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Abstract : New regions of c lus ter r a d i o a c t i v i t i e s (CR) 
far from tfte l i n e of 8 - s t a b i l i t y are predicted within 
analyt ica l superasymmetric f i s s i o n model. The released 
energy for a-decay and CR i s calculated by using the 
mass tables published in 1988. CR of a-emitters with 
atomic numbers below 104,show measurable branching ra-

12 16 
t i o s for neutron de f i c i ent parent nucle i ( e . g . C, 0, 
and 2 8 Si -emiss ions from 1 1 4 ~ 1 1 6 B a , 1 1 8 " 1 2 5 C e , and 
127 128 

' Sm). CR are not the most probable decay modes of 
a-emit t ing superheavy nucle i . Another i s l and of CR i s 
expected for Z • 58-78, neutron r ich , a-stable parents. 



1 Introduction 
Spontaneous fission had been discovered1 shortly after induced fission2'3. Nevertheless, some prop

erties including fragment mass asymmetry, have been explained only by taking into account both 

collective and single-particle nucléon motion4. Fragmentation theory and the asymmetric two center 

shell model5 have been particularly succesful in this respect. 

From the mass asymmetry parameter point of view, cluster radioactivities (CR) are intermediate 

phenomena between fission and o-decay. Consequently one natural way to develop the theory was 

to extend what was known for almost symmetric iï^sion toward extremely large mass asymmetry. 

Three of the four models used in 1980 to predict CR (when it was shown that 1 4C should be the 

most probable nucleus emitted from "m-22ARa ) , are based on this philosophy6-8. 

Four years latter. Rose and Jones discovered 1 4C emission of the adjacent parent. 223Ra . It 

was followed by the experimental identification of M~xNe, ^^Mg, and " S t radioactivities9-15. 

There are many historical accounts on the development of CR and of the other kinds of i.uclear 

disintegrations (for example Refs. 6.16-18). Other fission models of CR are presented elsewhere19-24. 

Both fission theories and those developed starting from traditional o-decay treatment, can lead to 

halflife predictions in agreement with experimental Jata12,25. 

During fifty years of research, nuclear scientists learned very much about the richness of fission 

phenomena. According to different criteria, one has many kinds of fission : induced and spontaneous; 

from the ground state or from the shape isomeric state; binary or ternary; first chance or second 

chance; hot or cold; symmetric, low-asymmetric or superasymmetric (cluster radioactivities and a-

decay), etc. The close connection of CR with cold fission phenomena7 and its inverse process - the 

cold fusion26 allowing to produce the heaviest elements26-28, was realized very soon29-32. A unified 

description of a-decay, CR and cold fission33,34 is best illustrated on 23*U nucleus for which all of 

these decay modes have been measured. 

Some authors claimed that the observed events could be produced by ternary fission. By examin

ing a typical energy spectrum measured in such a process35,36 it is evident that any misinterpretation 

of CR as a particle accompanied fission should be ruled out due to experimental evidence of cluster 

monoenergtticity, demonstrating the two-body character of the output channel. 

Dynamical investigations in a wide range of mass asymmetry37-39 have shown that some con

fusions and mistakes have been made in the literature, and that duster-like shapes are preferred to 

more compact ones for mass numbers of emitted particles lower than about 34 units. 

The analytical superasymmetric fission model (ASAFM) developed since 1980, was particularly 

useful in predicting halflives and branching ratios relative to a-decay, which have been used to guide 

the experiments on : 1 4C emission from zn&*.x6]fa.t 24-»t fe emission from ^Th, mPa and 

232-234/y. M,30M<? emissions from ™U, ' " P u ; and w 5 t radioactivity of ^ P u . Recently a fine 

structure20 had been observed40 in the decay of 733Ra by UC emission. 

The availability of the new mass tables41-50 and the smooth extrapolation of the correction 

energy61 within ASAFM, allows us to update53 the estimations of emission rates for CR53 and to 

extend the regions of parents far off the beta-stability line, also including superheavy nuclei. In the 

following we shall present some of the results obtained in this study. 

2 The Model and the Regions of Parent Nuclei 
In any fission theory, the disintegration constant \ « In2/T of a parent nucleus AZ relative to the 

split into a light (emitted) A,Z, and a heavy (daughter) fragment A4Z4, may be calculated as a 
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product t/P of the number v = 2Ev/h of assaults on a barrier in a time unit (the characteristic 
frequency of the collective mode leading to fission) and the probability of penetration . P. through 
the barrier. 

The spontaneous process is energetically allowed if the released energy Q — <?{M — M\ — M2). 
given by the mass difference, is a positive quantity. Classically it is forbidden due to the potential 
barrier. It is essentially a quantum-mechanical phenomenon taking place by tunelling of the barrier. 
Within one-dimensional semiclassical WKB theory, P is well approximated by eip(-K), where K is 
the action integra' along the fission path. One has 

A = (2EJh)exp{-\ j[2B{r)E{r))^dr) (1) 

where B(r) is the nuclear inertia, E(T) is the deformation energy from which Q-value and a correction 
Ea have b?e;i subtracted out, and r0,r t are the turning points defined by E(ra) = E(r t ) = 0. The 
analytical relationships derived from the above equation are presented in Ref. 6. The correction 
energy, motivated by static and dynamical considerations, was taken to be equal to Ev in order to 
reduce the number of the fitting parameters. The energy conservation is expressed by 

Ek=QAd/A (2) 

where Ek is the kinetic energy of the light fragment. 
Both shell and pairing effects have beer, included in E„ in order to obtain the best agreement 

with experimental results : 

Ecr = at(Ae)Q (t = 1,2,3,4) (3) 

From a fit with about 385 cr-emitters selected in four groups according to the even-odd character 
of the proton and neutron numbers, we have obtained four values of the coefficient a, - the largest 
for even-even nuclei and the smallest for odd-odd ones. The coefficients decrease smoothly335' for 
heavier emitted ions up to Ae = 50 and then increase slightly52 toward Ae — 100. 

By preparing the new preprint, we have adopted the following strategy. Whenever available, 
the masses tabulated by Wapstra et al. are preferred. Hence the mass tables obtained from the 
measurement (mass code C -= 0) and systematics (C = l ) 4 1 , have been bordered with estimated 
masses42-49. In this way, the calculated Q-values in Table 1 Ref. 52, is based on the atomic masses 
of Refs. 41 and 42 (C = 3). in «II other Tables (2 to 8), only the parent nuclei which are not given 
by Wapstra et al. have been considered. Other selection requirements like : Qa > 0; T < 10* s 
and B > 10~18S , have been also employed. 

Finally, Table 1 in Ref. 52 (where Q-values are calculated by using Wapstra et al.41 or Jânecke 
and Masson43 masses) contain 342 parent nuclides with Z = 54 -108; Table 2 (masses (C = 2) from 
Masson and Jânecke43) : 114 nuclides with Z = 56 - 103; Table 3 (masses (C = 4) from Spanier 
and Johansson44) : 387 nuclides with Z = 56 - 114, Table 4 (masses (C = 5) fiom Tachibana et 
al.45) : 192 nuclides with Z m 56 -112; Table 5 (masses (C * 6) from Satpathy and Nayak") : 267 
nuclides with Z = 52 -112; Table 6 (masses (C = 7) from Comay et al.47) ; 200 nuclides with Z = 
56 • 108; Table 7 (masses (C » 8) from MoJIer et al.48) : 461 nuclides with Z « 56 -122; Table 8 
(masses (C = 9) from Moller and Nix49 : 478 nuclides with Z « 56 -122. 

Similarly, for nona emitters (Qa < 0) we got 153 nuclides with logfT(s) £ 35 having Z » 58 -
78 (masses f>om Refs. 41 or 42); 72 nuclides with Z » 56 - 78 (masses from Ref. 43); 2 nuclides 
with Z * 64, 65 (masses from Ref. 44); 8 nuclides with Z « 39 - 76 (masses from Ref. 46) and 
102 nuclides with Z » 72 - 86 (masses from Ref. 47). No parent with mass codes 5,8 and 9 satisfy 
the above mentioned conditions. 
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3 Results 
A small difference in the mass value of one, two or three partners (parent and two fragments) 
obtained with different mass formulas, produces corresponding shifts in the Qa and Q-values and 
induces a large variation of the lifetimes Ta and T. The dispersion of the branching ratios. B. is of 
course much higher In some cases even the most probable emitted cluster may differ from table to 
table. 

When F>g. 1 was plotted, only the parents for which at least in one table B > 10~10, have been 
selected. As can be seen, except for some isolated cases, there are mainly five important islands of 
CR with high branching ratios relative to a-decay . three of or-emitters (one on the neutron deficient 
side, and two on the neutron rich side) and two of nuclides stable against a-decay on the neutron 
rich side. 

3.1 Cluster radioactivities of a-emitters 

3.1.1 Parent nuclides with Z < 104 

The main results from table 1. Ref. 52 are illustrated in Fig. 2a, b. The most probable cluster 
emitted from nuclei are grouped in a way which assures a number of protons and/or neutrons of the 
daughter equal or very close to a magic number. For example such a shell effect is clearly seen in 
Fig 2a at N = 88 and 90, where for UC and ieO emissions respectively, one has Nd = 82 and at Z 
= 56 and 58, where Zd — 50 for the same clusters. 

In a similar way, in Fig 2b one can see the effect of Nd = 126 at N = 130 for RBe. at N = 134 
for , 4C, at N = 140 for 24Ne, at N = 142 for a M j , at N = 146 foi *Si, etc The proton magic 
number Zt = 82 appear somewhat less pronounced at Z = 88 for C, at Z = 90 for 0, at Z = 92 for 
Ne, at Z = 94 for Mg and at Z = 96 for Si emission. 

A pairing effect is also present - the number of even Z and even N parent nuclei is larger than 
that of the corresponding ones with odd N and Z 

The decimal logarithm of the halflife expressed in seconds and of the branching ratio of some 
CR from Tables 1 , 3 - 8 , Ref. 52, are given in Table 1. From the parent nuclei of Fig 1, we have 
selected those for which there is no discrepancy from table to table concerning the most probable 
emitted cluster For example in all tables of Ref. 5i , from j|°Ce the most probable emitted cluster 
is 1 60. Nevertheless, Q and Qa are different, hence logT(s) takes a whole range of about 8 units 
from 13.1 (Table 5, Ref 52) to 20.8 (Table 3, Ref. 52). The corresponding logB lies in a much 
larger interval (of about 24 units) from -5.5 to 18.3. 

A positive value for logB means CR more probable than a-decay. Very likely <?0-values obtained 
for Ce isotopes in Table 3, Ref 52 (masses from Spanier and Johansson) are too low. leading to 
extremely large Ta. 

When the neutron number of the daughter increases over the closed shell value (50 or 126), the 
halflives became longer and longer. 

Following emitted clusters have been noticed as the most probable: sHe ; ">,0Be ; , 2 , 6 C ; 
15,16,20-22£) 23^ 24-26 yyg . 24,28-30 J ^ - . 31,32^/ . 28,33,34,36 g ţ . 37p . 40,43-46£ . 45£rj . 46-48^ f 

49,5oK . SO-M C O . S35c . »,iiFe . sêCo'*tÀ «W : ™JV t . Almost all aie neutron rich nuclei 

In spite of the large discrepancies from table to table, it seems that nC and i60 radioactivities 
have a good chance to be detected in some very neutron deficient Ba, Ce or Pi isotopes. Other 
possible candidates can be found in Table 1 and in Ref. 52. 
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3...2 Superheavy nuclei 

"i '/o mass tables48,49 are extended in the region of superheavy nuclei up to Z = 122 and N = 1%. 
"""•I*, have been used to calculate Q-values of the tables 7 and 8. Ref. 52. A map of the most 
probabf': clusters in competition with «-decay, satisfying the selectior. criteria mentioned above is 
ploitsc in Fig. 3. 

Fo. nuclides with Z > 104 and Qa > 0, there are two groups of emitted dusters : Vf Be and 
!2,i4C 2)*Ca ; M T t ; » V ; 5 6 - » M C r ; " M n ; s v W M V » f e ; "Co and "-«AT». The first 
group of lighter clusters is frequently met in the neutron deficient region of nuclides and the second 
group is located mostly around the ^-stability line and on the neutron rich side. *Be and the neutron 
rich A't isotopes are the main representatives of these two groups. 

Some of the CR of superheavy nuclei are given in Table 2. The differences between kinetic 
energies and halflives of the same nucleus in Table 2. are not as large as in the preceding case. 

Maximum emission rates are expected in this region from ce-decay and spontaneous fission. If the 
masses used to compute Q-values are reliable enough, one can conclude that CR are not responsible 
for the fact that superheavies are still not found. 

3.? Cluster radioactivities of nono-emitters 

The neutron rich nuclides which are stable relative to o-decay are not as good cluster emitters as 
the neutron deficient «emitting nuclei. This conclusion can be drawn both from the numbers of the 
parent nuclides mentioned at the end of the action 3 1 1 and from the Table 3, where the lifetimes 
are longer and the number of the mass tables leading to the same most probable cluster is much 
smaller compared to Table 1. 

The most probable emitted clusters : 1 6 2 20 ; 26Ne ; ^Si ; " - « « s ; M,52y4r . *% . 56Cû . 
627t ; 7*Cr ; 75A/n ; 7476Fe ; lh~nCo and "58,74,76-82,84,86/̂  a f e f u r t h e r awxy f r o m t h e , i n e o f 

^-stability, compare^ to the previously discussed two cases. 
The examples r'otted in Fig. 4 show a very steep decrease of the lifetime when the neutron 

number increases (a trend which is reversed in comparison with that from the Table 1), if the 
Emitted cluster is lighter th?n Fe, and a much smaller variation for heavier clusters. Also the even -
odd effect is evider.t. 

4 Conclurions 

The masses published in 1988, allows us to extend the predictions for new decay modes by cluster 
err»t«yion beyond he region of parent nuclides with measured masses Comprehensive tables have 
*>*en published52 The partial halflives of a given parent nucleus for o-decay and CR are very different 
<7( n \ab)e to tab ^ due to the corresponding mass dispersion. 

It) spite of toe high uncertainties originating from the lack of a very precise mass formula, one 
can Vavv some Niable conclusion? from the study of CR emissions in the regions of parent nuclides 
',v off the line o'< /?-st?b»lrty. In this paper we discussed results, obtained within ASAFM, concerning 
rponianeous cluster emission from: 1) a-emrtters with Z < 104 ; 2) superheavy nuclei and 3) 

ivdHes stable against o-decay 
< jfiter emitters with measurable branching ratios relative to ar-decay could be found not only 

j^ut-d th~ in. of ^-stability, but atoo far removed from this line, on the neutron deficient side, e.g. 
l ïO, l V and 255i radioactivities of some Ba (A « 114 - 116), Ce (A * 118 - 125) and Sm(A = 

<r 



127, 128) isotopes, respectively. In this region lifetimes decrease when the neutron number of the 
parent decreases. 

Very likely CR are not responsible for the negative results in the search for superheavy nuclei. 
Nevertheless some *Be and i a , MC radioactivities are expected for neutron deficient nuclei with 
Z > 106 Abo «round Z = 110. N = 176 there should be an island of j A f t » emission because 
the corresponding daughter is the doubly magic a n P6 and one can believe that the neutron rich 
fragment nNt is doubly magic too. 

Neutron rich parents far removed from the line of ^-stability, with Z = 58 - 78 are estimated to 
be stable with respect to or-decay, but they could exhibit CR with emitted partides having very high 
neutron excess. Unlike in the neutron deficient region, the lifetimes are decreasing functions of the 
parent neutron number. 
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12.87 -5.0 26.5 6.7 11.8 
12.46 -2.9 26.0 8 8 11.7 
11.82 -3.3 25.4 8.6 I U 
13.88 -6.7 27.2 S.4 1X1 
1286 -4.1 26.9 7.2 11.4 
12.93 -4.9 26.4 6.7 11.6 



TkbleJ : Cluster eaiaaon from womt nuclide» «Uble «gainet «-decay 
Z A 
56 160 
56 162 
60 168 
66 186 
67 181 
70 196 
72 204 
73 205 
74 206 
75 223 

224 
76 211 

212 
222 
223 
224 
225 

77 223 
224 
225 

78 216 
224 
225 

z. 
6 
8 
10 
16 

20 
28 

26 

28 

26 

27 

28 

A. 
16 
22 
26 
46 

56 
78 

76 

78 

76 

77 

78 

Q. 
-547 
-5.74 
-6.81 
-9.44 
-453 
-1050 
-10.44 
-8.77 
-7.2C 
-10.79 
-11.20 
-6.64 
-7.34 
-8.98 
-9.59 
-10.03 
-10.54 
-8.08 
-8.35 
-8.88 
-607 
-706 
-7.44 

Q 
13 5 
23.6 
30.8 
72.8 
65.4 
87.0 
118.7 
117.6 
117.5 
119.4 
118.8 
122.6 
123.5 
119.7 
119.9 
120.1 
119.6 
122.7 
122.4 
122.5 
126.9 
126.1 
125.9 

1«T 
31.9 
30.0 
34.8 
17.8 
34.2 
29.7 
20.5 
27.1 
30.7 
23.3 
25.5 
325 
29.6 
26.3 
27.5 
25.5 
27.7 
30.5 
322 
30.3 
32.4 
32.1 
34.0 

Ma* codeC 
2 
2 
2 
2 
6 
2 
2 
2 
2 
3 
3 
2 
2 
3 
3 
3 
3 
3 
3 
3 
2 
3 
3 

Qa 

-3.09 
-3.01 
-3.05 
-4.98 
-5.53 
-4.12 
-4.49 
-351 
-3.»1 -
-4.50 
-4.93 
-2.97 
-3.31 
-3.78 
-381 
-258 
-2.80 

Q 

115.5 
116.5 
118.1 
115.1 
116.1 
122.4 
122.9 
115.3 
116.5 
118.2 
119.0 
120.3 
120.9 
122.5 
125.6 
125.7 
126.3 

l«t 

252 
28.7 
29.8 
29.9 
29.6 
32.9 
30.4 
33.1 
32.7 
28.4 
285 
34.1 
34.4 
30.4 
34.3 
32.7 
33.4 

Mas codeC 

3 
3 
3 
7 
7 
3 
3 
7 
7 
7 
7 
7 
7 
7 
3 
7 
7 

9 



6 Figure Captions 

Fig. 1. Regions of CR with estimated branching ratios relative to a - decay larger than 10~>0 at 
least in one of the eight tables from Ref. 52. 

Fig. 2. The most probable cluster emitted from parent nuclei according to Table 1, Ref. 52. 
logT(s) < 35, logB < 18.5 B=Be. C=C. M=Mg. N=Ne. 0 = 0 . P=P. S=Si. a=Ar. c=Ca. f=Fe. 
k=K. m=Mn, n=Ni, o=Co, r=Cr. s=S. t=Ti . v=V. - = Green approximation of the line of fi -
stability 

Fig. 3. The mot : probable clusters emitted from superheavy nuclei according to Table 7. Ref. 
52. See the caption of Fig. 2. 

Fig. 4. Lifetimes for some kinds of CR versus the neutron numbers of the daughter in the region 
of neutron rich nona - emitters. 
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