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ABSTRACT: This paper presents an extensive ab initio investigation of the
electronic properties and elastic collisions of charged diatomic systems FrLi+
and FrNa+. We employ an accurate ab initio approach using nonempirical
pseudopotentials for Li+, Na+, and Fr+ cores. We calculate the potential energy
curves of the ground state and low-lying excited states of 2Σ+, 2Π, and 2Δ
symmetries, identifying and interpreting avoided crossings between higher 2Σ+

and 2Π states. The spectroscopic parameters, transition dipole moments, and
vibrational energies associated with 1−32Σ+ states are calculated, along with the
radiative lifetimes of the vibrational states trapped in the 22Σ+ state. Using
accurate potential energy data, we evaluate partial and total cross sections across
a wide range of energies. At low energies (<1 mK), the elastic cross section
follows the Wigner law threshold comportment, while at high energies, it scales
as E−1/3. To the best of our knowledge, no theoretical or experimental data have
been collected on these charged diatomic systems until now. Hence, we proceeded to analyze our findings by comparing them with
data acquired from comparable systems. The information pertaining to electronic structures, spectroscopic parameters, transition
properties, and collision data provided in this work is expected to serve as a valuable guideline for future theoretical and experimental
research on each considered system.

1. INTRODUCTION
Charged diatomic systems composed of alkali metals have
been extensively investigated in numerous theoretical
works.1−16 The advancements in experimental techniques for
producing cold and ultracold diatomic molecules have opened
up new ways for manipulating and controlling their dynamics.
Consequently, accurate and detailed spectroscopic informa-
tion, including dissociation energies, potential energy surfaces,
dipole functions, radiative properties, and long-range inter-
action forces, has become essential. However, the structural
and spectroscopic properties of the neutral and ionic alkali
diatomic systems containing a francium atom have not been
thoroughly examined. Lim et al.17 carried out the first
theoretical investigation of these systems, where they
employed coupled cluster and density functional theory to
examine the spectroscopic characteristics of neutral alkali
dimers ranging from K2 to Fr2, along with their corresponding
positively charged counterparts. Deiglmayr et al.18 used the
finite-field method to extract the static dipole polarizabilities of
homonuclear alkali dimers from Li2 to Fr2 from the electronic
energies. Aymar et al.19 employed the pseudopotential method
to study the electronic characteristics of alkali molecules,
including Fr2, RbFr, and CsFr, alongside their corresponding
cations, for the first time. They successfully obtained potential

energy surfaces and spectroscopic constants as well as dipole
moments. In a separate investigation, Jendoubi et al.20

examined the structure and spectroscopic properties of the
FrRb system, employing both adiabatic and quasi-diabatic
representations. Their investigation employed a standard
quantum chemistry approach that relied on the pseudopoten-
tial method, Gaussian basis sets, and full configuration
interaction calculations. Within the same context, the adiabatic
and diabatic electronic properties of the alkali dimers FrLi,21

FrNa,22 FrCs,23 and the francium hydride FrH24 have also
been investigated. In a recent study, Shandalau et al.25

conducted a theoretical investigation focusing on the radiative
and spectroscopic properties of various electronic states of the
FrLi molecule. Additionally, they developed models to analyze
the optical cycles of the FrLi heteronuclear system.
The current work builds upon our previous theoretical

investigations7−16,20,26−34 concerning the structural and
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spectroscopic properties of neutral and charged diatomic
molecules composed of alkali and alkaline earth atoms. In this
article, we extend our calculations to study the electronic
properties and elastic collisions of the charged diatomic
systems FrLi+ and FrNa+ using the same method. So,
previously, the electronic properties of the lowest states of
Fr2+19, FrRb+19, and FrCs+19,23 were determined. As far as we
are aware, no theoretical or experimental data have been
published yet on the FrLi+ and FrNa+ systems. Hence, our
work can be regarded as the first study of these charged
diatomic systems. This paper is organized as follows: Section 2
offers a brief overview of the computational method used.
Section 3 reports the potential energy curves of select
electronic states, spectroscopic parameters, vibrational energy,
transition dipole moments, and elastic scattering properties.
The final section summarizes the key conclusions.

2. CALCULATION METHODOLOGY
The electronic calculations were determined by employing the
nonempirical pseudopotential, as suggested by Barthelat et
al.,35 in its semilocal form to simulate the charged diatomic
systems FrX+ (X = Li and Na). These systems are treated as
having a single valence electron. Additionally, in accordance
with the approach proposed by Müller et al.,36 the polarizable
cores Li+, Na+, and Fr+ are considered to interact with the
valence electron through the nucleus polarization potential
VCPP

V f f1
2CPP=

(1)

Here, fλ⃗ represents the electric field generated by the valence
electron and all other cores on the core λ, while αλ symbolizes
the dipole polarizability of the core λ. The electric field fλ⃗ is
given by the following relationship
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where R⃗λ’λ represents the core−core vector and ri⃗λ is the core−
electron vector.
Based on the formalism introduced by Foucrault et al.,37 the

selection of the cutoff function depends on the value of l,
allowing for differentiation in the interaction between valence
electrons with different spatial symmetries and core electrons.
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where |lmλ⟩ represents the spherical harmonic centered on λ,
while Fl(riλ,ρλ

l ) denotes the cutoff operator, defined as a step
function following the formalism of Foucrault et al.37
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In the formalism introduced by Müller et al.,36 the cutoff
function excludes the valence electrons from the core region
when computation of the electric field. This cutoff function is
specific to each atom, and its adjustments are commonly made
to accurately replicate the atomic energy levels corresponding
to the lowest states of the lowest states within each symmetry.
Table 1, presents the polarizabilities of Li+, Na+, and Fr+, along
with the respective cutoff values of the lowest one-electron

states s, p, and d orbitals in Li, Na, and Fr atoms. The extended
basis sets used for the lithium, sodium, and francium are
(9s8p5d1f/8s6p3d1f),8 (7s6p5d3f/6s5p4d2f),8 and
(9s9p9d),19 respectively. The calculated energies (in cm−1)
for Li(2s, 2p, 3s, 3p, and 3d), Na(3s, 3p, 4s, 3d, and 4p) and Fr
(7s, 7p, 6d, 8s, and 8p) atomic levels show excellent agreement
with experimental38 values. The results, including the differ-
ence (ΔE) between our energy values and the experimental
energies, are presented in Table 2.

3. RESULTS AND DISCUSSION
3.1. Potential Energy Curves and Spectroscopic

Parameters. Applying the Born−Oppenheimer approxima-
tion, we calculated the adiabatic potential energy curves of
charged diatomic systems, specifically FrLi+ and FrNa+, for
various electronic states with symmetries including 2Σ+, 2Π,
and 2Δ. These curves were obtained over a dense grid of
interatomic distances spanning from 4.00 to 150.00 au. Figure
1 displays the adiabatic potential energy curves for 18 states of
the charged systems FrLi+ dissociating up to Fr (8p) + Li+ and
Fr+ + Li(3d). Figure 2 shows the results for FrNa+ dissociating
up to Fr (8p) + Na+ and Fr+ + Na(4p). For both systems, the
adiabatic potential energy curves exhibit similar characteristics,
wherein the ground state manifests the most profound
potential well depth in contrast to that of the other states.
Moreover, we observed that the excited states 92Σ+, 32Π, 52Π,
and 1−22Δ of FrLi+, and 32Π, 52Π, and 1−22Δ of FrNa+ are
found repulsive. Additionally, for higher electronic states, we
observed avoided crossings between the adiabatic potential
energy curves of 2Σ+ symmetry at large distances. Similar
behavior has been documented in previous investigations

Table 1. Polarizabilities and Cutoff Parameters for Lithium,
Sodium, and Francium Atoms (in a. u.)

atom α ρs ρp ρd

Li(Z = 3) 0.1915 1.434 0.982 0.600
Na(Z = 11) 0.993 1.4423 1.625 1.500
Fr(Z = 87) 20.38 3.16372 3.045 3.1343

Table 2. Theoretical Atomic Energies of Lithium, Sodium,
and Francium Atoms (in cm−1) Compared with
Experimental Valuesa

atom level this work experimental (38) ΔE

Li 2s −43487.00 −43487.00 0.00
2p −28581.79 −28583.32 −1.53
3s −16275.16 −16281.09 −5.93
3p −12560.99 −12561.87 −0.88
3d −12200.83 −12204.12 −4.25

Na 3s −41449.82 −41449.65 0.17
3p −24482.21 −24482.00 0.21
4s −15710.67 −15709.79 0.88
3d −12276.11 −12276.78 −0.67
4p −11177.64 −11179.02 −1.38

Fr 7s −32848.82 −32848.87 0.05
7p −19487.18 −19487.07 0.11
6d −16470.94 −16471.25 0.31
8s −13136.89 −13116.39 −20.50
8p −9424.91 −9372.35 −52.56

aΔE represents the differences between our ab initio data and the
experimental energies.
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involving charged systems, including LiK+9, NaK+12, LiRb+11,
BeX2+ (X�H, Li, Na, K, Rb, and Cs),26−28 BeH+30, BeLi+31
and SrH+32. In the case of FrLi+, we found avoided crossings
between the electronic states 42Σ+/52Σ+, 52Σ+/62Σ+ and 82Σ+/
92Σ+ at distances of 11.20 au, 9.15, 19.50, and 42.27 au, and
19.17 au, respectively. For FrNa+, avoided crossings were
found between 42Σ+/52Σ+ at 12.47 au, between 52Σ+/62Σ+ at
33.65 au, and between 42Π/52Π at 12.32 au. Some of these
avoided crossings are associated with the interaction between
the energy curves, whereas others stem from the charge
transfer processes between the Fr(+)X and FrX(+) (X = Li, Na)
ionic systems.
From the adiabatic potential energies, we calculated the

spectroscopic parameters for the charged diatomic systems
FrLi+ and FrNa+, including the equilibrium distance (Re), well
depth (De), harmonic frequency (ωe), anharmonicity constant
(ωeχe), and rotational constant (Be). Tables 3 and 4 present
these spectroscopic parameters for the ground and excited
states of 2Σ+, 2Π, and 2Δ symmetries. Currently, there are no
available theoretical or experimental data for comparison.
Hence, our work represents the first theoretical results for
FrLi+ and FrNa+. To discuss our results, we compare the
ground states of FrLi+ and FrNa+ with similar systems
involving lithium, sodium, and other alkali atoms. For both
charged systems, the ground state demonstrates the most
profound potential well in contrast with the excited states or
alternative symmetries. The equilibrium positions of FrLi+ and
FrNa+ are 8.21 and 8.57 au, respectively, with corresponding
potential wells measuring 3060 and 2941 cm−1. Comparing

these results with previous studies on heteronuclear alkali-
charged systems,8−11,16 NaLi+ has the deepest well (8060
cm−1) and the smallest equilibrium distance (6.37 au). The
well depths of the ground states for LiK+9, LiRb+11, and LiCs+16
are 4463, 3912, and 3176 cm−1, respectively, with equilibrium
positions at 7.34, 7.70, and 8.12 au. we observe a systematic
decrease in well depths with increasing alkali atom mass, while
equilibrium distances increase. Similar trends are found for
NaK+12, NaRb+13, NaCs+16, and FrNa+ in terms of well depths
and equilibrium distances in their ground states, which are
4442, 3718, 2979, and 2941 cm−1, respectively, located at 7.75,
8.10, 8.51, and 8.57 au.
3.2. Transition Dipole Moments. To complete the

electronic properties of charged diatomic systems FrLi+ and
FrNa+, we calculated the dipole moments between states
characterized by 2Σ+ and 2Π symmetries. These dipole
moments are crucial for understanding the electric and optical
properties of these molecules, including spontaneous and
stimulated emissions, radiative charge exchange, and photo-
association. Transition dipole moments have been previously
calculated for other charged diatomic systems, such as LiK+9,
LiRb+11, NaK+12, NaRb+13, K2

+14, KRb+15, CsLi+, and CsNa+16.
Figures 3 and 4 illustrate the dipole moments across various
electronic states: 12∑+ to 22∑+, 12∑+ to 32∑+, 12∑+ to 42∑+,
12∑+ to 12Π, 12∑+ to 22Π, 22∑+ to 32∑+, 22∑+ to 42∑+, and
22∑+ to 22Π for each system. These figures exhibit comparable
patterns to those identified in earlier previous stud-
ies.9,11−13,15,16 Analysis of the data reveals that the significant
transitions for both systems occur from 12∑+ to 22∑+ and

Figure 1. Potential energy curves of the first 18 electronic states of the charged diatomic system FrLi+ dissociating into Fr(7s, 7p, 6d, 8s, and 8p) +
Li+ and Fr+ + Li(2s, 2p, 3s, 3p, and 3d) include the 2Σ+ (black line), 2Π (red line), and 2Δ (blue line) states.
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from 22∑+ to 42∑+, with large magnitudes at short distances.
These transitions reach maximum values of 3.18 and 4.51
atomic units at distances of 11.05 and 10.57 au for FrLi+ and
3.41 and 4.13 atomic units at distances of 11.21 and 10.53 au
for FrNa+. The transitions from 12∑+ to 32∑+ and from 12∑+

to 12Π increase rapidly at short distances and then become
constant, equal to 2.33 atomic units for FrLi+ and 2.42 atomic

units for FrNa+, respectively. These values align with the Li(2s)
→ Li(2p) and Na(3s) → Na(3p) atomic transitions, as
confirmed by experimental data.39 The same behavior was
observed for the transitions from 22∑+ to 42∑+ and from
22∑+ to 12Π, which become constant equal to 2.74 atomic
units for both systems. This value is consistent with the atomic
transition Fr(7s) → Fr(7p). The other transition dipole

Figure 2. Potential energy curves of the first 18 electronic states of the charged diatomic system FrNa+ dissociating into Fr(7s, 7p, 6d, 8s, and 8p) +
Na+ and Fr+ + Na(3s, 3p, 4s, 3d, and 4p) include the 2Σ+ (black line), 2Π (red line), and 2Δ (blue line) states.

Table 3. Spectroscopic Parameters of the Attractive 2∑+

and 2Π Electronic States of the Charged Diatomic System
FrLi+

state Re(au) De(cm−1) ωe(cm−1) ωeχe(cm−1) Be(cm−1)

12∑+ 8.21 3060 118.99 1.01 0.132677
22∑+ 12.71 1328 62.03 0.65 0.055359
32∑+ 17.25 502 30.11 2.29 0.030054
42∑+ 19.07 2086 39.40 0.03 0.024591
52∑+ 27.03 715 25.82 0.47 0.012204
62∑+ 40.90 172 3.05 106.51 0.005346
72∑+ 31.02 998 20.31 0.27 0.009293
82∑+ 42.04 448 8.31 8.80 0.005106
92∑+ repulsive
102∑+ 43.58 976 13.64 0.05 0.004708
12Π 9.51 69 43.14 1.93 0.098883
22Π 15.31 634 31.84 0.62 0.038153
32Π repulsive
42Π 24.91 817 22.11 0.50 0.014412
52Π repulsive
62Π 37.49 360 8.23 19.44 0.006287

Table 4. Spectroscopic Parameters of the Attractive 2∑+

and 2Π Electronic States of the Charged Diatomic System
FrNa+

state Re(au) De(cm−1) ωe(cm−1) ωeχe(cm−1) Be(cm−1)

12∑+ 8.57 2941 64.25 0.23 0.039301
22∑+ 13.75 886 28.71 0.36 0.015277
32∑+ 16.22 1535 26.11 0.13 0.010984
42∑+ 21.45 1407 18.98 0.05 0.006279
52∑+ 27.55 165 10.92 0.07 0.003807
62∑+ 30.46 450 8.25 0.34 0.003115
72∑+ 31.64 788 10.34 0.01 0.002886
82∑+ 39.74 434 6.62 0.21 0.001829
92∑+ 42.37 187 6.13 0.28 0.001609
102∑+ 46.80 812 6.63 0.08 0.001319
12Π 9.73 848 32.67 0.16 0.030516
22Π 17.30 432 15.60 0.68 0.009650
32Π repulsive
42Π 24.71 783 12.42 0.38 0.004732
52Π repulsive
62Π 37.71 403 4.93 13.09 0.002010
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moments from 12∑+ to 42∑+, 12∑+ to 22Π, and 22∑+ to 22Π
are less significant and approach zero at larger distances due to
the wave function behavior and dipole operator restrictions.
3.3. Vibrational States and Radiative Lifetimes. We

employed a Fortran program that utilizes the Numerov
algorithm40 to calculate the vibrational levels for 1−32∑+

states in each charged system. As inputs, we provide the
minimum and maximum interatomic distances, the atomic

mass of the atoms, the specified number of points, and the
potential energies of the states under consideration. Figure 5
illustrates the calculated vibrational level spacing (Ev+1 − Ev) as
a function of vibrational quantum number (v) for the 1−32∑+

and 12Π states of FrLi+ and FrNa+ charged systems. For FrLi+,
the 1−32∑+ and 12Π states encompassed 60, 53, 50, and 2
vibrational levels, respectively, while FrNa+ exhibited 107, 82,
152, and 34 vibrational levels for the corresponding states.

Figure 3. Transition dipole moments from the ground and first excited states to higher excited states of 2Σ+ and 2Π symmetries in the charged
diatomic system FrLi+.

Figure 4. Transition dipole moments from the ground and first excited states to higher excited states of 2Σ+ and 2Π symmetries in charged diatomic
system FrNa+.
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Figure 5. Vibrational level spacing (Ev+1 − Ev) as a function of vibrational quantum number (v) for the 1−32∑+ and 12Π states of FrLi+ and FrNa+
charged systems.

Figure 6. Radiative lifetimes of the vibrational states confined within the 22Σ+ state of FrLi+ and FrNa+ charged systems.
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The Golden Rule approximation serves as the basis for the
calculation method employed to determine the radiative
lifetimes. In the case of a specific vibration within an excited
electronic state (e.g., 22Σ+), two distinct types of transitions are
possible: bound-free and bound−bound transitions. The
contribution bound-free transitions to the lifetime was
precisely calculated by Franck−Condon approximation.
Further details about the calculation procedure can be found
in ref 41. To calculate the radiative lifetimes for a vibrational
state of the 22Σ+ state, we utilized the potential energies of the
12Σ+ and 22Σ+ states, as well as the dipole functions connecting
these two states. Figure 6 displays the radiative lifetimes of the
vibrational states confined within the 22Σ+ state of the FrLi+
and FrNa+ charged systems. Remarkably, these radiative
lifetimes fall within the nanosecond range, on average. In
fact, the variation of the radiative lifetimes starts at 28.769 and
31.414 ns, respectively, for FrLi+ and FrNa+ in the first
vibrational level (v = 0). Then, they increase and reach
constant values of 4.677 and 1.690 ns, respectively, for FrLi+ (v
= 51) and FrNa+ (v = 152). Previously, we conducted
evaluations of radiative lifetimes for vibrational states confined
within the 22Σ+ of LiY+ (Y�K, Rb, and Cs)42 and NaH+43

ionic molecules.

3.4. Elastic Scattering Properties. This section repre-
sents an extension of our theoretical investigation on collisions
between ions and atoms.44−47 We discuss the results obtained
for low-energy elastic collisions between alkali atoms Li and Na
and alkali ion Fr+. It is assumed that the ion-atom collisions
occur in the ground states of FrLi+ and FrNa+. In these states,
the charged diatomic systems dissociate into Fr+ + Li(2s) and
Fr+ + Na(3s), respectively. The discussion on the potential
energy curves and spectroscopic characteristics of these states
has already been covered earlier. The interaction potentials
between an alkali ion and an alkali atom are typically usually
constructed for three main distance regimes: short, inter-
mediate, and long range.
The interaction potentials in the intermediate region are

taken from our ab initio results, whereas an asymptotic
expression is employed to express the interaction potential of
ion-atom at large distances (r > 20a0), where both species
occupy their ground states. These two potential energy
components are smoothly combined by using a spline function
to determine the overall potential energy across the complete
span of distances. The specific asymptotic expression used for
the ion-atom interaction at large distances is as follows:

Figure 7. Partial-wave cross sections (in atomic units) as a function of collision energy E (in Kelvin) shown for l = 0 (black line), l = 1 (red line),
and l = 2 (blue line). The top panel corresponds to the Fr+ + Li(2s) collision, while the bottom panel represents the Fr+ + Na(3s) collision. Both
systems are in their ground state X2Σ+ potential.
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where the dispersion coefficients C4 and C6 correspond to the
dipole and quadrupole polarizabilities of the neutral atom
being considered, which may refer to either Li(2s) or Na(3s).
In this work, the dipole polarizabilities of Li(2s) and Na(3s)
are taken to be equal to 160.61 and 162 au, respectively. r
symbolizes the distance between the ion’s center and the
atom’s center.
After calculating the asymptotic potential energy, the

Numerov−Cooley algorithm48 can be employed to determine
the low and ultralow collisions properties. The radial
Schrodinger equation that follows is solved to obtain the
scattering wave function of the lth partial wave
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where k represents the wavenumber associated with collisional

energy E k
2

2 2

= and stands for the reduced mass of the ion-

atom. The wave function ψl(kr) presents the asymptotic form
kr kr l( ) sinl l2
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ÑÑÑÑÑÑ+ with ηl representing the phase shift

for lth partial wave. The total elastic scattering cross section is
expressed as

k
l4

(2 1)sin ( )el
l

l2
0

2= +
= (7)

Primarily, we calculate the partial wave elastic scattering
cross section of the ground state potential for the two charged
diatomic systems FrLi+ and FrNa+. Figure 7 displays the
partial-wave cross sections (in atomic units) for the 12Σ+ state
of FrLi+ and FrNa+ at different collision energies (in Kelvin),
corresponding to l = 0 (black line), l = 1 (red line), and l = 2
(blue line). The upper panel corresponds to the Fr+ + Li(2s)
collision, while the lower panel represents the Fr+ + Na(3s)
collision, with both systems in their ground state X2Σ+

potential. Comparing our results with partial wave elastic
scattering cross sections of other charged diatomic sys-
tems,44−47,49 we observe an identical behavior at low energy.
This conformation can be attributed to the Wigner threshold
law, which emerges from the analytic characteristics of the
scattering wave functions during low-energy collisions. For
both diatomic systems, the partial-wave cross section becomes
energy-independent as k approaches 0 for l = 0, whereas it
exhibits a linear variation for l = 1 and l = 2. Following the
Wigner threshold laws, as k approaches zero, the phase shift for
the lth partial wave behaves as ηl ∼ k2n+1 if l < (n − 3)/2, while
it follows ηl ∼ kn−2 for a long-range potential characterized by
1/r4. When the collision energies descend under 1 micro
kelvin, a precise examination reveals that the charged diatomic
systems progressively exhibit the characteristic Wigner thresh-
old behavior. Within this regime, the s-wave cross section
maintains its independence from energy, while higher-order
partial waves exhibit a k2 independence. In collisions between
atoms and ions, the s-wave threshold behavior occurs at
energies within the micro kelvin (μK) temperature range.
However, for neutral alkali systems, this phenomenon
manifests at energies near 100 μK, primarily attributed to a

Figure 8. Logarithm of the total scattering cross section (in atomic units) plotted as a function of the logarithm of the energy E (in Kelvin) for
ground state X2Σ+ of charged diatomic systems (FrLi)+ and (FrNa)+.
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reduced range of van der Waals interactions among neutral
atoms. Within the Wigner threshold regime, elastic collisions
between heteronuclear atoms and ions prevail, with the charge
transfer mechanism subdued. At low energies, the s-wave cross
section displays a minimum, and outside the realm of the
Wigner threshold law regime, the occurrence of the
Ramsauer−Townsend effect,50,51 could be attributed to this
phenomenon.
Figure 8 shows the logarithm of the total elastic scattering

cross sections (σtot) in atomic units plotted against the
logarithm of the energy in Kelvin. The collisions involve the
lithium atom (Li) or sodium atom (Na) with the francium ion
(Fr+), both in their ground states (X2Σ+). In the case of the
charged diatomic systems (FrLi)+ and (FrNa)+, the total
scattering cross section converges at high energies (E > 1 mK)
and requires the contribution of several partial waves. With
increasing collision energy, a greater number of partial waves
contribute to the total cross section (σtot). It is important to
highlight that the prevalence of the s-wave contribution
becomes apparent at low energies, specifically when the
temperature is less than 10−6 K. This phenomenon may be
elucidated by the fluctuation in the altitude of the centrifugal
barrier, which varies across different systems. Due to the
variation in the interaction potential represented by C4/r4, the
altitude of the centrifugal barrier is governed by l(l + 1)5/2/
(4C4

3/2μ5/2). Consequently, at energies under 1 μK, the
influence of the inner region of the potential with higher
partial waves is subdued by the centrifugal barrier. At high
energies, the cross sections can be adequately characterized by
power-law functions, as outlined below
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By applying the logarithm function to eq 8, we obtain a
linear relationship described by clog (E) Etot

1
3 E= + , where

the intercept cE depends on the coefficient C4 of the potential,

which is associated with the dipole polarizability. By
conducting a numerical analysis and performing a linear
regression using this equation in Figure 8, we proved that the
slope of the line is approximately −0.333 for the FrLi+ and
FrNa+ systems.
Ultimately, we examine the collision between the 223Fr+ ion

and the two lithium isotopes 6Li and 7Li at low energy. Figure
9 illustrates the logarithm of the total elastic scattering cross
sections (σtot) (in atomic units) plotted against the logarithm
of the energy (E) in Kelvin (K) for both lithium isotopes
colliding with the francium ion 223Fr+. The results indicate that
the patterns are identical for 6Li and 7Li colliding with 223Fr+,
but they exhibit differences in magnitude, especially at low
energies.

4. CONCLUSIONS
In this study, our objective was to investigate the electronic
properties and elastic collisions of previously unexplored
charged diatomic systems, specifically FrLi+ and FrNa+. We
Employed a standard quantum chemistry approach using the
pseudopotential method, Gaussian basis sets, and effective core
polarization potentials. By successfully computing potential
energies and spectroscopic parameters for various electronic
states characterized by 2Σ+, 2Π, and 2Δ symmetries, we
systematically analyzed both charged diatomic systems. We
identified and interpreted several avoided crossings within the
higher 2Σ+ and 2Π states. Additionally, we calculated the
transition dipole functions between electronic states charac-
terized by 2Σ+ and 2Π symmetries. Furthermore, by leveraging
the precise potential energies of the X2Σ+ and 22Σ+ states,
along with the transition dipole functions between these states,
we determined the radiative lifetimes of the vibrational states
confined within the 22∑+ state. Moreover, we utilized the
accurate potential energy data to access the partial and total
cross sections across a wide range of energies. Our findings
indicated that at low energies (<1 mK), the elastic scattering
cross section conformed to the Wigner law threshold behavior,
while at high energies, the cross section scales as E−1/3.

Figure 9. Logarithm of the total elastic scattering cross sections (σtot) (in atomic units) plotted against the logarithm of the energy E (in Kelvin) for
both lithium isotopes 6Li and 7Li colliding with the francium ion 223Fr+.
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