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Abstract

Cluster radioactivity is a very rare phenomenon. Among the various parame-
ters that may determine the cluster radioactivity or cluster decay, the most

important parameters are the binding energy B ( A, Z) of the parent nucleus

and the binding energies of the nuclei that constitute the decay products.
These parameters are crucial in determining the nuclear reaction energies
(Q-values). Calculations for Q-values for even-even super heavy nuclei
whose atomic numbers ( Z ) range from Z =100 to Z =124 were com-
puted and the sign of the quantity of Q-values was used to determine whether
the super heavy nuclei could undergo cluster radioactivity. The modified Bethe-
Weizsicker formula was used to calculate the binding energy of the nuclei in-
volved in the cluster radioactivity, and the Coulomb energy was calculated us-
ing the modified Coulomb energy formula. It was found that nuclei whose Q-
values are positive but relatively small fall under the category of super heavy
nuclei which undergo cluster radioactivity while those nuclei whose Q-values
are very high are significantly unstable, thus, they release energy that is suffi-
cient to cause spontaneous fission. It is also noted that all the parent nuclei
whose atomic numbers lie between Z =100 to Z =124 satisfy the condi-
tions for spontaneous fission, however, for Z >124 the possibility for spon-
taneous fission diminishes. Based on our results, we conclude that nuclei with
very high Q-values are significantly unstable, and the energy released is suffi-
cient to cause spontaneous fission. Additionally, the boundary between cluster
radioactivity and spontaneous fission remains elusive and an open question.
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Nuclear Reaction Energy, Super Heavy Nuclei

1. Introduction

In the old nuclear physics, the disintegration of heavy nucleons by spontaneous
emission of alpha, beta and gamma rays is governed by the Universal Decay Law
(UDL). According to this law N =N, ™, where N, is the number of nuclei at
time t=0, N isthenumberofnucleiatanytime t and A isthedecaycon-
stant. In the case of superheavy nuclei, these nuclei can undergo deformation such
that in the process of disintegration they emit particles whose mass is more than
the mass of alpha-particles. This kind of disintegration is called cluster radioactivity
and the emitted nuclei include ;C, S0, #Ne, 7Mg, “Mg, *%%sSi,
igAr and so on [1] [2] depending upon the mass number (A4) of the superheavy
nucleus, and the magnitude of the atomic number Z. Cluster radioactivity can also
be defined as that in which heavy or superheavy atomic nuclei emit small clusters
of neutrons and protons with a structure more than that of alpha-particle, but less
than a typical binary fission fragment. Thus, cluster radioactivity is a form of dis-
integration intermediate between alpha decay and spontaneous fission (S.F). The
condition for spontaneous fission depends on the magnitude of A4 and Zsuch that
ZZ/A lies between 17.6 and 50 [3].

Research on Cluster radioactivity has recently gained a lot of attention by nu-
clear Physicists both experimentally and theoretically [4] [5]. Some of the recent
experimental observations have detected the emission of even deuterons and 5L
[6]. These experiments have contributed to the knowledge on nuclear structure
physics and cluster structures of the disintegrating nuclei.

Experimentally, cluster radioactivity was discovered in 1984 by Rose and Jones
[7] who discovered a new type of nuclear decay. In the alpha-decay of parent nu-
cleus %/ Th, and mother nucleus or daughter nucleus “2Ra, a few events were
observed in which lgC was also a decay product. This phenomenon was called
cluster radioactivity since the light mass fragments that were emitted had masses
in the intermediate range of atomic nuclei. Later, another 20 cluster emitters were
discovered [8] in which the decay nuclei ranged from 2C to 3Si, and these
were emitted by somewhat less heavy nuclei in the range 2571 Fr to 2;‘§Cm Ctis
not easy to observe cluster radioactivity being a rare phenomenon, and it is
roughly 9 orders of magnitude weaker than the competing alpha particle decay
[5].

In the last three decades, new elements in the periodic table have been synthe-
sized [9]-[13]. As a result, the subject of superheavy nuclei gained enormous in-
terest in nuclear Physics both experimentally and theoretically, with focus on the
island of stability. Despite the fact that the discovery of superheavy elements
pushed the boundary of nuclear science, the increased number of protons leads to

instability of the nuclei decaying within seconds or milliseconds due to the strong
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electrostatic repulsion within the nucleus and complex interplay of nuclear forces.

The primary objective of this research is to study the theoretical possibility of a
strong cluster decay compared to alpha-particle decay for some superheavy nuclei
with Z >100. Additionally, this study aims at investigating the condition for the
superheavy nucleus to decay by the emission of nuclei with mass more than that
of alpha-particles. Since superheavy nuclei may decay through various modes
such as alpha decay, cluster radioactivity and spontaneous fission (SF), it is im-
portant to understand whether there is any preformation of emitted clusters just
before disintegration. If the parent nucleus was symmetric, does it become asym-
metric after the preformation of clusters? Simultaneously, how does the prefor-
mation of clusters affect the Coulomb interaction in the nucleus? [14].

To explore these questions, a few superheavy nuclei were picked and their clus-
ter decay process was studied by calculating the reaction energies (Q-values) of
the disintegrating nucleus [15]. The Bethe-Weizsdcker formula was used to calcu-
late the binding energy of the nuclei involved in the cluster radioactivity, and the
Coulomb energy was calculated using the modified Coulomb energy formula [16].
Consequently, the sign of the quantity of Q-values was used to determine whether

the superheavy nuclei can undergo cluster radioactivity.

2. Theoretical Derivations

2.1. Binding Energies

The binding energy B(A,Z) of an atomic nucleus is composed of many differ-

ent forms of energy [17] such that B(A,Z) is given by;

2 a— —
B(AZ)=aA-a,A’ -3, Z(ZE 1)—aA(A AZZ)
A3

+5(A) (1)

In Equation (1), the first term is the volume energy, the second term is the sur-
face energy, the third term is the Coulomb energy term, the fourth term is asym-
metry term and the fifth term is the pairing energy term. Due to the strong Cou-
lomb repulsion in the nucleus of superheavy nuclei, the third term in Equation (1)
is modified. Coulomb energy (EC) which is as a long-range interaction is writ-
ten as;

_322¢

2
S Ang,r @

EC
In Equation (2) eis the electron charge, Z; and 2, are the proton nuclear charges,
ris the distance between the chargesand g, is the permittivity of free space. The
modified Coulomb potential (Egy, ) is given by [18];
R
e’ 3)
1
where R is the radius of the nucleus and it is given by R=r, A3
(ro =1.5x10" Cm) , Ry=1,(2Z)2 is the cut off range of the Coulomb potential
inside the nucleus and N varies between N=0 and n=21. The value of R

_377¢
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may be core radius (the corehas 2Z particles,and N —Z inthe surface region)
or charge radius.
For n> 21, Equation (3) becomes,

2(z-1)
Ewm =2 7~ where a. =0.66 MeV (4)
(22);
Substituting Equation (4) in Equation (1) we obtain,
2 _ _ 2
B(A*Z):aiA_azAg_an(Z 11)_a4(A 22) i5(A) (5)
(22)° A

where a, =15.85MeV ,a,=18.34MeV, a,=a. =0.66 MeV, a, =23.21MeV
and &(A)= a,A 2 where a,=34MeV [17]and & (A) iszeroforodd A nuclei,

positive for even-even nuclei and negative for odd-odd nuclei.

2.2. Nuclear Reaction Energies

The nuclear reaction energy (Q-value) is the net energy change in a nuclear reac-
tion. This form of energy is crucial in determining the amount of energy of the
emitted particles in a nuclear reaction and provides insights into the stability of
the superheavy elements and their decay behaviour. The Q-value of a decay pro-
cess can also be defined as the increase or decrease in the binding fraction of the
decay products which translates to a release or absorption of stored potential en-
ergy.

The energy released manifests as kinetic energy of the decay particles or gamma
radiation while the energy absorbed manifests as increased kinetic energy of the
products or excitation energy in the resulting products which may lead to emis-
sion of gamma radiation as the particle returns to a stable state.

In this study, the nuclear reaction energy is calculated for different cluster ra-
dioactive decays suchas 5Be, %C, Mg, *%si, 32Ca, “%Ni,andsoon
[15]. As a hypothetical example, we consider the decay of the nucleus osFm
such that,

1oFM = *Hg+ 5Ca+Q (6)

The decay reaction in Equation (6) can be expressed in terms of binding ener-
gies such that,

Q=B(A,Z)(Hg)+B(A,Z)(Ca)—B(A,Z)(Fm) (7)

The binding energies {B(A,Z)} of ®Fm, “Hg and jCa are calcu-

lated using Equation (5) and substituted in Equation (7) to obtain the Q-value.

Therefore, the general reaction energy equation can be written as;
Q=B(Dn)+B(Ec)-B(Pn) (8
where B= B(A,Z) is the binding energy, Dn stands for Daughter nucleus,

Ec stands for Emitted cluster and Pn stands for Parent nucleus.

The sign of Q-value is either positive or negative. If the rest mass of the reactants
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exceeds the rest masses of the products, the Q-value of the reaction is positive
implying that energy is released while if Q-value of the reaction is negative it in-
dicates that energy is absorbed. Therefore, the Q-values of radioactive decays
whose atomic numbers lie between Z =100 to Z =124 were calculated to de-

termine which nuclei may be stable and become part of the island of stability.

3. Results and Discussions

In this study, the binding energies and reaction energies were calculated using
Equation (5) and Equation (8) respectively. The Q-values for selected isotopes of
known heavy cluster emitters [19] are shown in Table 1.

Table 1. Calculated values of reaction energies for heavy cluster emitters.

Parent Nuclei Daughter Nuclei Emitted Cluster Q-Values (MeV)
ZRa 2%pPp “c 21.909
%Ra ZaPb e 21.487
“’Ra 22Ph “c 21.039
Th Pb %0 33.930
Th 2 Hg 2 Ne 47.723
U 2°Pb 2Ne 49.005
U ZaPb 4 Ne 50.298
%5U oPb o Ne 46.966
U *®Hg %Mg 63.421
e Pu Pb Mg 67.409
vl 2 Hg 2Si 79.018

From the reaction energies obtained in Table 1, it is noted that all the Q-values
are positive and they increase in magnitude with increase in nuclear sizes. The
positive Q-values signify that energy is released in the cluster decay process. By
definition, the Q-value is the difference between the sums of the masses of initial
products from the final products. Alternatively, the Q-value can be defined as the
difference between the kinetic energy of the initial products from the kinetic en-
ergy of the final products. In our model, the Q-values of the decay process corre-
spond to the increase in binding energies of the decay products, which translates
to the positive values of reaction energies shown in Figure 1.

Figure 1 clearly illustrates a relationship between atomic numbers of emitted
clusters and the magnitude of the Q-values. It is noted that larger clusters such as
Mg and 3Si correspond to higher Q-values due to the mass difference be-
tween the parent nucleus and the sum of the daughter nucleus and the emitted
cluster, resulting in greater energy release. Similarly, higher atomic numbers among
the emitted clusters lead to the stronger repulsive Coulomb force which increases
the magnitude of the Q-values since additional energy is required to overcome the

Coulomb repulsion.
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Grouped Bar Plot of Z (Atomic Number) vs Q values (MeV)
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Figure 1. Graph of some known cluster emitters.

Additionally, calculations of Q-values for even-even superheavy nuclei with
atomic numbers (Z) ranging from Z =100 to Z =124 were calculated to
identify some probable superheavy cluster emitters or/and nuclei that are likely to
reside in the island of nuclear stability. The results for these calculations are shown
in Table 2.

The calculations of reaction energies for some probable Superheavy cluster
emitters shown in Table 2 illustrate that all the Q-values are positive and increase
in magnitude with increasing nuclear sizes. The increase in magnitude of the Q-
values is associated with increase in decay probabilities and the reduced likelihood
of cluster radioactivity occurring among all the superheavy elements. Undoubt-
edly, cluster radioactivity is a rare phenomenon among the superheavy ele-
ments and it lies between alpha decay and fission fragmentation [5] [20]. How-
ever, our calculations have shown that very small values of Q-values are also ob-
tained among the superheavy nuclei suchas 'SC emittedby 25Fl, “Be emit-
ted by 2Lv and '°C emitted by 250g. This shows that superheavy nuclei
may emit smaller clusters as they decay thus confirming the dominance of cluster
radioactivity among some of the superheavy nuclei [21]. Overall, higher values of
reaction energies are observed among the superheavy nuclei due to the strong re-
pulsive Coulomb force. Therefore, it is necessary to define the possible limits of

cluster radioactivity in order to distinguish it from other decay modes.
The limits of spontaneous fission are well known and its condition depends on
b 2
the magnitude of A and Zsuch that T lie between 17.6 to 50 [3]. In this study,
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the determination for spontaneous fission (S.F) among all the parent nuclei in
Table 2 was carried out and the results are shown in Figure 2. It is noted that all
the parent nuclei with atomic numbers between Z =100 to Z =124 satisfy
the conditions for S.F, however, for Z >124 the possibility for S.F diminishes.

Table 2. Reaction energies for some probable Superheavy cluster emitters.

Parent Nuclei Daughter Nuclei Emitted Cluster Q-Values (MeV)
RN *Si 83.354
RN 2 89.218
oHf ZNi 176.610
e Zlé;in ;Q‘AHG? 10.935
7Pt Pl 145.411
%0 Cf “Ca 122,572
“2Pb QA 103.865
Al %Fe 168.602
*Pb “Ca 139.097
*Pb ¥Ca 137.136
o Hf “zn 197.108
252\ 1:7:2Yb §8§Ge 201.982
s ET ¥Se 214.606
"Dy B Kr 221.298
" Gd %sr 228.514
%0s %Fe 176.123
*%Pb oTi 156.757
Pt %ca 182.440
1%0s % Ni 178.596
R ::?W %EZn 185.180
7 Hf “Ge 212.724
"Dy %sr 234.504
"saCe 18pg 253.410
T Xe 23n 260.116
*aPb 2Cr 156.290
%oHg %Fe 173.880
TPt ONi 197.222
S T -
4 ® .
"asm 2Ry 242.956
" Xe e 264.331
oSN “2pg 267.859
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Continued
o RF “Be 18.607
22 No c 29.334
*aPu 2gj 101.852
A *%Pb %Fe 191.888
. e Hf LKr 241.243
sm Uepgy 272.539
T Xe e 280.677
e 2By 280.910
% Nd ®Fe 196.401
*2Pb ZNi 207.459
*2Pb ®Ni 190.998
2 g %oHg %7n 187.276
B oYb 27y 248.928
"Dy Ry 278.074
asm L2cg 267.232
"oNd 23n 287.743
f0Ds “He 13.408
%P0 2 Ni 213.674
"asm 23n 301.148
e "2Sm 12 300.056
. "Dy 1o pg 293.786
"Dy 18pg 292.917
"o Nd ¥ Te 302.313
"eBa “2Ba 305.334
men “He 14.434
T Hs e 32.960
"oHg e 257.631
2y "oHg £se 254.026
. "oNd B Xe 316.653
"aCe 4B, 320.294
"aCe “2Ba 319.014
*Pb 5Ge 248.472
mCn “Be 9.108
men “Be 22.047
% Pb Bse 264.753
- Sm % Xe 328.960
m %oHg 2Kr 274.374
W 1% Mo 299.980
"Dy 1265n 324.394
"oNd “0Bg 331.294
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Continued

men ©C 35.504

RN “Ge 253.976

1%:0s %Mo 308.753

204 1177:sz E‘iCd 332.140
ssE 2oSn 333.767

"Dy Te 335.922

asm “2Ba 343.951

"Dy 0Te 378.596

*2Pb %sr 304.571

%o Hg 27r 307.808

Pt %Mo 313.871

265 %3 PO OKr 280.480
* 1%:0s Ry 330.145
Al % pd 328.878

MoYb sn 344.893

oY %Sn 302.540

“iPu % Ni 277.855

%P0 sor 342.187

1 No ®Ca 225.522

288 ¢ Zicm 7305 Fe 265.625
U wZn 306.213

ZoTh “Ge 306.487

“eRa se 317.678

% RN Ky 343.841

“oHg “Ru 332.524

2P %Mo 348.082

toeHs %3 142.351

s *Pb %Mo 337.53
aRa oSr 316.537

110Ds i 124.744

mCn Mg 106.27

%P0 %zr 329.628

From this perspective, it can be inferred that nuclear decay (cluster radioactivity
and spontaneous fission) has limiting conditions that depend on its nuclear com-
position and binding energies. For nuclei with positive but relatively small Q-val-
ues (close to zero but not exceeding certain threshold such as 100 MeV) as shown

in Figure 3 and Table 2, such parent nuclei are marginally unstable with respect

DOI: 10.4236/jhepgc.2025.112019

238 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2025.112019

H. K. Cherop et al.

to cluster emission hence they fall under the category of superheavy nuclei which

undergo cluster radioactivity rather than fission.

Graph of Condition for S.F for Parent Nuclei
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Figure 2. Graph showing the condition for spontaneous fission.
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Figure 3. Graph of Q-values against Binding energies showing the probable decay modes.

On the other hand, when the Q-values are very high (greater than 100 MeV)
such parent nuclei are significantly unstable. In such cases, the energy released is
sufficient to cause spontaneous fission, where the nucleus splits into two nearly
equal parts rather than emitting a cluster.

Therefore, we propose that the binding energies of the parent nuclei and the

resultant Q-values are the key parameters that determine the condition for cluster
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radioactivity and spontaneous fission.

4. Conclusions

Generally, a theory explains already experimentally observed phenomena. But
cluster decay is one of the rare examples of a phenomena that was theoretically
predicted in 1980, prior to its experimental discovery in 1984 by Rose and Jones
[7] [19]. Several models have been proposed to explain the decay of heavy and
superheavy nuclei into masses intermediate between fission fragments and alpha
particles [22]-[25]. While the general mechanism of cluster radioactivity is well
understood, accurately predicting decay rates and half-lives for various cluster
emissions remains an unsolved challenge.

Our calculations show that both smaller and larger clusters are emitted by su-
perheavy nuclei, with Q-values varying depending on the mass difference between
the parent nucleus and the sum of the daughter nucleus and emitted cluster. Gen-
erally, nuclei with positive but relatively small Q-values fall under the category of
superheavy nuclei that undergo cluster radioactivity rather than nuclear fission.
Conversely, nuclei with very high Q-values are significantly unstable, releasing
sufficient energy to trigger spontaneous fission.

On the other hand, nuclei with very high Q-values are significantly unstable,
and the energy released is sufficient to cause spontaneous fission. It is noted that
all the parent nuclei with atomic numbers between Z =100 to Z =124 satisfy
the conditions for spontaneous fission. However, for Z >124 the likelihood of
spontaneous fission diminishes. In this regard, the boundary between cluster ra-

dioactivity and spontaneous fission remains elusive and an open question.
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