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INTRODUCTION

Pioneering studies on spontaneous radioactive processes have considered the alpha

decay and �ssion as completely di�erent phenomena from each other concerning the in-

ternal nuclear structure. However, during the 80's this concept was changed after the

�rst reporting on the possible occurrence of a very asymmetric mass splitting of heavy

nuclei [1{3], and the subsequent discovery of a new spontaneous decay process, namely,

the cluster radioactivity [4,5]. Theoretical predictions of the half-life for this new nuclear

radioactive decay mode have been made, on one hand, in the framework of the fragmenta-

tion theory [6{8] based on the two-center shell model [9,10]. The idea has been constrained

to the cold rearrangements of a large number of nucleons in the ground state of the par-

ent nucleus. On the other hand, the cluster radioactivity process has been interpreted

di�erently in terms of a clustering pre-formation followed by the fragment emission. In

these treatments the emission of light clusters such as 14C has been interpreted in terms

of `cluster-like decay' [11{13], while for heavier fragment emission modes (24Ne, 30Mg,
34Si, and 48Ca) the interpretation has followed the `�ssion-like approach'. A systematic

investigation of the new decay modes based on the analytical superasymmetric �ssion

model (ASAFM) by Poenaru et al [14] revealed a number of nuclides with Z>40 which are

found to be metastable with respect to heavy-ion emission modes. The ASAFM, which

takes into account even-odd e�ects, was subsequently updated, also to include superheavy

nuclei and nuclei far o� the beta-stability valley [15].

In the early 90's a new �ssion process was observed for the �rst time as being due to

the emission of two fragments of comparable masses in their `cold' ground state, therefore

with no neutron emission|the so-called cold �ssion process [16]. The occurrence of cold

�ssion is also related to shell e�ects on the barrier, and the total kinetic energy of the �nal
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fragments practically exhausts theQ-value for the process. Several theoretical descriptions

have appeared to treat these three processes (alpha decay, cluster radioactivity, and cold

�ssion) within a same theoretical framework, as a manifestation of structure e�ects such

as the shell corrections, and the pairing and symmetry energy e�ects [17{26]. During this

decade or so, nuclear cold �ssion and cluster radioactivity processes have been explored

intensively from both the experimental and theoretical point of views [17{19,27{30]. The

newest, available cold �ssion data are from the decay of 230Th [31], 236;238;240;242;244Pu

[31{33], 248Cm [28], 252Cf [34{36], and 233;234U [31,37] isotopes.

Nowadays special attention has been dedicated to new nuclear properties that can be

deduced from the processes of proton radioactivity and alpha decay observed in the region

of proton-rich nuclei. Indeed, the competition between the spontaneous proton emission

and alpha decay [38] is a promising tool for the analysis of possible peculiarities in the

structure of these proton-rich nuclei [38{51], and also of great interest to the rapid proton-

capture astrophysical nucleosynthesis, namely the rp-process. At present, there are few

calculations, based mainly on Hartree-Fock [52], Hartree-Fock-Bogoliubov [53], and the

e�ective liquid drop theory [54] to describe the nuclear structure and/or to calculate the

half-life for the proton radioactivity process.

The e�ective liquid drop model (ELDM), formerly developed to describe the alpha

decay and cluster radioactivity processes in a uni�ed framework [13,26], has been extend-

ed to include the cold �ssion process, and also to discuss the e�ect of di�erent inertia

coeÆcients on the calculated half-lives and product mass yield distributions. It has been

already shown that the half-life results calculated by using such a model depend strongly

on the prescription employed to describe the changing of the mass asymmetry parameter

during the scission process. However, we have demonstrated that by re-de�ning appropri-

ately the values for the model parameters we can reach good agreement with the existing

data [21,23,24]. This agreement has been observed for the alpha decay [22] and cluster

radioactivity [23] processes, both for the earlier data [13,26] and the most recent data,

where a new region of daughter nuclei around the double-magic 100Sn50 and
132Sn82 nuclei

is expected to occur [21,26,55,56]. As a matter of fact, we have used our model to predict

some new valleys of instability which would provide double-magic daughter nuclei in the

region of 100Sn50 proton rich nucleus [21]. Results have pointed out that, besides the

probable 12C cluster radioactivity, other emitted nuclei such as 14N and 16O can also lead

to double-magic shell daughter nuclei [21].

In the limit of smallest fragment emission our model can deal also with the proton

emission phenomenon, giving predicted half-life-values for several proton emitter nuclei

in excellent agreement with the recent data [54].Therefore, we can state that the present
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ELDM, although being semi-classical in character, has shown to be a valuable tool in

predicting of half-lives for the di�erent nuclear decay processes in a uni�ed theoretical

framework.

The aim of this work is to update the half-life estimations for the proton emission,

alpha decay, cluster radioactivity, and spontaneous cold �ssion processes within the ELDM

by using the most recent atomic mass data tables by Audi et al. [57] and M�oller et al.

[58] as input data. In the next sections we detail the most relevant aspect of the model

we are using, and the results and comments are presented in the last section. All decay

cases within the limits of measurable half-life are displayed in a Table.

SHAPE PARAMETRIZATION AND POTENTIAL BARRIER

According to the ELDM, a spherical, molecular shape has been established in order to

obtain analytical expressions for the Coulomb and surface potential energies to calculate

the total potential barrier. Gamow's penetrability factor [59] has been calculated by con-

sidering two di�erent inertia coeÆcients: Werner-Wheeler's [60] and the e�ective inertia

coeÆcients [26].

During the molecular phase of the process the geometrical con�guration of the de-

formed system is approximated by two intersecting spheres of di�erent radii. For the

complete speci�cation of this con�guration we need four independent coordinates, dis-

regarding the location of the center of mass of the system. Figure 1 shows a sketch of

a typical con�guration, where the choice for the coordinates are speci�ed: the radii of

each spherical segment, R1 and R2; the height of the largest spherical segment, �, and

the distance between their geometric centers, �. At the end of the molecular phase the

system reaches a limiting con�guration of two spherical, tangent fragments with radii �R1

and �R2, respectively, for the emitted fragment and daughter nucleus.

Three constraints have been introduced to reduce from the spherical four-dimensional

problem to the equivalent one-dimensional one. To preserve the adopted shape

parametrization for the deformed nuclear system during the molecular phase, i. e., to

keep the spherical segments in contact, it is necessary to establish a geometric constraint,

R2
1 � (� � �)2 = R2

2 � �2: (1)

Since we are considering the incompressibility of the nuclear matter, the constraint

for conservation of total volume of the system is expressed in our coordinates by

2(R3
1 +R3

2) + 3
�
R2
1(� � �) +R2

2�
�
�
�
(� � �)3 + �3

�
= 4R3

p; (2)

where Rp is the radius of the parent nucleus.
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The third constraint is associated with the 
ux of mass through the window connecting

the two spheroids [see Fig. 1]. During the evolution of the molecular phase of fragments

we are able to take a constant radius for the spherical segment corresponding to the

nascent cluster, i.e., we have �xed R1 = �R1, or a constant volume for both fragments as

established by Eq. (2). We will return to this point later, when discussing the inertia

associated with the degree of freedom of the relative motion subjected to the constrained

relationships mentioned above.

The model considers explicitly the Coulomb and surface energy contributions to the

potential barrier. In our calculation we have used Gaudin's expression [61] for the electro-

static energy of two overlapping spherical segments with a uniform charge distribution,

Vc =
8

9
�a5"(x1; x2)�c; (3)

where �c is the initial charge density, " is a function of the angular variables x1 and x2,

and a is the radius of the sharp neck. The variables x1 = � � �1 and x2 = �2 � � are

de�ned in terms of the angles �1and �2, shown in Fig. 1.

The expression for the " factor in terms of the auxiliary functions f , f 0 and g reads

"(x1; x2) =

�
1

sin2 x2
�

1

sin2 x1

� �
f(x2)

sin2 x2
�

f(x1)

sin2 x1

�
� (cotx2 + cot x1)�

�

�
f 0(x2) +

�
4

sin2 x2
+

f 0(x1) +
�
4

sin2 x1

�
+

1

sin2 x1 sin
2 x2

�
f(x1 + x2) +

1

3
sin2(x1 + x2)

�
+

+
�

8
[g(x1) + g(x2)] ; (4)

where f 0 denotes the derivative of f with respect to its argument. Explicitly, the auxiliary

functions f , f 0, and g are given by

f(x) = 1� x cotx�
�

2
tan

x

2
; (5)

f 0(x) +
�

4
=

2x� sin(2x)

2 sin2 x
� tan2

x

2
; (6)

g(x) =
h
1:5 + tan2

x

2
+ 0:3 tan4

x

2

i
tan

x

2
+

2

sin3 x
: (7)

We remark that the above expression for Coulomb energy is the exact solution of Poisson's

equation for a uniform charge distribution of the system [61].

For the surface potential energy we have introduced an e�ective surface tension, �E�,

to the deformed system, de�ned through the equation

3

5
e2
�
Z2

p

Rp
�

Z2
1

�R1

�
Z2
2

�R2

�
+ 4��e�(R

2
p � �R2

1 � �R2
2) = Q; (8)
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where Zie (i = p, 1, 2) are the nuclear charges, respectively, of the parent, emitted, and

daughter nuclei. This de�nition establishes that the di�erence between the energies of

the initial and �nal con�gurations of the system reproduces the energy released in the

disintegration, the Q-value, de�ned as Q = M �M1 �M2. The mass-values in the Q-

value expression have been taken from the atomic mass evaluation by Audi et al. [57]

when available, otherwise from the tables by M�oller et al [58]. Therefore, for the surface

potential energy we have

Vs = �e�(S1 + S2); (9)

where the surface of each spherical segment is given by

Si = �Ri(Ri + Æi); (10)

in which

Æi =

(
� � �; i = 1

�; i = 2 :
(11)

The e�ect of the centrifugal potential energy after the scission point has been intro-

duced as usually by the expression

Vl =
~
2

2��

l(l + 1)

�2
; (12)

where �� = M1M2=(M1+M2) is the reduced mass of the system in the �nal con�guration.

Therefore, the e�ective, one-dimensional total potential energy reads

V = Vc + Vs + Vl; (13)

subject to the constraints given by Eqs. (1) and (2), and the constraint which de�nes the

mass transfer through the contact window.

GAMOW'S FACTOR AND DECAY HALF-LIFE

The quantum transition rate from the initial to the �nal state of the system has been

determined by reducing the problem to a one-dimensional motion like in Gamow's alpha-

decay theory. The penetrability factor is calculated under the assumption that the system

tunnels a barrier of height V �Q. Shell e�ects, which appear in the Q-value [already used

in Eq. (8)], act directly on the height and width of the e�ective barrier. The penetrability

factor is calculated by
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P = exp

�
�
2

~

Z �c

�0

p
2�[V (�)�Q]d�

�
: (14)

The limits of integration are the inner turning point

�0 = Rp � �R1; (15)

and the outer one, which, for l = 0, is given by

�c = Z1Z2e
2=Q: (16)

Finally, the half-life is calculated as

� =
ln 2

�
(17)

with

� = �0P; (18)

where �0 is a parameter of the model associated with the time scale of cluster pre-

formation (in the case of cluster emission), or the surface oscillation characteristic time

for the �ssion process.

NUCLEAR RADII AND INERTIA COEFFICIENTS

The �nal radii of the fragments should be given by

�Ri =

�
Zi

Zp

�1=3
Rp; i = 1; 2; (19)

to be consistent with the uniform charge distribution considered in the Coulomb potential.

The radius of the parent nucleus is determined by the simple formula

Rp = r0A
1=3
p ;

where r0 is the most signi�cant parameter used to adjust the model to the set of experi-

mental data. Values of r0 for di�erent applications of the model together with the values

of �0 are presented in Table A.

An additional constraint relationship will distinguish two di�erent descriptions for the

mass transfer through the internal window. To characterize the Varying Mass Asymmetry

Shape (Vmas) description we regarded the radius of the lighter fragment as constant, i.

e.,
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R1 � �R1 = 0; (20)

where �R1 is the �nal radius of the light fragment.

On the other hand, in the Constant Mass Asymmetry Shape (Cmas) description, the

volume of each fragment radius is constant, and in terms of the lighter fragment radius

the volume conservation gives

2R3
1 + 3R2

1(� � �)� (� � �)3 � 4 �R3
1 = 0: (21)

To determine Gamow's penetrability factor we need to know the inertia coeÆcient, �

[Eq. (14)]. Werner-Wheeler's approximation [60] for the velocity �eld of the nuclear 
ow

has been largely used in the literature [13,62] to de�ne the inertia tensor coeÆcient. In this

approach the velocity �eld has been obtained from the solution of the continuity equation

by using the incompressibility and irrotationality of the nuclear 
ow. After reduction to

the one-dimensional relative motion of the separating parts, only one component of the

tensor becomes relevant. The expression for Werner-Wheeler's inertia coeÆcient is given

by

1

2

Z
�~v 2dr =

1

2
�WW

_� 2; (22)

where � is the mass density for the system, and _� is the relative velocity of the geometric

center of the fragments. We can determine Werner-Wheeler's inertia coeÆcient for two

parametrizations, namely, �VmasWW and �CmasWW [13,62].

An alternative proposal for calculating the inertia coeÆcient has been recently ap-

plied in one-dimensional penetrability calculations [26]. By means of a straightforward

calculation regarding the constraints mentioned above [Eqs. (1), (2), (20), and (21)], the

expression for the e�ective inertia coeÆcient reads

�e� = ��2 ; (23)

where � = m1 �m2=(m1 +m2) is the reduced mass of the nascent fragments, and � is

a con�guration-dependent variable which characterizes the evolution of the system in the

molecular phase. For the Vmas description one has

�Vmas = 1�
2

�(R2 � �)

�
(� � �)(�z1 + �z2) + �z21 � �z22

�
; (24)

where the variable �zi is given by

�z1 =
�

4

�
R2
1 � (� � �)2

�2
=v1 (25)

�z2 =
�

4

�
R2
2 � �2

�
=v2 ; (26)
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in which v1 =
�
3
[2R3

1 + 3R2
1(� � �)� (� � �)3] and v2 =

�
3
[2R3

2 + 3R2
2� � �3] are the vol-

umes of each spherical segment.

For the Cmas description, where the mass of the fragments does not vary during the

molecular phase, we have

�Cmas = 1 +
1

v1

�
R2
1 � (� � �)2

� �
R1

dR1

d�
� (� � �)

�
1�

d�

d�

��
(27)

+
1

v2

�
R2
2 � �2

��
R2

dR2

d�
� �

d�

d�

�
;

where

d�

d�
= �


dR2

d�
; (28)

dR1

d�
=

1

R1

�
(� � �) + (R2 + 
�)

dR2

d�

�
; (29)

dR2

d�
= �

(� � �) (6R1 + 4� � 4�) +R1 (5R1 + 3� � 3�)

(R2 + 
�) (6R1 + 4� � 4�) + 
R1 (5R1 + 3� � 3�)
; (30)

and


 =

�
6R2 + 4�

5R2 + 3�

�
: (31)

In the next section we present the main results obtained with the current model by

using the di�erent inertia coeÆcients detailed above.

COMPARISON WITH EXPERIMENT

By using the Vmas and Cmas mass-transfer descriptions, and Werner-Wheeler's and

the e�ective inertia coeÆcients we were able to calculate the half-life values, �c, for

the di�erent decay cases. All possible cases of spontaneous nuclear break-up such that

�7:30 . log10 �c [s] . 27:50 and, at the same time, log10 (�=�c) > �17:0 (� is the total

half-life of the parent nucleus) have been considered. Calculations have been performed

for all parent nuclei of experimental mass values available in the atomic mass table evalu-

ation by Audi et al. [57]. Whenever a daughter nucleus does not have its mass value listed

in the experimental mass table cited above we have used the most recent mass prediction

table by M�oller et al. [58] as input data. The choice for the well-controlled parameters

�0 and r0 of the ELDM for each decay mode (proton, alpha, cluster emissions and cold

�ssion) has been done such that the quantity

� =

vuut 1

N

NX
i=1

�
log10

�
� ic
� iexp

��2
(32)
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is a minimum. Here, �exp represents the experimental half-life-value, and N is the number

of experimental data for the decay mode under analysis. Thus, as discussed in [22], the

values for both parameters �0 and r0 have been determined in order to obtain the best

agreement with experimental half-life data (Table A).

Concerning the cases of proton emission from nuclei, Fig. 2 shows the half-life-values

for the most recent cases observed in proton-rich emitters. Table B reports such data,as

well as the calculated half-lives in the framework of the present ELDM descriptions.

In most cases a non-null `-value has been chosen to give the best agreement between

calculated and measured half-life-values (see Table B). Results show a strong dependence

of the half-life on orbital angular momentum of the emitted proton (`), and agreement

with the existing data become very good if a suitable `-value is employed. In Fig. 3 we

show the variation of the half-life of proton emission for 156Ta, 161Re and 171Au proton

emitters as a function of the angular momentum, where it is seen an increase of about

ten orders of magnitude in the half-lives when the orbital angular momentum varies from

0 to 10~: By adjusting the model parameters for the proton emission cases it results that

the model combination Vmas/WW with r0 = 1:39 fm and �0 = 1:5� 1021 s�1 is the best

choice in order to reproduce the measured half-life (�lled circles in Fig. 2). In this way,

the di�erences between calculated and experimental values are not greater than one order

of magnitude.

For the sake of comparison with the most recent experimental half-life-values of alpha

decay we have depicted results in Fig. 4. We observe that, in spite of using only two

parameters in the model, our theoretical results are comparable to those obtained from

other available models [71], in which four adjustable parameters are often used in. Also,

both the model parametrizations Vmas/WW and Vmas/eff are able in reproducing

quite well (� = 0:38) the measured half-lives for the alpha-decay cases. We remark that

the e�ect of the centrifugal barrier on the half-life of the alpha decay is smaller than that

for proton emission cases, and it is still smaller for the cases of heavier cluster emission.

In Fig.5 we display the variation of the half-life of alpha decay (part a) and of cluster

emission (part b) for some experimentally observed decay cases when ` takes the values

0 and 6~.

The present ELDM has been used in cluster radioactive processes for all cases of cluster

emission varying from carbon to silicon. The calculated half-lives have been compared

with the experimental data (Fig. 6). Equally good agreement with the data is observed in

the whole range of emitted cluster mass number for the model combinations Vmas/WW

and Vmas/eff, and better than for the Cmas parametrization. Previous systematic

studies on most probable nuclear decays by Poenaru et al. [14,15] have considered only
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the cases for cluster emission modes. An intercomparison between the present and other

[14,15] calculated half-life-values is shown in Table C. The present ELDM predictions

are seen comparable (within 1-2 orders of magnitude) to those calculated by using the

ASAFM routine.

Although many theoretical and experimental studies on cold �ssion processes [74{76]

have been developed in a recent past, we observe that there is not yet a systematic

prediction study of the half-life for the possible cases of these processes for heavy parent

nuclei.

In a previous work [23] a quite reasonable performance of the ELDM has been achieved

in some cases of cold �ssion process, even considering the values of model parameters �0

and r0 as being the same that were adopted for cluster emission processes. In the present

work, the values of model parameters for the cold �ssion process have been rede�ned

in order to better reproduce the most recent half-life experimental results. The parent

nuclei considered for this parameter-values evaluation were 238;240;242Pu, 248Cm and 252Cf,

for which nuclei the fragment total kinetic energy released and the half-life have been

simultaneously determined (experimental results are given in Refs. [77,78]). Since a high

total kinetic energy of fragments have been observed in these �ssion processes they should

be closely related to the cold nuclear �ssion process which can be described by the present

ELDM.

By de�ning the mass asymmetry as

� =
A2 � A1

A2 + A1

; (33)

a cold �ssion process is, for the purpose of the present work, the nuclear break-up into

two fragments of mass numbers A1 and A2 (A2 > A1) such that � < 0:25. In Fig. 7

we represent the predicted total half-life-values of cold nuclear �ssion following the model

parametrizationVmas/WW for all parent nuclei of available mass-values in the 1997 mass

table by Audi et al. [57] (as before,for daughter nuclei which do not have the mass-value

in the referred mass table we have used the most recent mass predictions by M�oller et al.

[58] as input data).

To have a better feeling on how the ELDM works in the cases of �ssion processes we

focused attention on the mass region near spherical fragments. There exists an exper-

imentally explored �ssion process of some trans-Bk isotopes, for which cases the mass

region of the �ssion fragments is located nearby the double magic 132Sn isotope, and pre-

senting a high kinetic energy of fragments compared to the systematic increasing observed

in ordinary �ssion processes [77,79] | the bimodal �ssion process [77]. In some cases the

fragment mass distributions were experimentally determined. In Fig. 8 we compare the
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measured mass distributions with the predictions from our ELDM. In spite of the fact

that the present model only takes into account gross characteristics of cold �ssion, the

location of the experimental maxima is well reproduced for the nuclei that exhibit the

bimodal �ssion process. Our results are extremely peaked in the product mass region in

the vicinity of 132Sn because we are dealing strictly with cold �ssion processes, while the

experimental distributions are inclusive ones in the fragment kinetic energy. This fact may

be the reason for the side spreading of the experimental distribution as compared with

our theoretical result. The most appropriate experimental distribution to be compared

with our result should be exclusive in kinetic energy of fragments, i. e., distributions of

fragments with energies very near the Q-value.

Finally, we present in a Table the calculated half-life-results of the four nuclear decay

modes discussed above in the framework of the ELDM for the model combination of

inertia coeÆcient and mass transfer description �VmasWW , and under the assunption of null

angular momentum (few exceptions are from some cases of proton emission as explained

in table B).
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TABLE A: Model parameter-values used in the calculation of the half-lives of the

hadronic decay modes for di�erent model combinations of shape parametrization and

inertia coeÆcient (r0 in fm; �0 in 1021 s�1).

Model Decay mode

combinationa Proton emission Alpha decay Cluster radioactivity Cold �ssion

r0 �0 r0 �0 r0 �0 r0 �0

Vmas, WW 1.39 1.5 1.34 18 1.37 10 1.39 320

Vmas, eff 1.38 0.5 1.13 40 1.20 10 | |

Cmas, WW 1.38 0.5 1.20 44 1.31 10 | |

Cmas, eff 1.38 0.5 1.13 18 1.17 10 | |

a Vmas � Varying Mass Asymmetry Shape; Cmas � Constant Mass

Asymmetry Shape; WW�Werner-Wheeler's inertia; eff �E�ective inertia
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TABLE B: Intercomparison between experimental and calculated partial

half-life-values (� in seconds) for proton emission from nuclei.

Parent

nucleus experimental calculated

Z A log10 �exp Ref. log10 �
Vmas

WW log10 �
Cmas

WW log10 �
Vmas

e� log10 �
Cmas

e� `a

51 105 1.70 [42] 2.31 2.64 2.06 2.01 2

53 109 -4.00 [46,47,63] -4.20 -3.88 -4.46 -4.50 2

55 112 -3.30 [41] -3.31 -3.00 -3.58 -3.62 2

113 -4.77 [41,46] -5.64 -5.33 -5.91 -5.95 2

57 117 -1.58 [51] | | | | |

63 131 -1.58 [64] | | | | |

67 140 -2.22 [65] | | | | |

141 -2.40 [65] | | | | |

69 145 -5.45 [66] | | | | |

146 -0.63 [44] -0.30 -0.06 -0.69 -0.72 5

147 0.43 [45,49,63] 0.59 0.83 0.19 0.17 5

71 150 -1.40 [43,63] -1.34 -1.11 -1.74 -1.77 5

151 0.89 [48,63] -1.03 -0.80 -1.44 -1.46 5

73 156 -0.84 [38,67] -0.48 -0.28 -0.93 -0.95 2

157 -0.52 [68] -0.77 -0.57 -1.22 -1.24 0
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Parent

nucleus experimental calculated

Z A log10 �exp Ref. log10 �
Vmas

WW log10 �
Cmas

WW log10 �
Vmas

e� log10 �
Cmas

e� `a

75 160 -3.06 [67] -3.03 -2.84 -3.48 -3.50 2

161 -3.43 [68] -3.19 -3.00 -3.64 -3.66 3

77 165 -3.46 [69] -3.73 -3.53 -4.17 -4.19 5

166 -0.82 [69] -0.50 -0.32 -0.98 0.99 2

167 -0.96 [69] -1.06 0.89 -1.55 -1.56 0

79 171 -2.65 [69] -2.74 -2.56 -3.21 -3.23 4

83 185 -4.35 [39] -4.36 -4.22 -4.89 -4.90 0

-4.23 [70]

a The reported `-values are those to give the best agreement between calculated and

measured half-life-values.



CBPF-NF-006/02 21

TABLE C: Intercomparison between experimental and calculated partial

half-life-values for cluster emission modes of trans-lead parent nuclei.

Half-life-values [log10 �(s)]

Parent Decay

nucleus mode experi- Present systematicsd Previous systematics

Z A Z1 A1 mentala �VmasWW �CmasWW �Vmase� �Cmase� ASAFMe ASAFMf

87 221 6 14 14.46 14.42 13.31 14.24 13.43 15.0 14.3

88 221 6 14 13.41 13.26 12.17 13.13 12.32 14.1 14.2

222 6 14 11.02 12.02 10.93 11.89 11.09 12.1 11.1

223 6 14 15.5b 14.24 13.12 14.06 13.25 15.0 15.1

224 6 14 15.9 16.78 15.64 16.56 15.74 16.9 15.9

226 6 14 21.3 21.84 20.66 21.54 20.70 21.9 20.9

89 225 6 14 17.15 17.86 16.71 17.64 16.82 18.5 17.8

90 228 8 20 20.87 22.03 20.84 22.18 20.82 21.8 21.9

230 10 24 24.64 24.78 23.45 25.08 23.24 24.1 25.2

91 231 10 24 23.23 22.00 20.69 22.39 20.58 22.0 23.3
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Half-life-values [log10 �(s)]

Parent Decay

nucleus mode experi- Present systematicsd Previous systematics

Z A Z1 A1 mentala �VmasWW �CmasWW �Vmase� �Cmase� ASAFMe ASAFMf

92 232 10 24 21.06 20.48 19.19 20.94 19.14 19.6 20.8

233 10 24 24.84 23.13 21.81 23.51 21.69 23.5 25.2

234 10 24,26 25.07 25.51 24.20 25.88 24.03 24.7 26.0

12 28 25.55 24.86 23.49 25.54 23.27 23.7 25.9

94 236 12 28 21.67 20.33 19.00 21.22 19.01 18.9 21.1

238 12 28,30 25.70 24.83 23.78 25.87 23.60 23.3 25.9

14 32 25.28 24.43 23.09 25.65 22.97 22.7 26.1

96 242 14 34 23.15c 21.81 20.61 | 20.79 19.8 23.5

a Values taken from Ref. [72].
b Mean value from six measurements.
c Ref. [73].
d � is the inertia coeÆcient, where Vmas � Varying Mass Asymmetry Shape; Cmas �

Constant Mass Asymmetry Shape; WW� Werner-Wheeler's inertia;

eff� E�ective inertia.
e Analytical Superasymmetric Fission Model by Poenaru et al. [14] with the even-odd

e�ect included.
f Analytical Superasymmetric Fission Model by Poenaru et al. [15].
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FIGURE CAPTIONS:

Fig. 1: Schematic representation of the dinuclear decaying system. The daughter nucleus

and the emitted (smaller) fragment have radius R2 and R1, respectively, and the distance

between the geometrical centers of the fragments is denoted by �. The variable � represents

the distance between the center of the heavier fragment and the circular sharp neck of

radius a.

Fig. 2: Half-life of proton radioactivity for proton-rich parent nuclei. Our results (open

square, �VmasWW ) agree quite well with the experimental data (�lled circle). Signi�cant

deviations are seen only in two cases, viz., 113Cs and 151Lu proton emitters. Experimental

data are those listed in Table B. The dotted lines are to guide the eyes.

Fig. 3: Angular momentum dependence of the half-life for proton radioactivity. Half-life

calculations for 156 Ta (solid line), 161Re (dashed line) and 171 Au (dotted line) change up

to about ten orders of magnitude when orbital angular momentum varies from 0 to 10~.

The experimental data are those from Table B.

Fig. 4: The ratio �c=�exp (in log10-scale) of calculated to experimental alpha-decay half-life

(points) is plotted versus neutron number of the parent nucleus. Deviation by a factor

of 3 between theory and experiment is represented by broken lines. The �gure shows the

results for the model combination �VmasWW , and N = 302 alpha emitters.

Fig. 5: E�ect of the centrifugal barrier on the calculated half-life for alpha decay (a) and

cluster emission (b). The solid line represents the half-life for ` = 0, and the dashed line

for ` = 6~. Experimental data are those quoted in Ref. [22] for alpha decay, and from

Table C for cluster emission.

Fig. 6: Calculated half-life-values for cluster radioactivity as obtained from the present

ELDM with di�erent descriptions for the shape parametrization and inertia coeÆcients

as indicated. Experimental data are those listed in Table C (�lled circles).

Fig. 7: Half-lives of cold �ssion cases as predicted by the Vmas mass transfer description

and Werner-Wheeler's inertia coeÆcient of the present ELDM. Half-life-ranges for cold

�ssion process are indicated by the gray log10-scale.

Fig. 8: Calculated fragment-mass distribution in cold �ssion (histograms) compared to

experimental data (full lines) for 258Fm, 259Fm, 259Md, 260Md, 258No and 262No parent nu-

clei. The calculated yields (normalized to 1) have been obtained following the Vmas/WW

model combination. The experimental yields (also normalized to 1) are obtained from da-

ta reported in Ref. [77].
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EXPLANATION OF TABLE

TABLE. Calculated Q-values and half-lives for the most probable ground-state

to ground-state hadronic decays of nuclei throughout the Periodic Table.

The table lists the calculated Q-values and half-lives for the most probable hadronic

decays (ground-state to ground-state transitions) of nuclei throughout the Periodic Table.

The parent nuclei included in this table are those of mass-values available in the Atomic

Mass Evaluations by Audi et al. [57]. Calculations have been performed according to

the shape parametrization Vmas and Werner-Wheeler's inertia coeÆcient, and under the

assumption of null angular momentum (` = 0). In some cases of proton decay, however, a

non-null `-value has been chosen to give best agreement between calculated and measured

half-life-values. These `-values are indicated near the calculated results by a superscript

following the usual spectroscopic notation, viz., p ( ` = 1), d (` = 2), f (` = 3) ,g

(` = 4), and h (` = 5). Otherwise, the value ` = 0 is implicit. Decay cases have been

selected for calculated half-life, �c (in second), such that �7:30 . log10 �c . 27:50 and

log10

�
�
�c

�
> �17:0, where � is the total half-life of the parent nucleus. Finally, for the

cold �ssion cases, printed here are only the �ssion modes of mass asymmetry � � 0:04

(see Eq. (33)).

Z;Z1 Atomic numbers of the parent nucleus and emitted fragment (proton, alpha

particle, heavy cluster and/or cold �ssion fragment), respectively;

A;A1 Mass numbers of the parent nucleus and emitted fragment, respectively;

log � Decimal logarithm of the total half-life (in second). Half-life-values are taken

from The jLund/LBNL jNuclear Data Search (Version 2.0, Feb. 1999), Depart.

of Physics of the Lund University, and LBNL (Berkeley).

Q-value Total energy available (in MeV) for the decay mode, as calculated from the

Atomic Mass Evaluation by Audi et al. [57]. When the mass-value of a

daughter nucleus is not listed in [57] it has been taken from the mass table by

M�oller et al. [58]

log �exp Decimal logarithm of the experimental half-life (in second) of the indicated decay

mode. The partial, experimental half-life data are those quoted in Table B (pro-

ton emission), in Refs. [80{86] (alpha decay), and in Table C (cluster radio-

activity).

log �c Decimal logarithm of the calculated half-life (in second) for the decay mode

according to the Vmas parametrization and Werner-Wheeler's inertia

coeÆcient of the present ELDM


