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o-decay chains of superheavy =2 Mt isotopes
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The a-decay chains of the isotopes =2 Mt are predicted by comparing the o half-lives calculated within the
Coulomb and proximity potential model for deformed nuclei of Santhosh ef al. [Nucl. Phys. A 850, 34 (2011)]
with the spontaneous fission half-lives using the shell-effect-dependent formula of Santhosh and Nithya [Phys.
Rev. C 94, 054621 (2016)]. « half-lives also are calculated using different theoretical formalisms for comparison.
The predicted half-lives and decay modes match well with the experimental results. The use of four different mass
tables for calculating the - decay energies indicates that the mass table of Wang et al. [Chin. Phys. C 41, 030003
(2017)], which is based on the AME2016 atomic mass evaluation, is in better agreement with experimental
results. The paper predicts long « chains from 20%267-26%271=273\ 1t with half-lives within experimental limits. The
isotopes 24727278 Mt exhibit 2« chains followed by spontaneous fission. The 2« chain of 2*Mt and the 4o chain
of 2"Mt end with electron capture. The isotopes >’"*’”Mt decay via spontaneous fission. We hope that the paper

will open up new areas in this field.
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I. INTRODUCTION

The studies on superheavy nuclei (SHN) have received
much attention, both theoretically and experimentally, for
the past few decades. The discussion about the limits of
nuclear stability became important after the prediction of the
magic island or the island of stability [1-5]. Two different
experimental approaches, namely, the cold fusion reaction
[6] and the hot fusion reaction [7] are used for the synthesis
of SHN. Elements up to Nh (Z = 113) have been produced
using cold fusion reaction at GSI, Darmstadt and Rikagaku
Kenkyusho, Japan [8—10]. Hot fusion reactions are performed
mainly at the Joint Institute for Nuclear Research-Flerov
Laboratory of Nuclear Reactions, Dubna which produced
elements up to Og (Z = 118) [11].

The detection of a SHN is possible only if its lifetime
is longer than 1 ws. So the studies on the half-lives have
considerable importance in predicting new SHN. Knowledge
about the decay modes of nuclei in a very wide range of
neutron and proton numbers is necessary for such predictions.
The main decay modes of heavy nuclei and SHN are the
a decay and spontaneous fission (SF). The « decay and SF are
considered as the limiting factor that determines the stability of
the heaviest nuclei. The newly synthesized SHN are identified
with their o-decay chain which usually ends with SF.

The a-decay studies are performed using various theoretical
approaches, such as the fission model [12], the cluster model
[13], and the generalized liquid drop model [14]. Geiger-
Nuttal-type formulas [15—-17] and semiempirical relations [18]
also are used for calculating the «-decay half-lives. One of
the most uncertain quantities in SHN is their SF half-lives.
The process of SF is more complicated as compared to the
other decay modes. Many theoretical studies including the
phenomenological ones [19-21] and dynamical approaches
[22-24] are used for the prediction of SF half-lives.
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In the present paper we have studied the «-decay chains of
the isotopes of the element meitnerium (Mt) (Z = 109) within
the Coulomb and proximity potential model for deformed
nuclei (CPPMDN) [25]. The CPPMDN proposed by Santhosh
et al. [25], has proved to be very successful in predicting
the half-lives of SHN [26-29]. The element Mt (***Mt) was
identified first with the cold fusion reaction by Miinzenberg
et al. [30] by irradiating >*’Bi target with ®Fe projectiles. The
isotope 28Mt was identified by Hofmann er al. [31] in the
decay chain of the isotope 2’Rg, and the isotope >’°Mt was
identified by Morita et al. [32] in the decay chain of 2Nh.
Oganessian et al. [33] has reported *’*~?®Mt in the decay
chains of 282Nh, 287288\, and 29%29*Ts.

The paper is organized as follows. In Sec. II a brief de-
scription of the CPPMDN [25] and the shell-effect-dependent
formula of Santhosh and Nithya [34] are given. Section III
contains the results and discussion, and Sec. IV represents the
conclusions derived from the paper.

II. MODELS
A. The CPPMDN

The half-life of nuclei which decay through o emission
can be calculated by means of the WKB approximation. The
a-decay half-lives can be obtained using
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where A is the decay constant, v is the assault frequency, and
P is the barrier penetrability. The assault frequency v can be
calculated as
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Here E, is the empirical vibration energy, which is given by
[35]

4-A
E, = Q{0.056 +0.039 exp [%“ for A, > 4.

3

The barrier penetrability P using the one-dimensional
Wentzel-Kramers-Brillouin approximation is as follows:

b
P=exp{—%/ mdz}. 4)

Here the mass parameter is replaced by u = mA|As/A,
where m is the nucleon mass and A, A, are the mass
numbers of the daughter and the emitted cluster, respectively.
V represents the interacting potential between two nuclei.
The turning points a and b are determined from the equation
V(a) = V(b) = Q, where Q is the energy released.

In the CPPMDN the interacting potential between two
nuclei is taken as the sum of the deformed Coulomb potential,
the deformed two-term proximity potential, and the centrifugal
potential for both the touching configuration and the separated
fragments. It is given by

R0+ 1)
2ur?

where V¢ (r,0) is the Coulomb interaction between the two
deformed and oriented nuclei, Vp,(r,0) is the two-term
proximity potential, £ represents the angular momentum, and
u represents the reduced mass.

The Coulomb interaction between the two deformed and
oriented nuclei [36] V¢(r,6), with higher multipole deforma-
tions [37,38] is given as

V = Ve(r,0) + Vpa(r,0) + &)

Z1Z,e* ) 1 R o
Ve(r,0) = +32128° Y —— =¥ (o)
r MZMZA—{—IFJr
4
x [ﬂu + 2B Y§°>(ai>ax,z]. (6)

Here Z, and Z; are the atomic numbers of the daughter and
the emitted cluster, r is the distance between fragment centers,
and

Ri(e;) = Ro; [1 +Y B Y{‘”(m)} (7)
r

where Ry = 1.28Ai1/3 —-0.76 +O.8Ai_1/3. Here «; is the
angle between the radius vector and the symmetry axis of
the ith nuclei (see Fig. 1 of Ref. [37]). The quadrupole
interaction term proportional to 8,182 is neglected because
of its short-range character.

The two-term proximity potential for the interaction be-
tween a deformed nucleus and a spherical nucleus given by

Baltz and Bayman [39] is as follows:

Ri(@)Rc }1/2[ Ry(@)Rc }”2
Ri(@)+Rc+S Ry@)+ Rc+ S
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where 6 is the angle between the symmetry axis of the
deformed nuclei and the line joining the centers of the two
interacting nuclei, and « corresponds to the angle between
the radius vector and the symmetry axis of the nuclei (see
Fig. 5 of Ref. [39]). Ri(«) and R,(«) are the principal radii
of curvature of the daughter nuclei, R¢ is the radius of the
spherical cluster, S is the distance between the surfaces along
the straight line connecting the fragments, and &¢(S) and & (S)
are the one-dimensional slab-on-slab functions.

For the prescission (overlap) region, simple power-law
interpolation [40] has been used. The potential for the internal
part of the barrier is given as

V= do(L — L())n for z < 0, (9)

here L =z +2C; +2C, fm and Ly = 2C fm, where C, C,
and C, are the Siismann central radii of the parent nuclei,
the daughter nuclei, and the emitted cluster, respectively. The
constants gy and n are determined by the smooth matching of
the two potentials at the touching point.

In the case of spherical nuclei, (in the CPPM), the
interacting barrier is given by

B2+ 1)

+ VP(Z) + W for

AVAY
V= 1£2

z>0, (10)

where z is the distance between the near surfaces of the
fragments. Vp(z) is the proximity potential given by Blocki
et al. [41] and Blocki and Swiatecki [42] as

_ CiC z
Vp(2) = 4nyb|:m:|d><g), (11

with the nuclear surface tension coefficient,

y = 0.9517[1 — 1.7826(N — Z)*/A*1MeV/fm>. (12)

Here N, Z, and A represent the neutron, the proton, and the
mass number of the parent nuclei. ® represents the universal
proximity potential [42] given as

D(e) = —4.41e707176  for ¢ > 1.9475, (13)
®(e) = —1.7817 4 0.9270¢ + 0.0169s> — 0.05148¢"

for 0< e < 1.9475, (14)

with ¢ = z/b, where b &~ 1fm is the width (diffuseness) of the

nuclear surface. The Stismann central radii C; of the fragments
are related to the sharp radii R; as

b2
Ci =R — <E>fm. (15)

For R;, we use a semiempirical formula in terms of mass
number A; as [41]

R = 12847 —0.76 + 0.8A; *fm. (16)

i
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B. Shell-effect-dependent formula for spontaneous fission
half-lives

Spontaneous fission was described early within the geomet-
rical framework of the charged liquid drop model [43]. The first
semiempirical formula for calculating the spontaneous fission
half-lives was proposed by Swiatecki [19]. Theoretically the
quantum tunneling effect is considered as the underlying
mechanism of SF. The probability of tunneling through a
potential barrier depends exponentially on the square root of
the barrier height and inversely related to the fissionability

parameter. The fissionability parameter ZXZ and the isospin
effect x—jé play an important role in determining the SF
half-lives of heavy and superheavy nuclei. Considering these
two factors our group had developed a semiempirical formula
for calculating the SF half-lives [44]. Since the shell structure
also plays an important role in determining SF half-lives, by
including the shell correction term, we modified the previous

formula, and it is given by [34]

72 72\? N-—2Z
log,o(Tipp/yr) =a— + bl — ) +c

A A N+Z

N-2z\ |
+d<N n Z) +eEgen + f, (A7)
where a = —43.25203,b = 0.49192, ¢ = 3674.3927,d =
—9360.6, ¢ = 0.8930, and f = 578.56058. Egen is the
shell correction energy taken from Ref. [45]. The estimated
standard deviation from the experimental SF half-life values
of 45 nuclei is found to be 1.6972, i.e., the average deviation
between the theoretical and the experimental spontaneous
fission half-lives is less than 107 times. This level of agreement
is very satisfactory since SF is a much more complex process
than o decay.

III. RESULTS AND DISCUSSION

In the present paper we have studied the w-decay chains
of the isotopes 2*2"Mt. The «-decay chains are predicted
by comparing the o half-lives of each isotope with the
corresponding spontaneous fission half-lives. Those isotopes
with « half-lives less than SF half-lives will survive fission
and hence decay through o emission. The o half-lives
are calculated using the CPPMDN. The CPPM [46], the
Viola-Seaborg-Sobiczewski semiempirical relation [18,47],
the universal curve (UNIV) of Poenaru et al. [48,49], the
analytical formula of Royer [50], and the universal decay law
(UDL) of Qi and co-workers [15,16] have also been used
for a theoretical comparison. The detailed description of all
these theoretical formalisms can be seen in Ref. [26]. The
SF half-lives are calculated using the shell-effect-dependent
formula of Santhosh and Nithya [34] and the semiempirical
formula of Xu et al. [51].

It should be noted that the empirical relationships for
a-decay half-lives obtained in Refs. [15,47-50] have not taken
into account any angular momentum and/or parity corrections.
In the case of even-even nuclei, the spin and parity values of
the parent and daughter nuclei usually are ignored. But in the
case of even-odd, odd-even, and odd-odd nuclei, the transitions
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may occur with different spins and parities of the parent and
daughter nuclei. Consequently the « particle may take away
a nonzero angular momentum £. So the effect of the orbital
angular momentum the emitted o particle should be taken into
account while studying o decay. Denisov et al. [52] performed
the improved parametrization of the unified model for o decay
and o capture (UMADAC) with the inclusion of the orbital
momentum term. The parameter values of the UMADAC have
been obtained by using the updated values of the « decay half-
lives, the binding energies of the nuclei, the spins of the parent
and daughter nuclei, and the surface deformation parameters
of the daughter nuclei. The available a-decay values are well
described by this empirical relationship for «-decay half-lives
which takes into account the spin-parity properties of the
parent and daughter nuclei. Empirical expressions depending
on the angular momentum of the « particle for the even-odd,
odd-even, and odd-odd nuclei are proposed by Royer [53]
in order to find the « half-lives. The introduction of new
terms simulating the centrifugal effects and the hindrance of «
emission with odd values of £ improved the efficiency of the
formulas even though the terms are semiempirical. Recently
Zhang et al. [54] improved the formula of Sahu ef al. [55] by
introducing a precise radius formula and an analytic expression
for preformation probability and calculated the «-decay half-
lives of 421 nuclei. The formula of Sahu et al. [55] is similar
to the UDL [15,16] but with an inbuilt angular momentum
dependence. It was shown that the accuracy of semiempirical
relationship proposed by Zhang et al. [54] was improved
significantly as compared to the formula of Sahu et al. [55].
For calculating the « half-lives, calculation of «a-decay
energies, that is, the Q value plays an important role. Q
values are obtained by the atomic mass difference between
the ground states of the parent and decay fragments. For
calculating the Q values, we have used the recent mass table
of Wang et al. [56], which is based on the AME2016 atomic
mass evaluation. The screening of atomic electrons [57,58]
also is taken into consideration while calculating the Q values
using the mass table of Wang et al. [56]. Since the o-decay
energies are very sensitive to the mass excess values, the
half-lives of the experimentally synthesized isotopes of Mt
also are calculated using the Weizsédcker-Skyrme 4 + radial
basis function (WS4 + RBF) model [59], the mass table of
Moller et al. [45], and the mass table of Koura et al. [60].
Tables I-V show the Q values, the decay half-lives, and the
decay modes for all the experimentally synthesized isotopes
of Mt. The first column represents the parent nuclei in the
a-decay chains. The second column represents the Q values
calculated using different mass models and the experimental Q
values [30-33]. One can see from the tables that the Q values
calculated using different models are different from each other.
For example, in the case of 2°°Mt, the experimental Q value
reported by Miinzenberg et al. [30] is 11.100 MeV. Using the
mass table of Wang ef al. [56] the Q value obtained for 2000\
is 11.048 MeV, whereas, in the WS4 mass table [59], the mass
table of Moller et al. [45] and the mass table of Koura et al.
[60] give the Q values as 11.311, 10.755, and 11.118 MeV,
respectively. It is well known that the «-decay half-lives are
extremely sensitive to the Q values. A change in the Q value
by 1 MeV will make several order changes in the calculation
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of the half-lives. For example, in the case of 210Bh, the (0]
value calculated using the mass table of Wang et al. [56] is
9.117 MeV, and the corresponding half-life using the CPPM is
2.218 x 10! s. But with the mass table of Méller et al. [45], the
Q value for the same isotope is 8.325 MeV, and the half-life
is 1.406 x 10* s. The sensitivity of the Q value to the mass
model, makes the prediction of half-lives with good accuracy,
very difficult. From the tables, it is seen that, for the decay
chains of the isotopes of Mt, the Q values calculated using the
mass table of Wang ez al. [56] are in better agreement with the
experimental Q values. The WS4 mass table [59] also gives a
reasonable agreement. The deviation from the experimental Q
value is larger while using the mass table of Koura et al. [60].
Soitis clear that the «-decay energies obtained using the mass
table of Wang et al. [56] are very satisfactorily in agreement
with the experimental Q values of the different isotopes in the
decay chain of Mt.

Recently Bao ef al. [61] has performed theoretical predic-
tions for the decay chain of the nuclei *%>270Og. In the
study, to test the sensitivity of the «-decay half-lives with the
changes in Q value, the authors have considered the mass
model of Wang et al. [62], the WS4 mass model [59], and the
two-center shell model (TCSM) [63]. It was found that the
Q values obtained from the mass table of Wang et al. [62]
are in good agreement with the experimental data. The decay
properties of the isotope 2°°Og were analyzed by Sobiczewski
[64], and it is seen that the Q value varies between 10.43
and 13.33 MeV using nine different mass models. The study
reveals a very careful choice of mass model to calculate
realistic Q values. The best description of 2*°Og is obtained

PHYSICAL REVIEW C 96, 044613 (2017)

by the TCSM [63] and the WS series models [59,65]. Similar
studies have been performed by the same author in the case of
240g using five different mass models [66]. Illustrations of the
accuracy of the nuclear mass models also were performed by
Litvinov et al. [67], and the authors found that among the seven
mass models tested, the best accuracy is obtained for the WS4
+ RBF model [59]. Wang e al. [68] have studied the «-decay
half-lives of SHN with Z > 100 using 20 mass models and 18
empirical formulas and found that the WS4 mass model [59] is
the most accurate one to reproduce the experimental Q values.

In the present paper, the predictions on the half-lives for
the isotopes 206-268:2702742T8\1t are given in columns 3-11
of Tables I-V. Columns 3 and 4 represent the SF half-lives
calculated by the semiempirical formula of Xu ez al. [51] and
the shell-effect-dependent formula of Santhosh and Nithya
[34]. The SF half-lives with the shell-effect-dependent formula
is given as KPS in the tables. The semiempirical formula of
Xu et al. [51] originally is made to fit the SF half-lives of
even-even nuclei. Since we have considered only the odd-Z
(i.e., odd-even and odd-odd) nuclei in the present paper, we
have taken the average of the SF half-lives of the corresponding
neighboring even-even nuclei. The T.7"’s of two neighboring
even-even nuclei have been taken in the case of odd-even
nuclei, and the 7.3"’s of four neighboring even-even nuclei
have been taken while dealing with odd-odd nuclei. Columns
5-10 represent the « half-lives using the CPPMDN [25], the
CPPM [46], the VSS [18,47], the UNIV [48,49], the analytical
formula of Royer [50], and the UDL [15,16]. The half-lives
are calculated for different Q values obtained with different
mass tables. In many cases order differences in half-life values

Atomic number of parent nuclei in the corresponding o decay chain

109 107 105 103 101 99 97 95 93 91 89
| | | | | | | | | | |
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FIG. 1. The comparison of the calculated «-decay half-lives with the spontaneous fission half-lives for the isotopes 2°2Mt and their

decay products.
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FIG. 2. The comparison of the calculated «-decay half-lives with the spontaneous fission half-lives for the isotopes 27-2Mt and their

decay products.

can be seen with different O values. Experimental half-lives in columns 12 and 13. The decay modes of the isotopes are
[30-33] of the isotopes, corresponding to the experimental  predicted by comparing the «-decay half-lives calculated with
decay modes are given in column 11. The theoretical and the CPPMDN with the SF half-lives using the shell-effect-
experimental predictions on the modes of decay are given dependent formula of Santhosh and Nithya [34]. For isotopes

log [T, ,(5)]

Atomic number of parent nuclei in the corresponding o decay chain
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FIG. 3. The comparison of the calculated a-decay half-lives with the spontaneous fission half-lives for the isotopes 2®*?’°Mt and their

decay products.
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FIG. 4. The comparison of the calculated «-decay half-lives with the spontaneous fission half-lives for the isotopes 27"*"*Mt and their

decay products.

with Tl"‘/Z < Tsr, the a-decay dominates over SE. It is seen
that the predictions on the decay modes match very well with
the experimental results [30-33] for the isotopes
For a better matching with the experimentally observed decay

FIG. 5. The comparison of the calculated a-decay half-lives with the spontaneous fission half-lives for the isotopes 2’*?’*Mt and their

decay products.
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chain, in the case of 28Mt, the « half-lives calculated using
the CPPMDN are compared with the spontaneous fission half-
lives of Smolariczuk et al. [24]. For 2°°Mt, experimentally
it was observed that after the second « chain, the isotope

Atomic number of parent nuclei in the corresponding a decay chain
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FIG. 6. The comparison of the calculated a-decay half-lives with the spontaneous fission half-lives for the isotopes 2’>?’*Mt and their

decay products.

28Db exhibits electron capture (EC) to form 258Rf, which
then decays by SF [30]. But theoretically long « chains are
predicted from 266 M. Experimental results [69] show that the
probabilities of electron capture for 2¥Db are 35% and those

log,, [T, ,(s)]

Atomic number of parent nuclei in the corresponding o decay chain
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of the o decay are 65%. After the fourth o chain, the decay
product of the isotope 210Myt, that is, 2*Md, also shows electron
capture (b, = 92%), and thereafter the daughter isotope >>Fm
will undergo o decay [32].
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decay products.
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a-DECAY CHAINS OF SUPERHEAVY ...

Since we are successful in reproducing the experimental
decay modes of the isotopes 26%-27+2"8Mt, we have confidently
extended our study to predict the decay modes of all the
isotopes of Mt within the range of 265 < A < 279. The plots
for the log,, 71/, versus mass number of the parent nuclei
for the isotopes 26>-2’8Mt are shown in Figs. 1-7. From the
figures, by comparing the o half-lives calculated using the
CPPMDN (solid blue up triangle) with the SF half-lives by
the shell-effect-dependent formula (solid red circle), it is seen
that the isotopes 263-267:269.271=23\[t exhibit long « chains
with half-lives within the experimental limits (for example,
using the CPPMDN, T, = 1.916 x 10 s for **Mg; T}, =
1.175 x 107 s for *Mt; Tf, = 1.809 x 107* s for **Mt;
Tf, = 1.569 x 1072 s for *’'Mt; T}, = 8.436 x 10~* s for
PMt, and T{, =4.811 x 107 s for *Mt). The isotope

2Mt decays by SF since its SF half-life is less than the o
half-life. As the predicted half-lives of the isotopes are within
the experimental limit, we hope that our present paper, which
predicts the modes of the decays of the isotopes 2>¢27*Mt, will
be very helpful in future experimental studies.

PHYSICAL REVIEW C 96, 044613 (2017)

IV. CONCLUSIONS

Predictions on the a-decay chains of 26>-27Mt are presented
in the paper. The a-decay chains are predicted by comparing
the «-decay half-lives within the CPPMDN of Santhosh
et al. [25] with the spontaneous fission half-lives using the
shell-effect-dependent formula of Santhosh and Nithya [34].
The predicted half-lives and decay modes match very well with
the experimental results. The half-lives also are calculated with
other theoretical formalisms for a comparison. Among four
different mass tables used for calculating the «-decay energies,
it is seen that the mass table of Wang et al. [56] is in better
agreement with the experimental results for the isotopes in
the decay chains of Mt. Long « chains are predicted from
265.267-269.271-213Mt with half-lives within the experimental
limits. The isotopes 27+276-278 Mt exhibit 2« chains followed by
spontaneous fission. The 2« chain of 2*Mt and the 4« chain of
20Mt end with electron capture. The isotopes 2’727 Mt decay
via spontaneous fission. We hope that our paper will be useful
for future experimental investigations in this field.
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