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The nuclear shell model predicts that the next doubly magic shell closure beyond 2%Pb is at a proton
number between Z=114 and 126 and at a neutron number N=184. The outstanding aim of
experimental investigations is the exploration of this region of spherical superheavy elements (SHE’s).
This article describes the experimental methods that led to the identification of elements 107 to 112 at
GSI, Darmstadt. Excitation functions were measured for the one-neutron evaporation channel of
cold-fusion reactions using lead and bismuth targets. The maximum cross section was measured at
beam energies well below a fusion barrier estimated in one dimension. These studies indicate that the
transfer of nucleons is an important process for the initiation of fusion. The recent efforts at JINR,
Dubna, to investigate the hot-fusion reaction for the production of SHE’s using actinide targets are
also presented. First results were obtained on the synthesis of neutron-rich isotopes of elements 112
and 114. However, the most surprising result was achieved in 1999 at LBNL, Berkeley. In a study of
the reaction Kr+2%Pb—2*118*, three decay chains were measured and assigned to the superheavy
nucleus 2%3118. The decay data reveal that, for the heaviest elements, the dominant decay mode is
alpha emission, not fission. The results are discussed in the framework of theoretical models. This
article also presents plans for the further development of the experimental setup and the application
of new techniques. At a higher sensitivity, the exploration of the region of spherical SHE’s now seems
to be feasible, more than 30 years after its prediction.
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rect level splitting was obtained with a spin-orbit term in
the nuclear potential. The numbers 126 for the protons
and 184 for the neutrons were predicted to be the next
shell closures.

The prediction of magic numbers was less problematic
than the calculation of the stability of those doubly
closed shell nuclei against fission. At the largest defor-
mation, involved in the calculation of the fission barrier,
the surface energy could not be treated correctly using
the single-particle shell model. It was Strutinsky (1967)
who considered the shell effect as a small deviation from
a uniform single-particle energy-level distribution. This
deviation was then used as a correction to the liquid-
drop model energy.

A series of papers have based calculations of the lo-
cation and properties of superheavy elements (SHE’s)
on the Strutinsky shell-correction method (Myers and
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GSI in Darmstadt, Germany

I. INTRODUCTION

Searching for new 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?

When searching for new elements beyond uranium by
the process of neutron capture and subsequent B8~ de-
cay, Hahn and Strassmann (1939) discovered the possi-
bility that a heavy nucleus might ““divide itself into two
nuclei.” This was the correct interpretation given by
Meitner and Frisch (1939), and the term “fission” was
coined for this process. By applying the existing charged
liquid-drop model of the nucleus (Gamov, 1930),
nuclear fission was explained quite naturally, and it was
shown that fission will most likely limit the number of
chemical elements. The maximum number of elements
could be expected to be 100—125. These numbers result
from the balance of two fundamental nuclear param-
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et al., 1976). Most of the calculations were in agreement
that N=184 would be the next magic neutron number,
but for the protons, both Z=114 and 126 were suggested
as magic numbers. The element with Z=114 has found
support in recent models based on the Strutinsky ap-
proach (Moller and Nix, 1994; Sobiczewski, 1994;
Smolanczuk et al., 1995), whereas Hartree-Fock calcula-
tions predict the highest stability at a proton number Z
=120 (Rutz et al., 1997) or Z=126 (Cwiok et al., 1996).
The reason for this uncertainty lies in the difficulty in-
volved in localizing the energies of the single-particle
levels between Z =114 and 126, a problem that is caused
mainly by the uncertain strength of the spin-orbit cou-
pling. The different numbers predicted for the closed
proton shell may also suggest that the structure of the
shell-correction energy landscape of nuclei in the region
of SHE’s may differ from those in the vicinity of 2%Pb.
This result was already evidenced in early calculations
(see, for example, Nilsson et al., 1969). Instead of a
sharp minimum at the magic proton and neutron num-
ber, a wider range of less pronounced negative shell-
correction energies was calculated expanding from Z
=114 to 126 and N=184 to 196.

As a consequence, the predicted half-lives based on
the various calculations differed by many orders of mag-
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nitude. Some of the half-lives approached the age of the
universe, and attempts have been made to discover
naturally occurring superheavy elements. Terrestrial as
well as extraterrestrial materials have been investigated.
The latter came to the laboratories in the form of mete-
orites or were collected during missions to the moon.
Although discoveries were announced from time to
time, none could be substantiated after closer inspec-
tion.

The most successful methods for the laboratory syn-
thesis of heavy elements have been fusion-evaporation
reactions using heavy-element targets, recoil-separation
techniques, and the identification of the nuclei by ge-
neric ties to known daughter decays after implantation
into position-sensitive detectors. Experiments at low
cross sections necessitate projectile beams of high den-
sity and stability. Although the intensity limits have not
at present been reached, considerable improvements
have been made in recent years.

In the following section we give a more detailed de-
scription of the experimental setup that has been used at
the Gesellschaft fur Schwerionenforschung (GSI) in
Darmstadt for the identification of elements 107 to 112.
In addition, we give an overview of facilities in various
laboratories where experiments for the investigation of
heavy elements are being performed. Additional sec-
tions are devoted to properties of neutron-rich and
neutron-deficient isotopes and to the recent in-beam
gamma ray experiments. The recent results obtained at
the Joint Insitute for Nuclear Research (JINR), Dubna,
from studies of hot-fusion reaction producing nuclei up
to element 114 are described, as are the sensational re-
sults reported by experimentalists at Lawrence Berkeley
National Laboratory (LBNL), Berkeley, on the synthe-
sis of element 118, using cold fusion. The decay data are
compared with predictions of theoretical models and, in
Sec. V, phenomena influencing the cross section for the
synthesis of SHE’s are discussed. Finally, a summary
and outlook are given and, in the Appendix, the naming
of the elements is discussed.

Il. TECHNIQUES FOR THE DISCOVERY OF NEW
ELEMENTS

The transuranium elements were produced artificially.
Up to fermium, neutron capture in high-flux reactors
and successive B~ decay makes it possible to climb up
the periodic table element by element. At fermium,
however, this process ends due to the short « and fission
half-lives of the heavier elements. While from nep-
tunium to californium some isotopes can be produced in
amounts measured in kilograms or at least grams, the
two heaviest species, 24Es and 2’Fm, are available only
in quantities of micrograms and picograms, respectively.

The region beyond fermium is best accessible using
heavy-ion 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
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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 either the production of fusion products or
their in-flight separation.

On the other hand, the use of thin targets in combi-
nation with well-defined beam energies from accelera-
tors results in unique information about the reaction
mechanism. The data are obtained by measuring excita-
tion functions, the cross section 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 ele-
ments 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 sa-
marium plus samarium.

Historically, the first accelerators used for the produc-
tion 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 suf-
ficient 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-cm-diameter cyclotrons. In Berkeley
a linear accelerator, HILAC (Heavy-lon Linear Accel-
erator), 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-in. cyclotron.
Aiming at the acceleration of ions as heavy as uranium,
the UNILAC (Universal Linear Accelerator) was con-
structed in Darmstadt, Germany.

In order to compensate for the decreasing cross sec-
tions 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.
In the following, we shall describe the efforts that have
been made in recent years at the UNILAC to achieve
this aim. The developments in the laboratories in Ber-
keley, and Dubna and also in Finland, France, Italy, and
Japan are similar and are usually made in close collabo-
ration, with an exchange of know-how. The develop-
ment and construction of separators and detector sys-
tems proceed in a similar fashion. As a prime example of
such instruments, we shall describe in the following the
velocity filter SHIP (Separator for Heavy-Ion Reaction
Products) and its detector system, which were developed
at the UNILAC. Both the principle of separation and
the detection techniques used in the other laboratories
are comparable.

A. lon source and accelerator

At the UNILAC, the facilities for experiments at low
projectile energies were upgraded a few years ago. A
new high-charge injector was built, including a 14-GHz-
ECR (electron cyclotron resonance) CAPRICE-type
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ion source (Geller et al., 1992). The ion source is fol-
lowed by a radio-frequency quadrupole and an interdigi-
tal H-structure accelerator that provide a beam energy
of 1.4 MeV/u (MeV per mass unit u) for direct injection
into the Alvarez section of the UNILAC (Angert et al.,
1989). The advantages, compared with the previously
used Penning ion source are

(1) Low consumption of material (~0.2—4 mg/h).

(2) Intense and stable projectile currents.

(3) A high-quality beam of low emittance, halo free
and of well-defined energy.

The high beam quality is a result of the high ionic
charge state attained (10" in the case of °Zn; Bossler
et al., 1997). This charge state is maintained throughout
the acceleration process—an increase by stripping of
electrons is unnecessary. The reduction of projectile
background behind the SHIP is partially due to the in-
creased beam quality.

The beam energy is variable and defined by a set of
single resonators. The relative accuracy of the beam en-
ergy is =0.003 MeV/u. The absolute energies are accu-
rate to =0.01 MeV/u. This high accuracy is sufficient for
the measurement of narrow excitation functions, as ob-
served for the 1n and 2n emission channels in reactions
for the production of heavy elements.

The beam intensities are rather high and are partly
beyond the limits set by the presently used lead or bis-
muth targets, which melt at low temperature. For ex-
ample, the following values could be obtained at the tar-
get: 3.0 p uA for “Ar®", 1.2 p uA for ¥Fe®", and 0.4
p A for #8e'?" (1 p uA=6.24x10"? particles/s). In the
case of rare isotopic abundance, the source material was
enriched to reach a concentration higher than 90%.

B. Recoil-separation techniques

In contrast to the recoil-stopping methods, as used in
mass separators, where ion sources or He-jet systems 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 separa-
tion 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 separa-
tors have been developed.

(1) The gas-filled separators use the different mag-
netic rigidities of the recoils and projectiles traveling
through a low-pressure (about 1 mbar) gas-filled volume
in a magnetic dipole field (Armbruster et al., 1971). In
general, helium is used in order to obtain a maximum
difference in the rigidities of slow reaction products and
fast projectiles. Instruments that have been used in ex-
periments to separate heavy elements were built at GSI,
Darmstadt (Berthes, 1987; Ninov et al., 1995), RIKEN,
Saitama (Miyatake eral, 1987), LBNL, Berkeley
(Ghiorso et al., 1988, Ninov et al., 1998), ANL, Argonne
(Paul et al., 1989), JINR, Dubna (Lazarev et al., 1993),
and JYFL, Jyvaskyla (Leino ef al., 1994).
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(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. Ionic-charge achromatic-
ity is essential for high transmission. It is achieved by
additional magnetic fields or symmetric arrangements of
electric fields. Examples of such separators used in ex-
periments for the investigation of heavy elements are
the velocity filter SHIP at Darmstadt (Miunzenberg
etal., 1979) and the recoil-energy separator
VASSILISSA at Dubna (Yeremin et al, 1989). The
Fragment Mass Analyzer (FMA) at Argonne (Davids,
1992) provides a mass separation of the fusion products.
A detailed description of various currently working
separators was given by Munzenberg (1997).

To proceed to the region of new elements beyond 109,
SHIP was modified and a new improved detection sys-
tem was built (see Fig. 1). The aims of the SHIP modi-
fications were as follows:

(1) To increase the solid angle and thus increase the
transmission of fusion-reaction products. A 50% gain in
transmission was achieved by placing the target as close
as possible to the first quadrupole triplet.

(2) To reduce the background in order to accept
higher beam currents and to simultaneously increase the
significance of detected correlated events. The main
contributions to the background (energetic ions, which
are implanted into the detector in addition to the fusion-
reaction products) are high- and low-energy projectiles
and transfer products. When the projectiles pass through
the target, their ionic charge states are increased by
stripping, which causes them to be deflected to the beam
stop by the electromagnetic fields of the separator. A
fraction of the low-charge projectiles is derived either
from the Gaussian-like charge-state distribution or from
incomplete or no-charge-state equilibration, e.g., from
inhomogeneous targets or targets with pinholes. If the
charge state is too low, the rigidity of the ions is high,
and these projectiles may reach the detector. A signifi-
cant reduction of this contribution to the background
was obtained by placing an additional 7.5° deflection
magnet behind SHIP. The high-energy projectiles were
reduced to ~1 count/min over the entire focal plane at a
beam current of 1 p uA. Their distribution decreased
from the right towards the center of the detector; see
Fig. 1.

The low-energy projectile background is due to pro-
jectiles that have the same velocity as the reaction prod-
ucts and can therefore pass through the velocity filter. It
turned out that the main sources of this contribution to
the background were poor beam quality, poor target
quality, and interaction of the beam halo with the target
frame. At the UNILAC, the beam quality was consider-
ably improved when a single charge state from the elec-
tron cyclotron resonance source was accelerated without
stripping to higher charge states at medium energy. To
avoid scattering at the target frame, the size of the tar-
gets was enlarged and the target quality was improved
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FIG. 1. The modified velocity filter SHIP (Separator for Heavy-Ion Reaction Products, Munzenberg et al., 1979) and the new
detection system. The drawing is approximately to scale, but the target wheel and the detectors are enlarged by a factor of 2. The
length of SHIP from the target to the detector is 11 m. The target wheel has a radius of 155 mm. It rotates synchronously with
beam macrostructure at 1125 rpm (Folger et al., 1995). The detector system consists of three large-area secondary-electron
time-of-flight detectors (Saro et al., 1996) and a position-sensitive silicon detector array (Hofmann et al., 1995a). The flight time of
the reaction products through SHIP is 2 us. The filter, comprised of two electric and four magnetic dipole fields plus two
quadrupole triplets, was extended by a fifth deflection magnet, allowing for the positioning of the detectors away from the straight

beam line and for further reduction of the background.

(Folger et al., 1995). The low-energy projectiles passing
through the SHIP have a lower magnetic rigidity than
the reaction products and are deflected to the left side of
the detector array. The counting rate is ~30ions/s at a
beam current of 1 p uA ¥Fe. This increases for heavier
g)6r0jectiles and reaches values up to ~200ions/s for

Kr.

The background due to transfer products is focused
towards the center of the detector. The counting rate at
a current of 1 p A is ~1 ion/min.

(3) To stabilize all components of the experimental
setup (UNILAC plus SHIP plus detection system) in
order to obtain a higher overall duty factor, which
means a minimum of losses due to technical failures. In
general, a duty factor of 85% is now reached, compared
with 65% in previous experiments. The remaining 15%
of the time is still needed for changing of the material in
the ion source and changing of the target wheel, which
should take place approximately every five days.

The sum of these improvements resulted in a sensitiv-
ity for detection of one heavy-element decay chain in
five days on average, at a beam current of 0.5 p uA and
a cross section of 1 pb.

C. Detectors

Recoil separators are designed to filter out nuclei pro-
duced in fusion reactions with a high rate of transmis-
sion. Since higher yields also produce increased back-
ground 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 de-
cay by a emission or electron capture or fission, with
half-lives ranging from microseconds to days. Therefore
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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 di-
rectly 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 di-
agnostic 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 subse-
quent decay processes are the same. This is the case
because the recoil effects are small compared with the
range of implanted nuclei, emitted « particles or fission
products, and detector resolution. Recording the data
event by event allows for the analysis of delayed coinci-
dences with variable position and time windows for the
identification of the decay chains.

This method was developed and tested in experiments
investigating neutron-deficient « emitters and proton ra-
dioactivity near N=382 (Hofmann et al., 1979). The de-
tector system was enlarged, and an array of seven
position-sensitive silicon detectors (Hofmann et al.,
1984) was used in the identification of the elements bo-
hrium, hassium, and meitnerium (Munzenberg, 1988).
An even larger system was built at SHIP in order to
search for the elements beyond meitnerium (Hofmann,
1994).

The new detector system is composed of three time-
of-flight detectors, seven identical 16-strip silicon wafers,
and three germanium detectors. A three-dimensional
view of the detector arrangement is shown in Fig. 2,
together with a cross section drawn to scale. In front of
the silicon detectors, there is a mechanism for changing
the calibration sources and degrader foils. The thickness
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FIG. 2. Assembly of detectors for identification of heavy ele-
ments, composed of large-area secondary-electron time-of-
flight detectors, position-sensitive silicon strip detectors, and
germanium detectors (see text for details).

of the foils (Mylar) can be varied in increments of 0.5
um in order to facilitate the absorption of low-energy
projectiles and reduce the implantation energy, thus
avoiding tails on the signals.

The active area of each silicon wafer is 35X 80 mm?.
Each strip is 5 mm wide and position sensitive in the
vertical direction with a relative resolution of 150 um
full width at half maximum (FWHM) for the « decays of
a decay chain. For that reason, the stop detector is
equivalent to 3700 single detectors, each with a 100%
active area of 0.15X5 mm?. The energy resolution is 14
keV for « particles from a *' Am source or a decays of
implanted nuclei. Six wafers are mounted in the back
hemisphere facing the stop detector. They measure es-
caping « particles or fission fragments with a solid angle
of 80% of 27. In the case of the back detectors, neigh-
boring strips are connected galvanically, forming 28
energy-sensitive segments. The direction of the escaping
a particle or fission fragment can be roughly retraced.
The energy resolution obtained by summing the energy-
loss signal from the stop detector and the residual en-
ergy from the back detector is 40 keV for « particles. All
silicon detectors are cooled to 263 K.

Lifetimes as short as 15 us are measured with ideal
position and energy resolution using fast analog-to-
digital converters (3.5 us conversion time) and 128-word
FIFO first-in first-out buffers in each channel. The
widths of the signals are determined by the shaping-time
constants of 0.3 us for the position signals and 2.0 us for
the energy signals, which are obtained by summing the
two preamplifier signals of each individual strip. The
shorter shaped position signals are also used to obtain
the energy information for the 3—15 us range. If two
events appear within 15 us, the second event signals (en-
ergy, position, time-to-amplitude converter signal) are
shifted out of the dead time of the first event by a con-
stant delay of 50 us.

The germanium detectors measure X rays or gamma
rays that are coincident within a time window of 4 us
with signals from the silicon detectors. This allows for
the detection of « transitions to excited levels in the
daughter nucleus, which decay by gamma emission. In
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the case of an electron conversion process, characteristic
X rays may be emitted, which would allow for a clear
element identification. Although the probability for de-
tecting coincident events is small, the germanium detec-
tors provide useful spectroscopic information if the cross
sections are of the order of nanobarns or higher.

In front of the silicon detectors and degrader stack,
there are three secondary-electron foil  detectors
mounted 150 mm apart from each other (Saro et al.,
1996). Two foils made of 30-ug/cm’-thick carbon are
needed for each detector. Between the foils an electric
potential of ~4 kV is applied in order to accelerate elec-
trons emitted from the first foil when a heavy ion passes
through. Perpendicularly, a magnetic field is applied in
order to bend the electrons onto a channel plate for
further amplification. The foils are self-supporting and
the transmission is 100%. The detector signals are used
to distinguish implantation from radioactive decays of
previously implanted nuclei. Three detectors are used to
increase detection efficiency. Because of the high effi-
ciency of each of these detectors, the background due to
projectiles in the decay spectra is suppressed by a factor
of a thousand, and the time window for measuring ge-
neric parent-daughter decays is significantly prolonged.
The time resolution of the foil detectors is about 700 ps
and small enough that, taking the energy signals from
the silicon detector into account, a rough mass assign-
ment with an accuracy of =10% for the implanted ions
is achievable.

The establishment of a generic link of signals from
radioactive decays to known daughter decays provides a
method for unambiguous identification of the unknown
parent isotope. Ghiorso et al. (1969) originally applied
this method when they identified »’Rf and 2**Rf by
“milking” their daughter nuclides, >*No and **No. In
measurements at recoil separators, the event chain starts
with the implantation of the produced nuclide. The mea-
sured signals deliver time-of-flight, moment, energy, and
position of implantation into the silicon detector. In an
ideal case, a sequence of signals follows from « decays.
From each decay, the time, energy, and position are
again measured, but no signal is obtained from the time-
of-flight detectors. The chain ends due to fission or long
half-life of the decay products. The limiting longest half-
lives are determined solely by the background condi-
tions.

Ill. EXPERIMENTAL RESULTS
A. The new elements 107 to 112

In this section, we present results dealing with the dis-
covery of elements 107 to 112. The history of the discov-
ery of the transuranium elements up to Z=106 was de-
scribed by Flerov and Ter-Akopian (1983) and by
Seaborg and Loveland (1990). A detailed presentation
and discussion of the decay properties of elements 107
to 109 and of elements 110 to 112 has been given in
previous reviews (Munzenberg, 1988; Hofmann, 1998).
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The nuclei known at present are shown in the partial
chart of nuclides in Fig. 3. The measured total half-lives
are indicated.

Bohrium, element 107, was produced and identified
unambiguously by Munzenberg et al. (1981). It 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
3#Cr+2%Bi—2%°107*. Five decay chains were observed,
initiated by a 10.38-MeV « transition with a half-life of
(4.77%3) ms, and one with an energy of 9.70 MeV occur-
ring after 165 ms. In three cases, the granddaughter de-
cays could be assigned to »*Lr, in two cases, the decays
of further descendants were assigned in the same way to
20Fm, and in one case to 2°Md. Therefore the original
parent was assigned with high probability to 2¢2107.

The accuracy of the decay data was improved in a
later work (Munzenberg et al., 1989), and the next
lighter isotope, 2°'Bh, was synthesized at a higher beam
energy. Additional data were obtained from the « decay
of 2Mt (Hofmann et al., 1997), and the isotope *Bh
was identified as the granddaughter in the decay chain of
22111 (Hofmann et al., 1995b).

In recent conferences, Gaggeler (1999) and Gregorich
(1999) reported on the observation of 2°Bh and *°’Bh,
respectively. The isotopes were produced using the re-
action ?’Ne+2*Bk—?"'Bh*. The a energies are 9.30 and
8.85 MeV, the half-lives 1 and 17 s, respectively.

Hassium, element 108, was synthesized in 1984 using
the reaction ®Fe+2%Pb. The identification was based on
the observation of three atoms (Munzenberg, Arm-
bruster, et al., 1984). Only one a-decay chain was mea-
sured in the irradiation of 2Y’Pb with Fe. This event
was assigned to the even-even isotope 2*Bh (Miinzen-
berg, Armbruster, et al., 1986). The results were con-
firmed in a later work (Hofmann et al., 1995a; Hofmann,
1998), and for the decay of 2**Hs, a fission branching of
50% was also measured.

The heaviest known isotope of element 108, 269Hs,
was discovered as a link in the decay chain of 2"7112
(Hofmann et al., 1996; see Figs. 3 and 4). The measured
half-lives of the hassium isotopes range from 0.45 ms for
the only known even-even isotope (A =264) to 9.3 s for
the most neutron-rich one. It should be noted that a
half-life close to 10 s is unusually long for an element at
the limits of the chart of nuclei.

Meitnerium, element 109, was first observed in the
year 1982 in the irradiation of 2*’Bi with %Fe by a single
a-decay chain, which was assigned to the isotope with a
mass number A =266 (Munzenberg, Armbruster, et al.,
1982; Miunzenberg, Reisdorf, et al, 1984). This result
was later confirmed by the observation of one more de-
cay chain (Munzenberg, Hofmann, et al., 1988). Another
chain presented in the 1988 publication is incomplete. It
starts with the decay of 2’Bh. Possible reasons for the
missing link, the decay of 2°Mt, were discussed by Mii-
nzenberg, Hofmann, et al., (1988). An (an) channel was
excluded due to kinematical reasons. In the most recent
experiment (Hofmann er al., 1997), 12 atoms of %Mt
were measured, revealing a complicated decay pattern,
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as could be concluded from the wide range of « energies
from 10.5 to 11.8 MeV. This property seems to be com-
mon to many odd and odd-odd nuclides in the region of
the heavy elements.

The more neutron-rich isotope Mt was discovered
in the decay chain of element 111 (Hofmann et al,
1995b). The two known isotopes of element 109, 2%°Mt
and 2%Mt, exhibit only a decay; their half-lives are 1.7
and 70 ms, respectively.

Element 110 was discovered in 1994 using the reaction
2Ni+2%pPb—27"110*. The main experiment was pre-
ceded by a thorough study of the excitation functions for
the synthesis of »’Rf and 2®Hs 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 a lower
excitation energy, different from the predictions of reac-
tion theories (see Fig. 18 in Sec. VI.A.).

A total of four decay chains were observed, and they
were assigned to the isotope 2°110 (Hofmann et al.,
1995a). The isotope 2’'110 was synthesized with a beam
of the more neutron-rich isotope *Ni (Hofmann, 1998).
The half-lives of the two a-emitting isotopes are
(170748°) ws and (1.170%) ms, respectively. There is
strong evidence suggesting a second transition with a
(5673 -ms half-life in 2'110. The important result for
the production of elements beyond meitnerium was that
the production cross section was enhanced from 3.5 to
15 pb (picobarns) by increasing the neutron number of
the projectile by 2, which gave hope that the cross sec-
tions could decrease less steeply with more neutron-rich
projectiles.

Two more isotopes of element 110 have been re-
ported in the literature. The first is 27110, produced in
the irradiation of 2*Bi with *Co (Ghiorso et al., 1995a,
1995b). This result needs to be confirmed because the
daughter generations within the only observed decay
chain are fairly incomplete. The second isotope is 27°110,
reported to be observed in the irradiation of >**Pu with
343 after the evaporation of five neutrons (Lazarev et al.,
1995, 1996). The measured data are presented in more
detail in Sec. IV.D.2.

Element 111 was synthesized in 1994 using the reac-
tion *“Ni+?*Bi—?"?111*. A total of three a chains of
the isotope 22111 were observed (Hofmann et al.,
1995b). The half-life is (1.5722) ms and the cross section
(3.5739) pb.

Element 112 was investigated at SHIP using the reac-
tion "°Zn+2%Pb—278112* (Hofmann et al., 1996). The
irradiation was performed at a beam energy of 344 MeV
in January-February 1996. Over a period of 24 days, a
total of 3.4X10' projectiles were collected. Two
a-decay chains were observed, resulting in a cross sec-
tion of (1.07}3) pb.

The two a-decay chains were assigned to the one
neutron-emission channel. The measured half-lives and
Q. values are shown in Fig. 4. Although the data agree
well for the a decay of *°Hs and further downwards, the
first two decays of chain 1 reveal significant differences
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S. Hofmann and G. Munzenberg:

70Zn + 28Ph - 7112 + In

150 s Date: 09-Feb-1396
Time: 22:37 h

Date: 01-Feb-1996
Time: 11:52 h
FIG. 4. The a-decay chains of the two atoms of element 112

observed at GSI, Darmstadt. From Hofmann et al., 1996.

compared with the result of chain 2. The measured «
energy of 2*110 is lower by 1.35 MeV and the lifetime is
1545 times longer. In view of this great difference in the
lifetimes, the two transitions must be assigned to differ-
ent levels in 2”°110. The energies of the two « transitions
of 277112 differ by 200 ke V, which is 13 times larger than
the energy resolution of the detector. Although the life-
time of the two transitions is similar, the population of
the two different levels in 2*110 suggests that two dif-
ferent levels are already populated in 27112 by the re-
action process.

The trend of O, values (Fig. 5) shows that the smooth
dependence as a function of the neutron number is bro-
ken for chain 1, when N=164, and for chain 2, when

‘ T ] L] T T T T T T T T T T
2F _
m = -
\a 0k chain 1 -
t — -
§) -2: 277 :
-4 chain 2 "2 |
B+ttt
12 __. 277“2 -
L 273 _
> 10
L 11} . -
= | chain 1 |
\5 ok chain 2 |
(@) N _
u 261 _
s N 257102104 -

1 1 1 1 1 i ] 1 1 1
8 147 149 151 153 155 157 159 161 163 165 167 169 171
Neutron number

FIG. 5. Systematics of the two decay chains of 27112: upper
part, measured half-lives; lower part, Q, values. Examples of
the error bars of the half-lives are shown in three cases. They
reflect the statistical uncertainty in the case of one event.
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N=162 is crossed. Similar irregularities of the Q, sys-
tematics are observed near closed shells, e.g., the O,
values drop by 2 MeV when the closed neutron shell
N=126 is crossed. For the two decay chains of 2'"112,
this could infer a pronounced shell effect at N=164 for
chain 1 and at N=162 for chain 2.

Theoretical binding-energy calculations (Moller, Nix,
et al., 1995a, 1995b; Smolanczuk and Sobiczewski, 1995a,
1995b) predict a minimum in the negative shell-
correction energies at neutron number N =162 and pro-
ton number Z=108. It is calculated that the nuclei in
that region are strongly deformed, with deformation pa-
rameters [(3,~0.23 and B4~ —0.08. The properties of
chain 2 are in good agreement with the calculated bind-
ing energies of the ground states. Therefore we may
conclude that 2’7112 of chain 2 was produced in the de-
formed ground state and that « decay populates the de-
formed ground state of the daughter nuclei of the decay
chain.

A second minimum, but for spherical shapes, was cal-
culated at neutron number N=164. It arises at low en-
ergy due to the influence of the close-lying spherical
shell at Z=114. For the case of 7,;114, the calculation
predicts an energy difference relative to the deformed
ground state of only 300 keV (Moller, Nix, et al., 1995a,
1995b). Therefore, in constructing a working hypothesis,
we may assume that chain 1 is produced by the popula-
tion of a spherically shaped isomer in 3//112. The « de-
cay populates spherically shaped isomers, which increase
in energy relative to the ground states, down to 2°Hs,
where the transition to the deformed ground state oc-
curs by y emission. The width of the 7y transition would
only be visible in the experiment if it were narrower
than the width of the 2°Hs « decay, which has a half-life
of approximately 10 s.

The interpretation presented here is speculative and
hence not the only possible one. Another explanation
might be found by taking spin isomerism into account.
In this region of nuclei, isomerism is a characteristic fea-
ture of odd nuclei. Isomerism has been observed in
2038g, 292Bh, 2%Hs, 271110, and ?7*110. Although a de-
finitive assignment is not possible on the basis of the
sparse data now available, theoretical investigations
show that spin isomerism is highly probable in odd-
neutron nuclei (Cwiok et al., 1994). Their existence is
closely associated with the bunching of levels of spin
values from 1/2 to 13/2 at neutron number N=162 for
deformed nuclei. The anomalous behavior noted in the
case of the decay of 2°110 is related to the extremely
large energy difference of 1.35 MeV measured between
the two « decays.

B. Neutron-deficient isotopes and the N=152 shell effect

The decay properties of neutron-deficient isotopes of
the heavy elements are influenced by the increasing
probability of spontaneous fission (see Figs. 16 and 17 in
Sec. V.B). Beta-delayed fission or fission of the ground
states or isomeric states are expected with decreasing
half-lives.
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FIG. 6. Plot of fission half-lives of even-even nuclei. The new
data (HeBberger et al., 1997) are marked by filled symbols.

The fission barriers are strongly modulated by shell-
correction energies. Extended fission half-lives at neu-
tron number N =152, due to a gap in the neutron single-
particle energy levels, have been recognized (Ghiorso,
1970). The decline of the fission half-lives by seven or-
ders of magnitude from »*No (T, nsf=2.2X 10*s; Tiirler
et al., 1988) to »°Rf (T1jp,5p=5 ms; Oganessian, Iljinov,
et al., 1975) could be explained by a lowering of the
outer second hump of the fission barrier below the
ground-state energy. As a result, the width of the fission
barrier is strongly reduced.

In order to confirm the stabilizing shell effect at N
=152, the isotopes 2*Rf and >**Sg were investigated at
SHIP. Corresponding half-lives of T/ ,=(23%3) us
and Ty = (2.9703) ms were measured (HeBberger
et al,, 1997). The extended systematics of fission half-
lives (Fig. 6) is clear evidence of an increased shell effect
at N=152 up to seaborgium.

Besides the investigation of even-even nuclei, the new
isotope °Rf, Tips= (48f%) us, was identified and
more detailed a-spectroscopic data on isotopes 2Rf
and »"Rf were obtained (HeBberger et al., 1997). In re-
actions of “*Ar with 2%Bi targets, new isotopes of men-
delevium (***Md, ?*’Md) and einsteinium (**Es, 2*'Es)
were synthesized (Ninov et al., 1996). These isotopes are
dominantly « emitters, with the exception of a relatively
short-lived fission activity of T, = (0.90=0.25) ms,
which was tentatively assigned to the ground state of
2$Md. For the ground state, a spin and parity of 1/2~
was considered, whereas the « activity was expected to
be emitted from a 7/2” or 7/2" isomeric state.

C. Neutron-rich isotopes and the bimodal fission
Rapid changes in the fission properties of heavy ele-

ments are grounds for excitement and intensive work,
both experimentally and theoretically. This was the case
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when the short fission half-life of 2Rf was measured in
experiments in Dubna (Oganessian, Iljinov, et al., 1975;
see previous section). Another case of rapid changes was
observed in the region of heavy fermium isotopes in the
1970s. The first observation of the onset of symmetric
fission was made in a study of >’Fm (Balagna et al.,
1971). For »®Fm, the changes are even more dramatic.
Fission becomes symmetric, with a very narrow mass
distribution. The kinetic energy of the fragments is
about 35 MeV higher than that in the asymmetric fission
of 2°Fm, and the spontaneous fission half-life is 0.38 ms,
compared with 2.63 h for 2°Fm. Other cases of symmet-
ric fission are summarized in Fig. 7.

An important feature of some of the kinetic energy
distributions is that they do not assume a Gaussian
shape. Instead, some of the distributions are best de-
scribed as a sum of two Gaussians (Hulet et al., 1986).
This type of fission is referred to as ‘“bimodal” fission.

It has been proposed that the rapid change in half-life
when going from 2°Fm to 2*Fm results from the disap-
pearance of the second saddle in the barrier below the
ground-state energy, in the same manner as for °Rf.
However, theoretical studies have presented another ex-
planation (Wilkins et al., 1976; Cwiok et al., 1989; Moller
et al., 1989).

The paths of the bimodal fissioning nucleus **Fm on
the potential-energy surface are shown in Fig. 8. Ini-
tially, there is only one path starting at the ground state.
Later, it divides into two paths, one leading to compact
scission shapes with high kinetic energy, and the other
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leading to elongated shapes with normal kinetic ener-
gies. At a later stage in the barrier penetration process, a
third switchback path branches off from the path leading
to compact shapes and leads back into the valley of
elongated scission shapes. The inertia associated with
fission into the lower valley is considerably smaller than
the inertia for fission into the upper valley. This is the
reason for the short fission half-life of >*Fm.

The compact scission shapes develop close to the frag-
ment magic numbers Z;,=50 and N;,=82 and disap-
pear far away from these numbers. Thus the shortest
half-lives along the symmetric fission valley are expected
for 20%Fm, ¢, . The effect of fragment shells at a relatively
early stage of the fission process was brought up in the
mid 1970s (Maruhn and Greiner, 1974; Wilkins et al.,
1976).

Moller and Nix (1992) pointed out the balance be-
tween the stabilizing effect of neutron number N=162
on the ground state of elements near Z=110 and the
destabilizing effect of N=164=2X82, which differs by
only two neutron numbers. In this case, however, the
measured « decay of the new elements 110 to 112 and of
their daughter nuclei with relatively long half-lives
proved the stabilizing effect to be stronger, probably due
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to the vanishing fragment shell effects at a distance from
Z=100.

In general, fission and fusion are not reversible pro-
cesses. Asymmetric fission along the elongated path is
associated with relatively high excitation of the frag-
ments, neutron evaporation, and neck formation. How-
ever, compact symmetric fission is a reversible process.
The inertia is small, the fragments are less excited, and
fewer or even no neutrons are emitted. In analogy to
cold fusion, we speak of cold fission. The importance of
cold processes for fusion, including symmetric systems,
was pointed out quite early by Sandulescu et al. (1976).
However, the proposed reaction **Xe+!24Sn—2*Rf* is
still awaiting experimental proof.

D. Ground-state band and deformation of 25*No

Two problems remaining unanswered were recently
tackled experimentally: What is the maximum angular
momentum that heavy nuclei can bear during the forma-
tion process, and what is the degree of deformation in
the ground state? The observation of high-spin states
(I=10) gives information on the fission barrier of heavy
nuclei at high angular momentum. This information is
important for understanding the mechanism of the syn-
thesis, since the fission barrier governs the survival prob-
ability. In fact, it is a priori not obvious that high-spin
states of shell-stabilized nuclei will even survive against
fission. Secondly, the stability of the isotopes that have
so far been discovered of elements beyond fermium is
predicted to arise from the ability of the nucleus to de-
form. However, a direct proof and a measurement of the
degree of deformation were still missing.

The standard method for identifying high-spin states
is in-beam 7 spectroscopy, but it is rarely used for study-
ing very heavy nuclei because of an overwhelming fis-
sion background. This problem was overcome by Reiter
et al. (1999) in an experiment in July, 1998, at the Ar-
gonne superconducting linear accelerator ATLAS by
combining highly efficient detectors and selecting a re-
action with the highest known cross section for the pro-
duction of a transfermium nucleus.

Reiter etal.  (1999) investigated the reaction
BCa+2%Pb—2*No+2n, which has a cross section of 3
ub. The vy rays were detected using the Gammasphere,
consisting of 101 Ge detectors. In order to identify vy
rays from »*No in a background of more than 10* times
more intense fission vy rays, it was essential to require
coincidences with evaporation residues. These were
separated in flight within 107 %s from the beam by the
fragment mass analyzer (FMA; Davids, 1992). At the
focal plane of the FMA, particles passed through trans-
mission detectors and were then implanted into a
position-sensitive double-sided Si-strip detector, which
had 1600 1 X 1-mm pixels. The production of >>*No was
unambiguously demonstrated by the observed « decay,
which occurred with a half-life of 55 s in the same pixel
of the detector where the nucleus had been implanted.
The vy spectrum, tagged in this way, shows the nobelium
K, and Kz x rays, and a sequence of transitions with
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24No. From Reiter et al., 1999.

spacings that are characteristic of transitions from a ro-
tational band of a deformed nucleus.

A total of four v lines were identified and assigned to
a cascade of electric quadrupole transitions (E2), start-
ing from a level of spin and parity 127 (Fig. 9). The two
lowest of the six possible transitions were not observed
because they decay almost entirely by conversion. From
the energies of the transitions, a quadrupole deforma-
tion parameter B,=0.27£0.02 was deduced, which is in
excellent agreement with theoretical predictions (Patyk
and Sobiczewski, 1991; Cwiok et al., 1994, 1996; Moller
et al.,, 1995a 1995b; Lalazissis et al., 1996; Rutz et al.,
1997). The nucleus >*No is a prolate spheroid with an
axis ratio of 4:3.

The energies of the rotational levels 27 and 4% were
estimated as (44*1)keV and (102*=1)keV using
energy-spin relationships. The energy of the 27 state is
in good agreement with calculations by Muntian et al.
(1999). They obtained for shell-stabilized nuclei (at N
=152) a minimum rotational energy of 41.7 keV for
2No and at N=162 a minimum of 40.0 keV for >"°Hs.

One month after the experiment at Argonne, in Au-
gust, 1998, the experiment was repeated at the cyclotron
of the University of Jyvaskyla, Finland (Leino et al.,
1999). There the detectors were arranged before and be-
hind the gas-filled separator RITU (Leino, 1994). In this
experiment, a tentatively assigned transition 14" —12*
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observed in the Argonne experiment was confirmed,
and a new transition, probably 16" —14", was added.

The observation of states with spin up to 16 implies
that neutron evaporation can partially compete against
fission up to at least that spin. Hence a fission barrier
must still exist up to that angular momentum and corre-
sponding excitation energy in 2*No. In their future
work, the groups plan to investigate the fission barrier
and its dependence on angular momentum. The mea-
surements will also yield important information regard-
ing the original spin distribution, which will provide
more insight into the production mechanism of the
heaviest elements.

IV. EXPLORATION OF THE ISLAND OF SUPERHEAVY
ELEMENTS

Shell effects per se mark discontinuities in the trend of
atomic and nuclear properties. As a result, lifetimes,
cross sections, and other properties may be modulated
in an unforeseeable way. Therefore the exploration of
new regions that are expected to be dominated by shell
effects demands and justifies investigations for which the
result is not predictable. In these cases, even negative
results are valuable, if experimental flaws can be ex-
cluded. In other cases, we may obtain results that cannot
be explained immediately but that are important enough
to pursue with additional efforts. In the following sec-
tions, we present some recent experiments performed at
GSI, Darmstadt, with negative results, as well as at
JINR, Dubna, and LBNL, Berkeley, with exciting re-
sults that, if confirmed, will be a breakthrough in super-
heavy element research.

A. Search for 7112

The measured cross section for the production of
277112 using the reaction 7°Zn+2%Pb was 1 pb. This
value is smaller than the extrapolated value of 3 pb
based on cross-section trend. Still, the statistical uncer-
tainty of the measured value does not challenge the
higher value of the extrapolation. The reason for this
difference could also be that the beam energy was not
chosen in accordance with the maximum production
cross section.

Moreover, a cross section “‘inversion” as a function of
isospin may occur in the case of element 112 isotopes if
the shell-correction energies of the fusion products influ-
ence the production probabilities. At lower (negative)
shell-correction energies, the fission barrier of the rela-
tively cold compound nucleus is higher and wider, re-
sulting in higher survival probability. The isotopes
273275112, which may be produced using °“®*Zn beams,
are predicted to be more strongly bound than 277112,
which results from the use of a "°Zn beam [Fig. 10(b)].
In the case of Z=110 isotopes, the cross section in-
creased by a factor of 4.3 as the projectile beam was
changed from *Ni to ®Ni [Fig. 10(a)]. Whether or not
this increase in cross section is mainly attributable to the
lower shell-correction energy can be verified with stable
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FIG. 10. Calculated shell-correction energies from Sobicze-
wski (1994) and Moller and Nix (1994): (a) for isotopes of Z
=110; (b) for isotopes of Z=112; and (c) for isotopes of Z
=114. A possible correlation with cross sections could be
tested in the case of element 112 with stable projectiles of
66687071, The monotonic decrease of the data calculated by
Moller and Nix in (c) is due to the spherical shell closure of
superheavy elements at Z=114 and N=184, whereas the mini-
mum in (a) and (b) is due to a large level spacing at N=162 for
deformed nuclei.

projectiles in the case of Z=112 isotopes. The neutron-
rich zinc beams make the crossing of the neutron num-
ber N=162 possible for the first time in lead-based re-
actions.

A search experiment for ?°112 via the reaction
87n+2%pPb was performed in March-April, 1997, at
SHIP. At two different beam energies, cross-section lim-
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its of 1.2 pb were reached. The attained limits do not
exclude a cross section comparable to the 1 pb measured
for 277112 with a 7°Zn beam; however, they do exclude a
cross-section increase by a factor greater than 3, due in
part to shell effects at neutron numbers close to N
=162. This result favors the use of a "°Zn beam in the
production of element 113.

Figure 10(c) shows that the predictions diverge as the
distance from the region of known isotopes increases
and when the region of spherical SHE’s is entered. The
uncertainty of the calculations rises up to values of
~1.7MeV in the case of 2**114. A low, negative shell-
correction energy would increase the half-life of the iso-
tope in the ground state and could also influence the
production cross section significantly.

B. Search for element 116 and the radiative-capture
channel

A close approach to the region of spherical SHE’s
using 2%Pb targets is possible with %2Se projectiles. In
that reaction, the 2’116 nucleus may be produced by a
radiative capture process. The predicted shell correction
energies are —6.1 MeV (Smolanczuk and Sobiczewski,
1995a, 1995b) or —7.8 MeV (Moller et al., 1995a, 1995b).
For comparison, minimum shell-correction energies in
the region of SHE’s were calculated for 2114 (—7.2
MeV) and for 115 (—9.4 MeV) by Smolanczuk and
Sobiczewski (1995a, 1995b) and by Moller et al. (1995a,
1995b), respectively.

Half-life calculations propose an a-decay chain of six
decays from 2*116 down to 2°Rf (Moller et al., 1995a,
1995b; Smolanczuk and Sobiczewski, 1995a, 1995b). The
half-life values range from milliseconds to several sec-
onds for the first five decays and from 50 s to 0.4 h for
219Sg. The latter isotope may already have ended the
chain by fission. A partial fission half-life of 55 s was
calculated by Smolanczuk et al. (1995). The chain will
most likely end by fission of 2Rf. A calculated fission
half-life is 23 s and a calculated a branching is only
~1075. All isotopes of the decay chain would be new.
However, the properties of the chain would be unique
for the decay of a superheavy nucleus, and the predicted
half-lives would prove ideal for identification by corre-
lation methods.

The energy needed to reach the contact point of the
outer nucleon orbitals seems to be a reliable guide in the
estimation of the projectile energy needed to fuse the
system %2Se+2%Pb. This tendency is suggested by the
measured excitation functions for cold-fusion reactions
of elements 104 to 110 (see Sec. VLA, Fig. 18). The
needed energy can be calculated using a Woods-Saxon
potential. The projectile energy is then determined from
the Coulomb potential. The resulting values for the re-
action %2Se+2%Pb are 14.15 fm for the distance between
the centers of the projectile and target nucleus and
Ecv=283.0MeV for the center-of-mass energy. At this
energy, the excitation energy of the fused system will be
4.0 MeV, based on the binding energy of *’116 given by
Myers and Swiatecki (1996). This value of the excitation
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the predicted neutron-binding energies, fission barrier, and
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energy is smaller than that of the fission barrier. If the
system does not undergo separation during the fusion
process, the likelihood that the final product will deex-
cite by y emission could be relatively high. Level-density
arguments demand a higher excitation energy for an in-
crease in the fusion probability. An ideal value is prob-
ably at or just below the height of the fission barrier,
which, however, remains uncertain for spherical super-
heavy nuclei. Values close to 6 MeV are predicted by
theory (Moller et al., 1995a, 1995b; Smolanczuk and So-
biczewski, 1995a, 1995b).

The irradiation to search for 2’116, produced by ra-
diative capture of %Se and 2%Pb, was completed in
November-December, 1995, at SHIP. A summary of the
obtained cross-section limits is shown in Fig. 11. In the
figure, the investigated range of excitation energies is
compared with the neutron-binding energies, the pre-
dicted fission barrier, and the energy at the contact
point. These calculated values are rather uncertain.
Therefore beam energies were chosen over a wide en-
ergy range, including even values that would produce
the predicted negative excitation energies.

The experiment precludes the fact that the radiative
capture channel has an unusually high fusion cross sec-
tion at extremely low free-reaction energies. Neverthe-
less, as will be shortly discussed, this channel presents an
option for future experiments aiming at synthesizing
SHE’s.
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C. Search for element 113

The successful synthesis of element Z=113 would be
another step toward the discovery of spherical super-
heavy nuclei. However, the search for element 113 has
been complicated by the fact that, up until recently, no
excitation function for the production of odd elements
from dubnium (Z=105) to element 111 was known well
enough to allow for an estimate of the optimum beam
energy. Therefore the two reactions *’Ti+2*Bi—>’Db*
and *Fe+2”Bi—?'Mt* were investigated before the
main experiment (Hofmann et al., 1997). The most im-
portant outcome was that the position and width of the
excitation function of the 1n to 3n channel for dubnium
and of the 1n channel for meitnerium are the same as
for the next lighter even element. Moreover, the alter-
native of using a zinc beam of projectile mass A =68 or
70 was clarified before the main experiment (see Sec.
IV.A).

The excitation energy of the compound nucleus for
the synthesis of element 112 was 9.85 MeV. The same
excitation energy for the production of element 113 is
obtained at a beam energy of 348 MeV. Using this en-
ergy, the irradiation at SHIP started on March 5, 1998.
Targets of 2*’Bi with 450 uwg/cm?® thickness were irradi-
ated with 7°Zn ions. Within a period of 25 days, a dose
of 4.5X 10 projectiles was collected. In a second period
of 21 days starting on April 15, 1998, the accumulated
dose was 3.0x 108, A slightly higher beam energy of 350
MeV was used in the second part of the experiment,
resulting in an excitation energy of 11.57 MeV. The
beam energy was increased slightly in order to take into
account a possible shift of the excitation function to a
higher energy, which was indicated by the two data
points measured for element 111, although with a low
statistical significance. The cross-section limits were 0.9
and 1.4 pb, obtained in the first and second part of the
experiment, respectively. The 1.7-MeV step in the exci-
tation energy is small compared to the expected width of
the excitation function. Therefore the two limits can still
be averaged. A value of 0.6 pb is thus obtained at a
weighted mean excitation energy of 10.54 MeV. The
cross-section limits are calculated at a confidence level
of 68%.

The obtained cross-section limit for synthesizing ele-
ment 113 is not contradictory to the expectations (see
Sec. VILA, Fig. 19). The limit is still higher than the
lower value of the possible range estimated to be within
0.3-1.0 pb. However, we also have to take into account
the 1-pb value measured for element 112, for which a
maximum value of 3 pb was expected. Then, taking the
negative result for element 113 into account, it appears
that the production of heavy elements near 2’112 using
cold fusion does not profit from the higher isospin value
of the °Zn beam. This was the case in the Z=110 ex-
periment when the beam was changed from ®*Ni to *Ni.
The experiment also revealed that, with our current ex-
perimental setup, the measuring time increases unac-



S. Hofmann and G. Munzenberg: Discovery of the heaviest elements 747

ceptably for regular investigations with cross sections of
the order of a few hundred femtobarns.

D. Synthesis of elements 112 and 114 at U-400 in Dubna

Cold-fusion experiments using targets of lead and bis-
muth were first performed at the U-400 cyclotron in
Dubna. Significant results were obtained in several ex-
periments, up to the investigation of element 109 (Fle-
rov and Ter-Akopian, 1983; Oganessian, Tretyakov,
et al., 1974; Oganessian, Hussonnois, et al., 1984). The
strategy of the Dubna group was later changed, and the
investigation of hot fusion using actinide targets was re-
sumed (Oganessian, 1995). The main arguments for the
change resided first in the low cross sections expected
for the production of SHE’s by cold fusion, due to in-
creasing Coulomb repulsion, and second in the fact that
only actinide targets allowed for the production of
longer-lived, more neutron-rich nuclei, which are closer
to the region of spherical SHE’s.

The lowest excitation energies of compound nuclei
from fusion with actinide targets are obtained with
beams of **Ca. Due to the high neutron number of *Ca,
the most neutron-rich nuclei can also be reached. The
development of an intense “Ca beam at low consump-
tion of material in the ion source was the aim of the
work accomplished in Dubna during a period of about
two years until 1998 (Kutner et al., 1998).

The U-400 cyclotron was modified to allow for an
axial injection of the beam from an electron cyclotron
resonance ion source. The charge state 5% extracted
from the source allowed for continuous operation of the
cyclotron. The beam intensity was increased by a factor
of 2-3 over that of the previously used pulsed mode. As
a result of the improvements, an intensity at the target
of 0.3 p A of **Ca was reached at a consumption rate of
only 0.3 mg/h. The beam energy was determined and
controlled during irradiation with a precision of about
+1 MeV.

The experiments at the U-400 cyclotron were per-
formed at two different recoil separators, which had
been built during the 1980s. The separators had been
upgraded in order to improve the background suppres-
sion and detector efficiency. The energy-dispersive elec-
trostatic separator VASSILISSA was equipped with an
additional deflection magnet (Yeremin etal, 1994,
1997). The gas-filled separator GNS (““Gaso Napolnen-
nyj Separator,” the Russian expression for gas-filled
separator) was tuned for the use of very asymmetric re-
actions with an emphasis on the irradiation of highly
radioactive targets (Lazarev et al., 1993). Both separa-
tors were equipped with time-of-flight detectors and
with an array of position-sensitive Si detectors in an ar-
rangement similar to the one shown in Fig. 2.

1. Experiments at the electromagnetic separator
VASSILISSA

The performance of the separator VASSILISSA was
tested in a series of experiments aiming at the identifi-
cation of new neutron-deficient isotopes of uranium,
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neptunium, and plutonium (Andreyev et al., 1992a,
1992b, 1993). Hot-fusion reactions leading to the com-
pound nuclei >*No and 2*Db were studied (Andreyev
et al., 1992a 1992b).

Finally, attempts were undertaken to search for new
isotopes of element 112 by irradiation of 28U with *3Ca
ions (Oganessian, Yeremin, Gulbekian, et al., 1999). The
irradiation started in March, 1998. During a period of 25
days, a beam dose of 3.5x 10'® projectiles was collected,
and during a succeeding period of 15 days, a dose of
2.2%x 10" was collected. The beam energies were 231 and
238 MeV, respectively, resulting in excitation energies of
33 and 39 MeV. Two fission events were measured at the
lower beam energy. The mean half-life was (81713)) s
and the cross section (5.0753) pb. The two events were
tentatively assigned to the residue 2112 after 3n evapo-
ration. At the higher beam energy, no events from the
decay of heavy nuclei were observed. The cross-section
limit reached was 7.3 pb.

The experiments at VASSILISSA were continued in
March 1999. The reaction *Ca+2**Pu—2*"114* was in-
vestigated (Oganessian, Yeremin, Popeko, et al., 1999).
It was expected that, after the evaporation of three neu-
trons, the nuclide 2’114 would be produced and would
decay by «a emission into the previously investigated
283112. Over a period of 21 days, a total of 7.5x10'®
projectiles were collected. The beam energy was deter-
mined so that in the middle of the target thickness a
value of 235 MeV was obtained, which corresponds to
an excitation energy of the compound nucleus of 33.5
MeV.

A total of four fission events were detected. Two of
them could be assigned to fission isomers, tentatively to
the 24-us **™Pu, produced by neutron transfer. These
two fission signals were registered 59 us and 20 us after
implantation. The other two fission signals were pre-
ceded by signals from « particles (one was an escape «
of 2.31 MeV) and implantations. These two chains are
displayed in Fig. 12(a). The measured values for ener-
gies and lifetimes are also indicated. A cross section of
(2.5772) pb was obtained for the two events. They were
assigned to the nuclide 2*7114.

The four events, two from 112 and two from 114 of
the 28U and ?**Pu irradiation with **Ca, are consistent.
The fission lifetimes are within the limits given by statis-
tical fluctuations. Fission was measured again after « de-
cay, when the target was changed from U to 2**Pu.
The low background rate in the focal plane of
VASSILISSA makes a production by chance coinci-
dences unlikely. The excitation energy of 33 MeV is
ideal for the evaporation of three neutrons. However, it
also allows for the emission of an « particle or a proton.
Although the evaporation of charged particles is highly
hindered by the Coulomb barrier, this possibility cannot
be completely excluded.

The separator VASSILISSA is being further up-
graded at present. The last dipole magnet is being re-
placed by a magnet of higher bending power, with a
deflection angle of 37°, which will result in a mass reso-
lution of about 1.5%. This additional information will
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FIG. 12. Decay chains and assignments obtained in experiments at Dubna using the reactions (a) **Ca+2*?Pu—27114+43n; (b)
BCa+24Pu—%114+4n; and (c) ®*Ca+>*Pu—2114+3n. For the spontaneous fission fragments, the values of the energies de-
posited in the front and side detectors are indicated. For all registered signals, the position coordinate is also given (Oganessian,
Yeremin, Gulbekian, et al., 1999; Oganessian et al., 1999a, 1999b).

considerably limit the range of possible masses for the
implanted nuclei, which is especially important in the
cases in which the decay chains do not end in a region of
known nuclei or in which the implanted evaporation
residue already undergoes fission.

2. Experiments at the gas-filled separator GNS

The isotopes 2°Sg and 2°Sg were synthesized for the
first time at the Dubna gas-filled separator GNS in the
irradiation of **Cm with ?’Ne (Lazarev et al., 1994).
The experiment initiated a series of irradiations at the
upgraded GNS, which culminated in the still ongoing
investigation of element 114. The experiments were per-
formed at Dubna in a collaboration between FLNR and
LLNL, Livermore, California. In the Z=106 experi-
ment, six a-fission event pairs were measured and as-
signed to 2°Sg, and four a-a correlations were assigned
to 29°Sg. The « energies were 8.63 MeV and 8.71-8.91
MeV, respectively. These energies are rather low, and
half-lives could be estimated to be in the range of 10 s.
Due to missing implantation signals, an experimental
half-life value could not be obtained in this first experi-
ment. The observation of « decay of such low energy
(and resulting long half-life) implied that 2°Sg and 2*Sg
must have at least similarly long partial fission half-lives.

The result was not surprising after the shell effects at
N=162 had been worked out theoretically in more de-
tail. The measured a-decay data were in good agree-
ment with the predictions by Cwiok et al. (1983), Patyk
and Sobiczewski (1991), and Smolanczuk and Sobicze-
wski (1995a, 1995b) and thus gave further evidence for
the shell effect at N=162. The nonobservation of fission
with short half-lives excluded the possibility of compact
fission into symmetric fragments as discussed by Moller
and Nix (1992). The data were later confirmed and ex-
tended by Turler et al. (1998) using the same reaction,
but with an on-line gas chemistry apparatus (OLGA) for
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the separation of seaborgium and the study of its chemi-
cal properties (Schadel, Bruchle, Schausten, et al., 1997,
Schadel, Bruchle, Dressler, et al., 1997). The experimen-
tal half-lives are 7.4 s (*%Sg) and 21 s (?*°Sg). The ex-
perimental cross sections were evaluated to be 240 pb
for the Sn channel and 25 pb for the 4n channel for a
beam energy between 120 and 124 MeV.

The elements hassium and 110 were investigated in
experiments using a **S beam and targets of U and
24Py, respectively (Lazarev et al., 1995, 1996). Three de-
cay chains of the isotope 2’Hs were measured at a cross
section of 2.5 pb. The decay data could be confirmed by
the decay chain of 2’1110 measured at SHIP (Hofmann,
1998). A few candidates for 2”*110 were measured from
the *Pu irradiation. The production cross section was
about 0.4 pb (5n channel).

One of the chains, which was considered as the best
candidate to originate from the decay of 2’110, gave an
a energy of 11.35 MeV at a resolution of =51keV and a
lifetime of 394 us. The a decay of isotope 2110 was
also observed in the SHIP experiment, subsequent to
the decay of 2’7112 (see Fig. 4). The « energy was 11.08
MeV at an error bar of *20keV, and the lifetime was
110 ws. Although the deviations are relatively large, a
common origin cannot be excluded. The assignment to
an isomeric state is another possibility. The decay of the
granddaughter 2’Hs was not observed in the Dubna ex-
periment. Therefore the time interval of 158 s between
the decay of 2’°110 and 2%°Sg measured by Lazarev et al.
(1995, 1996) includes the lifetime of 2**Hs. The corre-
sponding averaged value from the respective decays in
the two GSI chains is 29 s. However, the mean value
including the Dubna data is 72 s, which is compatible
with both results.

In November-December, 1998, an experiment aimed
at synthesizing element 114 was performed at the GNS
(Oganessian et al., 1999a). A target of ***Pu (0.4 mg/cm?
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thickness) was irradiated for a period of 34 days with a
“8Ca beam. The beam energy was 236 MeV at the tar-
get’s center thickness, corresponding to the calculated
maximum of the 3n evaporation channel. The excitation
energy of the compound nucleus was estimated to range
from 34 to 38.5 MeV. A total dose of 5.2%x10'® projec-
tiles was collected. One decay chain, shown in Fig. 12(c),
was extracted from the data. The chain was claimed as a
candidate for the decay of 2%°114. The measured cross
section was 1 pb.

The **Ca+%**Pu experiment was repeated in June —
October, 1999. During a period of 3.5 months, a beam
dose of 1.1x10" ions was accumulated. Two more
a-decay sequences, terminating in spontaneous fission,
were observed (Oganessian et al., 1999b). Both chains
are displayed in Fig. 12(b). The two chains are identical
within the statistical uncertainties and detector-energy
resolution, but differ from the chain displayed in Fig.
12(c). The beam energy for the individual reaction was
determined from the implantation energy and the
knowledge of the momentarily irradiated target segment
possessing an individual, but known, thickness. The es-
timate resulted in an excitation energy of (38
+2)MeV, which is a most probable value for a 4n
evaporation channel. The two events were assigned to
the decay of 2¥114. The cross section was 0.5 pb.

The two newly measured chains are of high signifi-
cance. The data reveal internal redundancy, and the life-
times are short, making an origin from chance events
unlikely. The assignment to the 4n channel is likely, but
the objections that we made at the end of the previous
subsection also hold true here. A comparison of the
measured data with theoretical predictions will be given
in Sec. V.

E. The reaction 8Kr+2%%pPp—2%4118* studied at the
Berkeley gas-filled separator and at the GSI SHIP

After the shutdown of the SuperHILAC linear accel-
erator in Berkeley, ideas were discussed for building a
new efficient separator for fusion-reaction products at
the 88-Inch Cyclotron. The first design of a Large-Angle
Separator System (LASSY) was rejected. This was a
gas-filled separator utilizing superconducting magnet
technology. The large costs and the long time scale nec-
essary for LASSY construction led to a parallel effort to
design a separator based on normal-conducting magnet
technology, which could be built much more economi-
cally and on a much faster time scale (Gregorich et al.,
1996).

The final version of the BGS (Berkeley Gas-filled
Separator) was described by Ninov et al. (1998). It con-
sists of three magnets, a vertically focusing quadrupole
magnet followed by a strong horizontally focusing
gradient-dipole magnet and a flat-field dipole magnet.
The maximum rigidity of the separator is 2.5 Tm, and
the total bending angle is 70°. This is an unusually large
bending angle, but it provides high background suppres-
sion for reactions with lead targets up to the heaviest
beams (krypton) that can be delivered by the cyclotron.
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The BGS became ready for the first experiments by
1998. In the autumn of the same year, Smolanczuk
(1999a) was working on a theoretical study, ‘“‘Production
mechanism of superheavy nuclei in cold-fusion reac-
tions.” Using a relatively simple fusion model, he repro-
duced the measured formation cross sections of de-
formed heavy nuclei synthesized in cold-fusion reactions
from No, 0=260nb, to Z=112, o=1pb. The same
model, applied for the calculation of cross sections for
the synthesis of spherical superheavy nuclei, resulted in
the unusually high value of 670 pb for the reaction
8K r+2%Pb—2"118+ 1n.

In order to prove the validity of the theoretical pre-
diction for the synthesis of element 118, Ninov ef al.
(1999) performed an irradiation for five days from April
8 to April 12, 1999. The fact that the beam of noble-gas
krypton could easily be produced from an electron cy-
clotron resonance ion source available at the cyclotron
was particularly helpful.

The energy of the 8Kr beam was 459 MeV. The pro-
jectiles had to pass through an entrance window into the
gas-filled chamber of the separator of 0.1 mg/cm? carbon
and the target backing of 40 wg/cm? carbon before they
entered the 2%®Pb-target layer, which  was
300-450 wg/cm? thick. The targets were mounted on a
wheel of 155-mm radius up to the center of the targets
that was rotated at 400 rpm. The beam energy in the
middle of the target thickness corresponded to a calcu-
lated excitation energy of the compound nucleus of
about 13 MeV. The separator efficiency for this reaction
was estimated to be 75%. The detector system was simi-
lar to the one at SHIP: a position-sensitive silicon strip
detector was used as a central detector, but no detector
was mounted in the back hemisphere for the measure-
ment of escaping « particles. In front of the silicon de-
tector, a parallel-plate avalanche counter was used in-
stead of secondary electron foil detectors. Behind the
silicon detector, a second silicon strip ‘“‘punchthrough”
detector was installed to reject particles passing through
the primary detector. The dead time of the data acqui-
sition system was 120 us.

Two event chains, consisting of an implanted evapo-
ration residue and of subsequently emitted « particles,
were observed at a beam dose of 0.7X10'® ions. The
resulting cross section was 4.8 pb. An analysis of the
statistical error bars for the two events according to
Schmidt et al. (1984) gives values off?:? pb.

The experiment was repeated in Berkeley from April
30 to May 5, 1999. During the six days of irradiation a
beam dose of 1.6x10'® ions was collected, and one more
chain was observed. The cross section resulting from the
second irradiation is 1.1 pb, with a purely statistical error
of 723 pb. The cross section from the two parts of the
experiment as given by Ninov et al. is (2.272%) pb. The
three chains observed are shown in Fig. 13 along with
their assignment to the superheavy nucleus 2*118.

The experimental data suffer slightly from the fact
that no detectors were mounted in the back hemisphere,
and therefore 7 of the total of 19 signals did not contain
the full a energy. However, the signals were high
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enough to provide time information and allow for a rea-
sonable assignment to « particles. The first « decay of
the third chain was very likely lost because of a rela-
tively long dead time. The « energies of the decays as-
signed to 293118, 285114, 281112, and ?"7110 reveal some
internal redundancy. They each appear twice within the
limits set by the detector resolution. The lifetimes up to
the fifth « decay are short, on the order of one millisec-
ond, which makes an origin by chance coincidences ex-
tremely unlikely. An origin due to electric disturbances
is excluded by the authors (Ninov et al., private commu-
nication). The assignment of the events to the decay of
293118 is most likely at the low excitation energy of the
compound nucleus.

In order to confirm the data obtained in Berkeley, we
investigated the same reaction at SHIP in the summer of
1999. For the purpose of controlling our setup, we first
repeated the known reaction *Fe+2%®Pb—?*Hs+1n.
At a beam energy of 283.8 MeV, which is at the maxi-
mum of the excitation function, we measured a total of
16 events during two days. The resulting cross section
was (98=25) pb, in agreement with the previously
known maximum value (Hofmann ez al., 1995a). The
test demonstrated that the UNILAC energy and the
electromagnetic field settings of SHIP are reproducible
and that the analysis program is working properly.

In a second step, we measured excitation functions of
the 2n, 3n, and 4n evaporation channels of the reaction
8Kr+129Sn—?%Rn* for comparison with the data ob-
tained in Berkeley for the same reaction. The aim of this
experiment was to adjust the beam energy of the two
accelerators, which is important in the case of narrow
excitation functions. The results obtained showed that
the location of the excitation functions from the two ex-
periments was accurate only within =2.0 MeV in excita-
tion energy. That result points to a possible deviation of
the beam energies between the 88-in cyclotron and the
UNILAC of +3.4 MeV, and to an uncertainty of £2.4
MeV in excitation energy for the reaction
8K r+208Pb—2%4118*. This uncertainty is unsatisfactory
in view of the narrow excitation functions expected for
the synthesis of heavy elements in cold-fusion reactions.
For example, an excitation energy value of 4.8 MeV was
measured for the full width at half maximum (FWHM)
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for the reaction 3¥Fe+2"Pb—2%Hs+ 1n. The literature
value given for the accuracy of the beam energy at the
88-Inch Cyclotron is AE (FWHM)=2.3 MeV for a 5Kr
beam of 459 MeV (Ninov efal, 1999), and at the
UNILAC, AE (FWHM)=1.7MeV for the absolute en-
ergy and AE (FWHM)=0.5MeV for the relative ener-
gies (Hofmann et al., 1995a). These values are important
for extracting the widths of excitation functions.

Besides the value of the beam energy, the width and
the long-term stability of the energy are also important
parameters of the beam quality. These parameters
strongly depend on the settings of the accelerator, and
they usually vary within a certain range. For the
UNILAC, we estimated that the width of this range is
smaller than 2 MeV (FWHM).

The first part of the main experiment started at SHIP
on June 7, 1999. We chose a beam energy of 453.9 MeV,
resulting in the same excitation energy of the compound
nucleus at the target’s center thickness as in the Berke-
ley experiment. During nine days of irradiation, we col-
lected a projectile dose of 1.0X 10", The cross-section
limit obtained was 2.8 pb. We continued the irradiation
using the same beam energy on July 26. Over a period of
15.5 days, we reached a projectile dose of 1.9x10'%, In
the second run, we again did not observe any chain simi-
lar to those observed at Berkeley. The cross-section
limit resulting from both parts of the experiment is 1.0
pb at an excitation energy of 13.3 MeV. Our cross-
section values are based on a total efficiency of 50%.

In addition, we did a relatively short irradiation of
three days using a slightly higher beam energy of 456.7
MeV, which resulted in an excitation energy higher by
2.3 MeV. The reason for this additional irradiation was
the predicted steep decrease of the cross section
(Smolanczuk, 1999b) at the low-energy side of the exci-
tation function. Therefore a beam energy slightly too
low could result in a significant loss of production yield,
as could already have been the case in the Berkeley ex-
periment. At the higher energy, as well, we did not ob-
serve any long a-decay chain. From a dose of 0.4x10'®
projectiles, we deduced a cross-section limit of 6.8 pb.

In our experiment, we could not confirm the Berkeley
data on the synthesis of 2*118. However, our negative



S. Hofmann and G. Minzenberg: Discovery of the heaviest elements 751

result does not disprove those data. Several possible rea-
sons could plausibly explain the difference:

(1) A probability analysis based solely on statistical
distributions still gives a probability of 17% that, in two
experiments at approximately the same beam dose,
three events could be observed in one case and zero in
the other.

(2) The beam energy from the 88-in cyclotron and
from the UNILAC may differ by more than 2 MeV,
which could result in a significantly lower cross section
in our experiment.

(3) We calculated a mean ionic charge state of 32" for
the 2”118 residue escaping from the target and the
charge equilibration foil using the empirical formula of
Nikolaev and Dmitriev (1968). If the real value differed
by more than 10%, our transmission through SHIP up to
the focal plane would be reduced by more than 50%.

(4) Isomeric states have been observed in many odd
and odd-odd nuclei in the region of heavy elements up
to Z=112. The predicted level structure of **118
(Cwiok and Nazarewicz, 1999) reveals low and high spin
levels close to the ground state, which could result in the
formation of isomeric states. A decay of the isomer after
passing through the charge equilibration foil could sig-
nificantly change the ionic charge state of 2°118. At a
half-life of the isomer between 20 ns and 1 us, more
than 50% of the residues could be lost due to unex-
pected ionic charge states. The lower half-life value is
determined by the distance of 16 cm of the charge
equilibration foil downstream from the target, and the
upper value by the 11-m length of SHIP. The problem of
charge changing decays of isomeric states is absent or at
least less significant at gas-filled separators because a
mean charge state is reached within short distances in
the gas. However, the mean value of the charge state in
pure helium gas is only about 10*. At such low charge
states, a simple trend, as a function of the element num-
ber and the velocity, is modulated by shell effects of the
electrons and by impurities in the helium gas. Deviations
of the ionic charge state are of great consequence at
high deflection angles of the separator, as in the case of
the 70° deflection angle of the Berkeley gas-filled sepa-
rator.

Further attempts to confirm the Berkeley data will be
made by repeating the experiment at the BGS itself. The
experiment is planned for early in the year 2000 after an
upgrade of the detector and the data acquisition system.
Measurements at several different beam energies are
also planned. It seems possible that the cross section
may even be higher than 2.2 pb at slightly higher or
lower beam energies. This would be a very positive re-
sult for the further investigation of nuclei in the super-
heavy elements region.

V. GROUND-STATE PROPERTIES OF SUPERHEAVY
ELEMENTS

A. Ground-state binding energy and deformation

Shell-model calculations based on the Strutinsky ap-
proach are most successful in reproducing the measured

Rev. Mod. Phys., Vol. 72, No. 3, July 2000

LirZ76a
FRDM-95
FRLDM-95
TF-98
Smol98a
CwiH34a

|:/\/<‘4";AL>:

g

(AM,,-8My)c? / MeV
L.
OH & 4> ¥

s L L L . L L L L L L
98 100 102 104 106 108 WO M2 14 116
151 153 155 157 159 161 163 165 167 169

Proton  number
Neutron number

FIG. 14. Comparison of calculated mass excesses with the ex-
perimental data for nuclei of the a-decay chain of 2’’112. The
predicted values are from Liran and Zeldes (1976; LirZ76a),
Moller et al. (1995a, 1995b; FRDM-95, FRLDM-95), Myers
and Swiatecki (1996; TF-96), Smolanczuk (1997, 1998), and
Cwiok et al. (1994).

nuclear binding energies. Experimental values are ob-
tained by correlation of the a-decay data with decay-
chain nuclei of known masses. Figure 14 shows a plot of
deviations of various calculated data from the experi-
mental values. Significant deviations of some of the cal-
culated values of up to 3 MeV arise for nuclei for which
bigger shell gaps determine the binding energy, here at
Z =110, N=162. However, for odd nuclei, an uncer-
tainty in the experimental data arises, because « transi-
tions either to excited levels or from isomeric states can-
not be excluded.

Moller, Nix, and Kratz (1997) have calculated proton
and neutron single-particle level diagrams for spherical
and deformed nuclei. The diagrams are useful in provid-
ing the spin and parity of low-lying states of odd-even
nuclei and in identifying gaps in the level spectra that
may be associated with exceptionally stable proton-
neutron combinations. As an example, the results for
the 2’2110 nucleus are given in Fig. 15.

One particularly interesting fact in the region of heavy
elements is that deformed shell gaps at proton numbers
Z =108-110 and neutron number N=162 emerge only
for relatively large negative values of the hexadecapole
deformation parameter 4. These gaps give rise to un-
usual stability, which in turn yields long enough half-
lives, making the observation of elements 107 to 112
possible. Similarly, the gaps in the level spectra at pro-
ton number Z=100 and neutron number N=152 (see
Figs. 47 and 48 in Moller, Nix, and Kratz, 1997) lend an
extra degree of stability to the isotones near >>Fm. This
is indicated by the partial fission half-lives of those iso-
topes (see Fig. 7 in the paper by Patyk et al., 1989). The
good agreement of the experimental value B,=0.27
+0.02 (Reiter et al., 1999) of *No with the calculation
(Patyk and Sobiczewski, 1991; Moller et al., 1995a,
1995b; Muntian et al., 1999) strengthens the predictive
power of the theory. The fact that this extra stability
connected with N=152 extends up to and includes
seaborgium was discussed in Sec. III.B, Fig. 6. At N
=152, however, the hexadecapole deformation param-
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FIG. 15. Calculated single-particle level diagrams for nuclei in
the vicinity of 221104, , which is calculated as being deformed
in its ground state: (a) proton; (b) neutron. From Moller, Nix,
and Kratz, 1997.

eters approach zero (Moller, Nix, and Kratz, 1997). For
smaller proton and neutron numbers, these parameters
decrease to large negative values, reaching a minimum
near N=140 and Z=90 (see Fig. 12 in Moller and Nix,
1994).

The feasibility of extracting semiquantitative values
for the hexadecapole moment (including the sign) has
been presented by Zamfir et al. (1995). They used the
fact that a number of spectroscopic observables lie along
smooth curves when plotted against the product of va-
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lence proton and neutron numbers, N,N,,. Zamfir et al.
studied the behavior of B(E2;2{ —0;) along with a de-
fined value B(E2;2{ —0{ ), which is a correction for
the effect of the hexadecapole moment B, on the
B(E?2) value, as a function of N,N,, . Application of this
method to the region of superheavy nuclei led them to
conclude that Z=126 was the dominant shell closure af-
fecting both nuclear structure and its evolution in the
transactinide region.

In a series of papers (Ahmad et al., 1977, 1990; Chas-
man et al., 1977; Chasman and Ahmad, 1997), the level
spacings and level orderings of odd nuclei in the A
~250 mass region were investigated in an effort to fit
the parameters of a Woods-Saxon potential and ex-
trapolate the values into the vis-a-vis region of super-
heavy nuclei. The position of the 1/27[521] Nilsson pro-
ton orbital is crucial in this procedure. This orbital
originates in the 7fs, subshell, a subshell that is filled
beyond proton number 114. Therefore the energy of the
1/27[521] state is significantly influenced by the f7,—f5;
spin-orbit splitting, which determines the energy gap at
Z=114.

Recently, several attempts were made to understand
the shell structure properties of SHE’s based on the self-
consistent and relativistic mean-field theory (Cwiok
et al., 1996; Lalazissis et al., 1996; Rutz etal., 1997,
Kruppa et al., 2000). Cwiok et al. compared the results of
the macroscopic-microscopic method with a Hartree-
Fock calculation. There are several factors influencing
the calculations, thus making them uncertain especially
in the region of SHE’s. The most important one is the
large mass and the large electric charge of a superheavy
nucleus. With increasing A, the single-particle spectrum
becomes more compressed and the binding energy in-
creases due to increased range (radius) of the average
potential. Moreover, the energy of orbitals with [=A, j
=[—1/2,such as 1hgp, liyp, 1j13p, are lowered consid-
erably due to a weakened spin-orbit splitting at large
values of mass A (see Sobiczewski et al., 1966; Meldner,
1967; Figs. 2-30 in the book by Bohr and Mottelson,
1969; Nilsson, 1978; Mairle, 1995). Further influence on
the shell structure arises from the nuclear surface dif-
fuseness as reinvestigated recently by Myers and Swiate-
cki (1998). Using the Thomas-Fermi model, they treated
the diffuseness as a free parameter in a macroscopic-
microscopic calculation. They found that an increase of
the diffuseness parameter of a heavy nucleus by 10%
costs about 4-MeV binding energy in the macroscopic
part, but the total gain in shell-effect energy is 12 MeV
at Z=126 and N=184, thus shifting the magic proton
number from 114 to 126.

Actually, the location of the three low-spin proton
subshells 2 fs,, 3psn, and 3py,, which are filled be-
tween Z =114 and Z =126, is the factor that determines
the stability landscape of SHE’s. Qualitatively, we may
expect the minimum of the negative shell-correction en-
ergies to be wide and not as deep if the low-spin proton
orbits are equally distributed in energy between Z
=114 and Z=126. The fission barriers will then also be
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flat and narrow, their height and width being mainly de-
termined by the shell-correction energy. As a result, the
fission half-lives will be relatively short. On the other
hand, if there is a wide energy gap beyond one of the
proton numbers 114, 120, or 126, then the shell-
correction energies will be pronounced for that element.
In combination with the neutron shell effect at N =184,
a sharp and deep minimum will be formed, similar to
that of the doubly magic 2*Pb, resulting in a high fission
barrier and relatively long fission half-life. The « half-
lives will also be more strongly modulated by great shell
effects, resulting in long « half-lives below and short
half-lives above the magic number.

In the case of a deep minimum of the shell-correction
energy, there could even be a correlation between sta-
bility and production cross section that could result in an
enhanced cross section even for the highest proton num-
ber. The observed reduction of fusion probability for the
elements up to Z=112, due to the separation of projec-
tile and target nucleus by the increasing Coulomb forces,
may be compensated for by strong attractive shell ef-
fects. The measured cross sections, in the range of 0.5-5
pb for the synthesis of elements 114 and 118, seem to
indicate such an influence. Because of the remaining un-
certainties of the model calculations, further experimen-
tal investigations are of great importance.

B. Decay properties of superheavy elements

In order to estimate the decay properties of nuclei
that may eventually become possible to produce, some
extrapolation into the region of SHE’s is necessary. The
predictions set forth by the macroscopic-microscopic
models are extremely useful for extrapolation into this
region. Figure 16 presents the results of calculations by
Smolanczuk and Sobiczewski (1995a, 1995b), Smolanc-
zuk (1997, 1998), and Moller et al. (1995a, 1995b).

The shell-correction energy plays a major role in the
determination of the fission barrier. Therefore the con-
tour maps of the shell effects and the fission half-life are
similar in appearance [Figs. 16(a) and (b)]. Notwith-
standing the shared shell-correction energy minimum of
—7 MeV, the fission half-life only reaches a value of
1000 s for the nuclei at Z=108, N=162. This is a direct
result of the deformed ground state and hence more nar-
row fission barrier. The fission barrier is wider for the
spherical nuclei, and the fission half-lives increase up to
1025=32000y.

The dominating partial half-life is shown in Fig. 17(a)
for even-even nuclei. The two regions of deformed
heavy nuclei near N=162 and spherical SHE’s merge
and form a region of « emitters surrounded by fissioning
nuclei. The longest half-lives are 1000 s for deformed
heavy nuclei and 30 y for spherical SHE’s. It is interest-
ing to note that the longest half-lives are not reached for
the doubly magic nucleus 73114, but for Z=110 and N
=182. This is a result of the continuously increasing Q,,
values with increasing element number. Therefore « de-
cay becomes the dominant decay mode beyond element
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FIG. 16. The decay properties of heavy and superheavy nuclei
according to macroscopic-microscopic calculations: (a) ground-
state shell-correction energy; (b) partial fission half-life of
even-even nuclei; (c) unhindered a-decay half-life; (d) 8% and
B~ half-life. The B-stable nuclei are marked by filled squares.
The predicted values in (a), (b), and (c) are from Smolanczuk
and Sobiczewski (1995a, 1995b) and Smolanczuk (1997, 1998),
and in (d) from Moller et al. (1995a, 1995b) [Color].

110 with continuously decreasing half-life. The half-lives
of nuclei at N=184 and Z<110 are reduced from B~
decay.

The three-member decay chain of 2*®114, the heaviest
even-even nucleus, observed in the recent experiment in
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Dubna (Oganessian et al., 1999b), is also drawn in Fig.
17(a). The arrows follow approximately the 1-s contour
line down to 2%°110, which is, in agreement with the ex-
periment, predicted to be a spontaneously fissioning
nucleus. The experimental half-lives are 2—10-7 s, re-
spectively, which is longer than the calculated values by
a factor of 10 on average. However, this deviation is well
within the accuracy limits of the calculation. For ex-
ample, a change in the « energy of *%114 by 350 keV
only changes the half-life by a factor of 10.

For detection purposes, the neutron-deficient even-
even nuclei that are reached in both cold and hot fusion
reactions [Fig. 17(c)] are ideal cases. The isotopes be-
tween element 108 and 120 are predicted to decay by «
emission with half-lives in the range 1 us—1 s. The decay
chains will end by fissioning nuclei with 7';,~1000s in
the region near Z=106 and N=162. In contrast to this,
nuclei with half-lives of several hours or longer pro-
duced at low cross sections (<10nb) are difficult to
measure using the current experimental techniques.

In the case of odd nuclei [Fig. 17(b)], the « and fission
half-lives calculated by Smolanczuk and Sobiczewski
(1995a, 1995b) were 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 the fission hindrance factors have a wide dis-
tribution from 10' to 10°, which is mainly a result of the
specific levels occupied by the odd nucleon. For odd-odd
nuclei (not shown here), the fission hindrance factors
from both the odd proton and the odd neutron are mul-
tiplied. The g half-lives given by Moller, Nix and Kratz
(1997) were divided by 10, because first-forbidden tran-
sitions were not taken into account in these calculations
(see Moller, Nix, and Kratz 1997a and discussion
therein). For the odd nuclei, the island character of the
a emitters disappeared and « decay could propagate
down to rutherfordium and beyond. In the allegorical
representation where the stability of SHE’s is seen as an
island in a sea of instability, the even-even nuclei por-
tray the situation during a flood, the odd nuclei during
an ebb, when the island is connected to the mainland.

The decay chains of the recently measured even-odd
nuclei are also drawn in the figure: 277112, GSI-
Darmstadt, 2’114 and %114, JINR-Dubna, and >**118,
LBNL-Berkeley. Here again, the measured data are pre-
dominantly well duplicated in the calculations. The as-
signment of the three chains observed in Berkeley finds
particularly strong support in the excellent agreement
with the predicted half-lives (or vice versa). The greatest
disagreement seems to exist in the case of 2%*112, which
is predicted to « decay with a half-life of about 1 s,
whereas fission with a half-life of 180 s was measured at
Dubna. However, an explanation for this deviation may
be found in different hindrance factors for « decay and
fission or in the occurrence of isomeric states.

Figure 17(c) shows the known nuclei at present and
compound nuclei that could be formed by reactions with
28ph or 2Cm targets and stable projectile isotopes,
plotted on the contour map of shell-correction energies.
The region of relatively long-lived deformed heavy ele-
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ments is well covered by reactions with *5Cm targets or
the a-decay products of reactions with 2%Pb targets.
This is not the case for the central region of spherical
SHE’s. A close approach is possible using the
reactions 2 Se+2%Pb—2%116*, 3°Kr+2%Pb—294118*,
BCa+*Cm—2116*, and CTi+*Cm—2118*. An
even closer approach may become feasible in the future
with the use of neutron-rich radioactive beams.

In the case of strong shell-correction energies at Z
=126 and N =184, this region of SHE’s would be easily
accessible with stable projectiles in both cold and hot
fusion reactions with targets of lead or isotopes of the
actinide elements. However, short « half-lives below 1
us may prevent direct observation.

VI. SYNTHESIS OF SUPERHEAVY ELEMENTS
A. Excitation functions

A summary of recently measured even-element exci-
tation functions is shown in Fig. 18. On the left side, the
cross sections are plotted as a function of the dissipated
energy E*, calculated from the center-of-mass beam en-
ergies in the middle of the target thickness and the Q
values. The Q values were determined from the experi-
mental masses of projectile and target evaluated by
Audi and Wapstra (1993) and the mass for the com-
pound nucleus predicted by Myers and Swiatecki (1996).
The arrows mark the energy E*, which is obtained from
the beam energy necessary to reach the contact configu-
ration according to the fusion model of Bass (1974). On
the right side, the neutron binding energies according to
Myers and Swigtecki are subtracted. The resulting free
reaction energy is a sum of the kinetic energy of the
emitted neutrons and the energy of emitted vy rays. The
continuous curves are Gaussian fits through the data
points, and the dashed curve (Z=112) is extrapolated.

The cross-section trend of the 1z evaporation channel
is plotted in Fig. 19. Extrapolation of the curve into the
region of heavier elements results in a cross section of
about 1 fb for the synthesis of element 116. Higher cross
sections may be expected if the trend of the data,
namely increasing cross section with increasing isospin,
continues. This effect was proved in the production of
element 110 using the projectiles ”Ni and **Ni. The sys-
tematics was not confirmed in the synthesis of elements
112 and 113 using the T,=35 projectile "°Zn. In these
two cases, however, a single, relatively low beam energy
was used. It seems possible that the cross section may
increase at slightly higher beam energies. An experi-
mental proof is in preparation at SHIP.

The cross-section trend is completely changed by the
Berkeley result on the synthesis of element 118 (Ninov
et al., 1999). Even with an optimistic extrapolation, tak-
ing into account a cross-section increase by a factor of
3.5 with a projectile whose isospin is higher by one unit
for each subsequent even element, a value of 0.1 pb only
could be obtained for the reaction %Kr+2%Pb—2%118
+1n. A possible explanation may reside in strong shell
effects at N=~175 and Z=114—118, combined with a
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transition from deformed to spherical nuclei. Both ef-
fects lower the fission probability of the compound
nucleus, not only in the ground state, but also at low

Smolanczuk (1999a).
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excitation energies. This is the main reason for the un-
usually high cross section of 670 pb calculated by
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FIG. 18. Measured even-element excitation functions.

In all cases where excitation functions are known, the
cross-section maxima on the right in Fig. 18 are approxi-
mately centered between zero and the energy needed to
reach the contact configuration according to the Bass
model. This empirical result seems to present a sound
method for determining the position of the cross-section
maxima in cold-fusion reactions.

A comparison of excitation energies at the barrier for
cold and hot fusion reactions over a wide range of
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FIG. 19. Plot of cross-section data and extrapolated values for
cold-fusion reactions (1n-evaporation channel). The line for
isospin three is fitted to the data, and, for isospin four, shifted
to cross the two data points (Z=110 and 111) obtained with a
%Ni beam. The short lines are extrapolations (see text). The
arrows mark the cross-section limits obtained at SHIP for ele-
ments Z=116 and 118. The data point labeled with BGS for
Z=118 is from Ninov ez al. (1999). Full symbols represent
cross-section maxima obtained from excitation functions; in
the case of open symbols, excitation functions are not yet
known.
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FIG. 20. Diagrams of excitation energies at the interaction
barrier according to the model of Bass (1974). The upper clus-
ter shows the trend for hot-fusion reactions with a 28U target
and projectiles between O and Se, and the lower cluster for
cold-fusion reactions with a 2%Pb target and projectiles from
Ar to Ru. The large symbols mark stable projectile isotopes,
and the small symbols radioactive isotopes. The filled symbols
of T,=4, 5, and 6 nuclei in the upper part are enhanced be-
cause they impressively mark the transition from hot to cold
fusion with increasing element number using actinide targets.
The other filled symbols up to element 112 mark reactions
investigated at SHIP by cold fusion or at Dubna by hot fusion.
The star symbols mark the excitation energies, at which the
maximum cross section was observed in cold-fusion reactions.
The data point obtained at Berkeley from the reaction
86Kr+2%Pb is also shown. The 1n-binding energies are in a
range from 7.5 to 8.2 MeV for the investigated cold-fusion
compound nuclei and are marked by the horizontal bar.

SHE'’s is shown in Fig. 20. A remarkable transition is
observed from a region of high excitation energies (>40
MeV), for reactions with a U target resulting in ele-
ments up to Z~114, into a region of low excitation en-
ergies, down to 6 MeV for element 126. This reflects a
change from hot fusion to cold fusion with regard to the
excitation energy. However, the excitation energy is
probably not the most important quality parameter for
distinguishing between the two types of reaction. An-
other, possibly more important, difference could reside
in the fact that, as a target, 2%Pb is a spherical closed-
shell nucleus with empty shells above the shell closures,
whereas 28U is well deformed and midshell.

Following the rule of maximum cross sections of cold-
fusion reactions worked out by means of Fig. 18, the
curves in Fig. 20 allow for the extrapolation of the trend
beyond element 112. There is only a very narrow win-
dow of excitation energy left for the production of ele-
ment 114 with a °Ge beam and 17 emission.

For element 116, the reactions with ¥Se and %°Se al-
ready give rise to excitation energies at the barrier that
are smaller than the 1x binding energy. In this case, the
free energy can only be removed by 7y rays. This so-
called ‘“‘radiative capture” channel was observed in the
SHIP experiments for heavy ions in the reaction
N7r(*Zr, ys) B'Hg (Keller et al., 1983). It is not yet
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FIG. 21. Diabatic neutron levels as a function of the distances
R, and R, of the potential centers from the center of mass for
%7r+124Sn: solid lines, levels that are initially fully occupied;
dashed lines, levels that are partially occupied; dotted lines,
levels that are initially empty. From Berdichevsky et al., 1989.

known in the region of SHE’s where fission is a strong
competition in the deexcitation of the compound
nucleus.

Alternatively, the 1n channel may be investigated
with neutron-deficient projectiles resulting in excitation
energies greater than the 1n binding energy. This choice
may become important if the reaction does not allow for
an increase of the kinetic energy beyond the value de-
termined by the contact configuration when the reaction
partners come to rest in the center-of-mass system. The
reason for an upper limit of the kinetic energy could be
diabatic shifts of single-particle levels at higher kinetic
energies at the very beginning of the reaction, which
cause a repulsive force on the collective motion of the
reaction partners to each other. This process was theo-
retically investigated by Norenberg (1983).

The effect exists independently from the fissility of the
reacting system. However, it is strongly determined by
nuclear structure. An example is shown in Fig. 21. Di-
abatic level shifts demand extra energy for the fusion of
medium-heavy nuclei and lead to an increased separa-
tion probability in the case of the heaviest systems be-
cause the surface tension is already compensated for by
Coulomb forces. For light nuclei, the contracting surface
tension is predominant, and the formation of a com-
pound nucleus is overwhelming.

757

Prompted by the recent experiments, a number of cur-
rent theoretical studies are aimed at reproducing the
known cross-section data and further extrapolating the
calculations into the region of spherical superheavy nu-
clei. Publications to that effect have been submitted or
are in preparation: Adamian et al. (1999), Aritomo et al.
(1999), Cherepanov (1999a, 1999b), Denisov and Hof-
mann (1999), Giardina et al. (2000), and Smolanczuk
(1999a). The measured cross sections for the formation
of 'Rf (¢=12.5nb) up to 277112 (0 =1.0 pb) are repro-
duced within about a factor of 2 by the various models.
However, there are significant differences in the cross-
section values for the synthesis of spherical SHE’s be-
yond Z=114. Table I gives some examples of the calcu-
lated cross sections for the 1n channel using a *%Pb
target and beams of 5Ge, %’Se, and ¥Kr. The obtained
experimental values are also shown.

The models consider fusion of heavy nuclei as a step-
by-step process. The following main phases are consid-
ered:

(1) capture of projectile and target nucleus;

(2) proton and neutron transfer, surface vibrations;

(3) separation of projectile and target nucleus (quasi-
elastic and deep-inelastic processes);

(4) transmission of the fusion barrier;

(5) formation of an excited compound nucleus;

(6) formation of an evaporation residue after cooling
of the compound nucleus by emission of neutrons and vy
rays in competition with fission.

The probability for the different processes depends on
the relative velocity of the reaction partners, the angular
momentum, the free reaction energy (excitation en-
ergy), and the individual structure of projectile, target,
compound, and residual nucleus. These items are not all
weighted equally in the various models, which results in
the large deviation of the calculated cross sections in the
case of far extrapolations. And important details have
probably not even been considered yet. As an example
of recent improvements, we present a calculation of the
fusion barrier according to a model by Moller, Nix, et al.
(1997) and Moller (1997).

In Fig. 22, fusion barriers are plotted for the reactions
6Ge+2%Pb—2114* and *Sr+®Pb—2*°120*. The cal-
culation was performed using a model of two intersect-
ing spheres and a macroscopic-microscopic approach for
the potential energy. The appearance of an inner barrier
for these heavy systems is evident. This inner barrier is
due to a positive shell-correction energy, which arises at

TABLE I. Experimental and calculated cross sections for the synthesis of superheavy nuclei. The
values given are the calculated cross sections for the 1z channel using ®Pb target and beams of
75Ge, ¥Se, and %°Kr. The experimental data are from Hofmann (1998, 2*°116) and Ninov et al. (1999,
293118). The calculated values are from (a) Adamian et al., 1999; (b) Cherepanov, 1999a, 1999b; (c)
Denisov and Hofmann, 1999; (d) Giardina et al., 2000; and (e) Smolanczuk, 1999a.

Isotope Expt. (a) (b) (c) (d) (e)

23114 0.2 pb 0.12 pb 0.35 pb 1.0 pb 0.56 pb
29116 <9.1pb 15 fb 2-30 pb 7.1 pb
23118 (22759 pb 5.11b 0.5 pb 670 pb
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FIG. 22. Calculated barriers for the synthesis of elements 114
and 120 via cold fusion. From Moller et al., 1998.

a configuration reached just before the spherical ground
state. It is absent for the lighter elements (Z<112) that
have a deformed ground-state shape. The inner barrier
hinders fusion at energies that are just high enough to
reach the contact configuration. The height of the bar-
rier for the fusion of elements 114 to 120 is about 13
MeV above the ground state of the compound nucleus.
The existence of the inner barrier may explain the nega-
tive result of our search for the On channel using the
reaction ¥Se+2%Pb—2%116*. On the other hand, the
barrier has just the correct height to be in agreement
with the successful Berkeley experiment on the synthesis
of element 118, which was performed at an excitation
energy of 13.3 MeV.

At present, the model is being further developed by
taking into account a shape-dependent Wigner term
(Moller and Sierk, 1999) in the potential-energy calcula-
tion. This is necessary in order to take into account the
different N/Z ratios (and thus different number of
nucleon pairs) of the reaction partners and the com-
pound nucleus and to provide a smooth behavior of the
potential energy at the transition from two separated
nuclei to a compound system. As a result, the potential
energy increases considerably at the contact point,
which leads to the formation of an outer barrier (not
shown in Fig. 22) comparable in height to the inner bar-
rier. It is possible that the occurring pocket between the
two barriers has a positive influence on the fusion cross
section.

Due to the great uncertainty concerning the influence
of the various steps in the fusion of heavy elements,
more and more precise experimental data are needed. It
is especially important that various combinations of pro-
jectile and target be investigated, from very asymmetric
systems to symmetric ones, and that excitation functions
be measured. This provides information on how fast the
cross section decreases with increasing energy due to
fission of the compound nucleus, and how fast the cross
section decreases on the low-energy side due to the fu-
sion barrier. From both slopes, information about the
“shape” of the fission and fusion barriers can be ob-
tained. At a high enough cross section, these measure-
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FIG. 23. Energy vs distance diagram for the reaction of an
almost spherical ®Ni projectile with a spherical 2%®Pb target
nucleus, resulting in the deformed fusion product 2’'110 after
emission of one neutron. At the center-of-mass energy of 236.2
MeV, the maximum cross section was measured. On the left,
the reaction partners are represented by their nuclear poten-
tials (Woods—Saxon) at the contact configuration where the
initial kinetic energy is exhausted by the Coulomb potential.
On the right, the outermost proton orbitals are shown at the
contact point. For the projectile *Ni, an occupied 1f;, orbit
(hatched area) is drawn, and for the target 2Pb an empty
1hg, orbit. The protons circulate in a plane perpendicular to
the drawing. The Coulomb repulsion, and thus the probability
for separation, is reduced by the transfer of protons. In this
model, the fusion is initiated by transfer.

ments are complemented by in-beam vy spectroscopy us-
ing the recoil-decay tagging method in order to study the
influence of angular momentum on the fusion and sur-
vival probability.

B. Fusion initiated by transfer

In this section, we discuss an additional aspect of the
measured excitation functions, which was considered
earlier in the literature as a possible mechanism contrib-
uting to the fusion of heavy elements (von Oertzen,
1992). In all the investigated cold-fusion reactions up to
Z =112, the largest cross section was measured ‘‘below
the barrier.” The energy relations that determine the
barrier are shown in Fig. 23 for the reaction *Ni+2%Pb,
and a barrier based on the model of Bass (1974) is also
given. A tunneling process through this relatively high
barrier cannot explain the measured cross sections. The
conclusion is that additional effects must modify the bar-
rier to make fusion possible. Attempts to improve the
heavy-element fusion barrier calculations were discussed
in the previous section.

At and below the barrier, the kinetic energy in the
center-of-mass system is converted into potential en-
ergy, and the reaction partners come to rest in a central
collision in a touching configuration. In the case of
4Ni+2%Pb, the initial kinetic energy of 236.2 MeV, at
which the cross-section maximum was measured, is ex-
hausted by the Coulomb potential at a distance of 14.0
fm between the reaction partners. At that distance, only
nucleons on the outer surface are in contact.

We recall that the kinetic energy of orbiting nucleons
is low at the surface of the nucleus. Therefore, at the
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point of contact of two nuclei in a central collision, the
probability of nucleons or pairs of nucleons leaving the
orbit of one nucleus and moving into a free orbit of the
reaction partner is high. The process is shown schemati-
cally on the right side of Fig. 23. An adequate theoreti-
cal description could be obtained by use of the two-
center shell model (Scharnweber efal, 1971). An
approach that reproduces the measured cross sections
within the framework of a dinuclear system was pre-
sented by Antonenko et al. (1995).

Because of the pairing energies and high orbital angu-
lar momenta involved, the transfer of pairs is more
likely than that of single nucleons. The described pro-
cess is a frictionless pair transfer occurring at the contact
point in a central collision at zero longitudinal momenta
in the irradiation of 2®®Pb targets. This capture process
seems already to be disturbed at kinetic energies only
slightly higher than those determined by the contact
configuration, as discussed by means of the measured
excitation functions shown in Fig. 18.

After transfer of two protons from *Ni to 2%Pb, the
repulsive Coulomb force is decreased by 4.9%, allowing
for the maintenance of the reaction partners in close
contact and the continuation of ‘“‘fusion initiated by
transfer.”

Important factors influencing the cross section at the
very beginning of the fusion process are

(1) The probability of a head-on collision.

(2) The probability of proton transfer in competition
with the separation of the reaction partners.

The importance of cold multinucleon transfer for the
synthesis of heavy elements was realized by von Oertzen
(1992). The application of the transfer-initiated fusion
model in the description of the low-energy fusion phe-
nomena is based on this work and the experimental re-
sult of maximum fusion cross sections at energies well
below the Bass barrier. An analysis of transfer data ob-
tained from radiochemical studies was presented by
Kratz (1995). Fink et al. (1974) considered the possibility
of the transfer of complete shells of equal orbital mo-
mentum. The transfer of massive clusters for the produc-
tion of heavy elements, especially neutron-rich species,
was considered by Magda and Leyba (1992). The role of
nucleon transfer in subbarrier fusion processes was dis-
cussed in recent review articles by Balantekin and Taki-
gawa (1998) and by Dasgupta et al. (1998).

In the case of reactions with actinide targets and pro-
jectiles like “®Ca, the target nucleus is deformed and, at
barrier energies, only a fraction of certain orientation
will lead to fusion. This orientation effect is absent in the
case of spherical 2®Pb targets. In addition, the occupa-
tion of levels at the Fermi surfaces is such that protons
are more likely to transfer from the target to the projec-
tile and thus increase the Coulomb repulsion. This trans-
fer into the “wrong” direction was observed using radio
chemical methods by Gaggeler et al. (1986) and Turler
et al. (1992). Nevertheless, positive results obtained in
Dubna on the synthesis of element 112 and 114 using
actinide targets and a “®Ca beam (see Sec. IV.D) seem
to establish hot fusion as an alternative path in the syn-
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thesis of superheavy elements. Experimentally, the most
challenging and exciting task in the near future will be to
clarify the advantages of cold and hot fusion reactions
for the production of SHE’s.

VIl. SUMMARY AND OUTLOOK

Experimental work of the last two decades has shown
that the cross sections for the synthesis of the heaviest
elements decrease almost continuously. However, the
recent data on the synthesis of element 114 using hot
fusion and 118 using cold fusion seem to break this trend
when the region of spherical superheavy elements is
reached. A precise theoretical description allowing for
an exact enough determination of the optimum choice
of the reaction and beam energy is not yet within view.
Therefore more experimental data are needed, which
cover a wider range of reactions and shift the measur-
able cross-section limit to lower values. In particular, a
confirmation is urgently needed that the region of
spherical SHE’s has finally been reached and that the
exploration of the “‘island” has started. In order to per-
form such experiments in a reasonable time, a further
upgrade of the technical equipment is necessary.

The options for the future are high currents and
steady beams running at high duty factors, ideally dc
beams. Simultaneously, the use of rare isotopes requires
that the consumption of ion-source material be kept at a
minimum. The target technique needs to be upgraded in
order to withstand the higher beam currents. An effec-
tive gas-cooling technique for foil and wheel targets is
under development. Liquid targets or gas-jet targets for
certain elements may be an alternative. The separator
efficiency has to be increased, and a value of more than
50% is feasible. Higher background suppression is man-
datory and can be achieved by properly designed disper-
sive and focusing elements acting as postseparators be-
hind existing devices or by the use of degrader foils in
front of the detectors. The detector size needs to be ad-
justed to the distribution of the reaction products in the
focal plane, and the granularity of the detector to the
counting rate of reaction products and background. The
detector systems used so far could be extended by addi-
tional gamma and electron detectors. New devices, like
ion traps, could also be installed. For experiments at
SHIP, the VEGA project (Gerl et al., 1998), using effi-
cient Ge-gamma detectors, and the construction of the
SHIP trap facility (Aysto et al., 1998) are in progress.

These new developments will not only make it pos-
sible to perform experiments aimed at synthesizing new
elements in reasonable measuring times, but will also
allow for a number of other investigations covering re-
action physics and spectroscopy.

The experimental program will be significantly influ-
enced by the spectacular results recently obtained at
Dubna for the synthesis of elements 112 and 114 and at
Berkeley for element 118. In an experiment at SHIP, a
first attempt failed to confirm the Berkeley data. How-
ever, further experiments are already planned in Berke-
ley for early in the year 2000. A repetition at SHIP or
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even an attempt to synthesize still heavier elements have
been postponed until the new data become available,
and the SHIP upgrade provides improved sensitivity.
The progress towards the exploration of the island of
spherical SHE’s is difficult to predict. However, despite
the exciting new results, many questions of a more gen-
eral character are still awaiting an answer. The most in-
teresting proposals for upgrades and new experiments
around SHIP include in the following:

¢ Continuation of the SHIP program aimed at synthe-
sizing elements 113 and 114, and possibly 115 and 116, as
well, by cold fusion. Data on the synthesis and proper-
ties of these elements and nuclei will be important, be-
cause they fill the gap between 2’7112 and >*118. Espe-
cially in the case of relatively high cross sections for the
formation of spherical SHEs, the trend of cross sections
and « energies in the transitional region will be needed
to understand the reason for that increase.

e Ground state to ground state « decay of even-even
nuclei for more accurate evaluation of nuclear binding
energies and extraction of shell strength.

e Search for « transitions of even-even nuclei into ro-
tational levels to determine the degree of deformation.
These experiments are especially important in the re-
gion of deformed nuclei near N=152 and 162, where
locally high stability is expected due to relatively wide
energy gaps between the relevant Nilsson single-particle
levels. At a high enough accuracy, the different hexade-
capole components may also become measurable. Cal-
culated values are B4,~0 near N=152 and B,~—0.09
near N=162 (Moller et al., 1995a, 1995b).

e Fission branching of even-even nuclei for compari-
son of the extracted partial fission half-lives with the
results of calculations. Fission half-lives are the most
sensitive parameter for testing the predictions of nuclear
models with respect to the stability of SHE’s.

e Gamma and conversion-electron spectroscopy of
separated fusion products. Many isotopes of heavy nu-
clei have considerable B or electron-capture branching,
are formed and separated in long-lived isomeric states,
or have their excited levels populated by « decay.
Therefore partial level diagrams could be established
even in the case of small production cross sections using
highly efficient y or electron detectors. For these appli-
cations, as in the case of experiments using SHIPtrap
(see the next item), the detectors are mounted in a re-
gion of low background behind SHIP, and the highest
currents can be used to produce the wanted species.

e The installation of an ion trap behind SHIP will
considerably widen the possibilities for the investigation
of separated nuclei. For example, precise mass measure-
ments can be performed and the electronic configuration
of heavy ions can be studied by laser spectroscopy.
These methods are well applicable to the study of rela-
tively long-lived species, as predicted for isotopes close
to the center region of SHE’s. More details of planned
experiments are given in the SHIPtrap proposal (Aysto
et al., 1998).

e The measurement of excitation functions is critical
both for estimating the optimum beam energy for the
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production of new elements and for learning more about
the reaction mechanism. In particular, the reactions
#Ni+2Bi—??111+1n and Zn+>®Pb—*"112+1n
need to be studied for optimum preparation of experi-
ments searching for elements 113 and 114 by cold fusion.
A variation of the beam energy for the reaction
8Kr+2%Pb—2118+ 1n is in preparation at Berkeley.

e In order to better understand the cold-fusion reac-
tion mechanism on a microscopic level, it is also impor-
tant to investigate reactions using neighboring projectile
or target nuclei, thus making small but well-defined
changes. For example, the reason for the cross-section
increase in the production of element 110 isotopes when
%Ni is used instead of %°Ni is not yet understood. An
explanation would help in clarifying the usefulness of
more neutron-rich, radioactive projectiles for the syn-
thesis of SHE’s.

e The study of fusion barriers and deexcitation of the
compound nucleus can be complemented by the investi-
gation of the radiative capture process and the use of
less bound neutron-deficient projectiles. The former re-
action type is possible at free reaction energies less than
the neutron-binding energy, and the latter would lead to
an increase in the excitation energy at the fusion barrier.

e A possible alternative to synthesizing SHE’s by cold
fusion is hot fusion using actinide targets. This type of
reaction has not yet been investigated at SHIP, because
of low transmission values. Excitation functions espe-
cially are poorly known. The investigation of more
neutron-rich, longer-lived isotopes using stable projec-
tiles is only possible with actinide targets. It could be
advantageous in increasing element numbers to make
use of the decreasing excitation energy at the fusion bar-
rier. The use of the strongly bound “*Ca as a projectile is
especially promising as was demonstrated by the experi-
ments at Dubna (see Sec. IV.D).

e The reaction studies should be completed by inves-
tigating symmetric reactions. In this case, the projectile
and target nuclei are close to the magic proton and neu-
tron shell Z=50 and N=282, resulting in cold compound
nuclei. In spite of the great amount of extra push energy
predicted for symmetric reactions (Frobrich, 1988), the
use of closed-shell nuclei as projectile and target could
result in interesting entrance-channel effects, because in
this case the fusion may be considered as an inverse
fission process. The proposed reactions range from
12450+ 12480 — 28Fm* to ¥6Xe+!%Xe—2"?Hs*. The lat-
ter reaction would be the ideal case for the use of a
gas-jet target.

e The development of radioactive beams with ener-
gies near the Coulomb barrier is in progress (Geissel
et al., 1995; Munzenberg, 1998). With respect to the pre-
vious item, the doubly magic nucleus '¥*Sn is of special
interest. Neutron-rich radioactive isotopes of lighter el-
ements will be used in studies of the transition region
from deformed nuclei at N=162 to spherical nuclei at
N=184. The reaction mechanism can be investigated
across wider isotopic chains. Projects have just started or
are under discussion at GANIL, France (SPIRAL);
Catania, Italy (EXCYT); JHF, Tokyo, Japan (E-arena);
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Oak Ridge and Argonne, United States (RIA); and Mu-
nich, Germany (MAFF). These facilities will provide
beams of extremely neutron-rich nuclei with intensities
of 107/s and, for some isotopes, possibly up to 10'!/s.

e Study of the deexcitation of the compound nucleus
by in-beam vy spectroscopy using the recoil-tagging tech-
nique. This method was recently applied at Argonne and
at Jyvaskyla for studying the 3-ub 2n evaporation chan-
nel of the reaction **Ca+2%Pb—2%No*. With the use of
the new, highly efficient y-detector arrays and a highly
efficient recoil separator, these experiments could be ex-
tended to in-beam studies of lawrencium and possibly
rutherfordium isotopes.

e Experiments using the inverse reaction (beams of
lead or uranium isotopes and targets of light elements)
have different kinematic properties. The kinetic energy
of the reaction products is high, and their momentum is
directed into a more narrow cone. These properties may
allow for an identification in flight at almost 100% trans-
mission of the separator. The method has the advantage
of being independent from the half-life, which could be-
come especially useful in the case of long half-lives when
the correlation method fails.

e Finally, the chemistry of the transactinide elements
is of particular interest (Schadel, 1995). By using SHIP-
trap, the possible studies will be extended considerably
over conventional radiochemical methods. The chemical
behavior of relatively short-lived isotopes (7';,<100 ms)
can be investigated. The study of the reaction kinematics
using trapped ions will also become possible.

One can hope that, during the coming years, more
data will 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 the mea-
sured phenomena in the case of low dissipative energies.
Then the relationships between fusion probability and
stability of the fusion products may also become appar-
ent.

An opportunity for the continuation of experiments in
the region of SHE'’s at decreasing cross sections will be
afforded by further accelerator developments. Radioac-
tive beams and high-current beams are the options for
the future. At increased beam currents, values of tens of
particle ©A’s may become possible, the cross-section
level for the performance of experiments can be shifted
down into the region of femtobarns, and excitation func-
tions can be measured on the level of tenths of pico-
barns. The high currents, in turn, require the develop-
ment of a new target and improvement of the separator.

The half-lives of SHE’s are expected to be relatively
long. Based on nuclear models, which are effective pre-
dictors of half-lives in the region of the heaviest ele-
ments, values from microseconds to years have been cal-
culated for various isotopes. This wide range of half-
lives encourages the application of a wide variety of
experimental methods in the investigation of SHE'’s,
from the safe identification of short-lived isotopes by
recoil-separation techniques to atomic physics experi-
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ments on trapped ions, and to the investigation of
chemical properties of long-lived isotopes.

VIll. NOTE ADDED IN PROOF

An experiment was performed at the GSI SHIP dur-
ing May 2000 aiming to confirm the synthesis of 277112.
We used the same reaction as in our previous irradia-
tion, 7°Zn+ 2%8Pb— 278112* (see Sec. IIL.A). However,
in the new experiment a beam energy of 346.1 MeV was
chosen resulting in an excitation energy of 12.0 MeV, 2.0
MeV higher than in the first experiment.

During an irradiation time of 19 days we collected a
total of 3.5x10'® projectiles. One decay chain was ob-
served. The measured data and our assignment are given
in Fig. 24. The first two «a decays have energies of 11.17
and 11.20 MeV, respectively, which are succeeded by an
a of only 9.18 MeV, an energy step by about 2 MeV.
Correspondingly, the lifetime increases by about five or-
ders of magnitude between the second and third « de-
cay. This decay pattern is in agreement with the one
observed for chain 2 in our first experiment (see Figs. 4
and 5). It was explained as the result of a local minimum
of the shell correction energy at neutron number N
=162 which is crossed by the « decay of 273110.

The « energy of 9.18 MeV for the decay of 2®°Hs is
identical within the detector result with the value of 9.17
MeV obtained in chain 1 of our previous experiment. A

Strip 16
26.06 mm
77112| CN
a
1.17 Mev
273110 1406 Hs
o, 26.03 mm
11.20 MeV
26319g] 310 ps
03 26.01 mm
9.18 MeV
285106 220 s
o, 26.16 mm
0.2 MeV (escape)
26104 188 s
27.33 mm
153 MeV (fission)
145 s
26.70 mm

Date: 05-May-2000
Time: 18:12 h

FIG. 24. Decay chain of 27112 observed in the recent experi-
ment at the GSI SHIP. The data given are energies of the
detector signals in MeV, time differences, and positions in ver-
tical direction from the bottom of detector strip number 16.
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TABLE II. Names and symbols of the transfermium elements. Column 3: Names finally accepted by
the IUPAC General Assembly in August 1997; Columns 4 and 5: Names previously in use.

IUPAC 1997
Period of (Currently Other names suggested

V4 discovery accepted) IUPAC 19%4 or previously in use

101 1955-58  Mendelevium (Md) Mendelevium (Md)

102 1958-65  Nobelium (No) Nobelium (No)

103 1961-71  Lawrencium (Lr) Lawrencium (Lr)

104 1964-69  Rutherfordium (Rf) Dubnium (Db) Rutherfordium (Rf),
Kurchatovium (Ku)

105 1968—70  Dubnium (Db) Joliotium (J1) Hahnium (Ha),
Nielsbohrium (Ns)

106 1974 Seaborgium (Sg) Rutherfordium (Rf)

107 1981 Bohrium (Bh) Bohrium (Bh) Nielsbohrium (Ns)

108 1984 Hassium (Hs) Hahnium(Hn)

109 1982 Meitnerium (Mt) Meitnerium (Mt)

110 1994 unnamed

111 1994 unnamed

112 1996 unnamed

new result is the occurrence of fission ending the new
chain at 26'Rf. Fission was not yet known from 2°!Rf,
but is likely to occur taking into account the high fission
probabilities of the neighboring even isotopes (Fig. 3).
The three lifetimes of 26'Rf measured in our decay
chains are all significantly shorter than the literature
value of 94 s. The mean value obtained from the three
decay chains is (1772*) s. Moreover, the a energy of
8.52 MeV measured for 26'Rf in chain 2 is 0.24 MeV
higher than the literature value of 8.28 MeV. The data
suggest that in the decay chain from 277112 a level in
26IRf is dominantly populated different from the one
observed in a direct production of 2°!Rf using the reac-
tion 2*8Cm+ 80—2Rf* . Because the a energy of 8.52
MeV fits better into the systematics of ground-state «
energies, we tentatively assign the two a decays and the
one fission event measured in our 2’7112 decay chains
to the ground state of 2°'Rf. The deduced fission
branching is 0.33703 and the partial fission half-life is
(3675%) s.

A cross section of (0.57('}) pb was measured for the
new data point at 12.0 MeV excitation energy. This
value fits well into the systematics of cross sections
shown in Fig. 18. A cross section increase with increas-
ing beam energy as predicted by theoretical investiga-
tions was not observed. During our experiment we also
used for a period of 7 days a beam energy of 343.8 MeV,
the same as in our previous irradiation. No new event
was measured at a beam dose of 1.2X10'%. A new
mean value of (0.779-2) pb follows for the data point at
10.0 MeV excitation energy. Finally, we irradiated a
238UF, target for a period of 3 days. The resulting com-
pound nucleus would be °®122. The aim of this experi-
ment was to use the available '°Zn beam for testing a
possible relatively high cross section for the synthesis of
superheavy nuclei close to the double magic nucleus
predicted at Z=120 and N=184. The experiment was
performed at a beam energy of 370.3 MeV. This energy
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was estimated so that a touching configuration could be
reached under the assumption of a spherical >*3U target
nucleus. The resulting excitation energy of the com-
pound nucleus would be 18.6 MeV at the target’s center
thickness. At a beam dose of 0.6 X 10'® particles, we did
not observe a decay chain which could be assigned to a
superheavy nucleus. A deduced cross-section limit is 7.2
pb at a 68% confidence level.

The recent experiment at SHIP was performed by S.
Hofmann, F.P. He3berger, D. Ackermann, B. Kindler,
J. Kojouharova, B. Lommel, R. Mann, G. Munzenberg,
S. Reshitko, H.J. Schott (GSI Darmstadt); A. Popeko,
A. Yeremin (JINR Dubna); S. Antalic, P. Cagarda, S.
Saro (University Bratislava); H. Kettunen, M. Leino, J.
Uusitalo (University Jyvaskyla).
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APPENDIX: THE NAMING OF ELEMENTS

Obviously, the extension of the Periodic Table is al-
ways an effort requiring the most sensitive experimental
equipment available. Exploring the stability limits may
sometimes lead to results, that do not stand up to a criti-
cal test later on. This was the case when the Periodic
Table was established independently by the Russian sci-
entist Dmitri Iwanowich Mendeleev and by the German
scientist Lothar Meyer, and the task was to fill the gaps
between known elements.

The synthesis and the identification of the transura-
nium elements impressively reflect the wide variety of
experimental methods that have been developed and ap-
plied since first attempts were made by Enrico Fermi,
Emilio Segre, and co-workers (1934) in Rome, shortly
after the discovery of the neutron.

For the synthesis of heavy nuclei, the cold fusion re-
action with lead targets was introduced by Oganessian,
Iljinov, etal. (1975) and Oganessian, Demin, et al.
(1975). For awhile, it successfully replaced the method
of hot-fusion reaction using actinide targets. Cold fusion
required the development of more powerful ion sources
and accelerators for the heavier ions needed in the reac-
tions with lead. Chemical separation techniques and me-
chanical transport systems were replaced by electromag-
netic recoil separators, which reduced the separation
time to a few microseconds. The resolving power of de-
tectors was increased, and the introduction of position-
sensitive detectors allowed for the observation of ge-
neric parent-daughter decays to known isotopes over a
wide range of half-lives. The electronic data acquisition
systems were miniaturized, allowing for the use of mul-
tiple parameter detector systems. The resulting large
volume of data was analyzed by fast computers.

These numerous ground breaking technical develop-
ments resulted in the unequivocal identification of ele-
ment Z =109, based only on the observation of a single
atom (Munzenberg et al., 1982). Certainly it was fortu-
nate that the identification method used proved to be
ideal for observing the decay of this isotope.

The identification of new elements has not always
been so straightforward and convincing. This has unfor-
tunately led to controversy in the past. Claims of the
discovery of a new element and therefore the right to
name it have attracted considerable attention. For this
reason, [IUPAC and ITUPAP, the International Unions of
Pure and Applied Chemistry/Physics, decided to estab-
lish the Transfermium Working Group to consider ques-
tions of priority in the discovery of elements Z>100. A
report of their extensive work was published by Barber
et al. (1992), and names were recommended on the basis
of this report for elements 101 to 109 (IUPAC, 1994).
Although it attempted to find a compromise, the pro-
posed list was not accepted in all details by the research
groups at Berkeley (Ghiorso and Seaborg, 1993), Dubna
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(Oganessian and Zvara, 1993), and Darmstadt (Arm-
bruster et al., 1993). As a consequence, a new list was
created and accepted at the IUPAC General Assembly
in August 1997 (IUPAC, 1997). It was made public in a
February 1997 press release.

In Table II, we summarize the names and symbols of
elements Z=101 to 109, which have now found accep-
tance. We also present the names that had been previ-
ously used. Currently the naming of elements 110 to 112
is in progress. No names have been proposed yet for any
of the elements beyond 112.

There was a great deal of discontent about the way
names were eventually assigned to elements 102 to 109,
and IUPAC was determined not to let this occur again
with the latest elements. The aim was therefore to make
the process of naming an element as open and as free
from objection as possible. An TUPAC/IUPAP Joint
Working Party composed of independent experts was
set up in January 1999 to judge the validity and relative
value of claims for priority for elements 110 to 112. Hav-
ing reviewed the relevant literature pertaining to the dif-
ferent claims, the Joint Working Party is at present (De-
cember 1999) preparing a report for publication. All
contending institutes will be sent reprints at the time of
submission with the understanding that each might
choose to submit its own comments for concurrent pub-
lication. The procedure allows for the highest possible
transparency and makes it possible to reach an agree-
ment in controversial cases before any names are pro-
posed and start to circulate. The institute that is assigned
priority for the discovery of an element will finally be
approached for suggestions of names.

The criteria that must be satisfied in order for the
discovery of a new element to be recognized were estab-
lished by the 1992 Transfermium Working Group re-
port. These criteria served as a guide for the new Joint
Working Party and will probably also be the basis for
the work of similar committees in the future. One crite-
rion of a more general nature is the reproducibility of an
experimental result, and the Transfermium Working
Group suggested that no new element should be offi-
cially recognized until the data have been reproduced.
However, a need for repetition could be waived in the
cases in which the data are of such a nature that no
reasonable doubt is possible and a repetition of the ex-
periment would imply an unreasonable burden.

Concerning the recent results on elements 111 and
112 in Darmstadt (in the case of 2110 and 27110 re-
dundancy already exists), 114 in Dubna, and 118 in Ber-
keley, our opinion is that the experiments could be re-
peated without unreasonably strenuous efforts. The
cross sections are in the range of one picobarn, which
means a production rate of about one event per week
with the experimental setups presently available. The
lifetimes are in an easily accessible window between 100
s and 10 min.

Experiments searching for effects at the limits of de-
tectability always carry a risk of being erroneous, al-
though it is difficult to give a probability value describ-
ing to what extent they are erroneous or correct.
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Statistical fluctuations alone are not enough to charac-
terize the good or poor quality of a measurment. Early
results can be proven or disproven only by additional
experiments, preferably with different techniques or
with a variation of parameters such as the beam energy.

In this procedure, however, a clear disproof is more
difficult to achieve than a proof. Experiments are al-
ready planned for the year 2000 aimed at confirming the
synthesis of elements 111 and 112 at Darmstadt and of
118 at Berkeley using improved equipment. The experi-
ments at Dubna will be continued using a more intense
48Ca beam and different actinide targets. Investigation
of the synthesis of superheavy elements is also planned
at the laboratories of GANIL in France, and RIKEN in
Japan. These developments are therefore promising, as
they will, in the near future, not only confirm whether
the recent results were correct, but also provide impor-
tant new data that will help to better localize and further
explore the region of superheavy nuclei.
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