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Abstract 

The radioactive decay characteristics of the proton-rich nucleus 191Tl were systematically investigated 

by examining the competition among the  energetically possible decay modes including alpha-

decay, cluster decay, beta-decay, and spontaneous fission. The half-lives of the respective 

decay channels were evaluated using established theoretical and semi-empirical models, 

namely the Royer formula for α-decay, the Universal Decay Law (UDL) for cluster 

radioactivity, empirical relations for β+-decay, β--decay and the Xuet al., formalism for 

spontaneous fission. The calculated results indicate that cluster decay possesses the largest 

positive (Q)-value but remains highly suppressed because of the large Coulomb barrier 

associated with heavy-particle emission. Although α-decay is energetically allowed, its 

relatively long half-life limits its contribution to the decay process. The comparison of 

calculated half-lives demonstrates that β+-decay has the shortest half-life among all competing 

channels, establishing it as the dominant decay mode of 191Tl. In contrast, spontaneous fission 

and cluster decay exhibit extremely long half-lives and are therefore insignificant. The present 

study highlights the crucial role of decay energy, Coulomb barrier penetration, and nuclear 

structure in determining the dominant radioactive decay mechanism and provides a 

comprehensive theoretical description of the decay behavior of 191Tl. 
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1. INTRODUCTION 

Radioactive decay is a process of emission of particle or electron capture brings the changes in the 

atomic number of the radionuclide, whereas decay by gamma-ray emission does not[1].  

Radioactive decay is believed to be exponential and for slowly decaying isotopes it is non-

exponential[2]. Thallium (Tl) was discovered by the English chemist William Crookes in 1861 and 

in the year 1862 metallic thallium was first prepared by a French scientist C Lamy. Pure thallium is 

a soft, malleable and bluish-white metal and that is found in trace amounts in the earth’s crust[3]. 

Thallium isotopes have been used to investigate paleoceanographic processes in the Cenozoic, 

utilized as a monitor of the marine manganese oxide burial flux over million year time scales, used 

to calculate the magnitude of hydrothermal fluid circulation through ocean crust [4]. 

Radioactivity is the process of spontaneous disintegration of certain atomic nuclei into the emission 

of radiations in the form of particles such as alpha, beta, clusters or electromagnetic waves[5]. It 

was first discovered by Henry Becquerel [6], its exhibits major role in the field of nuclear physics 
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since it finds applications in various fields such as medicine, scientific research, energy production. 

The α-decay process was first explained by Gamow in the year 1920[7], later it was independently 

explained by Condon and Gurney[8] as a quantum tunneling effect. Dong et al.,[9], Royer et 

al.,[10], Sobiczewski, Adam et al.,[11] investigated α decay half-lives using various models and 

formulae. 

Beta decay involves the emission of β+ or β- particle from proton-rich or neutron-rich nuclei 

respectively. Semi emperical formulae were introduced to evaluate half-lives of β+-decay and β--

decay processes [12, 13]. Various proximity potentials have been employed in order to study 

cluster decay, α decay and heavy particle radioactivity [14–16]. Systematic calculations were 

carried out in the evaluation of spontaneous fission half-lives of heavy nuclei Swiatecki’s 

formula with new parameters [17]. 

Thallium is a rare element and is more toxic to human than mercury, lead, cadmium[3]. 176Tl was 

discovered by Kettunen etal. ,in the year 2004[18], Tl isotopes from mass number A=176-217 

have been investigated so far, out of which two nuclei were found to be stable, 13 nuclei were 

neutron rich and 27 nuclei were observed as neutron deficient isotopes[19]. Tl isotope signatures 

remain largely consistent across Zn mining and metallurgical waste despite wide variations in Tl 

concentrations. Slightly lower values of 205Tl values in fly ash suggest kinetic fractionation 

during Tl evaporation, while contaminated soils preserve the isotopic fingerprint of the pollution 

source [20]. Y.S Horowitz et al.,[21] described the theory of heavy charged particle response 

with Tl materials. A detailed decay spectroscopy study of neutron-deficient 178Tl identified - 

delayed fission for the first time and revealed an asymmetric fission-fragment mass distribution 

in178Hg also its α-decay provided information on the low-energy excited states of the daughter 

nucleus 174Au [22]. 

Despite significant progress in understanding radioactive decay mechanisms such as α-decay, β-

decay, cluster decay, and spontaneous fission, most studies have focused on heavy and super 

heavy nuclei or on the experimental characterization of thallium isotopes. 

Although several Tl isotopes have been investigated for their decay properties, isotopic 

signatures, and spectroscopic behavior, a systematic study of the decay-mode competition in the 

proton-rich nucleus (191Tl) remains scarce. In particular, the relative probabilities decay, β-decay, 

cluster decay, and spontaneous  of α- fission have not been comprehensively compared using a 

unified theoretical frame work. This lack of information limits our understanding of the stability 

and decay characteristics of nuclei near the proton drip line. Motivated by this research gap, the 

present work investigates all energetically allowed decay channels of (191Tl) by evaluating their 

Q-values and half-lives using established theoretical and semi-empirical models. The study aims 

to identify the dominant decay mode and provides reliable theoretical predictions that can guide 

future experimental investigations of proton-rich thallium nuclei. 

 

2. THEORETICAL FRAMEWORK 

A. Alpha Radioactivity 

The Royer semi-empirical formula [23] is one of the most widely used expressions for calculating 

α-decay half-lives. It was proposed by G. Royer by fitting a large set of experimental α-decay  data. 

For even-even nuclei the expression for alpha-decay is written as; 
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log10𝑇1/2 = - 25.752 -  1.15055𝐴1/6√𝑍 + 
1.5913Z

√Qα
,                       (1) 

For even-odd nuclei; 

log10𝑇1/2 = - 34.156 -  0.87478 𝐴1/6√𝑍 + 
1.6923Z

√Qα
,                  (2) 

For odd-even nuclei; 

log10𝑇1/2 = - 34.156 -  0.87478 𝐴1/6√𝑍 + 
1.6923Z

√Qα
,                 (3) 

For odd-odd nuclei; 

log10𝑇1/2 = - 31.186 -  0.98047 𝐴1/6√𝑍 + 
1.6744Z

√Qα
,                  (4) 

B. Universal decay of Cluster radioactivity 

The Universal Decay Law (UDL) proposed by Qi etal., [24] is widely used for both α-decay 

and cluster radioactivity. The general expression is 

 

log10𝑇1/2   =  a 𝜒′ + b 𝜌′ + c                                                  (5) 

 

where  𝜒′ = 𝑍𝑐𝑍𝑑√
𝐴

𝑄𝑐
   ,      𝜌′ =  √A𝑍𝑐𝑍𝑑(𝐴𝑑

1/3
+  𝐴𝑑

1/3
)    and       A = 

𝐴𝑑𝐴𝑐

𝐴𝑑+𝐴𝑐
 

C. 𝛃± - decay 

The β—decay half lives[12] are expressed as ; 

log10𝑇1/2 = (C1Z+C2)N +C3Z+C4+ Shell(Z,N)                              (6) 

where Shell(Z,N) is the shell correction[12],and the 

The β+ decay half lives[13] are evaluated using the following equation; 

log10𝑇1/2 = (C1Z+C2)N +C3Z+C4                                                   (7) 

parameter Ci is evaluated as explained in literature[12,13] 

 

D. Spontaneous fission 

By using the semi-empirical formula given by Xu et al., [25], the spontaneous fission half-lives are 

evaluated and is given by ; 

𝑇1/2 = exp(2𝜋 [𝐶𝑜 + 𝐶1𝐴 + 𝐶2𝑍2 + 𝐶3𝑍4 + 𝐶4(𝑁 − 𝑍)2 −  (0.13323
𝑍2

𝐴
1
3

− 11.64)])              (8) 

 

3. RESULTS AND DISCUSSIONS 

The radioactive decay properties of the 191Tl nucleus were systematically investigated by evaluating 

the half lives of all energetically possible decay modes, including α-decay, cluster decay, β+-decay, 

β--decay and spontaneous fission (SF). The corresponding half-lives were calculated using well-

established theoretical and semi-empirical models such as the Royer formula for α-decay, the 

Universal Decay Law (UDL) for cluster radioactivity, and the empirical formulas for β+-decay, β--

decay, and the Xu et al., formalism for spontaneous fission. The decay energies (Q-values) required 

for α and cluster radio activity were obtained from nuclear mass data [26], and the calculations 

were performed only for energetically allowed decay channels. 

http://www.ijfmr.com/


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR260485920 Volume 8, Issue 4, July-August 2026 4 

 

4.299

-2.2

-7.277

3.29

-6.035

19.53

-10

-5

0

5

10

15

20

c
lu

s
te

r 
d

e
c
a

y





d

e
c
a

y




d

e
c
a

y


p
-d

e
c
a

y


p
-d

e
c
a

y

 

 

Q
(M

e
V

)

A



d

e
c
a

y

Decay Modes  
FIG.1. Comparison of the decay energies (Q-Values)  for different decay modes of 191Tl nuclei 

Figure1 presents the calculated decay energies ((Q)-values) for the energetically possible decay 

modes of the 191Tl nucleus. Among all the investigated channels, cluster decay exhibits the largest 

positive (Q)-value of approximately 19.53 MeV, indicating a substantial energy release during the 

decay process. However, although a large (Q)-value generally enhances the barrier penetrability, 

the emission of a heavy cluster is strongly hindered by the significantly wider and higher Coulomb 

barrier, resulting in extremely long half-lives compared with lighter-particle emission. The β`-decay 

channel possesses a positive(Q)-value of about 3.29 MeV, suggesting that it is energetically 

allowed, where as the (Q)-value for α-decay is approximately 4.299 MeV, which is sufficiently 

large to permit quantum tunnelling through the Coulomb barrier. The calculated (Q)-values for β´-

decay, one-proton (1p) and two-proton (2p) emission are negative, indicating that these decay 

channels are energetically forbidden for 191Tl. Thus, β´-decay and proton radioactivity is not 

expected to occur in this nucleus. 
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FIG.2. A comparison of logarithmic half-lives of different possible decay modes of 191Tl 

nuclei 
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Figure 2 compares the calculated logarithmic half-lives log10T1/2 of the possible radioactive 

decay modes of the 191Tl nucleus, namely α-decay, cluster decay, β`+-decay, cluster-decay, and 

spontaneous fission (SF). The calculated half-lives exhibit significant variations among the 

competing decay channels, reflecting the combined influence of decay energy, Coulomb barrier 

penetration, and nuclear structure effects. The β`+-decay mode possesses the shortest half-life, 

with 2.39s, indicating that it is the dominant decay mechanism for 191Tl. This prediction is 

consistent with the proton-rich nature of the nucleus, where proton-to-neutron conversion through 

positron emission or electron capture drives the nucleus toward the valley of stability. In 

contrast, the calculated α-decay half-life is considerably longer of 10.86s, implying that although 

α-decay is energetically allowed, it is strongly suppressed by the Coulomb barrier. The cluster 

decay channel exhibits the largest half-life of 37.13S, demonstrating that heavy-cluster emission 

is highly improbable despite its large decay energy because of the extremely small barrier 

penetrability associated with the emission of a heavier fragment. The spontaneous fission half-

life is also substantially longer than that of β+`-decay mode, confirming that spontaneous fission 

is not a competitive decay process for this medium-heavy nucleus. Overall, the comparison of 

half-lives clearly establishes β+-decay as the most probable decay mode, while α-decay, cluster 

decay, and spontaneous fission contribute negligibly to the decay of 191Tl, highlighting the strong 

dependence of decay competition on both the available decay energy and quantum tunnelling 

probability. 

 

4. CONCLUSIONS 

The radioactive decay modes of the proton-rich nucleus 191Tl  were systematically investigated 

using established theoretical and semi-empirical models. The calculated (Q)-values indicate that α-

decay and cluster decay are energetically allowed, whereas proton-emission channels are forbidden. 

However, the half-life calculations show that β+-decay possesses the shortest half-life, establishing 

it as the dominant decay mode of 191Tl. In contrast, α-decay, cluster decay, and spontaneous fission 

are strongly suppressed because of their significantly longer half-lives. These results demonstrate 

that the competition among decay modes is governed not only by the available decay energy but 

also by the Coulomb barrier penetration probability and nuclear structure effects. The present study 

provides a theoretical under-standing of the decay characteristics of 191Tl and may serve as a useful 

reference for future experimental and theoretical investigations of proton-rich nuclei in this mass 

region. 
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