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Abstract

We used atomic nuclei with proton number Z = 122 to calculate bulk properties within the relativistic
mean field (RMF) theory. We utilized the force parameters recognized as NL3 in our calculations. We
extend our calculation to isotopic series of Z = 122 and analyze the theoretical outcomes. A whole
isotopic chain of nuclei with atomic number 2 = 122 Z=122 is included in our inquiry, enabling a
methodical examination of their structural evolution as a function of neutron number. We compute key
bulk nuclear parameters, such as total binding energy, root mean square (rms) matter radius, and
charge distribution radius, for every isotope in this series. These observables offer important
information about the size, distribution, and stability of nuclear matter in superheavy systems. By
computing the alpha-decay half-lives, we investigate the decay behavior of the Z=122 and Z=122
isotopes in addition to their ground-state characteristics. The consistency and dependability of our
results are evaluated by comparing the estimated half-life values with predictions derived from well-
established theoretical models. Understanding the stability and decay mechanisms of superheavy
nuclei, where experimental data are still incredibly scarce, depends on these similarities. All things
considered, the current study advances our theoretical knowledge of the structural characteristics and
decay patterns of nuclei with Z = 122 Z=122 and offers helpful direction for next theoretical and
experimental studies in the field of superheavy elements. For isotopic families of nuclei with atomic
number Z = 122, we initiated calculations of fundamental bulk properties like binding energy, root
mean square radius, and charge distribution radius. We also calculate the half-life of an alpha particle
and compare it with the established theoretical models.

Keywords: Binding energy, charge distribution, half-life, Q,, relativistic mean field, Thomas—Fermi
approximation

INTRODUCTION

A superheavy element designated as Z = 122 refers to a theoretical element that is frequently
anticipated to reside within the region known as the “island of stability”” among superheavy nuclei [1].
The investigation of superheavy elements has fascinated both theoretical and experimental researchers.
When two heavy ions collide, a fusion process occurs, leading to the formation of superheavy elements.
Current studies characterize fusion in two ways: as the movement of nucleons or clusters from a lighter
nucleus to a heavier one, or as the combination of two nuclei based on their spatial arrangement [2].
Due to the substantial positive charge of the very heavy elements, Coulombic repulsion occurs within
the nucleus. The “island of stability” is located in
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the Z = 114 — 126 region, where certain superheavy
nuclei (SHN) exhibit longer half-lives and are
relatively more stable. Intense repulsion occurs in
the nucleus because of the strong force operating
there, which has a limited range owing to the
diminished nuclear binding energy. Decay is
favored because the energy equilibrium occurs in
the superheavy element. This energy balance aids
both alpha-decay and spontaneous fission.

In a foundational study [3] that investigated the
interaction of ®U with a "Zn target, the
researchers noted the emergence of both fusion-
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fission (ff) and quasi-fission (qf) phenomena in the exceptionally heavy nucleus *°*122. This occurred
at bombarding energies of 5.4, 6.7, and 7.5 MeV per nucleon, which corresponded to excitation energies
of the compound nucleus (E~) of 27, 93, and 133 MeV, respectively. More recently, “hot” fusion
reactions such as **Fe + 2**Cm — 306122+ and *Ni + 2*’Pu — 306122~ at an excitation energy (E*) of
33 MeV have evidenced these same two mechanisms [4]. Manjunatha [5] studied the theoretical
expectations regarding potential isotopes of the superheavy element with atomic number Z = 122.

The findings indicated that isotopes 7314122 have significantly long half-lives, making it feasible to
detect them if they are successfully created in a laboratory setting.

In the present investigation, we examine the macroscopic characteristics, such as binding energy,
charge radius, root mean square radius, neutron skin thickness, and half-life associated with o decay
processes of the nucleus with atomic number Z = 122, employing the highly successful NL3 force
parameter with relativistic extended Thomas—Fermi (RETF).

The following description details the structure of this paper: The binding energy of isotopes with Z
=122 is calculated using the NL3 force parameter set [6] in the context of relativistic mean field (RMF)
theory via a self-consistent iterative approach. Other observables, such as the charge radius, neutron
skin thickness, and half-lives for a, were also investigated. A brief overview and related conclusions
are provided in the concluding section of this paper.

THEORETICAL FORMALISM

Within the framework of scaling invariance, the virial theorem is derived from the RMF [7, 8]
Hamiltonian in the relativistic Thomas—Fermi (RTF) and relativistic extended Thomas—Fermi (RETF)
approximations [9-11, 12-16]. For the sake of thoroughness, we briefly describe a number of key
expressions that are essential to the current computations. The non-linear Lagrangian proposed by
Boguta and Bodmer [17] was utilized to examine many-body correlations arising from the non-linear
components in the 6-meson self-interaction. The Hamiltonian for the relativistic mean-field nucleon-
meson interacting system is written as [7-11, 18]:

P . 1 1 17,2
H=Y; o [—10( V4 pm* + g,V +59,Rt3 +5eA1 + 13)] @i +5[(V9)? + mi¢?]

_ R _ Q)
+3b¢> +7cp* —2[(W)2 +miV2] -2 [(VR)? + m2R?] — - (VeA)?
The fields for the o, ®, p—mesons, and photon are ¢, V, and A, respectively. The 13 is the 3™
component of the iso-spin of the p—meson. The actual mass m of the nucleon appears to be missed due
to its oscillations in the mesonic medium and acquires the effective mass m*=m — g,¢. The m,, m,, and
m, are the masses for the 6—, ®—, and p—mesons, respectively. The coupling constants g, g., g, and
e*/4n=1/137 correspond to the &, ®, p-mesons and photon couplings with the nucleons, respectively.
The b and ¢ are self-couplings for the non-linear ¢ — ® model for the c—meson field. Using the
variational principle, the equations of motion for the nucleons and meson fields can be derived. In the
semi-classical approximation, in terms of density, the Hamiltonian is given by:

H=E+g,Vp+ g,Rp3 + eAp, + Hy, 2)
with,
€ =3 ¢f[~id-V+pm]e; (3)

Here, Hyis the free part of the Hamiltonian, and the total density p is the sum of the proton p, and
neutron p, density distributions.

. . . 3 . .
The harmonic oscillator equation E, ,, = " (4 14~Y 3)1s used to define the correction factor from the
center of mass (c.m.) kinetic energy, where A is the mass number of the nucleus.
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The following are the root mean square charge radius (R.), proton radius (R,), neutron radius (R,),
and matter radius (Ryu):

< RZ>= %f pp(ry, Z)ridr, 4)
< RZ >= %f pn(ry, 2)r2dT, (%)
Rew = JFEF 060 ©
< R%,, >= %f p(r,, z)r?dr 7

Here, all terms have their usual meanings. The total binding energy of the system and other
observables can be obtained from standard relations [19-21].

RESULTS AND DISCUSSIONS
The Binding Energy and Two-Neutron Separation Energy

Nuclear Physics research relies heavily on the binding energy (BE) of finite nuclei. Of all the known
nuclear observables, this quantity can be measured with the highest degree of accuracy. Knowing the
computed BE and the extent to which the approach can be replicated is, therefore, very revealing. We
calculated the BE for superheavy nuclei Z = 122 with neutron range N = 174 — 216.

In an isotopic series, the BE reflects nuclear stability and provides an estimate of the energy required
to separate a neutron. We provide the BE results of our calculations for superheavy nuclei Z = 122 using
the RETF framework with the NL3 parameter set. We compare our obtained results with the well-
established theoretical finite-range droplet model (FRDM) model [22]. In addition to FRDM data, we
also compare our results with the relativistic Hartree calculation by taking the same NL3 parameter set
[6]. The results obtained are presented in the Table 2 and in the upper panel of Figure 1.

The table indicates that for almost all isotopes considered in the mass region of RETF, we typically
observe a consistent over-BE of approximately 44 MeV. In other words, RETF formalism produces a
BE that is approximately 1% greater than that of the FRDM data. A scaling technique can be applied to
close the BE gap between the FRDM and RETF methods, with f; = 1.026, indicating that the exact
FRDM binding energy can be calculated by dividing the RETF binding energy values by f;.

2400 T T { TTTT { TTTT { TTTT TTTT TTTT { TTTT { TTTT { TTTT T 1]
92300 - =
§ C = 7
<2200 g — NL3(RETF) 1

E - FRDM 3
20 7\‘ } } L1 ‘ [ ‘ | } } | ‘ | ‘ } } [ ‘ [ } } ‘ [ ‘ | } \‘ }7

T
|

175 180 185 190 195 200 205 210 215

N
Figure 1. The binding energy (BE) obtained from the relativistic extended Thomas—Fermi (RETF) [11]
(black color) calculations for some selected nuclei is compared with the relativistic Hartree—Fock (RHF)
[6] (red color), as well as compared with the FRDM data (green color) [22]. The energy is in MeV.
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The Hartree—Fock (HF) calculation provides lower predictions than the RETF results. The RMF-HF
values for BE vary from the FRDM results by approximately 8 MeV. In an isotopic series, the
calculations of the BE toward the neutron dripline increase steadily with the number of neutrons and
become more rigid with the total number of atoms.

The two-neutron separation energy S, can be calculated with the formula below:
S2, = BE(N,Z) —BE(N —2,Z —2) ®)

The nuclear binding energy, indicated by the atomic number Z and neutron number N, is expressed
as BE (N, Z). A sudden decrease in S,, along an isotopic chain, as shown in the lower panel of Figure
1, indicates a magic neutron number, supporting the concept of shell closure within the nuclear shell
model. We observed a significant peak at N = 203 in our assessment of the NL3 with the RETF force
parameter, which resembled the peak identified in our analysis of the NL3 with the HF force parameter
at N = 193. This shows the enhanced stability of nuclei concerning the decay of two neutrons.

R.y and R,..s Radius of Super Heavy Nuclei Z = 122

This section investigates the charge radius and the root mean square (rms) radius for nuclei in the
isotopic range of Z = 122. The rms charge radius R, and the rms matter distribution radius R,.s for
isotopes Z = 122 are shown in Figure 2. We concentrate on the charge radius of Z = 122 isotopes in the
upper part of the image. The nuclear charge radius is a key observable that helps characterize the nuclear
shell model and provides an understanding of the impact of interactions on the nuclear structure. The
results of the NL3 force parameter with RETF were compared with R, which was determined using
the HF method.

The values calculated for R.; and R, are shown in Table 1 and Figure 2. In our calculation, R.;, and
R,ms constantly increase with increasing neutron number N = 174 — 216. In the upper panel of the Figure
2, we observed that R, intersects at neutron number N = 175 in both of our calculations. A steady rise
is noted from N = 174 — 177, followed by a sudden drop to neutron number N = 209.

Relative to the NL3 force parameter with RETF, a sharp decline is observed up to neutron number N
=193, and a constant increase is observed up to neutron number N=201, reaching a maximum at neutron
number N = 205, followed by a steady increase in charge up to neutron number N = 216.

6.7 N‘IIII‘IIII‘INII‘IIIN‘IIII‘N{II‘IIXI‘IIII‘

F—_——————— - =]

6.6 — NL3(RETF) /
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Figure 2. The root mean square charge radius R., and matter distribution radius R,s obtained
from the relativistic extended Thomas—Fermi (RETF) [11] (black color) for some selected
nuclei are compared with the relativistic Hartree—Fock (HF) [6]. The radius is in (fm).
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Table 1. The binding energy (BE) obtained from the relativistic extended Thomas—Fermi (RETF) [11]
calculations for some selected nuclei is compared with the relativistic Hartree—Fock (RHF) [6] as well
as with the available FRDM data [22]. The energy is in MeV.

Nucleus | ETF (BE) | HF (BE) | FRDM (BE) | Nucleus | ETF (BE) | HF (BE) [FRDM (BE)
174 212169 | 2076.86 2068.61 175 2129.17 | 2083.82 | 2075.86
176 2136.53 | 2090.78 2084.07 177 2143.78 2097.6 | 2091.49
178 2150.92 | 2104.45 2099.28 179 2157.95 | 211131 2106
180 216487 | 2118.04 2113.69 181 217168 | 212472 | 2120.06
182 217839 | 213127 2127.44 183 218499 | 2137.67 | 213344
184 219148 | 2143.82 2140.46 185 2197.87 | 2149.68 | 21455
186 2204.16 | 215529 2152.19 187 221035 2160.7 | 215836
188 221643 | 2166.12 2165.42 189 222242 | 217153 | 2170.85
190 222832 | 2177.13 21775 191 223411 | 2182.64 | 2182.67
192 2239.81 | 2188.15 2189.1 193 224542 | 219357 | 2199.1
194 225093 | 2198.93 2200.4 195 225635 | 2204.04 | 220526
196 2261.69 | 2209.51 2211.43 197 226693 | 2214.83 | 2216.09
198 2272.08 | 2220.03 2222.09 199 2277.15 | 222479 | 22266
200 2282.12 | 2229.13 2232.62 201 2287.02 | 223334 | 2237.19
202 2291.83 | 223739 2242.81 203 2296.55 | 2248.57 | 224848
204 2301.19 | 2255.13 2252.57 205 2305.75 | 2259.83 | 2256.63
206 231023 | 226437 2261.86 207 231464 | 2268.79 | 2266.02
208 231896 | 2273.17 22712 209 2323.2 227747 | 227552
210 232737 | 2281.66 2281.94 211 233146 | 228585 | 228558
212 233548 | 2290.08 2290.53 213 233942 | 229426 | 2294.1
214 234329 | 2298.52 2298.89 215 2347.08 | 2302.61 | 230229
216 2350.81 2306.7 2306.95

The matter radius distributions (encompassing protons and neutrons) for the NL3 force parameter
with RETF and HF sets are depicted in the lower part of Figure 2. Our analysis shows that the rms radii
grow until neutron number N = 202. A sharp-like structure is observed at the neutron number N = 202,
then experiences a sharp rise at neutron number N = 205. A consistent rise is observed from N =205 —
208, succeeded by a sudden decline at neutron number N = 209. Thereafter, a consistent rms radius is
upheld until the neutron number N = 216. Surface/volume saturation leads to a rise in symmetry energy,
as demonstrated by the neutron skin thickness, arising from the surplus neutrons and increasing linearly
with the neutron number. The symmetry energy component in the nuclear equation of state (EoS), which
defines the disparity between the count of neutrons and protons, influences the neutron skin-thickness
AR,,,. It reveals the distributions of nucleons and the forces within a nucleus. In nuclear structure and
neutron star physics, the symmetry energy of nuclei is essential.

The equation for the neutron skin thickness is given by
AR, =< R3 >1/? —< RZ >1/2 9)

Where, R, represents the root mean square radii of neutrons, while R,, signifies the radii of neutrons
and protons, respectively. Figure 3 illustrates the obtained data on the neutron skin thickness. As shown
in Figure 3, the neutron skin thickness linearly increases with an increase in the neutron number. This
is consistent with the calculations from the HF. A notable kink was observed at neutron number N =
194 in the HF calculation.
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Table 2. The root mean square charge radius (R.;) and root mean square matter distribution radius (Ryms)
obtained from the relativistic extended Thomas—Fermi (RETF) [11] calculations for some selected

nuclei are compared with the relativistic Hartree—Fock (HF) [6]. The radius is in fm.

Nucleus Rex |(RETF) Rch|(HF) Rms| (RETF) Rrms| (HF) [NucleusRen|(RETF) Rch|(HF YRoms|(RETF)| Roms (HF)
174 6.308 6319 6331  |6361] 175 6.314 6322 | 634 | 6369
176 6.32 6.324 6349  |6376] 177 6.326 6327 | 6358 | 6383
178 6.332 6.329 6367 |639] 179 6.339 6331 | 6376 | 6397
180 6.345 6.334 6385  |6.404] 181 6.351 6337 | 639 | 6412
182 6.357 6.34 6.403  |6.419] 183 6.364 6343 | 6412 | 6427
184 6.37 6.348 6421  |6.436] 185 6.376 6353 | 643 | 6.445
186 6.383 6.361 6439  |6.456] 187 6.389 6369 | 6448 | 6.466
188 6.395 6.378 6.457  |6.477| 189 6.402 6387 | 6467 | 6.489
190 6.408 6.398 6476  |6.501] 191 6.414 6.408 | 6.485 | 6513
192 6.421 6.418 6494 6525 193 6.427 6.426 | 6.503 | 6.536
194 6.433 6.435 6513  |6.546] 195 6.44 6443 | 6522 | 6556
196 6.446 6.452 6531  |6.567| 197 6.452 646 | 654 | 6577
198 6.459 6.469 655  |6.588] 199 6.465 6476 | 6.559 | 6.598
200 6.471 6.482 6568 |6.607] 201 6.478 6489 | 6577 | 6.617
202 6.484 6.495 6.587  |6.626] 203 6.49 6.603 | 659 | 6.727
204 6.497 6.646 6.605 |6.771] 205 6.503 6.646 | 6.615 | 6.775
206 6.51 6.646 6.624  |6.779] 207 6516 6.647 | 6.633 | 6.784
208 6.522 6.648 6643 679 209 6.529 6.65 | 6.652 | 6.796
210 6.535 6.65 6.662 |6.801] 211 6.541 6.649 | 6.671 | 6.804
212 6.548 6.645 6.68  |6.805| 213 6.554 6641 | 669 | 6807
214 6.561 6.642 6699 |6.812] 215 6.567 6.646 | 6709 | 6.820
216 6.573 6.65 6718  |6.828
I | T TT | T TT | T TT | T T | T TT | T TT | T TT | T TT | T
ﬁ — NL3(RETF)
3 ;'.l ~=- NL3(HF) =
i
|l
|l
| |
II
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I
—~ || | —
£ 2
~ | |I
& L
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L
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1— ; } |
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Figure 3. The neutron skin thickness obtained from the relativistic extended Thomas—Fermi (RETF)
[11] (black color) calculations for some selected nuclei is compared with the relativistic Hartree—Fock
(RHF) [6] (red color). The neutron skin thickness is in fm.
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The Qo Energy and o-Decay Half-Life 7" of a SUPER HEAVY Nuclei

To determine the half-life of a particles, referred to as T? it is important to take into account: It is
essential to determine the nuclear energy Q.. The concepts of parent and daughter isotopes, as well as
an understanding of the BE associated with their relationship, are essential. The energy of the a particle,
particularly the binding energy of “He, must be considered. This energy can be obtained from
observational data when available. The previously mentioned factors are also relevant to different mass
formulas and the relativistic mean-field Lagrangian approach. The energy Q. can be approximated using
the following equation [23]:

Qu«N, Z) = BE(N, Z) -BE(N —2,Z —2) - BE(2,2) (10)

In this equation, BE (N, Z), BE (N — 2, Z — 2), and BE (2, 2) denote the corresponding binding
energies, respectively. The parent and daughter isotopes, along with the He nucleus, have a binding
energy of 28.296 MeV. In this context, N represents the number of neutrons, and Z indicates the number
of protons.

Having the Q.—values of nuclei, we can approximately evaluate the a-decay half-lives
log1g Tl";z (s)logioT%(s) for different nuclei employing the phenomenological equation by Viola and
Seaborg [24]:

Z—b
logsg Tff2(s) = =2 = (¢Z +d) + hiog (an

We refer to papers [24-26] for the values of parameters and other significant observable quantities
connected to Qa and the half-life of o decay for a suitable explanation.

Figure 4 in the left panel shows the Q. value obtained from the RMF calculation of the force
parameter NL3 with RETF for isotope Z = 122 as a solid black line. Furthermore, the results are
compared with the force parameter NL3 within the HF, represented by the dotted line, and the available
FRDM data (green dotted line). Although the Qa values are in good agreement, it is important to note
that the exponential component of a in the T/2(s) value can cause significant variations in the values.
Therefore, it is better to compare logyo Ty, (s) values instead of Tf/z (s) values.

30 HHH‘HH‘\H\‘\\H‘HH‘HH‘HH‘HH‘\H\‘\HL20
— RETF
—— HF 1
FRDM -
25 —10
5 —
S 20 —o @
[0} — Q
=) 1 =
s - s
o 4 &
15 4 3
—-10
0 [ =
L —-20
lH‘HH‘HH‘HH‘HH‘lH‘ ‘ IH ‘ HH‘HH‘HH‘\\\\‘HH‘HH‘HH‘HH‘HH‘\HT

25
170 175 180 185 190 195 200 205 210 215 220 215210205 200 195 190 185 180 175 170
N N

Figure 4. The Q. and the Half-life time 71,2 of the a—decay are obtained from the relativistic extended
Thomas—Fermi (RETF) [11] (black color) calculations for some selected nuclei, and are compared with
the relativistic Hartree—Fock (RHF) [6] as well as compared with the FRDM (green color) [22]. The Qo
energy is in MeV and 71,2 is in second(s).
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The results obtained for Tf?z (s) are shown in the right panel of Figure 4 and are comparable to the
FRDM data for the NL3 force parameter within the HF, demonstrating the robustness of the linearly
decreasing with increasing neutron number. In our calculations, Qa linearly decreases with an increase
in the neutron number. This indicates that these isotopes are completely stable in the alpha-decay mode
and follow different decay modes, such as spontaneous fission (SF) and beta decay (BD), with NL3
parameters.

However, alpha-decay, SF, and BD can occur in the FRDM and NL3 force parameters. The overall
isotopic stability trend Z = 122 increases with the number of neutrons. The results obtained are
comparable with the HF and FRDM results. To obtain a more accurate conclusion, it is necessary to
calculate other decay modes such as SF and BD.

SUMMARY AND CONCLUSION

Z =122 isotopes with neutron counts N = 174 — 216 have been analyzed for their ground-state bulk
properties using the RMF approach. The calculations are executed utilizing the most effective NL3
force parameter alongside the RETF and HF configurations. The outcomes derived from RETF and HF
are compared with the FRDM data. The fundamental state characteristics are examined thoroughly,
encompassing the BE, two-neutron separation energy, charge radius, rms radius distributions, and
neutron skin thickness. We achieved a magic number at N=204 in the NL3 force parameter
computations using HF. We found another magic number at N=194 in the FRDM calculations, which
is absent from both RETF and HF results. We got a kink in the neutron skin thickness distribution,
which is totally absent in the RETF approach. So, for a more fundamental study, we must extend our
calculation for deformed cases and must consider more decay modes like SF and BD.
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     ℋ    =   ∑  i       𝜑  i †  [ − i   𝛼 → ⋅  ∇ → + 𝛽   m ∗ +   g  v V +  1 2   g  𝜌 R   𝜏 3 +  1 2 e 𝒜  ( 1 +   𝜏 3 ) ]   𝜑  i +  1 2  [ (  ∇ → 𝜙  ) 2 +   m  s 2   𝜙 2 ]      +  1 3 b   𝜙 3 +  1 4 c   𝜙 4 −  1 2  [ (  ∇ → V  ) 2 +   m  v 2   V 2 ] −  1 2  [ (  ∇ → R  ) 2 +   m  𝜌 2   R 2 ] −  1 2 (  ∇ → 𝒜  ) 2


  ℋ = ℰ +   g  v V 𝜌 +   g  𝜌 R   𝜌 3 + e 𝒜   𝜌  p +  ℋ  f ,


  ℰ =   ∑  i     𝜑  i †  [ − i   𝛼 → ⋅  ∇ → + 𝛽   m ∗ ]   𝜑  i


    E  c . m . =  3 4  ( 41   A  − 1 / 3 )


  <   R  p 2 > =  1  Z  ∫     𝜌  p  (   r ⊥ , z )   r  p 2 d   𝜏  p


  <   R  n 2 > =  1  N  ∫     𝜌  n  (   r ⊥ , z )   r  n 2 d   𝜏  n


    R  c h =    R  p 2 + 0 . 64


  <   R  r m s 2 > =  1  A  ∫   𝜌  (   r ⊥ , z )   r 2 d 𝜏  


  Δ   R  n p = <   R  n 2  >  1 / 2 − <   R  p 2  >  1 / 2


   log 10 ⁡   T  1 / 2  𝛼 ( s )


   log 10 ⁡   T  1 / 2  𝛼 ( s ) =   ( a Z − b )     Q  𝛼 − ( c Z + d ) +  h  l o g


   log 10 ⁡   T  1 / 2  𝛼 ( s )


    T  1 / 2  𝛼 ( s )


    T  1 / 2  𝛼 ( s )

