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Abstract 

The decay of radioactive nuclei which emit heavy clusters such as C, 0, Ne, Mg and Si 
has been studied in the fission valley which leads one spherical nucleus towards two spherical 
touching nuclei before crossing the barrier. Assuming volume conservation, the macroscopic 
deformation energy has been calculated within a generalized liquid-drop model taking into account 
the proximity effects between the cluster and the daughter nucleus. The microscopic corrections 
have been introduced empirically to reproduce the experimental Q values. The theoretical partial 
half-lives obtained within the WKB barrier penetration probability are in good agreement with the 
experimental data. The C, 0, Ne, Mg and Si emission looks like a spontaneous fission through 
very asymmetric compact and creviced shapes formed at the early stage of the tunneling process. 
@ 1998 Elsevier Science B.V. 

PACS: 23.7O.+j; 2l.lO.Tg; 27.90.+b; 25.85.Ca 
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1. Introduction 

Experimentally, cluster radioactivity was discovered in 1984 [ I 1. In addition to the 

decay via a-particle emission, rare events of spontaneous decay of 223Ra in a light 

14C fragment and a daughter *09Pb nucleus was observed with a branching ratio to the 

cu-emission of around 6 x lo-” and a half-life of 2 x 1015 s. This new radioactivity 

’ Corresponding author. E-mail: royerQnanhp2.in2p3.fr. 

0375.9474/98/$19.00 @ 1998 Elsevier Science B.V. All rights reserved. 

PIISO375-9474(97)00801-4 



216 G. Royer et al./Nuclear Physics A 632 (1998) 275-284 

of heavy nuclei was predicted theoretically [2] in 1980 within the fragmentation the- 

ory [3,6] where the cold fusion and fission reaction paths appear naturally when the 

shell closure effects of one or both the reaction partners are taken into account. 

Since this pioneering experiment, intense experimental activity has allowed the obser- 

vation of the decay of 13 radioactive isotopes of Ra, Pa, U and Pu via the spontaneous 

emission of 14C 2o0 23F 24,26Ne, 28,30Mg and 32Si with branching ratios relative to 1 , 1 
a-decay from lop9 down to lo-l6 and partial half-lives from 10” up to 1O28 s [7,8]. 

The fine structure corresponding to branching ratios to the excited states of the daughter 

nucleus has also been observed [9,10] for 14C decays of 222,223Ra nuclei. A new pos- 

sible island of cluster radioactivity around the doubly magic nucleus “%n has recently 

been predicted [ 1 l-131. A first preliminary investigation [ 141 has led to the selection 

of three possible events corresponding to the 12C emission from ‘14Ba; the final analysis 

concluding rather to the non-observation of this decay. 

All the actually observed clusters are neutron-rich, even-even nuclei (except for 23F) 

and not simply aggregates of cu-particles. The daughter nucleus is an almost closed shell 

spherical nucleus, This points out the central role played by the shell and pairing effects 

in the selection of the possible emitted clusters. 

The open question is whether both cy and cluster decays correspond to the emission 

of a preformed cluster following the Gamow theory of a-decay while the spontaneous 

fission follows roughly the picture of the liquid-drop model or, alternatively, the a-decay, 

the heavy-ion emission and the spontaneous fission correspond to the same dynamical 

evolution of a nuclear liquid drop leading to two fragments but for three very different 

values of the asymmetry degree of freedom. In the approach of the preformed cluster 

models [ 15-171, the decay constant A for cluster emission is the product of three 

terms: the barrier penetrability P, the assault frequency ug and the cluster preformation 

probability PO. The first contribution depends on the potential barrier while the last two 

vary with the size of the preformed cluster. In the approach of the unified fission 

models [ 18-201, cluster radioactivity is considered simply as a barrier penetration 

phenomenon and the decay constant is only the product of the barrier penetrability 

and of a constant assault frequency. Then, the position, width and height of the potential 

barriers are the main ingredients which determine the half-lives. 

The purpose of the present work is to investigate an intermediate approach assum- 

ing that the cluster radioactivity is a very asymmetric fission process but also that this 

phenomenon occurs in the fusion-like second fission valley where the separation point 

between the two spherical nascent fragments is reached before negotiating of the bar- 

rier. This peculiar path through compact and creviced shapes and, later, two spherical 

body configurations seems plausible since, in this path: (i) the potential barrier heights 

are in agreement with the experimental symmetric and asymmetric fission and fusion 

barrier heights [ 2 l-241 ; (ii) the Businaro-Gallone point is well reproduced [ 251; and 

(iii) super and hyperdeformed states may survive at very high angular momenta [ 261. 
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Fig. I. Evolution of the shape leading from one spherical nucleus to two tangent spherical fragments of very 

different masses. The ratio between the transverse semi-axis (neck radius) and the highest fission semi-axis 

is, respectively, I, 0.8, 0.6, 0.4. 0.2 and 0; the ratio between the radii of the nascent fragments is 0.46. 

2. Very asymmetric fission model 

The deformation path has been described within the one-parameter shape sequence 

already used to study asymmetric fusion [ 221 and fission [ 241. Geometrically, the shape 

is defined from two different touching semi-elliptic lemniscatoids (Fig. 1). Volume 

conservation is assumed and the shape is axially symmetric. The formation of a deep 

neck occurs rapidly while the ends of the fissioning nucleus remain almost spherical. The 

dimensionless ratio between the neck radius and the largest elongation decreases from 1 

for the spherical parent nucleus to 0 for the tangent spherical fragments and is a suitable 

parameter to define the shape for a given decay channel [ 221. The volume, surface and 

moment of inertia are given by analytical formulae. The deformation parameter has been 

taken as the distance between the centres of mass of each nascent fragment. Its meaning 

is poor for one-body shapes within the fission picture. It has been calculated assuming 

that the future cluster and daughter nucleus are portions of lemniscatoids separated by a 

plane perpendicular to the fission axis. In this deformation valley, the later two separated 

spheres configuration also plays an essential role. 

The potential energy is determined within the generalized liquid-drop model including 

the nuclear proximity effects [ 221. For one-body shapes, the total energy is given by 

E = -a,.( 1 - kJ*)A + u,~( 1 - k,12)A2’3(S/4n-R;) + $e2;Bc + Eprox, (1) 

where A, Z and I = (N - Z)/A are the mass, charge and relative neutron excess of 

the radioactive emitter, respectively. The surface and volume energy coefficients and the 

surface and volume asymmetry coefficients take on the values 

a,s = 17.9439 MeV, a,, = 15.494 MeV, k,s = 2.6, k,, = 1.8. (2) 

S is the surface of the deformed nucleus and B, is the Coulomb shape-dependent 

function calculated from elliptic integrals. 

The effective sharp radius of the parent nucleus is defined by 

R. = 1.28A1’3 - 0.76 + 0.8A-“3 fm. (3) 
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In the first version of the liquid-drop model, the adopted value of Ro/A*i3 was 1.2249 fm. 

Eq. (3) allows us to significantly lower the ratio Ro/A1i3 and to reproduce its small 

increase with the mass. Ro/A’/’ equals 1.10 fm for 14C and 1.18 fm for 210Pb. 

When the two fragments are separated, the volume, surface and Coulomb energies 

are simply given by 

E,, = -a,[(1 -k&A, +a,,(1 - k&A21, 

E, = a, [ ( 1 - k,Z;)A;‘3 + a,( 1 - k,Z;)A;‘3], 

EC = $e2Zf/R1 + se2Z.$R2 + e2Z1Z2/r. 

To ensure volume conservation, RI and R2 read 

R, = Ro( 1 + p3)-‘/3 and Rz = R@( 1 + p’)-‘13, 

(4) 

(5) 

(6) 

(7) 

where 

P= 
1 .28A;13 - 0.76 + 0.8A,“3 

1.28A;13 - 0.76 + 0.8A,“3 
(A2 < AI). (8) 

The small energy gap appearing at the contact point due to the difference between 

Al/Z1 and A2/Z2 has been linearized from the contact point to the sphere since it 

originates from discarding the charge rearrangement in the nuclear matter which occurs 

progressively. 

All along the fission path, the nuclear proximity energy, which takes into account the 

finite range effects of the nucleon-nucleon force inside the neck or the gap between the 

nascent or separated fragments, has been taken into account 

y = 0.9517J( 1 - k,ZF) (1 - k,Zg) MeV fmB2, (10) 

h is the transverse distance varying from the neck radius or zero to the height of the 

neck border, D is the distance between the opposite infinitesimal surfaces, b = 0.99 fm 

is the surface width and 4 the proximity function. 

The validity of this prescription to determine the proximity energy has been confirmed 

with high accuracy for fusion data [ 221. This additional term to the development of the 

liquid-drop model is not a small correction; it reaches, for example, -24 MeV at the 

contact point for 223Ra + 14C + 209Pb decay. 

The parameter set of this generalized liquid-drop model has never been changed since 

the first fission and fusion studies [21,22]. Furthermore, no new adjustable parameter 

has been introduced to investigate the particular process of cluster emission. 
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Fig. 2. Deformation energy including empirical microscopic corrections as a function of the centre-of-mass 

distance for four decays leading to the daughter nucleus *OxPb. The vertical dashed and dotted line indicates 
the separation point between the spherical fragments. For 228Th -+ ‘o0 + *OsPb decay, the dashed curve 

corresponds to the macroscopic potential energy disregarding the microscopic corrections. 

The microscopic corrections such as shell effects, pairing, etc. have been taken into 

account empirically. The difference between the experimental Q value and the theoretical 

Q value deduced from the present generalized LDM has been added at the macroscopic 

potential energy of the initial spherical nucleus with a linear attenuation factor vanishing 

at the contact point of the nascent fragments. 

3. Potential barriers 

As an illustration, in Fig. 2 four potential barriers are displayed for decays leading 

to light and heavy clusters and daughter nucleus 208Pb. More generally, the geometrical 
and energetical theoretical characteristics are given in Tables 1 and 2 for the different 

cluster decay channels. The penetration of the barrier is considered to begin from Qaxr 
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Table 1 
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Geometrical characteristics of the potential barriers for the different radioactive nuclei and emitted clusters. 

Both the macroscopic and microscopic contributions to the total energy are included. R, and Rb are the inner 

and outer turning points. Rcont is the distance between the centres of the spherical cluster and daughter nucleus 

at the contact point. Rhar gives the position of the barrier top 

Emitter and cluster & (fm) Rcont = RI + RZ (fm) bar (fm) Rb (fm) 

222Ra -.+ ‘4C + 2()8,,b 6.5 9.1 = 2.7 + 7.0 11.5 21.6 

223Ra _ 14C + 209Pb 6.4 9.7 = 2.7 + 7.0 11.6 22.3 

224~~ _ 14~ + 21opb 6.3 9.7 = 2.7 + 7.0 11.6 23.2 

226Ra + 14C + 212Pb 6.3 9.7 = 2.1+ 7.0 11.7 25.0 

228Th + 2”O + 2”8Pb 6.1 10.0 = 3.0 + 7.0 11.8 21.1 

23oTh _ 24~~ + 206~~ 6.1 10.2 = 3.2 + 7.0 Il.9 19.9 

2.11Pa + “Ne + 207Tl 6.1 10.2 = 3.2 + 7.0 11.9 19.3 

232~ ~ 24~~ + 208pb 6.1 10.2 = 3.2 + 7.0 11.9 18.9 

233u _ 24Ne + ‘lr)Pb 6.1 10.3 = 3.25 + 7.05 11.9 19.5 

Z-Mu + 24Ne + 210Pb 6.1 10.3 = 3.25 + 7.05 11.9 20.0 

234~ ~ 28Mg + 20h,_Jg 6.1 10.4 = 3.4 + 7.0 12.0 18.7 

2.75~ --f 28Mg + 207~~ 6.1 10.4 = 3.4 + 7.0 12.0 19.1 

236~~ _ 28Mg + 208pb 6.1 10.4 = 3.4 + 7.0 12.0 17.7 

‘“8Pu _ 28Mg + 2iopb 6.1 10.5 = 3.4 + 7.05 12.0 18.6 

2.?Xpu _ ‘2Si + 206~~ 6.1 10.6 = 3.6 + 7.0 12.1 17.6 

Table 2 

Energetical characteristics (MeV) of the theoretical potential barriers including the macroscopic and micro- 

scopic contributions. Econt and &,ar are, respectively, the energy at the contact point and at the top of the 

barrier relative to the energy of the spherical emitter nucleus. The QLDM value corresponds to the macroscopic 

energy of the parent nucleus relative to the macroscopic energy of the two infinitely separated fragments. 

Q~xp gives the experimental value. 2122 is the product of the fragment charges 

Emitter and cluster E CO”t Ehar QLDM QEXP ZlZ2 

z22Ra + l4C + 208p,, 

223R;l -+ 14C + “‘Pb 
224Ra -+ l4C + 2l(lp,, 

22hRa -+ 14C + 212Pb 

22RTh + 200 + 208pb 

23”T,, _ 24~~ + 2’k5Hg 

231Pa ---t 24Ne + 207Tl 
232u _ 24Ne + ‘OsPb 
233~ _ 24~~ + 2wpb 

234~ _ 24Ne + 210Pb 
234~ ~ 28~~ + 206~~ 

235” _ 2x Mg + ‘(” Hg 
2”hpu _ 28Mg + 2tj8pb 

238pu -+ 2xMg + 2’0pb 

2.7Kpu ~ 32Si + ““Hg 

16.3 24.1 24.6 33.05 492 

17.4 25.7 24.4 31.84 492 

18.6 26.9 24. I 30.54 492 

20.9 29.1 23.7 28.20 492 

21.9 30.3 43.2 44.73 656 

24.9 32.8 58.0 57.65 800 

23.5 31.3 59.7 60.41 810 

22.7 30.5 61.4 62.31 820 

24.5 32.2 61.1 60.49 820 

26. I 33.8 60.8 58.83 820 

26.5 33.6 75.4 74.12 960 

28.2 35.4 74.9 72.16 960 

23.7 30.7 79.6 79.68 984 

27.2 34.2 78.8 75.92 984 

27.0 33.4 92.8 91.20 1120 

and the role of the difference between QEXP and QL~M is illustrated in Fig. 2 for 

228Th --+ *OO + 208Pb decay. 

Rupture of the neck occurs before reaching the position of the barrier top. The energy 

at the contact point of the spherical fragments varies from around 15 to 30 MeV above 
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the ground state of the parent nucleus. The potential barrier is mainly a scission barrier 

hindering neck formation and the separation process. The barrier top corresponds to two 

separated spherical fragments maintained in unstable equilibrium by the balance between 

the repulsive Coulomb forces and the attractive nuclear proximity forces. With increasing 

Coulomb repulsion, the length Rh - R, of the tunnel below the barrier diminishes slightly 

while the Q value increases. The barrier height (with respect to Qsxr) varies from 30 

to 35 MeV for the heavy cluster decays and from 25 to 30 MeV for the 14C emission. 

4. Theoretical and experimental half-lives 

In such a unified fission model, the decay constant of the parent nucleus is simply 

defined as 

h = UcP 

There is no adjustable preformation factor. The assault frequency 

from the zero point vibration energy .F,, = l/2&~ and, in the 

approximation [ 271, 

uo = 2.5 x 1o*O s-‘. 

(11) 

ua can be evaluated 

harmonic oscillator 

(12) 

A detailed discussion on this value may be found in Ref. [7] (p. 375). In our approach, 

the nuclear shape is initially spherical and subsequently elongates. Consequently, the 

potential curves at smaller distances are not investigated. 

The barrier penetrability P is calculated within the general form of the action integral 

i 

RI> 

P=exp -i 
s 

[2B(r)(E(r) - UL))I”‘dr , 

i R<! 

(13) 

with E( R,,) = E( Rb) = QEXP. 

The expression proposed in Ref. [ 281 for the inertia B(Y) in this new fission valley 

has been used 

B(r) =,u{l +f(r)~exp[-~((r-R,,)/Ro)]}, 

where 

(15) 

The partial half-life is related to the decay constant A by 

ln2 
T,/z = -. 

h 
( 16) 
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Table 3 
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Time characteristics (s) of the cluster radioactivity. The first and second columns indicate, respectively, the 

theoretical half-lives without and with taking into account the microscopic corrections. The last column gives 

the experimental data 

Emitter and cluster Theoretical T,p: 

macroscopic LDM 

barrier tunneling 

Theoretical T, p : 
macroscopic and microscopic 

barrier tunneling 

Experimental T,p 

222Ra -+ 14C + 2"8,,b 

22.7Ra -+ 14C + 2’9Pb 
224Ra + 14C + *‘“Pb 
??hRa _ '4C + 212Pb 

2zXTh + 200 + 2"8p,, 

23”Th i 24~~ + 206& 

23’Pa -+ 24Ne + ‘“‘TI 
2.12~ _ 24~~ + 208pb 

233~ ~ 24~~ + 2"Bp,, 

234~ ~ 24Ne + 2’0Pb 

234u ~ 28 2wHg Mg+ 
23.5~ _ 28Mg + 207~~ 

23hpu ~ 28Mg + 208,,b 2.0 x 102’ 1.7 x 102’ 4.7 x 102’ 

233, _ 2"Mg+ 2"'Pb 6.2 x 1O22 8.0 x 102’ 5.0 x 102s 
23Xpu ~ 32Si + 2*6Hg 1.3 x 102” 8.4 x lo*’ 1.9 x 102’ 

2.7 x IO”” 2.0 x IO” 1.2 x IO” 

1.6 x 1WJ4 1.2 x 10’4 2.0 x IO’” 

1.1 x 103s 1.9 x 10” 7.4 x 101s 

4.3 x 103s 6.8 x 1O22 1.8 x 102’ 

1.3 x 1026 4.3 x 1022 7.5 x 102” 

1.1 x 102s 3.7 x 102s 4.4 x 1024 

2.9 x 1024 1.2 x 102’ 1.7 x 102” 

9.6 x 1O22 1.3 x 102’ 2.5 x 102” 

3.3 x 102’ 4.7 x 1024 6.8 x 1O24 

1.2 x 1024 9.4 x 102’ 1.6 x 1025 

7.6 x 10” 1.4 x 102’ 3.5 x 102” 

5.1 x 102” 4.6 x 1O”O 2.8 x 102” 

The theoretical and experimental partial half-lives are compared in Table 3. The 

macroscopic part of the total energy leads to a reasonable agreement for the heaviest 

clusters but fails to reproduce the 2o0 and 14C emission. In contrast, when the mi- 

croscopic contributions are included, our theoretical estimates agree very well with the 

data for all the C, 0, Ne, Mg and Si clusters. Therefore, it seems that the emission of 

clusters by heavy nuclei may be viewed as the limiting.case of very asymmetric fission 

via compact and creviced shapes. 

The differences to other works which have also reproduced the experimental data must 

be underlined. In the preformed cluster models [ 7,15--171, the clusters are assumed to 

be pre-born in the parent nucleus before they can penetrate the potential barrier with a 

given Q value and the cluster preformation probability PO as well as the barrier assault 

frequency ue depend strongly on the size of the clusters. For example, PO can reach 

lo-“. In the asymmetric fission models, Pa = 1 and 00 is generally independent on the 

cluster size. 

The unified fission models differ mainly in the derivation of the potentials and the 

selected shape sequences. Contrary to our description within a generalized liquid-drop 

model assuming constant density during the fission process, most of the approaches 

use empirical and fitted analytical expressions to calculate the potential energy. In the 

analytical super-asymmetric fission mode1 [ 181, the potential is approximated by a 

second-order polynomial in the separation distance between two intersected spheres up 

to the touching configuration and, later, for separated spheres, the interacting potential is 

simply the Coulomb potential. In Ref. [ 191 a simple power law describes the potential 

before the touching configuration while a nuclear proximity potential is added to the 
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Coulomb repulsion when the fragments are separated. The combination of a third-order 

polynomial before the contact point with a Yukawa-plus-exponential potential and a 

Coulomb potential after the contact point has also been used 1291. 

5. Conclusion 

The decay of radioactive nuclei which emit heavy clusters such as C, 0, Ne, Mg 

and Si has been studied in the fusion-like second fission valley which leads from 

one spherical nucleus to two spherical touching nuclei before negotiating the barrier. 

Assuming volume conservation, the deformation energy has been calculated within a 

generalized liquid-drop model taking into account the proximity effects between the 

cluster and the daughter nucleus. The microscopic corrections to the total energy have 

been estimated and introduced from the difference between the experimental Q value 

and that given by the macroscopic generalized liquid-drop model. The partial half-lives 

obtained within the WKB penetration probability are in very good agreement for all the 

emitted clusters. Therefore, the emission of C, 0, Ne, Mg and Si nuclei can be described 

within a spontaneous tunneling process under the fusion-like second fission valley. 

It is important to emphasize that the main explanation for the good reproduction of the 

experimental data is the ability of the present model to reproduce the height and width 

of the potential barriers with the help of the experimental Q value. The physical process 

which leads to two tangent spherical fragments may be an adiabatic fission process or, 

alternatively, the emission of a preformed cluster. Whatever the physical process, the 

roles of the microscopic corrections and the proximity energy are emphasized since their 

introduction allows us to reproduce the potential barrier characteristics which govern the 

half-lives. 
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