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INTRODUCTION 

The synthesis and investigation of the properties of the heaviest atomic 
nuclei i~ a very interesting and dynamically developing field of nuclear 
physics. According to the present-day·terminology, it can be related to the 
studies of nuclei far from stability, the so-called exotic nuclei. This field, 
however, is characterized by speciflc features which distinguiah the problems 
it tackles from the diversity of important problems being solved in the 
proceas of extending the chart of knOVal nuclides. Here, the main attention 
is paid not only to the mere production of new nuclidea, but also'to synthesis 
of the atomic nuclei of new chemical elements. For over 40 years the scienti
fic community witnessed the steady increase in the number of known elements: 
17 man-made elements have been added to the series of 92 chemical elements 
ending in natural uranium. Leaving aside the problems of application of these 
ele~ents we note .the tremendous scientific and social importance of their 
discovery, as well as the great possibilities of co-operation between 
scientists of different countries in their attempts toadvance toward the 
limits of the Per~odic System. 

The first transuranium element, neptunium, was synthesized by.MacMillan and 
Abelson (1940) in a neutron-capture reaction. During the following 15 years 
another 8 transuranium elements were discovered. Those exclusively fine and 
now classical studies were carried out by the group of physicists and 
chemists, led by G.T.Seaborg. Their results \Vere s~~arized in a number of 
reviews and monographs (see, e.g., Seaborg, 1963, 1967, 1968; Hyde, Perlman 
and Seaborg, 1964). The new elements were produced in reactions induced by 
light churged particles (p,d,O') and in neutron-capture reactions. The 
synthesis of the following element required a target nucleus with Z smaller 
by one or two units. Such target nuclei could be accumulated in sufficient 
amolmts in a nuclear reactor. 

For the identification of the new elements the chromatographic separation 
method was used according to the actinide hypothesis advanced by G.T.Seaborg. 
This hypotQesis suggeRts that the tranauranium elements through element 103, 
together with Ac, Th, Pa, and U, form the actinides series analogous to the 
lanthanides series which includes lanthrolum and another 14 elements lying 
after lanthanum in the Periodic System of Elements. 

The initial stage of work at synthesizing the transuranium elements was 
completed by the discovery of element 101. It \Vas numed by the authors after 
D.I.~lendeleev, the creator of the Periodic System nhich had served as a guide 
in discovering a whole number of new chemical elements. Already in work aimed 
to synthesize mendelevium (Ghiorso und others, 1955) the authors came acrOBS 
the difficulty of identifying the new element by using "one atom at a time" 
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techniques. The yield of the new element trom the nuclear reaction 
25~B (o' ,n)256Md was about 1 atom/hour because of the very' small amount of 
the target material (~5X10-7fg 253Es) bombarded by~ particles. In the first 
experiments a total of 17 atoms of mendelevium.were produced, which allowed 
one to obtain only a r;ugh estimate of the 256Md half-life, T1/2=30 mino 
This estimate was changed by a factor of three in a later study (Phillips 
and others, 1958). 

The use of the traditional method of synthesizing elements with Z >101 was 
impossible because of the absence of target material which could be bombarded 
by light	 charged particles to produce the atomic nuclei of new elements. The 
time came to make a choice between two feasible methods, one of which could 
be based	 on using extremely intense pulsed neutrên fluxes produced by thermo
nuclear explosions, and the other using heavy ion reactions. 

At first	 nuclear chemfsts in the US gave preference to therrnonuclear explos
ions. As a matter of fact, einsteinium and ferrnium were first produced by 
this method. The supsequent experiments continued until 1969 (see Hoff,1986). 
In those experiments one succeeded in producing the lqng-lived isotope 257Fm 
as a result of the capture of 19 neutrons by the 2380 nucleus, followed by a 
~ -decay	 chain~ However, attempts to produce the heavier nuclides of the 
Z>100 elements were unsuccessful. Later it became evident that the method 
of synthesizing nuclei in the~nonuclear explosions, as well as in high-flux 
nuclear reactors, has some l~mitations because of the ehort spontaneous 
fission half-life of heavy ferrnium isotopes (A~257) and as a result of the 
fact that the nuclei involved in the p -decay of the tar neutron-rich isotop
es of uranium undergo delayed fission - ~he radioactive decay discovered at 
Dubna (Kuznetsov, Skobelev and Flerov, 1966). 

The studies re~evant to the synthesis of new elemente with heavy-ion beams 
were atarted in the mid'50s in the USSR, Sweden and the USA. That ·was the 
outset: the newly bom science - heavy ion physics - picked up speed for 
many years to come. Since then, the essential aspeots .of this science develop
ed under	 the strong influence of the problem of new element synthesis. This 
problem has stlinulated the development of the heavY-ion acceleration 
techniques. 

Daring a	 rather long period of time, for about 15 years] the studies were 
underway by using the'heavy-ion beams of carbon, nitrogen, oxygen and neon. 
Suoh beams were first producêd in cyclotrons designed for accelerating light 
charged particles, the biggest of which was the cyclotron of the Research 
Institute of Physics in Stockholm. 

Owing to	 significant progress in the development of powerful sources of high
charge atate ions, carbon, nitrogen and oxygen.beams .ere successfully produc

ed at the 150-cm cyclotron of the I.V.Kurchatov Atomic Energy Institute in 
'Moscow, which surpassed in intensity the beams available at other laboratories. 
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Fig. 1.	 Beam intensities at various heavy-ion accelerators' 
for energies of up to 10 MeV/amu. 

In 1958 the linear accelera~or Hilac specially designed for heavy-ion acceIera
tion was put into operation at Berkeley (USA). In 1960 the cyclotron U-)OO 
with a pole diameter of ) meters started to operate at Dubna, which was ulso 
constructed for the same purposes. 

In the 1970's the number of the laboratories havine at their disposal heavy
ion beams with energies of ~ 10 MeV/amu increased sharply, and somewhat later 
the construction of heavy-ion accelerators for energies of ~ 40 I\IeV/amu was 
begun. However, only some accelerators desígned for energies of ~10 MeV/amu 
could provida sufficiently intense heavy-ion beams: required fo; ~~lving the 
problem of synthesizing new transfermium elements. Fig. 1 shows the beam 
intensities of the accelerutors in operation, which produce projectiles with 
a wide range of a t omí,o numbers , from carbon t hro ugh ur'aní.um, 

Over two de.cades (in 'the 1960's and 1970's) the studies aimed at the synthesis 
anti investigation of the transfennium elements. were carried out only in two 
or three laboratories: at the Joint Institute for Nuclear Research, Dubna,' 
at the Lawrence Berkeley Laboratory, Ber~eley, USA, and partially at the 
Oak Ridge National Laboratory, Oak Ridge, USA. In 1976 the linear accelerator 
UNILAC was put into operation at Ges eLl achuf t ri.ir Schwerionenforschung nt 
Darrnstadt, }'RG. At this accelerator an Lnt eres t í.ng research programme was 
initiated for the synthesis and investigation of the prope1~ies of the heavi~ 

est elements, including 'the synthesis of new elemente. 

~ 
l The heavy-ion accelerators at Dubna provided high beam intensities at alI 

stages of work aimed at the synthesis of transfer.mium ~~em~nts. The cyclotron 
U-300 offered the best possibilities for this work until 1975. At this cyclo
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tron argon ions were first aeeelerated to an energy higher than the Coulomb 
barrier of heavy target nuelei. In 1973 eonsiderable progress was made in the 
ion sourcetechniques and, as a result, the 'heavy-ion beams of Ti, V, Cr, Mn, 
Fe and Co were produeed for the first time. These beams were used for new 
element synthesis in cold-fusion reaetions (Oganessian, 1974; Oganessian and 
others, 1975a). In 1975 the U-300 eyelotron provided the produetion of an 
intense ion beam of 48Ca, a very rare ealciwn isotope (Flerov and others, 
1976). The very first experiments aimeu to synthesize superheavy elements 
were earried out at the U-)OO eyelotron (·see Flerov and Ter-Akopian, 1983, 
1985). In 1978 the four-meter eyelotron U-400 was eonstrueted at Dubna. The 
ion beams from this eyelotron, ranging from earbon to krypton, have alI the 
parameters required.for the synthesis and investigation of the properties of 

atomie nuelei with Z> 100. 

The linear accelerator UNILAC, Darmstadt,also provides the experimentalists
 
with intense beams of alI heavy ions required for such studies. This accelerat

or is eapable of producing the beams of ions of alI elements ineluding
 

uranium.
 

The ~ynthesis and study óf the atomic nuelei with Z >100 and, moreover, the 
synthesis of new elements involve a õreat variety of complicated problems. 
Moreover, experiments in this field are very expensive and time-eonsuming. 
The diffieulties are due to, first of alI, the extremely small eross sections 
of the reaetions leading to the formation of new element nuelei. Their 
magnitudes ~ange from some fraetions,of a mierobarn to one pieobarn (10-36cm2) 

that is to a minuseule eross seetion stil1 accessible tp experimental studies. 
The yield of the nuelides sought is often as amall as several events and some
times even less than one event per day. The large ~umber of ehannels along 
whieh heavy-ion reaetion~ proeeed with total cross seetions exceeding one 
bam substantially eomplieates the identifieation of the rare nuelei being 
sought. Therefore, the predietions relevant to the ehoice of the optimal reac
tions leading to the syrithesis of new elements, as well as those for the 
bombarding energy eorresponding to a maximum eross section, and for the 
height of this maximum, are of speeial imp9rtanee. 

At the initial stage new transfermium elements were produeed by using heavy
ion beams with masa A:?: 22 and targets made of the isotopes of Pu, Am, Cm, Bk 
and Cf. The fuaion of sueh nuelei leada to the !ormation of eompound nuclei 

. with fairly high excitation energies (~40 MeV) , even if the bombarding 
energy ia equal to t~e Coulomb barrier. Now'such reaetions are ealled hot
!uaiOn oriea. For ealeulating the eross seetions of these rea6tions the 
approach elaborated by Jackson '( 1956) and Sikkeland (aee Sikkeland, Maly and 

Lebeek, 1968; Sikkeland, Ghiorao and Nurmia, 1968) .as uaed rather sueeess
fully. In thia approach based on a statistieal model, the eross section of 
the fusion reaetion aceomp~ied by evaporation of x neutrons at a given energy 
E of the bombarding nucleus is written in the form of a produet: 

6'x(E) = 6'CN(E)Px(E) (rn/rf)X, (1) 

whera erc~(E) is the compound-nucleus ero~s seetion, Px(E) is the probability 

of evaporation of x neutrons, rnl rf is the compound-nueleus neutron-to

..
 

fission width ratio averaged 'over the evaporation easeade. For strongly 
asymmetrie target-projeetile combinations, the fusion eross seetion constitut
es a major part of the interaetion cross seetion and ean be ealeulated with 
sufficiently high aeeuraey by taking into aceount the eut-off of partial 
waves with angular momenta larger than some ~ritieal valhe. The well-known 
bell-shaped exeitation funetion of the (HI,x:n) reaetions is deseribed by the 
simple formulo. for Px(E) derived in a paper by Jaekson (1956). The main 
quantity that is responsible for the very low eross seetion €lx(E) is the 

third factor <r n l r f)X' whieh takes into aeeount the competition between 
neutron evap0ration and fission in the proeess of eompound-nueleus de-exeita
tion. It is eonvenient to define the quantity rnl r f using the semiempiric

uI systematies of Sikkeland(Sikkeland and others, 1968a,b) who has shown that 
the averaee ratio between the neutron emission and fission widths depen~s on 
tho atomic nwnber and mass of the eompound nueleus, beDlg weak1y dependent . 
on its exeitation energy. 

Caleulations using the Jaekson-Sikke1and approaeh gave a good agreemcnt with 
experimental data. The results of those ealeulations \Vere sueeessfully used 
to prediet the eross seetions of reactioDs 1eading to the synthesis of new 
elemonts. The experimental data ugree rather well also with other calcula
tions in whieh the eompetition between fission and neutron evaporation is 
defined by the standard statistiea1 mode]: formulae taking into aeeount the 
exeitation energy dependenee of the fission barrier (Orlova and others, 1979; 
Reisdorf t 1981; I1jinov and Cherepanov, 1984). 

The seeond stage of work aimed at synthesizing translermium elements began 
with using the eold-fusion reaetions (Ogenessirm, 1974; 0eanessian and 
others, 1975a) indueed by bombarding the magí,c Pb and Bi nuclei with Ti, Cr, 
Fe a'hd other heavy Lons , For passing to the eold-fusion reaetions leading 
to the fonnation of the zeN '2 106 nuclei more t ho rough studies of the inter
uction of eomplex nuelei were required. In the case of ZCN ~105 und a 
eompa.ratively light projeetile (A ~22), the eontact between the surfaees of 
the two nuelei that undergo a head-on col1i8ion at an energy elose to the 
Coulornb barriel" leuds to their fusion and to eompound-nueleus fonnation 
almost with 100% proba.bility. In moving to~ard the heavier and/or more 
symmetrie systems the situution changes t and the energy dependenee of the 
fusion eross section bceomes very eomplieated beeause of the effeets of 
nuclear mutter viscosity, eompound-nucleus fissility and the presenee of 
the additiona1 degrees of freedom: single-partiele und collective exeitations 
of the colliding nuc Le í nuc Leon exchange , neek fonnation and other defonns., 

tions •.This situation is just typieal of the experiments resulting in the 
synthesis of the heaviest elements nuelei and of the experimenta aimed to 
produee new elements with Z ~110. The fonnation of the sought Duelei from 
this region is observed with the fusion'eross seetion making up a very smal1 

10-4th)(10-8th - fraction of the total interaction eross seetion. Despite 
the great progress made in the theoretieal eonsideration of ,fusion of two 

! 
eomplex Duelei taking into aecount the potential energy surfaee and frietion 
(Swiateeki, 1980.1981; Bj~rnholm and Swiateeki, 1982; Bloeki, Feldmeier and 
SWiateeki, 1986; Sierk and Nix 1974;. Nix and Sierk, 1976, '977,1985,1986; 
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Davies, Sierk and Nix, 198), it is ao far impossible to make more or less 
reliable predictions for the cross sections of reactions leadíng to the 
formation of the nuclei of the nearest as yet unknown elements •. 

The estimates of the half-lives of the sought nuclei with respect to 
·different modes of theír radioactive ,decay are also important. Unfortunately, 
this kind of predictions were often far ~rom the truth and sometimes even 
caused a delay in research because of their pessimism making the experiment
alists hesitant. For ex~ple, .that was the case with the predict~ons of very 
short spontaneous fission half-lives for the isotopes of element 1~2 

(Juhansaon, 1'962) and element 104 (Ghiorso, 1969). 

The prediction of the spontaneous fission half-lives of unknown nuclides 
remains a, complicated problem which can .be solved only on the basis of 
the clear no~ions of nuclear fission barriers and of the roles that different 
fission modes play, as well as with the knowledge of fisaion dynamics. One 
can say that in this respect the experiment more often than not, was ahead 
of theory by yielding results which required the substantial reexamination 
and development of the fundamentaIs of nuclear fission physics. This is well 
exemplified by the discovery of the apontaneously fissioning isomers made 
at Dubna (see Flerov and Druin, 1966) in the pxocess of work aimed at 
synthesizing kurchatovium, the element with atomic number Z=104. This 
diacovery has u~timately led to the revelation of the two-humped structure 
of the fission barrier and to the formulation of Strutinsky's shell-correc
tion method used for calculating the potential energy' of nuclear deformation 
(Strut~sky, 1966,1967). For two decades the Strutinsky method has been 
widely used in estimating the fission barriers and half-lives of the new 

heavy and superheavy elements (see, e.~., the latest predictions by ~wiok. 

and others, 1983; Lojewski and Baran, 1985; Mõller, Leander and Nix, 1986; 
Mõller, Nix and Swiatecki, 1986 a,~). We, however, npte that theoretical 
predictions should be used with great caution in designing new experiments. 
Indeed, the standard deviation of the calculated half-lives from the availab
le experimental values is no smaller than three orders of magnitude. Theory 
could not predict experimental evidence such as an abrupt change in 'the 
.systematics of spontaneous fission half-lives in going from Z=102 to kurcha
tovium isoto~es (Oganessian and others, 1915b), the relative stability against 
spontaneoua fission of the even-even isotopes of elements 106 and 108 (Demin 
and others, 1984; Oganessian and others, 1984a; Armbruster, 1984; Müuzenberg 
and others, 1985; Müuzenberg and others, 1986a; Hofrnann and others, 1986), 
the bimodal symmetric fission of several heavy isotopes of fermium, mendele
vium and element 102 (Hulet and others, 1986). 

The «-decay half-lives can be predicted wit~ considerably greater confidence 
aince the o(7decay energy ia calculated as the masa difference between the 
parent and' daughter nuclei and the half-life can be determined by one of the 
known formulae (Taagapega, a~d Nurmia, 1961; KolesIl1kov and Demin, 1915). 
As tbere ia no much risk of a great error in the mesa difference of elose 
nuclei, one can pra~tically use any maaa formula (e.g. Kolesnikov and 
Vymiatnin, 1915; Mõller and Nix, 1981 a,b). 
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The use of heavy-ion beams permitted the'synthesis of new chemical elements 
starting with element 102, and the production of about 80 new isotopes of 
transuranium elements. Those studies have substantially contributed to the 
development of nuclear physics and nuclear chemistry and play an important 
role in related fields of science such as astrophysics and atomic physics. 
The results obtained at separate stages of work_relevant to new elements 
synthesis using heavy-ion beams were reported in several revieW papers (see, 
e.g. Seaborg, 1967,1968; Flerov, Druin and Pleve, 1970; Flerov and Druin, 
1971; Flerov ~d Zvara, 1971; Oganessian and Lazarev, 1981; Seaborg and 
Loveland, 1985; Armbruster 1985). 

At present, we have reached. the point at which the possibilities of cold
fusion reactions for the synthesis of nelV elements are practically exhausted. 
The still heavier elements should be synthesized by the new type of reactions 
the complete fusion .of target nuclei from thorium to califonlium with the 
A>20 projectiles (Flerov, 1984). This is a very complicated problem since 
the new nuclei ~ave to be synthesized in an extensive and so far unexplored 
class of nuclear reactions. Therefore, one should be prepared for cross 
secti.ons as small as several pí.cobarna or even a few fractions of a pã coba rn , 
Moreover, the properties of the nUblei being sought are difficult to predict. 
.There is no doubt) tl!at the use of the techniques developed in the element 
synthesis studies and alI information accumulated in these studies using 
heavy-ion beams will facilitate the solution to this problem. In this connec
tion it is appropriate to suwmarize the results of alI those studies in one 
review. We also hope that the present review article will contribute to a 
better understanding of the history of the discoveries of the transfermiurn 
elements. 

HOT FUSION, TIrE IUITIAI, STAGE üF EI,EMENT SYNTHESlS 
ON HEAVY-ION BEAMS 

Element 102 and 10). the Last Elements of the Actinide Series 

The studies aimed at synthesizing new elements on heavy~ion bea~s started 
with element 102 in the second half of the 1950's. At that time much was 
unclear L~ that work. With the then available intensity of heavY4ion beams, 
the yield of element 102could be expected to be only several atoms per day. 
By erlrapolating the half-life data for the Z~ 101 nuclei one coul.d concLude 
that the short lifetimes of the nuclei to 'be synthesized would make the 
chemical identification of the new element very difficult or even impossibla 
at alI. At the same time, one c9uld not always foresee the serious difficult
ies due to the background from the radioactive decay of the numerous products 
of reactions proceeding with large cross sections on the target nuclei or on 
thallium, lead and bismuth admixtures. 

These difficulties manifested themselves completely and prevented obtaÍlling 
correct and positive data on the nuclear properties of elements 102 and 10) 
for nearly a decade. In fact, the results of a number of the experiments 
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carried out during that period of time turned out to be erroneous or too 
inaccurate to claim the discovery of new elements. For example, erroneous 
results were obtained by'Fields and others (1957,1959), Ghiorso and others 
(1958,1961), Ghiorso (1959), alld Flerov and others	 (1958,1960), who reported 
the discoveries of element 102, as well	 as ~n papers by Ghiorso and others 
(1958,1961) which contained some information about	 the synthesis of element 
103. T~ose erroneous results were caused by the use of inadequate methods for 
the identifiéation and detection of the new atomic Duelei, 'by the absence of 
monoisotopic targets, as well as by the fact that the experimentalists were 
unaware of or underestimated the background mentioned above. 

Element 102 was discovered at Dubna as a result of the experimental research 
program completed in '1966 (Flerov and others, 1966; Flerov, 1967). That 
series of experiments led to the correct determination of the main radioactive 
decay properties of the five isotopes, 252-256102, synthesized in complete
fusion reactions between 238U, 239pu and 243Am tar~ts end 15N, 160, 180, 
20Ne and 22Ne projeetiles. 

TABLE 1. Some data on the ~-decay properties of the isotopes of element 102, 
obtàined at Dubna by-the end of 1966 (see Flerov et al.1966, Flerov, 1967) 

Table data 
(Lederer and 

Mass HaI! - ()(.. energy Nuclear Shirley 1978)Referenceanumber life (MeV) reaction 
(s)	 Half- QC ener~y 

life (s) (MeV) 

252 

253 
242-··16 )

95±10 8.01±0.03 Pu( 0,5n 

4.5±1.5 8.41±0.03 239pu(180,5n) 

3 8.41 239pu(180,5n) 

Mikheev and others, 
1967 

Druin and,others, 
1967 

Mikheev and others, 

2.3 

105 

8.415(75%) 

8.372(25%) 

8.01 

SO±10 

9S;!:20 
24T - 15 . 

Am( N,4n)j 
238U(22Ne,6n) 

_8.02±0.03 239pu(180.4n> 

Donets and 

_ 

others, 
1966 

1967_ 

254 20-50 8.10±0.05 243Am(15N,4n) Zager and others~ 
196b 

55 8.10 or 8.11 

75±15 8.11±0.03 242pu(160,4n) Mikheevand-others, 
1967 

255 
180 

180±40 

8.08±0.03 2)8u(2~Ne,sn) 

8.09±0.03 242pu(180,5n) 

Druin and othere, 
'1967 

Flerov and others, 
1967a 

198 8.121 * 
(95.5%) 

a±.3 2JSU(22Ne,4n) Donets and others, 
1964 

256 6±2 8.41±0.03 238u(22Ne,4n) Druin and.others, 3.2 ~.43 or 8.41 

9±J 8.42±0.03 242pu(180,4n) 
1967 

Plerov and olhara, 
1967a 

*There are 10 known I)(. lines for the iaotope 255 102 . The 8.121 MeV line 
ia the most intensive. 

Table 1 presente some data on the isotopes 252-256102 produced at Dubna 

before 1967. in comparison with the preeently accepted values of half-l1vea 
and ~-decay energies (Lederer and Shirley, 1978). 
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Element 103 was discovere~ at Dubna in the studies carried out during 1965-68 
(Donets and others, 1965; Flerov and others, 1967b,1968). Table 2 presents 
some data on the two isotopes, 255 103 and 256103, which were producedat 
Dubna before 1970, and a comparison is made of these data with the table of 

isotopes of Lederer and Shirley (1978). 

Figa. 2 and 3 show schematicálly the experimental setups which were used in 
the Dubna experiments. The nuclei produced were identified by using a combina
tion of different methods: by establishing the benetic relationship of 
primary (HI,xn) reaction products with the known duughter products of their 
o( decay, by studying the excitation functions of teese reactions and by 
performing cross bombardments. 

TABLE 2. The Dubna data on the ~-decay properties	 of tne isotopes of element 

103. obtained before 1969 

Tab1e data 
(Lederer and 

Mass Half·- o<: energy Nuclear Shirley 1978)Referencesnumber 1ife (s) (MeV) reaction 
Half- ~ energy 
life(s) (MeV) 

255 20 8.38±0.OJ 243Am(160 , 4n )	 Zvara 1969, 22 8.429(40%) ; 
Druin 1970 

45±1O Z4JA;(180,5n) Donets and	 others, 
1965256 

35±10 A composite 243Am(180,5n) Flerov and	 others, 25.9 A composite 
IX spectrum 1967b spectrum is 
is in the ran Flerov and others, in the range 
ge of 8.35 1968 of 8.33-8.64 
8.60 MeV. MeV. The main 
The main line line lies at 
lies at	 8.43 MeV. 
8.42 r.leV. 

The experiments performed have shovm that the cross sections of the reac
tions leading to the synthesis of the e1ements 102 and 103 nuclei lie between 
10-J 2cm2 and 10-JOcm2 and constitute the 10-8_10-6th fraction of the total 

cross section of the projectile-target interaction. Therefore, the necessary 
condition for the synthesis of new elements to be successful wes the use of 
adequate methods for sep~rating and identifying the nuclides sought, and 
for suppressin~ the enormous background from the radioactive decay of the 
n~merous heavy-ion reaction products. That was possible to a great extent 
owing to the use of new techniques, name~y Si-Au surface-barrier detectors 
and the gas-jet technique proposed by Macfarlune and Griffioen (1963) and 
immediately employed in the e~periments designed to synthesize transuranium 
elements (nlikheev, 1966; Aknpiev and others, 1966). 

The use of uranium, plutonium und americium monoisotopic targets fayilitated 
the unambiguous identification of the nuclei of elemento 102 and 103. It was 
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difficult t o meet the necess ary r equirement that the target hes t o be de
contaminat ed from the a dmixt ures of lead and ot her a djacent ele~ent s . The 
leveI of thes e ad mi xtures could not exceed one nanogram ( t lle 1C-7t il fractior. 
of the total target weight) s i nce t he ir.teract ions of heavy i or.s wi t h TI , Pb 
and Bi nuc l ei ha ving cro s s s ec tions of about 1 0-24c~2 mi ght Lead t o t he 
appearance of t he bac kgr ound from a great number of t he ~-rud i oactive nu clei 
with Z ~84, characterized by t he Dt-decay properties simi l~r t o t hose ,of t he 
nuclei of element s 102 and 103. 

~~Target 

Vacwm 
Window 

Fig. 2. Iqentification of the nuclei of el ements 
102 and 103, and half-life deteImination 
using the doub le-recoil technique. Tpe 
projectile beam pass es through the va cuum 
wind ow and hits the t arget. Recoil nuclei 
es caping from t he t arget ar e retarded in 
the gas of the chamber vol ume and diffuse, 
during ~1 s, to t he insi de wal l s of a 
rotating hollow drum. In the case of decay 
of primary r ea ction product s the r ecoiling 
daughter atoms may l eave the drum surface 
in ~oniz ed atate and be accumulated on the 
aecondary recoil catcher by electric field. 
Long-lived daughter nuclei are ident i f ied 
chemically, as wel l as on the besia of 
known half-lives and O'-particle energies. 
The di s tri but ion of these nuclei on t he 

, aecond catcher permits half-lire determina
tion for pr i mary reaction producta. 
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Jarget
U\9'"/'"LIIl.-Catcher 

j-Au detector 

Fig. 3. Appa r atus fo r the direct obs ervat ion of 
t he ~ decay of n ew nuc Iai. At oms transport
ed by t he ga s j et are collected on t he 
s houlder of a cruciform ca t che r. The catcher 
rotates pe riodically t hrough 90° and 
transports reac t ion product s t o IX-particIe 
detectors. In case O' decsy of the sought 
nuclide has been det ect ed, the detect or i s 
covered by a blind to r ecord the «: dec ay 
of the at oms whi ch ha ve s truck its s ur f a co 
a f t e r recoiling in t he decay of the ,pa rent 
nucleus. In this way t he gen etic r elationship 
between the sought nuc leus and i t s known 
daughter is established. 

Elements 104 an d 105 , the Fi rs t Transactini de EI ements 

I n t he l ate 1950's-ea rly 1960's, although there was no posit i ve evidence f or 
the properties of the nucle! of element 102, spont an eous fission 'could be 
expec t ed t o be a mor e' probablé pro ce s s than ()l. decay f or the even-even 
nuclei of el ement 104 . Therefore, when start ing t he experiments aimed at 
synthesizing el ement 104 we chos e spontaneous fission detection as the main 
method f or observing the new'nuclei. Assessing thi s choice i n r et r ospect 
one can ,say that it has pzoved to be ' successful. Fi r s t , the recording of 
spontaneous fi osion has ultimately s impl i f ied the problem of det ectj~g the 
nu clides produced by nuclear r esctions having cross sections in the range 
10-34_10-J2cm2, that is a f actor of 103 smaller t han in the case of the ' , 
synthesis of elements 102 and 103. Sec ond, it is just the spontaneous 
fisoion studies for ; he isotopes of el ement 104 that have provided the mos t 
intereating r esul t a . 

The experimenta initia ted in 1962 were carried out as f ollows. A 242pu target 
was bombarded by 22Ne ions, the r ecoil nuclei were ret arded in a rotating 
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disk placed directly behind the target, and transported to fission fragment. 
detectors. At the initial stage of the experiments fission fragments were 
.detected using gas-filled proportional counters. Subsequently·the counters 
were replaced by so.lid-state track detectors (mica, glass, or plastic). 
Already the first experiments resulted in the observation of a new spontane
ously fissioning activity (T1/2~14 ms) which attracted our attention. Cross 
bombardm~nts and excitation function measurements showed that this activity 
was not due to an element 104 isotope. Shortly after that it was estab~ished 

that the spontaneous fission was due to the 242Am nucleus which was formed 
in a surprising isomeric state (see Flerov and Druin, 1966). That indicated 
the discovery of the new phenomenon, shape isomers decaying by spontaneous 
fission with half-lives more than 20 ordera of magnitude shorter than their 
ground state half-iives (see a review article by Bjirnholm and LYnn, 1980). 

In additiot;l to ~he important conclusions ensuing from the discovery of 1;he 
spontaneously fissioning isomers, it was essential that those isomers had 
produced the background which had to be eliminated in the experiments design
ed to synthesize element 104. Therefore, subsequently the recoil trans
portation was performed using, Lnsteed of a rotating disk, a long conveyer 
belt along which a great number of solid-st.ate track detectors were placed, 
thus allowing to cover a wide range of lifetimes (from 10 ms to 10 s). The 
experiments resulted in the detection of three spontaneously fissioning 
products from the 242pu + 22Ne reactio~. On~ of them, the knovm 242fAm, had 

a half-life of 14 ms, while the half-lives of the other two were estimated· 
to be equal to ~O.) s and several seconds. On the basis of tqe data obtained 
in cross bombardments und of the shape of the excitation functions, taking 
into account the expected forbiddenness for the spontaneous fission of the 
odd-mass isotopes, the authora (Flerov and others, 1964) assumed that the 
spontaneously fissioning nuclide witr. a half-life 01 ~.) s was the element 
104 isotope with mass number 260. Ho~ever, bearing in ~ind the experimental 
difficulties, in particular, the presence of the background due to the 
spont'aneous 1ission of the Z <104 nuclei, the authors of that work decided 
to carry out chemical experiments to identify element 104 and to study its 
chemical prope r-t Les', 

For this purpose Zvara end others (1966) developed and employed fi basically 
novel approach to the study of the chemicel prope~ies of single atoms under
going radioactive decay in times of the order of one second. This approach, 
which can be called radiochemistry in the gaseous phase, was thoroughly 
elaborated later (see Zvara 1981) and is presently viewed upon as one of the 
main and promising trends in the study of the chemistry of heavy actinide 

and first tranaactinide elements (aee Keller, 1984). 

As the 2~e-ion bombardment of 242pu could :field only the Z~ 104 elements, 
and because spontaneous ~ission is not typical for the preactinide (Z< 89) 
elementa, the chemical identification of the spontaneously fissioning nuclide 
required, in the first place, its separation from the actinides. This was 
achieved by employin~ the great difference in volatiiity between the higher 
chlorides of the light homologs of element 104 and actinides, hafnium and 
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lanthanides respectively. For exumple, the prcssure of HfC14 vapour reaches 
1 atm at'a temperature of ))OOC whereas EuC12 and LuCI) have such apressure 

at >1500°C • 

~N2 2~2pU 

1S22r~e 
J~l\2+ZrCl4+NbCl5 

~o dete~~rs 

Fig. 4.	 Set-up for the rapid separation of
 
gaseous chloride compounds of eka Hf
 
(element 104) from analogous compounds
 
of actinide elements. The recoil nuclei
 
synthesized in the 242pu+22Ne reaction
 

are thermalized in a nitroeen streem 
saturated with ZrC1 and NbC15 vapors.4 
The streem transports to mica detectors 
the chlorides of the elements formed as 
reaction products. AlI the system ia 
heated to the temperature which corresponds 
to volatile state of eka tIf chlor1.des and 
to involatile state of actinides chlorides. 
Under these conditions the atorna of the 
Z ~10) elements can not pass to the mica 
detectors recording the spontp~eous fission 
of- the sought nuclei of elernent 104. 

A achematic view of the experimenta carried out in 196? (Zvara and othera, 
1966,1969) is shovnl in figo 4. The authors of this study have shown unambigu
ously that the spontaneously fissionL~g nuclide produced by the 24

2pu + 22Ne 

reaction leads, under certain conditions, to the formation of chlorides which, 
as the chlorous compounds of hafnium, can'be separated from the chlorides of 
lanthanides and actinides, owing to a great difference in volatility. So it 

was establis!led that the atoms of element 104 ~ere synthesized in the 

24 2pu + 22Ne reaction. 

In view of the unambiguity of the chemical identification of element 104 the 
authors (Flerov and others, 1964; Zvara ani others, 1966,~969) suggested that 
the new element should be ngned kUTchatoviwm to pay tribute to the memory of 
I.V.Kurchatov ~hose classical and pioneering works have formed the basis for 
a nur.ber of i;nport2~t t~ends of nuclear ptysics" such as the studies of 
nuclear isomerism, neutron physics, nuclear fission physics and others. 
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As an extension of the studies of.the ehemical properti~s bf kurchatovium 
and neighbouring aptinides, Chuburkov"and others (1967,1969) ~nvestigated 

the behavior of the chlorides of elements 102 end 103 in a gas stream. That 
investigation confirmed the identification of kurchatovium and yielded the 
first data on the chemistry of elements 102 and 103. Subsequently some 
experimenta were earried out to investigate the chemical properties of 
kurchatovium in the gaseous phase (Zvara and others, 1970a, 1971), which 
fully eonfirmed the earlier conclusions a~d allowed one to determine the 
sublimation temperature of KuCl4 more accurately and to establish the 
eonditions under which this compound is absorbed by ehemically active filters. 
The separation of kurchatovium and hafniun chlorides is illustrated in fig.5. 

22NeI1. ITiC~ 1'SOCl2 a
 
V t micadetectors
NL._f UI 5/	 " 

-'g~ : :SJ 
J!Jc..- O I ,......., I I In C I


4:::H}) 
o~3
ÜC 
~:J

fuc 2 
n21E.t= 
C::).0L O ' I • ''Fd4WW I I I •• "':) 

o 50 100 150 Lcrn 

.J 

Fig. 5. (a)	 Sehematic diagram of the set-up for the chemical
 
separation of kurchatovium. The principIe of
 
operation is similar to that of the arrangement
 
shown in figo 4. Gase~UB nitrogen stream is
 
saturated with TiCl and SOCl2 vapours and then
4 
reaches the tube whiOh aets as a thermochromato
graphie colurnn. The tracks of spontaneous
fission fragments are reeorded in mica placed 
inside' t~e t ube , 

(b)	 Temperature regime of the chromatographic column. 
(c)	 The distribution of fission fragment tracks 

(filled and open circlea) along the column, 
compared with the d1stribution of 44mSc and 
170,171Hf (under these experimental ~onditions 

.acandãum and hafnium are the homologa of 

aetinidas and kurchatovium, respeetively). 
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The radioactive decay of 257Ku, 258Ku and 259Ku wes investigated by Ghiorso 

and others (1969). La t er (Flerov and otrier-s , 1971a; Druin and others, 1973; 
Bemis aud others, 1981; Somerville and otners, 1985) a 7% spontaneous fission 
branch was detected for the OG-active isotope 259Ku havjr.g a half-life of 
3 s. It is presently illldoubted that the spont~~eous fission of this isotope 
has been observed in the initial experiments designed to synthesize kurchatov
ium (Flerov and others, 1964) and in the experiments aimed at identifying 
kurchatovium (Zvara and others, 1966,1969) and Dlvestigating its chemical 
properties fZvara and others, 1970a, 1971)~ 

The proplem	 of the 260Ku properties, albeit disputed for a long time because 
of some disagreement in lifetimes obtainei hy dífferent authors, has ultima
tely not played an essential role either in the history of the kurchatovium 
discovery or in the s;'}stematics of the properties of the transfermium 
nuclides. 

Element "105 was discovered in the nuclear r~action 243Am + 22Ne l~te in 1969 
at Dubna (Flerov and others, 1970a). The newly detected nuclide undenvent 
spontaneous	 fission with a half-life of 1.8 s. Its atomic number (Z=105) was 
established	 by measuring the angular distributions of the recoil nuclei and 
the excitation ftL~ctions, which made it possible to determine its mnss 
nurnber, A=261 (Flerov and others, 1970b,c, 1971b). The experiments aimed at 
observing the C<-decay of products from the 243Am + 22Ne reaction (Drui~ 
end others,	 1970, 1971) confirmed the detection of 261 105 (T1/2=1.4~g:~ s, 

E~= 8.9-9.1 MeV, tbe OC-decay branch of 75%, tbe spontaneous-fission branch 
of 25%) by establishing its genetic link with 257 103• Finally, the chemical 
identificati.on of the new element was carried out (Zvera and others, 1970b) 
by using a technique similar to the one employed for the qhemical identifica
tion of kurchatovium (see figo 4). Paying homage to the great contribution of 
Niels Bohr to physics of the twentieth century the discoverers of element 105 
proposed to name it nielsbohrium • 

Choice of a	 Further Route in Element ~ynthesis. Element 106. 

It is evident that element synthesis on tbe beams of heavy íons with atomic 
numbers !: 10 has strict limitations becanse the heaviest target materiaIs 
available to the experimentalists are berkelium, californium (Z=97 and "98) 
and, possibly, ~insteiniurn (Z=99). In the iate 1960's the choice of a further 
route in the synthee í.e of new elements became topical in connection with the 
prediction of an island of nuclear stability in the region of the magic 
numbers, Z=114 and N=18~ (see reviews by Flerov and Ter-Akopian, 1983, 1985). 
With a view of synthesizing superheavy nuclei, various reactions induced by 
ions heavier than argon were considered. Naturally it was interesting to use 
similar reactions to synthesize element 106. On the other hand, one could go 
the traditional way of using hot-fusion reactions. lJ'herefore it is not 
surprising that the two laboratories at Dubna an d at Berkeley have chosen 
different ways. 

15 



At Dubna, the synthesis of element 106 was earried out by using the new type 
of reaetions, the eold fusi~n 207,208pb + 54Cr (Oganessian and others, 1974; 
Demin and others, 1984). 

The Berkeley group proeeeded by using the hot-fusion reaetions. Ghiorso and 
others (1914) proqueed the 263106 isotope by the reaetion and249Cf(180,4n) 
identified thia nuclide by eatabliahing the correlation between its ~ decay 

(T~~2=0.9tO.2 s, E~ =9.06 and 9.25 MeV) and the O( decay of the daughter 
(2 Ku) and granddaughter (255102) nuclei. 

COLD FUSION 

The cold-fusion reaction is now the generally accepted term for reactions in 
which the nuelei of transfermium elementa are formed as a result of the 

complete fuaion of magie target nuelei (Tl, Pb, Bi) with the projeetile nuelei 
with A~ 40. A number of experimenta, with heavy ion bearna from 40Ar to 76Ge, 
carried out before 1913, have not reaulted in the observation of any produeta 
of cornplete-fusion rea.ctions with Z > 84 (see Flerov and others, 1Y74). After 
some qualitative eonsiderations the absence of heavy produets of the complete
fusion reactions indueed by the A~40 ions was explained by the high fissility 
of the eornpound nueleus (Swiateeki and Bj~rnholrn, 1972; Tsang, 1974). 

In 1973, some e~perirnents were carried out (Oganessian and others, 1975a) in 
order to estimate the extent to whieh these limitations aetually influenee 
the possibility of forming eornpound nuelei with atomie nurnbers around 100. 
The purpose of those experimenta was to aearch, at the higheat possible 
sensitivity, for evaporation residues from the eompound nueleus produeed in 
the Pb + 40Ar reaetion. In the case of deteeting sueh produets the experiment
alists intended to clarify to what extent the higll binding energy of the 
magie lead nuelei would affect the produetion of moderately exeited eompound 
nuelei in this reaetion. 

The results of the experiments surpassed alI expectations. The isotopes 244Fm 
and 246Fm, the (40 Ar,xn) reaetion produets, were obtained by bombarding three 
differênt isotopes of lead (20Gpb, 201pb, and 2°8pb). Instead of the uaual 
several tens of atoms, their yield amounted te several hundreds and even 
thousands of atorns in a one-day experimento The largest eross seetion 
eharaeterized the reaetions involving the evaporation of 2 and 3 neutrons 
from the compound nueleus rather than the renetions aecompanied by the 
evaporation of 4-5 neutrons. The latter are typieal for hot fusion. This fact 
ia eonvineing evidenee for that the use of the magic lead nuelei as target 
material ahould lead to the formation of slightly excited (eold) eompound 
nuclei. 

]6 

Subsequently Oganessian and co-workers carried out a series of studiea to 
inveatigate the cold-fusion reactions induced by projeetiles from 40Ar to 
64Ni and the formation of the nuelei of new elements up to the element with 
atomic nwnber 110. The results of tllese studies are summarized in several 
papers (Oganessian, 1977,1982,1983; Oganessi~~ and Lazarev 1981; Oganessian 
~~d others 1984b). 

In 1979, the Darmstadt group joined in and used the Wien velocity filter 
SHIP. The results obtained by this group.in the experiments to investigate 
eold-fusion reactiona and to synthlfsize n ew elements are summari.zed in several 
papers (see Armbruster, 1985,1986; Hofmann and others, 1986; MÜDzenberg and 
others, 1986a). The Darmstadt group was the first to establish that the reae
tions involving the evaporation of one neutron from the compound nuelei form
ed in eold fusion play a significant role (MÜllzenberg and others, 1981). 
Dganessian and others (1984b) suceeeded in observing also the radiative
capture reaetion 208p b( 50Ti, t )258Ku• 

The smaller nurnber of stages of the compound-nucleus evaporation cascnde lends 
to a substantial gain in the cross-seetion magnitude for cold-fusion reactions. 
An analysis of data on the Pb + Ar reaetion (Gaeggeler and others, 1979) 
shows that they ean be described with the help of eq. (1) without assuming 
a smaller cross seetion for the fusion of lead and argon nuclei, as eompared 
with hot-fusi~n reactions. However, already the Ti (Z=22)-indueed reaetiO!lS 
exhibit entranee-channel limitations to fusion, and the cross sections of 
the Pb(Ti,xn) reae~ions turn out to be notieeably' smaller than the values 
caleulated by formula (1). In proeeeding to the heavier projeetiles, the 
entrance-ehaxmel limitations played an increasing role as the atomic number 
of the eompound nueleus inereased (Armbruster, 1985,1986). Nevertheless, the 
eold-fusion reactions proved very effieient Dl synthesizing a number of 
transaetinide elements. 

For this purpose different techniques were used at Dubna 'and at Darmstadt. 

At Dubna (see Oganessian, 1983), internaI beams from the U-400 eyclotron of 
48-50Ti 54Cr 55Mn 58Fe 59Co and 64Ni l'/ith intensities in the range 

5x10 12 ~ 5x10 13 s-1'were ~sed t~ synthesize nuelei with Z=104-111. These 
ions bombarded TI, Pb and Bi deposited onto the externaI surfaee of a rotat
ing eooled drurn. The entire surfaee of the drum, except for the part being 
irradiated, was surrounded with solid-state fission-fragment track detectora. 
This allowed one to reeord the· deeay of spontaneously fissioning short-lived 
r-eac t Lon produets with half-lives 9f > 10-4 s , If the nascent nuclei under
went oc deeay, their formation was established by observing the ot deeay or 
spontancous fission of Long-dí.ve d O( -decay daughter produets. In both cases 
no baekground was present even in long-time measurements (about 20 days). 
The experimental sensitivity was ~uch that the observation of one spontaneous
fission or ~-deeay eveÍlt eorresponded to a reaetioo eross seetion of 
Jx10-37em2• 

The performanpe of such experimenta was possible owing to the speeific 
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features of the cold-fusion reactions. First, the target-like products of
 
inelastic transfer reactions could not produce a spontéPeous-fission back

ground. Second, at bombarding energies ~5.5 MeV/amu neutron evaporation
 
(and {-ray emission) is the main channel of compound-nucleus de~excitation.
 

As seen from the data presented in table 3, the cross sections of the (HI,«xn)
 
and (HI,pxn) reactions are very small. Therefore, having observed the long

lived fin~l p.roducts of the ol-decay chains of the nuclei formed in cold

fusion reactions one can draw some conclusions about the stability of the
 
mother nuclei and a?out the cross sections of the reactions in which they
 
have been synthesized. t.
 

TABLE 3. Some data on cold-fusion reactions between 20SPbnuclei and 
titanium isotopes	 (Oganessian and others, 1984b) 

E~:~ Nucleus Number Number Decay Cross 
(MeV/amu) detected of s.f. of ~- probability section 

Reaction frag- part~cles (10-J3 2)
ment x cm 
tracks 

20Spb(50Ti, t)258Ku 5.45	 246Cf 65 0'(0.13) 0.6
 
25JFm
 n)251Ku	 12 0(...(0.12) 5 

2n)256Ku	 256Ku 1440 SF(0.99) 6 
240Cm 14 0{(0.01 ) 6 

Jn)255Ku 255Ku 380 SF(0.5) 0.6 
pn)2561OJ 252Fm <6 0<.(1.0) .0:::0.02 
2n)25 2102 240Cm 14 iX(0.1J) <:0.06 

20Spb(49Ti, n)256Ku 5.53 256Ku 120 SF(0.99) 0.2
 
2n)255Ku 255Ku 840 SF(0.5) 1.2
 
n ) 252102 240Cm O 0(0.1J) < 0.004
 

242Cm
 p2n)254 1OJ	 O 0«1.0) < 0.005 

20Spb(48Ti, nj255Ku 5.40	 255Ku 95 SF(0.5) 0.2
 
246Cf
 pn)254103 10 0(0.94) 0.008 

0(.)252 102 240Cm O 0( 1. O) < O.OOJ 

The experimental approach used at GSI, ~armstadt implies the identification 
of new nuclides by observing	 their ~ decay and the correlated'Ol decay chains 
of the daughter nuclei (Hofmann and others, 1984). The possibility of record
ing correlated ~-decay chains sometimes consistipg of up to 5 links is 
provided by separating the evaporation residues in the SHIP facility, a 
separator for heavy-ion reaction products (Münzenberg and others, 1919). 
A schematic diagram of this facility ia shown in figo 6. The combination of 
t~o e1ectric and four magnetic dipole fields forms a pair of velocity 
fi1tera. The velocity dispersion has a maximum va1ue in the median plane of 
the system, where	 the separation of the evaporation residues from the 
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Fig. 6. Schematic diagram of the velocity filter SHIP (GSI,Darmstadt). 
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Fig. 7.-Systematics of the spontuneous fission i 

half~lives of even-even nuclei. Experimental 
data are shown by symbols connected by full 
1ines. The dashed line shows the systematics 
of Ghiorso ,(1969) for the element 104 

isotopes. 

projectile beam occurs. The velocity dispersion is compensated for in the 
second part of the aystem. Two triplets of magnetic quadrupole lenses 
provide focussing of-the comp1ete-fusion products cscaping the target within 
a JO cone in the direction of the primary beam and having an ionic charge 
spread of 20%. In the. case of the cold-fusion reactions leading to the forma
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tion of transfermium compound nuclei, the number of the projectiles which 
have passed the entire system decr~ased by a factor of 1010_10 13 compared with 
the intensity of the primary beam. ~his allowed one to place the det.ector 
system directly after the separator. The detector system consisted of time
of-flight detectors and position-sensitive surface-barrier detectors. The 
time-of-flight and'energy measurements for the recoil nuclei which had 
stricken the surface-barrier detector permitted a rough (with 10% accuracy) 
estimate of the masses of these nuclei. The detection system established the 
time correlation between the detection and CX-decay of a recoil nucleus, 
as well as enabled the o(-decay chains of the implanted nuclei to be reveal
ed. In this way the authors could determine the o(-decay energies and the 
half-lives of the new nuclides and perform their unambiguous identification. 

Imediately after the detection of ~old fusion between lead and argon nuclei 
Oganessian and others (1974,1975b) began experimenta to study the formation 
of kurchatovium isotopes in the titaniUm-ion bombardments of lead isotopes. 
These experiments yielded the new isotopes 255Ku and 256Ku• The data on the 

even-even isotop? 256Ku which underw~nt spontaneous fission with T1/2~5 ms* 
were of special interest. This isotope with the closed N~152 subshell has a 
spontaneous fission half-life a factor of 106 shorter than that of the neigh
bouring even-even isotope 254 102 which also has the closed N~152 subshell. 
Moreover, the half-life T1/2~5 ms is' approximatel! 104 times smaller than 
the value predicted by the empirical systematics of the half-lives of 
actinide	 nuclei (Ghiorso, 1969). As one can see (fig. 7) from the new syst~m
atics obtained by Oganessian and others (1974), in going from elements with 
Z ~ 1,02 to kurchatovium (Zr104) the character of the dependence of onT1/2 
neutron number in even-even nuclei changes drastically. In the isotopes of 
fermium (Z=100) and element 102'the stabilizing effect of the N=152 subshell 
manifests itself explicitly in the observation of a sharp maximum in the 
T1/2 value for N=152. There is no such a maximum for kurchatovium isotopes. 
This change in the systematics'was explained qualitatively by Oganessian 
and others (1975b) who paid attention to the fact tbat in the region of 
interest the second maximum of the double-humped fiasion barrier has the 

largest value at N=152. The height of the Becond barrier decreases rapidly 
with increasing Z, as well as in moving farther from N=152 in the direction 
of a greater or a smaller number of neutrons, whereaa the first barrier 
height remains almost unchanged (see, e.g., Brack and others, 1972). 
Oganessian and others (1975b) assumed that the second maximum of the fission 
barrier should lie below the nuclear ground state starting with kurchatovium 
isotopes (i.e. for Z ~104). Theref?re, the spontaneous-fission lifetimes of 
these nuclides should depend on the neutron number weakly. Frqm this explana
tion it is also possible to conclude (Oganessian ,and others, 1975b) that the 

*Later, more accurate va Lues V/ere obtained: T1/2=7 .4~g: f ms and the a, f. and 
ec--decay br-anchãng ratios of 98% and 2%, resp.ectively, by ~.:ünzenberg and 
others (1982a) and Hessberger and others (1985);	 theand T1/2=6.7!0.2 ms, 
s.f. and CK-decay branching' ratios of 99% and 1% by Oganessian and others
 
(1984b).
 

decrease	 in T1/2 with growing atomic number in the vicinity of kurchatovium, 
which took place for the Z ~102 nuclei, should become slower for elements 
with Z> 104. 

~r 

For comparison with theoretical calculations, the data on even-even isotopes 
presented in figo 7 are most informative since, in contrast to odd isotopes, 
in this case there is no hindrance factor for spontaneous fission. The calcu~ 

lations performed by Randrup and others (1976) showed that the new system
atics given in fig. 7 agree with the theoretical calculations using the 
double-humped fission, barrier concept. The new systematics solved in a natural 
way the problem of the t1 anomal ous l y high tl hindrance factors ensuing from 
Ghiorso 's systematics (Ghiorso, 1969) for the spontaneous fission of odd 
kurchatovium isotopes. Por example, according to those systematics, the 

X	 hindrance factor for the spontaneous fission of 257,259Ku was 106_109 while 

it exceeded 1013 for 261Ku (Ghiorso and others, 1970b). As a matter of fact, 
the new systematics showed that the hindrance factors for the spontaneous 

103-104,fission of 257,259,261 Ku lie in the range which are common for even

odd nuclei. 

In the last decade the two groups, at Dubna and at Darmstadt, made consider
able progress in their attempts to synthesize transkurchatovium nuclei. This 
experimental research is one of the most comp~icated ones carried out, on 
heavy-ion beams from accelerators. It required a large number of many-day 
runs of heavy-ion irradiations involving the use of very expensive and rare 
isotopes (50Ti, 54c r, 58pe, 48Ca, and others). Sophisticat~d physical and 

chemical techniques and ex~erimental facilities were operated during and 
after these runs. To venture performihg these studies it was necessary to 
overcome the doubts expressed by some,authors (Nitschke and others 1978; 
Viola and others, 1980) about the feasibility of the route taken. Therefore 
special mention ~hould be madeof the unanimity between the Dubna and the 
Darmstadt groups in'performing this work. Such relations arose at the early 
stage when the experiments initiated at Dubna and aimed to synthesize super
heavy elements in the U + Xe reaction were pursued at GSI, Darmstadt. There, 
deep inelastic reactions induced by uranium ions were investigated thoroughly 
with a view of synthesizing superheavy elements. It is pleasant to note that 
the inherent factor of competition between Dubna and Darmstadt in no way 
impeded the infonnation exchange which allowed them with lesser efforts to 
carry out the studies which were complementary to one another. 

r With an enhanced heavy-ion beam intensity compared with that used a~ GSI, 
the Dubna group decided to determine the probabilities for the occurrence of 
different cold-fusion reactions and to establish the formation of new nuclid
es by detecting the known daughter products of their radioactive decay. 

The Darmstadt group successfully used their special-purpose technique which 
was capable of establishing the actual existence of,new nuclides and of 
identifying them by recording' rare correlated ~-decay chains. 

The data	 obtained as a result of the synthesis of the isotope,s of elements 
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intensity of the heavy ion beam and effective detection methods were used. 
Extrapolation of the data presented in figo 8 ShOWB that cold-fusion reac
tions will give not more than one atom of element 110 during 10-100 days. 
Nevertheless, the appropriate experimen~s have been performed both at Dubna 
and at Dannstadt. 'Attempts were made to synthesize the nuelei of elemente 
110 and 111 in the reaetions 209Bi + 59Co ~ 268 110*, 209Bi + 64Ni __.- 213 111* 
(Oganessian rold others, 1986) and 20Spb + 6~i ~ 212 110* (Münzenberg and 

others, 1986a,c). Unfortunately no one atom of element 110 or 111 has been 
detected in those experiments. The limita of the reaction eross seetions 

are shown in figo 8. 

Recent theoretical studies (Blocki, Feldmeier and Swiateeki, 1986) also lead 
to the conelusion that the eold-fusion reaetions have praetieally exhausted 
their póssibilities for the synthesis of new elements with Z ~110. 

POSSIBLE WAYS OF SYNTHESIZING STILL HEAVIER ELEMENTS 

(Z~ 110) 

Thus, the use of the eold-fusion reaetions have proved ineffieient in synthes
izing elements with atomie numbers ~110. The 248Cm + 48Ca reaetion employed 
in attempts to produee superheavy nuelei elose to the magie ones with -fhe 
proton number Z=114 and the neutron number N=184 gave no positíve results 
either (see Flerov and Ter-Akopian,' 1983,1985 and Annbruster and others,1985). 
The attempts to synthesize superheavy nuclei by the deep inelastie transfer 
reaetions 238U + 238U and 248 Cm + 238U have also failed (see Kratz und others, 

1986). The heaviest atomie nuelei produeed by these reaetions. belong to men
delevium isotopes (Z=101) (Sehadel und others, 1982). With all these discour
aging results and pessimistie eonelusions in mind we should ask the natural 
question: is it not time to stop and give up the dream of produeing atomie 
nuelei with proton number 110 and larger, ineluding the superheavy elements 
(Z~114) elose to the hypothetieal summit of the island of stability? However, 
all those who are engaged in this field of researeh believe that, in addition 
to the studies direeted to an expansion of the region of the Z <110 nuelei 
investigated, it is possible and neeessary to mak~ further attempts to produee 
new elements with Z 2: 110. In this eontext we shall eonsider the features of 
the reactions. so far used to synthesize new elements, as well as the reae
tions whieh, in our view, ean lead to the synthesis of the still heavier 
elements with Z ~110. Table 5 gives tne different target-projeetile eombina
tions whieh were used at the first and seeond stages of the studies relevant 
to the synthesis of new element~,namely, in hot- and eold-fusion reaetions. 

Owing to the large asymmetry in the masses of the eolliding nuelei and to the 
presencc of a low, though finite in height, liquid-drop fission barrier for 
eompound nuelei with Z ~106, the formation of the latter in hot-fusion reac
tions was eharaeterized by a eross seetion eomparable to the interaetion 
eross seetion. Despite the high fissility of eompound nuelêi with exeitation 
energies of 40-50 MeV, they eould survive in a relatively small number of 
cases after the evaporation of 4-6neutrons. However, the synthesis oi the 
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TABLE 5. Some tyPieal hot-fusion and eold-fusion reaetions and the reactions 
on actinide targets, whieh are likely to produce elements with Z ~110 

Z Hot fusion Cold fusion 

102 23~-(22Ne 4n)256102.243Am(15N 4n)254 102 92U 10 ' '95 7' 
206pb(48Ca 2n)252102 82 20 ' 

242pu(180 5n)255102.246Cm(12C 5n)253102 94 8' , ~6 6' 

103 2~§Am(1~0,5n)256103;2~§Am(1~0,4n)255103 

242 22· 259 249 15 260104	 97Bk( 7N,4 n)104Ku 208pb(50T· 2 )256K94Pu(10Ne,5n)104Ku; 82	 22 1, n u 

243 22 261 249 15 260105 95Am(10Ne,4n)105Ns; 98Cf( 7N,4n)105Ns	 2~5Bi(~~Ti ,'1n) 258ns; 

209B·(50T· 2n)257Ns 83 1 22 1, . 105 

106 2~§Cf(1~0,4n)263106	 2~~Pb(~4cr,1n)261106; 

20~b(54Cr 2n)260 106 82 24 ' 

101	 209Bi(54c r 1n)26210.{. 83 24 ' , 

2~5Bi(~4cr,2n)261107 

108	 209Bi(55Mn 1n)263 108• 83 25 ' , 

207Pb(5~e 1n)264108 82 26 ' 
20fL 5fL 265

821'b( 261"e, tn ) 108 

109	 209Bi(5~e 1n)266109 83 26 ' 

Fusion reaetions'based on actinide targets 

-- 
110 232Th 90 

+ 48Ca 20 
~ 280110~' 

' 
232Th 90 

+ 44Ca 20 
~ 216108~' 

' 
236

U92 + ~~r ___ 276 110* ; 2~~ + 40Ar 18 
___ 278110~.242pu + 36S 278110~ 

. , 94 16--

242
94Pu 34· 276 * 

+ 16S ~ 110; 
244 36 280 * 248

94Pu + 16S ~ 110; 96Cm + 
30
14Si 

278 110* 
~ 

249 
98

Cf 
26 275110~ 

+ 12
Mg 

-- 

l 

111 231pa 
91 

+ ~~ca ~ 279 111*; 231pa 
91 

+ 44Ca 20 
~ 275 111* 

236 
92U + t~K ~ 277111~; 23~ + 41K ~ 

92 19 
279111*.237NP 

' 93 
+ 4~Ar ~277111* 

1~- . 

242pu 
94 

+ ~+Cl--- 279 111*; 244pu 
94 

+ 37Cl~ 
11 

281111*.243Am' 95 + ~~S ~ 279 111*; 

249Bk 97 
+ ~~Si __ 279 111* 

25 



still heavier elements by this kind of reactions seems to be problernatic in 
view of the growing fissility of the compound nucleus ê.nd because of the 
abs enc e of target nuclei with atomic nurnbers >98. '1'he possibility of us í.ng 
a few-microgram targets of the long-lived elllsteinium isotope 254Es (Z=99), 
which has appeared recently (Hulet and others,1986), and prospects for 
producing 254E~ in large amount s (Hoffman, 1986) are of considerable interest 
in connection with the production of new heavy isotopes of transfennium 
elements, but not the Z ~110 nuclei. 

By passing to cold-fusion reactions one succeeded in reducing the compound
nucLeus -exc í.tat í.on energy arid in cnhancing the probability of its survival. 
As a result, the limit of known nuclides has been advanced to the region of 
large atomic nurnbers up to Z=109. In this study it has been found that reac
tions,involving the ernission of one neutron,(HI,1n),play a special role. In 
such reactions the compound-nucleus de-excitation process is not cl~cial for 
the yield of final reaction products. A small yield of the atomic Duelei of 
new elements is due mainly to the fact that the fusion probability drastical
ly decreases as the atomic number of the compound nucleus increases because 
of the growing symmetry in the target and projectile masses and of the ever 
increasing Coulomb repulsion. 

In ~his situation the synthesis of elements with Z 2: 110 might be feasible in 
the reactions in which the effect of the unfavorable factors indicated (the 
high exci tation energy of the compound nucleus and strong Coulomb repulsion) 
is not very substantial. In this connection it"is worth considering reactions 
involving the fusion of uranium and adjacent elements nuclei with the nuclei 
of projectiles intermediate between chromium and I}eon. Some of these reac
tions leading to the Z=110 and 111 nuclei are ~isted in Table 5. 

'1'hese reactions, in particular, Th + Ca, U + Ar, and others were proposed 
and analyzed in the talk given by Flerov (1984) at the 1983 Conference on 
Nuclear Physics in F'lorence. The choice of these reactions was motivated by 
the following considerations. First, these reactions are characterized by 
large ásymmetry and by weaker Coulomb repulsive forces acting between the 
target and the proj ectile nuclei, compared \"1i th reactions on lead and bismuth 
targets. Second, in the case of a thorium OI' uranium target the macroscopic 
properties of the colliding nuclei, na.mely their static and dynamical deforma
tions, possible neck fonnation, etc., might make it easier to form a slightly 
excited compound nucleus, if not a cold one. 

The probability for slightly excited equilibrium compound nuclei to be form
ed in the reactions Th + Ca OI' U + Ar depends on the dynamics of the transi
tion of the nuclear system formed in the entrance charmel to the saddle 
point of the compotllld nucleus (see, e.g., Bj~rnho]~ and Swiatecki, 1982; 
B~ocki, Feldmeier and Swiatecki, 1986; Nix and Sierk, 1986). The coup~ing of 
collective and single-particle motion leads to the heating of the nuclear 
system nnd to the appearance of a dynamical barrier preventing fusion. 

Becauae of this dynamical barrier, some authors do not share the above-men
tioned view that the synthesis of the Z~ 110 nuclei can be carried out by 
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fusion reactions occurring on actinide targets. For example, Armbruster 
(1986) supposes that the closed N=126 shell in Pb and Bi nuclei plays a 
apecial role thus making reactions of the Pb + Ni type preferable in the 
synthesis of element 110 because of their lower dynamical barrier compared 
with the U + Ar reactions. 

Recently Moller, Nix and Swiatecki (1986b), based on their calculations of 
potential energy surfaces for nuclear systems having configurations resembl
ing two touching spheres, also 9€t out the supposition that the closed nucleon 
shells of colliding nuclei play a significant role in decreasing the dynamical 
barrier of fusion. 

The reactions 235U + 40Ar leading to the synthesis of element 110 were 
predicted ty Armbruster (1986) to have very low cross sections of 1.3x10-39cm~, 
i.e. a factor of 3~103 smaller than that of the combination 20Spb + 64Ni• 

However, we consider this conclusion disputable since it has been drawn from 
an extrapol~tion of data on symmetric OI' nearly symmetric reactions leading 
,to the Z=80-90 nuclei (Sahm'and others, 1985; Reisdorf and others, 1985; 
Keller and others, 1986; Quint and others, 1986). In these reactions the 
Coulomb and nuclear forces are balanced in a quite different way compared 
with the reactions U + Ar OI' Pb + Ni. 

Evidently" the survival probability for the Z~110 compound nucleus depends 
on the stabilizing effect of its nucleon shells, which can vanish in a 
strongly heated nucIear system. 

However, bearing in mind weak exotic reaction channels (the fusion reaction 
cross section may be the 10-12_10-10th traction of the total interaction 
cro~s section) it is possible to assume that a slightly excited compotllld 
nucleus may be produ~ed even in the case of a significant dynamical barrier. 
For example, in passing from the entrance-channel configuration to the saddle 
point of the compound nucleus the system can emit"an energetic"neutron OI' 

~ ray and reach an excitation energy 101'1 enough for the stabilizing shell 
effects to manifest themselves. This assumption about the mechanism of 
compound-nucleus de-excitation agrees with the experimental data obtained by 
Gaeggeler and others (1979) and Hessberger and others (1985). They have shown 
that the high-energy tails of the excitation functions of the 206pb(40Ar,2n), 
208pb (501 i,1n) and 208pb(59Ti,2n) reactions cannot be explained in terms of 

the statistical model and are very Iikely to be due to the nonequilibrium 
de-excitation mechanism. 

What has been said above can be summarized as follows. 

Having yielded severaI decay events of the nuclei of elemente 108 and 109, 
the cold-fusion reactions have practically exhausted themselvea. Now only 
fusion reactions occurring on actinide targets can hopefully lead to the 
synthesia of the Z ~ 110 nucLe í Only direct experimenta can give an anawer, 

to the quea t í.on as to what extent such conclusions are justified., Therefore 
it was found appropriate to perform Buch experiments by using the very 
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sensitive teehniques employed previously in the experiments aimed at synthesiz
ing the nuelei of elements 107-109. Reeently the Dubna and the Darmstadt 
groups have carried out sueh experiments. 

At Darmstadt, the 2J5 U + 40Ar ~ 275 110* reaetion was investigated at an 

argon ion energy elose to the Coulomb barrier (Münzenberg and others, 1986a). 
The seareh 'lias made for the o'-radioaetive and spontaneously fissioning 
produets whieh might be aSBigned to the nuelei of element 11? negative 
results have been obtained. The limit of eross seetions for the reaetions 
possibly produeing the element 110 nuelei having lifetimes longer than several 
mieroseeonds 'lias set at a leveI of <1.4x10-J 5em2• 

In the Dubna experiments, the 2J2Th + 48Ca reaetion 'lias investigated at first 

(Oganessian and others, 1986). These experiments did not result in the detee
tion of eomplete-fusion product nuelei with spontaneous fission half-lives 
of >0.5 ms. The experiments have set the upper limit for the eross seetion 
at a leveI of 5x10-J 6em2• One of the explanations of this negative result 
can be that the isotopes of element 110 whieh might have been produeed in 
this reuetion have a very short lifetime with respeet to spontaneous fission 
(Leander and others, 1984). Therefore the authors of this study deeided to 
pass to the 44Ca projeetiles whieh, after fusion with 2J2Th, eould yield the 
isotopes of element 110 with the neutron number N~ 164, whieh are ealeulated 
to ho.ve enhaneed stability 1:l.gainst spontaneous fission (Cwiolc and others, 
198J; Leander and others, 1984; Moller, Leander and Nix, 1986). Two spontane

ously fissioning produets with half-lives of 0.82~g:~~ms and 8.6~~:~ms were 
observed in the 2J2Th + 44Ca reaetion. The yields of these produets as fune
tions of bombarding energy are shol'ln in figo 9. The short-lived aetivity 
'lias identified as the spontaneously fissioning isomer 240f1cm (T1/2=0.9::'::0.1ms). 
This conclusion was drawn from the eoineidenee of the half-life values, as 
well as from measure~ents of the 240Ar and 242Cm yields eompared with known 
isomeric rut í.oa , The ...... 8 ms spontaneous fission aetivity has an exeitation 
function resembling thut expeeted for a eomplete-fusion reaetion. A spontune
oualy fissioning produet with o. hulf-lrfe of about 8 ms was also produeed in 
the 2J6U + 40Ar reaetion at nn Ar ion energy of 210 MeV in the lo.boratory 

system. No aetivity with sueh a hulf-life 'lias observed in the 2J1 pa + 40Ar 
reo.etion. Thus, the observation of the spontoneously fissioning nueleus with 

-8 mscouLd be eonsidered as evidenee for the formation of the isotopesT1/2 
of element 110 in the 2J2Th + 44Ca and 2J6 U + 40Ar reactions. 

Henee a question arises (1S to in what wo.y one ean verify this tentative 
conelusion and reeognize element 110 ns an aetllul member of the Itelemental 
communityll. For this purpose the electrostatie reaetion-produet separator 
VASSILISSA was reeentl'y put into operation on a heavy ion beam at Dubna 
(Eremin and others, 1985). The separator provides a high purifieo.tion faetor 

10 12) (10 11 - in separating eomplete-fusion produeta from the beam pnrticlcs. 
It also perfornill foeussing of about 20-JO~ of the evaporation residues onto 
a device capo.ble of isolating these recoil nuclei according to their times 
of flight and energies. The identifieation of the Duelei synthesized is done 
by observing correlated o( -decay cha í.na , The kinetic energy and mass 
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Fig. 9. Excitation functions of the reactions 
leading to the formation of 240fAm and 

the spontaneously fissioning produet 
with a half-life of 8.6 ma. A 2J2Th 
target was bombardedby 44Ca ions. 
The dashed lines are drawn arbitrarily. 
Thé Coulomb barrier is inãicated by 
an arrow. 

asymfuetry of the fission fragments can be determined for spontaneously fission
1ng nuelei. If this separator makes it possible to eonfirm the resulta obtain
ed for the 23 2Th + 44Ca and 236u + 40Ar reactions, except for the discovery 

of element 110, alI the arguments advanced in favour of fusion reactions on 
actinide targets would prbve correet. This would sriteh on "green light" for 
the studies of a great number of reaetions possibly leading to the synthesis 
of atomic nuelei with Z ~110. Some of these reactions are listed in Table 5. 
The VASSILISSA separator offers considerable possibilities for performing 
sueh st~dies sinee it is capable of deteeting the « deeay and spontaneous 

fission of the short-lived (up to several microseconds) nuelei produced by 
10-36cm2•nuclear reactions with cross seetions of about 

On the other hand, half-life estimates for ol deeay and spontaneous fission 
(Moller, Leander and Nix, 1986; Mõller, Nix and Swiatee~i, 1986 a,b) show 
that the Z~110 nuclei with half-lives of up to 0.1 s may exist. Basing on 
experience in developing and using rapid chemical methoda for study1ng kurcha
tovium and nielsbohrium properties, one ean work at improving them to use 
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them	 effectively in investigating reaction products having lifetimes from 
several tens to a few milliseconds. 

A gas-filled separator (Ghiorso and others, 1982; Armbruster, 1985) and, 
perhaps, a mnss separator combined with an IGISOL-type ·ion source (Ãrje and 
others, 1.986) may have some advantages for the synthesis and st,udy of new 
elements. 

CONCIJUSION 

The 30-year studies of transfermium elements with heavy-ion beams have result 
ed in the synthesis of eight new elements, namely elements 102 through 109. 
The radioactive properties of over 40 isotopes of these elements have been 
investigated. 

The results obtained in the spontaneous fission studies provide experimental 
evidence for the crucial role played by shell effects for the stability of 
heavy elements. 'Moreover, as a result of the shell-effect fission barrier, 
a very slight decrease in half-lives is observed as the atomic number 
increases a.round Z> 104. This gives USo hopes that the nuclei of superheavy 
elements (Z~114, N'.i178 or 184) may have long lifetimes with respect to 
spontaneous fission. 

The history of the studies relevant to new element synthesis can be divided 
into two stages. The first stage was associated with the use of hot-fusion 
reactions in which the nuclei of uranium or transuranil~n elements were 
bombarded with the heavy ions of carbon, nitrogen, oxygen or neon. At the 
second stage, use was made of cold-fusion reactions produced by bombarding 
the mag~c lead or bismuth nuclei with chromium, mang~ese or iron heavy ions. 

Unfortunately the probability for cold-fusion reactions to occur grea~ly 

decreages as the atomic number of the compound nucleus increases. For example, 
in the case of elements 108 and 109 one did not succeed in obtaining more 
thaIl one atom during several days. The origin of this limitation of cold
fusion reactions can now be understood only in general and this fact stimulat
as further research into the fusion process between 'complex"nuclei. At the 
same time, the presently'available information about this process makes us 
hopeful for the possible synthesis of new elements with Z ~ 110 by fusion 
reactions on actinide targets. The first evidence for the possible formation 
of the element 110' nuclei in the 232Th + 44Ca and '236U + 40Ar reactions has 

been obtained. In the near ftlture control experimenta will be perfonned which 
should eit~er confirrn the discovery of element 110, or demonstrate that 
nature has erected insuperable obstacles before us and we should for long 
stop therace for new elements and be satisfied with the expansion of the nuc
~idic chart in the range 100~ZS109. If, however, it becomes clear that 
element 110 has in fac t be811 produced, a. wide scope will open up for the 
studies associated with the synthesis of increasingly peavy elements. The 
purpose of the studies would be the investigation of the properties of a 
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great number of nuclei from the long-predicted but so far inaccessible new 
.island of stability and further research into the mechanisms which govern 
the fusion of complex nuclei. 
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4lnepoB, LH., Tep-Axonsna r.M.	 E7-87-167 
C~HTe3 ~ ~3Y4eH~e aTOMH~X flAep c Z > 100 
M3Y4eH~e aTOMH~X flAep ~ Z > 100 - aTO o6nacTb ~ccneAoBaH~H, KOTopaR TeCHO 

CBR3aHa c C~HTe30M HOB~X X~M~4eCKHX aneMeHTOB ~ H3Y4eHHeM npeAenoB cTa6Hnb
HOCTH HaH6dnee TRmen~x ~YKn~AoB. C cepeAHH~ SO-x rOAoB aTa pa60Ta npoBoA~TCR 

c Hcnonb30eaHHeM HHTeHCI1BHWX nY4KoB TAmen~x HOHOB H BWCOK04YBcTB~TenbH~x Me
TOAOB 4l~3~4eCKO~ ~ x~M~4ecKOH '~AeHTH4lHKa~~~ peAK~X KopOTKom~BY~~X AAep. B pe
3ynbTaTe ABYX aTanOB - nepBoro, AnA KOToporo 6blnO xapaKTepHblM Hcnonb30BaHHe 
peaK~I1H· rooavero cnHAHHA AAep U, Pu, Am, Cm, Cf c 6oM6apAHPY~I1MH AApaMH C, 
N, 0, Ne, 11 BToporo, OCHOBaHHoro Ha npl1MeHeHHH peaK~I1i1 xonOAHoro CnI1AH~A AAep 
Pb ~ Bi c 60M6apAI1PY~HMI1 RA~aMH Cr, Mn, Fe, 6blnH CHHTe3HpoBaHbI HOBble XI1MH4eC 
KHe 3neMeHTbl c aTOMHblMH HOMepaMH OT 102 AO 109. M3Y4eH paAHoaKTHBHblH pacnan 
õonee 40 ~30TonOB 3TI1X 3neMeHTOB H nonY4eHbl oAHo3Ha4Hble noxaaarens cr sa peuiao
~ei1 ponH 34l4leKToB o6ono4eK B cTa6HnbHocTH flAep c Z~104 no OTHoweHHIO K cnOHTaH 
HOMY AeneHHIO. 3TO AaeT 3KcnepHMeHTanbHoe o6ocHoaaHHe H3BecTHoi1 rHnOTe3W o CY
~eC'BOBaHHI1 OCTpOBa cTa611nbHocTH AAep OKono Z ~ 114 11 N ~ 178 Hnl1 184. AnA 
CHHTe3a 3neMeHTOB c Z ~ 110 npeAnomeH~ ~ npOaHanl13HpOBaHW peaK~~11 nonHoro cn~ 

flHI1A AAep ypaHa H coceAHI1X 3neMeHTOB c TaKI1~11 6o~6aPAI1PY~~I1MI1 HOHaMH, KaK Ar 
11 ta. B ABYX peaK~l1flX - 232Th + 44Ca H 236u + 40Ar, H3Y4eHH~X B Ay6He, 6~no 
Ha6nlOAeHO cnOHTaHHoe AeneHHe RApa-npOAYKTa /Bcero 26 cnY4aeB/, KOTopoe aBTO
Pbl 3TOH paõoru paCCMaTpl1BalOT B xauecr ae ~aHAI1AaTa Ha pacnan flAep 110-ro ane
MeHTa. 

Pa60Ta ssrnonaeaa B Jlaõoparopaa flAepHblx peaK411H OMRM. 

Ilpenpmrr OGõeAIDleHHOI'O IU{CTHTYTR llJI.epHblX I{CCJIeAOBaHl{iL nyGHa 1987 

Flerov G.N., Ter-Akopian G.M. E7-87-167 
Synthesis and Stud~ of Atomi~ Nuclei with Z > 100 

The studies of atomic nuclei with Z > 100 are closely related to the syn
thesis of new chemical elements and to the investigation pf stability limits 
for the heaviest nuclides. From the mid-SOs these studies have been carried 
out using intense heavy-ion beams and highly sensitive techniques designed 
for the physical and chemlcal identlfication of rare short-lived nuclei. The 
studies proceeded in two stages, the first one being characteriz~d by the use 
of hot-fusion reactions between the U, Pu, Am, Cm and Cf target nuclei and 
the C, N, 0, and Ne projectiles and the second being based on the use of the 
cold-fusion reactions inducedby Cr, Mn, and Fe projectiles on Pb and Bi tar
get nuclei. As a result, the chemical elements with atomic numbers from 102 
to 109'have first been synthesized. The radioactive properties of over 40 
Isotopes of these elements have been investigated and unamblguous evidence 
hD5 been obtalned that shell effects play a decisive role for the stabllity 
of tho Z ~ 104 nuclel âgainst spontaneous fission. This provldes an experi
montaI Gubstantlatlon for the known hypothesis that the island of nuclear 
5tabll~ty should I le around Z ~ 114 and N ~ 178 or 184. It has been proposed 
to synthoslze olements wlth Z , 110 by the complete fuslon reactions of ura
nlum and odJacent element nuclel wlth projectile nuclei such as Ar and Ca. 
The spontoneouB flsslon of a product nucleus (a total" of 26 events) has been 
observed In Oubno oxperlments wlth the i32Th + 44Ca and 236U + 4~Ar reac
tlons. The authors of those studles tentatlvely assigned thls actlvity to the 
decay of the nuclol of element 110. 

The lnvestlgatlon has been performed at the Laboratory of Nuclear Reac
tlons, JINR. 
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