PHYSICAL REVIEW C 98, 064307 (2018)

Predictions for decay modes for superheavy nuclei Z = 118-124
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To study whether long-lived superheavy nuclei could really exist around Z = 120 and N = 184, the
competition between o decay and spontaneous fission in the region 104 < Z < 124 are systemically studied.
The «-decay half-lives are investigated by employing a generalized liquid drop model and the analytical universal
decay law formula. The calculation of spontaneous fission half-lives are carried out based on generalized
Swiatecki’s formula. The competition between « decay and spontaneous fission is analyzed in detail and the

decay modes are predicted for the unknown nuclei.
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I. INTRODUCTION

The synthesis of superheavy nuclei (SHN) has always
been an important topic in nuclear physics [1-6], the stability
and decay properties of the SHN have been a longstanding
fundamental question [7-13]. It is well known that o decay
and spontaneous fission are the main modes of decay for SHN
[14-18]. Experimentally, the unambiguous identification of
the new isotopes still poses a problem because their «-decay
chains terminate by spontaneous fission before reaching the
known region of the nuclear chart [19-28]. Theoretical under-
standing of the competition between « decay and spontaneous
fission is of crucial importance.

In recent years, many theoretical models have been devel-
oped to calculate the o decay half-lives of SHN [29-43]. The
simple empirical relations between «-decay half-lives and de-
cay energies have also been discussed [44—53]. The calculated
a-decay half-lives are in agreement with the experimental
data. The «-decay half-lives of SHN are predicted within
different theoretical models or empirical formulas using Q,
values from different mass formulas.

Compared with « decay, spontaneous fission is a much
more complex process and not satisfactorily understood yet
[54-64]. However, it plays an important role because the
a-decay chains of SHN tend to end with spontaneous fission
such as 2%32**Mc [5]. If we can obtain the shape and width
of the fission barrier, the computation of the spontaneous
fission half-lives is reduced to solve the possibility of barrier
penetration [10,14]. Many methods have been developed to
describe the fission barriers and spontaneous fission half-
lives [65-75]. Very recently, theoretical uncertainties in the
predictions of inner fission barrier heights in SHN have been
investigated in a systematic way based on covariant energy
density functionals, with the difference in the inner fission
barrier height of some SHN reaching 5-6 MeV [76]. This
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uncertainty in the fission barrier heights will be translated into
huge uncertainties in the spontaneous fission half-lives.

Compared with the theoretical results of competition be-
tween o decay and spontaneous fission for even-even SHN,
those of odd-Z nuclei seem to be rare [77-81]. In the present
work, three modified formulas including the microscopic shell
correction [72-74] are used to determine the spontaneous
fission half-lives based on the Swiatecki formula. The «-decay
half-lives of the SHN are studied based on the frameworks
of the generalized liquid drop model (GLDM) [82-85] and
the analytical universal decay law (UDL) formula [48,49].
The stability of superheavy nuclei against these two important
decay modes and the competition between them are discussed.
This work aims at the interpretation of existing experimental
decay modes and predictions of decay modes of yet unknown
nuclei.

II. THEORETICAL FRAMEWORK
A. a-decay half-lives

Very recently, in order to test the abilities of our calcu-
lations on the «-decay half-lives by using analytic formula
and semiclassical approaches, the a-decay half-lives of SHN
with Z > 104 have been systematically studied. The results
of systematic calculation demonstrate that the UDL formula
and the GLDM with consideration of the preformation factor
give fairly equivalent results for the SHN [86].

The UDL formula is written as
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Here Q, is the decay energy in MeV units, and Z; and
Ay are the charge and mass number of the daughter nuclei,
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respectively. The UDL formula has been derived from the mi-
croscopic description of the o decay [48] or the first principles
of quantum mechanics [49]. The parameters a, b, and ¢ are
addressed in detail in Ref. [86].

In the GLDM, the «-decay constant is defined as,

A= PyuP. (2)

The assault frequency vy is calculated phenomenologically as
addressed in detail in Ref. [87],

1 J2E,
2RV M

The barrier penetrability P is computed within the action
integral
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where Rj, and Ry are the two turning points of the WKB
action integral. The two following approximations have been
used here:

P=exp|-7
=expy——
h Rin

Rin = Ri + Ry, Row = €*Z1Z2/ Qus 5

where R, R, are the radius of « cluster and daughter nucleus,
respectively. The V,(r) has been researched in Ref. [88],
where the potential V,(r) has been determined within a liquid
drop model [82,83]. In the present work, the preformation
factor is adopted by an analytic formula [87]:

Py = expla +b(Z — Z1)(Z, — Z)
+c¢(N — Ny)(N, — N)+dA], ©6)

where Z, N, and A are the charge, neutron, and mass number
of the parent nucleus, respectively, which provided general
guidance for the microscopic study on the «-particle pre-
formation factor. The preformation factor P, is addressed
in detail in Ref. [87]. Finally, the decay constant is simply
defined as A = P,vy P and half-lives can be obtained by T =
In2/A.

B. Spontaneous fission half-lives

The spontaneous fission half-life is inversely proportional
to the probability P of the penetrability through the barrier
based on the WKB approximation. The spontaneous fission
half-life T is calculated by the formula

Ter — In2 7
SF — ])()P ’
where vg denotes the number of assaults of the nucleus on the
fission barrier in a time unit. We assume fission barriers by
using the parabolic potential approximation, the penetrability
probability P for such a barrier will be [89]

P =[l+exp2n(Vy — E)/hos]™". ®)

The fission barrier is determined from potential energy
surfaces calculated according to the macroscopic-microscopic
method [91]. In order to determine the fission barrier, the
nuclear binding energy is expressed as

E = E;p + Esen- 9

The barrier height V, can be given by the potential energy
surfaces difference [54,90],

Vi =AErp + AEg. (10)

The difference A E; p between the smooth liquid drop poten-
tial energy surface should be a regular function of the fissility
parameter Z2/(1 — kI?)A,

AE p = f(Z*/(1 —kI*)A. (11)

In the present work, we make the assumption that shell effects
have disappeared by the saddle point. It is seen from Ref. [92]
that shell effects indeed practically vanish at the saddle con-
figuration. Finally, the fission barrier can be expressed:

E; = f(Z*/(1 —kI*)A) + Egen, (12)

where Eg,e is the microscopic correction energy.
Thus, incorporating Eqs. (8)-(12) into Eq. (7) we may
express the spontaneous fission half-lives,
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Eqpen 1s the microcosmic energy taken from FRDM [91]. This
semiempirical formula is similar to the Swiateck’s formula
[55], which is addressed in detail in Ref [73].

The second is the Santhosh (KPS) formula [74], which is
written as

log,o T12(yr)

z2+b 72 2+ N-7Z o d N —Z7Z\?
=a— — c
A A N+Z N+2Z

+eEgpen + f,

(14)

where the parameters are a = —43.25203, b = 0.49192, ¢ =
3674.3927, d = —9360.6, ¢ = 0.8930, and f = 578.56058.
Eqpen is the microscopic energy taken from Ref. [93].

The third formula to calculate spontaneous fission half-life
is the Karpov (AVK) formula [72], which reads

logo Ti/2(s) = 1146.44 — 75.3153Z%/A
+1.63792(Z%/A)* — 0.0119827(Z%/A)?
+ B£(7.23613 — 0.0947022Z%/ A) + h.
(15)

In Ref. [72], By is the fission barrier, which is calculated as a
sum of the liquid drop barrier B (L DM ) and the ground-state
shell correction 6U (g.s.), i.e., By = Bf(LDM)+8U(g.s.).
The h = 0 for the nuclei when Z and N are even. When A
is odd, & = 1.53897, and when both Z and N are odd, & =
0.80822. However, we find that the AVK formula replaced
the microscopic shell correction Ege by the fission barrier
By. According to the expression of tunneling probability P as
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TABLE 1. Experiment half-lives for SHN compared with calculated half-lives by the UDL formula and GLDM to « decay and three
formulas to spontaneous fission [97].

Nuclei  log,o(77},) log (7)) log,(T),) 1Oglo(TlS/g 10:%10(711S/12r
(Exp.) (UDL) (GLDM) (Exp.) (Cal.)
Qo Qo oy O« Qo Qa Bao KPS NAVK
(Exp.) (WS)  (FRDM)  (Exp.) (WS)  (FRDM)

Pi0g —3.161 —3.667 —4.398 —4.697 —3.109 —3.802 —4.091 4.666 8333  19.480
237 —1.658 —2318 —3.033 —3.172 —1810 —2498 —2.634 8.279 6910  12.638
24Ty —1.292 —1533 —1872 —2735 —2044 —2376 —3.217 11.649 6.458 6.586
20y —2.081 —2246 —2530 —2537 —1801 —2079 —2.085 3.711 5.642 17.863
Py —1.721 —1.527 —2031 —2100 —1.064 —1555 —1.623 7.186 5.296 11.945
22y —1.886 —1.710 —2480 —1.828 —1337 —209 —1.456 5.343 4.739 18.951
2Ly —1.244 —1.089 —1352 —1676 —0.702 —0969 —1.282 9.026 4173 13.190
BTMc —1432  —1455 —1224 —0.060 —0915 —0.685 0.483 5.749 4.978 9.754
B8Mc —-0759  —0.676 —0.329 0717 —1.109 —0.764 0.292 9.700 4.802 4.296
BIMc —0.481 —0.770  —0.340 0.535 —0.325 0.107 0.991 7.117 4110  10.580
20Mc —0.187 —0.115 —0.030 1293  —0482 —0.39%4 0.944 10.904 3.680 4.903
5] —0.824 1.847 —1.496 2312 2373 —0.981 2.839 4321 3.583 8.761
286 —0.699 —1.134 —0.847 1.682 —0.771 —0.482 2.057 1.539 3.052 14.951
87| —-0319  —0.197 0.162 2.406 0.250 0.611 2.863 5.429 2.780 9.403
288p] —0.180  —0.383 0.513 2392 —0.087 0.814 2.702 3.021 2.161 15.927
B9p] 0.279 0.312 0.946 3.841 0.672 1.309 4.220 7.555 1.672  10.854
22Nh —1.137  —1.636 —2246 1.129 —1978 —2.580 0.797 3.958 2466 —1.548
23Nh —1.125 —1.054 —1.804 1.944 —0562 —1.313 2.443 1.586 2.136 5.099
24Nh —0.013 0.100 —0.710 3.056 —0.188 —1.001 2775 5.515 2025 —0.393
25Nh 0.623 —0.059 —0.387 3.150 0.363 0.035 3.581 3.143 1.402 6.237
28Nh 0.978 1.017 0.942 3.824 0.808 0.732 3.623 6.969 1.039 0.596
BlCn —088 —1576 —1843 —0.694 —1.087 —1357 —0.203 —1.618 0.680 3.123
82Cn 0.747 —1.511 0.951 1.047 —1.232 1.253 —3.041 —3.783 0.280  10.034
33Cn 0.655 0.641 —0.197 2.670 1.039 0.201 3.071 0.317 0.072 4.666
84Cn 2213 —0.179 3.289 2.424 0.028 3.505 —1.009 —2.155 —0646  11.317
B5Cn 0.447 1.651 1.171 4.079 1.977 1.497 4.415 1.807 —1.121 5.773
8Rg —2377  —2408 —3.122 —3.691 —2603 —3301 —3.851 0.456 0.600 —4.775
Rg —1.046  —2065 —2608 —3.064 —1581 —2129 —2.568 —2954 —0.110 1.264
B0Rg 0.623 0059 —1218 —0571 —0.072 —1357 —0.708 0778 —0.292 —4358
BIRg 1.070  —0.754 1.209 1480 —0.357 1.620 1.286 —1.894 —0.935 2.233
BRg 2.000 2.292 0.871 3.532 2.247 0.817 3.496 2240 —1322 —3.181
Ds —2387 —2851 —2950 —2788 —2393 —2494 —2.329 —2.127 —0244 2.721
Ds —0560 —1.673 —0.084 —0.168 —1.289 0.311 —0.627 —3.125 —1.631 2.431
Blpg 2.492 0.755 3.539 2.813 1.067 3.867 1.135 —2.142 —2939 3.374
AMt —-0357 —1337 —1562 —0945 —1408 —1635 —1.015 5.089 1.099 —1.984
Mt —1.699  —2543 —2112 —1443 —2107 —1679 —1.004 0.534 0.071 3.496
2T5Mt —0347 —0910 —0826 —0.620 —0907 —0822 —0.615 2072 —0.719 —3.485
Mt —-0.761 —0.574 —0866 —0394 —0.207 —0.500 —2.301 —2727 —1.956 2.050
8Mt 0.653 0.335 0.105 0.948 0.418 0.187 1.032 —0.083 —2627 —4.226
Y5 —0.119  —0.827 —0.193 0.063 —0.410 0.224 0.479 1.944 0.367 5.046
25Hs —0.699  —0.046 0.689 0.118 0.296 1.032 0.460 —1522 —1.715 3.768
2TTHs 1.933 1.429 2.143 2.207 1.701 2.417 —2.523 —3488 —3.935 3.461
20Bh 1.785 1.315 2.383 4277 1.420 2.493 4.400 7.950 1732 —0.937
21Bh 0.176  —0.253 0.862 2.160 0.183 1.304 2.608 3.868 0.892 5.061
22Bh 1.025 0.908 1.350 1.838 1.085 1.529 2.021 5.370 0.028 —1.761
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TABLE 1. (Continued.)

Nuclei  log,(T}},) log,o (7)) log, (7)) loglO(TIS/g) log 10(T|§§)
(Exp.) (UDL) (GLDM) (Exp.) (Cal.)
Q. oy Q. o Q. Q. Bao KPS NAVK
(Exp.) (WS)  (FRDM)  (Exp.) (WS)  (FRDM)

274Bh 1.643 1.628 2.399 2.395 1.833 2.606 2.602 2293 —2314 —2495
98¢0 2.270 1.658 3.392 5.177 2.075 3.819 5.619 4472 1.224 6.166
718 1.723 2.198 2.624 2.070 2.547 2.976 2219 1.806  —0.797 5.716
20Dp 6.183 4.334 6.764 6.438 4.573 7.025 3.121 7.207 2094 —1.207
27Dp 6.420 5.095 7.462 6.844 5.505 7.900 3.670 5.216 1.682 5.732
28D 6.688 4.460 7.458 7.026 4.776 7.805 5.008 7.962 1.134  —0.527
20pp 4.279 3.568 4732 4.673 3.957 5.130 4732 5170 —1237 —0.687
205Rf 6.920 4.489 7.453 7.323 4.867 7.862 1.778 4.064 1.861 6.672
HTRE 7.419 4.620 8.151 7.756 4.926 8.498 3.670 4.589 0.547 7.377

derived from Egs. (8)—(12), this leads to double counting of
the macroscopic energy.

III. NUMERICAL RESULTS AND DISCUSSIONS
A. a-decay half-lives

Systematic calculations on the o-decay half-lives of SHN
are performed with the GLDM and the analytical formula of
UDL by the experimental Q, values. We found that the UDL
formula is very appropriate to describe the a-decay half-lives
of SHN [86]. Because the results from the GLDM are in fair
agreement with the experimental data, which indicates that
GLDM is a useful tool to investigate the half-lives of o decay
when the experimental Q, values are given [86]. It is well
known that the «-decay half-life is sensitive to changes in Q,;
a change in the Q, value by 1 MeV may result in a change of
half-life of about three orders of magnitude or even more. Up
to now, however, there has been almost no approach that could
provide an accurate Q, value theoretically with a deviation of
less than 0.3 MeV.

In order to compare the predictive power of « decay
Q. from different mass models, we have performed the
calculations on the o decay Q, of the 74 SHN with Z >
104 by the microscopic-macroscopic model based on the
deformed Woods-Saxon potential (MMM) [94], the finite-
range droplet model (FRDM) [91], the Koura-Tachibana-
Uno-Yamada (KTUY) [95], and Weizsidcker-Skyrme (WS)
[96]. To show the global deviation between the experimental
and calculated Q,, values, the root mean square (RMS) devi-
ations are calculated. By comparing the calculated results, we
can find that the RMS of MMM is 0.360, WS is 0.263, FRDM
is 0.547, and KTUY is 0.421. From these values, we can
consider WS as a better method for Q, than MMM, FRDM,
and KTUY to describe decay energy. However, to study the
influence of the o decay Q, on the half-lives and decay mode,
we take two different models for calculation of the Q, (WS
and FRDM).

B. Spontaneous fission of half-lives

As is pointed out in Sec. I, calculations of the spontaneous
fission half-lives of SHN are extremely sensitive to the height
of the fission barrier. Through theoretical discussion on the
calculation of the spontaneous fission half-lives in Sec. II B,
we replace the fission barrier height By in the AVK for-
mula with shell correction Ege. In the present work, we
choose 45 even-even nuclei, 12 odd-Z nuclei, and 12 odd-N
nuclei whose spontaneous fission half-lives are known from
Ref. [73]. We refit the parameters in the AVK formula

A

z2\’ z?
+C4<X> + Eghenl (Cs - Cex) +h,

(16)

Z2 ZZ 2
logyo T12(yr) = c1 + 2 + Cs(—)

where Ege is the shell correction energy taken from
Ref. [91].

First, for even-even (Z-N) nuclei, the parameter £ is 0.
So we can fit other parameters to the spontaneous fission
half-lives. The parameters c; = —764.211, ¢, = 68.648, c3 =
—1.875, ¢4 = 0.016, cs = —19.786, c¢ = —0.503. Then, we
fit the spontaneous fission half-lives for 12 odd-N and 12
odd-Z nuclei. We get the parameter h,, = —6.524 and h,, =
—7.361 to fix the new AVK (NAVK) formula with the values
ci-c¢, and h,, = he, + h,e. We calculate the spontaneous
fission half-lives by using refit AVK formula, and the RMS
from the experimental spontaneous fission half-life of 45
even-even nuclei is found to be 2.08. The value is larger than
the RMS of the KPS formula 1.70 [74] and Bao formula 1.10
[73]. Compared to AVK formula without isospin effect, one
can find that the isospin effect contributions are considered in
the analytical formula (Bao and KPS formula), the theoretical
results can better reproduce the experimental spontaneous
fission half-lives.
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C. Prediction the mode of decay for Z = 118-124

According to the above calculations, we now discuss the
competition between o decay and spontaneous fission. We
calculate the «-decay and the spontaneous fission half-lives
and the results are shown in Table I, and compared with
available experimental results [97]. We find that the analytical
formula of UDL is also very appropriate to describe the «-
decay half-lives. The calculated o half-lives from the GLDM
are in good agreement with the experimental data, which
indicates that the GLDM and UDL are useful tools to inves-
tigate the half-lives for o decay when the reliable Q, values
are determined by theoretical models. The experimental and
theoretical spontaneous fission half-lives are also compared
in the last four columns of Table I. The agreement between
the calculated results and the experimental data is roughly
good.

By comparing the half-lives for o decay with those for
spontaneous fission, one can identify the decay mode of each
nucleus. We show that the decay modes are determined by
different methods and compared with the experimental data
from 2°7Rf to 2**Og. The a-decay half-lives of SHN have been
calculated with the GLDM and the analytical UDL formula
using the experimental Q, values. The modified Swiatecki
formulas (Bao formula, KPS formula and AVK formula) are
used to evaluate the half-lives for spontaneous fission. The
theoretical calculation of the competition mode is judged by
one order of magnitude between o decay and spontaneous
fission (0.1 < T,/ Tsr < 10). By using the experimental Q,
value to calculate the half-life for « decay, then compared the
second column with the third column in Table II, one can see
that the calculated decay modes are in agreement with the
experimental data [97].

In Table II, the o-decay half-lives are also calculated by
using the O, values taken from the mass table WS. The
modified Swiatecki formula (Bao formula) is used to evaluate
the half-lives for spontaneous fission. The fourth column gives
the decay mode determined by the a-decay half-lives of the
mass table WS. As one may notice, our calculations agree well
with the experimental decay modes. In addition, we adopt the
generalized Swiatecki’s formula (Bao formula) for calculating
the half-lives for the spontaneous fission by using the shell
correction taken from FRDM, and Q, values of the SHN are
also obtained within the mass table of FRDM for calculating
the half-lives for the o decay. The fifth column gives the
« half-life determined by FRDM @, value, then the decay
mode is determined. The calculated decay modes are in good
agreement with the experimental data.

In order to study the effect of the uncertainty of spon-
taneous fission half-life on the decay mode, we compare
the decay modes determined by three different spontaneous
fission half-lives based on the same «-decay half-lives. It can
be seen from the results of Table II that the KPS formula
accurately reproduced 34/35/28 experimental values, the Bao
formula was 38/36/36, and the NAVK formula was 31/30/30
if we calculated the half-life of o decay based on the ex-
perimental, WS and FRDM Q,, value, respectively. This fact
suggests that for a given SHN, the decay mode is determined
mainly by spontaneous fission half-lives. From Table II, we

also find that decay mode is sensitive to the Q, value, even
though it is less obvious than that of spontaneous fission.
It is anticipated that the majority of SHN would o decay
and/or fission, but predictions vary from model to model,
primarily due to our inability to make accurate predictions for
spontaneous fission half-lives. By comparing the decay modes
determined by different methods, we find that the methods
considered the isospin effect greatly improve the ability of
theory to reproduce experimental decay modes.

Although both the Bao formula and the KPS formula
contain the influence of the shell corrections and isospin effect
on the spontaneous fission half-lives, we see from Figs. 14
that there are still significant differences in the spontaneous
fission half-lives of the two formulas. By comparing the
results of the KPS formula and Bao formula, we find that
the trend is roughly the same for N < 184, but the difference
of spontaneous fission half-lives is about several orders of
magnitude. For N > 184, there are significant differences
between the two formulas, or even the opposite trend. And
we find that in the calculation of the KPS formula, the half-
life of spontaneous fission is almost reduced as the decay
progresses. However, experiments and theories show that the
shell correction provides additional stability for the SHN
[25,97]. The effect of the nuclear structure on the decay chain
almost disappeared based on the KPS formula. Therefore, it
is very important to consider isospin effect and shell effect
reasonably in formulas for calculating the half-lives of spon-
taneous fission.

Through the above description and discussion, we used the
UDL formula and GLDM to calculate «-decay half-lives with
Q. from WS and FRDM, and compared with Bao formula to
calculate spontaneous fission half-lives. In the present work,
we calculated nucleus decay chain and predict the mode of
decay Z = 118-124. We have selected 12 isotopes of SHN
with Z = 124 and Z = 123, respectively, for studying the
a-decay chains. Through Figs. 1-2, we can find some of the
rules. o decay is a main decay mode when decay begins N <
184. After about six or five times of « decay, there are com-
petition for spontaneous fission and « decay. Figures 3—4 rep-
resent the comparison between the a-decay and spontaneous
fission half-lives for SHN 293:296.309.310 77 294.295.308.30917 1
289,290,307,3081 () 288,289.306,307 1 19 ,p( 2832843053061 1§ Tpe
decays of these nuclei are not included in the «-decay chain
of Figs. 1-2. By comparing the a-decay half-lives and sponta-
neous fission half-lives and then determined decay modes, we
would like to point out our conclusion about perspectives of
employing the fusion reactions for synthesis of new SHN with
Z = 118-124 and 174 < N < 184, the main decay mode of
these nucleus is o decay. This conclusion is based on a rather
simple phenomenological model that calculated the half-lives
of spontaneous fission. In order to verify this finding, more
fundamental calculations should be made to take into account
the odd-nucleon blocking effects and the multidimensional
potential energy surface of the fission process [57-60,62,63].

The present calculated half-lives agree with the experi-
mental ones, the calculations are extended to provide some
predictions for o-decay and spontaneous fission half-lives,
which will be useful for future experiments to synthesize and
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TABLE II. Theoretical decay modes are compared with experimental decay modes [97].

Nucleus mode (exp) mode (Bao) mode (KPS) mode(NAVK)
Oq (Exp) Qo (WS) O, (FRDM) Q. (Exp) Q. (WS) @, (FRDM) Q. (Exp) Q. (WS) Q. (FRDM)

240g o o o o o o o o o o
23T o o o o o o o o o o
24T o o o o o o o o o o
201y o o o o o o o o o o
Py o o o o o o o o o o
21y o o o o o o o o o o
MLy o o o o o o o o o o
BTMc o o o o o o o o o o
B8Mc o o o o o o o o o o
BIMc o o o o o o o o o o
20Mc o o o o o o o o o o
851 o o o o o o a/SF o o o
26 «:0.6 o o o/SF o o o/SF o o o
B7R] o o o o o o o/SF o o o
28E) o o o a/SF o o a/SF o o o
29 o o o o o/SF o/SF SF o o o
22Nh o o o o o o o o/SF o/SF SF
23Nh a a a a/SF a o a/SF a a a
284Nh o o o o o o o/SF o/SF o/SF SF
25Nh o o o o/SF o o SF o o o
25Nh o o o o a/SF «/SF SF a/SF a/SF SF
BlCn a a/SF o/SF o/SF o o a/SF o o o
22Cn SF SF SF SF o/SF o «/SF o o o
B3Cn a > 0093 a/SF o/SF SF a/SF a/SF SF o o o
BiCn SF SF SF SF SF a/SF SF o o o
B5Cn o o/SF o/SF SF SF SF SF o o o
78R o o o o o o o SF SF o/SF
Rg o o/SF a/SF a/SF o o o o o o
0Rg o o/SF o o «/SF a/SF o/SF SF SF SF
BIRg SF:0.88 SF SF SF SF «/SF SF a/SF o
BIRe a a/SF a SF SF SF SF SF SF SF
Ds o o/SF o/SF o/SF o o o o o o
Ds SF:0.89 SF SF SF SF a/SF SF a a a
BIpg SF:0.93 SF SF SF SF SF SF a/SF a a/SF
4Mt o o o o o o o o/SF o/SF o/SF
Mt % % % o o o o o o o
oMt a a a a o/SF a/SF a/SF SF SF SF
MLt SF SF SF SF SF SF SF o o a
8Mt o o/SF o/SF SF SF SF SF SF SF SF
3Hs a a a a a/SF a/SF a/SF a a a
5Hs o SF SF SF SF SF SF o o o
2THs SF SF SF SF SF SF SF o a a
20Bh o o o o a/SF «/SF SF SF SF SF
Z1Bh o o o o a/SF a/SF SF o o o
?2Bh o o o o «/SF SF SF SF SF SF
24Bh o a/SF o/SF o/SF SF SF SF SF SF SF
299g a o o/SF o/SF a/SF SF SF o o o/SF
1S SF:0.58 o/SF «/SF «/SF SF SF SF o o o
26D SF a/SF o o/SF SF SF SF SF SF SF
7Db SF SF o/SF SF SF SF SF a/SF a/SF SF
28D SF o/SF o o/SF SF SF SF SF SF SF
0Dp SF a/SF o o/SF SF SF SF SF SF SF
2SR SF SF a/SF SF SF SF SF a/SF a a/SF
7R SF SF «/SF SF SF SF SF o/SF o o/SF
38/54 36/54 36/54 34/54 35/54 28/54 31/54 30/54 30/54
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FIG. 1. Z =124, A =301-312 decay chain calculated by the
UDL formula and GLDM to «-decay half-lives and two formulas
to spontaneous fission half-lives.

detect new SHN. In Table III, we list the a-decay half-lives by
the UDL formula and GLDM. Spontaneous fission half-lives
of the isotopes of Z = 118-124 are also predicted.

15
10

300 292 284 276 268

301 293 285 277 269
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302 294 286 278 270 303 295 287 279 271
A

304 296 288 280 272
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A

308 300 292 284 276

309 301 293 285 277

- 310
1 L+ 1 11

(k)

311 ()
m TR U U T

310 302 294 286 278 311 303 295 287 279
A

FIG. 2. Z =123, A =300-311 decay chain calculated by the

UDL formula and GLDM to «-decay half-lives and two formulas
to spontaneous fission half-lives..

IV. SUMMARY

In general, this paper used the UDL formula and GLDM

064307-7
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FIG. 3. 295,296.309,310122, 294,295,308,309121’ and 289,290,307,308120

decay chains calculated by the UDL formula and GLDM to «-decay
half-lives and two formulas to spontaneous fission half-lives.

energy Q, chosen in computation comes from four different
mass tables. Then we calculated spontaneous fission half-lives
by three different formulas. We find that the consideration of

288 280 272 264 289 281 273 265
-I L I L I L I L L I L I L I L
(@) 289 (b)

307

(d)

1 o 1 o |
307 299 291 283

306 298 290 282

305 297 289 281 306 298 290 282
A

A
283 275 267 259 284 276 268 260
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R Eo = T
- z=118  Fq i)
@ 0 e
/\(\\l _5
=20
l_
210
(@]
o 5
0
-5
-10
-15
-20

FIG. 4. 288.289.3063071 19 apd 283.284.305.3061 18 decay chains calcu-
lated by the UDL formula and GLDM to «-decay half-lives and two
formulas to spontaneous fission half-lives.

the isospin effect is important and requires reasonable consid-
eration for the calculation of spontaneous fission half-lives.
The experimental data are well reproduced by the generalized
Swiatecki’s formulas when considering isospin effect. Decay
modes of the isotopes of Z = 118-124 are predicted, which
will be helpful for identification of these SHN in future
experiments.
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TABLE III. Predicted o-decay and spontaneous fission half-lives for SHN Z = 118-124.

A log,((T,) (Cal.) log,o(T;35 )(Cal.)
0. (WS) Q,(FRDM) Egqa UDL(WS) UDL(FRDM) GLDM (WS) GLDM (FRDM) Bao
Z =124
301 15.012 15.265 —540  —7.963 —8.390 —6.557 —6.932 7.676
302 14.811 13.885 —~536  —8.085 —6.389 —6.638 —5.131 8.836
303 14.889 13.455 543  —17.784 —5.105 —6.469 —4.077 12.760
304 15.016 13.635 —424  —BAT5 —5.935 —7.146 —4.862 10.464
305 14.902 13.435 —430  —7.842 —5.099 —6.708 —4.231 14.209
306 14.819 16.325 —379  —8.168 ~10.610 ~6.939 —9.032 0.176
307 14.807 16.055 —369  —7.709 —9.761 —6.673 —8.437 1.746
308 14.794 16.135 —3.04  —8.158 ~10.355 —6.984 —8.864 —3.784
309 15.331 16.485 —335  —8.635 —10.447 —7.528 —9.053 —3.748
310 15.540 16.325 —266  —9.449 —~10.678 —8.155 ~9.173 —8.684
311 14.773 15.505 —277  —1717 —8.955 —6.799 —7.886 —7.242
312 13.891 15.295 259  —6568 ~9.079 —5.667 —7.888 —11.922
Z =123
300 14.703 15.155 —583  —7222 —7.99 —7.860 —8.533 10.421
301 14.434 14.265 —~538  —17216 —6.909 —6.036 —5.764 9.448
302 14.519 13.935 557  —6932 —5.857 —7.524 —6.565 13.333
303 14.588 13.675 ~520  —17525 —5.827 —6.366 — 4852 11.063
304 14.393 15.325 —524  —6.740 —8.346 —7.369 —8.781 8.852
305 14.280 15.475 —474  —7.004 —9.062 —6.081 —7.880 4.034
306 14313 15.535 —465  —6.627 —8.722 —7.198 —9.027 5.661
307 14.330 15.545 —400  —7.128 —9.208 —6.263 —8.078 0.388
308 14.890 16.165 —320  —7.682 —9.741 —8.055 —9.809 —0.400
309 15.382 15.985 —243  —8977 ~9.936 —7.951 —8.764 —5.249
310 14.613 15.145 —322 —7233 —8.148 —17.586 — 8374 —4.498
311 13.736 15.275 —305  —6.080 —8.835 —5.468 —7.899 —9.296
Z=122
295 13.844 14.505 ~603  —6298 —7.510 —5.095 —6.166 7.301
296 13.705 14.505 —553  —6502 —7.981 —5334 —6.654 4.016
297 13.670 14.805 —585  —5997 —8.068 —4.923 —6.772 6.772
298 13.650 14.915 —553  —6430 —8.727 —5339 —7.369 3.677
299 13.446 14.995 —625  —5.594 —8.426 —4.626 —7.142 6.587
300 13.115 13.985 —573  —5393 —7.102 —4.429 —5.984 5.302
301 13.142 13.895 —596  —5013 —6.497 —4.160 —5.508 8.806
302 13.234 14.045 —557  —5671 —7.248 —4.746 —6.173 4.937
303 12.964 14.705 —566  —4.678 —7.997 —3.920 —6.905 5.992
304 12.742 14.815 —517  —4676 —8.658 —3.949 —7.568 1.195
305 12.933 14.935 —510  —4.647 —8.426 —4.047 — 7475 2.875
306 13.068 14.925 —446  —5398 —8.879 —4.699 —7.831 —2210
307 13.820 15.575 —364  —6455 —9511 —5.801 —8.465 —3.116
308 14.653 15.445 —287  —8.445 ~9.773 —17516 —8.645 —8.084
309 14.100 15.055 338  —7014 —8.695 —6.356 —7.831 —7.892
310 13.377 15.105 —320 —6.09%4 —9.249 —5.444 —8.246 —13.149
=121
294 13.215 14.155 —646  —4.880 — 6.683 —5.730 —17.365 10.296
295 12.984 14.205 —647  —4878 —7.244 ~3916 —6.055 7.344
296 12.994 14.095 —678  —4462 —6.607 —5.295 —7.240 10.869
297 13.041 14.355 —647  —5.029 —7.548 —4.146 —6.428 7.292
298 12.806 14.345 —6.63  —4.101 —7.094 —4.890 —7.604 10.531
299 12.551 14.015 —6.57  —4023 —6.965 —3.282 —5979 7782
300 12.674 13.495 —680  —3853 —5.538 —4.582 —6.141 11.611
301 12.803 13.855 —644  —4599 —6.700 —3.896 —5813 7.729
302 12.531 14.175 —651  —3577 —6.855 — 4243 —7.245 9.951
303 12.437 14.375 —6.00  —3.842 —7.686 —3.260 —6.760 5.172
304 12.503 14.445 —594  —3550 —7.373 — 4217 —7.703 6.868
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TABLE III. (Continued).

A log,((Tf,) (Cal.) log;o(T;55 )(Cal.)
0, (WS) Q,(FRDM)  Egq UDL(WS) UDL(FRDM) GLDM (WS) GLDM (FRDM) Bao
305 12.632 14.395 —531  —4300 — 7755 —3.838 —6.991 1.833
306 13.291 15.305 —448  —5235 —8.863 —5.711 —8.929 0.198
307 14.124 14.885 —372  —17300 —8.638 —6.662 —7.844 —3.810
308 13.958 14.665 —379  —6556 —7.825 —6.833 —7.967 —4.484
309 13.300 14.755 —360  —5.756 —8.450 —5.339 —7.749 —9.560
Z =120
289 13.540 13.885 ~619  —6.175 —6.830 —4.945 —5.525 4.655
290 13.593 13.775 —620  —6.749 —7.095 —5.561 —5.870 2.268
291 13.410 13.915 —641  —50957 —6.920 — 43816 —5.680 5615
292 13.380 13.885 —647  —6369 —7.335 —5274 —6.144 2.671
293 13.272 13.685 —690  —5.720 —6.522 — 4671 —5.393 6.914
294 13.052 13.295 —693  —5.747 ~6.236 —4.827 —5.267 4.594
295 13.134 13.355 —723  —5476 —5918 —4.580 —4.979 8.244
296 13.241 13.685 —692  —6.162 —7.027 —5.276 —6.073 3.946
297 13.103 13.535 —703  —5.448 ~6.303 —4.649 — 5435 7.577
298 12.808 13.355 —705  —5310 — 6422 —4.562 —5577 4.679
299 13.051 13.105 —707  —5377 —5.486 — 4658 — 4758 8.391
300 13.308 13.395 —672  —6362 ~6.535 —5.582 —5.744 4.357
301 12.938 13.665 —674  —5.177 —6.620 —4.546 —5.865 6.832
302 12.765 13.715 —629  —5286 —7.186 —4.644 —6.378 2.135
303 12.645 13.845 —625  —459% ~6.993 —4.084 —6.270 3.946
304 12.480 13.825 —562  —4.708 —7.426 — 4234 —6.740 ~1.076
305 13.041 14.475 —478  —5456 —8.165 —5.034 —7.477 —1.787
306 13.687 14.265 —402  —7.198 —8.264 —6.598 —7.548 —6.426
307 13.339 14.145 —368  —6.087 —7.612 —5.688 —7.062 —7.462
308 12.956 14.305 —347  —5784 —8.369 —5.367 —7.698 —12.698
=119
288 13.059 13.385 —6.56  —5.042 —5.689 —5.803 —6.403 8.174
289 13.013 13.545 —6.67  —5420 — 6.469 — 4364 —5.330 5.037
290 12.925 13.365 ~7.16  —43803 —5.685 —5511 —6.337 9.153
291 12.965 13.205 —716  —5356 —5.840 —4.380 —4.833 6.807
292 12.784 13.165 ~760  —4545 — 5324 —5.198 —5.927 10.363
293 12.550 12.885 —757  —4522 —5.226 —3.682 — 4333 8.132
294 12.600 12.805 —791  —4.192 —4.624 —4.848 —5.252 11.735
295 12.661 12.885 —762  —4792 —5.260 —4.057 — 4498 8.334
296 12.459 13.075 —775  —3922 —5211 —4.540 — 5745 10.766
297 12.209 12.745 —781  —3841 —5.003 —3.274 — 4356 8.526
298 12.549 12.505 —783  —4.150 — 4.055 —4.682 — 4593 12.321
299 12.695 12.795 —749  —4931 —5.141 — 4369 —4.569 8.605
300 12.443 13.145 —754  —30955 —5.419 —4.426 —5.785 10.992
301 12.196 13.265 —704  —3.879 —6.128 —3.448 —5.544 6.205
302 12.263 13.375 —701  —3591 —5.908 —4.007 —6.164 8.096
303 12.141 13.375 —640  —3.790 —6.378 —3.437 —5.843 3.117
304 12711 14.145 —554  —4595 —7.381 —4.943 —7.490 2.111
305 13.318 13.845 —480  —6300 —7.305 —5.928 —6.842 —2216
306 13.033 13.965 —370  —5294 —7.088 —5.531 —7.161 —3414
307 12.708 13.815 —339  —5.09 —7.282 —4.883 —6.904 —8.340
Z =118
283 13.602 12.705 —553  —6.755 —4.976 —5.464 —3.829 0.676
284 13.337 13.095 —566  —6.719 —6.243 —5.600 —5.169 —1.350
285 12.948 13.065 —6.12  —5511 —5.747 — 4407 — 4618 2.627
286 12.792 13.045 —625  —5.663 —6.178 —4.696 —5.160 0.278
287 12.689 12.875 ~670  —5011 —5.397 —4.013 —4.366 4.505
288 12.438 12.875 —679  —4.949 —5.868 — 4.095 —4.953 1.932
289 12.487 12.755 —722  —4619 —5.184 —3.741 — 4268 5.901
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TABLE III. (Continued).

A log,((T1,) (Cal.) log;o(T;35 )(Cal.)
0, (WS) Q. (FRDM)  Egq  UDL(WS) UDL(FRDM) GLDM (WS) GLDM (FRDM) Bao
290 12,571 12.805 —17.20 —5.269 —5.758 —4.471 —4912 2.698
291 12.320 12.555 —17.59 —4.292 —4.798 —3.509 —3.989 6.982
292 12,059 12.365 —17.54 —4.180 —4.860 —3.491 —4.138 4229
293 12.101 12.275 —7.84 —3.839 —4.226 —3.153 —3.522 7916
294 12.140 12.275 ~17.56 — 4398 —4.697 —3.802 —4.091 4.666
295  11.882 12.185 —821 —3.374 —4.061 —2.830 —3.488 7.991
296 11.642 12.285 ~7.93 —3.281 —4.753 — 23813 —4.224 5.392
297 11.980 12.105 —8.01 —3.633 —3.916 ~3.173 —3.447 9.233
298 12.092 12.505 —761 — 4357 —5.263 —3.907 — 4757 5.123
299 11.903 12.635 —7.66 —3.490 —5.102 —3.114 —4.641 7.756
300 11.693 12.715 —17.20 —3.469 —5.740 —3.112 —5276 3.114
301 11.845 12.825 —-7.19 —3.388 —5.531 —3.091 —5.112 5.080
302 11751 12.845 ~6.59 —3.641 —6.043 —3.333 —5.599 0.142
303 12.349 13.635 —572 — 4555 —7.158 —4272 —6.662 —0.857
304 12.980 13.335 —498 —6.352 —7.055 —6.013 —6.663 —5.179
305 12738 13.445 —3.88 — 5417 —6.831 —5.225 —6.526 —6.305
306 12.283 13.305 —3.13 — 4914 —7.030 — 4731 —6.702 —11.328
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