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Abstract This chapter deals with the pioneering years of superheavy element
research, from the mid 1960s to the mid 1980s. The prediction that superheavy
nuclides could form an island around element 114 with half-lives long enough to
have survived in Nature since nucleosynthesis led to intensive searches—not unlike
‘‘gold fever’’—for such relic nuclei in all sorts of natural environments. Positive
claims were raised from time to time but could not stand up under further scrutiny.
Numerous attempts to synthesize superheavy nuclei by large leaps from the
mainland of elemental stability to the island of superheavy elements went without
success as well. The discovery of three more transactinide elements, 107–109, from
1981 to 1984 encouraged chemists to resume research on the chemistry of trans-
actinide elements with a new approach: automated chemical procedures.

1 Introduction

In 1955, Wheeler [1] performed a courageous extrapolation of nuclear masses and
decay half-lives and concluded that nuclei twice as heavy as the then heaviest
known nuclei existed; he subsequently called them superheavy nuclei. Two years
later, Scharff-Goldhaber [2] mentioned in a discussion of the nuclear shell model
that beyond the well-established proton shell at Z = 82 (lead), the next proton
shell should be completed at Z = 126 in analogy to the known N = 126 neutron
shell. Together with a new N = 184 shell, these shell closures should lead to a
local region of relative stability. These speculations, however, did not impact
contemporary research since such extremely heavy nuclei were experimentally
beyond reach.
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The situation changed in 1966 due to the publication of three theoretical papers.
In a study of nuclear masses and deformations, Myers and Swiatecki [3] empha-
sized the enormous stabilization against fission gained by shell closures. Nuclei at
the next proton shell closure beyond Z = 82 should have fission barriers even
higher than that of uranium, making them quite stable against spontaneous fission.
This was in sharp contrast to the liquid-drop nuclear model, which predicts van-
ishing fission barriers in the same region, and therefore prompt instability due to
disruption by fission. Remarkably, although the discussion in this paper focused on
Z = 126 as the next proton shell, a closure at Z = 114 was already mentioned as
an alternative, with reference to unpublished calculations by H. Meldner. He
presented his results [4] at the symposium ‘‘Why and How Should We Investigate
Nuclides far off the Stability Line?’’, in 1966 in Lysekil, Sweden [5], the seminal
event for superheavy element research. Simultaneously, Sobiczewski et al. [6] also
derived that 114 should be the next magic proton number. Other groups using
different theoretical approaches soon agreed. A fantastic perspective was thus
opened—an island of superheavy elements located not too far from the then
heaviest known element, 103, and hence perhaps within reach.

First theoretical estimates [7–10] of decay half-lives around the doubly magic,
spherical nucleus Z = 114, N = 184 revealed a topology as depicted in Fig. 1
[10]. Three major decay modes were considered: spontaneous fission, a decay,
and b- decay or electron capture. Spontaneous fission half-lives were found to
peak sharply at the doubly magic nucleus, descending by orders of magnitude
within short distances in the Z–N plane, thus causing the island-like shape. In
contrast, half-lives for a decay should decrease rather uniformly with increasing

Fig. 1 Topology of the island of superheavy nuclei around the shell closures at proton number
Z = 114 and neutron number N = 184 as predicted in 1969. Thick solid lines are contours of
spontaneous fission half-lives; broken lines refer to a-decay half-lives. Shaded nuclei are stable
against b decay. Reproduced from [10]
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proton number, with some zigzag at the nuclear shell closures. The b-stable nuclei
would cross the plane as a diagonal belt. For Z = 114, N = 184 an enormous
spontaneous fission half-life of 2 9 1019 y was estimated, but only 10 y were
estimated for a decay. In a limited region, long half-lives for both decay modes
were expected to meet, most spectacularly at Z = 110, N = 184 where an overall
half-life of 2 9 108 y should result—sufficiently long for the occurrence of
superheavy elements in Nature! Additional stability was expected for odd elements
such as 111 or 113 [8, 11] due to the well-known hindrance of spontaneous fission
and a decay for odd proton numbers.

These predictions of very long half-lives immediately stirred up a gold-rush
period of hunting for superheavy elements in natural samples. Everybody was
encouraged to participate. Almost nothing was needed to perform these experi-
ments except for only a little money. Almost no equipment was needed, no
research group or permission by a laboratory director was required, no accelerator
beam time or proposal to funding agencies was needed—not even a garage. Just an
intelligent choice of a natural sample and a corner in the kitchen at home could be
sufficient to make an outstanding discovery: new and superheavy elements in
Nature. The detector could be a simple microscope from school days now used to
detect fission fragment tracks, which had accumulated in the sample since geo-
logical times. Such tracks (Fig. 2) are caused by radiation damage in the sur-
rounding solid when the energetic fragments are slowed down to rest, and they can
be made visible by chemical etching.

Due to the topology of the island, superheavy nuclei should decay by sponta-
neous fission, either immediately or after a sequence of other decay steps. In a
detailed theoretical exploration, [12] of the Z–N plane around the island, the
longest lived nuclide again turned out to be Z = 110, N = 184, decaying with a
3 9 109 y half-life via a-particle emission to 290108. From there, two subsequent
b- transitions should lead via 290109 to 290110, where the chain should terminate
by spontaneous fission with a 140 d half-life. The doubly magic 298114, with a
half-life of 790 y, should also decay into 290110 by two a-particle emissions via
294112 as the intermediate step.

Fig. 2 Tracks of fission fragments in mica showing the characteristic forward–backward
orientation of the two fragments emerging from the same fission event. Courtesy of Brandt (1974)
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Since spontaneous fission is extremely rare in Nature, detection of fission events
in natural samples would give a strong hint as to the existence of superheavy
elements. a-particle spectra would be less specific, because the energies predicted
for superheavy nuclei should fall into the range covered by decay products of
uranium and thorium, and elaborate chemical treatment would be required to
distinguish them.

The first attempts to synthesize superheavy nuclei in the laboratory were
already under way in the late 1960s. Complete fusion of medium-heavy projectiles
with very heavy targets—the successful approach in the extension of the Periodic
Table—was considered the most promising approach. However, a large gap had to
be bridged in a single step from conceivable targets, such as uranium or curium, to
the island. The then existing heavy-ion accelerators could not provide the required
medium-element projectiles in adequate intensities if at all. These demands had a
strong impact on accelerator technology in order to upgrade the existing facilities
and build novel ones.

The situation is illustrated in a cartoon, Fig. 3, which entertained the audiences
of related conferences in the early 1970s. Several sailors are shown attempting to
cross the sea of instability, fighting against hostile forces. Already on the way are
the crews of the JINR (Joint Institute for Nuclear Research at Dubna, Soviet
Union) with the Heavy-ion U-300 Cyclotron (Xe), and the IPN (Institut de Phy-
sique Nucléaire at Orsay, France) with the ALICE cyclotron (Kr); those of the
LBL (Lawrence Berkeley Laboratory at Berkeley, USA) are just launching the
SuperHILAC linear accelerator (Ge), whereas the UNILAC linear accelerator (U)
of the GSI (Gesellschaft für Schwerionenforschung at Darmstadt, Germany) is still
under construction.

Turning now to chemistry, the crucial question was: where are the superheavy
elements located in the Periodic Table and how well do they fit into its archi-
tecture? The answer had immediate implications for the ongoing ‘‘search for’’
campaigns, for the selection of natural samples as well as for the design of
chemical identification procedures. In a naive continuation of the Table, element

Fig. 3 Allegorical view of
heavy-ion accelerator
projects launched in the early
1970s for a journey to the
island of superheavy
elements. The facilities are
identified by flags showing
their most advanced
projectile beam, see text.
Newly colored version of a
cartoon originally provided
by Flerov [13]
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110 is located below platinum, 112 below mercury, 114 below lead, and 118
becomes the next noble gas below radon. Quantum–mechanical calculations of
ground-state electronic configurations [14, 15] supported this view. The electron
configurations should indeed be analogous to that of the homologs; e.g., two
7s valence electrons were predicted for element 112, as there are two 6s electrons
in mercury.

Extrapolations within the respective groups of the Periodic Table should thus be
an appropriate approach to predict the chemical behavior of superheavy elements
[14] even in some detail, such as for the 7p elements 113 and 114, eka-thallium
and eka-lead, respectively [16]. Specific chemical properties were needed as the
basis for identification, but properties common to several superheavy elements
were also of interest for group separations in enrichment procedures; for example,
the high volatility expected for elements 112–116 in the metallic states [17] or the
strong bromide complexes of elements 108–116 [18].

Deviations from straightforward extrapolations within the Periodic Table could
be caused by relativistic effects in the electron shells of superheavy elements. The
inner electrons rotate around the nucleus with such a high velocity that they gain
substantial mass; the s- and p-orbitals shrink, whereas higher lying orbitals expand.
As a consequence [19], the two s electrons in element 112 and also the two p1/2

electrons in element 114 could form closed electron shells, and thus eka-mercury
and eka-lead would be chemically inert gases like element 118, eka-radon. Beyond
element 121, eka-actinium, a series of 6f elements may occur, in analogy to the
5f actinide elements following actinium. But the 5g orbital may also be filled in
competition to form a series of 32 superactinide elements [20].

Within a few years, many aspects of superheavy nuclei and elements were
predicted. A review [21] covering the literature until the end of 1973 was based on
329 references, and status reports [22–27] published from time-to-time illustrated
how the field had further developed.

2 Search for Superheavy Elements in Nature

Since the solar system and the Earth’s crust were formed about 4 9 109 y ago, a
half-life of some 108 y for superheavy nuclei would be long enough for their
survival until present day. Heavy elements beyond iron are created in gigantic
stellar collisions and explosions, the supernovae, which produce free neutrons in
tremendous densities and initiate the so-called r-process of nucleosynthesis where
r stands for ‘‘rapid’’. Starting at seed nuclei around iron, several neutrons are
captured to form very neutron-rich isotopes which decay quickly by b- transitions
to the next heavier element. These daughter products again capture neutrons and
undergo b- decay and so forth. In this way, the r-process path proceeds parallel to
the belt of stable nuclei from iron to the heaviest elements but shifted to much
higher neutron numbers, with discontinuities at magic neutron numbers, as is
sketched in Fig. 4.
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As soon as the stellar explosion ceases, the very short-lived nuclei decay toward
the region of b-stability by a chain of fast b- transitions, thereby further increasing
their atomic number. Somewhere at very high atomic numbers, the r-process is
terminated by fission. Figure 4 shows these results [28] for a stellar temperature of
1.8 9 109 K (T9), a neutron density of 1028 cm-3 (qn) and a cycle time of only 8 s
for the whole process. This study predicted continuation of the process up to
Z & 104, sufficient to feed magic nuclei with Z = 114, N = 184 by decay. Other
early treatments [29–31] denied the production of superheavy elements in the
r-process. The question remained controversial for quite some time [32].

But even if the half-lives of superheavy nuclides did not exceed the 108 y level,
there was hope to discover them in Nature. Although now extinct, they may have
left detectable traces such as fission tracks or fission products in certain samples.
Another possible source could be the cosmic radiation impinging on Earth whose
heavy component may be formed by a r-process nucleosynthesis in our galaxy not
longer than 107 y ago [33], and may hence contain superheavy nuclei with half-
lives down to some 105 years.

In this context, attention was also drawn [11] to quite a number of earlier
reports on natural a-particle emitters with energies that did not match any known
natural radioactive source but fell into the region predicted for superheavy nuc-
lides. Were the superheavies already there, but unrecognized?

Fig. 4 Nucleosynthesis of superheavy nuclei by the r-process. Shown in the Z–N plane is the
r-process path of very neutron-rich nuclei formed during a supernova event by rapid neutron
capture alternating with b- decay. After the event, the r-process nuclei decay via long b--decay
chains toward the belt of b-stable nuclei (arrows). Those originating at Z & 104 end up around
closed-shell nuclei with Z & 114, N & 184 (dots). From [28]
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2.1 Terrestrial Samples

Any search for superheavy elements in terrestrial material begins with the choice
of a sample. Relevant geochemical aspects are discussed in Refs. [34, 35]. First
searches were reported in 1969 by the Berkeley [10] and the Dubna groups [36]. In
Berkeley, a search for element 110, eka-platinum, in natural platinum ores with
standard analytical techniques remained negative at a concentration limit of 1 ppb,
and low-level counting techniques did not reveal any activity above background.
In Dubna, however, fission tracks discovered in old lead glasses were tentatively
attributed to element 114, eka-lead, present in concentrations of 10-11–10-12 gram
per gram of sample with an assumed half-life of 1 9 109 y of the radioactive
source. As a convention, 1 9 109 y is the half-life assumed for the conversion of
measured specific activities (count rate per gram of sample) into the more
instructive concentration (gram of radionuclide per gram of sample). Examinations
of the same and of other lead-bearing samples for spontaneous fission events with
large proportional counters in Dubna seemed to confirm these findings, but further
measurements [37] of thin samples sandwiched between two plastic fission track
detectors showed that the events were background caused by cosmic-ray induced
reactions of lead.

Other groups [38] found no evidence for spontaneous fission activities in lead
and other samples at a lower detection limit of 10-13 g/g achieved with the
sandwich technique. Even limits down to 10-17 g/g can be reached by etching
fission tracks in suitable minerals where they would have accumulated over mil-
lions of years. Such searches in a variety of minerals [35, 39] remained incon-
clusive, however.

A versatile technique for spontaneous fission detection is counting the neutrons
emitted in the fission process. Although neutron detection is less efficient than
fission fragment or a-particle counting, it can compete because much larger
samples, up to tens of kilograms, can be inspected. With a simple arrangement of
six 3He-filled neutron counters, a sensitivity of 10-11 g/g was reached in 2 days of
counting [40], allowing a quick survey of a great variety of samples. Activities
were found with all heavy metals in the Periodic Table from platinum to bismuth,
but with identical decay rates. Furthermore, as Fig. 5 shows, the rates for lighter
elements fall on a curve representing cross-sections for high-energy spallation
reactions as a function of atomic number. This shows that a background of neu-
trons is created by cosmic-rays impinging on the samples during counting, which
requires additional shielding.

More advanced versions of neutron counting were based on the expectation that
spontaneous fission events of superheavy nuclei should be accompanied by the
emission of about 10 neutrons [41, 42], distinctly more than two to four observed
for any other spontaneous fission decay. Such neutron bursts can be recognized by
recording neutron multiplicities—events with several neutrons in coincidence—
with 3He-filled counting tubes [43, 44] or large tanks filled with a liquid scintillator
sensitive to neutrons [45].
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Figure 6 shows a neutron multiplicity detector [43] with 20 3He counting tubes
neutron arranged in two rings around the central sample chamber, which accom-
modated upto 100 kg of a sample. The tubes were embedded in paraffin for
slowing down the neutrons. Bursts of C10 neutrons from an emitter source at
10-14 g/g concentration should result in about one event per day with multiplicity
of four or larger. A similar sensitivity was reached [45] with a scintillator-based
neutron detector. To suppress background by cosmic-ray induced neutron showers,
the detectors were operated below ground and with an electronic anticoincidence
shielding triggered by incoming high-energy particles. With such an instrument no
positive results at the 10-14 g/g level were obtained for lead ores or samples from
industrial lead processing. The publication Ref. [45] gives an illustrative example
of how researchers can be misled by a contamination of a sample by tiny amounts
of the common nuclide 2.5-y 252Cf which decays by spontaneous fission and thus
emits neutrons.

A quite unconventional approach to fission-event detection is a device called
the ‘‘spinner.’’ The instrument, Fig. 7, consists of a glass cylinder with glass arms
filled with about one liter of the sample solution. Upon rotation, a negative
pressure develops in the solution through the action of centrifugal forces. The
solvent does not evaporate, however, but remains in a metastable state until a
strongly ionizing event in the solution destroys this state and produces a bubble
which is detected optically. The spinner can be operated with very low background
rates, as low as one event per month corresponding to a detection limit of 10-13–
10-14 g/g. No fission events were observed [46] with salts from the elements
platinum to lead in the Periodic Table, and galena (natural lead sulfide).

Attempts were made to further improve the detection limits by enrichment of
superheavy elements from very large samples. Among the ‘‘hottest’’ natural
samples were brines from hot springs at the Cheleken Peninsula in the Caspian Sea

Fig. 5 Neutron counting as
detection method for
spontaneous fission events of
superheavy nuclei. The
recorded neutron rates (points)
were found to follow the
relative cross-sections of
cosmic-ray induced spallation
reactions (curve), and were
thus due to background events.
The numbers are the rates
measured for natural uranium
and thorium. From [40]
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which are known to be rich in volatile elements, probably due to material escaping
from large depths in the Earth’s mantle. They may contain superheavy elements

Fig. 6 Large neutron counter with 3He counting tubes for the recording of neutron multiplicities
in the spontaneous fission decay of superheavy nuclei (see text). Reproduced from [43]

Fig. 7 The spinner detector. The container is filled with a solution of the sample. Upon rotation,
a metastable state develops (at left) which breaks down after an ionizing event, as is indicated by
the formation of a central bubble (at right). From [46]
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deposited in deeper layers. After processing some 2,000 m3 of spring water
through 850 kg of an anion-exchange resin, a weak spontaneous fission activity
appeared in the resin, and fractions eluted from the resin showed rates up to five
events per day with neutron multiplicities as depicted in Fig. 8 [47]. Evidently,
natural 238U can be ruled out as the source, but not a contamination by 2.5-y 252Cf.
Attempts to concentrate the activity further for identification of its atomic number
failed [48]. A search for such activities in similar brines, Salton Sea in California
and Atlantis II at the floor of the Red Sea, gave no positive evidence [49].

The extreme case of the search for element 114 is flue dust collected during the
industrial processing of lead from galena [50]. Eka-lead should be more volatile
than lead, and hence enriched in flue dust. Samples collected from 103 to 104 tons
of galena were concentrated further by chemical and mass separations. They were
finally exposed to reactor neutrons but no induced fission events were found with
fission track detectors. The deduced concentration limit of 10-19–10-23 g/g is by
far the lowest achieved in searches for superheavy elements in Nature.

Very unexpected news arrived in the summer of 1976—evidence for element
126, and possibly 124 and 116 in Nature. The evidence was obtained [51] in a study
of radioactive halos, a phenomenon known since the early days of radioactivity
research. They appear in certain minerals as spherical zones of discoloration around
a central mineral grain and are due to radiation damage by a-particles emitted from
uranium or thorium present in the grain. Cuts through such halos reveal a well-
resolved ring structure reflecting the ranges of a particles in the surrounding mineral.
There are, however, ranges which cannot be associated with known natural nuclides.
In particular, in biotite from Madagascar, giant halos were observed [52] with ranges
equivalent to about 14 MeV a particles, an energy predicted for a transitions at
Z & 126. Such halos occur around relatively large inclusions of monazite crystals

Fig. 8 Spontaneous fission
activity in hot spring water at
the Cheleken Peninsula after
concentration by ion
exchange. Shown is the
measured neutron
multiplicity distribution
(dots) compared with
measured distributions for
238U, 246Cm and 252Cf
spontaneous fission and
calculated distributions for
two sets of m and r2, the
average number of neutrons
per fission and its variance,
respectively. From [47]
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(a lanthanide-thorium-uranium phosphate), as Fig. 9 shows, together with haloes of
the thorium and uranium decay series around large and also small central crystals.

In order to verify the presence of elements around Z & 126, the monazite
inclusions were irradiated with sharply collimated proton beams to excite the
X-ray spectra of the elements. As can be seen in Fig. 10, two well-separated
groups of strong peaks appear [51], the L X-rays of uranium and thorium (at left),
and the K X-rays of the lanthanide elements (at right). In between, with energies

Fig. 9 Radioactive halos around large central monazite inclusions in biotite from Madagascar.
Top: giant halo, bottom: thorium and uranium halos; at right: well-resolved uranium halo around
a small central grain for comparison. All photographs are on the same scale; the outer diameter of
the halo at top is 250 lm. From [53]
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between 24 and 29 keV, much weaker peaks were identified and assigned to the
La1 X-rays of the elements 116, 124 and 126. Surprisingly high concentrations,
10–100 ppm in the grain, result from the observed peak intensity. If such con-
centrations would also hold for bulk monazite, tons of superheavy elements would
become easily accessible in some regions of the Earth, e.g., at Indian beaches.

The occurrence of elements 126 and 124 in monazites would perhaps not be
unlikely because in a superactinide series of elements they would be homologs of

Fig. 10 Proton-induced X-ray spectrum of a monazite inclusion in the center of a giant
radioactive halo (at top). The region in the gap around channel 400 is shown enlarged at the
bottom (dots) together with the spectrum of a U-Th halo (circles) and a smoothed background
(line). From [51]
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uranium and thorium [14]. Element 116, however, would be a homolog of polo-
nium. Since polonium is known to be strongly enriched by some marine inver-
tebrates, it was suggested [54] to search for element 116 in crustacea such as
lobsters, shrimps, and crabs in coastal waters at beaches rich in monazite sand—
perhaps a gourmet’s recommendation.

Objections against these findings were soon raised. The strongest peak attrib-
uted to element 126 could experimentally be accounted for [55] by a prompt c ray
emitted during the proton bombardment in the (p,n) reaction with 140Ce, cerium is
a major component of monazite. The weaker peaks were shown to stem from K
X-rays of traces of ordinary elements such as antimony and tellurium [56]. When
the X-ray spectra were selectively excited by monochromatic synchrotron radia-
tion tuned to the X-ray absorption edges of the supposed elements, the evidence
for superheavy elements vanished [57, 58]. Furthermore, attempts failed [59] to
detect them in bulk monazites through isolation of an A [ 294 fraction with a
mass separator. Chemical enrichments [60] from bulk samples also remained
without success. The conclusion is that giant halos are not due to superheavy
elements, but a generally accepted explanation of what they are is still lacking.

2.2 Extra-Terrestrial Samples

Lunar rocks showed no indication of spontaneous fission activity in neutron
multiplicity counting of a 3 kg sample [45].

Much attention was paid to the evidence for extinct superheavy elements
appearing in a class of primitive meteorites, the carbonaceous chondrites. These are
low-temperature condensates from a solar gas that have more or less escaped
subsequent differentiating processes, and may therefore represent the material from
which the solar system was made. They contain a surplus of the neutron-rich xenon
isotopes 131–136 [61], at first attributed to the spontaneous fission of the now
extinct 244Pu. But when this assignment became questionable, it was suggested [62,
63] that superheavy elements might be the progenitors. Correlations between the
concentrations of excess xenon and of volatile elements such as thallium, bismuth,
and indium in meteorites pointed to elements 115, 114, or 113 [64, 65]. The strange
xenon was found to be strongly enriched [66] in a host phase comprising less than
0.5% of the meteorite, isolated after dissolution of its bulk in strong acids.

Light xenon isotopes from 129 to 124 were also over-abundant in such mete-
orites [61, 67, 68] and enriched [66] in the tiny host phase although they are not
formed in fission. Whether there are two anomalous xenon components of different
origin remained controversial for years [69]. Eventually, the fission origin of the
anomalous xenon was ruled out [70] because in a host phase containing the excess
xenon, no excess was detected for the adjacent, but nonvolatile fission products
barium 130–138.

Stimulated by these studies, samples of primitive meteorites were inspected by
neutron multiplicity counting. In the Allende meteorite available in large
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quantities, a weak fission activity at the 10-14 g/g level was reported [71–73] but
could not be enriched chemically [74–76].

Another class of ‘‘search for’’ experiments is the measurement of heavy ele-
ment abundances in the cosmic radiation by exposure to particle track detectors—
nuclear emulsions or plastic sheets—in balloon flights at high altitudes with
analysis of the recorded tracks for atomic number and abundance. A survey [33] of
all data obtained until 1970 showed one single event beyond Z & 100. With the
data collected in the Skylab space station, the limit became more stringent: no
superheavy nucleus in spite of the 204 recorded tracks with atomic number 74–87
[77]. A similar limit was deduced [78] after exposure in a satellite. In a study of
cosmic-ray induced tracks in olivine crystals enclosed in iron-stone meteorites,
which were exposed in space over millions of years, unusually long tracks were
found and attributed to superheavy elements [79, 80]. However, this conclusion
could not be maintained [81, 82] after calibration experiments of track dimensions
with energetic 238U beams delivered by accelerators.

The largest collector surface for elements impinging on the Globe is of course
the Sea. Heavy elements deposited in seawater are enriched in certain sediments,
such as iron-manganese hydroxides called manganese nodules. Fission tracks were
found [83] in feldspar inclusions in such nodules, but no evidence was obtained
[40, 45] for spontaneous fission activities by counting nodules with neutron
detectors.

In summary, there was no evidence beyond a doubt for superheavy elements in
Nature. Since improved theoretical calculations of half-lives tended with time to
reach much shorter values than those required for occurrence in Nature, the
enthusiasm for further searches ceased in the early 1980s. This colorful intermezzo
in superheavy element research appeared to be finished, but remarkably, a search
for primordial element 108 (hassium) in its homolog osmium was recently
undertaken [84].

3 Early Attempts to Synthesize Superheavy Elements

First attempts to synthesize superheavy nuclei in the late 1960s followed the
approach that was so successful for actinide elements: complete fusion of a pro-
jectile and a target nucleus chosen to attain by amalgamation the desired proton
number. As long as elements around 126 were the goal, the perspective looked
promising. Fusion cross-sections as large as tens of millibarns were extrapolated
[85, 86] from data for heavy actinides, including the 232Th(80Kr, 2n) reaction
directly leading to the doubly magic Z = 126, N = 184 nucleus. With element 114
as the focus, the situation is different in that the doubly magic nucleus Z = 114,
N = 184 is extremely neutron rich. Its neutron-to-proton ratio cannot be achieved
by any realistic projectile-target combination. Close approach to Z = 114 is
connected with a neutron number far below N = 184, whereas to meet N = 184
requires an overshooting of Z = 114 by about 10 protons [85, 87].
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Evidence for success would be the observation of very energetic a particles or
spontaneous fission activities not common among ordinary nuclei. But such evi-
dence would require further examination. Unfortunately, the identification of a
new element by means of its radioactive decay into well-known nuclides of a
known element—very successful for actinide elements—would not be possible in
a region far apart from already explored territory.

The first attempt to synthesize element 114 was made in 1969 in Berkeley [10]
by bombarding neutron-rich 248Cm with 40Ar projectiles. The experiment was
negative at a cross-section limit of about 10 nanobarns. The compound nucleus
288114 contains only 174 neutrons, and it should evaporate four neutrons to
284114170, which is probably located outside the island. With the large variety of
heavy-ion beams soon becoming available, attempts to reach the island by com-
plete fusion reactions were carried out on a broad basis. Within a few years, twenty
different reactions were tried [24] covering compound nuclei with proton numbers
from 110 to 128 and neutron numbers from 168 to 194.

To give an example, high-energy a particles with energies of 13–15 MeV—as
predicted for elements around 126—from short-lived emitters were observed at the
ALICE Orsay in bombardments of thorium with krypton. This was taken as evi-
dence for the synthesis of a compound nucleus of element 126 [88]. But attempts
in the same laboratory to secure the evidence by a direct mass identification failed
[89]. In these control experiments, the magnetic rigidity, kinetic energy and time-
of-flight of fragments produced in interactions of 84Kr with 232Th, 208Pb and 238U
were measured.

Very surprising news appeared in the early 1970s—can superheavy nuclei be
made by heavy-ion reactions without using a heavy-ion accelerator? A long-lived
spontaneous fission activity was chemically isolated and assigned [90] to element
112, eka-mercury, from tungsten plates bombarded over a long time in the beam
dump of the 24 GeV proton beam at the CERN in Geneva. A two-stage production
process was postulated: proton-induced spallation of tungsten generates energetic
recoil atoms, which fuse with tungsten to produce superheavy nuclei. Attempts to
confirm the results in other laboratories failed [46, 91, 92], a conclusion finally
shared by most of the original authors [93].

Finally, the efforts focused on experiments with 48Ca projectiles, which are
doubly magic (Z = 20, N = 28) and very neutron rich, but also very rare and
expensive. After survey experiments with this projectile at Berkeley [94, 95] and
Dubna [96, 97], the 48Ca ? 248Cm reaction was considered to be the most
promising because the compound nucleus Z = 116, N = 180 provides a relatively
close approach to the neutron shell with moderate overshooting of the proton shell.
Also, the predicted decay chain after evaporation of four neutrons [12] appeared to
be suitable for detection. The decay chain should start at the evaporation residue
292116 with a decay having a few seconds half-life, followed within several
minutes by two electron captures of 288114 and 288113, and end at 288112 by
spontaneous fission with 50 min half-life.

Figure 11 refers to a series of 48Ca ? 248Cm experiments by an international
collaboration [98] performed at the UNILAC and the SuperHILAC. With a variety
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of techniques, a half-life range of 14 orders of magnitude, from 1 ls to 10 y, was
covered. The upper limits of the production cross-sections achieved in these
negative experiments are plotted versus the assumed half-life of the product. Each
technique has a specific half-life region of highest sensitivity, but is less sensitive
at shorter half-lives because of decay before detection, and at longer ones by a
decay rate which is too low for detection.

The region of very short half-lives (curves 1 and 2) was inspected with two
recoil-fragment separators with fragment detection by surface-barrier detectors.
For intermediate half-lives (3–5), chemical on-line separations were applied, and
off-line chemistry was used in the detection of long-lived products (6–8). The
chemical procedures were based on volatilization at high temperature (3 and 8) for
elements 112 through 116 [17], and at room temperature (4 and 6) for 112 and 114
[19]. Anion exchange of bromide complexes (5 and 7) was applied for elements
108–116 [18]. The cross-section limit was generally about 200 picobarns, with
some extra sensitivity gained for long-lived products by fission fragment-fission
neutron coincidence counting [99].

The 48Ca ? 254Es reaction with Z = 119 as the compound nucleus was also
studied [100] with negative results.

Was there an alternative? Would it help to offer a projectile with far more
protons and neutrons than what was required to fill the gap between target and
superheavy nuclei? In deep-inelastic reactions, massive projectile and target nuclei

Fig. 11 Search for superheavy nuclides in the reaction of 48Ca with 248Cm. Upper limits of
production cross-sections are plotted versus half-life. The curves refer to different separation
techniques: recoil-fragment separators (curves 1, 2), fast on-line chemistry (3–5), and off-line
chemistry with low-background counting (6–8), see also text. From [98]
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stick together in a dumbbell shaped, dinuclear collision complex, but their mutual
electrostatic repulsion drives the complex apart before complete amalgamation is
reached. During the contact nucleons are exchanged between the partners, and
with some probability one part grows considerably at the expense of the other one.
Would this also happen if a 238U146 beam interacts with a 238U146 target; could one
partner in the dinuclear collision grow to become doubly magic 298114184, whereas
the other one would shrink to 17870108, a known neutron-rich isotope of ytterbium?

A radiochemical study [101] of the element distribution in the 238U ? 238U
reaction at the UNILAC revealed the expected broad distribution of reaction
products. Figure 12 shows the production cross-sections for nuclides beyond
uranium. They decrease from plutonium to fermium by eight orders of magnitude,
indicating severe losses by fission of freshly formed transfer products. Nonethe-
less, an extrapolation to surviving Z = 114 fragments gives about 10 picobarn
cross-sections, not a completely hopeless situation. For the complementary
products below uranium where fission decay is not significant, the yields decrease
exponentially from Z = 92 down to Z = 73. This trend is well reproduced [102]
by a theoretical model treating nucleon transfer in the intermediate collision
complex as a diffusion process. Extrapolation of the model to Z = 70 gives about
100 microbarn total production cross-section.

Fig. 12 Production cross-sections of transuranium nuclides in the interaction of 238U with 238U
(solid lines) plotted versus mass number. Also shown are data for the 136Xe ? 238U interaction
(dashed lines). From [101]
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Direct searches for superheavy elements in the 238U ? 238U reaction were also
undertaken at the UNILAC by several groups. All these efforts unfortunately did
not result in positive evidence of the production of superheavy elements. Figure 13
gives a summary of these searches. The curve labeled CHEM [103] was obtained
with off-line chemical separations and inspection for a and spontaneous fission
activities; here, the 10 picobarn level was reached for half-lives between several
days and years. The curve labeled GAS [104] holds for an on-line search of
species, which are volatile at room temperature. WHEEL [105] refers to fission
track detection in the unseparated product mixture deposited on a rotating catcher,
REC [106] to the inspection of unseparated recoil atoms implanted in a surface
barrier detector, and JET [107, 108] after their on-line transport from target to
detector by a gas jet system.

Attempts to find superheavy elements in the 238U ? 248Cm reaction [109]
failed, too, although the production cross-sections for transcurium isotopes
increase by three orders of magnitude [110] compared with the 238U ? 238U
reaction.

Two decades later the reaction of 48Ca with 248Cm was repeated by a Dubna-
Livermore collaboration [84, 111], this time successfully with the discovery of
element 116. The isotopes 293116 and 292116, a-particle emitters with 61 and
18 ms half-lives, were produced by the 248Cm(48Ca,3n) and (48Ca,4n) reactions
with 1.0 and 3 picobarn cross-sections, respectively. This level is two orders of
magnitude below the level reached in the earlier experiments shown in Fig. 11
[98]. The previous approach appeared to not be sensitive enough to these low
cross-sections.

Fig. 13 Search for
superheavy nuclides in the
238U ? 238U reaction: upper
limits for the production
cross-section obtained with
various techniques (see text),
plotted versus half-life.
Reproduced from [105]
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4 New Elements, New Chemistry

Besides the hunting for ‘‘superheavies’’, attempts to extend the Periodic Table
element-after-element continued also in these years and in 1974 reached element
106 (seaborgium). It was synthesized in Berkeley [112] by the 249Cf(18O,4n)263106
reaction and was identified to be an a-particle emitter with a half-life of only 0.9s.
The evaporation of four neutrons after fusion of projectile and target indicates an
excitation energy of 40–50 MeV energy, which is typical for actinide-based fusion
reactions, thus, called ‘‘hot fusions’’. But such excitations are unwanted in the
synthesis of fragile nuclei at the limit of stability. Fortunately, they can largely be
avoided by using the closed-shell nuclei 208Pb and 209Bi as targets [113], which, as
an additional advantage, are generally available and inactive. This ‘‘cold fusion’’
approach requires medium-weight, neutron-rich projectiles, which were not gen-
erally available at the then existing heavy-ion accelerators but were offered in
appropriate energies and intensities at the new UNILAC accelerator at the GSI in
Darmstadt.

Element 107 (bohrium) was the first element discovered at the GSI by cold
fusion [114]. Its synthesis succeeded in 1981 by the 209Bi(54Cr,n) reaction leading
to 262107, which decays with 4.7 ms half-life by a-particle emission into a chain of
well-known nuclides; the assignments of proton and mass number of the new
element were, therefore, beyond any doubt. Essential for this success was SHIP,
the powerful recoil-fragment separator, which separated online the very few
wanted nuclei from a huge bulk of waste particles. In addition, it had a sophisti-
cated detection system, which recorded the decay events that followed a suspected
event at the spot where it was collected. Two more elements, 108 (hassium) and
109 (meitnerium), were discovered by the SHIP group in the following 3 years.
These nuclei also decay by a-particle emission with millisecond half-lives. No
evidence was obtained for the onset of spontaneous fission, which was expected in
this region due to the decreasing barrier heights against fission, as predicted by the
liquid-drop nuclear model. In a comprehensive analysis of the observations,
Armbruster concluded that these nuclei are already shell stabilized in the ground
state; they ‘‘correspond to what superheavy elements are to be’’ [115]. Thus, the
superheavies were already there, but not as spherical nuclei like those supposed to
exist around element 114, but as deformed nuclei with elongated shapes. Extra
stability around Z = 108 and N = 162, due to shell stabilization of deformed
nuclei, was already indicated in theoretical studies [116, 117] and was confirmed
later by further work.

The new elements should belong to the 6d transition elements beginning with
element 104 (rutherfordium) for which a colorful chemistry is expected, quite
different from the monotone chemistry of the preceding heavy actinides. Very little
was known, however, about the chemistry of the transactinides. In aqueous
solutions, cationic and anionic species of element 104 had been studied with
standard column techniques [118, 119], and in the gaseous state, halide compounds
of 104 and 105 by their volatilization and deposition on solid surfaces [120–122].
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The elements 104 and 105 behaved, in all cases, like homologs of hafnium zir-
conium (104) and tantalum niobium (105), respectively.

Four more transactinides, 106–109, were added and the possibility to proceed to
still heavier elements was positive; a strong motivation to initiate extended
chemical studies. Furthermore, with increasing atomic number, a new and unique
chemical aspect should become more and more visible: chemical consequences of
increasingly strong relativistic effects in the electron shells. How will they change
the architecture of the Periodic Table; by minor irregularities or by drastic breaks?
Will, for example, eka-lead (element 114) at ambient temperature behave like a
metallic element or an inert gas?

Research on the chemistry of transactinide elements was resumed in the mid
1980s at Berkeley by the first study of element 105 in aqueous solution [123]. The
a-particle emitter, 35-s 262Db, produced by the 249Bk(18O,5n) reaction, served as a
probe. The investigated chemical topic was the adsorption on glass in very strong
nitric acid, a characteristic property of tantalum and niobium. Dubnium was found
to share this property. Due to the very low production rate of 262Db, some 800
manually performed experiments were required to obtain a statistically satisfying
result based on 24 a-decay events altogether. This example showed that auto-
mated, computer-controlled online procedures were needed for a broad exploration
of the open territory.

Automated procedures had already been developed and were applied in studies
of short-lived fission products [124], but additional and stringent conditions have to
be met for their applications to the heaviest elements. This work at the one-atom-at-
a-time level with short-lived nuclei sets extremely strong constraints on the choice
of chemical procedures. The chemistry and also the a-particle spectroscopy
required for identification have to be fast in terms of the half-life of the radionu-
clide. In addition, the procedures should be robust enough for running them over
days or weeks in order to catch and study the few produced atoms. Developments in
this direction were mainly pushed by groups at GSI/Darmstadt—University
of Mainz (Germany) and Paul Scherrer Institut/Villigen—University of Bern
(Switzerland), with groups at the Lawrence Berkeley Laboratory—University of
California joining for experiments with the heaviest elements. First results were
obtained with the last actinide element, 103 (lawrencium). The isotope 3-min 260Lr
was used for investigations in aqueous solution [125] and in the gas phase [126].
Improved versions of the key instruments for experiments in aqueous solution [127]
and with gases [128] were published. The first applications to a transactinide ele-
ment—halide complexes of element 105 in aqueous solution [129] and halide
species in the gas phase [130]—showed clearly the potential of automated proce-
dures. What followed? See this book.
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