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Theoretical predictions on cluster radioactivity of superheavy
nuclei with Z=119, 120°
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Abstract: In this study, we investigate the cluster radioactivity (CR) of new superheavy elements with Z = 119 and
120 based on two successful theoretical methods with modified parameters: the density-dependent cluster model
(DDCM) and unified decay formula (UDF). First, we employ the DDCM and UDF to accurately reproduce the ex-
perimental half-lives of cluster emissions, which demonstrates the high reliability of our theoretical methods. Then,
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energies and half-lives. The half-lives of cluster decay derived from the DDCM are consistent with those from the

we systematically predict the probable cluster modes of 120 as well as their corresponding decay
UDF. Therefore, our results reveal that the cluster emission of 8Be, emitted from the Z =119 and 120 isotopic chains,
exhibits the minimum half-life for cluster emission, and hence, *Be emission is considered the most probable cluster
decay mode. Moreover, we explore the competition between a decay and CR and find that o decay may be the dom-
inant decay mode against CR. Furthermore, the good linear relationship between the decay energy and the number of
o particles within the emitted cluster is extended to the range of superheavy nuclei (SHN). We anticipate that our

theoretical predictions for CR will provide valuable references for the experimental synthesis of new SHN.
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I. INTRODUCTION

With the development of modern accelerator facilit-
ies and theoretical models over the last few decades, re-
search on superheavy nuclei (SHN) has made remarkable
progress [1]. To date, SHN have been experimentally
produced up to %?gOg [2]. It is known that SHN have
been generated mainly relying on fusion and transfer re-
actions [3—5] and are identified through o decay chains
[6]. The synthesis of new elements with Z > 118 has be-
come an urgent and challenging goal, and several at-
tempts for elements with Z = 119,120 have failed [7-10].
However, it has been theoretically predicted that there
may be an “island of stability” near Z = 114 and N =184,
which is of great significance to the limit of the existence
of nuclei [11]. Therefore, explorations in the superheavy
region have garnered considerable attention in nuclear
physics.

Moreover, exploring the decay channels of SHN is es-
sential to gain nuclear information. Notably, cluster ra-

dioactivity (CR) is a rare decay channel, between o de-
cay and spontaneous fission, characterized by the emitted
particle that is heavier than an a particle but lighter than
fission fragments. It is remarkable that CR was predicted
in 1980 by Sandulescu, efc. [12], and was experimentally
confirmed for the first time by the existence of '*C emis-
sion from ?2’Ra in 1984 [13]. Subsequently 2°O, 23F,
24Ne, ®Mg, and 3>34Sihave also been observed, fol-
lowed by “C as heavy cluster emissions, leading to
transitions to the doubly magic nucleus 2°®Pb or its neigh-
bors [14—17]. CR has gradually attracted attention and
played a role in understanding the properties of nuclear
structure, including the spin, parity, half-life, shell effect,
and structural deformation of unstable SHN [18—27].
Given the above experimental and theoretical require-
ments, theoretical predictions are preferred, and effective
approaches have emerged to provide inspiration for the
research gap. A large number of remarkable methods can
theoretically describe the CR of heavy nuclei and SHN,
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serving as a comprehensive framework for the synthesis
and identification of new nuclides. Generally, these theor-
ies are mainly divided into two categories: the decay-type
and fission-type. The decay-type theory claims that the
cluster is preformed initially in the parent nucleus via a
complex mechanism and then emitted through quantum-
tunneling effects with a certain probability, which is sim-
ilar to the process of a decay. The specific models in-
clude the density-dependent cluster model (DDCM)
[28—-31] and generalized density-dependent cluster mod-
el (GDDCM) [32, 33]. On the other hand, in the fission-
type theory, clusters are believed to gradually form as a
result of shape evolution during the barrier penetration
process of the parent nucleus [34]. Various models have
been developed, such as the generalized liquid-drop mod-
el (GLDM) [35], Coulomb and proximity potential mod-
el (CPPM) [36], and effective liquid drop model (ELDM)
[37]. In addition, several empirical formulas are con-
sidered excellent in describing CR in some aspects, such
as the unified decay formula (UDF) [38], unviersal decay
law (UDL) [39], modified Brown formula [40], and
Santhosh's formula [41].

CR is important for research on the decay properties
of unstable SHN [42, 43]. We generalize the DDCM and
UDF to predict the cluster radioactivity of SHN. In this
study, we implement the theoretical DDCM and UDF ap-
proaches to study CR over the current experimental data,
yielding some interesting results worthy of discussion.
The DDCM has been successfully applied to study vari-
ous decay modes of SHN, including a decay, proton
emission, and CR [44—47], where the famous double-
folding model is used for the potential of the nucleus-nuc-
leus, and the microscopic nucleon-nucleon interactions
are also considered. The preformation probability adop-
ted in the DDCM takes the form of the phenomenologic-
al exponential expression. In contrast, the UDF with a
simple form and many general features is also adjusted
and applied in this study. We extend the calculations to
systematically predict the properties of the CR of the iso-
topic chains of Z = 119,120.

This article is structured as follows. In Sec. II, the the-
oretical framework of the DDCM, considering the Pauli
blocking effect, and the UDF with two sets of refitted
parameters are presented. In Sec. III, we systematically
reproduce the half-lives of CR and compare them with
experimental data. Then, the calculations from the
DDCM and UDF are extended to predict the CR of super-
heavy elements with Z =119 and 120, and several prob-
able cluster emissions are shown and discussed. In addi-
tion, we validate a linear relationship between the num-
ber of a particles within the clusters and the decay en-
ergy in the range of SHN. Finally, a concise and insight-
ful summary is given in Sec. I'V.

II. THEORETICAL FRAMEWORK OF CLUSTER
RADIOACTIVITY

A. Density-dependent cluster model (DDCM)

Whether we are considering a-decay or complex CR,
the processes involve quantum tunneling. The DDCM
can be applied to successfully study the properties of a-
decay, CR, proton emission, and other decay modes. Un-
like in a decay, the daughter nucleus in CR is often a
doubly magic nucleus or one in its neighborhood, which
is spherical or weakly deformed. Thus, we preliminarily
apply the spherical assumption in present calculations for
simplicity. Further detailed discussions on the effects of
nuclear deformation can be found in Refs. [47—52].

In the framework of the DDCM, the total interaction
V(r) is taken as the sum of the Coulomb potential V(r),
nuclear potential Vy(r), and centrifugal potential as fol-
lows:

(L+31)°n?

V(r) = VN(F) + Vc(r) + 2/1]'2

: (1

where r represents the distance between the cluster and
core nucleus. We choose to replace L(L+1) with the
Langer modified centrifugal potential in Eq. (1) [53].
Here, L is the angular momentum carried by the emitted
cluster, which is determined by the angular momentum

and parity conservation laws during the entire decay pro-

mgme

cess. u= is the reduced mass of the cluster and

nig +nt
core nuclei, andcmc and m, are the masses of the cluster
and core nucleus, respectively.
The Coulomb potential V¢(r) is defined as

Z.Z4e?
r
Ve(r) = 2)

Z.7,4€2 ; ( r )2
2R, Ry

in which Z. and Z; denote the proton numbers of the
cluster and core nucleus, respectively, and R; denotes the
radius of the daughter nucleus with R; = I.ZAJ/ 3, where
Ay 1s the mass number of the daughter nucleus.

Within the DDCM, the nuclear part Vy(r) of the
cluster-core potential is obtained through a double-fold-
ing integral approach using the Reid-M3Y nucleon-nucle-

on interaction, the expression of which reads as

for r> Ry,

for r <Ry,

V() =2 / dridrop.(r1)pa(r2)ven(s). 3)

Here, s =|r; —r2+r| represents the distance between the
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two interacting nucleons, and p.(r;) and p,(r) respect-
ively denote the nucleon density distribution of the
cluster and daughter nucleus in a frozen density approx-
imation (FDA) [54]. The FDA works reasonably well
when the density overlap of the interacting nuclei does
not exceed 1/3 of the saturation density [54—57]. At smal-
ler distances, the nuclear potential Vy(r) tends to exhibit
an excessive attraction owing to the significant density
overlap of the interacting nuclei. Fortunately, similar to «
decay, the cluster is formed in the surface region, and the
penetration process is mainly sensitive to the potential
near the Coulomb barrier, where both regions maintain
low density overlaps. Thus, the FDA seems to still be jus-
tified here. To gain a more realistic strength of the nucle-
ar potential, we incorporate a renormalization factor 4 in-
to Eq. (3), whose value is determined by the Bohr-Som-
merfeld condition in Eq. (7). Several authors have also in-
corporated medium effects [58, 59] and the incompressib-
ility of nuclear matter [60] to describe the nuclear poten-
tial more accurately, and we refer to these references for
further information.

The Reid-M3Y effective nucleon-nucleon interaction
vyn 1s expressed as

4 25
pu(s) 7999 TP A 12, P (=2.55)
4s 2.5s
+ J005 (S) , (4)

which represents an average of the interaction for densit-
ies ranging from zero to normal nuclear matter and offers
a precise depiction of nucleon dynamics near the surface
region [54, 55]. The last term takes the form of the zero-
range exchange potential with  Jyo(E.) = —-276[1-
(0.005E./A.)]. Here, A. denotes the mass number of the
cluster, and E. is the kinetic energy of the cluster.

The density distribution of the cluster p. and core
nuclei p; are taken with the standard Fermi form [61],

P12
1 +expl(r—ci2)/al’

pc,d(r) = (5)

where ¢y = 1.O7Ai,/g;j , and a is the diffuseness factor,
which takes a value of 0.54 fm, simulated from experi-
mental data on electron scattering. For an a-cluster, the
density distribution has a standard Gaussian form [62]:

Pa(r) = poexp(=0.7024), (6)

where po, p1, and p, are determined by the mass num-
bers A,, A;, and A,, respectively. In other words, we
have [ Paca(®)dr =Aqcq, where A, is the mass number
of an a particle.

After defining the form of the total potential, we can

obtain the classical turning points and renormalization
factor 4 by solving the equations V(R;) = Q.(i=1,2,3)
(Q. denotes decay energy) together with the Bohr-Som-
merfeld quantization condition:

R, 2 L+1/2)?
/ @ B10- Vi -ver-
R,

T T
=Qn+ 13 =(G-L+1)5. (7)

In the above, n denotes the number of nodes of the ra-
dial wave function, and G is the global quantum number
[32], which is obtained via the Wildermuth quantization
condition [63]:

A,
G=2n+L=> (gh) —gh). ®)
i=1
It is necessary to specify gl(-A”A“) and gf‘" in the above
expression. g*** is the oscillator quantum number of
the nucleons that compose the emitted cluster, which
must ensure that the cluster is outside the shell occupied
by the core nucleus. g™ is the internal quantum number
of the nucleons composing the cluster in the shell model;
gi =4 for nucleons in the 50 <Z, N <82 shell, g; =5 for
nucleons in the 82 <Z, N < 126 shell, and g; = 6 for nuc-
leons outside the N = 126 shell [32]. N and Z are the neut-
ron and proton numbers of the daughter nucleus, respect-
ively. The method of selection for G considers the Pauli
blocking effect on the cluster model.
The decay width is obtained using the expression

F.i2 R,
= exp <—2/ drK(r)) , 9)
4u R,

where K(r) = \/ (2u/h*)1Q. = V()| is the wave number.
The normalization factor F,. [64, 65] is expressed as

1

R r -
_ ZL 2 ’ /_z
F,.= UR I (/R K()dr 4)dr} . (10)

where R;,3 are the classical turning points, and the

squared cosine term can be substituted by 3 without sig-

nificant loss of accuracy [65].

During the cluster decay process, it is well known that
the preformation probability P, has large impact on CR.
The theoretical half-life of CR is sensitive to the selec-
tion of the preformation probability P.. Therefore, it is
crucial to choose a suitable P.. Combined with the
known experimental facts, the value of the preformation
probability is closely related to the size and charge of the
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nucleus and daughter nucleus. Throughout this study, we
adopt two sets of phenomenological exponential preform-
ation probabilities for CR, denoted as PV and P® [28],
to check the sensitivity of the results. Specifically, for
even-even nuclei, we have

s

(1) _ —0.2777A,.+0.2447
PO =10

sz) — 10—0.00812LZ‘,+0.2740’ (1 1)

and for odd-A4 nuclei, we have

1) _ —0.3054A,-0.6207
P =10

s

PE‘Z) — 10—0.009722,—0.1396. (12)

As for a decay, we define the experimental values of

I
Pt We extract the

preformation factor P, as constant fg} different types of
nuclei by fitting the experimental half-lives of a decay in
the region of SHN, which are 0.691 and 0.275 for even-
even and odd-4, respectively.

Finally, the half-life 7 of CR and a decay can be de-
rived from the decay width via

preformation probability as P, =

hln2
T = . 13
T (13)

B. Unified decay formula (UDF)

A unified decay formula of half-life for CR and o de-
cay, which has a simple form and clear physical meaning,
is deduced from the WKB barrier penetration with sever-
al approximations. It assumes that only the Coulomb in-
teraction is approximately considered between the core
nucleus and the cluster, and the hindrance of transitions
between the ground states of parent and daughter nuclei is
related to cluster preformation probability [66]. For a de-
tailed derivation of the UDF, see Ref. [38]. To validate
this empirical formula, new parameters are adjusted for
different types of nuclei, which are modified in good
agreement with the current experimental accumulations
of data on CR. The expression of the UDF is

logyoTe = aZeZa /5 +bUZZ) P+, (14)

where Z. and Z; are the proton numbers of the emitted
cluster and daughter nucleus, respectively, and the coeffi-
cients a, b, and c are free parameters to be determined. In
the UDF, the preformation probability P. is simplified
and associated with the parameter ¢, and different types
of nuclei correspond to different values of c. Through

least-squares fitting to the experimental data, we obtain
two sets of parameters for CR, whose values are

ae—. = 0.0125, ao—4 =0.0150,
be—, = —0.0352, bo—s =—0.0434,
Ce—e = —20.8618, Co-a = —23.425,

where the subscripts e-e and 0-4 refer to even-even and
odd-4 nuclei, respectively. For a decay, we also fit the
experimental data of SHN with Z > 110 to obtain differ-
ent sets of parameters as

de-. = 0.0134, ao,—4 =0.011,
be—o = —0.0499, bo—s =—0.0487,
Ce—e = —11.8919. Co-4 = —2.8275.

III. NUMERICAL RESULTS AND DISCUSSION

Next, we first apply the DDCM and UDF to study the
half-lives of 19 cluster emissions in the trans-lead region.
These cluster emissions involve seven cluster emissions
from odd-4 nuclei (?*'Ra-4C, 2?'Fr-'#C, ??*Ra-'%C,
25 Ac-14C, B1Pa-PF,*Ne, 23U-*Ne) and 12 cluster
emissions from even-even nuclei (**?Ra-'*C, ??*Ra-'4C,
MR a-14C, 2BTh-200, 20Th-2Ne 22U-24Ne, 24U-
2UNe, Mg, 2628pyBMe, 28py-3Si 220m-HSi),
which are listed in the first column of Table 1 as parent
nuclei, and the corresponding emitted clusters are listed
in the second column. The third and fourth columns give
the experimental decay energies and the logarithm of the
experimental half-lives, respectively. For comparison, the
last seven columns display the numerical results obtained
using the DDCM with two sets of preformation probabil-
ities, the UDF, GLDM, UDL, Santhosh's formula, and
CPPM. The angular momenta carried by the emitted
clusters are determined by the angular momentum and
parity conservation laws.

To show the good reliability of our theoretical ap-
proaches, we then compute and analyze the root mean
square (rms) deviations and hindrance factor values. The
standard rms, denoted by ¢, is computed to quantify the
deviation between theoretical cluster-decay half-lives and
the experimental values as follows:

n 1/2

1
e= |- > (ogy T (@)~ log)o T™°@)*| . (15)
i=1

Table 2 shows the detailed values of the rms devi-
ations, denoted as ¢, of the calculated half-lives using the
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Table 1.
CR in different theoretical methods. The first and second columns list the parent and emitted nuclei for 19 groups of experimental

Comparison of the logarithm of the half-lives (in second) log;,7. between experimental data and the calculated values for

clusters emissions, respectively. The experimental data of decay energies and the logarithm values of half-lives are cited from literat-
ure and shown in the third and fourth column, respectively. The last seven columns contain the logarithm values of half-lives obtained
using the DDCM with two sets of preformation probabilities P, (denoted by DDCM! and DDCM?), the UDF, GLDM [67], UDL [68],
Santhosh's formula [68], and CPPM [41].

logo[Tc(s)]

Parent nuclei ~ Emitted cluster Q. /MeV " >
Expt DDCM' DDCM> UDF GLDM[67] UDL[68] Santhosh[68] CPPM [41]

222 14

Ra C 33.05 1105 1110 1117 11.08 10.38 10.07 12.38 11.07
224. 14

Ra C 30.54 1590 1591 1598  15.86 16.85 15.38 14.94 16.74
226 14

Ra C 282 2129 21.03 2110 20.87 23.08 20.95 17.62 22.55
Z'Ra “c 324 1337 13.85 13.87 1348 12.00 11.46 12.98 12.58
223 14

Ra (¢ 31.83 1505  14.86 1487 1476 13.40 12.57 13.59 13.69
2pr “c 31.29 1451 15.00 1496 1487 13.61 12.70 13.30 13.90
225 14

Ac (¢ 30.48 1928 18.54 1861 19.10 18.15 25.39 23.36 18.03
228, 20

Th 0 4472 2073 2138 2111 21.46 2236 21.97 19.49 21.66
2Th *Ne 5776 2461 2481 2460 2445 26.92 25.39 2336 26.00
2'pa PF 5186 2602 25.60 2525 2633 2528 24.90 2171 26.02
Zlpa *Ne 60.41 2289  23.49 2354 23.01 23.15 2227 22.64 22.56
234. 28

U Mg 74.11 2574 2554 2551 25.10 27.82 25.77 26.67 27.55
y *Ne 62.31 2039  20.36 2031 2027 21.04 20.59 22.43 20.72
Py *Ne 58.83 2593 25.62 2557 25.65 28.26 26.52 2471 27.39
Py *Ne 6049 2484 2462 2476 24.54 24.80 23.63 23.60 24.15
#py *Mg 7967 2165 2087 2103 20.66 21.41 20.64 25.83 21.73
*py *Mg 75.91 2566 2581 2597 25.80 28.46 26.26 27.87 2831
2pu si 91.19 253 25.84 2600 2541 2828 25.48 29.68 -
*Cm *si 96.51 2311 23.08 2290 2337 - 2235 28.86 2320

DDCM and UDF. The values of the rms deviation ob-
tained from our DDCM and UDF methods are clearly
within the range 0.254—0.528 for a total of 19 cluster
emissions, including seven odd-4 and 12 even-even nuc-
lei. For comparison, the values of ¢ obtained using the
GLDM, UDL, Santhosh's formula, and CPPM are also
displayed in the last four columns. These results demon-
strate the reliability of our results compared to the other
theoretical deviations listed in Table 2. Moreover, we
find the minimal deviation ¢ = 0.342 for even-even nuc-
lei and the maximal deviation ¢ = 0.528 for odd-4 nuclei
in the framework of the DDCM. The ¢ values from the
DDCM for even-even nuclei are lower than those from
odd-4 nuclei, which may be due to the blocking effect of
unpaired nucleons in odd-4 nuclei.

Moreover, the theoretical devitions may also result
from various factors. For example, the current calcula-
tions are performed on a preliminary spherical assump-
tion, whereas the rare existing experimental data suggest
the emitted cluster to be well deformed [69]. According
to the research in Refs. [47—52], the dynamic deforma-

tions in both the emitted cluster and daughter nucleus
would have a non-negligible effect in determining the
half-lives. It is thus worth including deformation effects
to make further improvements in the accuracy of the
DDCM in future studies. In addition, there are also large
uncertainties in the experimental half-lives and branch-
ing ratios of CR, which may result in large deviations
between the theoretical results and experimental data.
Consequently, the results may be further improved with
more accurate experimental data and the inclusion of
more structural information, such as nuclear deformation,
in future studies.

To further verify the reliability of our theoretical
methods, Fig. 1 depicts the hindrance factor, denoted by
HF=log,, T —log,, 7", for various  methods.
log,, T°*"* represents the logarithm of the experimental
half-life of CR, and log,, T"®° refers to the logarithm of
the theoretical half-life of CR. Each corresponding cluster
emission is shown in the abscissa. Here, in the DDCM,
we use the second set of P. (denoted as DDCM?). The
red circles denote the HF values given by the DDCM, the
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Table 2.

Root-mean-square deviations ¢ for the theoretical half-lives given by the DDCM, UDF, GLDM [67], UDL [68], Santhosh's

formula [68], and CPPM [41]. The cluster emitters are divided into two types: even-even and odd-4 nuclei. The superscripts 1 and 2
still represent the two sets of preformation probabilities used in the DDCM.

Nuclei type &l 2 SUDE £GLDM £UDL Santhosh £CPPM
even-even 0.365 0.342 0.439 2.156 0.704 2.892 1.163
odd-4 0.487 0.528 0.254 1.061 1.559 1.915 1.004
6 ———— 250 : ;
5r ® DDCM A Santhosh | S ® Odd-A 20y
4t A = UDF * GLDM | | pp5 | # Even-even e 34
30 . % UDL > CPPM |- = A,
2r * 1 ~ —Linear fitting
kpar B aa Ag P N 200 ]
N O I T I I T Bl
TOr® s 8 ;*g* X A = 175} 1
I e % o i S
L * > > | [
-2 x % A A o
3¢ « ¥ 1 & 150 - _ 1
g Emitted Cluster
41 A X 1 &
5F - ~ 125 ]
= I I A O W
QOO ODODHHL OO
TS 22222300 22 100 ‘ ‘ ‘ ‘ ‘
R R AR "’:-,"’é LRI 0.8 1 1.2 1.4 1.6 1.8 2
rec-rr<EFCEo5>5SD S S 0 ©> 1/2-1/2
TR L LR 2:Zui Qe <10*
N N AN NANANNOQGNANFHINT N A . . . .
RN QN Fig. 2. (color online) Comparison of the experimental half-
Fig. 1. (color online) Comparisons of HF=log;, 7' lives and calculated values using the UDF for CR. The green

log;o 7" between the theoretical half-lives of CR and the ex-
perimental data for 19 groups of cluster emissions. The theor-
etical half-lives are obtained with our DDCM using P(Cz)
(DDCMZ) and UDF, as well as other theoretical methods:
GLDM [67], UDL [68], Santhosh's formula [68], and CPPM
[41].

purple squares are those given by the UDF, and the black
asterisks, upward blue triangles, green hexagons, and
brown right-facing triangles denote the HF given by the
UDL, Santhosh's formula, GLDM, and CPPM, respect-
ively. The rectangular shadow ranges from —0.7 to 0.7,
which means that the calculated half-lives agree with the
experimental data within a factor of five. Most of the red
circles and purple squares are inside the shadow; some
are located around zero, and only three emissions (>*¢Pu-
BMg, 2% Ac-*C, 228Th-2°0) are outside the shadow but
still within +1. These results again provide sufficient
evidence for the reliability of our theoretical results.
Figure 2 verifies the rationality of the results from the
UDF. In this figure, the vertical coordinate is
log,o T — b(uZ.Z;)""* — ¢, and the horizontal coordinate is

Z.Zy ,/i. Here, the circles and diamonds signify the

half-lives calculated using the UDF, the crosses are from
the experimental half-lives, and the straight lines are ob-
tained via a linear fit to the calculated values correspond-
ing to the even-even and odd-4 nuclei, respectively. It
can be clearly seen that the symbols for the experimental
data and theoretical results approximately overlap and are

circles, purple diamonds, and black crosses denote the calcu-
lated half-lives for odd-4 nuclei, even-even nuclei, and the ex-
perimental half-lives of the corresponding cluster emissions,
respectively, and the straight line is obtained from the theoret-
ical values of the UDF.

located near the fitted straight line, which implies a very
high correlation. The diagram confirms the accuracy of
the UDF in reproducing the half-life of cluster emissions.

After confirming that our theoretical results agree
well with the experimental values for heavy nuclei in the
region of trans-lead, we extend our calculations to pre-
dict the half-lives of a decay and CR for superheavy iso-
topes with Z =119 and 120 using the DDCM and UDF.
The decay energy Q, of a decay and Q. of CR are de-
duced from Dong's binding energy formula [70], which
has the following expression:

A 2
B(Z,A) =a,A — a,A*? —a.Z* A3 —q, (5 - z) A7l

+a,A™"? + ag|A - 252|/A — a7|N — 152|/N
+ag|N —Z-50/A, (16)

which can give good descriptions of the binding energy
of nuclei with Z >90 and N >140. Here, B(Z,A) repres-
ents the binding energy of nuclei with proton number Z
and mass number 4, and N is the neutron number. The
following parameters are used:
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a, = 15.8032 MeV,

as; =17.8147 MeV,

a. =0.71478 MeV,

a, =97.6619 MeV,

ag = 5.33 MeV,

a7 =21.0 MeV,

ag = —15.25 MeV.

12.66 MeV, for even-even nuclei
3.0 MeV, for even-odd nuclei

0 MeV, for odd-even nuclei

—8.0 MeV, for odd-odd nuclei.

Tables 3 and 4 display the predicted half-lives of
cluster emission and their decay products for superheavy
isotopes with Z = 119,120 in detail, respectively. The first
column presents the parent nuclei. The decay energy Q,

Table 3.

and half-lives 7, of a decay are also listed in Tables 3
and 4, where the decay energy Q, of a decay and Q. of
CR are procured using Dong's binding energy formula.
The half-lives T, of a decay calculated using the UDF
and DDCM with the constant P,, as mentioned before,
are shown in the tables. The last four columns present the
predicted cluster products of decay, the decay energy of
the cluster, and the half-lives of CR calculated using the
DDCM and UDF, respectively. It is worth mentioning
that the preformation factor P, decreases significantly
with the increase in the size of the emitted cluster and the
size of the residual daughter nuclei, and we choose to use
the DDCM with P to calculate the half-lives of CR.
Here, considering the lack of experimental data for the
CR of odd-odd nuclei, to guarantee the reliability and
precision of our predictive outcomes, we select ten odd-4
isotopes with 227311119, as shown in Table 3. For these
predictions, we prefer to predict cluster emissions up to
38i, which is the hereto heaviest experimentally ob-
served cluster. Finally, the half-lives of the six most prob-
able emitted clusters, ®Be, '2C, 0, ?*Ne, Mg, and
32Gi, are presented in the fifth column of Table 3. Inter-
estingly, in Refs. [7, 19], the authors theoretically pre-

Predictions of & decay and CR for an isotopic chain with Z = 119. The parent nuclei >*>-311119 are listed in the first column.

The decay energies of a decay Q, and CR Q. are procured using Dong's binding energy formula [70]. The half-lives of a decay T, ob-

tained with the DDCM and UDF are displayed in the third and fourth columns, respectively. The last four columns present the pre-
dicted cluster products of decay, the decay energy of CR Q., and the half-lives calculated using the DDCM with the second set of P.

(denoted as DDCM?) in the DDCM and UDF, respectively.

Parent nuclei Qo MeV TDDCM /g TUPF /s Emitted cluster 0c MeV TPDCM2 /s TUPF /s

"Be 25.20 1.21x10' 223x1014

c 4433 1.95x10!8 5.27%x10!7

23 5 5 o 62.65 6.68x10% 6.49%1022
119 12.94 1.32x10" 2.47%10" y

Ne 81.90 8.16x10% 1.34 x10%

*Mg 103.95 5.77x10% 7.11 x1077

“si 125.39 9.74x10 2.00x10%

*Be 24.63 1.64 x10'3 5.03 x1015

c 43.46 3.69%x101° 2.01 x10"?

205 o 61.49 2.14x10% 5.10 x10%
119 12.66 4.69x107° 7.48x1073 "

Ne 81.38 3.09x10%0 9.29 x10%

*Mg 103.13 3.91x10% 1.08 x10%

3i 12425 1.09x10% 6.23%x10%7

*Be 24.05 2.54x10'6 1.03x10'7

c 42.59 7.78%x10%0 8.56 x10%0

207 e 6031 7.97x1026 4.74x10%
119 12.37 1.77x10~* 2.38x107* "

Ne 80.83 1.32 x103! 7.46 x103!

*Mg 102.26 3.02x10%! 1.91 x10%

si 123.06 1.40%10% 2.30 x10%

Continued on next page
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Table 3-continued from previous page

Parent nuclei Q. MeV TEDCM /s T:;JDF/S Emitted cluster 0. MeV TCDDCMZ /s T}.JDF/S

$Be 23.47 4.50x10"7 3.92x1018

c 4171 1.90x10%2 4.29x10%2

290 0 59.12 3.49%10%8 5.25 x10%8
119 12.08 7.11x107* 7.79%107% "

Ne 80.24 6.37 x103! 6.91 x1032

*Mg 101.36 2.65 x10%2 3.96x10%!

si 121.84 2.07 x10°" 1.01x10%!

"Be 22.89 9.24x10'8 1.38x10%

c 40.82 5.45%10% 2.56 x10%

o 0 57.93 1.81x10% 6.98 x10%
119 11.79 3.06x1073 2.82 x1073 "

Ne 79.62 3.47x10% 737 x1033

*Mg 100.43 2.67x10% 9.57x10%2

si 120.59 3.55 x10% 5.26 X102

"Be 2230 2.22%10% 5.75%102!

“c 39.93 1.78x10% 1.75 X102

- o0 56.72 1.12 x10%2 1.12 x10%
119 11.50 1.41x1072 1.06x1072 N

Ne 78.98 2.13x10%3 9.06x10%*

*Mg 99.46 3.06 x10% 2.70 x10%

si 119.30 7.06x1033 3.26%10%

"Be 21.70 6.28x10%! 2.86x10%3

c 39.03 6.91x10% 1.45%10%8

s i i ‘o 55.51 8.34 x10% 2.20 x10%
119 11.21 7.05%10 4.21x10 9

Ne 78.30 1.48x10% 1.28x10%

*Mg 98.47 401 x10% 8.89 x10%

si 117.97 1.63 x10% 2.40%10%

"Be 21.10 2.12x10% 1.72x10%

c 38.12 3.26 x10% 1.48%10%

307 o 54.29 7.54 x10% 5.34 %1077
119 10.91 3.81x107! 1.79 x107! "

Ne 77.60 1.16 x10% 2.09 x10%7

“Mg 97.44 6.03x1036 334 %1037

s 116.62 4.38x10% 2.11 x103

"Be 20.50 2.18x10% 127%1077

¢ 3721 1.80%10% 1.79%10%

0 e 53.06 8.38 x10°7 1.61 x10%
119 10.61 2.25 x10° 8.16x107! "

Ne 76.88 1.03 x10% 3.91 x10%8

*Mg 96.39 1.04 x10% 1.55 x10%

s 115.23 1.38x10% 221x10%

"Be 19.90 1.08%10% 1.16x10%

“c 36.29 1.58x103! 2.73x10%

3 o 51.83 1.15%10% 6.15 x10%
119 10.31 1.46x10! 4.01 x10° "

Ne 76.13 1.03 x10%7 8.45 x10%

*Mg 9531 2.06%10% 8.19 x10%0

3j 113.82 5.06 x10%° 2.78 x10*2
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Table 4. Same as Table 3 but for isotopes with Z=120.

Parent nuclei Qo/MeV TDDCM g TUPF /s Emitted cluster 0c/MeV TDPCM? /g TUDF s
"Be 2635 1.34x10'! 2.67 x10'2
c 46.06 3.57x101 3.78x10'5
120 13.51 2.07x107° 436x107° N 64.98 3:36x107 1.89 x10°
*Ne 83.45 1.70x10% 1.34 x10%
*Mg 106.11 6.42 X108 2.93 x10%
i 128.15 3.51x10% 3.60 x10%*
‘Be 26.08 2.92x101° 1.94 x10!1
c 45.65 4.05x10" 7.01 x10'
120 13.37 1.44x107° 7.14x107° o 6443 222 X107 50310
“Ne 83.35 1.33x107 4.50 x10%7
Mg 105.87 3.36 x10% 2.19 x10%
s 127.77 1.19 x10% 4.01 x10%
"Be 25.79 1.4 x1012 4.74 X103
c 4521 5.33x10"7 1.11 x10"7
120 13.23 6.62 x107° 1.22x107 o 6384 829 107 112 10
' *Ne 83.09 3.85 x10% 5.04 x10%
*Mg 105.45 2.66x10% 2.46x1077
”si 127.19 2.40x10%7 6.19x10%
‘Be 25.51 3.30 x10!! 224 %1012
c 44.80 6.43x1016 1.24 %1016
120 13.00 473 x10°° 2.04x10°5 "o 63.28 5.87 X107 161 x10%
*Ne 82.86 4.47 x1077 2.02x10%
Mg 105.07 1.99x1077 1.86x107
si 126.66 1.14x10% 6.11x10%6
"Be 2522 1.73 x10'? 9.55 x10M
c 4436 9.00 x10'8 3.71 x10'8
120 12.95 2.24x107 3.55 x107 N 62.68 235 x10% 7.74 X107
' *Ne 82.58 1.37 x10% 3.27x10%
*Mg 104.63 1.68x10% 3.43%10%
si 126.06 2.46x10%8 1.75 x10%7
*Be 24.94 4.21x10? 2.89 x1013
c 43.94 1.15 x10'8 2.44 x10'7
208 . 5 0 62.12 1.79 x10% 5.88 x10%2
2 1281 16910 60710 N 1.69x10% 1.02 x10%

e 82.34

*Mg 104.24 1.34 x10%8 1.79x10%8
s 125.52 1.25%10% 1.07x10%8
*Be 24.65 2.34 x10™ 2.20 x1016
c 43.49 1.73x1020 1.42x10%0
120 12.67 8.02 x107 1.08 x107* :O 6152 774 X107 6.28 X107
Ne 82.04 5.52x10% 2.44x10%!
*Mg 103.78 1.20x10°! 5.58 x10%
si 124.90 2.90x10% 5.86 x10%8
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Table 4-continued from previous page

Parent nuclei Qu/MeV TDDCM g TUPF /s Emitted cluster Q./MeV TDDCM? /g TYPF /s
*Be 2437 6.10 x10'3 4.18 x10'
2c 43.07 2.36 x10"? 5.42 x1018

- o 60.95 6.34 x10% 2.46 x10%*
120 12.53 6.06 x107° 1.90 x10™* "

Ne 81.78 7.22 x1028 5.81x10%

*Mg 103.37 1.02 x10%° 1.95x10%

si 12434 1.58x10%7 2.14 x10%°

*Be 24.08 3.63 x10' 5.81 x10"7

2c 0.62 3.77 x10%! 6.32x10%!

o 0 60.34 2.96 x1077 6.02 x1077
120 12.38 3.05 x10™* 3.47 x107* "

Ne 81.47 2.50 x103! 2.10 x10%2

*Mg 102.90 9.81 x103! 1.05x103!

”si 123.70 3.92x10%0 2.31x1030

*Be 23.79 1.01 x10'3 6.79 X101

2c 42.19 5.52x10%0 1.36 x10%0

. o 59.77 2.63 x1026 1.18 x1026
7120 12.24 2.38x107* 6.24x107% "

Ne 81.19 3.46x10% 3.70 x10%

Mg 102.47 8.87 x10%° 2.41 x10%

2gi 123.12 2.29 x10%8 4.92 x10%

dicted that SHN may exhibit heavy cluster emission
modes (such as ¥ Br, 8Kr, 89Rb, *0-%4Sr, and *Zr, etc.),
whose half-lives may be comparable to or even shorter
than the a-decay half-lives. These predictions may deep-
en our understanding of the decay properties of SHN. As
shown in Table 3, most of the calculated half-lives can-
not not exceed 10*° s both in the DDCM and UDF, which
is favorable for measurements. Furthermore, we intro-
duce the branching ratio of CR relative to the o decay
s=log;yTo—log;y T, [19] to manifest the competition
between a decay and CR.

Note that ¢ ranges from —40 to —20, which is signific-
antly lower than 0 in our predictions. This means that a
decay is extremely likely to be the dominant decay mode
of Z =119 isotopes. Table 4 is the same as Table 3 but
for ten isotopes with 2°°7392120, including five odd-A
nuclei (?°3293:297:29301120) and five even-even nuclei
(?94296.298.300.30212()) Their CR products, $Be, >C, 1°0,
2Ne, Mg, and *Si, are also presented in the fifth
column. Similarly, the values of ¢ are less than 0, which
indicates that a decay may still be the dominant decay
mode in Z = 120 isotopes. It is noted that in the 8 Be emis-
sion with the minimum 7., the T. of emission from
23119 is 1.21x10'"s via the DDCM? and that from
294120 is 2.92 x 10'%s. Therefore, we deduce that ®Be may
be the most probable emitted cluster from Z = 119,120
elements. Note that we assume all cluster decays are fa-
vorable transitions, thereby the angular momentum car-

ried by all clusters is 0. Additionally, although the un-
clear physical mechanism behind the preformation factor
and the limited range of experimental data inevitably in-
troduce uncertainty to the theoretical predictions of SHN
cluster emissions, the half-life results from the UDF re-
semble those from the DDCM in general, which demon-
strates the credibility of our predictions.

To visually analyze the characteristics of our pre-
dicted results, we show figures of the data from Tables 3
and 4 in Fig. 3. The figure shows the relationship
between the half-lives of CR for Z=119,120 isotopes
and the mass number of the parent nuclei. As shown in
Fig. 3 (a), the Z = 119 isotopic chain emits o particles and
six types of clusters with 8Be, 12C, '°0, 2*Ne, Mg, and
32Gi. The observed trend in the behavior of the six
clusters is an approximate linear relationship between the
half-life and the mass number of the parent nucleus. As
the mass number of the parent nucleus increases, the cor-
responding half-life also increases. The curves of ®Be and
12C emissions are always located above the a emission.
The growth rate of the half-life of 'O with mass number
A is larger than that of other clusters. Moreover, there is a
complex competitive relationship among 'O, 2?*Ne,
28Mg, and 32Si emissions with the increase in mass num-
ber A of the parent nuclei. The curve of a-decay is al-
ways far below the cluster curves, which reveals that «
decay is highly probable as the main decay mode against
CR. Figure 3 (b) illustrates the decay half-lives of six
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Fig. 3.

(color online) Plots of the computed half-lives T, of a decay and 7. of CR from the DDCM for the isotopes with Z =119 and

120 versus the mass number A of the parent nuclei. The half-lives T, of the six probable emitted-clusters 8Be, IZC, 160, 24Ne, ngg, and

*3i are shown, where (a) is for the isotopes #1119 and (b) is for the isotopes ?

cluster emissions and the a decay of the Z = 120 isotopic
chain as the mass number of the parent nucleus varies.
Considering that the parent nuclei alternate between odd-
A and even-even nuclei, the seven curves show a clear
odd-even effect. Similar to the Z=119 isotopes, the
curve of a decay is at the bottom, followed by the curves
of 8Be, 12C, 100, and 32Si, which are located below those
of Mg and >*Ne. These phenomena indicate that 32Si is
more likely to be emitted than ?*Ne and Mg in the
Z =120 element.

The linear relationship between the decay energy of
CR and the number of a particles within the emitted

Z. . . .
cluster (presented by N, = ?) has been investigated in

heavy nuclei, as discussed in Ref. [28]. To verify this in-
teresting phenomenon, we further extend the relationship
between the decay energy of CR and the number N, of a
particles within the emitted cluster to the region of SHN.
Table 5 gives the prediction results for the CR of super-
heavy elements with fixed daughter nuclei with
108 <Z <120. The first column contains the daughter
nuclei of the decay, including 2’°Hs, 2%Cn, ?°’Lv, and
390120. The predicted emitted clusters in the second
column are still filtered according to the previously men-
tioned selection method. The last column shows the half-
lives calculated via the DDCM?. A plot of decay energy
Q. versus N, with a fixed daughter nucleus is shown in

93-302

120.

Fig. 4. We fit the data listed in Table 5 and obtain four
linear lines, which suggests that there is indeed a definite
physical meaning for N, with respect to the decay en-
ergy during cluster decay. Note that the coefficients ap-
proximately remain constant for the different daughter
nuclei. Furthermore, with an increase in the number of
protons of daughter nuclei, the slope of the fitted linear
line also exhibits an upward trend, indicating a positive
correlation between the number of protons and the slope
of the line. The expression for the decay energy is ap-
proximately Q. = (N, —1)Qp, where the decay energy Q.
increases constantly for each additional a particle with
Qo =20-24 MeV, which is less than the binding energy
of the a particle (28.3 MeV). This relationship may sug-
gest that the process of SHN cluster emission may in-
volve a few a particles or a few a particles and neutrons
pairs correlated into a large cluster near the surface of
SHN, before the cluster is emitted out through quantum
tunneling. This phenomenon may serve as evidence for
the mechanism of CR in the region of SHN.

IV. SUMMARY

Our study systematically investigates the CR of SHN
with Z =119, 120 using successful theoretical DDCM and
UDF methods. First, the obtained values of rms devi-
ations are within the range 0.254—0.528, and most of the
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Table 5.
energy of CR with fixed daughter nuclei of elements with
108 < Z < 120. The first column is the fixed daughter nucleus,
the second column shows the predicted emitted clusters, the

Theoretical predictions of the half-lives and decay

third column contains the decay energy obtained using Dong's
binding energy, and the last column shows the calculated half-
lives using the DDCM’.

Daughter Nuclei Emitted Cluster Q./MeV Tc/s

e 37.57 1.06x10%*

o 56.06 2.17x10%8

7Hs *Ne 78.09 1.62x10°!
Mg 101.54 8.75x10%

si 125.58 2.65x10%

c 41.26 5.84x10%0

0 60.95 1.24x10%

*cn *Ne 83.03 2.63%x10%
Mg 107.67 1.53x10%°

3 132.90 4.66x10%8

*Be 24.37 1.42x105

c 44.86 1.25 x10'8

. 0 65.72 2.58x10%?
*Ne 87.87 8.55x10%7

Mg 113.69 5.09x10%7

si 140.06 1.65x10%

*Be 26.73 4.76x10'?

c 4838 7.50%10'3

120 0 70.39 1.41x10%
*Ne 92.63 4.74x1026

Mg 119.58 3.09%10%0

7si 147.10 9.71x10%

HF are within +0.7, which indicates good agreement
between our calculated results and experimental data.
Subsequently, based on the theoretical methods with re-
fitted parameters, we predict the emissions of clusters for
the isotopic chains of Z=119 and Z =120. We gain the
credible half-lives of twenty isotopes with 23=311119 and

160

m 276 @ 292,

& 2840, 4 300450

140 Daughter
nuclei:

5 6 7

Fig. 4. (color online) Linear relationship between the theor-
etical decay energy Q. of CR from Dong's binding energy and

Z, . . . .
= of o particles in the predicted emitted

the number N, = 5

clusters

293-302120 using the DDCM? together with the UDF,
where the decay energy is obtained using Dong's binding
energy formula. Moreover, we find that except for a de-
cay, ®Be emission has the shortest half-life for each iso-
tope considered in this study and is consequently identi-
fied as the most likely cluster to be emitted. The predic-
tions performed with the DDCM and UDF for the half-
lives of the cluster decay of Z = 119,120 elements are in
good agreement, which may be of great use for further
experimental investigations on cluster decay in the super-
heavy region. We also explore the competition between
the possible decay modes of SHN and the corresponding
o decay and find that o decay is likely the main decay
mode. Furthermore, the linear relationship between the
decay energy and the number of the few a particles with-
in the emitted clusters is predicted in the range of SHN,
which gives evidence that the process of SHN cluster
emissions may involve a few a particles or a few «
particles and neutron pairs correlated into a large cluster
near the surface of SHN before cluster decay. In sum-
mary, by providing a comprehensive analysis of these
isotopic chains, our study may contribute to a deeper un-
derstanding for SHN, which is expected to have import-
ant implications for future experiments in this field.
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