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Флеров Г.Н. Е7 - 13040 
Новые подходы к проблеме синтеза тяжелых 
и сверхтяжелых элементов 

Обсуждаются результаты работ по синтезу тяжелых 
и сверхтяжелых элементов. Показано, чти принципиально но
вые черты систематики периодов полураспада t отношении 
спонтанного деления для изотопов Z >102, обнаруженные в 
Дубне, позволяют рассчитывать на получение с.чца новых 
тяжелых нуклмдоб в обл'.ти 7=-'.06-П0. Приводятся данные, 
указывающие на существенную ром. в реакциях с тякелыми 
ионами неравновесных процессов, сопровождающихся вылетом 
высокоэнергичных а -частиц. Обсуждается новый подход 
к синтезу тяжелых и сверхтяжелых ядер, основанный на при 
менении таких неравновесных процессов; !тмечается возмож
ное значение работ по поиску сверхтяжелых элементов в при
роде для получения ряда изотопов, принадлежащих к острову 
стабильности. 

Работа выполнена в Лаборатории ядерных реакций ОИЯИ. 
Препринт Объединенного института ядерных исследований. Дубна 1980 

Flerov G.N. E7 - 1 3 0 4 0 
Some New Approaches to the Synthesis of Heavy 
and Superheavy El ,ments 

The results of work on the synthesis of heavy and 
superheavy elements are considered. It is shown that the 
new regularity of the systematics of spontaneous-fission 
half-lives, established for heavy nuclei at Dubna, has made 
it possible to extend the region of the nuclei being 
synthesized. In particular, it becomes possible to produce 
relatively long-lived heavy isotopes ofZ>107. The results 
of experiments to study the emission of energetic a-par
ticles in the collision of heavy nuclei are presented. 
It is noted that such reactions can be used to produce 
atomic nuclei with low excitation energy and large angular 
momentum. The possible use of similar reactionsi in the 
synthesis of heavy and superheavy elements is discussed. 
In case the existence of a naturally occurring superheavy 
element has been established, a possibility will arise to 
synthesize in nuclear reactions a number of isotopes be
longing to the island of stability, and to investigate 
their properties. The present state of work on the search 
for superheavy elements in nature is briefly described. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1980 



We are living through the period when increasingly strong 
efforts are made to obtain qualitatively new results on 
the synthesis of heavy and superheavy elements. This fact 
forces us to critically examine what has been done in this 
field in the past decades. The history of synthesis of new 
elements in heavy ion reactions dates from the late 1950's. 
Elements of atomic numbers 102, 103, and 104 were synthesi
zed during the decade 1959-69. Since, elements of atomic 
numbers Ю 5 , 106, and 107 have been added to this list. 
Work on the synthesis of element Ю 6 can be considered to 
be completed. At present two isotopes of this element with 
mass numbers 259 and 263 (refs. " ) are known, and only 
chemical experiments remain to be carried out. There are 
certain indications of observation of a short-lived (Tu-

/5/ 
=1-2 ms) isotope of element 107 with mass number 261 (ref. ) 

If we compare the efforts made to synthesize new ele
ments with the rate of progress (see fig. 1), we have to 
express a considerable amount of entirely justifiable pes-
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Fig. I. An illustration of the rate of prog
ress in discovery of new elements and the 
efforts concentrated (efforts made = number 
of accelerators x beam intensities x number 
of experimental setups). 



Fig. 2. Systema-
tics of sponta
neous-fission 
half-lives(T^F) , 
proposed by 
Ghiorso/6/. 
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simism with regard to the situation that has occurred at 
the present time. However, despite this pessimism before 
considering new approaches to the problem of synthesis, it 
is worth estimating what else can be obtained by using tra
ditional methods. 

In the evaluation of the present situation, the fact 
attracts our attention that for many years further advance 
to the region of heavy nuclei has been objectively retar
ded under the influence of the known Ghiorso systematics''6'' 
of spontaneous-fission half-lives, which were repeatedly 
referred to in review papers by Seaborg. If we believe 
these systematics shown in fig. 2, it is senseless to try 
to produce isotopes of elements of Z > Ю 2 , which are very 
neutron-rich compared with the "magic" number 152, since 
these isotopes should have vanishingly small lifetimes. 
Fortunately, as has been shown by the experiments carried 
out at Dubna, these predictions did not prove justifiable. 
In fact, as one goes from Z=102 to Z=104, the regularities 
of spontaneous-fission half-lives change drastically. In 
the region investigated, as the number of neutrons increases, 
a monotonic increase in Тц has been observed for the 
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Z >104 isotopes. An increase in N by one unity corresponds 
to a T,£ increase of, on the average, several times. This 
dependence has been convincingly traced in the case of the 
isotopes of kurchatovium - the element of atomic number 
104 (see fig. 2). The recent experiments carried out by 

r /7/ P(tn 
the Berkeley group have yielded for Ku a spontaneous-
fission half-life value, which is still several times dif
ferent from the value measured at Dubna. However, this is 
in principle not very important as both values are more 
than 10 4 times as large as that implied by Ghiorso's syste-
matics. 

The establishment of the new systematics of s.f. half-
lives has helped one overcome a certain psychological bar
rier which prevented the performance of many reliable expe
riments. As a result, a number of heavy isotopes have been 
synthesized and their properties investigated (see fig. 3). 
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Fig. 3. Dependence of the T^ F values on neutron 
riumber for the Z>102 isotopes. The spontaneous-
fission half-lives of the even-odd isotopes of 
kurchatovium (Z=104) are shown reduced by the ave
rage value of the hindrance factor (10 3 ). The 
extrapolation for the even-odd isotopes of ele
ment 108 is shown by a dashed line. 
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There are all grounds to hope that other neutron-rich iso
topes will also be synthesized including the heavy isotopes 
of element 107 having lifetimes long enough for chemical 
experiments to be carried out. For this purpose the reac-
tions 2* 9Bk +

 2 2Ne. 2 6 6107 1 5 g +5n, 2 4 9Cf + 2 2Ne . ^ Ш 1 В Д +4n, 
2 4 9Cf + 2 6Mg -. 2 7 1110 1 6 1 +4n,and others can be used. The group 
of Druin at Dubna has begun experiments to synthesize a hea
vy long-lived isotope of element 107,which very tentatively 
is expected to have a half-life of 1-2 seconds.Heavy ion 
beams from the U-40O cyclotron will make it possible to pro
duce several tens of atoms of this isotope per day. 

While in the field of synthesis of transfermium elements 
new ways of further advance have been outlined mainly be
cause of the establishment of the new systematics of half-
lives, the traditional methods used in the synthesis of 
superheavy elements have led to amazing results. Of course, 
the possibilities of these methods have not been exhausted 
yet. In this connection, a study of the reaction Cm + U, 
prepared jointly by the scientists of Darmstadt, Berkeley, 
Livermore and Oak Ridge would be of interest. This experi
ment, which is difficult from a technical point of view, 
seems to offer a novel possibility of synthesizing super
heavy elements in the complicated process of the interaction 
of two extremely heavy nuclei. The performance of such ex
periments which we were dreaming of many years ago cau
ses the feeling of deep satisfaction. In all likelihood, 
these experiments will exhaust all the possibilities of 
such an approach to the synthesis of SHE. The proposal 
discussed by Seaborg et a l . / 9 / to use the reaction 4 8Cm+ 4 4Pu 
can hardly lead to radical changes in the existing situa
tion. Moreover, its practicability is unlikely. Apparently, 
a more realistic way in this direction is to repeat the 
previous experiments at a substantially higher sensitivity 
to be achieved by increasing the beam intensity 0 /. 

As to the other approach based on the use of complete-
fusion reactions for the synthesis of SHE, a number of ex
periments still remain to be carried out. In the recent 
years, several experiments in which SHE were sought among 
the products of the complete-fusion reactions between the 
4 8Ca ions and 2 3 1Pa , 2 3 2Th, 2 3 3 U , 2 4 2Pu , 2 4 8Am, 2 4 e' 2 4 8Cn/ n /, 
and 2 4 8Cm targets / 1 2 / have produced negative results. The 
experiments, in which the expected SHE were chemically ex
tracted for about 1 hour and spontaneous fission events 
were detected were done especially thoroughly. Tha cross 
section sensitivity achieved was equal to 3x10 cm .The 
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new cyclotron U-400 put into operation at Dubna is capable 
of producing the 4 8Ca ion beam with an intensity of 
1014part/sec, which will make it possible to increase the 
sensitivity by several hundred times. 

The use of devices especially designed for the rapid 
separation of complete-fusion reaction products from the 
ion beam (see, e.g., / ) will permit the search for SHE 
isotopes having very short lifetimes to 1 psec. 

However, despite the fact that some experiments remain 
to be performed, it is evident already now that one can 
hope for a daily production of several SHE atoms at best. 
This situation forces us to look for new approaches to the 
problem of reaching the region of stability. 

One of such new approaches seems to emerge from the re
sults of the experiments being carried out at Dubna. I shall 
remind you of the features of complete-fusion reactions, 
which play an important role in the synthesis of heavy and 
superheavy nuclides. The fissility factor of the compound 
nucleus seems to be the most substantial feature of these 
reactions. In order that the stabilizing effect of the 
closed nuclear shells'might manifest itself, compound nuc
lei are usually produced with the lowest possible excita
tion energy. This can be achieved by choosing a projectile 
energy only slightly exceeding the Coulomb barrier. However, 
if the formation of a spherical compound nucleus requires 
an additional amount of energy, the probability of fusion 
near the Coulomb barrier may turn out to be considerably 
smaller than that expected, and this will lead to a many 
orders of magnitude decreases of (HI, xn) reaction cross 
sections compared with the available estimates. 

Similar qualitative considerations were used to explain 
the negative results of the so far performed experiments 
aimed at the synthesis of SHE. However, Oganessian, Gierlik 
and Penionzhkevich have noticed that the close relationship 
between the interaction barrier and the minimum accessible 
excitation energy of the heavy fissionable nuclei formed 
in complete-fusion reactions may not occur in the case of 
such a mechanism of the interaction of complex nuclei, which 
involves the emission of energetic light particles. 

The emission of such "pre-equilibrium" particles (neut
rons, protons, and a-particles) was investigated by many 
authors. However, to clarify the possible role of this pro
cess in the synthesis of heavy fissionable nuclei, special 
experiments are needed, some of which have been carried out 
at Dubna. In the experiments involving the bombardment of 
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a gold target with the 8 8Ne ions at a laboratory energy 
of 175 MeV, we investigated the energy spectra of the a -
particles emitted in coincidence with correlated fragment 
pairs at different angles with respect to the primary beam. 
Semiconductor Si-Au detectors were placed so that the 
fission fragments from the nuclei produced during the emis
sion of a-particles by the compound nuclei could enter 
these detectors. The spectra of the a -particles emitted at 
non-zero angles were measured using an annular Si -Au de
tector. In zero-angle measurements, the experimental set
up shown in fig. 4 was used including also a wide-range 
magnetic spectrometer. Figs. 5 and 6, respectively, show 
the angular distribution of the a-particles detected in 
coincidence with fission fragments, and the я-particle 
energy spectrum measured at zero angle to the beam. The 
angular distribution exhibits a sharp maximum at zero angle, 
which clearly indicates the pre-equilibrium mechanism of 
a- -particle emission. As one can see from fig. 6, the ener-

team 

Fig. 4. Experimental setup used to study the 
spectra of a -particles emitted at zero 
angle. 



gy spectrum is characterized by an exponential fall exten
ding up to an energy of about 120 MeV, at which it sharp.lv 
ceases. The particles having an energy of about 12o MeV 
make up a 10~~ th fraction of the total yield. Bearing in 
mind that the total cross section of this process is about 
1 barn, we can estimate the cross section for the reaction 
involving the emission of energetic о-particles to be 
equal to about lO~ cm .More estimates show that the re
sidue formed after the emission of an a-particle should 
have considerable angular momentum, and the formation of 
the states of such nuclei nn the yrast-line is very likely. 

In our view, a number of experiments should be carried 
out to clarify the details of the mechanism of the reac
tions mentioned. In particular, it is of interest to see 
how the a-particle spectrum and the cross section depend 
on the energy and mass of the bombarding ion. It is not 

Fig. 5. Angular dis
tribution of a-par- ** 
tides measured in 
correlation and with 
out correlation 
(upper curve) with 
fission fragments. 

excluded that the formation of rotating "cold" nuclei occurs 
at a projectile energy substantially exceeding the Coulomb 
barrier. The de-excitation probability seems to be deter
mined for these nuclei by the competition between fission 
and y-ray emission. The studies of the fission of such 
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nuclei can yield experimental information on the fission 
barriers of states with large angular momentum. It is also 
very interesting to determine the multiplicity of y-rays, 
their average and total energy, and to search for yrast 
traps and fission from isomeric states with large angular 
momentum. It is evident that the possibility of using the 
described mechanism of reactions to synthesize transfermi-
um nuclides and SHE will be determined by the angular mo
mentum dependence of the fission barrier of heavy nuclei. 
Much should be clarified by direct experiments such as those 
aimed at the determination of the probability of the reac
tions 2 3 8 U ( 1 8 0 , a) 2 S 2Cf and 2 3 8 U ( г 2Ne, a)256 F m I 

If the cross sections of these reactions turn out to be 
rather large, the (HI, a) and (HI, a In) reactions can probably 
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Fig. 6. Energy spectrum of a-particles emitted 
in the reaction 1 9 7Au + 2 2Ne (E ] a b =178 MeV) 
at an angle of 0-2° to the beam axis. The solid 
curve shows the calculated evaporation spectrum. 
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be used to synthesize the isotopes that are not producible 
by conventional complete-fusion reactions with sequential 
neutron emission. For instance, heavy isotopes can be pro
duced in the reactions 2 4 9Bk( 22Ne,a) 267105, 2«Cf ( 22Ме>а)2в710б, 
249Cf(26Mg, a)271108, and others. It is not excluded that 
such reactions may prove to be advantageous in terms of 
the SHE synthesis because of their attractive features such 
as, first, the possibility of producing superheavy nuclei 
in slightly excited states and, second, the possibility 
of producing isotopes lying closer to the /3-stability line 
compared with usual complete-fusion reactions. 

In the nearest future we are planning to carry out expe
riments to synthesize various nuclei by using nuclear reac
tions accompanied by the emission of pre-equilibrium par
ticles. If we succeed in producing sufficiently high yields 
of the known isotopes of transuranium elements, it will be 
reasonable to use these reactions in the future experiments 
aimed at the synthesis of heavy and superheavy nuclei. 

As to superheavy atomic nuclei, in our view, in consi
dering the methods of their artificial production it is 
appropriate to bear in mind the possibility of detecting 
one or two naturally occurring long-lived nuclides from the 
hypothetic region of stability. Searches for such nuclides 
have been conducted by several groups since the late 1960's. 

The history of these searches knows the periods of ups 
and downs in the activity of investigations, the latest 
sharp rise being associated with the report / 1 4 / of an Ameri
can group on the simultaneous observation of three super
heavy elements in Madagascan monazites. It is known that the 
hopes have not materialized and this has caused a certain 
pessimism, which is also due to an excessive confidence in 
some theoretical calculations predicting short lifetimes 
for superheavy elements. However, taking into account that 
the prediction of spontaneous-fission half-lives of nuclei 
involves great difficulties and cannot be made with an ac
curacy better than 10 orders of magnitude, we do not share 
this pessimism. Moreover, the importance of this problem 
impels us to make considerable efforts in searches for 
superheavy elements in nature. 

One of the directions in which searches are being carried 
out at Dubna / 1 5 / is the study of the mass spectrum of the 
heaviest atomic nuclei in galactic cosmic ray nuclei. For 
this purpose, we use the property of silicate minerals in
corporated in the stony-iron meteorites (pallasites) to 
record and preserve the tracks of galactic nuclei with Z>20 

9 



for several tens and hundreds of million years. Mere esti
mates show that 1 cm 3 of such minerals located at a depth 
of 5 cm from the preatmospheric surface of the meteoritic 
ix)dy is expected to preserve for a period of 10 - 10 years 
several hundreds of tracks due to nuclei belonging to the 
uranium-thorium group. The investigations were carried out 
using olivines from Marjalahti, Eagle Station, and Lipovsky 
Khutor meteorites of the radiation ages of 175, 45 and 
220 million years, respectively. These olivines were calib
rated by xenon to titanium heavy ions, and the thermal sta
bility of the tracks of atomic nuclei was investigated. 
By now, a total of 570 mm 3 of olivines have been investi
gated. Some data on the abundance of the Z > 50 nuclei in 
galactic cosmic rays have been obtained and the lower limit 
of the abundance of superheavy nuclei (Z > 110) has been de
termined to be at a level of 1.6xlO relative to the iron 
group nuclei. The sensitivity achieved in our investigations 
was more than 10 times that obtained in all the experiments 
carried out since 1967, with nuclear emulsions and plas
tics (see ref. / l e / ) . 

Another trend pursued at Dubna during the last decade 
(see ref. / 1 7 / ) is the search for long-lived spontaneously 
fissioning isotopes of superheavy elements in nature. To 
detect the rare events of spontaneous fission in different 
samples, we use neutron detectors installed in a salt mine 
110O m.w.e. underground in order to eliminate the cosmic 
ray background. This circumstance and a number of other 
measures taken have made it possible to achieve a sensiti
vity level at which, for samples weighing 10 kg, one could 
with confidence detect the spontaneous fission of a total 
of 2xl0 1 0 atomic nuclei with a half-life of 10 9 years. This 
corresponds to a concentration of lO~ g/g. The indicated 
sensitivity is a factor of more than 100 larger than that 
obtained by other groups including, in particular, the Oak 
Ridge one /18/_ 

In 1972-75, by using neutron detectors wt carried out 
measurements with the samples of carbonaceous chondrites 
which are generally known to belong to the Solar System's 
formations that are least differentiated in elemental abun
dance and are not depleted of heavy volatile metals ( Hg , 
Tl , Pb , and Bi), whose homologues the hypothetical super
heavy elements are supposed to be. As a result of these ex
periments, the multiple emission of neutrons has been revea
led in the samples of Efremovka, Allende, and Saratov meteo
rites''19''. The observed counting rate was, on the average, one 

10 



event per 5 days for samples weighing 10 kg, i.e., 10 to 
30 times the rate for the spontaneous fission of the ura
nium contained in these samples. The possibility of explain
ing the observed phenomenon as being due to other sources 
of background was entirely eliminated. „Therefore, we as
sumed that the meteoritic samples investigated contained 
a long-lived spontaneously fissioning nuclide, the concen
tration of which was 5xlO _ 1 6to 5xlO - 1 4g/g or 10 1 0 to 1 0 n 

atoms per kg of the meteorite. 
In the subsequent experiments, in an attempt to find new 

samples more suitable for the extraction and concentration 
of the new nuclide, we investigated hot spring waters from 
th.. Cheleken Peninsula (the South-Eastern coast of the Cas
pian Sea), which are rich in heavy volatile metals, which 
seem to be separated together with volatile components from 
the comparatively little differentiated substance of the 
Earth's mantle. The spontaneous fission activity of the new 
nuclide was detected by measuring the multiple neutron emis
sion in the samples of vinyl-pyridine anion-exchange resin, 
through which the Cheleken hot spring water was passed / 2 0 / . 
As a result of the elution of the mineral fraction from 
170 kg of the resin, we obtained a 6 kg sample of precipi
tated hydroxide, which yielded the counting rate of spon
taneous fission events of 5 counts per day. The thorough 
measurements of the a-activity of resin and hydroxide samp
les have shown that the Cm and Cf contamination, which, in 
principle, could penetrate the Cheleken water as a result 
of atmosphere fallout (nuclear tests) or during the treat
ment of the target material in the laboratory, are at least 
lOO times smaller than those required to account for the 
observed counting rate. Therefore we have drawn the conclu
sion that the Cheleken hot spring water also contains a new 
long-lived spontaneously fissioning nuclide. In our view, 
this nuclide lies in the region of superheavy elements. 

Our current experiments are aimed at the extraction and 
concentration of the new nuclide from hot spring waters 
to carry out the unambiguous identification of the nuclide. 
In a number of extractions from the Cheleken Peninsula 
brines and other hot spring waters we have processed seve
ral hundreds of cubic meters of water by using the methods 
of ion exchange, cementation, extraction to the organic 
solvent, precipitation of hydroxides, and others. The re
sults, being reproducible and mutually consistent, confirm 
the previous conclusions. During this work we succeeded in 
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obtaining samples with a counting rate, which was a factor 
of 10 s as large as that of the meteorite. 

To determine the mass number of the new nuclide we are 
planning to use mass separators with very efficient ion 
sources. After the mass separation of the samples investi
gated the mass lines can be established in the region of 
A > 270 by detecting either spontaneous fission or the 
fission induced by intense у-ray or neutron beams. 

The unambiguous identification of the new nuclide can 
be done by measuring the energy of the X-rays induced by 
powerful synchrotron radiation. The equipment using the 
synchrotron radiation from a 20-pole Wiggler magnet, incor
porated in the orbit of the VEPP-3 storage ring, permits 
such a measurement for Ю 8 to 10 9 atoms of SHE at a concen
tration of 10 g/g in the sample. 

Therefore we think it quite realistic that some time it 
will be possible to prepare targets from the heaviest ac
cessible atomic nuclei-SHE nuclei. Already the present con
tent of -10 atoms in the samples available seems to be 
adequate for carrying out experiments on the synthesis of 
new atomic nuclei from the island of stability. We are cur
rently involved in investigating one of such possibilities 
by irradiation with intense thermal and resonance neutron 
fluxes of the samples that contain the spontaneous fission 
activity. The integrated fluxes of Ю 2 2 thermal and 10 2 1 

resonance neutrons per cm 2 are accessible by high-flux nuc
lear reactors. As a result of the capture of one neutron, 
up to 1% of the atomic nuclei of the initial SHE isotope 
can transform to the nuclei of an isotope with mass by one 
unit larger. The spontaneous-fission half-life of the new 
isotope should be considerably shorter than that of the ori
ginal nuclide, and this will facilitate its observation. 
Repeated irradiations in a reactor will permit production 
of increasingly heavier isotopes after the capture of 2, 
3, 4, etc., neutrons. 

This method of the synthesis of SHE isotopes, together 
with other ways of producing new nuclides from the island 
of stability, are illustrated in fig. 7. For instance, 
the long irradiations of targets with the fluxes of у-rays 
having an intensity of Ю 1 5 /cm2 sec that are accessible 
with modern facilities, will make it possible to produce 
in the reactions (y, n) and (y, p) the new SHE isotopes with 
the neutron and proton numbers one or two units less than 
that of the initial nucleus. Similarly, other isotopes can 
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Fig. 7. A "stroll" along and across the 
"island of stability". An illustration of 
the possible ways of synthesiting new atomic 
nuclei by using a target made from a long-
lived naturally occurring SHE. The preferable 
nuclear reactions, together with their cross 
sections, and the maximum accessible fluxes 
of particles and у-rays are indicated. 

be synthesized by reactions of the type (T,p ), (3He,p),(3He,n), 
(4He,n)and others induced by light projectiles, as well as 
by the pick-up and stripping reactions induced by heavy 
ions. 

Finally, I would like to say that as any progress towards 
the new and unknown, the synthesis of new chemical elements 
is an exciting field of the knowledge of Nature by Man. This 
knowledge, however, is gained through tremendous intellectu
al efforts and large material expenses. I would like to exp
ress the hope that a reward for these endeavours will be 
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not only new knowledge, but also the pleasure of a collabora
tion between the physicists and chemists of various countries 
(see fig. 8). 
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