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SUMMARY

Some data on new isotopes of fermium,
element 102, kurchatovium, nielsbohrium,
and on new elements with atomic numbers
106 and 107, firv. produced at Dubna, are
presented. The paper also covers investi=-
gations on the search for superheavy ele-
ments in nature and on their synthesis,
Among numerous natural samples, Allende and
Efremovka meteorites have been investigated
thoroughly. A weak spontaneous fission ac-
tivity has been observed, which can possibly
be due to the decay of superheavy elements.
The relatively small value of v ¢ 3, which
characterizes the fission events observed,
does not contradict this assumption. The
same conclusion should alsoc be drawn with
respect to the spontaneous fission activity
observed in the U+Xe reaction previously,
New possivilities for the synthesis of
guperheavy elements are offered by the cal-
cium-48 ion beam produced at Dubna,
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The present paper deals mainly with the
synthesis of and search for superheavy ele-
ments in nature.]l shall only touch upon some
results on the production of elements with
atomic numbers ranging from 102 to 10T consi-
dering them to be a basis for further expe-
riments to produce superheavy elements. of
course we realize that the trend per se
of producing elements with Z =102-107 is
very important., It has greatly contributed
to the development of nuclear fission phy-
gics and determined, to a great extent, the
progress made in this field during the re-
cent years. It was Jjust in experiments on
the synthesis of new elements that the first
spontaneously fissioning isomers /Y and de-
layed fission following the electron cap-
ture’? have been observed, and some data on
the stability of heavy nuclei with respect
to spontaneous fission have been obtained.

Duripg 1974-76, at Dubna Oganessian et
al, /®t carried out a series of experiments
which led to the synthesis of isotopes of
new elements with atomic numbers 106 and 107.
They also succeeded 1in producing & number
of new isotopes of fermium, element 102 and



Table 1
Isotope Decay mode Ty Reaction
242Fm S.F, 0.8 ms 204i”ﬂ40An&ﬂ szm
250 K
102 S.F. 0.25 ms 2P UCNe, 50 P02
256 ., :
Ku S.F. 5 ms 20 PwC0Ti, 2n) oKy
255 an7 ) 55
Ku - 50%8.F, 2 s Ph (75 20y 2 Ky
~ 50%a
254 ' 06 5 £
Ku 8, F. 0,5 ms PLCO T, 2 25 Ky
253 W06 A0 a5
Ku - 50%4S.F. 1.8 s PhCC T, 8m 2 K
- 50%a
257 08 5 ;
Na . . 20%8.F. 5.5 s o PbClv, 20 P Ng
~ 80%a 09 350 i 90 BNg
255 ] !
Ns - 2045.F. 1.5 s  OPuly, am PNe
- 80% a
259 208 54 R}
106 . 70%4S.F. 7.5 ms 207Pb(54Cr,3:\)2 %106
~ 30%a PhC? Cr,om 2% 106
261 20
07 2048.F. 1-2 ms o Bi( 3 Co20 107
- 80% ﬂph( ? Mn, 2n) 107

I 6/ 0511 (%8 Fe, 2m 2% 107
kurchatovium”™ "', The main reactions that
produced these isotopes and some data on
their half-lives are presented in table I.
Our attention was concentrated mainly on the
investigation of spontaneous fission of
these isotopes, As a result, we succeeded in
obtaining, from our point of view, rather
substantial data on the stability of heavy
nuclei against spontaneous fission. These
results are shown in the form of the syste-
matics of spontaneous-fission half-lives

in fig. 1. One can see in this figure that
we have got direct evidence for the fact
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Fig. 1. The spontaneo&s fission systematics

taking into account the data presented in
Table I,

that the shape of the dependence of s.f,
helf-lives on the neutron number changes
sharply in going from Z =100 and 102 to

7 = 104. One can therefore expect that as
one moves to elements with Z > 104 the dra-
matic decrease in lifetimes ceases. In fact,
the lifetimes of the isotopes 259106 and °'107
produced at Dubna/&4/ and the isotope 263 106
observed at Berkeley 7/ are actually values
of the same order of magnitude as the life-
times of Ku isotopes, while the liquid-drop
model predicts the spontaneocus fission pro-
bability for these isotopes to be 6-T orders
of magnitude higher. Apparently here we deal
with the stabilizing shell effect which 1is
expected to be the only factor providing



nuclear stability in the region of Z=110-
114 and N=184, This conclusion was sub-
stantiated more quantitatively by a number
of theoretical papers devoted to the stabi-
lity of superheavy elements. One of these
papers 1is a recent publication by Randrup
et al./8/, where this problem is considered
in terms of atomie nuclei in the interme-
diate region of 7Z=104-108,

Later we shall revert to atomic nuclei
with 2 =102-107 in order to study their phy-
sical and chemical properties in more detail.
However, T don't think that we shall carry
out systematic experiments to corroborate
agein and again the synthesis of the isotope
260Ky disputed by the Berkeley group, Recent-
ly Druin and coworkers at Dubna repeated the
synthesis of this isoto by the nuclear re-
actions ***Cm('80,4n) 29 gy E?and 29 o (15 N, 4n25%K .
In these experiments they used a
specially designed apparatus (fig. 2),
wvhich permitted practically complete elimi-
nation of background due to spontaneous fis-
sion of transfer reaction products formed
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Fig. 2. The experimental arrangement with

a nickel catcher belt (about 800 m long)
used to synthesize heavy Ku isotopes.
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in large amounts in the pombardment of such
targets &as 260m ana ¥ Bk. Figure 3 shows
the decay curve of the 60Ky activity(Ty =
-8+% ms) , while fig. b4 presents some datsa
on the excitation function of the reaction
2“tm(m(h4n)%0Ku, , obtained in ref,.
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Fig. 3. The time distrivbution of fission '
fragment tracks, obtained in the bombard-
ment of curium with oxygen ions.

It is regrettable that the period of 12
years has not been enough for Ghiorso and
his colleagues at Berkeley to observe spon-
taneous fission of the isoctope 260Ry.  Al-
though they do observe 1t now, they are un-
able to gain an understanding of the observ-
ed decay curves or separate the activity
with Ty =100 msec since nelther the appara-
tus used nor the nuclear reaction 2¥Bk+ SN
chosen by the Berkeley group are optinmal.
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Fig, 4, The production cross section for

. as a function of the B0 jon energy.
Points correspond to experiment while the
solid curve 1s t..: calculation,

To turn to the problem of the existence
of superheavy elements it should be noted
that despite the fact that the long and
tenacious efforts of searching for these
elements in nature, which were begun in
l?6§ by several groups, have not given po-
sitive results, they convince us to be more
enthusiastic in continuing this work. This
conclusion has been drawn on the basis of
the data obtained by Ter-Akopian et al. and
Zvara et al. at Dubna, vwho investigéted
some meteorites including Allende spe-
cimens.

The experimental approach used in these
investigations has been described in origi-
nal papers/1% and in our paper presented at
the 1974 Conference in Nashville'{éf the me-
thods developed at Dubna to searéh for super-

heavy elements 1n naturail samples, the most
sensitive one consists in observing the rare
events of spontaneous fission by detecting
multiple neutron emission. By developing
devices permitting detection of spontanecus
fission accompanied by the emission of
prompt neutrons at v > 1.5, we have observed

such events in Allende specimens., In two
series of experiments,a total of 42 events
with two neutrons and 3 events with three
neutrons detected have been observed.

A thorough consideration of the possible
sources of background has shown that the
effect observed cannot be due to spontanecus
fission of uranium present in the meteoritic
sample, nor to cosmic rays, nor can it. be
caused by the apparatus intrinsic background.

By heating a 1.2 kg Allende specimen to
a high temperature we observed in volatile
products a spontaneous fission activity which
was detectable by low-background proportio-
nal counters.

The multiplicity of the events recorded
by the neutron detector indicates that in
the case of observing spontaneous fission,
the latter is characterized by the quantity
© < 3., The same estimate for v is obtalned
by comparing the counting rates of the neut-
ron detector and that of the fission frag-
ment counters., As is known, the straight-
forward extrapolation of the v data, per-
formed by Nix/'¥ and other authors, leads
one to coneclude that the v value for super-
heavy elements should lie between 7 and 10.

It is, however, not excluded that the
low-energy fission of superheavy atomic nuc-
lei is just characterized by a low excita-



tion energy of the fission fragments pro-
duced and, hence, by a small number of
prompt neutrons. At any rate, owing to work
on fermium isotopes, carried out in Los
Alamos and reported at the Corsica Conference
by Hoffman et al./13/ we nave at our dispo-
sal experimental data which indicate that
the shell effects underlying the stability
of superheavy nuclei can influence substan-—
tially the mass distribution of fission
fragments, their kinetic and excitation
energy,

In our opinion, an extension of investi-
gations using Allende meteorite can finally
lead to the discovery of superheavy elements,
Anyhow, at this stage of experiments we see
no alternative for the interpretation of
the data obtained. It would be desirable
that similar investigations with Allende
mebeorite and other samples be also carried
out in other Laboratories equipped by suit-
able apparatus,

In carrying out searches for superheavy
elements we apply much importance to the
study of the mass distribution of the hea-
viest component of galactic cosmic rays.
This work is being performed at Dubna by
Perelygin et al, in collaboration with
P,Pellas (Paris). By examining the tracks
of relativistic atomic nuclei in minerals
incorporated in meteorites they succeeded
in accumulating a large amount of statisti-
cal material regarding the distribution of
the tracks of very heavy cosmic rays (Z >50).
In the future it is supposed to obtain more
information of this kind and to have & bet-
ter understanding of it so that one could
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determine more exactly and reliabiy the re-
lationship between the track length and the
atomic number of the nucleus.

The search for superheavy elements 1in
nature implies the possible existence of
nuclides with lifetimes of the order of
> 109 vyears on the island of stability. In
galactic cosmic rays one may expect to ob-
serve nuclei with considerably shorter 1life-
times, say up to 10° years, The artificial
production of elements allows one, in prin-
ciple, to synthesize the most short-lived
isotopes with Z close to the centre of the
island of stability., A number of attempts
to observe some man-made superheavy elements
in complete-fusion reactions have giwven ne-
gative results. While studying the products
of the reaction ?3U+1!36Xe we observed a
total of LQ spontaneous fissions with a
half~1life of 150 days in the chemical frac-
tion of heavy metal sulfides. The average
number of prompt neutrons characteristic
of this activity turned out to be small
(v < 3.5). However, a&s was said above, one
should not necessarily expect large values
of v, Consequently, & further study of
the observed s.f, activity may lead to the
conclusion about the discovery of super-
heavy elements. Unfortunately we are forced
to reject these experiments since the inten-
sity of the Xe beam at the Dubna tandem-cyc-
lotron is insufficient for a large amount
of spontaneously fissioning nuclei to be
produced. We hope that this trend of super-
heavy element production will be developed
at the UNILAC in Darmstadt as well as at

the collective heavy ion accelerator at
Dubna.

1



completion of experiments

of elements 106 and 107,

we shall be able to tackle again the probd-
lem of producing superheavy elements by com-
plete~fusion reactions, The production me-
thod developed by Oganessian and coworkersﬂ4/
is based on the complete fusion of Pb ana

Bi tar%et nuclel with such ions as 0 Ar, .
oy, o, S, ®Mn and Mfo, Owing to this
work, we are now aware that reactions in-
duced by heavy ions ranging from Ar to le
produce highly fissionable compound nuclei,
The features of the formation and decay of
these nuclei are generally the same as those
observed in corresponding reactions induced
by medium~-weight ions of carbon, nitrogen,
oxygen and neon, In the fusion reactions of
argon, titanium, chromium, manganese and
bismuth nuclei with lead targets one succeed-
ed in producing compound nuclei of a low
excitation energy, at which the (HL 20

{an, #n) reactions are the most probable
ones, This factor 1s important in the synthe-
sis of superheavy elements since a high execi-
tation energy of a compound superheavy nucle-~
us may lead to a drastic decrease in the
probability for its survival because of the
disappearance of the shell effects determin-
ing its ground state stability.

Now we can turn to experiments to synthe-
size superheavy elements by complete-fusion
reactions induced by *Ca ions, The excel-
lent possibilities offered by these reac-
tions have long been discussed /15-17/, A
large neutron excens of the ™Ca nucleus
enables one to minimize the neutron deficit
of the nuclei being synthesized, as compared
with reactions induced by other ions. On the

Following the
on the synthesis

and
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other hand, the excitation energy of the
compound nucleus 2 %114 proedvuced by the reac-
Fion p; L Bop s equal to 18 MeV at a Ca
ton energy equal to the Coulomb barrier
height. The most probable reaction (mCa,&H)
will then lead to the formation of the iso-
tope PO 114, | ynich is orly 8 neutrons far
from the doubly-magic nucleus 299114,

Despite these quite evident advantages,
the ®Ca ions have never been accelerated
anywhere. The reason for this lies in the
fact that the ¥Ca content of the natural
mixture of calcium isotopes is very small
(0.18%), its separation being a complicated
and costly problem. In this connection we
did not think it possible to begin experi-
menting with a %%Ca ion beam before gaining
the experience of studying the preduction
of the isotopes of Fm, Ku, elements 106
and 107 by reactions induced by Ar, Ti
and Cr ijons,

To facilitate the acceleration of %Mo,
ions, we used a modified version of the
i?n source employed previously to produce
nighly charged ions ranging from S to Ge
As o result, at the JINR U-300 cyclotron we
produced an internal *®Ca™* ion beam of a
255 MeV energy with an intensity of 1.7x10%°
part/sec, the isotopic consumption being
10 mg/hour (Lx10l® atoms per second).

The first experiments on the %Ca ion
b?am were aimed at verifying the above-men-
tiloned merite of these ions for the purposes
o? element production. The[&ﬂmcmmﬂ%ﬁoz reac-
:;;25 wgg&zaifieg ;oS::}mEZ:ldones. The iso-

4 . etected by
spontgneous fission., The minimum excitation
energles of the compound nuclei were equal

13



to 17-18 MeV, and the reactions involving
few neutrons evaporated might be expected
to have comparatively large cross sections.
The results of the experiments and compa-
rison of the experimental and calculated
cross sections are presented in table II,

energies of the compound nuclei will some-
how increase, up to 20-25 MeV. At such exci~-
tation energies there is some probability
for compound nuclei to de-excite by emitting
few neutrons. On the other hand, with an ion
beam intensity of 1012 part/sec the forma-
tion of superheavy elements 1s detectable

Table IT proviqed Phe croFs section of the fgsion
Renction F NRF.”mmz) s tom 2) reaction is 10 3% and even 10”?5 em=. |
——— In addition to the prospective synthesis
MoV exp . caleul. of superheavy nuclei the %Ca ion beam offers

; 5 ~32 . -32 ' some new possibilities for the performance
28 o aam P02 235 30 16X 10 B 10 of some interesting experiments. For instance,
”7Ph?“cmmﬂ252m2 235 59 10~ 11! %?e study of direct nuclear reactions on '
206 . A8 289 11 ~31 Ca will enable us to odtain information on
» Pb( C&zg 2102 235 438 5x10 a4 2.5x10 the proton and neutron form factors of this

4 5 :

ph*® cap® 02 235 3 <5x07

Gne can see in this table that the cross
sections of the reactions lending to the
production of the isotope zsﬁOZ_ﬂre %arge,
the maximum cross section { 5x10 7" cm )
belonging to the reaction with two neutrons
emitted, This value exceeds nearly a factor
of 40 the cross sections of reactions
induced by 'P0 and 22Ne ions, which lead to
the same product, Table II shows also the
1imit of the cross section for a reaction
involving the radiative capture of B Ca,

Thie value was obtained in a bombardment of
a P*Pb target with a 99.9% enrichment.

The results listed confirm the conclusion
that the %Ca ion beam actually provides
unique possibilities for the synthesis of
superheavy elements. If, instead of lead
targets, one uses targets made of uranium,
plutonium or curium, the minimum excitation

14

doubly magic nucleus which has, at the same
time, 8 neutrons above the N= 20 shell. It
is possible that one may succeed in obtain-
ing data on the extent of the tetreneutron
stability in the region of the doubly magic
core { (Z =20, N =20). The ®Ca ion beam is
also of interest in terms of the possible
production of some of the new neutron-rich
isotopes by transfer and fission reactions.
For example, the measured mass distributions
of the products of the reaction 238y, By
(see fig. 5) are promising in respect of
the groduction of heavy gold isotopes such
as 0 Au, , 20444 and X540 . The *%Ca ion beam
opens up new possibilities for the study of
nuclear delayed fission since, due to a
favorable energy balance, the corresponding
actinide isotopes are producible with large
cross sections.

15
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