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INTRODUCTION ~ ' 

The transfermium nuc lides which can Ье synthe s i zed effec t i 
vely Ьу heavy-ion r e act ion s can undergo e l ectron capture , a l pha 
decay and spontaneous f i ssion . The s t abilit y o f isotopes of the 
heaviest e lement s is de t ermined, as а r ule, Ь у the l a tt er t wo 
decay modes, t he probability of whi ch is a s socia ted. with t he 
ener gy o f the nuc l eu s in t he ground and in def ormed s tat e s . 

Whil e in the case of a lpha-decay the nucl ear lite time de
peщl s ma i nl y on t he va lue of Qa = M(Z, N) - M(Z _ 2 . N - 2) - М". 
which can Ье obt a ined f r om the nuclear mas s systema tics , fo r 
spont aneous f i ss i on t he si tua t ion t urn s out t o Ь е mor e compl i
ca t ed·. 

The spontaneous fission ha l f - life of the nuc l eu s is а comp
lex dynamical quant i ty deter mined Ъу the probabilit y of _pene
t r a t ion t hrough t he po t ent i al barr ier , which in turn has 
а compl ex structure due t o t he consid eraЬle inf luence of nuc
l ear shells on deformation eшir gy. In t he r egion of t he t rans
uranium element s , t he role o f shell eff ec t s grows significant 
l y , as the a t omic number of the nuc l eus (and the fissi l i t y pa
r ame t er х ) incr eases. Fo r х > 0. 8-0 .9, the heigh t and shape 
and even ex i s t ence itse l f o f the po t entia l barr i er are enti 
r e l y due . to nuc l ear s tructure . It i s possi,Ьl e t o assume tha t 
th is will lead t o s trong c hanges in the character of the de
pendence 'fs ~· (Z, N ), especiall y fo~ ,t he transRct'inide e l emen t s , 
of whi ch kurcha t ovium ( Z = 104 ) : l : is the firs t one . As fo r 
a ll t he known douЬly-even i so topes wi t h Z = 104 TsF' << Та, 
for t he heavier elements wi th Z / 104 the proЬlem of s t ab i li ty 
agains t s pontaneous f i s sion is r a t he r impor tant . I n the ab
sence of resul ts (or with ne gative resul ts ) on the synthesis 
of superheavy nuclei with z = 114-116 / 2 ,3/ , an a nswer t o t hi s 
que stion woul d Ье а straight-forward t es t of the hypothesis 
about the theoret i cally predicted / 4/ "i s l and o f s tabili t y" of 
superheavy elements. 

The shell structure ef.fect on the collective nuclea r motion 
can manifest itself not only in nuc-l ear fiss i on, but also in 
t he . "reverse process 1

', the fusion of two compl~x nuclei followed 
Ьу the formation of а compound nucleus. 

The probability of the formation of compl e te f usion reaction 
products is determined Ьу the following two f actors: the com
pound nucleus formation cross section aCN(~~ and the survi
val probability for the final product with Z = Z CN • each of 
which depends in some ways on the excitation energy Е * 
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At the same time the ro le of shell eff ects decr eases rapidl y 
with t he increasing exc j tation energy of the nucleus. 

Under the se conditions t he "cold fusion" r eactions l eading 
t o the for.mation of а compound nucleus with the miniщum pos
siЬle excitation energy (Е* - 15-25 ~1eV) are advantageous . These 
reac t ions wer e used in our experimerits to syntДesize and inves
tiga te the radioactive properties of t qe heaviest elements of 
the Per i odic ТаЬlе. Some results of those studies are given be-
low. 

EXPERIМENTAL PROCEDURE f 

То synthesize isotop~s of the transactinide ele.ments wi t h 
Z = 104-111 use was made of reactions between the t ar ge t nuc
l ei with a t omic and mass numbers l~ing close to the magic num
ber s Z = 82 and N = 126 (mainly 08 РЬ and 209 :Зi ) and pr·o
ject i les wi-th masses А ~ = 48-6{+ a .m. u. The maximum ion energy 
Wii S chosen to Ье e~ual t o 5. 5 MeV /nucl .'. The intensity of the 
48-50 T i 54cr 5 Mn 58 Fe, an-'~ 64Ni heavy ion beams produ-

• ' ' 't . 12 13 . 
ced at the U400 cyclotron ranged ,from 5х10 to 5х10 1ons/s. 

The experimental scheme is 
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Fig . l . Expeгimenta l scheme . 

shown in fig. 1 • 
If the nuclei formed in the 

r eaction undergo spontaneous 
· f iss{on , it will Ье de t ected Ьу 
fission fragment track 'detec
t or s (on-line) and their half
life can Ье determined from the 
t r ack distribution. · rn the case 
of alpha-decay the sought nuclei 
can Ье ideцtified (off-·line) Ьу 
de t ecting the daughter (long
l ived) products using the radio
chemical separation of isotopes 
of C.m , Cf , Es , and Fm . with 
the subsequent measurement of 
the energy and time spectra of 
their alpha-decay151. In both 
ca ses even during а l ong expo
sure (about 20 days ) , the condi
tions of pract i cally zero back
ground are provided , and the ex

per i mental sensitiv i t y is such tha t t he observat ion of one spon
t aneous fission oi alpha-decay event corresponds t o an gctiv ity 
production cross section equal to about Зх 1 о-37 cm

2
. 

The experiments were carried out along the f ol l owing two 
l ines : (i ) s tudy of some chatacteristics of "cold f usion" re-

ь 
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Table 1 
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,.,, 
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а) F ( 50 ) . . f . 'd h л •or Ti, xn exc1t a t1on unct1on w1 t ~ Е 10 MeV. 

actions and (ii) the synthesis and determination of the staЬili
ty of new nuclides against various modes о~ radioac t ive decay . 

The possibility of detecting the primary alpha-decaying 
products of the (Hl,xn) .reactions' Ьу registering their daughter, 
granddaughter, etc. ,.products is determined Ьу the absence of 
other channels in which the latter can Ье produced indep(щdent

ly. То estaЬlish the
2
Kl.tent to which this condition is satis-

fied, the reactions РЬ + 48- 50 Ti were stud i ed. In these re-
actions primar y complete-fusion products, the known isotopes 
of· elements 104 with А = 255-258 and their r ad i oact ive decay 
products, iso t opes of element-s ranging f r om Cm to Fm ,can Ье 
detected in t he same experiment. 

The results of thes.e experiments (see taЬle 1) show t.hat 
i n the given ioq energy raцge (from the reaction t hr e sholds to 
t he maximum value of 5.5 MeV/nucl .) the o~served a l pha-decay 
and spontaneous fission events all ar e related t o , t he 104 e le-

- ment isot.opes produced i n the reactions 2D8pь( 48-50Ti , xn) f or 
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х ~ 3. The emission probabi1ity for charged partic1es (protons, 
a1pha-partic1es or the heavier c1usters) is strong1·y suppressed 
re1ative to the probabi1ity of comp1ete fusion fo11owed Ьу neut
ron evaporation, irrespective of the assumptions made concer
ning the possiЬle mechanism of this process. ' The upper 1imits 
of the (Ti,pxn) or (Ti,axn) reactions cross sections have been 
determined to Ье at а 1eve1 of ab.out one hundredth fraction of 
the (Тi, xn) reaction cross section. 

This feature of the "co1d fusion" reactions provides the 
possibi1ity of detecting and identifying a1pha-emitters Ьу de
tecting their decay products whose properties are ·we11 known. 
A1though in the given case on1y the fact of a1pha-decay is es
taЬlished, without measuring the a1pha-decay radiation charac
teristics .of the primary nuc1ide, this method has some advan
tages in terms of the detection sensitivity for the rare events 
of new e1ement nuc1ei decay. 

EXPERIМENTS ТО SYNTHESIZE DOUBLY-ODD ISOTOPES 
WITH Z = 105, 107, 109, AND 111 

In the experiments to synthesize isotopes with Z = 105, 107, 
109, and 111 а 209ш target was bombarded with 50 Ti, 54 cr 
58Fe, and 64Ni ions. The reactions invo1ved in such systems seem 
to Ье optima1 ones in terms of "co1d fusion", i.e., for the 
production of s1ight1y excited compound nuc1ei. In the case 
of th~ evaporation of one neutron they shou1d 1ead to the for
mation of the doubly-odd isotopes 258 105, 262107, 266109 , and 
272 111, which are expected to Ье most staЬle against spontaneous 
fission and Ье genetica11y 1inked in a1pha-decay (except for 
272111). . 

The a1pha-decay of the isotopes 258 105 , 262 107 , and 266109 
1eads to the production of the 1ong-1ived a1pha-emitter 246cr 
and its daughter product 242 Cm,the yie1ds of which (and, conse
quent1y, the yie1d of primary reaction products as we11) can 
Ье determined with the high accuracy in off-1ine radiochemica1 
experiments (see fig.2). In the case of the reaction ~9Зi + 

64N- 1 h . 252F 1 . '1 1 + 1 ... 11 t е 1sotope m р ays а s1m1 ar ro е. 

In the same experiments spontaneous fission events due to 
e1ectron capture in the isotope 258105 ( Т 1 ; 2 = 4 s) were re
gistered5h permitting the independent determination of the isa
topes 2 105 , 262107, and 266109 yie1ds in the corresponding 
reactions. 

The absence of the characteristic a1pha-activity due to 
246 cr (or 252 Fm), equally as spontaneous fission with Tl / 2 

= 4 s, can indicate that the primary isotope undergoes sponta
neous fission. In this case it is possiЬle to detect Ьу fission 
fragment track detectors а new spontaneous1y fissioning acti-
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Fig . 2. Sequentia 7, а -decay chain 
{or doubly-o;a nuctei 258105 3 

6 21<J7, and 6
109, teading to 

246cr production. The reactions 
teadir~ to the synthesi~ of these 
nuctides are given оп the l,eft. 

vity with т 1 1 2 "' Т SF < Та, where 
Та is its partia1 a1pha-decay 

T~2= 12 ms ha1f-1ife. 
The alpha-spectra of the Cf 

fraction and the 6.75 MeV alpha
time .distribution obtained • in 

-' thos'e experiments are presented 
in figs.З and 4. Jn more detai1 
the experimenta1 data are given 
in ТаЬlе 2. 

The 246 Cf y ie1d (as well as 
the s pontaneous fission activity 
wi th Т 112 = 4 s) decreases Ьу ap

proximate1y one order of magnitude in . going from ·258 105 to 
262107, which is in good agreement with known data on the pro
duction cross sections for these isotopes 16 , 7.' and then decre
ases Ьу a1most two orders of magnitude for the nuc1eus 266 109. 
In the reaction 209Bi + 58 Fe а tota1· of on1y 7 events of 246cr 
a1pha-dec~y and one track of а spontaneous fission fragment 
with time coordinate t = 1.8 s have ·been detected *. 

It cannot Ье exclud~d а priori that the sharp decrease in 
the yield from the 209Зi (58 Fe, n) rёaction is due to 266 109 
spontaneous fission. However in а separate experiment it was 
shown that in this reaction the cross section for producing 
the spontaneous1y fissioning nuclide with т 1 1 2 = 2-8 ms does "'-' 
not exceed 2xlo-36cm 2. Hence it is possiЬle to conc1ude that 
bo-th the isotope 266109 and the douЬly-odd isotopes with Z = 
= 105 and 107 undergo ma-inly a1pha-decay. On the basis of the 
exferimental Л?lues of half-lives for the isotopes 258 105 and 
26 107 (ref. ), and from the a1pha-decay h~1f-lives systema-

. f 266109 . h 1 1 . . f . t1cs or , one can est1mate t е ower 1m1ts о spontaneous 
fission ha1f-1ives for these nuclei, which are shown in fig.7b. 

* In the case of the reaction 209Bi + 58 Fe ... 109 
with the data obtained Ьу G.Milnzenberg et а1. /8 / 
mative because of the statistica1 uncertainty of 
based on the detection of on1y one event. 

comparison 
is not infor
the resu1ts 
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Fig. 3. The а - partic 'le spectra for the Cf -fractions oЪtained 
Ьу bombarding а 209Bi targe t UJi th 58 Fe _, 54 Cr, and 50 Тi ions . 
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Tab'le 2 

Е~ Bea m 
258105 " 6ct 

Yield Rroc t юn 

React ion м eV dose (Number r,,2 \I'NUmber 'a t t1,
2
\ ьЕ.с ( х ю·'%n > cros s ) 

(i\Ucl) ( х Ю 18 ) of tracks (s) cx- part •cles ( h) sec t10n° 
( х ю -ЗЗсm 1 ) 

109B I ( SOTi , n ) 258!0 5 5 3 о 26 282 42 : ~~ 500 34 5 : ~ ~ о 25 90 2 7 

209Bi ( ''c r. n ) 252 107 5 .4 0 5 28 2 8 ·-~', 58 35 :;g о 21 65 02 
208Р Ь( 55 

Mn.n >'62107 55 6 165 4.2 :11 ~ 113 40 :~ 0 2 25 01 

"'" в , ( 55Mn . p. n) 262ю7 5.5 5 6 о <0 07 < 0,002 

2о<J в ; ( saFe .n ) 2&& 109 5 5 36 1 ; 35 : ~i 01 0 003 
208 РЫ 59Со . n ) 266109 5 5 14 1 о .; о 02 ~0002 

2006 1( б L N I , n ) 272111 5 65 0 4 о Obl < 0 1 ~) < 0004 
< 0 3 <0 01 

а ) For (1-П, n) exci t a ti on function width ~Е = 10 MeV. 
Ь ) 2'5 2 

Fo r Fm in the as s umption o f а -decay 
272 252 

111 -· ... , Fm. 
с ) 

In the assumpt i on of spontaneous fiss i on of 272 111. 

10г--

J-' т 
1 \ 

1 ~ 

1 
1 -

1 

\ 

~ 
\ :- , 

а: о 5 i'i \ 
\ Q. 

z 
о 

';! 
а: ,_ 
1Л 

(..? 
w 
а: - ~::: : с~~-1' 

г- 1 , ' 1 111 1 т тттттт 0 .1 
0 01 о 001 

1 

тf'_ L 

],_А 
,У! 1 

• •* 
1 1 ' гттт 

1 

... 

\ 
\ т 

t~ 
1 
\ •, 

' ' .. 
1 1 1 1 1 1 Tl 

t 10 

Т 1-7 
Fig . 4. The time distr i butions of 6 . 75 MeV а - particles 
from the Cf fsroaction measur ed in the foZ Zoыi~~ reac
tions : 209 Bi ( 

0
T i, n) i 58 105(o) _, 208 Ph( 5-r>мn, n ) 26 107 ( • ). 

209вi(58 Fe , n )266 109 ( *). The dashed Zine · is а са Ъcu-
Zatio.n fог t he i s'otope 246 Cf' ( Т 1 ,1 2 = 37 . 5 h): 

7 



., 

EXPERIМENТS TO / SYNTHESIZE DOUBLY-EVEN 
AND EVEN-ODD ISOTOPES WITH Z = 104, 1 Об, AND 108 

The comparatively high stability of douЬly-odd nuclei 
against spontaneous fission can be , to а consideraЬle extent 
due to the douЬle hinЦrance factor because of the odd values 
of Z and N. Therefore, of special interest are studies of even 
isotopes wi th Z > 104. 

Expe,riments were carried out Ъу Ь'ombarding targets made of 
enriched 206-208РЬ Ьу 48- 50 Ti , 54 Cr, 58 Fe as well as 209 Вi 
with 5~n ions. The results of these experiments are presented 
in ТаЬlе 3. 

In the reactions 208Рь ( 48- 50 Тi, xn) _, 104, used to evaluate the 
~ole of processes involving charged particle emission, the known 
isotopes 255104 , 254104, and 257104 were produced the spontaneous 
fission probabili t ies of which are equal to about 50%, 997.,and 
<3%191, respectively . The isotope 257107 does not undergo spon
taneous fission with noti'ceaЬle probability and its а -decay 
leads to the production of short-lived isotopes up to 241 с~ 
·( т 1 1 2 = 33 days, ЬЕс = 99%) the detection of which Ьу our 
technique is impossiЬle. However, as. а result of electron cap
ture which occurs in 257104 and 253102 with -17 % probabilit~-
the isotope 253 Fm ( ЬЕС. = 88%) is produced. The latter then pas
ses to 253Es (Т 1 1 2 = 20 days, Еа = 6.63 MeV), which is suЦi
ciently convenient for radiochemical experiments (see fig.S). 

Thus the observation of spontaneously fissioning activities 
with half-lives of 1. 7 s and б. 7 ms,as well as of 253 Es а -radia
tion, allows one to ' determine the yields of the isotopes 
255,256,257104, respectively (see fig.б) ·. 

The same activities were detected in the reactions 206-208рь + 
+ 54Cr leading to the formation of isotopes of element 106 with 
А= 259, 260,and 261. Analysis of data obtained in these expe

riments shows that the isotopes 259- 261 106 undergo mainly а
decay. 

This conclusion is especially important for the douЬly-even 
260106 ( т 1 , 2 ::; 3 ms) the а -decay of which leads to the iso
tope 256104 . (Т1 / 2 = 6.7 ms) that undergoes spontaneous fission 
with а probability of about 1007.. А similar ratio of the pro
babilities of the maiн decay modes for the transfermium parent 
and daughter isotopes has been observed for the first time, in
dicating that the partial spontaneous fissioн half-life does 
not decrease as one moves from Z = 104 to z = 1061101. 

The studies of the reactions 209 ш + 55мn and 2О7 , 208 РЬ + 58Fe 
lead to some conclusions concerning the properties of isotopes 
of element 108. The 255 104 and 253 Es yields allow one to de
termine the production cross sections for the even-odd isoto
pes 263 i08 and 256108 that decay Ьу а -emission. The a-decay 
characteristics of the isotope 265108 (Е а = 10.36 MeV, Т1 1 2 = 
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2 ms) were estaЬlished Ьу G . Нi.inzenberg et al., who s ynthesized 
this isotope in the reaction 20.8рь(58Fе, n) 

1
11 / . 

The time distribution of the 20 spontaneous fissio n frag
ment tracks cbserved in the reactions 20 7, 20Врь + 58 Fe does · 
not differ within the experimental inaccuracy from tha t obser
ved earlier for the isotope 260 106 . As the 264108 а -decay half
life (we estimate it to Ье Та ( 264 108)- 0.1 ms) is almost two 
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Fi g. 6. The decay chai ns of 108 element i so t oP.eB UJhich 
lead t o the fo rmation of 255 104 J 

256104 and 25~s. 
The reactions used f or synthesis in the present paper 
are i ndicated in the upper part of the f i gure. 

orders of magnitude smaller than that observed, it is natural 
to conclude .that the predominant decay mode of the douЬly-even 
isotope 264108 is also а -decay followed- Ьу the formation of 
the daughter а -emitter 260106, so that in the ex~eriment · the 
spontaneo/t~; fission of the granddaughter product 56 104 is 
observed . · 

Thus nuclear stability is determined Ьу а -decay (Та < T8F) 
already for the two douЬly-even isotopes 260106 and 264 108. 

Based on the experimental ·or calculated values of Та for 
all the nuclei studied it i s possiЬle to estimate their par
tial half-lives for spontaneous fission. - These data, together 
with the e arlier ones, are presented i n f ig.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 Ьу а factor of 
10 15

- 10 18 the TSF values predicted Ьу the liquid drop 
nuclear model. This shows that nuclear stability against spon
taneous fission is determined in this ' regio~ Ьу the presence 
of the "shell" fission bari'ier. Theoretical calculations / I4/ 
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 Ts F 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 Ье 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 ln fig.8. which shows the cross section a(Zc~ . 
fo r producing l:)eavy nuclei in "cold fusion" reacti"ons as а func
tion of ZcN = 102-109. The (Hl , n) reaction cross section de
creases considerably with growing Zc N• and the dependence 
a (ZcN) 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 quantitatively. 

The mechanism of compound nucleus formation in the heaviest 
nuclear systems is likely to Ье determined not only Ьу the mac
roscopic characteristics of nuclear щatter but also Ьу 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 6~i 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 РЬ + НI reactions with increasing projectile mass / ls/, 
an alternative reaction can Ье fusion involved in consideraЬly 
more asymmetric systems / lб/Jn this case the role of Coulomb 
interaction decreases compared with the more symmetric reac
tions РЬ + Н1. while the compound nucleus excitation energy in
creases. It should Ье noted that the latest e~eriment along 
this line refers to the reaction 249Cf( 18 0,4n) 2 3 106 in whi7~ 
the compound nucleus has an excitation energy of about 50 MeV 71

· 
Thus in order to advance in the direction of the heavier 

elements with Z > 109 and to synthesize the superhe'avy nuclei 
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more thorou~h studies should Ье carried out to investigate the 
fusion mechanism with the aim of finding optimal reactions. 
This proЬlem seems to Ье most important at this stage of inves
tigations associated with the synthesis of the new elements of 
the Mendeleev ТаЬlе. 
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and the U400 cyclotron staff for providing intense heavy ion 
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В Объединенном институте ядерных исследований начал 
выходить сборник "JI"pamкue сообщения ОИЯИ". В нем 
будут помещаться статьи, содержащие оригинальные научные, 
научно-технические, методические и прикладные ·результаты, 

требующие срочной публикации. Будучи частью "Сообщений 
ОИНИ", статьи, вошедшие в сборник, имеют, как и другие 
издания ОИЯИ, статус официальных публикаций. 

Сборник "Краткие сообщения ОИЯИ" будет выходить 
регулярно. 

The Joint Institute for Nuclear .Research begins puЫi
shing а collection о{ papers entitled JINR Rapid Comrrruni 
cations which is а section of the JINR Communications 
and is intended for the accelerated puЬlication of impor
taht results on the following subjects: 

Physics of elementary particles and atomic nuclei. 
Theoretical physics . 
Experimental techniques and methods. 
Accelerators. 
Cryogenics. 
Computing mathematics and methods. 
Solid state physics. Liquids . 
Theory of condenced matter. 
Applied researches . 

..-

Being а part of the JINR Communications, the articles 
of new collection l ike all other puЫications of 
the Joint Institute for Nuclear Research have the status 
of official puЫications. 

JI NR Rapid Comrrrunications will Ье issued regularly. 

Оганесян ~.ц. и др. Е2-84-651 
Экспериментальные исследования образования 

и радиоактивного распада изотопов с z а 104-109 

С помощью высокочувствительной методики регистрации 

спонтанного деления ("on-line") и альфа-распада ("off-line") 
исследовапись образование и радиоактивные свойства продуктов 

реакций · "холодного слияния" с Z .. 104-109. Показано, что 
все изотопы с z "' 106-109, полученные в этих опытах, включая 
четно-qетные изотопы 260106 и 264 108, испытывают главным об
разом апьфа-распад. Обсуждаются возможности синтеза более 

тяжелых SJJементов с Z > 1 09 • 

Раб6та выполнена в Лаборатории ядерных реакций ОИЯИ. 

Пр811РJ81' ~ениоrо ниститута цepJUa вссnедоваиd. Дубна 1984 
.... . ., 

7 

Е2-84-651 

z .. 104-109 

Тhе formation and radioactive properties of "cold 
fц .. ion" reaction products with Z • 104-109 have been investi 
..~ using а highly sensitive technique for detecting spon
.t~us fission ("on-line") and а -decay ("off-line"). lt 
~ti.• been shown that all the isotopes with Z • 106-109 produ
ced if these experiments, including the douЬly-even 260106 
arid "tos, undergo mainly а -decay. PossiЬilities of synthe
sizing the heavier elements with Z > 109 are discussed. 

Тhе investigation has been performed at the Laboratory 
of Nuclear Reactions, JINR. 

l'repriat of the Joiat Iutitute for Ruc:lear Reвearch. Dubna 1984 


