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I . INTRODUCTION 

19 thToward t he end of the century , H. Becq ue r e l d iscovered 
t he r adiations emitted by some atomic nuclei.TI1is phenomenon has 
bee n called by Marie and Pie rre Cur ie- radi o a ct ivity . After some 
yea r s of r esea r ch i t was establ ished tha t ther e are th r ee modes 
of nuclear decay: a.8,and y. Now we know other mod e s o f nuc 
l ea r disintegra t i on from the ground s t ate: spont a neous fi.ssion 
( f ); proton (p) and neutron (n) raJioactivi ties , a nd ther e are 
predict i ons fo r the emissio n of two protons (2p) and ttoW ne ut
rons (2n). One s hou l d not f orge t also the l3-d e l ayed modes: 
a ; f; n ; 2n; 3n; p ; 2p; 3H and the predict ed 3 He . In these two
s tep processes a 8 -decaying precursor, f ar from t he 8-stab i 
lity line/ l / . popul ates emi tt e r exc i ted level s , f rom which the 
quan tum-mechanical tunne ling goes fas ter. Detai l s , i nc luding 
r ef e r ences , abou t his tor ica l devel opment we r e g i ve n elsewhe r e/ 2.' 

I n a series o f pr evious papers / 2 - S1 we have stud i ed a n ety 
phe nomenon i nt e r mediate between fission 'lnd a-decay, showing 
that a gr eat variety of heavy ions (HI) with mas s number A2 > 4 
and at.omic number Z2 ~2 co ul d he emitted from heavy nuc l ei (A,Z) 
leading to the daughter ( A 1.Z1) .Some o f our pr e dictions publi
s hed since 1980 , concerning thes e "unexpected" 1 91 novel deca y 
modes, have been men tio ne d in a rev i ew paper 1 101 

At t he be g i nnin g of 1984 Ro se and Jones 1 111 . f r om Oxford Un i 
v ers ity, repo r ted the disc overy of the 14C r adioactivi t y o f 
223Ra. Th i s e xper iment, confirmed i n Moscow 1 12 1 a nd Or s ay / 9 / . 

g ives t he first evidence fo r one of many kind s of th e new decay 
modes . 

Our s t art in~ po in t 13 .4 1 was the examinati o n of a t y pi ca l 
/ 131 ( f o r e xamp le 2.8U ) f ission f r agment mass di s tribution curve 

where we cou ld notice two important th ings . Fi r s t is the well 
known asymmet r y, wh ich was a longs tanding puzzle of the the ory. 
We know that it is essent i al l y d ue t o s he ll effects as it was 
explained 1 14 - 161 by using pot e ntial ener gy surfaces I I?! comput ed 
with the S trutins ky / 18.t 91 shell c:orre c ti on me thod . Alt ernat i 
v ely th e f ra gmentation theory 1 20/ , in which a Schiodinge r equa
tion i n the asymme try parameter TJ =( A1 - A2 YA i s so lved, was 

low / 2 11 succes sful in both regions of and hi gh 13 ,221 mass asym
met r y. Second : nothin g was mentioned about the low mass r egi on 
f r om A2 =4 t o A2 :: 60-70, except a s houlder 1 231 which corresponds 
to the new asymme tri c peak comp ut ed in r e f. / 22 / . 

By s tudyin8 the nuc l ea r s tability agains t new supe r asymmet
ri c f ission mod es , we have seen th ~ t in this onl y a pparently 
emoty r egion, o ne can e xplore a real new world of many kinds of 
ex~ti c radioact ivitie..s. Wejlave s~~~3':_ o n the basis of ~ene
trabil i t y ca l cu l at i ons . that s ome eveT}:71'ln nuclei like 1 •14 CQ) 06'.C'Jlltlll' lIlIloIll 1111 1" IIII y ' .tltl'I' III,t )t 11 1' 1 lIl' Hllllll llll j, /tVnllll. J 1),\1, 

; .. . .•'.1 1• .: -; ! 



2~Ne, 2SMg ,32.34Si • 46Ar , and 48 Ca , cou ld be pre f erential ly 

emitted from i sotopes of Ra , U , Th, Pu, Cm, Cf , Fm , and No . 


Unfo rtuna te l y , t he penet rab i l ity calculat ions, qua l itatively 
useful to illust r ate the poss i bi l ity of fi nding such new decay 
modes and whi ch have been used also i n r efs . / 9.11. 12/ . cou ld 
not gi ve t he f u l l i nformat i on nece ssa ry t o pl an an experimen t 
in whi ch a life t ime or a branching ratio can be determined. One 
can fi nd f or example ot her cluste r s emitted f rom 223R a or from 
other paren t nu c leus for whi ch t he penetrab il i t y va lue is much 
closer to tha t of th e a -decay than for He. The ma in ideas of 
our r esearch program allowing to es timate the hal f -l i ves have 
been presen t ed in r ef .14 / . As we have been i nt erested to know 
wha t happe ns beyond the low a symmet ric fi ss i on r eg i on, it was 
natur,1.1 to a ssume that t he ne\v ph enomenon , wh ich i s also a qU3n
t um-mechani cal process of t unneling th rough the potential barrier, 
could be interpreted as a s pontaneous fission process / 4/ and 
s tudied wi t h t he Strutinsky me thod / lSI adapted f or a superasym
metric sp l it t ing. In the attempt to un ify the de sc ri ption of 
these decay modes with that o f the f i ssion, the f i rst step / 24-26/ 

was the ex t ension of t hree va r iants of the l i quid drop model 
(LDH /2 7/ , FRNFM1 28/ and Y+EM /29/ ) for sys tems wi t h charge asym
met ry d i fferent from the mass as ymme try. Due t o the large 
wea l t h of expe r i menta l dat a , we have tested the model f irstly 
on a lpha de cay / 3 0.31.3.4 / . The half-li\'es computed wi th the 
WKB me thod, successfully used i n fi ss ion 1 32/ , were in good agr ee 
ment with experimental results extended over a r ange o f 24 or 
ders of magnitude (from 10-7 to 10 17 s) . 

Another mode l describing in a unif ied way the light parti cle 
emi ss i on f rom high l y exci ted s tates above t he barrier and t he 
fi s s ion, wa s developed by Moretto / 33/.To compute th e energy and 
angular distributions of the emi tted pa r t i cles based on stati s 
t ica l cons id erations , Mor etto extended the t r ansition s t ate f or 
malism , used in t he induced fiss ion, to t he evaporation process 
from excited compound nu c l eus . Thi s model and that developed 
by Swiatecki 1341 were recently tes t ed 135/ on the product i on o f 
4He, Li , 7,9Se , B , C , N, 0 , and F in the r eac tion 90 HeV 3He on 
natAg. Unlike these mode l s deal ing with states excited above t he 
barr i er, we are conce r ned with ground s t ates or low excited s t a 
t es wel l below t he barrie r , where quantum-mechani cal tunneling 
and s hel l effec t s a r e eX lremel y impo r la nl . 

The numeri ca l methods ll ticd fo r Lhe c()mputa l i(lll of t he ba r 
r i er shape and the WKB pcnclrnhi 1 i Ly <.I r c lOO slow t o bc' usC'd 
for a systematic senrC'h of new df' coy mo Ll es . whf'r ,\ we' hnv ('l Lo 
cons ider mo n "! th<:ln 10f) coll'th i noL i ons p:1 l· o..: nl-cmiLl('(1 Il l. 

Conseq ue ntly a n anolyt i.c':ll rC' l n l iOll s hip waR dl'r i vl'd ' o1 / <1 0d 

was extended /5/ to aCco llll t [or the nngul nr In~) JJl o..: n Lum ,'11''1(1 sma l l 
excita tion e ne r g),; effects. Th e pred ic t Lng pOwer of rhe model 
was illust rat ed 5/ fo r r'lle -rll d ionc li v ir y nnd /,f - t,l C'lnycd &He
2 

radioact ivity. \~e have seen / 4/ that all -2000 nuclei with mas
ses tabula ted by Wapstra and Bos / 361 are s table (the r e l eased 
energy Q < 0) with respec t to the spontaneous emission of 2,3 H, 
3.6- 9 He, 4Li , 7B, and 9c.After He isotopes, the l ife times f or 
other possib l e candidates with Z2 = 4- 10 have been calcula
ted / 6-8/. In thi s paper we r eport a more comp r ehensive l i s t / 2/ 
of the decay mod es and an improved accuracy due not only to th e 
utilization of the new mass tab le s 13 71 , but also to the int r o
duc t ion of some shel l e ff ects in t he zero poin t vibration ener
gy wh i ch gives be tt er f it with experimental dat a f or 380 a
emitters . In this way we expec t also t o es timate be tt er th e 
lifetime for t he new decay modes, especia l ly in th e neigh
bourhood o f t he ma gic neutron and proton numb e r s Nl' Z 1 of the 
daughte r. 

II . CALCULATION METHODS FOR THE BARRIER AND THE LIFETI~ffi 

{.J'e a r e l ook ing for me t as tab le states 14 / , fo r whi ch both the 
r el eased energy 

Q ~ M (A. Z) -l M ( A 1 • Z I ) + M(A2 . Z2 ») . ( I ) 

and t he barrier height are posit i ve quant l tles . At t he beg i n
ning, the mass excees M( A,Z) fo r about 2000 nuclides tabulat ed 
by Wapst ra and Bo s 136/ have been used / 3 -8/ , bu t now / 2/ we work 
wi th more com!llete (2200 nuclides) updated table s /3 7/ . 

A. Nume rica l Me th od 

I n order t o find th e barrier shape by adding a s he ll cor
r ec tion BE to t he liquid drop model deformation ene r gy ELD 

E(R) = E LD( R) + 8E(R) ( 2 ) 

two parametr izations for nu c l ea r shapes have been adopted: in
t ers ected s pheres 130/ , nr a s ph eroid interesec t ed with a sma l l 
sphere 13 11. I n the f irst case , the deformati on parameter, R. 
the sepa r ation distance be twee n centers, was var ied f r om a n 
initial valu ~ R i = Ro - R2 t o th e in f inity. The radi i Ro= 

roA1I3 = , = roA~/3 (j = 1,2) a re calculat ed with differentR j
values of t he radlus constant pa r ameter ro ' when ELQ is compu
t ed in the f ramework o f various var ian t s of th e l iquld drop 
model:LDM /2 71 , FRNFM / 281 and Y+EM 129/ . These model s have been 
extended 124-261 for dif fe rent char ge densiti es of the two f rag
ments because, fo r exampl e ~th e alph a particle ha s N2 / Z2 ~ 1, but 
N I ! ZI for 208Pb is as large as 1.54. 

By choos ing as the ori gin of the pot enti a l energy the value 
at infinite se pa ration distance between fragments and a s ui t ab 

3 

http:Moretto/33/.To


l e / SOI phenomenological co rrect i on te rm BE, from eq. (2) one 
has initially E(R i ) "" Q - the exper i ment a l Q-va lue given by 
eq . (1) . In the over l apping r egion of t he two fragment s , fo r 

/2RI ,SR < Rt ""R 1 +R2 nume r ical met hod s &,381 are used t o c omput e 
th e ba rr ier s hape E( R\ bu t when they a re sep a r ated ( R > R ), 
a na lyt i cal r elat i ons hip s are avaiable. t 

Following the met hod successfully used to ca lcula te the 
s pon t aneous f i ss i on lifetimes 132/. t he half- li fe of a metastable 
s ystem is given by 

T =llln2 In 2 (3)=-;p'r 2E 
wh ere 1-' is the d isintegrat ion wid th, v "" ~= __v_ r e presen t s 

2" h 
t he number of assaults on th e bar r i er per second - the charac
teristic f r equency of the collective mode and E;v ""fiw /2 is t he 
zero point vib r ation energy . Acco rd ing t o the WKB theory, the 
probabili t y pe r un it time of penetration th r ough t he barrier 

[ :: exp(-K) , (4) P .I+exp(K) ] 
- 1 

where the ac t ion integ r al 
R 

K = !... rbI2~[E(R)_G']1 /2 dR , (5) 
.r, 1< 

a 

and the initi a l energy 

(6)G' = G + E v' 

The mass pa ramete r , Jl , can be replace d by t he reduced mas s Jl "" 
= mDA 1 A2/A~ i n wh ich mn is the nuc l eon mass . R& and Rb a r e the 
entrance and e xit point s ca l c ula ted from the equations E;(R a) = 

E ( R .. ) _ G'. 
E 

T f we compare the decay widt h r = ~ P wi th t he relationship
" r"" 2y2 . P ' used in the R -ma t r i x t heory of a -decay , it seems 

that t he ro l ~ 01 til e r educed wi d t h y2 _ a quant i ty which is 
p roport i onn1 wi. t ll Llu,' c l uste r p r e formation probabi l i t y, i s 
p l ayed in OLtr (·;tst' hy Llw ze r o pu i n l vibr:ltion e ne r gy . Neverthe

less . the pcnct r ,1h i l i ty r" i ~ 1101 dp!wndenL on y2,bu L P i s 
functi o n o( l':i v LlIII)1JJth 111\' ('( I H . ( r» ,Hid (f,). Al so i n our P there 
is a con tr i b u l i on oj lli(' ..I.,' IOrilld l inn l'1ll'rgy E(R) of t he sys tem 
o f two ex tend ed ob j ('t' l s , Ihlt unly ;t po in l i n :1 po t ell ti al ob

t ai ned (rom sc,lt u ,'ring !Pi il i N " 1I 1I ,lI l y "OIlH idprt,d whc n P ' 

i s c alculated . 11 / '11(' (' E v j ~ \lui , I plI'lnrlll;\l i ~)ll probab ility . 


Conse qu e nll y we 1(llllld I h,lI lit" VII I 1111 inn QI Bv wi th the ne ut
r on number N I of llll' d. ' II )',hl,·, IILII 1.,tl ll 10 1 1111'11.1 de cay is much 
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smal l er t han that o f y2, This " stability" of t he parameter E v 
is a usef ul property when t he method i s emp l oy ed to predic t t he 
li fet ime f or a new dec ay mode . 

For cluste rs heavier t han a particle, i t i s not known up 
to now how one can calculate the preformat i o n probab ili ty . Th i s 
is another r eason t o use 't he fi s sion t heory i n which E; v is 
ob t ained by f itt ing the experimenta l data . One has to ment ion 
i n this r espect that due to t he fact tha t t he reduced width 
y 2 I:. Y 2 and is unknown, the argumcHt used by some experimen
ters Q/ 9,11 .121 that they fou nd a good r at i o P'/P " .does not imply

2 a 
necessari l y t hat the branching ration J::.. _L:. . ~ will be also 

r 2 P ' a Ya (l 

good . So it is desirable to cal culate the li fe t imes not on l y 
the pene t rahil ities. 

One has t o do a numeri c a l quad r a ture to find the half-l ife 
by u sing the barrier E(R) computed numerically . This me thod 
has been used 130.S.4 1 fo r a lpha decay of some 58 e','en- eve n a 
emitters. Due to t he fact that the po tential barrie r is differe n t 
when ELO is given by LDM, FRNFM and Y+EM, t he best overall ag
reement wi t h experimenta l result s ranging ove r 24 o r d e r s of 
magnitude has been obta ined with Ev = 0 . 37 ; 0 .37 and 0, 3 HeV 
r e spect ivel y. 

I t is worth men tioning th a t a TDHF cal cul ation / 391 f o r t he 
sys t em 4He+ 208 P b leads t o a va lue of Ev::.O. 4 MeV - ve ry close 
to th e p r eced ing numbers . 

Fo r He rad i oact i vity of 223Ra , when EL D is computed i n t he 
fr amewo rk of th e Y+EM , o ne ne eds Ev =0 . 02 5 MeV, to r epr oduce 
the T . 

B. Ana l yt i c a l Formula 

To so lve sys tematical l y the dynamica l prob lem of the new 
de ca y modes , we need t o c onsider a huge number of combina t ions 
parent nuc l eus - emit t ed HI . Fo r example, on l y for th e 100 i so to
pes of the emi tted elements wi th Z 2 ",,2- 10 whi ch have bcen con

re f. / S BI sidered i n - as poss i bl e candidat e s to b e emit ted from 
- 2000 nuclides li s t ed by Wap s tra and Bos 136 / , we hav e mo r e t han 
10 5 ca ses . But of cou r s e , th e r eal number i s mu ch l arger becau

/ 21 se we we nt further. wi t h Z2 u~ to Z2:: 24 and there a r e 2200 
nuc l ides i n the new mnss t a bl e 37' . 

Fo r such a l arge amount of c a l c ulat ions . necessary t o f ind 

the mos t important pecu li a ri ties o f t he new decay modes , the 

n~merical pr ocedure is too slow. One need s an ana l y ti c al rela

tionship f o r th e li fetime . 


A first version of an ana lytic formula has b e e n deve l oped'4' 
s i nce 1980, approximating the potential barri e r in the over lap
p i ng r eg ion by second orde r po lynomial in R. This was impro

5 
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v ed 1 51 i n 1983, to account f or t he con t ribution o f th e angular 
momentum, Hr , and of a small exc itat i on energy . As a cons eque n
ce of t he s pin and parity conservat i on , one has a centri f uga l 
barri er when the parent or /and t he emitt ed HI are not even
even nucle i o r t he process is go i ng f rom an exc ited s t ate wi t h 
a fini t e s pi n. The exc it at i on i s use f ul f or enhanced emi s sion 
processes f rom excited state s popu l ated f or exampl e by 8

/ 51decay of a precur s or o r by a th e rmal neut ron capture , etc . 
After replac ing all the cons t ants , by expre s s ing the t i me 

i n S , the ene rgies i n MeV and the l engt hs i n f m, the decima l 
l ogar i t hm of the half- l if e is given by t he f ol l owi ng relation
sh ip s : 

log T = 0.43429 ( Kov + K, ) - log E v- 20.8436 • ( 7) 

_ 0 1/ 2 2 2 1! 2 a2 b + (b2 _ a2 ) 1 / 2
Kov- O•2196 (E h A1A2 / A) I(b _ a ) - -In [ - - --------1

b a • 
(8 ) 

• 9 Q ' Al A2 1/ 2 
K. = 0.439_ ( A ) Rb J mc ' (9) 

1.44 Z Z E, = 20.7351(1 + I ) AE ( 10)E j = E c + Er c =-R- 1 2 ;, R~ At A2 

1/ 2R, Ec 1 1 Q' Ee R I 
Rh - ---( - + ( - l- ) J ; ( I I )r""~.Q' 2 4 7 c 

C' - Q 11 2 
Q' = Q+E v + E * ; a = b [ J ; b = RI - R j • ( 12) 

E~ 

_ [r ( c_ r) + mI1/ 2 + ~ c =-~::.
2 ( c 2 + 4m) tl2 

Jme "'" (c + m_ l)1 / 2 [ arc Sin _ _ r_=-

1/ 2 

C- 2 1+.;m In 1 2Vt!i~.:.:::~:~~::_2m _ I •- arc sin ( 13) 
( c 2 +4m) 1I2 r [2 ym( c + m_ I ) 1I2+ c + 2m 1 

r 2Er r Ec= _ _c. . ( 14)ro = 1.2249 fm • 
m"" Q" Q' 

where E* is the f rac tion of the exci t a t ion energy, concentrated 
i n the co l l ec tive mod e l eading to s eparation . 

The zero point vibration ene rgy , Ey = 0 . 5 1 Me V, us ed at the 
beg inning / S,61 was obtained by a f it with a se l ec t ed set of 
experimental da t a / 40 1 TrIPon 376 a emi t te n; , RC'(,p ntly / 411 th i s 
s e t was improved and compl e ted . Now LhprC' ar e 380 a - de cay i ng 
nuc l i des and a s i t i s s hown by th e curve (n) from f i gure 1, 
f o r Ev= 0 . 5 1 Me V, t he s t andard dcv'i.1L i on or l OA T 
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0.42 0.50 - Ey (MeV) 0.60 Fig . 1. Choosing the zero point 
I I • , .1.2 vibra t i on energy E v • by mini 

I
6.. mizat i on of the standard devia.... .... -<' Q : A , 
_ I Lr ~to tion of logT values f or 380--_..J__---

o - emitters . E =constant (a ) 
and Ev propor tional with Q • 

a0.8 b when Qa> 0 (b ) . 
..0

0.61 I I , I I I 0 ' 0.08 0.10 Ev 0.12 J 

0:- -2 

10 d 
' 

ll. 
Fig . 2. The centrifuga~ bar rier 12 

leff ect on the ~ifetime [or emi s
s ion o[ various charged partic
~es : a) pmtons [mm 151Lu 16 e
( E = 0. 51 MeV) ; b) a [ mm 212 P o;v 
c) 8!le [rom 21SRn ; d) He ~ ~r, ,,I I , , , I I : , , I[room 222 Ra and e) 48 Ca [room 256No . 

o 5 10 15 

1 3 80
0 _- 1 379 .I (Io~ T· _ log T ~1p)2 11 / 2 ( 15 )

I"" 1 r 1. 

takes the mi nimum va l ue a == 0.96 . 
\.Jhen the re s ul t of t he fi rs t measurement for t he 140 rad i o

/ 6ac t iv i t y o f 22 3Ra was available I t ll , we have s een 81 that our 
predic t ions made by using Ev ",,0. 5 1 Me\' have been t oo pe ssimistic 
by 3 ord e rs o f magn i t ude . I n ord er t o reprodu ce also the new 
exper i menta l data , we have used / 6- 8! the law E y = O. 1275 A2" 

But wi th ou r semi empirical fo rmula / 42 ,<1 11 der i ved f or a de
cay li fe t i me by us ing t he fiss i on t heor y , i n which the shell 
effec ts have been careful l y taken i nto account , one ge t s u= O.4 1 
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fo r t he s ame da t a . Hence i t was evident t ha t s ome shel l effects 
a r e present i n the zero po i n t v i bration ener gy . Thi s fact was 
s ee n ve r y c l early when we d i s pl ayed the va r ia t i on of Ev ca lcula
t ed to r eproduce exact l y the life time f or each a emi t te r, ver
s us th e neutron number of the dau~hter nuc l eus. The shape of 
.th i s depend ence suggested a simple way t o introduce shel l ef
fects i n Ev' by making i t proport i onal wi th Q. The curve ( b) 
of f ig . 1 s hows the opt i mum value Ev -= 0 .095 Q fo r wh i ch one 
has u 1Z 0. 73 - sma l l e r than fo r Ev'" cons tant . A convenien t l aw, 
extended to the other decay modes, was fo und / 21 to be 

4 - A2 
E v D Q [ 0.056 + 0.039 exp ( 2.5 ) 1; Q> 0 ; A2 ::: 4 • ( 16) 

In this way, for a one has Ey =0.095 Q and for 14C rad i oactivity 
E v - 3 1. 8xO. 0 56 " 1.77 MeV . 

The res ul t s presented in t he following sections are obtained 
by using thi s equation. We need fu rther exper i men t al data i n 
orde r to check the accuracy of the estimations made with the 
pr esent re l at i onships . Of cour se we can get onl y rough estima
tions based on t his s i mp l e model, but t he mos t interesting r e
s ul t s obta i ned i n th i s way , could be s t udi ed exper imenta l l y 
or \o/ith more r ef i ned t heoret i cal models . 

From f igur e 2, one can see t ha t a <;mal l angu lar momentum, 
up to 5 uni ts of ~. gi ves a n impor tant contr i but i on to the l ife
t ime onl y fo r li ght emi t t ed part ic l es ( es pec i a l l y f or protons) . 
Fo r heavi er i ons one can negl ect sma l l angu l a r momentum effec t s , 
hence in t he f o l l owing we s hould not consider t he sp i n and 
rarity conserva t i on, bu t we can keep i n mind t hat the cen t r i 
fu ga l barr ie r cou ld wo rsen t he es t imated values , especial l y fo r 
1. i ~hter 111. 

Ill. LIFETIME PREDI CTIONS 

In a systemat i c search for new decay modes , t he fi r st step 
cons i sts i n fi nding the r egions of the nuclear table where 
the condi t ion of metas t abi li ty is fulfilled. \ole have used the 
Wapstra and Audi / 37J ne\" ver s i on of the mass tables to compute 
t he Q va l ues. Up to now we have done calculat i ons in which 
a l l i so t ope s o f t he e l ements wi th Z2 < 25 are supposed to be 
possib l e candidates of emi tted HI fr om al l nucli des l-lith A> 2A2 
a nd Z> 2Z2 • Usually only the 2200 nuc lides t abu lated by Waps t ra 
and Aud i have been cons i de t ed bu t some t i mes we ext ended the 
r eg i on by us ing a comput er pr ogr am f or mass ex t rapo l at ions / 43! 
and some o f t he 1975 mass pr e di c t i ons / 44 / . 

Si nc e 1980 we have r ejected / 4/ some of t he se candi da t e s like 
2.3H, 4Li, 7S, a nd 9C fo r wh i ch Q <0 , and we devoted a s pecia l 

1: 0[ ...--..~fo1 
.... 

90 

80 

70 

60r \ \\\Uf ···· 
80 100 120 11. 0 N 
Fig . J . Cont our plo ts of Q-va l ues for " e emission f rom 
various nuolides with Z::: 60 and N :::80 having masses 
tabulated by Wapstra and Ros 1361 

cons i de r ation 1 5 ' to t he He iso t opes with A2= 3-9 whe r e bes i de s 
th e we ll - known 4He , we f ound 5He - r ad i oact ivi t y f or t wo i slands 
o f tr ans l ead nuc l e i l ead i ng to daugh t e r s with neu t ro n numb er s 
i n the ne i ghbourhood o f the s he ll c losure Nt = 126 and of t he 
s ubs hell a t Nl = 152 . Li ke t he d iproton ~ d i neu t r on and t r i 
ne ut r on, nHe and SSe a re unst abl e , bu t one ca n as sume a mecha
n i sm i n wh i ch the component s are l eaving t oge t he r t he par en t 
nucleus and af t e r t unnel i ng t h r ough t he po te n t ial barrier t hey 
a r e movi ng a part. 

A pa r t o f t he nuc lear cha rt , with Z > 60 a nd N > 80, can be 
see n in f i gure 3 , wh er e t he contour plots of Q-values for 14 0 
emiss io n ar e dr a\Jn . Fo r a given mas s numbe r , A",= Z + N • there i s 
a smoo th ( liqui d-drop mode l ) t r e nd o f i ncr ea sement f r om t he 
neu t r on r i ch s ide t owa r d t he neun"on de f i c i ent side, l i ke f or 
a - decay Q- va lues . The r ever se is t r ue f o r ve r y neutron r i ch 
emi t t ed HI l ike 8.9 He , The shell e ff ec t s f or t he daughte r magic 
number s ZI = 82, Nl "" 82 . 126 are a l so very c lea r l~ seen , push i ng 
down the max i mum Q-va l ue fo r 14C emiss i on f r om 2~8 R a (33.05 MeV ) 
and f r om 2~~ Ac (3 3 . 08 MeV) . 

By compa r ing f igur e 3 wi th a s imilar one for a decay , 
one can see t hat th e conditi on of me tastabilit y for HI emi ss i on 

8 
9 



Si 

i s fu lfil l ed f o r a l a r ger r egion of the nuclear cha r t. From 
t his poin t of view these exot i c r ad ioactivities are mor e genera] 
phenomena . But their intensit i es are weake r ( the l i fetimes 
l a r ger ) than tha t of a -decay . 

The ver y strong she l l effect at the double magic daughter 
203 Pb pres en t on figure 3 , which has been seen in the asymmet 
ric iission mass distribution calculated with the fragmentat i on 
theory/22.3/ , was observed also for all othe r emit t ed HI . Hence , 
\"'e c an res ume in figure 4 the Q -values fo r t he HI emission in 
which the daughter is 208 Pb .The released ener gy increases with 
Z2 and fo r Z2 > 16 , one ha s Q> 100 MeV . This energy is shared 
betlvee n t he emitted pa r ticle and the daugh t er. One can assume 
that like for a decay the kinetic energy of the HI i s given by 
Ek "" QA 11 A and the recoil ene r gy of the daught e r i s Q- E .But 
it can happen that for heavi er emit t ed par ticles , l i ke in fis 
sion, a part o f thi s ene r gy i s l ost t o excite or to deform the 
fragments . 

100 r[----------------.u,r-.---------------, 
Q 

180(M~VJ 
Qlao 
(MeV)- t 
160 

Fig . 4. The peleased enepgy fop the emission of vapious 
isotopes of the speaified elements fpam the papents 

10 leading to the double magia 208 Pb daughtep nualeus . 
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Fig . 5. The deaimaZ logapithm of the lif etimes fop the 

same pr'oaesses aE in Figure 1 . 


The correspond ing predic t ed l ifet i mes ar e plotted in figu r e 5, 
displaying t he bes t va lues expected fo r al mos t all new decay mo 
des . To guide the eye, various isotopes of a given emitted ele
men t a r e j o ined with a heavy 1ine if Z2 is even, or \.,Tit h a dot
red line if Z2 is odd . The s pec i f ied mass numbers of some emit 
ted HI a re used as r efe r ence points . For a practical r eason, 
Z2 is rest ri c ted to va lues smal l e r than 26(parents with Z < 103) , 
but of course we can continue even fo r rhe s uperheavy nuclei . 

Almos t a ll nuc l e i are me tastable with r espect to seve r al de 
cay modes, bu t if the lifetimes are very l ong , they a r e stable 
f r om practica l poin r of view. If the age of rhe universe i s o f 

10 10 5the o rd e r of year s (that is 10 17 - s) , th en the proces 
ses with a half- li fe mu ch short e r t han that exp l ains why some 
nu c lides cou ld not be f ound i n nature . Of course , one ha s to 
consid er a ll the competing decay modes, t he most important de
termining the minimum partial ha l f - l ife. The available experi 
mental techniques a llow one to measure ve r y s l ow processes 

1022(T = years ) , as for examp le the s pontaneous fission of some 
1030 act inides . Consequent l y we cut figure 5 at T :c s. The 

II 



time scale of all figur es of this paper (except f i gure s 2 and 
8) i s r ever sed , because we wa nt to get the i mp r ession of the 
i ntensity wh i ch is proportio nal wi t h T-1. 10 1- ~g ' ,Ia! I b) 1 

The most i mporta nt she l l e ffec t is in t he r eg ion of the 
doubl e magi c 2~Pb daughter . Simi l ar predictions / 2/ f or l i ght e r 
par ent nuc l ei l ead ing to the doub l e magi c l ~~ Sn82 s how long e r - _. . . 
li fe t imes . 

I 
15 

On fi gur e 5 one can s ee al so a pairi ng e f fec t: f or odd N2 
or Z2 emit t ed HI , t he life t ime i s longe r than f or t hei r even 
ne i ghbours. There a r e few exceptions to thi s rul e concerning 
ZZt as fo r e xa mp l e 1 ~ N 8 a n d 1~ P20 • but in t hese cases th e J' 20G 
neu t ron numbe r s Ne a r e ma gi c one s ) and pro t o n numb e r s a r e al 15} A ell fl 
most magic . :z3FFor each Ae on f i gure 5 onc has a Z2 giv ing t he mi nimum ,,life t i me . Wh en A2 i s i ncreased beyond A2 = 16, t he better emit

Ited HI fo r a g iven A2 becomes more and mor e ne ut r on r ich and 
t he corres pond i ng pa ~en t - mo re neut r on de f i c ient nuc l e i. Fo r ~ r a - '-~ 
Z2 > 17 ther e i s a cu t in the curve s a t h i ghe r va l ues of A2 ,due (/l 0 6 

t o t he fa c t t hat t he cor r es pondi ng masses (on the neut r on r i ch 
~ 0. 
I- 0 I 

side of t he emi t ted par t ic l es or t he neu tron defi cient one of cn25 o~ · : agthe par ent s ) are not availabl e . 
The l i st of all new decay modes given on t hi s fig ure is very ..9 I· 0 

lar ge : 5He , S-- 10 s e , 11 . 12 8 , 12 - 16C , 13 - 17 N, 15 - 22 0 , 18- 23F , o a 6l
20- 26Ne 23-28 Na 23 - 5"- · 27 - 32AI 28- 36 S," 31 - 39 P 32- 42

• I 
' , - Mg .J' , , , S , 

3 5 - 4 5 •. • Cl 3 7-4 7 . .. Ar '"4 u- 49 .•• K 12 - 51 ... Ca 44 -r)3 .. ~ Se 30r : 
46- 53 .. · Ti : 4S- 54 · .. V , '49-55 ·.. Cr , ' etc . The re ' a re mor e tha~ 140 15t : i)
ki nd s of exo t ic radioact i vit i e s with Z 2"'" 2- 24 and t hey continue 
f or Z2 > 24 . Fr om t hese one can selec t a l is t of mos t i ntensive :

28Msproces ses f or a gi ven A :5 He , SSe, 11 S , 12 ,14 C , 15N, 16 - 200 , 
21F 22-24Ne 20 Na 26-2~g 29Al 30-34Si 30 p 36 - 3SS 39 . 4l CI 

' " " " , , _...J. ...-dl .A 0 
I .40.42 - 44Ar , 4 5 K , 46- S0Ca, 5 1- 53Ti, 54 ,55 Cr , etc . For each 2m 

,0 
element , one o ~ two i so t opes a r e the best emi t t e r s : 8Be , lIB , 
12, 14 e , ION , 160, 21F, 22-24Ne , 25 Na , 26-28Mg, 2gA1, 32 Si , 3S p , 
365 , 37 C1 . 4SAr , 47 K. 4S Ca , 4 9 Sc , 52 T i 53 .54 V 54,5 5 Cr. 

e tc . 25 •• 
A de t a ile d i l l us trat i on of t he N 1= 126 neu t r on and Zl ",,8 2 , 

prot on s hel l effec t s in the daugh t er nuc leus i s g i ven i n f i gure I . 


6 , where t he life times f or t he 16 decay modes ( 8Se ,1 2-14C , 15N , I 0 


23F, 24,25 Ne , 28Mg, 32Si, 4BAr, and 4S Ca) are plotted ve r sus 30t. '. I ! , , 9I ' , , , I : , , , ~, , , , I ; , , , 1.,1 , •• , I, ,,, 

the daughter neut ron number Nt ' fo r various daughter pro t on 125 130 125 130 125 130 125 N 1 
numbe r s Z 1 = 80-87 . Almos t a l ways the minimum value of t he l i
f e t ime f or a g i ve n Z I i s obtained when Nl = 126 . But fo r some I Fig. 6. Lifetimes vs daughtep neutpon numbep, Nl , fo p
light emi t t ed HI (l ike 8Be a nd 12C) Z , for min i mum l ife time various decay modes by spontaneous emission of the fol 
is no t 8 2 like us ua lly . Nevert hele s s , the i mproveme nt with l owi Yk] nuclei: 8Be (a ) ; 12 C (b ) ; 15C (c) ; 14C (d) ; 15N (e ); 
r es pec t t o t he va lues g ive n in f ig. S is no t l a r ger t han one 23 F ( f ) ; 24 Ne (g) ; 25 Ne (h); 28 Mg (i) ; 32 Si ( j ) ; 4sAr (k) ; 
order of ma gnitude. Al so t he even-odd e ffect can be be t te r s een and 4BCa (l). The daughtep atomi c nwnbeps ape : _ - 80; 
on f igure s 6 ( e ) . (e ) , ( f ) and ( h ) . For even- odd emitte d HI o - 81 ; • - 82; a - 83; • - 84; t> - 85; , - 86 ;and V - 87 . 
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(ltC7 and 13Ne l ~) the even N I (o dd N) are preferred. For odd-
ev en ( l~NB a nd ~F14) the ev e n Z 1 (odd Z) are the best. 

In figure 7 we compare the results obtained with the nume
ri cal method (the points ) and with the analytical formula (cur
ves ) . One can s ee that no t far from th e magic neutron uumb er 
o f the daughter the agreement i s good , but in gene ral t he re
sult~ of the analytic formul a a r e mor e optimis tic than that o f 
the numerical me t hod. Thi s fa c t may be due to the i nclus ion of 
shell effect s in th e parame t e r Eyof the lifetime anal ytical 
f o rmula; in the nume r ical me thod we have been working wi th E v == 
= Canst. 

The m~nlmum value obtained for 8Be emission is about 17 or 
d e r s of magnitude lo nger than that of the best value for alph a 

two alpha particles, hence it will be difficul t t o re ject t he 
a background i n orde r to detec t th e 8Be-+ 2a parti c l es. Neve r
theless , in some plast i c detecto r s • sSe is ve r y easy ident i 
fied due to t he s pecific T-shaped track. 

t 
Fr om f i gure 8 o ne can see that the l ifetime fo r vari ous 

decay modes can be substantial ly diminished by exc iting the 
em i ssion level above the ground state . A precur sor nuc l eus far 
off the f3 stability line cou l d populate the emitter excited le
vels . The f3 - delayed HI emission can be analyzed i n the same 

/ 51wa y as the tl-delayed 5He radioactiv i ty • In fact we can say 
that the right word is not j3-delayed but ~-enhanced HI emis
sion , because the lifetime for HI emission from excited state 
is usually l onger than that of the (3 decay of the precurs or . 
Al t ernatively the feeding of excited levels could be s upplied 
by thermal neutron caplure like in (il,a) reactions. 

IV . BRANCHING RATIO 

Usual l y the most important competi t or of these new decay 
modes is the alpha decay . Consequently fo r some experiments / ll.121 
the absolute value of the lifetime T is not so important a s 
the bra nching ratio relat i ve t o a l pha decay T / Ta •We have 
s hown / 7•S1 that f rom thi s point of view Rose and Jones 11 11 d is
covered the best emi t ter o f He - namely 223Ra with a branching 

r at io I..= Ta I T = ( 8. 5.:!:2. 5)· 10-10 confirmed by Alexandr ov e t 
1 12' I:; - 10 /91 - 10a1. : \7.6+3.0 ).1 0 and by Gales e t a 1. : (5 . 5+2.0 ) · 10 

Of c our se , if t he a part i cles cou l d be disc riminated (fo r 
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Fig . 9. The branching ratios reLative to alpha decay 

emission . But sBe i s itse lf 
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emission from excited LeveLs 
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and 4BCa Id ) when the ~ 

dau(Jhter is ~OBpb .E* i s the , 

fraction of the excitation 

energy concentrated i n the 

sepGJ'ation degree of freedom. 
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f or the same processes Like in f igure 4.14 
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bra nching ratio T I To: .Now \.,re present much more decay modes in 
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Onl y i n a sma l l numbe r of case s ( 13C, 15N , 2r~ e a nd 2~g ) t he1312Clisa10 bes t branching ratio is obta ine d at "I I ~ 126 . Us ually NI - 127 
is preferred [or III ligh t er than 2~e and N l 125 fo r emitt e d I: 

i o ns heavier than 28 Mg. Z 1:82 is on the top fo r 13,14C . 15 N • 23 F 
w a nd 48ea. but we can have Z 1 =85 for Bile , Z 1 = 80 f o r 4BAr and

15 Z = 8 1 fo r 24,25Ne. 28 Mg , and 32 Si . The calculated number s seem 
to indicate that it would be difficul t to perform e xperiments dueAI' 1" , , I A ~ , ~ .... l
t V to the weak intensity of these process e s , but we know that smal lII, gl hi el 13 - 10 b r anching ratios, r e lative to a de cay, in the range 10-- _1 02'3F 10 24/'Je a have bee n determined fo r the spontaneous fi s sion of s ome 'fh, U,25Ne~ 10 15N I 0 .. a 
Np , and Am i sotopes.

f--'lI 
In the experimental search fo r new decay modes one can use;::::, e i the r figures 5 and 6 for the absolute value of T or figure........ 


10 fo r the branching r atio. ?lore de t ails about s ome c ases in8' 15 \-lh ich good ratio T /Ta is obtained, are given i n the Table . One 
~ 

has to stress that Ta i s the partial lifetime only for the 
s t rongest alpha t r ansit i on, hence sometimes it i s differ ent fromI 10 t he l i fetime for al l alpha t r ansit i o ns . I n order to see if o ther 

~. 

,~Zl l 

4015 

125 

125 125 125 DON, 


( _'00/Fig . 10. The b~anahing ~atios ~elative to alpha deaay 30 

fo~ the same proaesses as in figu~e 6 . 


example, deflected 19 ' by t he magne t ic fie ld ) , t he mos t i mpo r t a nt 
quanti ty is the l ife time . Fr om thi s po int of v iew t he best 14C 
emi t t er i s 222Ra a nd no t 223 Ra . 

The branching r a ti o r e l ative to the a decay was pl ott ed i n 20 
f igur e 9 for the same ~ roce5ses as i n fi gur e 5 , l ead i ng to the 
doub le magi c daughte r 08 Pb.I f a measure d a -decay l if e time 
is not avail abl e i n th e t abl es / 40.41/, \.I e ca l c ula t e To by using 

/the semi empiri ca l f o rmula 14 2 .4 1 , 

One can s ee tha t f i gur e 9 is ve r y di fferent f rom f i9,ure 5 . 10 
Fo r example SBe ,which was the best in f i gur e 5 ( T ~ 10 1 5}is now 

12 pu s hed down three o rde r s of ma gn i tud e und e r S 10 and abovei ,a 
thi s l evel one has no t only "e ( T ~ 12.6 s ) a nd 'Bca ( T = 13 . Ss) 2 L,-' 

~ 

but a l so 2'.25 Ne and 28.29 Mg with T > 1020 s . 2 10 20 30 1.0 50 50 N2We have s hown / 7•8! o n the examp l e of He r ad i oactivity tha t 
the s imple rule that th e optimum cas e is obtained fo r t he do ub l e Fig . 11 . Q va Zues foY' the emission ot, iiI wi th Z2 p~otons 
magi c daught e r o r not t oo fa r fr om it , whi ch works qu i t e we ll and N 2 neutron" fY'CKn a BOUY'ae of 23 ' U. ' 

f o r the abso lute val ue of l og T, i s no l o nger us eful f o r th e 
1716 
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d e cay modes are in competition with a-decay, not onl y Ta bu t 
also t he t ota l ha l f-li fe T t are given in t his Tab l e . One can 
see, for examp l e, that t h e fo l lowing nu c l e i 2~~Ac , 239~Np , 

2%~Cm and ~S~ Fro have ITa - T I l arger than one o r der of magni tude . 
There are other cases wi th T / Tn:.s 10 12 but T t « T • which area 
not menti oned i n t he Table. Some of the parents in this Table 
are not on the neut r on-defic i ent s i de of the nuc lear chart 
where, Tt i s min imum , due to t he f act that Ta i s a l so small 
in this r eg ion. , 

TabZe.Some high bmnching mtio (smaU T / Ta) HI emissions 

""'tted Parent 

HJ • A 

87 222 

as 222 

14e 
6 8 223 

224 

226 

89 223 

224 

15
N 89 223 

78 
224 

24 9 1 23 1 

lONe, 4 92 232 

233 

235 
25 
lONe ,S 92 233 

235 

28 92 233 

d'1g '6 93 236 

94 236 
29 
12"'317 92 235 

93 236 
32 
145i , 8 96 23. 

46 
18"'28 98 25 1 

48 
lCO 253 

2O
ea

2S 10 1 254 

102 255 

50 
10 1 258 

20caYJ 102 259 

Daughter 

" N, 
81 127 

82 126 

82 127 

82 128 

82 130 

83 126 

83 127 

82 126 

82 127 

51 126 

82 126 

82 127 

8 2 129 

8 2 126 

82 128 

80 125 

8 1 127 

82 126 

00 126 

8 1 126 

82 125 

so 125 

80 125 

81 125 

82 125 

8 1 127 

32 127 

E,,~ .Log Tt (S) l og' To<.(S ) log Tis) 

(MeV ) 
23.2 2 . 94 5.4 17. 3 

31.0 1. 59 1. 6 12. 6 

29 .9 5.99 6. 3 15. 0 

23.6 5 . 55 5.? 17.4 

26 . 5 10.73 10. 7 22. 4 

3 1.0 2 .12 2.5 13.4 

:n.0 4.02 5 . 6 15 . 4 

36. 8 2. 12 2. 5 14. 7 

35 . 2 4.0 2 5. 6 17 .7 

S4 . 1 12.00 12.0 22 .0 

55.9 9 . 36 9. 5 20.4 

54. 3 12.70 12. 8 23.1 

51. 5 16. 33 16. 6 28. 1 

54.3 12.70 12.3 23.3 

5 1 . 7 16.33 16 . 6 28. 1 

65.3 12. 'X> 12. 8 24.5 

66.2 12.56 14.0 24.5 

70 .2 7. 96 8 . 1 19.5 

63.7 16 .33 16.6 27 .4 

66 .0 12.56 14.0 25 . 1 

84 .6 4. 0 3 7 .0 18. 9 

103 .0 10. 45 10 . 9 . 22.6 

11 B.2 5.4 1 6 . 7 18.4 

12 1. 6 3.23 4.0 15.9 

124 . 7 2. :n 2.8 14. 1 

11 9 • ., 6. 64 6 . 6 17 . 7 

122 . 0 3. 54 4.1 16.4 

log (.I. ) 
1.. 

".9 
11.0 

3 . 7 

11 .9 

11. 7 

10.9 

9.3 

12. 2 

12. 1 

10 .0 

10. 9 

10.3 

11.5 

10.5 

11. 5 

11. 7 

10.5 

11 . 7 

10 . 8 

11.1 

11. 9 

11.7 

1'.7 
11 .9 

11. 2 

11. 1 

12.3 

oj
ll, C 106.3 /' 
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Fig . 12. Lifetime spectra for various modes of decay bye HI 

emission of 223 R a (a), 238 U (b ), 238 U ( 0 ) , and 254 Fm (d) . 
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Other problem importan t in plann i ng an exper ime n t i s to know 
the s pectrum of , t he emi t t ed pa rt ic l es f rom a given source A,Z 
availab l e. From the Q- va l u e v aria t ion wi t h t he neut r on and pro
t on numbers N , Z2 of the emi tted HI , as i t i s shown in f i gur e 
11 f or t he 23~U paren t nuc leus , one cannot answer t he quest ion . 
Thes e a r e many emitted part i c l es with pos itive Q-val ues . The 
r idge s hape appear ing i n thi s figur e, means tha t usually fo r 
ea ch Az t h e r e i s one c ombina ti on of Z2 t N2 g i ving t he maximum 
Q - val ue and the co r r es pond i ng Q inc r ease s when A2 i ncre a s e s . 

In figu r e 12 we pr esen t the s~ec t rum of the emi t ted ~ar
ticles fr om var i ous sou r c e s: 223 Ra , 233 U, 238 U , a nd . 54 Fm .In 
the fi rs t case one can s ee that the othe r HI ( 12, 13· !f) C ) which 
.:lr e emi t t ed fr om 223 Ra a r e more t Itan 5 o r d e rs o f magnitude 

weak e r than 14C,alre ady , me asur ed . We e xp e c t t hat from 23 3U, 

the mos t pr ob a b le emi ssion wil l have 24.2fNe ( T ::: 10 23 5 and 

T / Ta ==1 0 10.5 ,as i t i s wr i tt en in :f he Table) . The n fo l l ows 

28 M wi th T = 10 24 •5 s a n d T / T "I OI • a~3 8U is p r edicted to hav e T =::. 10 28 8 fo r the emissi on o f 
34Si and T/T~ :: lOll ; 30 Mg is 4 o r ders o f magnitude lower . But 

the case o f l:Sizo need t o be e xami ned f u r t he r in order to 
c heck the validity of the appro x i ma t i on f o r t he mass val ue o f 
the d a ught e r (2~~Pt12o)' Fo r thi s r eason, 34 Si was not given 
i n t h e Tab l e a nd the r e a r e ma ny o t her s i milar c a s es. We need 
be t t er accu r a cy i n mass p r e di ct i o ns and mo re exper i mental po ints 
to ge t more con fid ence in our estimations . Fr om 254F m ,the most 
like l y em i tt e d i o n i s 48Ca wi t h T :'1 0 18 s and T/ Ta :. 10 16 

By compa r ing the spe c tra of al l sourc es f r om fig. 12 one 
ca n se e the tre nd t oward heav ie r em i t te d par tic l e when t h e 
m ~l SS numbe r of t he p a r e n t inc r eases . Th i s t rend i s s i mi l a r wi th 
the o ne observe d i n t he li g h t fr agme n t p a rt o f th e a s ynune t ric 
f i s si on fragme nt mass di s tribution . I n ou r c a se it i s e xp lained 
by the s h e ll effect a t N t = 126 : 2g~ Ra 13r) '" 1~e 8 + 2~~Pb 12 7 
2E3 U 24.25 209.2 08 238 34 

~~ 141 ~ lONe 14 15 + 82 Pb 127 126; 92U 14 6 ~ 14Si20 + 


+ 7~ Pt 126 and :r8t Fm 1'54 .. ~~a28 + 2gSHg ; 26 ' Once more on e ca n 
s ee t hat the n eu t r on shell ef fec t s a t Nt =126 are usual l y mu c h 
s tronge r t h a n the pr o t on ones at Zl = 82 . 

In f i s s i on f o r s ome h eav y Fm i so topes t he ma ss d i st r ibu tion 
i s symmet r ic b e cause the ligh t f r a gment has approx i mat e ly a 
magi c neutron numbe r 82 (o r no t t oo f a r f r om i t) li k e the 
h eavy f r agment. Bu t t he IH e mission i s e ssent i all y a n asym
me tri c process because, a t l eas t at present, i t i s ho pe l es's t o 
be lieve th a t t he s upe r heavy e l e ment 4 16 164 , f o r wh ich o nC' h a S 
symmetric fi ssio n in t wo f r a gmen t s 208Pb , wi ll b e e ve r ava il abl e . 

v. CONCLUS IONS 

The asymmetr ic di stribution o f th e fr a gme nt mas s e s i n th e 
s p ontaneou s f i ssion o f ac t i nid es i s due t o the shell e ffect s 
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in the region of ma Ai r LHlmht ' l H N A2 .l l l d i': .. 50 fo r spher i ca l 
s ha p e or the corres po nd i ll>; n nl'S lor tl t' l o n ne d s ha pes . 

By using t il e fr ngml" 1I1 ,'1 1 inn I hl ·o r y we fo und a new peak i n 

th is distribut i on ti L ;1 higlll'r · ' :JY11lI1leL r y, du e t o t he s he l l c [ 

fect s in the r eg io n 0 1 I ll(' 11l (lg il' numb~rs Nz 126 , Z ~ 82. 


The s h e l.1 (\ ff('('l ~ i. n I ht-' regi o n o f the doub le magi c 208 Pb 
are r e spon s ib Le r o r m::lI1y tl ew dl' C' ay mod e s o r tra n s - lead nuclei 
in "'h i ch II I arc s po nLanC'o ll s ly e mi tlcd. nu t t he ph e nome non is 
a l so present, with we ake r i n tensity, i n t he Lran s - ti n r egion 
where 132Sn plays the majo r r ole . Almost al l nuclei are meta

stab l e with res pe c t to several d ecay mod e s bu t i f the li fet i me 

10 30
i s v ery l ong (for examp l e l onger t han s ) one can say t h a t 


from the p ractical poi n t of vi ew , the corre s pond ing nucl eu s 

i s st a b l e . 


I n 1980 we have made pr edictions for some oJ the n ew decay 
mod es b y calculating only the pene trab i l i t ies 145 / . One can see 
fo r e x ampl e that 14C has a good p r obability t o escape from 
222Ra a n d 224Ra in c ompar i son with it s neighbour s and similar l y 
34Si from 23~. etc. The s ame qua nt ity h a s been u s ed in 1984 by 
Rose and J on e s who d iscov e r ed the 14C r adioactiv ity o f 223Ra 
a nd by o t h e r t wo g r oups g iv i n2 the confi rma ti on of th is expe ri 
ment. Fo r t4e emis s i o n f rom 2 2Ra and 224 Ra we pre di c t e d tha t 
the p e n e tr ability s ho uld be 10 6•4 and to 7.1 times s ma ll e r 
tha n f or t he a-decay _ Th e s imil a r ratio cal c ul a t ed by Rose a nd 
J ones fo r HC e mi ss i o n f r om 223Ra is i n the range 10 2.6 _10 4.2 

accordi ng t o t h e a d opt e d v a lue o f the radius co n s t a nt. In t he 
experiment t h ey hav e d e t ermine d a branching rati o of _10 9• 
By comparing thes e numb e r s o ne c an s a y that the branching ratio 
fo r 14e emis s i o n f r om 223 Ra i s better than that fr om 222 ,224R a . 
But if the emitte d HI fr om 23 8U is 34Si • it has a p e net r a b i l i t y 
v"Thich is by 4 ord e r !; of ma gnitud e higher than tha t of th e a 
decay. As we h av e s hown in thi s p aper,sllch a s ituati on cou l d n e 
v e r a ris e whe n we use our meth od t o compute the li f e t i mes .We con
cluded that t. h e pene tr ab i li t i es do no t hind e r th e emission of 
h e avy clus t e r s and i n a small r e gi on of emit t e d nuc l e i, they 
could b e u s ed t o ge t a r o ugh in f ormati on about th e n ew d ecay 
mo de s . 

But the pen e tra b ili t y is not a measur a b le qua n ti t y . Then 

we deve l o pe d a method a l l owi n g t o cal culate the l i fetime a nd 

t h e bra nching r at i o r e la t ive to a de c a y de te rmined i n t he e xpe

riment . Thi s mo de l is ba s ed on t he a ssump tion tha t t h e ne w phe 

n omen on cou ld be consi de r e d t o b e a supera s ynnne tri c f i ss i on . 

Hence th e St r utinsky and t he WKB me thods success f u l ly used i n 

fis s ion t h eo ry have bee n ad a p t ed [ o r th:s c ase a nd used t o cal 


. culate t he potential b a rr i e r s a nd t he l i f etimes. We l earne d 
very much by using the model i n 19 79-80 f o r a l ph a decay, \O.'~ler e 

a l arge we alth ( 380 emi t ter s ) of experi ment a l da ta i s ava i lab le . 
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The numerical me th od i s 
s ear ch f or new decay modes 
parent nuc l eus-emitted HI 
t echnique of comput a t i on, 
deve l oped since 1980 . Thi s 

t oo 	s l ow t o be used in a s ys tema tic 
whe re a huge amount of combi na tions 

has t o be taken into ~ccount . A f a s t e r 
based on an ana l ytica l fo rmula , was 

fo r mula was i mpr oved t o account f o r 
angul a r mome ntum and s mall exc i ta t ion ener gy effec t s and used 
to 	pr edi c t in 1983 the 5Heand j3-d e l ayed 5He r a dioac tiv i ties . 

The l i fe time predic t ions fo r th e emiss i on of various HI 
with Z2 :::;; 4- 10 , made befo re we knew t he expe rimental r esul t fo r 
14C r adioactivity, by using the same zero poi nt vibra~ion ene r gy 
as for a -decay, have been s l i ghtly pessimis t ic (with the 1980 
va riant one obta i ns 10 17•7 s i ns t ead of _ IO lo s whi ch was 
fo und in the experiment), bu t th ey wer e improved i mmediately 
i n 	agr eement with thi s unic r esult. Now we have in t r oduced a 
s he ll effec t a l so i n t he ze r o point vi bra t ion energy i mpr ov i ng 
the 	 ag r eement fo r a decay so one can have mo r e con fi de nce in 
these new es tima t ions . Of course , we need mor e expe r i me nt a l 
points ( new decay modes with emitt ed i ons heav ie r t han 140 ) 
t o 	i mprove f urt he r the model. Hence the present ca l culat i ons 
s hould be t aken on ly a s or ientat i ve r ough es t i ma t ions . 

From a sys t ema t ic search ac ross the nuc l ea r t ab l e , we have 
shown th e gr ea t complexity a nd diver s ity of t he new phenome
non: ther e a r e mor e than 140 emitted HI - var i ous i sotopes of the 
e l ement s with Z2:.2- 24, [o r whi ch t he l ifetimes a r e i n t he 

10 10 -1 030 r ange s. For a given dec.ay mode ( A2 • Z2) t he mi ni mum 
l i f etime is obta i ned whe n th e daughter has a magi c numbe r of 
neut r ons Nt = 126 and a magic numbe r of protons Zl "'" 82 o r not 
t oo 	 f ar f rom it. When the mass numbe r A2 increa s e s , fo r Z2> 16 , 
th e 	 posi tion of the opt i mum-opt imo rum emi t t ed HI moves i n the 
neutron ri ch s ide of th e nuc l ea r cha rt and the pa r ent becomes 
mo r e and mor e neutron defic i e nt . 

Accordin g t o our ca l cul a t ions , th e bes t va lue o f th e br an 
ching rat io r e la tive to a -d ecay ( - 10 - 9 ) i s obt ai ned fo r 14C 
emiss i on fr om 223 Ra and was a lready measu r ed. But i n t hi s case 
the ab so lut e va lue of t he l ife time ( ~ 1 0 1 0 s ) is by two ord e r s 
of magnitude longe r th an th a t o f 222Ra f o r l1Cemi ssion, a nd by 
5 ord e r s of mag ni tude longe r tha n th e mi nimum va l ue fo r sBe 
r adioac ti v ity . The s imp l e rul e of doubl e magic 20SPb daugh ter 
whi ch works with few except ions fo r absolut e va lue of th e l ife 
time , i s no l onge r va l i d fo r the br anching r a t io. Fo r t he opt i 
mum T / Ta.th e daughte r neutron number va lues Nt a r e sp r ead f r om 
125 to 130 and the proton numb e r s ZI f r om SO t o 83 as it wa s 
s hown in the Table , wh er e t he r e are some inte r est i ng cases de 
serving a tt ention. 

The inc r ease of the life t ime due t o some un its of a ngul a r 
momentum carr ied by th e HI o rde r t o ful fill the sp i n and pa rit y 
cons erva tion l aws i s usua l ly negli gible sma ll, exce pt fo r some 
ver y light emi t t ed pa rt ic l es . 
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The lifetimp 1"11111.1 lU I 1111", 1,111 11 I l l y tl l l11il li ·ihl' .t. i l i l l 3kes 
pl a ce from 311 ('xl'lll, 1I 1' :\."'11 p I I)H l l u l •• .t ltv Itd t.co,IY oJ .1 prc(·ursor 
f a r off the HI .llii I I I Y I iUI I (I ' 1'1111011111,11 "' I' l1l i nH in n ) fir hy a 
t her mal nC'ulroll I 11'11111 li~I ' III ( II ,U) 'I ·ucl illll :. ( IWl/l rOn in

duced liT t'mi'i~llIlI) 

Fin~11Iy, W I ' 1' ,ln 'LIV t h .1I till' r. I I ·, l t ,·c unp l. ;x i l y fi n d d ivcrsily 
of lhi:--.; )11"'1101111'1\1111 I' JlI 'II~ il 1111....1· 1;,· Ic1 II I (>xlwr inu..' nla 1 nud 
lltC'ort'l il',11 i Il Vt'(l 1 ; .~'II i Olltl . 

REFERENCES 

I . 	 Hami lton J . H., Hansen P. G., Zga njar E.P. Repo r t s on Prog
r es s i n Phys i cs, to be published. 

2. 	 Poena ru D. N. , Iva ~ cu M. Lecture at t he Inte rnationa l School 
on Heavy I on Physics, Po iana Brasov, Sept.ember 1984 . 

3 . 	 S~ndulescu A. , Poenaru D.N . , Greiner W. E.Ch.A.Ya. , 1980, 

11,1 334 (Sov. J .Par LNuc1. , 1980 , I I, p . 528 . ) . 


4. 	Poenaru D.N ., Ivascu H. Cen t ra l Institu t e of Physics , 
Buchares t , Repor t ' NP-1 7, 1980 ; Proceed ings 
t ional School on Heavy Ion Physics , Po i ana 
p. 	 74 1. 

5 . 	 Poena r u D. N. , Iva~c u M. Centr al Insti tut e 
Buchare s t, Re por t NP-27 , 1983; J . Phys i que 
45 , p. 1099 . 

of the I n t er na 
Br a s ov , 1980, 

of Physics , 
(Pa r is) , 1984 , 

6 . 	 Poena r u D.N., Ivascu M. Rev .Roum. Phys ., 1984 , 29 , p. 000 . 
7. 	 Poena r u D. N. et ai . Izves ti a AN SSSR, Ser . Fiz., 19 84 , 48 , 

p . 	 1897; J.Phys . G: Nuc1.Phy s ., 1984 , 10, L- 183 . 
8. 	Poena r u D.N. e t.al . JINR, E4-84-446, Dubna , 1984 . 
9. 	 Gales S . e t a1. Phy s . Rev . Let t . , 19 84, 53 , p . 759 . 

10 . 	 Br oml ey D. A. Fourth I nt er na t i ona l Conference on Clus t er i ng 
Aspec t s of Nuc lear Struct ur e and Nuc lear Reac t ions . Ches t er, 
Engl and , Ju ly 23- 27 , 1984 . 

II. 	Rose H. J . , J ones G.A. Nat ur e , 1984 , 307, p . 245 . 
12 . 	 Alexand r ov D.V., e t al. Pisrna v JETF , 1984 , 40 , p . 152 . 
13. 	 Vandenbosch R., Huizenga J . R. Nuclear Fission (Academic 

Press , New York , 1973). 
14 . 	 Molle r P., Ni lsson S.G. Phys. Le t t . , 1970 , 31B , p . 283. 
15 . 	 Pashkevich V. V. Nuc1. Phys ., 1971, AI69 , p. 275 . 
16 . 	 Wi l k ins B. D., Ste inber g E. P ., Ch asman R. R. Phys . Rev. , 1976 , 

CI4 , p . 1832 . 
17. 	 Nix J . R. Ann . Rev .Nuc1. Sci. , 19 72 , 22, p . 65 . 
18 . 	 St r ut insky V. M. Nuc 1. Phys ., 1967, A95 , p. 420 ; 1968 , AI 22, 

p. I. 
19 . 	 Brack M. et a1. Rev.Mod.Phy s ., 1972, 21, p. 10 9. 
20 . 	 Fink H.J . e t a1. Z.Phy s ik, 1974, 268, p. 32 1. 
2 1. 	 Ma r ulin J . A. , Gre ine r W. Phys.Rev . , 1976, CI 3 , p . 2401 • . 

23 

http:E.Ch.A.Ya


22. 	 Sandulescu A., et al . J . Phys.G: Nucl . Phys . , 1978, 4 , L279 , 
23. 	 Rao V.K. e t al. Phys.Rev., 1979, C19, p. 1372. 
24. 	 Poenaru D. N., Haz ilu 0., I vascu M. J.Phys.G : Nuc1.Phys . , 

1979, 5, p . 1093. 
25 . Poenaru D. N., Ivascu M. , Haz ilu D. Computer Phys i c s 

Conmunications, 1980, 19 , p. 205. 
26. 	Poenar u D. N. et a1 . Rev.Roum . Phys., 1980, 25 , p.55. 
27 . Hyers W.D . , Sw i atecki W.J . Nuc 1.Phys., 1'966,81, p. I; 

Ark . Fyz . , 1967, 36 , p . 343 . 
28. 	 Krappe H.J ., Ni x J . R. Proceedings of the Sympos ium on 

Physics and Chemistry of Fission ( I AEA, Vienna, 1974), 
vol. I , p . 159 . 

29 . 	 Krappe H. J., Ni x J .R . , Sierk A.J. Phys.Rev. , 1979, C20, 
p . 99 2 . 

30. 	Poenaru D.N . , Ivascu M. , Sandulescu A. J . Phys ique- l..ette r s 
1979 , 40 , 1.- 465; Re v . Roum . Phys., 1979 , 24, p . 
Nucl.Phys., 1979 , 5 , L-169. 

31 . 	 Poenaru D.N., Ivascu M. J . Phys. G: Nucl. Phys., 
p . 965; Rev.Roum.l'hy s ., 1982 , 27, p . 120. 

32. 	 Pauli H.C . , Ledergerbe r T. Proceedings o f th e 

9 17; J.Phys . G: 

1981-;- 7 , 

Symposium 
on Physics and Chemis t ry of Fission (IAEA, Vienna , 1974), 
vol. I , p. 463. 

33. 	 Moretto L. G. Nuc l.Phys., 1975, A247, p . 2 11. 
34. 	 Swiatecki W.J. Lawrence Berkeley Labora t o ry, Report LBL

11 403, 198 3. 
35. Sobotka L. G. 
36 . Wapstra A.H., 

1977 , 19, p. 
37 , Wapstra A. H. , 

Nucl.!lhys. (to 
38. Poenaru D.N., 

1978, 16, p. 

et a 1. Phys.Rev.Lett., 1983 , 5 1, p . 2 187. 
Bas K. Atomic Data a nd Nuclear Data Tabl es , 

215. 
Audi G. The 1983 Atomic Mass Eva luation . 
he publ i shed). 

Ivasc u M. Compu t e r Phys i cs Communi ca ti ons , 


85 . 
39. 	 Sandulescu A. , Cusson R.Y. , Gr e ine r W. Lett . Nuov o Cimcnt n • 

1983, 36, p . 32 1. 
40. Poenaru D.N ., Ivasc'u M. Rev.Roum. Phys . , 1983, 28, p . 309 . 
4 I • Poenaru D. N. , Ivascu M. Rev .Roum.Phys . , 1984 , 29 , p . 000 . 
42 . Poenaru D.N., Ivascu M., Mazil u D. J.Physique-Le ttcres , 

1980 ,41, L-589; J . Phy s ique , 1983,44 , p. 79 1; Comput e r 
Physics Commun i cations , 1982, 25 , p. 297. 

43. 	 Janecke J . Private communication . 
44 . Mar i puu S. (editor), Atomic Data and Nuclear Da ta Tab l es, 

1976 , 17 , p . 4 11. 
45 . 	 The quantit y plot t ed i n fi g.7 of the r ef . / 3 

1 is th e natura l 
logar ithm (If th~ penetrability divid ed by 2. 

Received 	by Publishing De partment 
on Dec emb e r 17, 1984. 

24 

n03110ljl y "il H /lit 	 I ', 1\11 11 1I 
MOAIoI 	 I ~ '" 0"" ,.:..",... '! "",' , •• ' ...... YI ... '"" · I'U".' .""...., 'H"" H... '''.'',1.01" """lIill 

(}4·" ........ 04 , •• , ••••••(1 1' •.., .. "II"" .• toIl.)"I'" ' . ltoI ' 101' ...",1('"",'" 11 ,,11""''''1101'' " YtoIlI"'II"'. 


• At'lit '."'''''101,,)( 1'1 ,.."1'1'"1'" 'lO 1<11 ' .,Inll ", ........ '" ",) OlUOlllrll....1 lit II l"toIIH I/ I""'" Mlln,)M 

cnO"" ."""'I" 1.,,11'1"" IIHM"I'''''''' "" " •• 1'.IC ... (' IIIII"I1 ..... 1.c. II'" "proM" ..... '11'" ), ... " 

Tl fl'(ht· 'I .I,. rlOlI'...... ' ,rM 'tll\,"'M 10"U I.. 10 "nfl(''''''~ III" Mi)"(': ' (Mol I I .• 0611<1I>Y"'1"1I0 

C ," ..........., I Y\II"I , • ..,' .... 1'1111. /141 'lI' j)"M~''' ' iJn'' It'''K I1U\1I:1t) I,.,". 1l0 J I OMy (: ' 1I) .... IItI\1~ I·(.NO... 


'H· ' ".I 11'1" '01" .... '. '"J . 1,101111'" HI( ", ' <1(;1041 ' 1>1 11>114"' . "OAcnt•• 1lto10Cn CI",(l" M3 leOpMH 
,l/lktll-I 11.1 '1 ' Ilhl MilM 1I1Xl u C tl 11(" 11("'104"'. 1103 110nAC I 04CII",r" apCM" .",3.4104 104 011t0CH
. ,.".. " ...(. Ollt()WCtl"," K " ""¢I.'-p<lcnaAY AIl" 3T ... )( BMnOIl eCTCCTaC4ntOM PllAHOattl HU 
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OWBOA . 410 3TOT npo~ecc AOn.CH npoMCXOAHT~ C MaKCMMan.HaH HHTeHCH8'~CT.Q 

8 MApax GoSlee TA.enwx. '4 eM AApa cBHH4a. rAe HaMCHManbHoe epeMA ."'3"'M nony
4eHO AIlA KOH6MHa~HM poAHTenbcKHe MApa-TA*enwe KnaCTe~ . npMaoAR~Hx K KarM-
4ecKOHY( ~Pb ) MOM n04TM Ma rH4ecKOMy AO'4epHeMY MA PY . 60nee '4eM I~O HYKnM
Aoa c aTOHH"'H 4",CnoH HeHbwe 25 AaQTC M KaK 803MO.Hwe KaHAHAaTW. McnYCKa eMWe 

10 10 _1 0 30143 TM.COWX ~Aep C aenM4MHaHM apeMeHH nonypacnaAa B ", HTepaane C. 
B 3TM)( HOBblX HQAax pacnaA08 Q'4eHb MCHO npoR BnRQTCMo6o~e4HaR CTpYMTypa 
MApa M nap"*,,e 3¢lCC!eKTW. 

Pa60Ta BWnOnHeHa 8 naGopaTopHM TeopeTM4eCKoM ~M3MKH OH~H. 

COO~.eHHe O&beAHHeHHor,o HBCTHTYTa R~epHWX Hccne~oBaHHR. DYOBa 1984 

Poena ru D. H. et al . EQ-8q-Sl l 
Atomic Nuclei Oecay Modes by Spontaneous Emiss ion of Heavy Ions 

The great majority of the known nuclei. inc l uding t he so-called stable 
nuc li des, are in fact me tas table with r espect to several modes of spon
t aneous superasymmetric spl i t ti ng. If the lifeti~ aga inst these processes 
is larger than let's say 10 30 s~ the phenomenon Is no t detectable with 
available experl~ntal techniques, hence one can admi t sta b ility from t he 
practical point of view. A model extended from the fission theory of alpha 
decay allows to estimate the li f etimes and the branch ing ratios relative to 
the alpha decay for these na tural ~ad ioac t ivities . From a huge amount of 
systematic calculat ions it Is concluded t ha t the process shou ld proceed 
with maximum intensity i n the trans- l ead nuc lei , where the minimum l ife t ime 
is obta ined for parent-emitted heavy Ion comb inati ons leading to a magic 
(~Pb)or almost magic daugh te~ nuc l eus. Hare than 140 nuclides with atomic 
number smaller than 25 are possible candidates to be emitted from heavy nuc

10 10 _1 0 90lei, 	with half-lives in the ranqe s. The shell structure a nd the 
pairing effects are clear l y mani fested in t hese new decay modes. 

Tne investigatIon has been perforMed a t t he laboratory o f Theoretical 
Physi c s . J IUR. 
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