
Abstract. The nuclear shell model predicts that the nextThe nuclear shell model predicts that the next

doubly magic shell-closure beyonddoubly magic shell-closure beyond 208208Pb is at the protonPb is at the proton

numbernumber ZZ=114, 120, or 126 and at the neutron number=114, 120, or 126 and at the neutron number

NN=172 or 184. The outstanding aim of experimental= 172 or 184. The outstanding aim of experimental

investigations is the exploration of this region of sphericalinvestigations is the exploration of this region of spherical

`Super Heavy Elements' (SHEs). Using cold fusion reac-`Super Heavy Elements' (SHEs). Using cold fusion reac-

tions which are based on lead and bismuth targets, the newtions which are based on lead and bismuth targets, the new

elements from 107 to 112 were synthesized at GSI inelements from 107 to 112 were synthesized at GSI in

Darmstadt, Germany. Some of these results were confirmedDarmstadt, Germany. Some of these results were confirmed

at RIKEN in Wako, Japan, where also a relatively neutron-at RIKEN in Wako, Japan, where also a relatively neutron-

deficient isotope of element 113 was synthesized. In hotdeficient isotope of element 113 was synthesized. In hot

fusion reactions offusion reactions of 4848Ca projectiles with actinide targets, aCa projectiles with actinide targets, a

more neutron-rich isotope of element 112 and the newmore neutron-rich isotope of element 112 and the new

elements from 113 to 116 and even 118 were produced atelements from 113 to 116 and even 118 were produced at

FLNR in Dubna, Russia. Recently, part of these hot fusionFLNR in Dubna, Russia. Recently, part of these hot fusion

data, which represent the first identification of nucleidata, which represent the first identification of nuclei

located on the predicted island of SHEs, were confirmed inlocated on the predicted island of SHEs, were confirmed in

two independent experiments. The decay data reveal thattwo independent experiments. The decay data reveal that

for the heaviest elements, the dominant decay mode isfor the heaviest elements, the dominant decay mode is aa
emission rather than fission. The decay properties as well asemission rather than fission. The decay properties as well as

reaction cross-sections are compared with results of theo-reaction cross-sections are compared with results of theo-

retical studies. The bibliography includes 120 referencesretical studies. The bibliography includes 120 references..

I. Introduction

Search for new elements is a journey into the unknown. The

first scientifically based explorations were performed after

the invention of the Periodic Table of the Elements by the

Russian chemist D I Mendeleev and independently by the

German chemist J L Meyer. At that time the aim was to fill

the gaps still existing between the known elements.

Although the element properties could be roughly estimated

due to the periodic properties, deviations from the predicted

chemical behaviour often hampered the discovery and

assignment. However, such chemical properties slightly

deviating from the expectation later yielded to unforeseen

applications in the growing chemical industry.

Attempts to synthesize new elements beyond uranium

started in the middle of the 1930s, when the atomic model

was established and the constituents of the atomic nucleus

were known. E Fermi and E SegreÁ in Rome and O Hahn

and L Meitner in Berlin tried to use the nuclear reaction of

neutron capture by uranium target nuclei and subsequent b
decay for production of transuranium elements. Although

most of the existing macroscopic quantities of transuranium

elements up to einsteinium were produced later in nuclear

reactors by this process, the discovery of Hahn and

F W Strassmann 1 in 1938 was that uranium breaks into

two approximately equal parts after neutron capture. This

new phenomenon of nuclear fission was correctly described

by Meitner and O R Frisch in 1939.2 One year later,

G N Flerov and K A Petrjak 3 detected that uranium

decays also spontaneously by fission from its ground-state.

An appropriate description of the fission process was

given by the charged liquid drop model. Using this model,

binding energies could be calculated for a wide range of

nuclei and an upper limit for the existence of nuclear matter

was determined to be at element numbers of about 100 to

110.

The first new elements beyond uranium were synthesized

during the years of the Second World War in laboratories in

the US. These were the elements neptunium (Z=93),

plutonium (94), americium (95), and curium (96) (for details

see e.g. G T Seaborg and W D Loveland 4). In the years

1948 ± 1955 the elements berkelium (97), californium (98),

einsteinium (99), fermium (100), and mendelevium (101)

were also produced in the US. The production processes

were fusion with light ions like 2H and 4He, slow neutron

capture in a nuclear reactor and subsequent b decay and for

einsteinium and fermium, rapid neutron capture in a

nuclear explosion and subsequent b decays.

Investigation of the chemical properties of these new

elements was essential for the identification. These studies

resulted in the concept of a second series of elements, the

actinides, besides the known lanthanides, both having an
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unfilled f-electron shell. In 1951 G T Seaborg and E M Mc-

Millan received the Nobel Prize in Chemistry for their

studies on the synthesis and properties of transuranium

elements.

Although the charged liquid drop model reproduces

many collective properties of the nuclei very well, some

known non-uniform structures demanded for a microscopic

description. The increased binding energy of nuclei at the

magic proton or neutron numbers 2, 8, 20, 28, 50 and 82 is

the most obvious example. For neutrons, N=126 was also

identified as a magic number. However, the highest stability

was observed in the case of the `doubly magic' nuclei with a

closed shell for both protons and neutrons. Amongst other

special properties, the doubly magic nuclei are spherical and

resist deformation.

In 1948 the magic numbers were successfully explained

by the nuclear shell model,5 ± 7 and an extrapolation into

unknown regions was thus undertaken. The numbers 126

for the protons and 184 for the neutrons were predicted to

be the next shell closures. Instead of 126 for the protons

also 114 or 120 were calculated as closed shells. The term

superheavy elements (SHEs) was coined for these elements.

The perspectives offered by the nuclear shell model for

production of SHEs and the need for developing more

powerful accelerators for the synthesis of these elements in

heavy ion fusion reactions were main motivations of Flerov

for founding an own laboratory in 1957, which is now

named after him, Flerov Laboratory of Nuclear Reactions,

FLNR, one year after founding of the Joint Institute for

Nuclear Research, JINR, in Dubna.

Studies of the elements 100 to 106 were performed with

the new cyclotron U300 using fusion reactions with beams

of 12C to 22Ne. In recognition of this early work in Dubna,

element 105 is now officially named dubnium.

At approximately the same time the linear accelerator

HILAC was constructed in Berkeley. The experiments there

culminated in the synthesis of the new element 106. After

careful investigation of discovery profiles by the Interna-

tional Unions of Pure and Applied Chemistry (IUPAC) and

Physics (IUPAP), the names nobelium, lawrencium, and

rutherfordium are now officially accepted for the elements

102, 103, and 104, respectively, as well as seaborgium for

element 106.

Besides the synthesis of new elements and isotopes, the

study of reaction mechanisms and nuclear structure was a

main interest in early work at FLNR. The most important

results are the discovery of fission isomers by S M Polika-

nov et al.,8 the invention of cold fusion reactions for syn-

thesis of SHEs by Yu Ts Oganessian et al.9 and the

detection and explanation of the break of systematically

long half-lives of N=152 isotope of element 104 due to the

disappearance of a double humped fission barrier by Oga-

nessian et al.10

In the mid-1960s the concept of the macroscopic-micro-

scopic model for calculating binding energies of nuclei also

at large deformations was invented by V M Strutinsky.11

Using this method, a number of the measured phenomena

could be naturally explained by considering the change in

the binding energy as function of deformation. In particular

it became possible to calculate the binding energy of a heavy

fissioning nucleus at each point of the fission path and thus

to determine the fission barrier.

Nevertheless, the calculation of the stability of SHEs

against fission remained problematic. Predicted half-lives

based on calculations using various parameter sets differed

by many orders of magnitude.12 ± 18 Some of the half-lives

approached the age of the universe, and attempts have been

made to discover naturally occurring SHEs.19, 20 Although

the corresponding discoveries were announced from time to

time, none of them could be substantiated after more

detailed inspection.

There was also great uncertainty on the production

yields for SHEs. Closely related to the fission probability

of SHEs in the ground state, the survival of the compound

nuclei formed after complete fusion was difficult to predict.

Even the best choice of the reaction mechanism, fusion or

transfer of nucleons, was critically debated. However, as

soon as relevant experiments could be performed, it turned

out that the most successful methods for the laboratory

synthesis of heavy elements are fusion ± evaporation reac-

tions using heavy-element targets, recoil-separation techni-

ques, and the identification of the nuclei by generic ties to

known daughter decays after implantation into position-

sensitive detectors.21 ± 23

The newly developed detection methods considerably

extended the range of measurable half-lives. The lower half-

life limit of about 1 ms is determined by the flight time

through the separator. Long half-lives are measurable up to

about one day. There, the limitation is given by the rate of

implanted reaction products and background considera-

tions. The detectors are sensitive for measuring all radio-

active decays based on particle emission like proton

radioactivity, a and b decay, and spontaneous fission (SF).

A further extension of the measuring possibilities was

achieved with g-ray, X-ray, or particle detectors mounted

around the target. If these detectors are operated in delayed

coincidence with signals from the implantation of reaction

products and their radioactive decay in the focal plane of

the separator, the sensitivity of `in-beam' spectroscopy is

significantly improved. This so called recoil decay tagging

method was first applied in a study of the heavy ion

radiative capture mechanism, a cold fusion process without

any evaporation of nucleons,24 using the reaction

90Zr+ 90Zr 180Hg.

Meanwhile, the method has become a standard tool in

nuclear in-beam spectroscopy and it has become known as

RDT method.

Detailed descriptions of the set-ups of the physics

experiments used for the investigation of SHEs are given

in review articles.23, 25, 26 The chemistry methods used in

recent discoveries of new isotopes in the heavy element

region or in confirmation experiments were reported.27 ± 29

Cold and hot fusion reactions based on targets of lead or

bismuth and isotopes of actinides, respectively, were used

for the synthesis of SHEs. These experiments resulted in the

identification of elements 107 to 112 (Ref. 23) at the

Gesellschaft fuÈ r Schwerionenforschung (GSI) in Darmstadt,

Germany, in the confirmation of these data and in the

production of a new isotope of element 113 (Refs 30 ± 32) at

the RIKEN laboratory in Wako, Japan, and in the synthesis

of neutron-rich isotopes of element 112 and the production

of the new elements from 113 to 116 and 118 (Ref. 33) at the

Flerov Laboratory of Nuclear Reactions of the Joint

Institute of Nuclear Research in Dubna, Russia. Recently,

the results of two of these reactions, 48Ca+242Pu and
48Ca+238U were, confirmed in independent experi-

ments.29, 34, 35
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New isotopes were identified and confirmation experi-

ments were performed 36, 37 at the Lawrence Berkeley

National Laboratory (LBNL) in Berkeley, USA. Results

from in-beam spectroscopy experiments and experiments in

the focal plane of separators were summarized.38 ± 40 Of

great interest for such studies are isomeric states which are

located in the regions of deformed heavy nuclei near

Z=100, N=152 and Z=108, N=162. Figure 1 summa-

rizes the data presently known in the region of SHEs.

The subsequent sections contain the results of theoret-

ical descriptions of the properties of nuclei in the region of

SHEs and phenomena that influence the yield for their

synthesis. Empirical descriptions of hot and cold nuclear

fusion reactions are outlined. Finally, a summary and an

outlook are given.

II. Nuclear structure and decay properties

The calculation of the ground-state binding energy provides

the basic step to determine the stability of SHEs. In macro-

scopic ±microscopic models, the binding energy is calcu-

lated as the sum of a predominating macroscopic part

(derived from the liquid-drop model of the atomic nucleus)

and a microscopic part (derived from the nuclear shell

model). In this way more accurate values for the binding

energy are obtained than in the cases of using only the

liquid drop model or the shell model. The shell correction

energies of the ground state of nuclei near closed shells are

negative, which results in further decreased values of the

negative binding energy from the liquid drop model and,

hence, increased stability. An experimental signature for the

shell-correction energy is obtained by subtracting a calcu-

lated smooth macroscopic part from the measured total

binding energy.

The shell-correction energy is plotted in Fig. 2 a using

data from Ref. 41. Two equally deep minima are obtained,

one at Z=108 and N=162 for deformed nuclei with

deformation parameters b2& 0.22, b4&70.07 and the

other one at Z=114 and N=184 for spherical SHEs.

Different results are obtained from self-consistent Har-

tree ± Fock ± Bogoliubov calculations and relativistic mean-

field models.42 ± 46 They predict, for spherical nuclei shells,

Z=114, 120, or 126 (indicated as dashed lines in Fig. 2 a)

and N=172 or 184.

The knowledge of ground-state binding energies, how-

ever, is not sufficient for the calculation of partial SF half-

lives. Here it is necessary to determine the size of the fission

barrier over a wide range of deformation. The most accu-

rate data have been obtained for even ± even nuclei using a

macroscopic ±microscopic model.47 Partial SF half-lives are

plotted in Fig. 2 b.47, 48

The landscape of fission half-lives reflects the landscape

of shell-correction energies, because in the region of SHEs,

first, the height of the fission barrier is mainly determined

by the ground-state shell correction energy, while the con-

tribution from the macroscopic liquid-drop part approaches

zero for Z=104 and above, and, second, the shell correc-

tion energy at the saddle point is small.49 Nevertheless the

SF half-life is predicted to significantly increase from 103 s

for deformed nuclei to 1012 s for spherical SHEs. This

difference originates from an increasing width of the fission

barrier when going from deformed to spherical nuclei.

Partial a half-lives decrease almost monotonically from

1012 s at Z& 106 down to 1079 s near Z=126 (Fig. 2 c).

However, as was pointed out,48 non-smooth changes in Qa

values and associated half-lives can occur for some very

proton-rich nuclei. Thus the calculated partial a half-life for
318128 is 1078.15 s, whereas the half-life for 319128 is

>1020 s. These extreme differences are due to multiple

minima with extremely different quadrupole deformation

in the potential energy surface.

The valley of b-stable nuclei passes through Z=114,

N=184. At a distance of about 20 neutrons away from the

bottom of this valley, b half-lives of isotopes have dropped

down to values of one second (Fig. 2 d ). 48

By combining results from the individual decay modes,

one obtains the dominating partial half-life as shown in Fig.

3 a for even ± even nuclei. The two regions of deformed

heavy nuclei near N=162 and spherical SHEs merge and

form a region of a emitters surrounded by spontaneously

fissioning nuclei. The longest half-lives are 1000 s for

deformed heavy nuclei and 30 years for spherical SHEs. It

is interesting to note that the longest half-lives are not

reached for the doubly magic nucleus 114 but for Z=110

and N=182. This is a result of continuously increasing Qa

values with increasing atomic number. Therefore, a decay

becomes the dominant decay mode beyond darmstadtium

with continuously decreasing half-lives. For nuclei at

N=184 and Z<110 half-lives are determined by b7

decay.

The four-member a decay chain of 294118, the heaviest

even ± even nucleus, observed in a recent experiment in

Dubna,50 is also displayed in Fig. 3 a. The arrows follow

approximately the 1 ± 10 ms contour line down to 282112.

This is in agreement with the experimental observation. The

nucleus 282112 is close to the region where theory predicts

SF. The average values of the measured half-lives of the

nuclei along the decay chain are 0.9 ms ± 7.1 ms ± 30 ms ±

0.82 ms, respectively. Only the predicted half-life of 286114

deviates from experiment by more than a factor of 10.

However, this deviation is well within the accuracy limits

of the calculation. Thus a change of the a energy of 286114

by 350 keV only changes the half-life by a factor of 10.

Similar agreement with the half-life predictions exists for

the decay chain of 292116 (Ref. 51).

The decay chain of 264Hs (Refs 26, 52) and those of the

two recently synthesized even ± even nuclei, 270Ds (Ref. 53)

and 270Hs (Ref. 54), are also shown in Figs 2 and 3. In these

cases the decay chains end by SF at 256Rf, 262Sg, and 262Rf,

respectively.

For the odd nuclei displayed in Fig. 3 b, the partial a and

SF half-lives calculated in Ref. 41 have to be multiplied by a

factor of 10 and 1000, respectively, thus making provisions

for the odd particle hindrance factors. However, we have to

keep in mind that fission hindrance factors show a wide

variance from 101 to 105, which is mainly a result of the

specific levels occupied by the odd nucleon.55 For odd ± odd

nuclei, the fission hindrance factors from both the odd

proton and the odd neutron have to be taken into account.

For odd and odd ± odd nuclei, the island character of a
emitters disappears and for nuclei with neutron numbers

150 to 160, a decay prevails down to rutherfordium and

beyond. In the allegorical representation where the stability

of SHEs is seen as an island in a sea of instability, even ±

even nuclei portray the situation at high-tide and odd nuclei

correspond to the low-tide, when the island is connected to

the mainland.

Experimental shell-correction energies calculated as

difference of binding energies from the liquid drop part of

the macroscopic ±microscopic models, e.g., from Ref. 56

Synthesis of superheavy elements by cold fusion 1125
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Figure 1. Upper end of the chart of nuclei showing the presently (2009) known nuclei. For each known isotope the element name, mass number, and half-life are given. The magic numbers for the protons

at element 114 and 120 and for the neutrons at N=184 are shown by bold lines. The dashed lines mark proton number 108 and neutron numbers 152 and 162. Nuclei with that number of protons or

neutrons have increased stability, however, they are deformed contrary to the spherical superheavy nuclei. The crossing at Z=114 and N=162 reflects the uncertainty, whether nuclei in that region are

deformed or spherical. The background structure shows the calculated shell correction energy according to the macroscopic ±microscopic model (the higher the energy the darker the background).



and 57, and the measured binding energies cannot be

determined for the new neutron-rich nuclei discovered in

Dubna, because the endpoints of the a decay chains are not

connected to known nuclei. However, it is possible to

extract a trend of shell correction energies for nuclei along

the measured decay chains by normalizing the binding

energies to theoretical values at the end points. These nuclei

are located close to the region of nuclei with known masses,

where a good agreement between experimental and theoret-

ical binding energies was observed. In Fig. 4 the data are

plotted for the four chains starting at 288115, 291116, 293116,

and 294118. The theoretical values were taken from Ref. 56.

The `experimental' data deduced in this way reveal a

monotonic decrease in the (negative) shell correction ener-
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Figure 2. Shell-correction energy Esh (a) 41 and partial half-lives for SF (b), a (c) and b decay (d ). The light spots in (a) mark the nuclei presently

known, the dark spots in (d ) indicate the b stable nuclei.
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Figure 3. Dominating partial half-lives for a, b+ and b7 decay and SF: (a) for even ± even nuclei; (b) for odd-A nuclei. The currently known
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gies when neutron number 184 is approached. No disconti-

nuity is observed when the predicted closed shell at proton

number 114 is crossed at neutron numbers 172 to 176. This

result could mean that proton number 114 as a closed shell

or subshell has less influence on the stability of SHEs than

the closed neutron shell at N=184. When planning future

experimental work, this aspect should be taken into

account.

The aim will be to reach N=184, which is possible in

various reactions using actinide targets and the neutron-

richest, but still stable projectiles. These reactions lead into

a region of elements as heavy as Z=120 and beyond,

where, however, increasing destructive Coulomb effects

could further reduce half-lives and cross-sections. If, how-

ever, the predicted subshell closure at Z=120 has a

stronger influence on the stability of SHEs than the subshell

closure at Z=114, isotopes near Z=120 and N=184

might gain from increased stability and thus become acces-

sible to experimental studies. These considerations are

supported by results from recent theoretical investigations

based on self-consistent nuclear models, which obtain

increased stability for nuclei in the region of Z=120 and

N=184 with certain parameter sets for the nuclear

forces.43, 45 Nevertheless, various theoretical models predict

different shell-correction energies of nuclei in this region,

which cover a range from 76 MeV to 712 MeV, see e.g.

Ref. 45 and references cited therein.

In order to probe the strength of the predicted closed

neutron shell at N=184 and that of a subshell closure at

Z=120, an experiment was planned and performed at

SHIP 58 to search for element 120 using the reaction

64Ni + 238U 302120*.

The irradiations were performed in three periods in 2007

and 2008. In the main part of the experiment, a cross-

section limit of 90 fb was reached during a total beam time

of 116 days. The chosen beam energy resulted in a mean

excitation energy of 36.4 MeV where the cross-section

maximum is expected.

Using a shell-correction energy of 77.0 MeV for the

isotopes 299 ± 302120, which converts into a fission-barrier

height of +7.0 MeV, a cross-section of 4.5 fb was obtained

for the reaction

64Ni+ 238U 299120 + 3n

in a recent theoretical study,59 see Fig. 5. However, using

the rule of thumb stating that a change of the fission barrier

(BF ) by 1 MeV results in a change of the cross-section by

one order of magnitude, we would obtain a cross-section of

4.5 pb at a fission-barrier height of 10 MeV, leaving the

probabilities for capture in the entrance channel and for-

mation of the compound nucleus unchanged.
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calculated liquid drop binding energy taken from Ref. 56 and 'experimental' total binding energy obtained by using the measured Qa values of
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The measured cross-section limit converts into a lower

limit of the negative shell-correction energies of the isotopes
299 ± 302120 of 78.3 MeV using the estimation as described

before. Unusual large shell-correction energies at Z=120

and N=184 thus can be excluded.

In Dubna, a similar attempt to produce element Z=120

was undertaken 60 using the reaction 58Fe+244Pu, which

results in the same compound nucleus 302120*. In this

experiment using gas-filled recoil separator (DGFRS), a

cross-section limit of 400 fb was reached, which can be

converted into a lower limit of 78.9 MeV of the shell

correction energies. The experimental limits reached at the

DGFRS and SHIP setups for cross-sections and deduced

shell-correction energies and, correspondingly, fission bar-

riers are plotted in Fig. 5. Also included are the excitation

functions calculated 59 for three possible reactions resulting

in one and the same compound nucleus 302120*.

The most promising reaction for the synthesis of element

Z=120 is 54Cr+248Cm. This is also the most asymmetric

one, for which the lowest probability for re-separation of

the reaction fragments in the entrance channel can be

expected. Therefore as a main activity of the continuation

of experimental studies on the synthesis and properties of

superheavy elements at SHIP it is planned to systematically

investigate hot fusion reactions based on 248Cm targets.

A first challenge will be the measurement of an excitation

function for the synthesis of element 116 in the reaction
48Ca+248Cm. This experiment will serve as a preparation

for the study of 54Cr+248Cm and would result in another

important confirmation of data measured in Ref. 51.

Two questions that had remained unanswered for a long

time were recently tackled experimentally. Which is the

maximum angular momentum that heavy nuclei can bear

during the formation process and what is the degree of

deformation in the ground state? The observation of high-

spin states (I5 10) gives information on the fission barrier

of heavy nuclei at high angular momentum. This informa-

tion is important for understanding of the mechanism of the

synthesis, since the fission barrier governs the survival

probability. 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 a large fraction of the

isotopes that have so far been discovered for elements

beyond fermium is predicted to arise from the ability of

the nucleus to deform. However, a direct proof and a

measurement of the degree of deformation were still miss-

ing.

The standard method for identifying high-spin states is

in-beam gamma spectroscopy, but it is rarely used for

studying very heavy nuclei because of the overwhelming

fission background. This problem was overcome in recent

experiments at the Argonne superconducting linear accel-

erator ATLAS and at the cyclotron of the University of

JyvaÈ skylaÈ by using the RDT technique.62 ± 64

The first reaction studied was

48Ca+208Pb 254No + 2n,

which has a relatively high cross-section of 3 mb. The

important result was the observation of the ground-state

rotational band up to spin 18. The experiments demon-

strated that shell effects stabilize heavy nuclei up to such

high spin values and that 254No is indeed a deformed

nucleus. From the energies of the transitions, a quadrupole

deformation parameter b2= 0.27� 0.02 was deduced,

which is in excellent agreement with theoretical predic-

tions.42, 43, 56, 65 ± 70 The nucleus 254No is a prolate spheroid

with an axis ratio of 4 : 3. A review on more recent in-beam

studies of rotational bands of nuclei in the region of 252No

was published.40

The reason for the increased stability of nuclei near

Z=100, N=152 and also at Z=108, N=162 is the

depression of single-particle Nilsson levels at relatively

large prolate deformation, for both protons and neutrons,

which results in large energy gaps above the compressed

levels. Nuclei with Fermi levels below, within or slightly
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above the gaps profit from the increased number of nucle-

ons at lower negative binding energy, which results in the

increased stability.

If the Fermi level is located within a band of close lying

levels and levels of both high and low spin exist, relatively

low-lying high- or low-spin K isomers can be formed.

Detailed knowledge of the spectroscopic properties of

these levels is particularly interesting since levels relevant

for the location of the shell closures in the region of

spherical SHEs could be involved.

Experimentally, the first K isomers in the region of

interest were measured back 36 years ago.71 These were

the T1/2= 1.8 s isomer in 250Fm and the 0.28 s isomer in
254No. A revival of more detailed studies of isomeric states

in the region of heavy elements started in 2001 with the

observation of a T1/2= 6.0 ms isomer in 270Ds at an energy

of 1.13 MeV and its interpretation as a K isomer.53 For the

deformation of this nucleus the level gaps at Z=108 and

N=162 at deformations of b2= 0.23 and b4=70.07 are

responsible. Single particle energies in the region of interest

were calculated, using e.g., the macroscopic ±microscopic

model 65, 68 or a self-consistent mean field approach.46

Extensive theoretical studies of K isomers in the region of

heavy and superheavy elements were published.72, 73

Recently, experiments were performed for detailed inves-

tigation of K isomers in 254No, 252No, 250Fm, and
256Fm.74 ± 78

Another source of information on the nuclear structure

is investigation of binding energies using high precision

mass measurements.79 In recent years the range of Penning

trap mass spectrometry has been extended towards more

and more exotic nuclei by new technologies such as gas

stopping of reaction products from fusion ± evaporation

reactions and fast beam fragmentation in combination

with radiofrequency quadrupole beam coolers for beam

preparation. The very high mass resolving power of Penning

traps suffices to resolve isomeric states and results in an

unmatched accuracy for the mass determination. It can now

be applied to rare isotopes of nearly all elements. With the

Penning trap mass spectrometer SHIPtrap at GSI, elements

even above Z=100 are accessible.

Since 2005, SHIPtrap has achieved high-precision mass

measurements of about 60 rare isotopes contributing to

nuclear astrophysics 80 and allowing for the first time an

unambiguous determination of the proton drip line via

direct mass measurements of proton-unbound nuclei.81 In

2008, high-precision mass measurements of the nobelium

isotopes 252 ± 254No have been performed with SHIPtrap. A

cyclotron resonance of 253No is shown in Fig. 6. These

experiments are the first direct mass measurements in the

region above uranium.

Previously, the masses of 252, 254No were determined

from Qa measurements, whereas the 253No mass was only

known from extrapolations of systematic trends.82 The

experiments were very challenging due to the low produc-

tion rates. Since 253No has a production cross-section of

about 400 nb in the reaction

48Ca+206Pb 252No+3n

at 4.55 A MeV, less than one ion per second was entering

the SHIPtrap stopping cell. Mainly doubly charged nobe-

lium ions were extracted from the stopping cell due to its

high cleanliness, the low ionization rate by the incident ion

beam, and an extraction time of a few milliseconds. The

new, directly measured nobelium masses provide reference

points in this mass region and can be used to accurately

determine the masses of heavier nuclei up to darmstadtium

(Z=110) using a-decay links.

III. Nuclear reactions

The main features which determine the fusion process of

heavy ions are

(1) the fusion barrier and the related beam energy and

excitation energy,

(2) the ratio of surface tension versus Coulomb repulsion

which determines the fusion probability and which strongly

depends on the asymmetry of the reaction partners (the

product Z16Z2 at fixed Z1+Z2),

(3) the impact parameter (centrality of collision) and

related angular momentum, and

(4) the ratio of neutron evaporation and gamma emis-

sion versus the fission of the compound nucleus.

In fusion reactions towards SHEs the product Z16Z2

reaches extremely large and the fission barrier extremely

small values. In addition, the fission barrier itself is fragile,

because it is solely built up from shell effects (see Section 2).

For these reasons the fusion of SHEs is hampered twofold:

(1) in the entrance channel by a high probability for re-

separation and (2) in the exit channel by a high probability

for fission. In contrast, the fusion of lighter elements

proceeds unhindered through the contracting effect of the

surface tension and the evaporation of neutrons instead of

fission.

Cross-section data obtained in reactions for production

of heavy elements are plotted in Fig. 7. The 1n and 2n

reactions with 208Pb and 209Bi targets result from low

excitation energies of about 10 ± 15 and 15 ± 25 MeV,

respectively, (therefore named cold fusion) whereas reac-

tions with actinide targets yield excitation energies of

35 ± 45 MeV (hot fusion) with the 3n and 4n channels

being particular interesting. The lowest cross-section value

was measured to be 31 fb for the production of element 113

in cold fusion.31, 32 This is the extreme limit presently set by

experimental constraints. Considering the already long

irradiation time of about 2 weeks to reach a cross-section
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Figure 6. Cyclotron resonance of 253No2+. The line represents a fit

of the theoretical line shape to the experimental data points.
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of 1 pb, it seems difficult to perform systematic studies at

this cross-section level or even below. Further improvement

of the experimental conditions is mandatory. Note in this

context that the experimental sensitivity increased by three

orders of magnitude since the 1982 ± 1983 LBNL7GSI

search experiment for element 116 using a hot fusion

reaction,83 see Fig. 7 d.

The cross-sections for elements up to 113 decrease by a

factor of 4 per element in the case of cold fusion (1n chan-

nel) and those for elements lighter than 110 by a factor of 10

in the case of hot fusion (4n channel). The decrease is

explained as a combined effect of increasing probability

for re-separation of projectile and target like nuclei in the

entrance channel of the reaction and fission of the com-

pound nucleus in the exit channel. Theoretical considera-

tions and studies (see e.g. Refs 23, 26, 84 ± 89) suggest that

the steep decrease of cross-sections for cold fusion reactions

with increasing Z may be strongly linked to increasing re-

separation probability at high values of Z16Z2 while hot

fusion cross-sections mainly drop because of strong fission

s /barn a

86Kr

82Se

10715

10714

10713

10712

10711

10710

1079

1078

1077

1076

102 104 106 108 110 112 114 116 118 120

b

10715

10714

10713

10712

10711

10710

1079

1078

1077

1076

102 104 106 108 110 112 114 116 118 120

Projectile: 48Ca
50Ti
54Cr
58Fe
64Ni
62Ni
70Zn

Target:
208Pb, 209Bi

Projectile: 48Ca
50Ti
54Cr
58Fe

Target:
208Pb, 209Bi

s /barn c

10715

10714

10713

10712

10711

10710

1079

1078

1077

1076

102 104 106 108 110 112 114 116 118 120

Projectile: 48Ca Target: 238U
237Np
242Pu
243Am
245Cm
249Cf

d

10715

10714

10713

10712

10711

10710

1079

1078

1077

1076

102 104 106 108 110 112 114 116 118 120

Target: 238U
244Pu
243Am
248Cm
249Bk
249Cf
250Cf

12C

18O

22Ne

22Ne

26Mg

26Mg

40Ar

48Ca

Berkeley
GSI
(1982 ± 1983)

The number of protons

The number of protons

The number of protons

The number of protons

Figure 7. Measured cross-sections for fusion reactions with 208Pb and 209Bi targets (a, b) with evaporation of one [a, 1n channel,

E*=10 ± 15 MeV, (N7Z)/2=3] and two [b, 2n channel, E*=20 ± 25 MeV, (N ±Z)/2=3] neutrons and for fusion reactions with actinide

targets (c, d ) with evaporation of three [c, 3n channel, E*= 35 ± 40 MeV, (N ±Z)/2=4] and four neutrons (d, 4n channel, E*= 40 ± 45 MeV,

(N ±Z)/2=1). The values (N7Z)/2 characterize the neutron excess of the projectile.

Synthesis of superheavy elements by cold fusion 1131



losses at high excitation energies and decreasing fission

barrier already in the ground-state.

Extremely small cross-section values result from extrap-

olation of these data into the region of element 114 and

beyond. However, the experimental data in the case of hot

fusion reveal an opposite trend. The cross-sections increase

again and reach maximum values of about 3 pb at element

114 and 116 for both 3n and 4n evaporation channels,

Figs 7 c, d. Only relatively high cross-section limits exist

for element 116 and 118 in the case of cold fusion, Fig. 7 a.

The relationship between measured cross-sections and

calculated fission barriers 47, 90 is plotted in Fig. 8. As

discussed before, cross-sections and fission barriers decrease

up to element 110, and on further increase in Z, both values

increase again. The reason for the fact that the cross-

sections increase to a lesser extent than the fission barriers

could be that the latter quantities are actually smaller than

predicted or, which seems more likely, that increasing
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Coulomb repulsion in the entrance channel leads to a

reduced fusion probability.

A number of excitation functions was measured for the

synthesis of elements from nobelium to darmstadtium using

cold fusion reactions based on lead and bismuth targets.23

For the even elements these data are shown together with

the two data points measured for the compound nucleus
278112 in Fig. 9. The maximum evaporation residue cross-

section (1n channel) was measured at beam energies well

below a one dimensional fusion barrier.61 At the optimum

beam energy, projectile and target are just reaching the

contact configuration in a central collision. The relatively

simple fusion barrier based on the Bass model 61 is too high

and a tunnelling process through this barrier cannot explain

the measured cross-section. Various processes may result in

a lowering of the fusion barrier. Among these processes

transfer of nucleons and an excitation of vibrational degrees

of freedom are most important.91 ± 94

The target nuclei of actinide targets are strongly

deformed and the height of the Coulomb barrier depends

on the orientation of the deformation axes. Two of the

measured excitation functions for production of 292114 and
283112 (Ref. 51) after evaporation of four and three neu-

trons, respectively, are shown in Fig. 9 a. A comparison

with the cold fusion data reveals that the element 114

excitation function is located completely above the Bass

contact configuration which was calculated for a mean

radius of the deformed target nucleus. In addition, the

curves for the hot fusion reactions are significantly broader,

e.g., 10.6 instead of 4.6 MeV (FWHM) as measured for
265Hs.

Figure 9 b compares the fusion evaporation excitation

function with the yield of quasi-fission and compound

nucleus fission.95 At low projectile energies nuclear reac-

tions can occur only at polar orientation of the deformed

target nucleus. In the upper part of the Figure the orienta-

tion at the touching point and the corresponding Coulomb

energy are indicated. Although the excitation energy of the

compound nucleus would be low, about 20 ± 25 MeV result-

ing in reduced fission of the compound nucleus, the nuclei

do not fuse but re-separate with high probability at this

elongated configuration. Only the compact configuration in

the case of near equatorial collisions results in fusion

despite the fact that the compound nucleus is considerably

higher excited, about 35 ± 40 MeV.

It was pointed out in the literature 96798 that closed shell

projectile and target nuclei are preferable for synthesizing

SHEs. The reason is not only a low (negative) reaction

Q-value and thus a low excitation energy, but also the fact

that fusion of such systems is connected with a minimum of

energy dissipation. The fusion path proceeds along cold

fusion valleys, where the reaction partners maintain kinetic

energy up to the closest possible distance. In the case of cold

fusion with spherical targets the maximum fusion yield is

obtained at projectile energies just sufficiently high for the

projectile and target nucleus to come to rest when just the

outer orbits are in contact.

Figure 10 (see p. 1135) shows centre of mass energy-vs-

distance diagram for the reaction of an almost spherical
64Ni projectile with a spherical 208Pb target nucleus result-

ing in the deformed fusion product 271110 after emission of

one neutron. At the centre-of-mass energy of 236.2 MeV,

the maximum cross-section was measured. Figure 10 a

shows the reaction partners represented by their nuclear

potentials (Woods ± Saxon) at the contact configuration

where the initial kinetic energy is exhausted by the Coulomb

potential. At this configuration projectile and target nuclei

are 14 fm apart from each other. This distance is 2 fm larger

than the Bass contact configuration,61 where the mean radii

of projectile and target nucleus are in contact. In Fig. 10 b,

the outermost proton orbitals are shown at the contact

point. For the projectile 64Ni, an occupied 1f7/2 orbit is

drawn, and for the target 208Pb an empty 1h9/2 orbit is

drawn. Empty orbits above the closed shell nucleus 208Pb

favour a transfer of nucleons from the projectile to the

target and thus initiate the fusion process. The Coulomb

repulsion, and thus the probability for separation, is

reduced by the transfer of protons. Then fusion occurs

easily along the path of minimum energy dissipation. An

adequate theoretical description of this process is given by

the application of the two-centre shell model.99 ± 102

At the first glance the situation seems to be different in

the case of hot fusion. The maximum of the excitation

function is located at the higher energy side of the value

needed to reach the contact configuration according to the

Bass model,61 see Fig. 9. However, taking into account the

deformation of the target nucleus and considering fusion at

near equatorial orientation, it is evident that the projectile

and target nuclei come to rest when just the outer orbits are

in contact. This distance corresponds to the energy, where

the maximum yield is measured. For an accurate calcula-

tion, the relatively large hexadecapole deformation of the

target nucleus has to be considered, which results in a

closest approach slightly off a central equatorial collision,

see Fig. 11 (p. 1135). Also in this case the empty orbits in

the near equatorial plane of the prolate deformed target

nucleus favour the transfer of nucleons. Theoretical inves-

tigations taking into account the deformation of the reac-

tion partners are presented in Refs 103 ± 106.

At low projectile energies, where a contact configuration

at zero kinetic energy in the centre of mass system is reached

only in polar collisions, the nuclei do not fuse. The reasons

are, firstly, that at the elongated configuration re-separation

is enhanced due to the unfavourable ratio of Coulomb

repulsion and surface attraction and, secondly, due to the

occupied Nilsson levels originating from orbits of high spin

in the target nucleus, which hinders a transfer of nucleons

from the projectile to the target. Recent experimental work

is aiming to study the transition from fusion with deformed

actinide target nuclei and light projectiles, e.g. 12C or 16O,

where polar collisions at low beam energy result in

enhanced sub-barrier fusion, to heavier projectiles like
48Ca just described, as function of the projectile mass and

charge.107

Figure 12 (see p. 1135) illustrates the two different

scenarios of the 48Ca+248Cm reaction starting from an

elongated (a) and a compact (b) configuration of the

participating nuclei. For low projectile energy (Fig. 12 a),

the contact with the target nucleus can occur only at its

polar orientation. When the projectile energy is high enough

(Fig. 12 b), the contact occurs also at equatorial orientation.

In both cases the projectile energies are chosen so that the
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kinetic energy in the centre of mass system is zero at the

contact configuration.

Triggered by the recent experimental success of heavy

element synthesis, a number of theoretical studies were

performed or are in progress, aiming to obtain a detailed

quantitative understanding of the reaction processes

involved in heavy element synthesis.89, 94, 106, 108 ± 117

Due to the great uncertainty concerning the influence of

the various steps in the fusion of heavy nuclei, more and

more precise experimental data are needed. It is especially

important that various combinations of projectile and

target be investigated, from very asymmetric systems to

symmetric ones, studied for both fusion and transfer reac-

tions, the latter for systems as heavy as 238U+248Cm

(Ref. 118) and that excitation functions are measured. This

provides information on how fast the cross-section

decreases with increasing energy due to fission of the

compound nucleus and how fast cross-sections decrease on

the low energy side due to the fusion barrier and re-

separation of projectile and target nuclei. From both slopes,

information about the shape of the fission and the fusion

barriers can be obtained.

Investigation of transfer products at beam energies near

and below the Coulomb barrier may open a direct access to

the first steps of the processes resulting in fusion. Due to the

low beam energy the reactions occur in central collisions

and the reaction partners re-separate in and opposite to the

beam direction. Therefore velocity separators like SHIP are

an ideal tool to study these processes.119 Similarly neutron

rich heavy nuclei could be produced in transfer reactions as

suggested in Ref. 118. Also in these cases low beam energies

and hence observation in zero degree direction are manda-

tory, in order to produce the fragments at the lowest

possible excitation energy and thus reducing fission of the

fragments.

At a high enough cross-section, the measurements can

be complemented by in-beam gamma-ray spectroscopy

using the RDT method in order to study the influence of

angular momentum on the fusion and survival probabi-

lity.120

IV. Conclusion

The experimental work of the last three decades has shown

that cross-sections for the synthesis of the heaviest elements

do not decrease continuously as it was measured up to the

production of element 112 using a cold fusion reaction.

Recent data on the synthesis of elements 113 to 116 and 118

in Dubna using hot fusion break this trend when the region

of spherical SHEs is reached. Some of the results originally

obtained in Dubna were confirmed in independent experi-

ments and with different methods, including the use of

chemical, element specific properties. Due to the systematic

study of different reactions for the production of SHEs and

the measurement of excitation functions, the present assign-

ment of the measured decay chains to new relatively

neutron-rich isotopes of SHEs is highly reliable. The region

of the predicted spherical SHEs has finally been reached

and the exploration of the `island' has started and can be

performed even on a relatively high cross-section level.

The progress towards the exploration of the island of

spherical SHEs is difficult to predict. However, despite the

exciting new results, many questions of more general

character are still awaiting an answer. New developments

will not only make it possible to perform experiments aimed

at synthesizing new elements in reasonable measuring times,

but will also allow for a number of various other inves-

tigations covering reaction physics and spectroscopy.

One can hope that, during the coming years, more data

will be measured in order to promote a better understanding

of the stability of the heaviest elements taking into account

the fundamental properties of the nuclear forces. A micro-

scopic description of the fusion process will be needed for

an effective explanation of all measured phenomena in the

case of low dissipative energies. Then, the relationships

between fusion probability and stability of the fusion

products will result in accurate predictions of the produc-

tion yield of SHEs using various reaction mechanisms.

An opportunity for the continuation of experiments in

the region of SHEs at low cross-sections afford, among

others, further accelerator developments. High current

beams and radioactive beams are options for the future.

At increased beam currents, values of tens of particle

microampere may become accessible, the cross-section

level for the performance of experiments can be shifted

down into the region of tens of femtobarns, and excitation

functions can be measured on the level of tenths of pico-

barns. High currents, in turn, call for the development of

new targets and separator improvements. Radioactive ion

beams, not as intense as the ones with stable isotopes, will

allow for approaching the closed neutron shell N=184

already at lighter elements. The study of the fusion process

using radioactive neutron rich beams will be highly interest-

ing.

The half-lives of spherical SHEs are expected to be

relatively long. Based on nuclear models, which are effective

predictors of half-lives in the region of the heaviest ele-

ments, values from microseconds to years have been calcu-

lated for various isotopes. This wide range of half-lives

encourages the application of a wide variety of experimental

methods in the investigation of SHEs, from the safe identi-

fication of short lived isotopes by recoil-separation techni-

ques to atomic physics experiments on trapped ions, and to

the investigation of chemical properties of SHEs using long-

lived isotopes.

The nobelium mass measurements with SHIPtrap repre-

sent a major breakthrough in Penning trap mass spectro-

metry. Along with laser resonance ionization and trap-

assisted decay spectroscopy they open up new perspectives

for sensitive high precision studies of very heavy nuclei at

low energy utilizing ion traps. In the near future, further

technical improvements such as a cryogenic stopping cell,

for example, will be implemented and the experimental

program will be extended to even higher Z.

Finally, on the basis of a broader knowledge of the

properties of SHEs and the mechanisms of their synthesis, it

will become possible to answer reliably the questions

whether or not SHEs could be produced in nature and

where the highest probability may exist.
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