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Abstract

Superheavy elements are an ideal testbed for studying relativistic, exchange, and correlation
effects in scattering phenomena. In this work, we investigate electron scattering from
copernicium (Z = 112) and oganesson (Z = 118) atoms. Both the relativistic Dirac and
non-relativistic partial wave methods are employed to analyze the scattering dynamics,
with the interaction between the projectile and target atom modeled within the framework
of the optical potential approach. Our results demonstrate that relativistic, exchange, and
correlation effects play a significant role in modifying the scattering cross-sections and
scattering length, highlighting the influence of these interactions on the scattering processes
from superheavy atomic systems. The work also attempts to identify common features of
the scattering cross-section by comparing those of lighter elements in the same group.

Keywords: electron scattering; copernicium; oganesson; Dirac relativistic partial wave
analysis (DRPWA)

1. Introduction

Relativistic and correlation effects profoundly reshape the physical and chemical
behavior of superheavy elements, often producing striking deviations from the trends
observed in their lighter homologues [1-3]. These anomalies have motivated extensive
theoretical investigations aimed at quantifying the role of relativistic and correlation effects
in governing their properties [4,5]. Experimental studies are scarce, as the short half-lives
of these elements preclude most direct measurements, although a few pioneering results
do exist [6,7].

Among the known superheavy elements, copernicium (Cn, Z = 112) and oganesson
(Og, Z = 118) stand out as the heaviest members of groups 12 and 18, respectively. Coper-
nicium, a group-12 d-block element, was first synthesized in 1996 by bombarding a 2*®Pb
target with 70Zn projectiles, resulting in the production of the isotope 2’”Cn [8]. Among all
its isotopes, 28°Cn is the most stable, with a half-life of approximately 29 seconds [9], long
enough to allow atom-at-a-time experiments. The electronic structure of copernicium is
strongly influenced by relativistic effects, which lead to the stabilization and contraction of
the 7s orbital, accompanied by the destabilization and expansion of the 6d orbitals. As a
result, copernicium deviates from the metallic behavior of its group 12 congeners and
instead exhibits enhanced inertness, resembling a noble gas-like character [9]. A variety
of theoretical methods have been used to investigate its atomic properties, including the
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electric dipole polarizabilities, ionization energies, isotope shift factors, oscillator strength,
atomic radius, and excitation energies of low-lying states [10-13].

While copernicium behaves more like a noble gas than a metal, oganesson (Og,
Z = 118), a group-18 element, is predicted to deviate from the chemical inertness of
its congeners [14]. Oganesson was first synthesized via the fusion reaction 24°Cf + 48Ca [15],
with alternative production channels such as *°Ti + 244Cm and >*Cr + 24°Pu also theoret-
ically studied [16]. Direct experimental studies of its structure are not feasible because
even its most stable isotope survives for only about 0.89 ms [15]. Consequently, theoretical
work provides primary insights into Og’s behavior. Large spin—orbit splitting in the 7p
shell produces a nearly uniform gas-like electronic density in the valence region, together
with enhanced polarizability and Thomas-Fermi-like nucleon localization [17]. Its small
predicted band gap suggests that, unlike all other noble gas solids, condensed Og may
behave as a semiconductor [18].

This unusual electronic structure also motivates detailed studies of Og at the atomic
level. In particular, its atomic spectrum and electric dipole transition probabilities have been
examined using configuration interaction combined with perturbation theory methods,
yielding predictions of excitation energies and transition strengths [19]. The electron affinity
of oganesson has also been evaluated using relativistic coupled-cluster and configuration
interaction methods [20].

Copernicium and oganesson represent the extremes of superheavy element behav-
ior: a metal exhibiting noble gas-like characteristics and a noble gas showing deviations
from inertness. Their anomalous properties underscore the prominent role of relativistic,
exchange, and many-body correlation effects in determining the structure and dynamics of
the heaviest atoms.

Although theoretical studies have extensively examined the ground- and excited-state
properties of copernicium and oganesson, comparatively little effort has been devoted to
their interactions with external projectiles such as electrons, positrons, or photons. An im-
portant example is the photoionization study on oganesson, which, using the relativistic
random-phase approximation, demonstrated that many-electron correlations and rela-
tivistic effects strongly shape the photoionization dynamics through coupling between
different photoionization channels, and this study also investigated the differences in
photoionization dynamics from its lighter homologue, radon (Rn) [21]. By contrast, no
studies on electron scattering from these atoms have been reported to date. Since elastic
electron scattering serves as a sensitive probe of the atomic potential, such investigations
could provide valuable insights into the interplay of relativistic and correlation effects in
these superheavy systems. For mercury, the lighter congener of copernicium, and radon,
the lighter congener of oganesson, electron and positron scattering have been extensively
studied. These investigations have highlighted the prominent role of relativistic, exchange,
and correlation—polarization effects in shaping scattering observables [22-26]. The results
for Hg and Rn thus provide valuable benchmarks, suggesting that similar effects are ex-
pected to be even more pronounced in their superheavy analogues, Cn and Og, due to their
higher nuclear charge and stronger relativistic interactions.

In this work, we investigate electron elastic scattering from copernicium and oganes-
son within the optical model potential framework. Both relativistic and non-relativistic
treatments are employed, based on the Dirac and Schrédinger formalisms, respectively.
In addition, electron scattering cross-section comparisons are carried out between coperni-
cium and its lighter congeners of group 12 and between oganesson and its lighter congeners
of group 18. These comparisons provide insight into the common features of scattering
cross-sections within the same group while also highlighting deviations arising from rela-
tivistic effects. Further, a comprehensive discussion on the scattering length of these atoms
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is also included. This analysis aims to clarify how relativistic, exchange, and correlation
effects collectively influence the scattering dynamics of these superheavy atoms.

2. Methodology
2.1. Relativistic Case

The Dirac equation governing the motion of a projectile of mass mg and velocity v is
expressed as

[ea - p + roc® + V()] (x) = Ep(r), ©)

where E = mgyc? = E; + mpc? denotes the total energy of the projectile, with v = (1 —
v?2/c?)~1/2. Here, E; represents the kinetic energy of the incident particle, c is the speed
of light in vacuum, while & and f are the 4 x 4 Dirac matrices. The incoming electron
momentum is denoted by p. The interaction between the projectile and the target, V(r), is
formulated within the framework of the optical model potential in this work. For the case
of e~—Cn/Og scattering, this optical potential can be expressed as

V(r) = Vet (r) 4 Vex(r) + Vep(r). ()

As the scattering process is purely elastic, Equation (2) does not contain an imaginary
absorption term. The interaction potential V(r) consists of three main components: the
electrostatic potential Vi (7), the exchange potential V,(r), and the correlation—polarization
potential V(7). The static potential Vs;(r) is constructed from the Fermi nuclear charge
distribution p,(r) and the Dirac-Hartree-Fock (DHF) electron densities p,(r), which are
generated using the GRASP92 package [27]. The exchange potential V,,(r) arises from
the indistinguishability between the projectile electron and the target’s bound electrons,
and it is described using the semi-classical exchange model proposed by Furness and
McCarthy [28] in this work. Its functional form is given by

1

V() = lEi = Var(r)] = 5/ {Bi = Va(1))? + draetp (), ®

with ag being the Bohr radius and e the elementary charge.

The polarization potential arises from the distortion of the target atom’s electron cloud
induced by the incident electron, and it acts as an attractive interaction. In the present work,
we employ a global correlation—polarization potential V¢,(r), which combines the long-
range polarization potential with the short-range correlation potential V¢, (r) derived within
the local density approximation (LDA) [29]. This potential can be expressed as follows:

max { Voo (1), Veps (1) } ifr < 7.
ch(r) = . 4)
Veps(7) ifr > r.

Here, r. denotes the outer radius at which the correlation potential V;,(r) intersects
with the polarization potential V;,s(r). The long-range correlation—polarization potential
Veps(r) is approximated as

chs(r) = _adig (%)
2(r2 +d2)%’
where a4 is the static dipole polarizability. The values used are oy = 27.92 a.u. for coperni-
cium [30] and &y = 57.98 a.u. for oganesson [17]. The cutoff parameter d can be expressed
as [31]

1 _
dt = Saga0Z 0, (6)
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where by, is an adjustable energy-dependent parameter b% o = max{(E —50eV)/(16eV),1}.

The particular parameters in the expression for by, are chosen such that the expression

ol
provides electron elastic differential cross-sections (%CSS) that agree well with experimental
measurements at small scattering angles, as observed in the cases of noble gases and the
mercury atom [29].

The correlation potential V¢, (r) is formulated within the local density approximation
(LDA), assuming that the correlation energy of a projectile at a distance r is equivalent
to that in a homogeneous electron gas of density p. equal to the local atomic electron

density [29]. For convenience, the density parameter is introduced as

B 1 3 1/3
rs:ﬂo{‘lﬂpe(r)} ' @

In the case of electron scattering, the correlation potential is parameterized using the
formulation of Perdew and Zunger [32], which can be expressed as

2
v () = —%(0.0311 In (rs) — 0.0584 +0.00133 7, — 0.0084r,)  forrs <1  (8)
0

and
2 1/2
Vc(oi) (”) = -Z 50 (7/6) [81]1/2 (4/3)/327’5, forrs > 1, (9)
ag (1+ Byrs’= + Bars)?
where By = 0.1423, B; = 1.0529, and B, = 0.3334.

The solution of the Dirac equation can be written in terms of a four-component Dirac

¥(r)g, — ! < P, (1) O, r()r)> (10)

spinor as

IQE ( ) —Km

where Pg_(r) and Qf, (r) denote the large and small components of the radial Dirac central-
field spinor, respectively, and Oy, () represents the angular component of the Dirac
wavefunction. Here x represents the relativistic angular quantum number. The coupled
radial equations for the large and small components of the Dirac spinor are expressed as

dPZ,;(r) _ E— V(rc)h—i- 2mpc? Q. (1) ;PEK ), an

d E-V
Qs;m - -== (r) P (r) + EQEK(;’). (12)

The scattering phase shift can be obtained from the asymptotic behavior of the large

component of the radial Dirac spinor. In the limit » — oo, the large component Pg,_(r) takes
the form

Pg, (1) ~ sin <kr — 1771 + 5K(k)>, (13)

where k = V2E 4 a?E? is the relativistic wave number of the projectile, with a being the
fine structure constant, and d,(k) denotes the scattering phase shift corresponding to a
given value of x. Since ¥ admits two possible values for each I, two distinct phase shifts are
obtained. These give rise to two types of scattering amplitudes: the direct amplitude f(0)
and the spin—flip amplitude g(6), which are expressed as

f(())fik (01 1)fexpCidie 1) =1} + Hexp2ioeer) ~ 1 ]B(cos0), (14

\\Mg
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and

2(0) = 21? Y lexp2ideor) — expl2i See_1-1)]PX( cosB). (15)

Here, P;(cosf) and Pl1 (cosf) denote the Legendre polynomial and the associated
Legendre polynomial of degree I, respectively. The DCS and the integral cross-section (ICS)
can be expressed in terms of the scattering amplitudes as

2 < IFO)R + ls0), (16)

and p
g .
it = [ 3300 =27 [ (FO)F + I3(0)?)sime . (17)

The electron scattering cross-sections for copernicium and oganesson are calculated
using the ELSEPA package [33] in the relativistic framework.

2.2. Non-Relativistic Case

The Schrodinger equation describing the scattering state of an electron is given by

n? d2 R(1+1)
lZmer + (E — Viotar (r) — o u(r) =0, (18)
where E = represents the kinetic energy of the incident electron, [ is the orbital an-

gular momentum quantum number, and Vj,,;(r) is the total potential, as defined in
Equation (2), with electron density p.(7) calculated by solving the non-relativistic Hartree—
Fock (HF) equation usng the GRASP92 package [27].

Equation (18) is solved numerically using the Numerov method. In the asymptotic
region (r > rmax), where the potential becomes negligible, the solution of Equation (18)
reduces to a linear combination of spherical Bessel and Neumann functions:

uy(r > rmax) & kr[cos 01 ji(kr) — siné; nl(kr)], (19)

with J; denoting the scattering phase shift for the I partial wave. The scattering amplitude
can be expressed in terms of the phase shift as

1 o0
E Z (21+1) ¢l sin 6 Py(cosB), (20)

where Pj(cos 6) denotes the Legendre polynomial of order I and 6 is the scattering angle.

The DCS is then obtained as y
o 2
— 21
1q = FOF, (21)

and integration over the solid angle yields the ICS:

4 ()
O = 17721 Y (21 +1) sin2 3. (22)
1=0

3. Results and Discussion

This section presents the calculated electron scattering cross-sections for coperni-
cium and oganesson within the optical potential framework. To assess the influence of
relativistic effects, the results are obtained using both the Dirac relativistic partial wave
analysis (DRPWA) and non-relativistic partial wave approximation (PWA). Henceforth in
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the manuscript, DRPWA refers to the relativistic partial wave calculations and PWA to
the non-relativistic partial wave calculations. Before proceeding with the scattering best
to examine the differences in the electronic structures of these atoms due to these effects.
Table 1 presents the valence shell energies of Cn and Og. In the non-relativistic case, no
splitting occurs for the 6d orbital in Cn or the 7p orbital in Og. When spin-orbit coupling
is taken into account, however, both Cn and Og have spin-orbit split channels and the
corresponding orbital energies deviate from the non-relativistic values. Since the spin-orbit
interaction scales approximately as Z*, the energy difference between the 7p; /, and 7p3 5
states in Og is larger than that between the 6d3/, and 6d5/, states in Cn, owing to the higher
atomic number (Z) of Og.

Table 1. Valence shell energies of copernicium (Cn) and oganesson (Og) in eV from relativistic and
non-relativistic calculations.

Relativistic Non-Relativistic
Atom Subshells Energy (eV) Subshells Energy (eV)
Cn 6ds /o 15.311 6d 18.941
6ds /o 12.027 7s 6.478
7s 12.274
Og 7s 35.289 7s 21.058
7p1/2 20.119 7p 10.732
7p3/2 8.315

The comparisons of the radial probability distributions obtained using the DHF and
HF methods for Cn and Og atoms are presented in Figure 1. Figure 1a,b illustrate the
probability distribution of the outermost subshell of electrons of both atoms, whereas
Figure 1c,d display the total electronic contributions. It is evident that the DHF orbitals are
more compact compared to the HF orbitals, indicating that they are more tightly bound
to the nucleus, which is clearly a relativistic effect. This observation is supported by the
valence shell energies listed in Table 1. For Cn, the bound-state energy of the 7s orbital is
E = —12.274 eV in the DHF case, while in the HF case, itis E = —6.478 eV. For Og, the DHF
7p1, orbital has an energy of E = —20.119 eV, whereas the HF 7p orbital is less bound
with E = —10.732 eV; however, the 7p3,, orbital shows energy values close to those of the
HF case. This stronger binding of the DHF orbitals is also reflected in the total probability
density plots in Figure 1c,d for Cn and Og, where the distinct peaks correspond to the
localization of electrons in different atomic orbitals.

4.0

0.2

0.0

0.001

——DHF 16 ——DHF
——HF ' ——HF
Cn (7s) 3.2 Og(7p)
2.8
024
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%, 20
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Figure 1. Cont.
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Figure 1. Comparison of radial probability distributions obtained from DHF and HF approaches:
(a) outermost subshell contribution for Cn, (b) outermost subshell contribution for Og, (c) total
electronic density contribution for Cn, and (d) total electronic density contribution for Og.

3.1. Integral Cross-Section for Electron Scattering from Copernicium and Oganesson

The electron scattering ICS from copernicium atom is presented in Figure 2, calculated
using both DRPWA and PWA over the energy range 0.1-1000 eV. The electronic densities of
both atoms are generated in the non-relativistic and relativistic regimes using the GRASP92
package [27], and these densities are employed in the formation of scattering potential.
At very low energies (E < 1eV), the relativistic and non-relativistic results deviate markedly.
The relativistic ICS for e™—Cn starts from a comparatively lower value and rises to form
a broad resonance near E ~ 1 eV due to relativistic effects, whereas the non-relativistic
ICS begins from a higher value and decreases monotonically. This highlights that the
inclusion of relativistic orbital contraction and spin-orbit interaction modifies the low-
energy scattering dynamics, giving rise to structures that are absent in the non-relativistic
description. At such low energies, the electron spends more time within the potential
region, making it more sensitive to the differences introduced by relativistic effects.

10*
e DRPWA
_ . e PWA
e~ — Cn scattering — . -Marinkovié et al., 2023 (Cd)
= Holtkamp et al.,1987 (Hg)
e Zubek et al.,1995 (Hg)
103 = A Kelemen and Remeta,2012 (Hg)
3
)
(2]
Q
102 =
10" =
107" 10° 10° 102 10°

Energy (eV)

Figure 2. Integral cross-section for electron scattering from copernicium. The present results are
compared with e™-Cd cross section reported by Markinkovié et al. [34] (blue dash-dot line), and with
e~ -Hg cross sections reported by Holtkamp et al. [35] (black squares), Zubek et al. [36] (black circles),
and Kelemen and Remeta [37] (yellow dash-dot line).
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In the intermediate energy region (10-100 eV), both approaches show oscillatory be-
havior, but with different amplitudes: the DRPWA results exhibit deeper minima and a
broader peak compared with the PWA. A meaningful comparison can be made with the
lighter group 12 congeners, cadmium and mercury. In this energy range, the relativistic Cn
cross-section closely follows the experimental and theoretical e~—Hg cross-section [35-37],
whereas the theoretical e~—Cd cross-section [34] remains lower above 20 eV. A minimum
near E ~ 20 eV is a universal feature observed across the elements of this group. Over-
all, in this energy domain, the scattering cross-sections of Cd, Hg, and Cn are broadly
comparable, consistent with their periodic group relationship.

At higher energies (E > 200 eV), the relativistic and non-relativistic ICSs for Cn
gradually converge. This behavior is consistent with the expectation that relativistic
effects become less pronounced once the projectile wavelength is much smaller than
the atomic dimensions. In this energy range, the electron effectively senses only the
averaged electrostatic potential, without resolving the finer contributions from exchange
and correlation—-polarization potentials where relativistic modifications occur, and the
scattering is therefore dominated by electrostatic interaction.

Figure 3 presents the ICS for electron scattering from oganesson. The DRPWA re-
sults lie above the PWA cross-section at low energies, highlighting the enhanced role of
relativistic 7s orbital contraction and the large spin—orbit splitting of the 7p shell. The rela-
tivistic contraction of the 7s orbital reshapes the electron density near the nucleus, thereby
modifying the atomic potential. This altered potential affects the scattering phase shifts,
resulting in an enhanced scattering amplitude. The DRPWA and PWA curves intersect
near 1 eV. Beyond this point, the PWA cross-section slightly exceeds the relativistic result,
displaying two shallow minima, whereas in the DRPWA case, the first minimum is shifted
to a different energy. In the intermediate energy range (10-100 eV), both approaches exhibit
oscillatory structures due to interference between partial waves, although the amplitudes
and positions differ. A sharp resonance near 30 eV appears in the DRPWA calculation, aris-
ing from the lowering of the angular momentum barrier compared to the non-relativistic
case, which results from relativistic modifications to the potential.

e~ — Og scattering =DRPWA
10° e PWA
=« = Mayol & Salvat,1997 (Rn)
== « = Tripathi et al.,2000 (Rn)
= Kelemen & Remeta,2024 (Rn)
Kelemen & Remeta,2024 (Xe)
S
L‘i 1024
w [ ]
= .
.l ~ ]
101 n [ . . [ ]
107" 10° 10° 102 10°

Energy (eV)

Figure 3. Integral cross-section for electron scattering from oganesson. The result are also compared
with the e™-Rn cross sections reported by Mayol & Salvat [38] (blue dash-dot line), Tripathi et al. [39]
(green dash-dot line), and Kelemen & Remeta [40] (black squares), and with the e~ —Xe cross section
reported by Kelemen & Remeta [40] (yellow dash-dot line).
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Comparison with available scattering cross-sections for the lighter homologues—namely,
theoretical e”—Rn results [38—40] and experimental e~ —Xe cross-sections [40]—shows that
the electron scattering cross-sections of oganesson are significantly larger in the low-energy
region, gradually approaching comparable values in the intermediate energy range, reflect-
ing its higher nuclear charge and its status as a superheavy noble gas. At low energies,
a very shallow dip can be seen in the e™—Og cross-section, which may be regarded as the
analogue of a Ramsauer-Townsend (RT) minimum. However, unlike Xe and Rn, where the
RT minima are pronounced and well developed, this feature in Og is strongly suppressed
due to relativistic effects. At higher energies (E > 200 eV), the DRPWA and PWA results
gradually converge, as the electron spends very little time near the scattering region and is
thus unable to resolve the relativistic modifications in the potential. In this energy region,
scattering is primarily governed by the overall electrostatic field.

Deviations between the DRPWA and PWA cross-sections are observed for both Cn
and Og. However, the differences are more pronounced in Og, reflecting the stronger
relativistic effects associated with its higher atomic number (Z = 118). This trend highlights
the increasing influence of relativistic orbital contraction and spin-orbit interactions as one
moves to heavier superheavy elements, which substantially modify the scattering dynamics
at low and intermediate energies.

3.2. Scattering Length

The scattering length is a key parameter in the scattering process that provides insight
into the nature and strength of the interaction at energies approaching zero. It can be
obtained from the scattering phase shifts using the relation [41]

. tand(k)
= —lim ——~, 23
g k0 K *)
where ¢ refers to the low-energy phase shift for the x = —1 (relativistic) and I = 0

(non-relativistic) partial waves, as the scattering process is dominated by the s-wave
contribution near zero energy. In principle, a negative value of the scattering length
indicates an attractive interaction capable of supporting a bound state, whereas a positive
value corresponds to a repulsive or weakly attractive interaction that does not support any
bound state [42]. Scattering lengths for Cn and Og were determined using both DRPWA
and PWA. The values corresponding to k — 0 were obtained by extrapolating the scattering
lengths calculated at several lower energies in the range E ~ 0.005-0.05eV for both atoms.
For Cn, the scattering length comes out to be 2 ~ —1.3 a.u. using DRPWA and a ~ 15a.u.
using PWA. The large difference between these two values can be attributed to strong
relativistic effects, which also lead to significant variations in the elastic cross-sections
at near-zero energies. Furthermore, the negative sign of the scattering length for Cn
indicates that DRPWA supports a bound state, which could lead to a resonance, whereas
PWA does not render any quasi-bound states. This contrasting behavior is evident from
Figure 2, in which there is a shape resonance at lower electron energies in the DRPWA
cross-section. For Og, the scattering lengths are approximately 2 ~ 10a.u. and 2 =~ 6a.u.
from DRPWA and PWA, respectively. The reported scattering length for electron-Og
scattering is 2 ~ 15.1 a.u. [43,44]. The deviation from the present result arises from the use
of the multi-configuration Dirac-Hartree-Fock (MCDHEF) formalism in Ref. [43], which
allows for a more detailed treatment of electron correlation effects on the target potential,
whereas Fedus and Karwasz [44] employed the Modified Effective Range Theory (MERT)
in combination with Bayesian statistical inference.
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3.3. Differential Cross-Section for e”— Cn and e~ — Og Scattering

In this section, the DCSs for electron scattering from copernicium and oganesson are
presented at four energies: 10 eV, 50 eV, 100 eV, and 500 eV. This energy-resolved analysis
illustrates how the angular distribution of scattered electrons changes with energy, as the
incident electron experiences different extents of interaction with the target atom. For each
energy, the DCS is plotted to show the contributions from different components of the
total potential in the relativistic case, namely electrostatic (Vy;), electrostatic plus exchange
(Vst + Vex), and electrostatic plus exchange plus correlation—polarization (Vst + Vex + V¢p).
In addition, comparisons with the non-relativistic DCS (V) are presented for each energy,
considering all components of the potential as in the final relativistic case.

Figure 4 represents the DCS for electron elastic scattering from copernicium. At 10 eV,
the electrostatic potential alone gives rise to two minima near § = 50° and 6 = 125°,
reflecting partial wave interference. Including the exchange interaction suppresses the
overall magnitude, removes the first minimum, and shifts the second minimum from
6 = 125° to 130°. The addition of correlation—polarization enhances the forward scattering
(0 < 40°), consistent with the increased long-range attraction. The non-relativistic DCS
begins at a higher value and exhibits three minima, in contrast to the relativistic case.
At 50 eV, exchange mainly changes at the intermediate angles (40°-150°), while correlation—
polarization boosts the DCS at small angles (6 < 20°). The PWA DCS, built from non-
relativistic densities, yields a minimum at 6 = 122° and deviates strongly from the DPWA
beyond 6 = 70°. At 100 eV, relativistic and non-relativistic results converge up to 6 = 80°,
though differences persist at larger angles. By 500 eV, the curves nearly coincide, as the
projectile effectively averages over the fine details of the relativistically modified potential.

E=10eV

--=- DRPWA(V;) , --—- DRPWA(V,,)
==+ DRPWA(Vy + Vi) 1N\ E=50eV —-— DRPWA(Vy; + Vi)
——DRPWA (Vi + Ver + Vi) =52 ——DRPWA(Vy; + Ve + Vi)

— PWA(‘/total) — PWA(‘/total)

-
e
L

-

(=]
>

al

180 0 20 40 60 80 100 120 140 160

20 40 60 80 100 120 140 160 180
Angle (Degree) Angle (Degree)
(a) (b)
10°
—— DRPWA(V) —— DRPWA(Vy)
E=100eV —-— DRPWA(Vy; + Vi) 123\ E=500eV  —-—  DRPWA(V + V;)

——DRPWA(Vy¢ + Ver + Vo

DCS (a}/sr)
3

1072 4

o
b
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For electron scattering from oganesson (Figure 5), the behavior of the DCS is qualita-
tively different from that of the lighter superheavy copernicium atom. At 10 eV, the DCS
exhibits a single shallow minimum at § = 130° when only the electrostatic interaction is in-
cluded. The inclusion of exchange increases the overall magnitude, while adding the global
correlation—polarization potential enhances the forward-angle scattering. At 50 eV, the elec-
trostatic potential induces mild oscillations in the DCS, with the exchange interaction
primarily shifting the positions of maxima and minima and the correlation—polarization
term further amplifying the forward peak. The PWA predicts more pronounced structures,
showing noticeable deviations from the relativistic DCS at both these energies. At 100 eV,
oscillatory features are already supported by the electrostatic term, with exchange affecting
the positions of maxima and minima and correlation—polarization influencing predomi-
nantly the forward angles. The PWA and relativistic results begin to converge at 100 eV
and are almost identical by 500 eV. It can be seen that correlation and polarization inter-
actions primarily affect the forward scattering region, whereas the exchange interaction
influences all scattering angles at low energies. The differences between the relativistic and
non-relativistic cases are more pronounced at low energies, because at these energies the
exchange, correlation, and polarization potentials play a dominant role in shaping the DCS,
and these components of the interaction potential are significantly modified by relativis-
tic effects. For both copernicium and oganesson, the angular dependence of the DCS is
strongly influenced by the interplay of these interactions, emphasizing the essential role of
exchange and correlation—polarization effects in accurately describing electron scattering

from superheavy atoms.
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Figure 5. e~ -Og scattering DCS at (a) 10 eV, (b) 50 eV (c), 100 eV (d), and 500 eV.
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4. Conclusions

We have investigated the electron scattering dynamics from the superheavy elements
copernicium and oganesson using the optical potential approach. The scattering cross-
sections were computed by solving the Dirac equation for the relativistic case and the
Schrodinger equation for the non-relativistic case. To construct the total interaction potential
for the e7-Cn/Og system, different electronic densities were employed: for the relativistic
case, the DHF equations were solved, and for the non-relativistic case, the HF equations
were solved using the GRASP92 package [27].

This study reveals both quantitative and qualitative differences between the relativistic
and non-relativistic treatments, highlighting the critical role of relativistic effects in shaping
the scattering behavior of superheavy atoms. Additionally, comparisons of the electron scat-
tering cross-sections for these atoms with those of their lighter congeners were presented to
examine the expected trends within their respective groups and to identify features arising
specifically from relativistic effects. Furthermore, the DCSs were analyzed by decomposing
the contributions from different components of the total interaction potential, emphasizing
the importance of exchange, correlation, and polarization potentials in low-energy electron
scattering, where relativistic effects significantly influence the scattering dynamics.

Author Contributions: Conceptualization, S.S. and J.J.; methodology, S.S., S.B. and ] .]J.; software,
S.S. and S.B.; validation, S.S. and S.B.; formal analysis, S.S.; investigation, S.S.; resources, ].J.; data
curation, S.S. and S.B.; writing—original draft preparation, S.S.; writing—review and editing, S.B.
and ] J.; visualization, S.S. and ] .J.; supervision, ].J.; project administration, J.J.; funding acquisition, J.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This research is supported by the Science and Engineering Research Board (SERB), India,
through project no. CRG/2022/000191.

Data Availability Statement: All findings and original contributions of this work are provided in
the article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Zvdéra, I. State of art in experimental studies and theory of superheavy elements. Czechoslov. ]. Phys. 2003, 53, A281-A290.
[CrossRef]

2. Pershina, V. Electronic structure and chemical properties of superheavy elements. Russ. Chem. Rev. 2009, 78, 1153. [CrossRef]

3.  Zaitsevskii, A.V,; Rykova, E.A.; Titov, A.V. Theoretical studies on the structures and properties of superheavy element compounds.
Russ. Chem. Rev. 2008, 77, 205. [CrossRef]

4. Dzuba, V.; Flambaum, V. Electron structure of superheavy elements Uut, Fl and Uup (Z = 113 to 115). Hyperfine Interact. 2016,
237, 160. [CrossRef]

5. Kumar, R,; Chattopadhyay, S.; Angom, D.; Mani, B.K. Relativistic coupled-cluster calculation of the electric dipole polarizability
and correlation energy of Cn, Nh™, and Og: Correlation effects from lighter to superheavy elements. Phys. Rev. A 2021,
103, 062803. [CrossRef]

6.  Yakushev, A.; Khuyagbaatar, J.; Diillmann, C.E.; Block, M.; Cantemir, R.; Cox, D.; Dietzel, D.; Giacoppo, F; Hrabar, Y.; Ilia§, M.;
et al. Manifestation of relativistic effects in the chemical properties of nihonium and moscovium revealed by gas chromatography
studies. Front. Chem. 2024, 12, 1474820. [CrossRef]

7. Giuliani, S.A.; Matheson, Z.; Nazarewicz, W.; Olsen, E.; Reinhard, P.G.; Sadhukhan, J.; Schuetrumpf, B.; Schunck, N.; Schwerdt-
feger, P. Colloquium: Superheavy elements: Oganesson and beyond. Rev. Mod. Phys. 2019, 91, 011001. [CrossRef]

8.  Hofmann, S.; Ninov, V.; HefSberger, F; Armbruster, P.; Folger, H.; Miinzenberg, G.; Schott, H.; Popeko, A.; Yeremin, A.; Saro, S.;
et al. The new element 112. Z. Phys. A Hadron. Nucl. 1996, 354, 229-230. [CrossRef]

9.  Mewes, ].M,; Smits, O.R.; Kresse, G.; Schwerdtfeger, P. Copernicium: A relativistic noble liquid. Angew. Chem. Int. Ed. 2019,
58, 17964-17968. [CrossRef]

10. Liu, H; Han, J; Yu, Y,; Ge, Y,; Liu, Y;; Huang, Z. Relativistic Calculations of Energy Levels, Field Shift Factors, and Polarizabilities

of Mercury and Copernicium. arXiv 2025, arXiv:2507.18490. [CrossRef]


http://doi.org/10.1007/s10582-003-0036-5
http://dx.doi.org/10.1070/RC2009v078n12ABEH004072
http://dx.doi.org/10.1070/RC2008v077n03ABEH003773
http://dx.doi.org/10.1007/s10751-016-1365-7
http://dx.doi.org/10.1103/PhysRevA.103.062803
http://dx.doi.org/10.3389/fchem.2024.1474820
http://dx.doi.org/10.1103/RevModPhys.91.011001
http://dx.doi.org/10.1007/s002180050036
http://dx.doi.org/10.1002/anie.201906966
http://dx.doi.org/10.48550/arXiv.2507.18490

Atoms 2025, 13, 94 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Fricke, B.; Waber, ].T. Theoretical Predictions of the Chemistry of Superheavy Elements. Continuation of the Periodic Table up to z = 184;
Technical Report; Northwestern Univ.: Evanston, IL, USA, 1971.

Pershina, V.; Bastug, T. Relativistic effects on experimentally studied gas-phase properties of the heaviest elements. Chem. Phys.
2005, 311, 139-150. [CrossRef]

Yu, Y;; Li, J.; Dong, C.; Ding, X.; Fritzsche, S.; Fricke, B. The excitation energies, ionization potentials and oscillator strengths
of neutral and ionized species of Uub (Z= 112) and the homologue elements Zn, Cd and Hg. Eur. Phys. ]. D 2007, 44, 51-56.
[CrossRef]

Smits, O.R.; Mewes, ].M.; Jerabek, P.; Schwerdtfeger, P. Oganesson: A noble gas element that is neither noble nor a gas. Angew.
Chem. Int. Ed. 2020, 59, 23636-23640. [CrossRef] [PubMed]

Oganessian, Y.T.; Utyonkov, V.; Lobanov, Y.V.; Abdullin, ES.; Polyakov, A.; Sagaidak, R.; Shirokovsky, L.; Tsyganov, Y.S.; Voinov,
A.; Gulbekian, G.; et al. Synthesis of the isotopes of elements 118 and 116 in the Cf 24 and Cm 245+ Ca *8 fusion reactions. Phys.
Rev. C—Nuclear Phys. 2006, 74, 044602. [CrossRef]

Santhosh, K.; Safoora, V. Theoretical studies on the synthesis of SHE 290-302 Og (Z =118) using 48Ca, 5S¢, 90Tj, 51V, 34Cr, 55Mn,
58Fe, 99Co and ®*Ni induced reactions. Eur. Phys. ]. A 2018, 54, 80. [CrossRef]

Jerabek, P; Schuetrumpf, B.; Schwerdtfeger, P.; Nazarewicz, W. Electron and Nucleon Localization Functions of Oganesson:
Approaching the Thomas-Fermi Limit. Phys. Rev. Lett. 2018, 120, 053001. [CrossRef] [PubMed]

Mewes, ].M.; Jerabek, P.; Smits, O.R.; Schwerdtfeger, P. Oganesson Is a Semiconductor: On the Relativistic Band-Gap Narrowing
in the Heaviest Noble-Gas Solids. Angew. Chem. Int. Ed. 2019, 58, 14260-14264. [CrossRef]

Lackenby, B.G.; Dzuba, V.A.; Flambaum, V.V. Atomic structure calculations of superheavy noble element oganesson (Z = 118).
Phys. Rev. A 2018, 98, 042512. [CrossRef]

Kaygorodov, M.; Skripnikov, L.; Tupitsyn, L; Eliav, E.; Kozhedub, Y.; Malyshev, A.; Oleynichenko, A.; Shabaev, V.; Titov, A;
Zaitsevskii, A. Electron affinity of oganesson. Phys. Rev. A 2021, 104, 012819. [CrossRef]

Jose, J.; Baral, S.; Deshmukh, P.C.; Manson, S.T. Relativistic and correlation effects in the photoionization dynamics of oganesson
(Z =118): Spin-orbit-interaction-activated interchannel coupling effects. Phys. Rev. A 2020, 102, 022813. [CrossRef]

Walker, D. Relativistic effects in low energy electron scattering from atoms. Adv. Phys. 1971, 20, 257-323. [CrossRef]

Lam, L.S.F. Relativistic effects in electron scattering by atoms. III. Elastic scattering by krypton, xenon and radon. J. Phys. B At.
Mol. Phys. 1982, 15, 119. [CrossRef]

Kapil, K.S.; Vats, R. Elastic positron scattering by radon and radium atoms. Phys. Scr. 2012, 85, 045304. [CrossRef]

Haque, M.; Haque, A.; Bhattacharjee, PP; Uddin, M.A_; Patoary, M.A.R; Basak, A.; Maaza, M.; Saha, B. Relativistic treatment of
scattering of electrons and positrons by mercury atoms. Mol. Phys. 2019, 117, 2303-2319. [CrossRef]

Baluja, K.; Jain, A. Positron scattering from rare gases (He, Ne, Ar, Kr, Xe, and Rn): Total cross sections at intermediate and high
energies. Phys. Rev. A 1992, 46, 1279. [CrossRef] [PubMed]

Parpia, FA.; Fischer, C.F,; Grant, LP. GRASP92: A package for large-scale relativistic atomic structure calculations. Comput. Phys.
Commun. 1996, 94, 249-271. [CrossRef]

Furness, J.; McCarthy, I. Semiphenomenological optical model for electron scattering on atoms. J. Phys. B At. Mol. Phys. 1973,
6,2280. [CrossRef]

Salvat, F. Optical-model potential for electron and positron elastic scattering by atoms. Phys. Rev. A 2003, 68, 012708. [CrossRef]
Cheng, Y. Relativistic and electron-correlation effects in static dipole polarizabilities for group 12 elements. Phys. Chem. Chem.
Phys. 2025, 27, 3430-3441. [CrossRef] [PubMed]

Mittleman, M.H.; Watson, K.M. Effects of the Pauli principle on the scattering of high-energy electrons by atoms. Ann. Phys.
1960, 10, 268-279. [CrossRef]

Perdew, J.P.; Zunger, A. Self-interaction correction to density-functional approximations for many-electron systems. Phys. Rev. B
1981, 23, 5048. [CrossRef]

Salvat, F.; Jablonski, A.; Powell, C.]J. Elsepa—Dirac partial-wave calculation of elastic scattering of electrons and positrons by
atoms, positive ions and molecules (new version announcement). Comput. Phys. Commun. 2021, 261, 107704. [CrossRef]
Marinkovi¢, B.; McEachran, R.; Fursa, D.; Bray, I.; Umer, H.; Blanco, F; Garcia, G.; Brunger, M.; Campbell, L.; Jones, D. Cross
sections for electron scattering from cadmium: Theory and experiment. J. Phys. Chem. Ref. Data 2023, 52, 023102. [CrossRef]
Holtkamp, G.; Jost, K.; Peitzmann, F; Kessler, ]. Absolute differential cross sections for elastic electron scattering from mercury. J.
Phys. B At. Mol. Phys. 1987, 20, 4543. [CrossRef]

Zubek, M.; Danjo, A.; King, G. Differential cross sections for elastic electron scattering by mercury in the energy range 9 to 25 eV.
J. Phys. B: At. Mol. Opt. Phys. 1995, 28, 4117. [CrossRef]

Kelemen, V,; Remeta, E.Y. Critical minima and spin polarization in the elastic electron scattering by the mercury atoms. J. Phys. B
At. Mol. Opt. Phys. 2012, 45, 185202. [CrossRef]

Mayol, R.; Salvat, F. Total and transport cross sections for elastic scattering of electrons by atoms. At. Data Nucl. Data Tables 1997,
65,55-154. [CrossRef]


http://dx.doi.org/10.1016/j.chemphys.2004.09.030
http://dx.doi.org/10.1140/epjd/e2007-00172-y
http://dx.doi.org/10.1002/anie.202011976
http://www.ncbi.nlm.nih.gov/pubmed/32959952
http://dx.doi.org/10.1103/PhysRevC.74.044602
http://dx.doi.org/10.1140/epja/i2018-12512-8
http://dx.doi.org/10.1103/PhysRevLett.120.053001
http://www.ncbi.nlm.nih.gov/pubmed/29481184
http://dx.doi.org/10.1002/anie.201908327
http://dx.doi.org/10.1103/PhysRevA.98.042512
http://dx.doi.org/10.1103/PhysRevA.104.012819
http://dx.doi.org/10.1103/PhysRevA.102.022813
http://dx.doi.org/10.1080/00018737100101251
http://dx.doi.org/10.1088/0022-3700/15/1/020
http://dx.doi.org/10.1088/0031-8949/85/04/045304
http://dx.doi.org/10.1080/00268976.2018.1548712
http://dx.doi.org/10.1103/PhysRevA.46.1279
http://www.ncbi.nlm.nih.gov/pubmed/9908246
http://dx.doi.org/10.1016/0010-4655(95)00136-0
http://dx.doi.org/10.1088/0022-3700/6/11/021
http://dx.doi.org/10.1103/PhysRevA.68.012708
http://dx.doi.org/10.1039/D4CP04754K
http://www.ncbi.nlm.nih.gov/pubmed/39868548
http://dx.doi.org/10.1016/0003-4916(60)90024-5
http://dx.doi.org/10.1103/PhysRevB.23.5048
http://dx.doi.org/10.1016/j.cpc.2020.107704
http://dx.doi.org/10.1063/5.0145933
http://dx.doi.org/10.1088/0022-3700/20/17/030
http://dx.doi.org/10.1088/0953-4075/28/18/014
http://dx.doi.org/10.1088/0953-4075/45/18/185202
http://dx.doi.org/10.1006/adnd.1997.0734

Atoms 2025, 13, 94 14 of 14

39.

40.

41.
42.

43.

44.

Tripathi, A.; Jain, A.; et al. Spin polarization and cross sections in elastic scattering of electrons from Yb, Rn, and Ra atoms. Phys.
Rev. A 2000, 61, 032713. [CrossRef]

Kelemen, V.; Remeta, E.Y. Features in the electron elastic scattering cross sections of atoms Sb, Xe and Bi, Rn. J. Phys. B At. Mol.
Opt. Phys. 2024, 57, 245001. [CrossRef]

Joachain, C.J. Quantum Collision Theory; North-Holland: Amsterdam, The Netherlands, 1975.

Regal, C.; Jin, D. Measurement of positive and negative scattering lengths in a Fermi gas of atoms. Phys. Rev. Lett. 2003, 90, 230404.
[CrossRef]

Syty, P; Pitat, M.P.; Sienkiewicz, J.E. Calculation of electron scattering lengths on Ar, Kr, Xe, Rn and Og atoms. |. Phys. B At. Mol.
Opt. Phys. 2024, 57, 175202. [CrossRef]

Fedus, K.; Karwasz, G. Semi-empirical prediction of bound and virtual states in low-energy positron and electron scattering by
atoms and molecules. Eur. Phys. ]. D 2025, 79, 43. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1103/physreva.61.032713
http://dx.doi.org/10.1088/1361-6455/ad9205
http://dx.doi.org/10.1103/PhysRevLett.90.230404
http://dx.doi.org/10.1088/1361-6455/ad4fd1
http://dx.doi.org/10.1140/epjd/s10053-025-00994-z

	Introduction
	Methodology
	Relativistic Case
	Non-Relativistic Case

	Results and Discussion
	 Integral Cross-Section for Electron Scattering from Copernicium and Oganesson
	Scattering Length
	Differential Cross-Section for e— Cn and e— Og Scattering

	Conclusions
	References

