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INTRODUCTION

The transfermium nuclides which can be synthesized effecti-
vely by heavy-ion reactions can undergo electron capture, alpha-
decay and spontaneous fission. The stability of isotopes of the
heaviest elements is determined, as a rule, by the latter two
decay modes, the probability of which is associated with the
energy of the nucleus in the ground and in deformed states.

While in the case of alpha-decay the nuclear lifetime dé-
pends mainly on the value of Q.= M(Z,N) -M(Z - 2,N-2) - Mg,
which can be obtained from the nuclear mass systematics, for
spontaneous fission the situation turns out to be more compli-
. cated. :

The spontaneous fission half-life of the nucleus is a comp-
lex dynamical quantity determined by the probability of pene-
tration through the potential barrier, which in turn has
a complex structure due to the considerable influence of nuc-
lear shells on deformation energy. In the region of the trans-
uranium elements, the role of shell effects grows significant-
ly, as the atomic number of the nucleus (and the fissility pa-
rameter x ) increases. For x > 0.8-0.9, the height and shape
and even existence itself of the potential barrier are enti-
rely due. to nuclear structure. It is possible to assume that
this will lead to strong changes in the character of the de-
pendence T . (Z, N), especially for the transactinide elements,
of which kurchatovium (Z = 1014)’I is the first one. As for
all the known doubly-even isotopes with Z = 104 Tqp << Tg,
for the heavier elements with Z . 104 the problem of stability
against spontaneous fission is rather important. In the ab-
sence of results (or with negative results) on the synthesis
of superheavy nuclei with Z = 114-116’ /2,3/ an answer to this
question would be a straight- forward test of the hypothesis
about the theoretically predicted’% 'island of stability" of
superheavy elements.

The shell structure effect on the collective nuclear motion
can manifest itself not only in nuclear fission, but also in !
the "reverse process", the fusion of two complex nuclei followed
by the formation of a compound nucleus. o

The probability of the formation of complete fusion reaction

products is determined by the following two factors: the com-
" pound nucleus formation cross section %N (E® and the survi-
val probalnhty for the final product with Z = Zy, each of
wh1ch depends in some ways on the excitation energy E*




At the same time the role of shell ‘effects decreases rapidly
with the increasing excitation energy of the nucleus.

Under these conditions the "cold fusion" reactions leading
to the formation of a compound nucleus with the minimum pos—
sible excitation energy (E* ~ 15-25 MeV) are advantageous.These
reactions were used in our experiments to synthesize and inves-

tigate the radioactive properties

of the heaviest elements of

the Periodic Table. Some results of those studies are given be-

low.

EXPERIMENTAL PROCEDURE

To synthesize isotopes of the transactinide elements with

zZ =

104-111 use was made of reactions between the target nuc-

lei with atomic and mass numbers 1g%3g close to the magic num-

bers

jectiles with masses Ai

was chosen to be e

zZ = 82

54

and N =

126 (mainly

ual to

Cr, %5Mn,

b8

Pb and 913i ) and pro-

= 48~64 a.m.u. The maximum ion energy
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Fig.1. Experimental scheme.
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5.5 MeV/nucl. The intensity of the
8Fe, and S*Ni
ced at the U400 cyclotron ranged from 5x10'2

heavy ion beams produ-
to 5x10'3 ions/s.
The experimental scheme is
shown in fig.l. :
1If the nuclei formed in the
reaction undergo spontaneous

.fission, it will be detected by

fission fragment track detec-
tors (on-line) and their half-
1ife can be determined from the
track distribution. In the case
of alpha-decay the sought nuclei
can be identified (off-line) by
detecting the daughter (long-
lived) products using the radio-
chemical separation of isotopes
of Cm, Cf, Es , and Fm with
the subsequent measurement of
the energy and time spectra of
their alpha-decay 5/, In both
cases even during a long expo-
sure (about 20 days), the condi-
tions of practically zero back-
ground are provided, and the ex-

perimental sensitivity is such that the observation of one spon-—
taneous fission or alpha-decay event corresponds to an activity
production cross sect

The experiments we

ion equal to about 3x10™ 7 cm?.
re carried out along the following two

lines: (i) study of some characteristics of "cold fusion" re-
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actions and (ii) the synthesis and determination of the stabili-

ty of new nuclides against various modes of radioactive decay.
The possibility of detecting the primary alpha-decaying

products of the (H1, xn) reactions by registering their daughter,

granddaughter, etc.,products is

determined by the absence of

other channels in which the latter can be produced independent-

ly. To establish thezﬁftent'to
fied, the reactions

Pb + 48-50Ty

which this condition is satis-
were studied. In these re-

actions primary complete-fusion products, the known isotopes

of elements 104 with A = 255-258 and their radioactive decay

products, isotopes of elements ranging from Cm to Fm,can be
detected in the same experiment. i
. The results of these experiments (see table 1) show that

in the given ion energy range (from the reaction thresholds to
the maximum value of 5.5 MeV/nucl.) the observed alpha-decay
and spontaneous fission events all are related to the 104 ele-
208py, (#8-50T4,xn) for

ment isotopes produced in the reactions
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Fig.2. Sequential a~decay chain
109 1;21' doubly—o% nuclei 258105,
™! 2107, and 109, leading to

% < 3. The emission probability for charged particles (protons, 298;(%%Fe,n)
alpha-particles or the heavier clusters) is strongly suppressed

relative to the probability of complete fusion followed by neut- . 246, 7 :

ron evaporation, irrespective of the assumptions made concer- : : ®8i(>Cr.n). *%07 1 gf protgu (;zewn. i’Ze r‘eact‘l,or;ls
ning the possible mechanism of this process. The upper limits < migl’zzgs o in%noneizz gﬁ fz ehe
of the (Ti,pxn) or (Ti,axn) reactions cross sections have been > 209,505 ) 2580 g 5
determined to be at a level of about one hundredth fraction of : f

the (Ti, xn) reaction cross section. A ey |04 : ; :

This feature of the "cold fusion" reactions provides the ¥ s R ‘.;.ltinJ"i::STl/%:: 'I;SF; :a,_dwhere
possibility of detecting and identifying alpha-emitters by de- - s.f Ty=12ms h:lf-:ife et oy i
tecting their decay products whose properties are well known. T The al'.ha-s etil Skl o
Although in the given case only the fact of alpha-decay is es- Md : et gnd tlr')ne 6 75°MeV Tt
tablished, without measuring the alpha-decay radiation charac- 0. e L itribution .btained iﬁ 4
teristics of the primary nuclide, this method has some advan- L e e Sy gre e
tages in terms of the detection sensitivity for the rare events ; - s ‘5o £i g T P : i
of new element nuclei decay. ; % iR o more et.:a1

; - the experimental data are given °
g =" g — E(=6.75 MeV : in Tab12e462.
; 42 = g
EXPERIMENTS TO SYNTHESIZE DOUBLY-ODD ISOTOPES . e TheiCh yicld (as well jas
the spontaneous fission activity

MEIEL 2 = 100 197, 100, A ) wvith T,,p = 4 s) decreases by ap-

proximately one order of magnitude in going from 258105 to
262107, which is in good agreement with known data on the pro-
duction cross sections for these isotopes’%:7/ and then decre-
ases by almost two orders of magnitude for the nucleus 266109,
In the reaction 2°%Bi + ¥ Fe a total of only 7 events of 246¢¢
alpha-decay and one track of a spontaneous fission fragment
with time coordinate t = 1.8 s have -been detected”. ;

It cannot be excluded a priori that the sharp decrease in
the yield from the 2°?3i(®Fe,n) reaction is due to 266109
spontaneous fission. However in a separate experiment it was
shown that in this reaction the cross section for producing
the spontaneousl%‘sfigsioning nuclide with T;,5 = 2-8 ms does ..

cm

In the experiments to synthesize isotopes with Z = 105, 107,
109, and 111 a 2998i target was bombarded with 3Ti, 3%cr,
58pe and 9%Ni ions. The reactions involved in such systems seem
to be optimal ones in terms of "cold fusion", i.e., for the
production of slightly excited compound nuclei. In the case
of the evaporation of one neutron they should lead to the for-
mation of the doubly-odd isotopes 28105, 262107, 266109 , and
272111, which are expected to be most stable against spontaneous
g.zssion and be genetically linked in alpha-decay (except for

111), :

The alpha-decay of the isotopes 258105, 262107 , and 266109 .
1ead§ te the production °§4§he 1ong-}ived alpharemitter‘ o not exceed 2x10™ Hence it is possible to conclude that
and its daughtc'ar product. Cm, the ¥1e1ds of which (and, conse- both the isotope 266109 and the doubly-odd isotopes with 2 =
quently, the yield of primary reaction products as well) can : i

: 2 ; : = 105 and 107 und inl = : i
be determined with the high accuracy in off-line radiochemical ) lindergo main f 8lpha docay (in LI Baeih o th

. : . . 258
z : 5 209.,. exger1ment:a1 y?lues of half-lives for the isotopes 105 and

. experiments (see fig.2). In the case of the reaction 3i + 262107 ref./ d {oha half-1i it
+ O*Ni 5 111 the isotope 5% ¥ plays a similar role. ( 1, ame trdm thealpnacdecay el liye ttend

e : . i A tics for 109, one can estimate the lower limits of spontaneous
i Glic dame CXPEXANCHES Fhontancons oifo et SRl g fission half-lives for these nuclei, which are shown in fig.7b.
electron capture in the isotope 105 (T /2 =4 s) were re- : :

: gisteredsh permitting the independent determination of the iso— L
topes 258105, 262107, and 266109 yields in the corresponding
reactions. : '
The absence of the characteristic alpha-activity due to y *In the case of .the reaction 2°%Bi + 5®Fe - 109 coupiciain

2460¢ (or 252ppm), equally as spontaneous fission with Ty, =
= 4 s, can indicate that the primary isotope undergoes sponta-
neous fission. In this case it is possible to detect by fission
fragment track detectors a new spontaneously fissioning acti-

4 . ] ! -

with the data obtained by G.Miinzenberg et al.’/8/ is not infor-
mative because of the statistical uncertainty of the results
based on the detection of enly one event. -
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FPig.3. The a-particle spectra for the Cf-fractions obtained : : T

by bombarding a 2°°Bi target with %8Fe, 54Cr, and Ti ions.

The arrows indicate the tabular energy (MeV) values and the -
probabilities of the a—radiation transitions -in the nuclei
present in the sample. The 3.18 MeV and-3.97 MeV peaks,as well
as the complex spectrum hcfm'ng a maximum at 5.81 MeV, apply to
the reference activities '8Gd , '%Tb, and 24°cCt, respective-
ly. The 6.75 MeV a -particles are due to 2%cf.

Fig.4. The time distributions of 6.75 MeV a-particles
from the Cf f‘%action measured in the following reac—
tions: P9Bi(*°Ti, n) 258105(c) , 298Pb(5OMn, n)20%107(e),
209p; (58 Fe, n)266109 (*), The dashed line is a calcu-
lation for the isotgpe 2%60p ¢ Ty = 37.5 h),



EXPERIMENTS TO SYNTHESIZE DOUBLY-EVEN
AND EVEN~ODD ISOTOPES WITH Z = 104, IOG.AND 108

The comparatively high stability of doubly-odd nuclei
against spontaneous fission can be_to a considerable extent
due to the double hindrance factor because of the odd values
of Z and N. Therefore, of special interest are studies of even
isotopes with Z > 104.

Experiments were carried out by bombardlng targets made of 2

enriched 206-208py 1,y 48-50my = 54¢r, SBFe as well as 299Bi
with *Mn ions. The results of these experiments are presented
in Table 3.

In the reactions 298pp(48-50Ti, xn) > 104,ysed to evaluate the
role of processes involving charged particle emission, the known
isotopes 255104 , 254104, and 257104 were produced the spontaneous
flSSlf)n probabllltles of which are equal to about 507, 99Z,and
<3z’ , respectively. The isotope 257107 does not undergo spon-
taneous fission with noticeable probab111ty and its a —decay
leads to the production of short-lived isotopes up to 4oy
(Tl/ = 33 days, bEC = 997) the detection of which by our _
techtuque is 1mpos51b1e. However, as_a result of electron cap-
ture which occurs in 257104 and 253102 with ~ 17% probability
the isotope 253pp (b = 887) is produced. The latter then pas-
ses to 25s (T, £%0 days, E, = 6.63 MeV), which is suffi-
ciently convenient for radiochemical experiments (see fig.5).

Thus the observation of spontaneously fissioning activities
with half-lives of1.7 s and 6.7 ms,as well as of 293Eg ¢ -radia-
tion, allows one to determine the yields of the isotopes
255, 256,257 104, respectively (see fig.6).

The same activities were detected in the reactions 206-208pp ,
+ Per leading to the formation of isotopes of element 106 with

A = 259, 260,and 261. Analysis of data obtained in these expe- .

riments shows that the isotopes 259-261106 undergo malnly a-
decay. :

This conclusion is especially important for the doubly-even
2601 06 (Tl/z =3 ms) the q-decay of which leads to the iso-
tope 230104 (Ti/2 = 6.7 ms) that undergoes spontafeous fission
with a probability of about 1007. A similar ratio of the pro- ]
babilities of the main decay modes for the transfermium parent
and daughter isotopes has been observed for the first time, in-
dicating that the partial spontaneous fission half—llfe does
not decrease as one moves from Z = 104 to Z = 106/}

The studies of the reactions 299Bj + 55Mn and 207 2(’311‘b+ 58Fe
lead to some conclusmns concerning the properties of isotopes
of element 108. The 255104 and 253Es yields allow one to de-
termine the production cross sections for the even-odd isoto-
pes 263108 and 256108 that decay by q-emission. The a-decay
characteristics of the isotope 265108 (E, = 10.36 MeV, T)/2 =

8 o
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Fig.5. The a<particle spectrum for the Fm fraction
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during 7 days. The arrows indicate the tabular energy
values (MeV) and the probabilities of a —radiation
transitions in nuclel present in the sample.

2 ms) were established by G.Miinzenberg et al., who synthesized
this isotope in the reaction 298 Pb(58Fe,n)’!l’, :
The time distribution of the 20 spontaneous fission frag-
ment tracks cbserved in the reactions 207,208py . 38, does -
not differ within the experxmental inaccuracy from that obser-
ved earlier for the isotope 60106 As the 264108 a-decay half-
life (we estimate it to be T, ( 64108)~ 0.1 ms) is almost two

10

207, 58
Pb{”"Fe.n)
?09Bi(5i{4&n) 2Dan(SsFe 2n) ‘Dspb(saﬁ"")
2 : : l f
2O:Pb(ﬂcr’n) : o> crn) ; 208 o
P (*‘cr,2n) P cr,2n) : Po(>‘Cr.n) l
2% pp(397i,n) . Pb( Ti.n) ’ l l
“Pb(*0Ti 20y “po(ri i.2n0) | ] fo6 1oy |
l l ! |
263,04 266108 | 255,08
%206 %106 206,
255‘04 o 256]04
bs¢=50% ' bg ¢=99%
Ty,=17s T,=6.7ms
) 253ES
O(s(bqﬂl./c
Eo=694MeV X,
T, 3.0d Eq=6,63MeV

th 6. The decay chains of 108 eZement igotopes which
lead to the formation of 25104, 236104 and 233Es.
The reactions used for syntheszs in the present paper
are indicated 'Ln the upper part of the figure.

*

orders of magnitude smaller than that observed, it is natural
to conclude that the predominant decay mode of the doubly-even
isotope 264108 is also a -decay followed by the formation of
the daughter @« -emitter 260106, so that in the experiment the
spontaneoyg /fission of the granddaughter product 236104 is
observed g '

Thus nuclear stability is determined by a-decay (T < Tgp)
already for the two doubly-even isotopes 260106 “and 2

Based on the experimental or calculated values of Ta for
all the nuclei studied it is possible to estimate their par-
tial half-lives for spontaneous fission. These data, together
with the earlier ones, are presented in fig.7a.
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CONCLUSION-

~ As one can see from Fig.7, the spontaneous fission half-
lives of nuclei with Z = 104-109 exceed by a factor of
10'° - 10" the Tgr values predicted by the liquid drop
nuclear model. This shows that nuclear stability against spon-—
taneous fission is determined in this'region by the presence
of the "shell" fission barrier. Theoretical calculations
suggest that its height and shape vary slightly for the given
values of Z and N. Thus one should not expect strong syste-
matic variations in the partial half-lives Tgr in this (and
even wider range of Z and N values). Hence it follows that
the role of a-decay as the main process competing with spon-~
taneous fission for the heavier nuclei will be more essential
than expected, as it has already been observed for the doubly-
even isotopes of elements 106 and 108.

The problem of synthesizing still heavier elements (Z > 109)

is illustrated in fig.8, which shows the cross section o (Zen

for producing heavy nuclei in "cold fusion" reactions as a func-
tion of Zen = 102-109. The (HI, n) reaction cross section de-
creases considerably with growing Zgy, and the dependence
0(Zcy) has irregular character. One can observe considerable
changes in moving from Z = 102 to Z = 104, as well as for

Z > 107, which are difficult to interpret quantltat1ve1y.

The mechanlsm of compound nucleus formation in the heaviest
nuclear systems is likely to be determined not only by the mac-
roscopic characteristics of nuclear matter but also by the
structure factors. In addition, the complex dynamical picture
of fusion can change significantly with increasing energy and.
angular momentum in the entrance channel of the reaction.

In this situation it is necessary to accumulate additional
experimental data in the region of the known nuclei with
Z>104 and to carry out direct experiments to synthesize the
heavier elements with Z > 109, Unfortunately the sensitivity
of our experiments with ®4Ni ions was insufficient for detec-
ting the decay of the Z = 111 nuclei and we intend to continue
these experiments. '

If strong restrictions on compound nucleus formation arise
in the Pb +HI reactions with increasing projectile mass
an alternative reaction can be fusion involved in considerably
more asymmetric systems/‘ﬁ/ln this case the role of Coulomb
interaction decreases compared with the more symmetric reac-
tions Pb+HI, while the compound nucleus excitation energy in-
creases. It should be noted that the latest eﬁgfrlment along
this line refers to the reaction >+Cf(!80,4n)? in wh19P

3 2 7/
the compound nucleus has an excitation energy of about 50 MeV

Thus in order to advance in the direction of the heavier
elements with Z > 109 and to synthesize the superheavy nuclei

i 13



more thorough studies should be carried out to investigate the
fusion mechanism with the aim of finding optimal reactionms.
This problem seems to be most important at this stage of inves-

tigations associated with the synthesis of the new elements of
the Mendeleev Table. :
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