separation of these new elements was essential for the identification, as it was already
for the discovery of nuclear fission, which was identified by the observation of barium in a chemically
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separated sample. In the region of heavy elements, these studies resulted in the concept of a second
series of chemically similar elements, the actinides, starting at element 89, actinium, besides the
known lanthanides, both having unfilled f-electron shells. In 1951, G.T. Seaborg and E.M. McMillan
received the Nobel Prize in Chemistry, “for their discoveries in the chemistry of the transuranium
elements”.

Limits of existence of nuclei were presented by J.A. Wheeler in a compilation of essays dedicated
to Niels Bohr on the occasion of his 70th birthday [8] and at a conference ‘On the peaceful uses of
atomic energy’ in Geneva in 1955 [9]. Solely based on the charged liquid-drop model, the results
seemed reasonable, “to look for nuclei with a well defined existence with masses perhaps two or more
times heavier than the heaviest nucleus now known, 256100”. Whereas in [8] these nuclei were still
named ‘very heavy nuclei’, the term ‘superheavy nuclei’, now usually abbreviated SHN, was used
in [9] for the first time. Two years later, F.G. Werner and Wheeler published a paper with the title
‘Superheavy Nuclei’ [10], in which the properties of these nuclei were estimated in more detail but
still disregarding shell effects.

Figure 2. Shell-correction energies in MeV
taken from [17, 18] (a) and dominating decay
modes of even-even nuclei (b) and of
even-odd nuclei (c). The dominating decay
modes were determined from partial half-lives
for α decay (yellow), β+ decay or electron
capture (red), β− decay (blue), and SF (green)
calculated in [15–17]. Hindrance factors of 10
and 1000 were assumed for α decay and SF of
even-odd nuclei, respectively. Arrows mark
measured decay chains starting at the even
element isotopes 264Hs, 270Ds, 268Hs, 270Hs,
294118, and 292Lv in (b) and at 263Hs, 269Ds,
271Ds, 277Cn, 271Hs, 285Fl, 291Lv, and 293Lv in
(c). The α-decay chains of even-even nuclei
and most of the chains of even-odd nuclei end
by SF in agreement with predictions.



4

EPJ Web of Conferences 182, 02054 (2018)  https://doi.org/10.1051/epjconf/201818202054
ICNFP 2017

EPJ Web of Conferences

Also discussed at the Geneva conference was the problem of the binding of electrons in the strong
electric field of such ‘superheavy nuclei’. This question was brought up by D.I. Blokhintsev in the
discussion of Wheeler’s contribution [9]. Blokhintsev referred to the term −Z2α2 as radicand in the
Dirac equation, which causes that calculation of the binding energy of K electrons fails for pointlike
nuclei. However, Wheeler replied that they have found “that for a finite size of the nucleus even with
a nuclear charge of 170, the K electron has a perfectly reasonable wave function and has a binding
energy of about 1.85 mec2”.

This subject and related vacuum polarization and electron-positron pair creation in strong electric
fields became later a major topic of theoretical studies at Greiner’s Institute at University Frankfurt
[11, 12] and of experimental work at GSI (Gesellschaft für Schwerionenforschung) in Darmstadt [13].

In 1948, the magic numbers were successfully explained by the nuclear shell model [14, 15], and
an extrapolation into the region of the next doubly magic nuclei beyond 208Pb was thus undertaken.
The numbers 126 for the protons, later changed to 114 [22], and 184 for the neutrons were predicted
to be the next spherical shell closures.

The perspectives offered by the nuclear shell model for production of SHN and the need for devel-
oping more powerful accelerators for their synthesis in heavy ion reactions was a main motivation for
upgrading existing facilities or for founding new laboratories. In expectation of broad research fields,
the HILAC (Heavy Ion Linear Accelerator), later upgraded to the SuperHILAC, was built at LBNL
(Lawrence Berkeley National Laboratory) in Berkeley in 1955, the U-300 and U-400 cyclotrons at
FLNR (Flerov Laboratory of Nuclear Reactions) at JINR (Joint Institute for Nuclear Research) in
Dubna in 1957 and 1978, respectively, the UNILAC (Universal Linear Accelerator) at GSI in 1969,
and the RILAC (RIKEN variable-frequency Linear Accelerator) at the RIKEN Nishina Center in
Saitama near Tokio in 1980.

Studies of the elements 100 to 106 were performed with the new cyclotron U-300 using fusion
reactions with beams of 12C to 22Ne. In recognition of this early work in Dubna, element 105 is now
officially named ‘dubnium’.

At approximately the same time, the experiments at the HILAC in Berkeley culminated in the syn-
thesis of the new element 106. After careful and deliberate determination of well balanced discovery
profiles by the International Unions of Pure and Applied Chemistry (IUPAC) and Physics (IUPAP),
the names ‘nobelium’, ‘lawrencium’, and ‘rutherfordium’ are now officially accepted for the elements
102, 103, and 104, respectively, as well as ‘seaborgium’ for element 106.

In the middle of the 1960s, the concept of the macroscopic-microscopic (MM) model for calcu-
lating binding energies of nuclei also at large deformations was invented by V.M. Strutinsky [20].
Using this method a number of the measured phenomena could be naturally explained. In particular,
it became possible to calculate the binding energy of a heavy fissioning nucleus as function of defor-
mation and thus to determine the fission barrier. Partial fission half-lives were calculated using the so
determined fission barrier. The calculations revealed the existence of so called ‘islands of stability’
far beyond the known nuclei [21–31].

Other important results which could be explained applying the Strutinsky method for calculation
of the structure of the fission barrier are the fission isomers discovered by S.M. Polikanov et al. [32],
which gain their stability from a second minimum in the fission barrier at large deformation, and the
detection of the break of systematically long half-lives of N= 152 isotones at element 104 by Yu.Ts.
Oganessian et al. [33] due to the disappearance of a second hump in the fission barrier.

The calculation of ground-state shell correction energies (SCE) of the MM model revealed a mini-
mum (maximum in terms of stability) not only for spherical SHN at Z = 114 and N = 184, but also for
deformed nuclei at Z = 108 and N = 162 [26]. The two minima, both having SCE values of −7 MeV,
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are clearly visible in fig. 2a. The figure shows SCE values taken from a calculation of A. Sobizcewski
et al. [18] for a wide range of heavy and super-heavy nuclei.

The shift of SHN with lowest SCE values to the region slightly above the shell closure at Z = 114
and slightly below the shell closure at N = 184 is due to the low level density for the protons between
114 and 126 and for the neutrons between 164 and 184, see graphs 53 and 54 in [19]. The nuclei at Z
= 108 and N = 162 gain their stability from relatively high level densities below gaps of single particle
levels for these nucleon numbers at deformations characterized by the deformation parameters β2 ≈
0.22, β4 ≈ −0.07 [18]. However, these gaps between single particle levels of deformed nuclei do not
result from shell closures in terms of the classical shell model for spherical nuclei.

The ridge of maximum SCE values between the two minima separates the region of heavy and
super-heavy nuclei. Roughly, the borderline follows the line of constant mass number at A = 280.
This definition of SHN is in agreement with definitions given in early calculations of the stability
of SHN. However, it differs from the definition used by nuclear chemists nowadays, who define as
super-heavy elements (SHE) the elements beyond the actinide series beginning with rutherfordium,
element 104.

The calculation of spontaneous fission (SF) half-lives of SHN was still problematic. It depends
sensitively from the size of the fission barrier, the inertia and for odd and odd-odd nuclei from nuclear
structure effects which generate an increase of the fission barrier by the so called specialization energy.
Predicted half-lives based on the Strutinsky model using various parameter sets differed by many
orders of magnitude. Some of the half-lives approached the age of the universe, and attempts have
been made to discover naturally occurring SHN [36–39]. Although the corresponding discoveries
were announced from time to time, none of them could be substantiated after more detailed inspection.

Even the location of the closed shells for protons and neutrons turned out to be model dependent.
Self-consistent Hartree-Fock-Bogoliubov calculations and relativistic mean field models [40–45] pre-
dict for spherical nuclei shells at Z= 114, 120, or 126 (indicated as dashed lines in fig. 2) and N= 172
or 184. In terms of the shell model, the uncertainty in Z and N is due to the uncertain spin-orbit
splitting of shells and subshells of high and low angular momentum, respectively, from 114 to 126 for
the protons and from 164 to 184 for the neutrons.

The shortest half-lives which determine the decay mode are plotted in fig. 2b for even-even nuclei
and in fig. 2c for even-odd nuclei. For the odd nuclei partial α and SF half-lives calculated in [18]
were multiplied by factors of 10 and 1000, respectively, thus making provisions for the odd particle
hindrance factors. However, one has to keep in mind that, in particular, fission hindrance factors show
a wide distribution from 101 to 105, which is mainly a result of the specific levels occupied by the odd
nucleon [9, 46].

For even-even nuclei in fig. 2b, the two regions of deformed heavy nuclei near N= 162 and
spherical SHN merge and form a region of α emitters surrounded by spontaneously fissioning nuclei.
Alpha decay becomes the dominant decay mode beyond Z= 110 with continuously decreasing half-
lives. For nuclei at N= 184 and Z< 110 half-lives are determined by β− decay. For even-odd nuclei,
fig. 2c, the island character of α emitters disappears and for nuclei with neutron numbers 150 to 160
α decay prevails down to element 104 and beyond.

Longest total half-lives do not occur for nuclei having the most negative SCE values. Due to the
short partial α half-lives there, the longest half-lives of SHN are predicted for nuclei near element 110
and neutron number 182.

The set-ups used in physics experiments for the investigation of SHN are described in detail in
review articles [47–53]. Cold and hot fusion reactions based on targets of lead or bismuth and isotopes
of actinides, respectively, were used for the synthesis of heavy and super-heavy nuclei. These experi-
ments resulted in the identification of the new elements 107 to 112 at the vacuum velocity filter SHIP
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Figure 3. Upper end of the chart of nuclei showing the presently (2017) known nuclei. For each known isotope
the element name, mass number, and half-life are given. The elements from proton number 107 to 113 were
discovered in fusion reactions after evaporation of one neutron from the compound nucleus (cold fusion reactions
based on 208Pb and 209Bi targets). The corresponding isotopes are located on the more neutron deficient side and
cover the region of deformed heavy nuclei with the center at Z = 108 and N = 162. The more neutron rich
isotopes of elements 112 and 113 were produced in reactions using a 48Ca beam and targets of 238U and 237Np
and the new elements from 114 to 118 with targets of 242Pu, 244Pu, 243Am, 245Cm, 248Cm, 249Bk, and 249Cf. So far
not confirmed are the electron-capture decays of the isotopes 266Db, 268Db, 287Fl, and 290Fl and the subsequently
populated nuclei and decay chains, respectively. In particular, an attempt was made to re-interpret an event chain
originally assigned to an α-decay chain starting at 289Fl in [34] by assigning this chain to 290Fl which decays by
electron capture to 290Nh, see [35]. These isotopes are indicated with question marks. They are shown in the
figure with the intention of reminding that electron capture is a likely process in the region of SHN although it
is difficult to prove experimentally. The magic numbers for the protons predicted at element 114 and/or 120 are
emphasized. The bold dashed lines mark proton number 108 and neutron numbers 152 and 162. Nuclei with
that number of protons or neutrons have increased stability, however, they are deformed contrary to the spherical
SHN. The crossing at Z = 114 and N = 162 reflects the uncertainty, whether nuclei in that region are deformed or
spherical. The background structure shows the calculated ground-state shell-correction energy in steps of 1 MeV
from −3 MeV (light blue) to −7 MeV (dark blue) according to the macroscopic-microscopic model [17, 18].
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(Separator for Heavy Ion reaction Products) at GSI [47, 48], in the confirmation of part of these data
and in the production of a new isotope of element 113 at GARIS (Gas-filled Recoil Ion Separator) at
RIKEN [53]. New neutron-rich isotopes of element 112 and the new elements from 113 to 118 were
produced at DGFRS (Dubna Gas-Filled Recoil Separator) at FLNR [52]. Isotopes which are presently
known in the region of heavy and super-heavy nuclei are shown in fig. 3.

A key role in answering open questions related to the location of the major shell closure in the
region of SHN plays the synthesis of isotopes of element 120. However, recent attempts using fusion
reactions with targets of 244Pu [54], 238U [55] were negative or, as in the case of 249Cf [56], the data
are not yet completely analyzed.

In an attempt to produce an isotope of element 120, the reaction 54Cr + 248Cm → 302120* was
investigated at SHIP [35]. This reaction is more asymmetric than the reactions 64Ni + 238U and 58Fe
+ 244Pu and thus less Coulomb repulsion exists in the entrance channel. Although the reaction 50Ti +
249Cf is even more asymmetric, the choice using a 248Cm target could profit from being three neutrons
nearer to the N = 184 shell closure. To date, the measured cross-sections were always higher when
more neutron rich projectile and/or target isotopes were used. It was planned to reach a cross-section
limit of 100 fb for which a beam time of 140 days was requested.

Safe operation of SHIP under the experimental conditions was successfully tested in a preparatory
experiment in 2010 [57]. In the reaction 48Ca + 248Cm → 296Lv* decay data of 293Lv and 292Lv,
previously obtained at FLNR, were confirmed.

During a first part of the 54Cr + 248Cm experiment lasting 38 days in 2011, three correlated signals
were measured occurring within a period of 279 ms. The surprising properties of the signals were that
the energies of the first two signals are in agreement with calculated values for the α energies of 299120
and its daughter isotope 295118 [19, 58, 59] and the third signal agrees with the previously measured
α energy and lifetime of the granddaughter 291Lv [60]. And, secondly, a very low probability was
calculated that the chain of signals was produced by chance.

Nevertheless, an unambiguous assignment of the signals cannot be made. The implantation of the
parent nucleus with a short lifetime corresponding to the high decay energy was not found. The time to
the nearest implanted nucleus is unexpectedly long, and it cannot be distinguished from an accidental
event. An unexpected long lifetime was measured also for the relatively high decay energy of the
daughter nucleus. An explanation of the first two signals as isomeric decays is possible. However,
without confirmation in further experiments such explanations remain speculative. Unfortunately, the
experiment could not be continued. Beam time was not allocated or already allocated beam time was
canceled in favor of other experiments.

2 Perspectives

Despite the synthesis of nuclei as heavy as 294118, the extension of the island in proton and neutron
numbers and also the locations of the centers of highest stability resulting in highest production cross-
sections and that of longest half-lives is not yet explored. The reasons are experimental constraints
like availability of targets, limited beam intensities and consequently long measuring times at cross-
section levels of picobarn and below.

The progress towards the exploration of the island of SHN is difficult to predict. Hot fusion
based on actinide targets and 48Ca beams terminate at element 118, because targets beyond Cf can be
produced only with tremendous costs and efforts. How heavier beams like 50Ti, 54Cr, etc. will affect
the fusion cross-section is subject of experiments planned for the near future. However, these heavier
beams are mandatory for exploration of the island of SHN into the north-east direction, the direction
towards new elements. Strong shell effects, if they exist at Z= 120 or 126, could positively influence
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the reaction cross-sections. Alpha energies measured of more isotopes of element 118 and of the new
element 120 may help to settle this uncertainty.

In order to deduce information on SCE and related fission barriers, relative masses of nuclei within
α-decay chains of five neighboring even element isotopes were compared with theoretical values of
the two MM models by Möller et al. [19] and Sobizcweski et al. [58, 59]. From this study less
strong SCE values and consequently lower fission barriers were deduced for Fl and Lv isotopes than
predicted in [19, 61] where particularly high fission barriers for these isotopes were calculated. The
results of this study and consequences for cross-section calculations were published in [62]. There,
arguments are given that the cross-section for synthesis of element 120 could be higher than previously
expected. The reason for this contradictory statement, higher cross-sections at lower fission barriers,
is that at lower fissions barriers for isotopes of elements Fl and Lv the estimated probability of re-
separation in the entrance channel has to be reduced in order to reproduce the measured cross-sections
for production of these nuclei. At a reduced probability for re-separation and less rapid decrease of the
fission barriers for nuclei beyond Lv, the higher evaporation residue cross-sections can be expected.
If confirmed in future experiments, the moderate decrease of fission barriers towards heavier elements
might be caused by a not negligible effect of the closure of a subshell at element 120 and a low level
density extending up to Z = 126.

In this context, it is worthwhile to study the transition from high to low excitation energies, which
is expected to occur with actinide targets and the strongly bound isotopes in the vicinity of iron and
nickel for synthesis of elements on the way to Z= 126 (see fig. 5 in [62]). For the heaviest systems,
excitation energies for fusion at beam energies just enough high for reaching a contact configuration,
attain values close to the one neutron binding energy. In these cases hot fusion changes to cold
fusion also for the reactions with actinide targets. Increasing losses by re-separation in the entrance
channel due to increasing Coulomb repulsion at higher charge of the beam particles could possibly be
compensated by a lower probability of CN fission.

The results presented in [35, 62] may be of interest for search experiments for element 120 being
in preparation at other laboratories. At DGFRS in Dubna a target of 249Cf (50.4 %), 250Cf (13.5 %),
and 251Cf (36.1 %) will be irradiated with a 48Ca beam. In this experiment heavier isotopes than the
known 294Og will be produced. The results will also show if the cross-section will increase when
heavier target isotopes are used and the CN are closer to the center of strongest SCE, see figs. 2 and
3. In a second step, it is planned to switch the beam from 48Ca to 50Ti for synthesis of element 120
[63, 64]. The target of mixed isotopes has to be used because highly enriched material of 250Cf or
251Cf is not available and 252Cf is excluded due to its too high specific activity. Such a target wheel
can be handled only under extreme safety conditions.

At GARIS at RIKEN, it is planned to produce isotopes of element 118 using the reaction 50Ti +
248Cm→ 298Og* and in a second step to switch the beam to 54Cr for synthesis of element 120 [65, 66].

No technical limitations exist for exploration of the island of SHN towards the west. Sufficient
neutron deficient projectile isotopes are available. However, due to Q-value effects the excitation
energy of the CN at barrier energies will increase.

Most interesting, but also most difficult, will be the synthesis of more neutron-rich isotopes located
in the south-east direction of the island of SHN. There, the longest half-lives are expected. Reactions
using radioactive beams and multi-nucleon transfer reactions are options to be studied in the future.
Searching for electron capture decay branches could be another option. An example, as discussed in
[35], could be electron capture of 290Fl populating an α-decay chain starting at the odd-odd isotope
290Nh and terminating by SF of 278Bh. Decay chains of odd-odd nuclei are expected to reveal partic-
ularly long lifetimes due to specific hindrance factors. It is interesting to note that EC of 290114 was
already considered by E.O. Fiset and J.R. Nix in 1972 [29]. In this theoretical study it was predicted
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the reaction cross-sections. Alpha energies measured of more isotopes of element 118 and of the new
element 120 may help to settle this uncertainty.

In order to deduce information on SCE and related fission barriers, relative masses of nuclei within
α-decay chains of five neighboring even element isotopes were compared with theoretical values of
the two MM models by Möller et al. [19] and Sobizcweski et al. [58, 59]. From this study less
strong SCE values and consequently lower fission barriers were deduced for Fl and Lv isotopes than
predicted in [19, 61] where particularly high fission barriers for these isotopes were calculated. The
results of this study and consequences for cross-section calculations were published in [62]. There,
arguments are given that the cross-section for synthesis of element 120 could be higher than previously
expected. The reason for this contradictory statement, higher cross-sections at lower fission barriers,
is that at lower fissions barriers for isotopes of elements Fl and Lv the estimated probability of re-
separation in the entrance channel has to be reduced in order to reproduce the measured cross-sections
for production of these nuclei. At a reduced probability for re-separation and less rapid decrease of the
fission barriers for nuclei beyond Lv, the higher evaporation residue cross-sections can be expected.
If confirmed in future experiments, the moderate decrease of fission barriers towards heavier elements
might be caused by a not negligible effect of the closure of a subshell at element 120 and a low level
density extending up to Z = 126.

In this context, it is worthwhile to study the transition from high to low excitation energies, which
is expected to occur with actinide targets and the strongly bound isotopes in the vicinity of iron and
nickel for synthesis of elements on the way to Z= 126 (see fig. 5 in [62]). For the heaviest systems,
excitation energies for fusion at beam energies just enough high for reaching a contact configuration,
attain values close to the one neutron binding energy. In these cases hot fusion changes to cold
fusion also for the reactions with actinide targets. Increasing losses by re-separation in the entrance
channel due to increasing Coulomb repulsion at higher charge of the beam particles could possibly be
compensated by a lower probability of CN fission.

The results presented in [35, 62] may be of interest for search experiments for element 120 being
in preparation at other laboratories. At DGFRS in Dubna a target of 249Cf (50.4 %), 250Cf (13.5 %),
and 251Cf (36.1 %) will be irradiated with a 48Ca beam. In this experiment heavier isotopes than the
known 294Og will be produced. The results will also show if the cross-section will increase when
heavier target isotopes are used and the CN are closer to the center of strongest SCE, see figs. 2 and
3. In a second step, it is planned to switch the beam from 48Ca to 50Ti for synthesis of element 120
[63, 64]. The target of mixed isotopes has to be used because highly enriched material of 250Cf or
251Cf is not available and 252Cf is excluded due to its too high specific activity. Such a target wheel
can be handled only under extreme safety conditions.

At GARIS at RIKEN, it is planned to produce isotopes of element 118 using the reaction 50Ti +
248Cm→ 298Og* and in a second step to switch the beam to 54Cr for synthesis of element 120 [65, 66].

No technical limitations exist for exploration of the island of SHN towards the west. Sufficient
neutron deficient projectile isotopes are available. However, due to Q-value effects the excitation
energy of the CN at barrier energies will increase.

Most interesting, but also most difficult, will be the synthesis of more neutron-rich isotopes located
in the south-east direction of the island of SHN. There, the longest half-lives are expected. Reactions
using radioactive beams and multi-nucleon transfer reactions are options to be studied in the future.
Searching for electron capture decay branches could be another option. An example, as discussed in
[35], could be electron capture of 290Fl populating an α-decay chain starting at the odd-odd isotope
290Nh and terminating by SF of 278Bh. Decay chains of odd-odd nuclei are expected to reveal partic-
ularly long lifetimes due to specific hindrance factors. It is interesting to note that EC of 290114 was
already considered by E.O. Fiset and J.R. Nix in 1972 [29]. In this theoretical study it was predicted
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that 290114 will be populated by α decay in a decay chain starting at 302120. In a recent paper, V.I.
Zagrebaev, A.V. Karpov, and Greiner also investigated the possibility of populating neutron-rich SHN
via EC [67].

Using transfer reactions as suggested in [68], low beam energies and hence observation in the zero
degree direction are mandatory, in order to produce the fragments at the lowest possible excitation
energy and thus reduce fission, in particular of the heavy, high Z fragment. Systems as heavy as 238U
+ 248Cm are technically possible and could be investigated with a modern separator and detection
methods. These methods will also allow for measuring contact times of dinuclear systems by making
use of the kinematics of the reaction products at the moment of re-separation after rotation of the
system at small impact parameters [69].

Excitation functions have to be measured, which provide information on how fast the cross-section
decreases with increasing energy due to diabatic processes in the entrance channel and fission of the
CN, and how fast they decrease on the low energy side due to the fusion barrier and re-separation
of projectile and target nuclei. From both slopes, information about the shape of the fission and the
fusion barriers can be obtained.

The study of transfer products may also open a direct access to the first steps of the processes
resulting in fusion. Due to the low beam energy the reactions occur in central collisions and the
reaction partners re-separate in and opposite to the beam direction. Therefore velocity separators like
SHIP are an ideal tool to study these processes.

The classical cold fusion reactions based on lead and bismuth targets will be further used for ex-
ploring the regions of increased stability of deformed heavy nuclei located around Z= 100, N= 152
and Z= 108, N= 162. How far these regions extend into the west and north-west direction is a ques-
tion which has to be answered. Also, whether SF or proton emission will determine the limits.

Element 114 was discovered in a hot fusion reaction. Another possibility could be the cold fusion
reaction 76Ge + 208Pb. As predicted by the late Wladyslaw Świa̧tecki using his fusion-by-diffusion
model [70], the cross-section should be considerably higher than the one for synthesis of element 113.
This experiment is still waiting to be performed.

At high enough cross-sections, the measurements can be complemented by in-beam γ-ray spec-
troscopy using recoil-decay tagging methods in order to study the influence of angular momentum
on the fusion and survival probability. Observation of characteristic X rays emitted during the de-
excitation cascade could help identifying the produced nuclei.

Similar arguments hold for the measurement of γ rays and X rays emitted from the radioactive
decay of the separated isotopes. Only at high enough yield the measured signals can be assigned
to X rays on the basis of the characteristic intensity distribution which distinguishes X rays from
γ transitions. A recent attempt assigning decay chains measured in the reaction 48Ca + 243Am to
element 115 using α−X-ray coincidence technique failed, although a relatively large amount of 30
decay chains was observed [71]. An example of a conclusive X-ray identification of element 104 is
published in [72]. In that experiment a number of about 1000 α particles were necessary in order to
obtain a convincing X-ray spectrum of element 102.

Interesting in this context is a suggestion using collision induced X rays for element identification,
measured in coincidence with particle detectors [73]. Similar as the decay X-rays, the method will
not allow for identification of new elements produced at low counting rates. However, with modern
arrays of X-ray detectors this method may be promising for determining the element distribution in
multi-nucleon transfer reactions or in fusion reactions at inverse kinematics. In these cases the higher
energy of the reaction products increases the yield of the produced X rays.

A comparison of experimental and theoretical SF half-lives of the known even-even isotopes of
Ds and Fl is difficult, because these nuclei are located in a transitional region between deformed heavy
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nuclei and spherical SHN and the degree of deformation is not known. The measurement of small
SF branchings of more neutron rich even isotopes of Fl, which are located closer to the center of the
island of spherical SHN, will allow for a solid comparison of experimental and theoretical SF half-
lives. Expected are significant data on fission barriers of spherical SHN, which are needed for better
estimates of production cross-sections in various reactions as e.g. fusion with radioactive neutron rich
beams, multi-nucleon transfer reactions and rapid neutron capture in a stellar environment. The latter
aspect is closely related to the question, if SHN could be produced in nature and how long they could
survive.

Important for determination of masses of nuclei along α-decay chains is the detection of small
α-decay branchings, in particular of neutron-rich even-even isotopes of Ds, which decay dominantly
by SF, and α decay was not yet observed.

A direct measurement of the mass of one nucleus of the decay chain is necessary for determining
absolute masses of the nuclei of the whole chain. Stopping of the separated reaction products in gas
catchers and injection of the low energy beam in multi-reflection time-of-flight mass spectrometers
(MR-TOF) [74] or Penning trap mass spectrometers [75] will allow for an accurate mass determina-
tion. Neutron rich nuclei being located in the region of elements from Rf to Sg are presently produced
at low cross-section as decay products of SHN. However, in future experiments with radioactive beams
or in multi-nucleon transfer reactions these nuclei could be directly produced with higher yield. The
long half-lives expected for some of the neutron-rich heavy nuclei, are not a limitation, but on the con-
trary, the precision of the measurement increases with increasing half-life. The mass measurements
of No and Lr isotopes with SHIPTRAP represents a convincing example for the application of the
method also in the region of heavy nuclei [75].

Stopping of the separated reaction products in gas catchers and injection of the low energy beam
in MR-TOF or Penning-trap spectrometers will also allow for isobaric purification and precise decay
spectroscopy. In addition, atomic beam experiments as e.g. collinear laser spectroscopy and Stern-
Gerlach experiments will also become possible. In the near future, further technical improvements
such as a cryogenic stopping cell, will be implemented, a major step into direction of higher yield.

The region far beyond element 126 was already addressed theoretically 40 years ago. For exam-
ple, a region of relatively higher stability against SF was predicted at Z= 164 and N= 318 in [28].
Although such heavy nuclei may not exist, the shell structure could influence the lifetime of an inter-
mediate resonance like structure.

The properties of toroidal and spherical bubble nuclei were presented in [76, 77]. A fullerene-type
structure consisting of α clusters was suggested for 304120 in [78]. Although speculative, the highly
advanced experimental technology should be used also for some experiments to search for such really
exotic phenomena in the region of SHN and beyond, which is accessible using the heaviest beams and
targets.

Accelerators, separators, detectors, signal processing, and data acquisition presently in use are
highly developed and should be used for the continuation of experiments. However, improvements
are still possible. An overview on current developments is given in a contribution to this conference
by G. Münzenberg [79]. At expected higher beam intensities, targets must be developed, which are
not immediately destroyed. The efficiency and resolution of the separators can be further increased
and the background reduced. Detector shuttles could be used for distinguishing nuclei with short and
long half-lives. Secondary experiments could be installed if the valuable beam is not stop inside the
separator but directed to another target.

The most powerful dedicated facility under construction will be the ‘SHE Factory’ at FLNR in
Dubna delivering beam intensities of up to 10 particle µA. The GANIL laboratory in France will open
new facilities to study SHN. The new Facility for Radioactive Ion Beams (FRIB), under development



11

EPJ Web of Conferences 182, 02054 (2018)  https://doi.org/10.1051/epjconf/201818202054
ICNFP 2017

EPJ Web of Conferences

nuclei and spherical SHN and the degree of deformation is not known. The measurement of small
SF branchings of more neutron rich even isotopes of Fl, which are located closer to the center of the
island of spherical SHN, will allow for a solid comparison of experimental and theoretical SF half-
lives. Expected are significant data on fission barriers of spherical SHN, which are needed for better
estimates of production cross-sections in various reactions as e.g. fusion with radioactive neutron rich
beams, multi-nucleon transfer reactions and rapid neutron capture in a stellar environment. The latter
aspect is closely related to the question, if SHN could be produced in nature and how long they could
survive.

Important for determination of masses of nuclei along α-decay chains is the detection of small
α-decay branchings, in particular of neutron-rich even-even isotopes of Ds, which decay dominantly
by SF, and α decay was not yet observed.

A direct measurement of the mass of one nucleus of the decay chain is necessary for determining
absolute masses of the nuclei of the whole chain. Stopping of the separated reaction products in gas
catchers and injection of the low energy beam in multi-reflection time-of-flight mass spectrometers
(MR-TOF) [74] or Penning trap mass spectrometers [75] will allow for an accurate mass determina-
tion. Neutron rich nuclei being located in the region of elements from Rf to Sg are presently produced
at low cross-section as decay products of SHN. However, in future experiments with radioactive beams
or in multi-nucleon transfer reactions these nuclei could be directly produced with higher yield. The
long half-lives expected for some of the neutron-rich heavy nuclei, are not a limitation, but on the con-
trary, the precision of the measurement increases with increasing half-life. The mass measurements
of No and Lr isotopes with SHIPTRAP represents a convincing example for the application of the
method also in the region of heavy nuclei [75].

Stopping of the separated reaction products in gas catchers and injection of the low energy beam
in MR-TOF or Penning-trap spectrometers will also allow for isobaric purification and precise decay
spectroscopy. In addition, atomic beam experiments as e.g. collinear laser spectroscopy and Stern-
Gerlach experiments will also become possible. In the near future, further technical improvements
such as a cryogenic stopping cell, will be implemented, a major step into direction of higher yield.

The region far beyond element 126 was already addressed theoretically 40 years ago. For exam-
ple, a region of relatively higher stability against SF was predicted at Z= 164 and N= 318 in [28].
Although such heavy nuclei may not exist, the shell structure could influence the lifetime of an inter-
mediate resonance like structure.

The properties of toroidal and spherical bubble nuclei were presented in [76, 77]. A fullerene-type
structure consisting of α clusters was suggested for 304120 in [78]. Although speculative, the highly
advanced experimental technology should be used also for some experiments to search for such really
exotic phenomena in the region of SHN and beyond, which is accessible using the heaviest beams and
targets.

Accelerators, separators, detectors, signal processing, and data acquisition presently in use are
highly developed and should be used for the continuation of experiments. However, improvements
are still possible. An overview on current developments is given in a contribution to this conference
by G. Münzenberg [79]. At expected higher beam intensities, targets must be developed, which are
not immediately destroyed. The efficiency and resolution of the separators can be further increased
and the background reduced. Detector shuttles could be used for distinguishing nuclei with short and
long half-lives. Secondary experiments could be installed if the valuable beam is not stop inside the
separator but directed to another target.

The most powerful dedicated facility under construction will be the ‘SHE Factory’ at FLNR in
Dubna delivering beam intensities of up to 10 particle µA. The GANIL laboratory in France will open
new facilities to study SHN. The new Facility for Radioactive Ion Beams (FRIB), under development
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at Michigan State University, intends to use RIBs to study more neutron-rich SHN. At GSI, a new
accelerator dedicated to SHN research was already suggested in 1999 [80]. The advantages of a
superconducting CW (continuous wave) linear accelerator were worked out in 2004 and presented in
[81, 82]. A factor of three less power consumption was estimated while the beam intensity is increased
by a factor of 3.8 even without further increase of the beam intensity from the ion source, compared
to the performance of the present UNILAC.

New and more precise experimental data will again trigger theoretical studies. So, one can hope
that stability of SHN and the various reactions for producing them will be better understood in the
future.
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