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Abstract

The potential energy curves and spectroscopic constants of ground and many excited states of
the RbXe and CsXe van der Waals systems have been determined using a one-electron
pseudopotential approach. This has reduced the number of active electrons of the RbXe and
CsXe van der Waals systems to only one electron, the valence electron; and has led to the use of
large basis sets for Rb, Cs and Xe atoms. In this context, the potential energy curves of the
ground and many excited states are calculated at the SCF level, and the spin–orbit interaction is
considered. The core–core interactions for Rb+Xe and Cs+Xe were included using the CCSD(T)
accurate potential energy curves of Hickling et al (2004 Phys. Chem. Chem. Phys. 6
4233–4239). The spectroscopic constants of these states are derived and compared with the
available theoretical and experimental results. Such comparisons show very good agreement for
the ground and the ﬁrst excited states. Moreover, the transition dipole function has been
determined for a large and dense grid of internuclear distances, including the spin–orbit effect.
S Online supplementary data available from stacks.iop.org/JPB/49/205101/mmedia
Keywords: rubidium and cesium atoms, xenon atoms, spin–orbit interaction, transition dipole
moment, transition wavelength
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

being investigated extensively in order to construct high
powered lasers with high beam quality. However, there is
some difﬁculty with this device, which is the poor matching
of the broad line width of the pump source with narrow
absorption lines of the alkali atoms. A possible solution to
surmount this difﬁculty is to use far-wing line broadening
effects related to alkali metal–rare gas interactions [3].
Therefore, accurate data for the upper and lower electronic
states of alkali metal–rare gas pairs are needed to evaluate the
scaling possibilities for alkali metal–rare gas laser systems.
On the experimental side, the alkali–rare gas systems
have been studied using medium-resolution laser spectroscopy [4–8]. More recently, these systems have been studied by
high-resolution spectroscopy introducing rotational analysis
[9–13] and also by a two-photon absorption technique, which

The alkali rare gas compounds form a class of elementary van
der Waals systems propitious to model calculations. Although
the ground state is bound by only a few tens of wave numbers, many excited states exhibit much larger dissociation
energies. Due to their properties as exciplex systems, they
have received continuous experimental and theoretical interest [1]. The alkali metal–rare gas systems serve as models for
understanding collisional process such as line broadening,
quenching and electronic energy transfer. Furthermore, the
blue satellites of the alkali D2 lines provide a pathway for
optically pumping atomic alkali lasers on the principal series
transitions with broad line width semiconductor lasers [2]. In
fact, alkali vapor lasers pumped by diode lasers are currently
0953-4075/16/205101+11$33.00
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Table 1. Fitted parameters (a.u.) for ground state Rb+Xe and Cs+Xe
interactions.

permits selective investigation of excited states [14]. Thus, the
spectroscopic constants of the ground and the ﬁrst excited
states are known with a high precision, which permits the
development and reﬁnement of theoretical models.
In this work we will focus on the MXe (M=Rb, Cs)
systems. With nine valence electrons, conﬁguration interaction methods constitute, in principle, adequate tools to study
the electronic structure and to determine spectroscopic properties. Hedges et al [15] have determined the lowest four
adiabatic potentials for the CsRg (Rg=rare gas) and the
RbRg (Rg=rare gas) pairs, from measurements of the far
wing intensities of Cs—resonance lines broadened by collisions with a rare gas atom. Previous calculations of the PEC’s
for various MRg pairs have been carried out using different
methods. Using the semi empirical pseudopotential approach
and the spin–orbit coupling, Baylis [16] have studied the
alkali noble gas MRg (M= alkali and Rg=rare gas) systems. SAC-CI calculations (symmetry adapted cluster-conﬁguration interaction method) were performed by Ehara and
Nakatsuji [17] to study the CsRg systems (Rg=Xe, Kr, Ar,
Ne). Pascale et al [18], and more recently, El Hadj Rhouma
et al [19, 20] parametrized the alkali–Ar systems using more
reliable ab initio computation of the M+–Rg energy potential
energy curves. Recently, using the same technique [19, 20],
we have studied the RbAr, CsAr, FrAr and Mg+He [21–25]
vander waals systems, with inclusion of the spin–orbit
interaction.
This paper is organized as follows. First, we detail the
method of calculation in section 2. Section 3 is devoted to
present the results and the discussion. Finally, we conclude.

Parametrs
Aeff
b
D4
D6
D8
D10

Rb+Xe

Cs+Xe

308.141
1.538 28
9.515 42
735.674
11 606.5
−92 007.5

328.944
1.505 94
13.645
700.497
6080.25
4873.66

2. Method of calculation
Our approach follows closely the model used in our previous
publications [21–25] for alkali–rare gas and alkali earth–rare
gas systems. In this model, the total potential is the sum of
three contributions: the core–core interactions, the interaction
between the valence electron and the ionic dimer M+Xe
(M=Rb or Cs) and ﬁnally the spin–orbit interaction. The
three terms are detailed in next sub-sections.
The accuracy of the M+Xe potential is essential to obtain
precise interactions for the MXe ground and Rydberg states.
For the M+Xe (M=Rb or Cs) ionic systems, we used the
precise CCSD(T) data of Hickling et al [26]. These numerical
potentials are ﬁtted by means of a standard least square ﬁt
procedure. This has made their use in a computing code easy
and provided a better description in all internuclear ranges.
This code is based on the model potential function, which we
describe in this section. We used a functional ﬁtting form
deﬁned as:
V M+Xe (R) = A eff exp ( - bR) -

Figure 1. Comparison between Tang and Toennies [27] analytical

and the CCSD (T) [26] potentials for the Rb+Xe (green triangle) and
Cs+Xe (blue circle) van der Waals systems.

part and long-range attractive terms related to the van der
Waals interactions.
The coefﬁcient D4 accounts for the charge-induced xenon
dipole interaction, while D6 is the dispersion coefﬁcient. D4 is
given by the value αXe/2, which equals 13.83 a.u. The
parameters Aeff, b, D6, D8 and D10 are obtained by least
squares ﬁtting using the numerical potential of Hickling et al
[26] for Rb+Xe and Cs+Xe. The ﬁtted parameters are summarized in table 1. Figure 1 presents the Hickling et al [26]
numerical potentials of Rb+Xe and Cs+Xe compared to the
analytical ones. The difference between the analytical and the
numerical potentials is less than 3 cm−1.
For the e-M+Xe interaction, we have performed a oneelectron ab initio SCF calculation where the M+ (M=Rb or
Cs) core and the electron–Xe effects have been replaced by
semi local pseudopotentials. In the case of e–Xe, we have
interpolated the numerical pseudopotential given by Martyna

D4
D
D
D10
- 66 - 88 - 10
.
R4
R
R
R
(1 )

It corresponds to the analytical form of Tang and Toennies
[27] potential. Equation (1) contains an exponential repulsive
2
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agreement is observed between our and [28], the same
agreement is also observed for d symmetry.
In addition, the Rb and Cs atoms are treated using oneelectron pseudopotentials proposed by Barthelat et al [30] and
used in many previous works [31–33]. Furthermore, we take
into account the core valence correlation by means of the
operator formulation of Müller and Meyer [34]. For each core
(λ=Rb+, Cs+ or Xe), the core polarization effects are
described by the effective potential proposed by Müller,
Flesch, and Meyer:

Table 2. Pseudopotentiel parameters of e–Xe interaction in a.u.

l

α

Ci

ni

0
1
2

0.797 725
0.174 198
1.112 89

111.008
10.1733
−1.3502

−1
−1
−2

WCPP = -


1
åal fl fl ,
2 l

(3 )

where αλ is the electric dipole polarizability of the atomic

core λ, fl is the electric ﬁeld created on center λ produced by
valence electrons and all other cores, and is modiﬁed by the ldependent cutoff function F deﬁned in [35] by:
F (ril, rl) =

¥

+l

å å Fl (ril, rll )∣lmlñálml∣,

(4 )

l = 0 m =-l

where ∣lmlñ is the spherical harmonic centered on λ, and the
cutoff Fl is written as:
⎧ 0, ril árl,
Fl (ril, rll ) = ⎨
⎩1, rilñ rl.

For Rb and Cs atoms we used the same basis set of Gaussiantype orbital as in the work of Pavolini et al [36]. While for the
Xe we used an uncontracted 4s/3p Gaussian-type basis set (s
functions with exponents 0.368 94, 0.1444, 0.05 and 0.02, p
functions with exponents 0.394 86, 0.126 50 and 0.02). The
use of a basis set on the Xe atom is necessary to treat correctly
the steric distortion of the Rb and Cs valence electron orbitals
resulting from their orthogonality to the rare gas closed shells
represented via the pseudopotential. Since there is not active
electron on the Xe atom, the exponents were determined in
order to provide correct overlaps with the 3s and 3p orbitals
of Xe, and to extend towards the diffuse range. The core
dipole polarizability of Rb+, Cs+ and Xe were set to 9.245
[36], 15.116 [36] and 27.66a 03 [37], respectively. The cut-off
radii for the lowest one-electron valence s, p, and d are,
respectively, 2.5213, 2.279 and 2.511 a.u. for the rubidium,
and 2.69, 1.85 and 2.810 a.u. for the cesium, and 3.500 148,
4.0 and 1.501 128 a.u. for the xenon. In order to test the
quality of the basis sets, we have performed one electron SCF
atomic calculations for the Rb and Cs atoms. The comparison
between our calculation and experimental values of ionization
potentials and atomic energy levels of Rb and Cs atoms were
presented in previous publications [21, 22]. A very good
agreement was observed, and this accuracy for the atomic
sub-unit will be transmitted to the molecular energy calculations. The potential energy curves were determined using the
standard chain of programs of the quantum chemistry and
physics laboratory of Toulouse [38].
The spin–orbit coupling is written as follows
 
VS.O. = x L . S ,
(6 )

Figure 2. Comparison between pseudopotentials of Martyna et al

[28] (red straight line), Jonin et al [29] et al (red green line) and this
work (blue straight line) for s, p and d symmetry of e–Xe interaction.

et al [28] using the analytical form
n

Wl (r ) = exp ( - ar 2) åCi r n i.

(5 )

(2 )

i=1

The pseudopotential parameters α, Ci, and ni are obtained
for different values of l (l=0 s orbital, l=1 p orbital and
l=2 d orbital). Our pseudopotential parameters α, Ci, and ni
for each symmetry are gathered in table 2. Figure 2 shows our
pseudopotential for each symmetry resulting from a combination of those of [28, 29]. For s symmetry, good agreement
is achieved with [28] in the distance range from 2 to 4 a.u. and
with [29] from 5 to 10 a.u. For p symmetry, excellent

where VS.O. is the potential of spin–orbit coupling, ξ is the
3
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spin−orbit coupling constant, L is the orbital angular

momentum and S is the spin angular momentum. It is considered in this study using the semi-empirical scheme of
Cohen and Schneider [39]. The development of the spin–orbit
coupling for the electronic states dissociating into 6p and 7p
(Ω=1/2, 3/2) is given by the following matrix for each
internuclear distance R
⎡ E ( 2 P) - 1 2 x x 2
⎤
0
⎢ p
⎥
⎢x 2
⎥,
E p (2 å +) 0
⎢
⎥
⎢⎣ 0
0
E p (2P) + 1 2x ⎥⎦

where Ep (2Π) and Ep (2Σ+) are the spin-free energies and ξ is
the spin−orbit coupling constant. The diagonalisation of this
matrix provides the splitting energies related to the atomic
limits S1/2, P1/2, and P3/2. The spin−orbit coupling constants
[40] used in the present calculation are: ξ5p (Rb)=158.396
cm−1, ξ6p (Cs)=369.36 cm−1 and ξ7p (Cs)=181.046 cm−1
The spin–orbit interaction for the Rb (5d) dissociation
limit is not considered due to the small spin–orbit constant
associated with this conﬁguration. For the states dissociating
into Cs (5d) we use the following matrices, which couple
between 2Σ+, 2Π and 2Δ molecular states. The spin–orbit
coupling constant is equal to ξ5d (Cs)=39.033 56 cm−1.
For W = 5 2:

E (2D) + z ,
⎡ E (2D) - z
⎤
z
⎢
⎥
For W = 3 2: ⎢
z⎥
2
z
E ( P) + ⎥
⎢⎣
2⎦
⎡
z
6 ⎤
⎢ E ( 2 P) z⎥
2
2 ⎥,
and for W = 1 2: ⎢
⎢
⎥
6
z
E (2S +) ⎥
⎢
⎣
⎦
2

Figure 3. Potential energy curves of the electronic states dissociating

into Rb (5s, 5p, 4d, 6s, 6p, 6d and 7s) + Xe.

constants of these states are listed in table 3 and compared
with other theoretical predictions [16, 41].
The RbXe ground state potential well (De=85 cm−1,
Re=10.36 a.u.) compares well with several previous
calculations. Baylis [16] obtained a well depth of 108
cm−1, which is located at an equilibrium distance of 9.40
a.u. A better agreement for Re and De is observed with the
more recent theoretical work of Goll et al [41]. They have
presented values for Re, De and ωe for the ground state
obtained using different calculation methods, such as PBE,
PBE/CCSD, PBE/CCSD (T), LDA/CCSD and CCSD (T).
Their results are in good agreement with our work, except
those found by applying the CCSD (T) method, which
overestimated Re and underestimated De (see table 2).
For the lowest excited states, the present calculations (see
table 3) are in rather good agreement with the theoretical
values obtained by Baylis [16]. The spectroscopic constants
of the A2Π state without spin–orbit coupling are Re=7.61
a.u., De=525 cm−1, ωe=32.76 cm−1, Te=120 89 cm−1
and Be=0.020 101 cm−1. The molecular splitting at
equilibrium distance is found to be 70 cm−1 and the
dissociation energies of the A2Π1/2 and A2Π3/2 components
are 455 and 525 cm−1, respectively. The vibrational constant
and the equilibrium distance are slightly changed, in contrast

where E (2Δ), E (2Π) and E (2Σ+) are the spin-free energies
and Ω is the all different states of each symmetry.

3. Results and discussion
3.1. Potential energy curves and spectroscopic constants of
RbXe and CsXe dimers
3.1.1. RbXe dimer. Potential energy curves have been

calculated for all states that correlate with the Rb (5s, 5p,
4d, 6s, 6p, 6d and 7s)+Xe dissociation limits. These states,
of 2Σ+, 2Π and 2Δ symmetries, are shown in ﬁgure 3. The
X2Σ+ ground state is weakly bound with a well depth of
De=85 cm−1, located at an equilibrium Re=10.36 a.u.
However, the B2Σ+ excited state, which dissociates into
Rb(5p)+Xe, is mostly repulsive. It has a minimum located
at large internuclear distance, 14.72 a.u. Most of the other
excited states are more attractive as compared to the X2Σ+
and B2Σ+ states. They have potential wells of hundreds of
cm−1 located at internuclear distances that are close to that of
the ionic system Rb+Xe (Re=7.08 u.a). The spectroscopic
4
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Table 3. Spectroscopic constants of the electronic states of RbXe dimer. Re in a.u. units, De, Te, ωe, ωeχe and Be in cm−1.

States
+

X Σ (5s)
2

A2Π (5p)
A2Π1/2 (5p)
A2Π3/2 (5p)
B2Σ+ (5p)
B2 S+1/2 (5p)
32Σ+ (4d)
22Π (4d)
12Δ (4d)
42Σ+ (6s)
52Σ+ (6p)
32Π (6p)
62Σ+ (5d)
42Π (5d)
22Δ (5d)
72Σ+ (7s)
Rb+Xe

Re

De

10.36
9.40
9.90
10.14
10.00
10.06
10.77
7.60
7.60
7.60
6.8
7.18
14.68
14.24
16.0
7.16
17.59
8.52
7.15
7.37
16.76
7.37
7.16
7.08
7.12
7.12
8.34
7.087

85
108
83.7
89.3
99.5
96.3
76.7
527
458
527
894/973
400/500
44
44
24.6
248
25
215
1099
21
26
426
1173
610
1284
1150
750
1189

ωe

ωeχe

Be

7.82

0.77

0.010 831

120 43
120 58
122 26

8.8
8.5
8.9
8.8
7.4
32.92
32.80
32.92

0.78
0.79
0.78

0.020 143
0.020 138
0.020 140

12 527
12 710

0.54
4.91

0.13
0.13

0.005 411
0.007 159

46.48
0.96
14.67
48.38
33.58
5.66
34.35
50.49
52.28
52.05
50.07
49.41

0.77

0.022 706

This work
SEP [16]
PBE [41]
PBE/CCSD [41]
PBE/CCSD(T) [41]
LDA/CCSD(T) [41]
CCSD(T) [41]
This work
This work
This work
SEP [16]
[42]
This work
This work
SEP [16]
This work

0.64
0.67
1.96

0.016 021
0.022 743
0.021 432

This work
This work
This work

0.021
0.226
0.023
0.022
0.022
0.016

This
This
This
This
This
This
[26]

Te

18
19
18
18
19
19
23
22
24
24
24
25

941
164
974
090
914
909
207
460
933
192
393
385

to the excitation energy Te, which is largely affected, as the
splitting is about 168 cm−1. This is due to the large value of
the spin–orbit coupling constant used in the calculation.
Baylis [16] have also studied the ﬁrst excited state by
introducing the spin–orbit effect. They found the same Re for
A2Π1/2 and A2Π3/2 (6.8 a.u.); however, they presented two
different values for De for the A2Π1/2 and A2Π3/2 states (894
and 973 cm−1). Drummond and Gallagher [42] reported
potential curves for the X2Σ+, A2Π1/2, A2Π3/2 and B2Σ+
states extracted from analyses of the D2 and D1 line shapes.
Their results are very similar to our potentials. As they did not
report the spectroscopic constants, we have evaluated Re and
De values for the A2Π1/2, A2Π3/2 from ﬁgure 11 of [42] for
comparison. The equilibrium distance for both states is quite
similar, around 7.18 a.u., while the extracted well depths are
different due to the spin–orbit interaction (about 400 and 500
cm−1 for A2Π1/2 and A2Π3/2, respectively). We observe an
acceptable agreement between our theoretical potentials and
those derived from spectroscopic observations. It is important
to note that the experimental potentials, from which we have
extracted Re and De, were derived from D1 and D2 red wing
analyses based on the use of the quasi-static approximation.
Hedges et al [15], Dubourg et al [43], and Drummond and
Gallagher [42] extensively discussed the validity and
limitation of this technique. This model determines the
Mullikan difference potential much more accurately than the

1.77
0.69
0.72
0.71
0.76
10.31

References

686
88
196
962
975
748

work
work
work
work
work
work

individual potentials involved in a particular transition. In
addition, the Baylis [16] semi-empirical potentials were used
as a starting point for ﬁtting to the experimental data.
The spectroscopic constants of the B2Σ+ state are also
affected by the spin–orbit coupling through its interaction
with the A2Π1/2 state. Its equilibrium distance is decreased
from 14.72 to 14.20 a.u.; however, the dissociation energy is
almost unaffected. By considering the spin–orbit coupling,
the present results for the B2Σ+ state are also in reasonable
agreement with the values presented by Baylis [16]. His
equilibrium distance (16 a.u.) is overestimated relative to our
value (14.20 a.u.), while his De (24 cm−1) is underestimated
compared to our well depth (44 cm−1). The potential energy
curves of RbXe that correlate with the Rb (52P1/2)+Xe and
Rb (52P3/2)+Xe dissociation limits are shown in ﬁgure 4.
At higher energies, adiabatic interactions between states
dissociating to the close-lying 5d and 7s asymptotic
conﬁgurations are evident. This produces avoided crossings
between the 62Σ+ and 72Σ+ states as they dissociate to the
Rb (5d)+Xe and Rb (7s)+Xe limits. Neither experimental
nor theoretical data on the higher excited states of the RbXe
system have been published to date. Therefore, spectroscopic
constants for these states are presented here for the ﬁrst time.
They exhibit deep potential wells located, as expected, at
internuclear distances close to that of the ground state of the
ionic system Rb+Xe (Re=7.08 a.u.).
5
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Figure 4. RbXe potential energy curves including spin–orbit

coupling dissociating into 52P1/2 and 52P3/2. Full lines, states
including spin–orbit coupling, dashed line, A2Π and B2Σ+ states
without spin–orbit coupling.

3.1.2. CsXe dimer. We have also determined the potential

energy curves of the ground and many excited states of the
CsXe van der Waals system dissociating into Cs (6s, 6p, 5d,
7s, 7p, 6d and 8s)+Xe. They are presented in ﬁgure 5. As
expected, the ground state X2Σ+ is weakly bound (well depth
of 110 cm−1 located at Re=10.17 a.u.). Ehara et al [17]
using SAC-CI calculations found Re=9.39 a.u. and De=30
cm−1. The B2Σ+ state of CsXe, which dissociates into Cs
(6p)+Xe, seems to be repulsive except for a small van der
Waals minimum at large internuclear distance. The higher
excited states are much more attractive, as compared to the
X2Σ+and B2Σ+ states. Their potential wells are of hundreds
of cm−1 deep, and located at shorter internuclear distances.
Most of these states have an equilibrium distance close to
7.46 a.u., which is the equilibrium location of the ionic
Cs+Xe ionic pair.
The spectroscopic constants of the CsXe electronic states
are presented in table 3 and compared with other theoretical
[16, 41] and experimental works [44]. Our ground state
(X2Σ+) equilibrium distance (Re) and well depth (De) are in
very good agreement with the experimental work of Buck and
Pauly [44]. In our calculations, we obtained Re and De values
of 10.17 a.u. and 110 cm−1, respectively. Buck and Pauly
found Re=10.33 a.u. and De=110 cm−1. The difference
between our values is 0.16 a.u. for Re and 0 cm−1 for De. This
very good agreement for De is also observed with the
theoretical work of Baylis [16], as he reported De=110
cm−1. However, his equilibrium distance seems to be
underestimated (Re=9.3 a.u.). For the ground state of CsXe,

Figure 5. Potential energy curves of the electronic states dissociating

into Cs (6s, 6p 5d, 7s, 7p, 6d and 8s) + Xe.

Goll et al [41] have presented many values for Re and De
using different calculation approaches such as PBE, PBE/
CCSD, PBE/CCSD(T), LDA/CCSD and CCSD(T). Their
results are in good agreement with our work, except those
found by applying the CCSD(T) method. The CCSD(T)
results are overestimated for Re and underestimated for De
(see table 4). A ﬁtting of our potential for the RbXe ground
state is performed at long-range distances using an analytical
form that follows the van der Waals interaction between two
⎛ C
C
C ⎞⎟
atoms ⎜ - 66 - 88 - 10
. The obtained dispersion coefﬁ⎝ R
R
R10 ⎠
cients (C6=772.7, C8=6.44 and C10=7.281 a.u.) are in
good agreement with those given by Mitroy et al [45]
(C6=780.1, C8=6.819, C10=7.281 a.u.).
For the lowest excited states, the present calculation are
in good agreement with the theoretical work of Baylis [16].
Our spectroscopic constants for the A2Π state without spin–
orbit coupling are De=499 cm−1, Re=7.88 a.u., and
ωe=28.21 cm−1. When the spin–orbit coupling is included
(see ﬁgure 6) using the constant ξ6p = 369.36 cm−1, the
6
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Table 4. Spectroscopic constants of the electronic states of CsXe dimer Re in a.u. units, De, Te, ωe, ωeχe and Be in cm−1.

States
+

X Σ (6s)
2

A2Π (6p)
A2Π1/2 (6p)
A2Π3/2 (6p)
B2Σ+ (6p)
B2 S+1/2 (6p)
32Σ+ (5d)
32 S+1/2 (5d)
22Π (5d)
22Π1/2 (5d)
22Π3/2 (5d)
12Δ (5d)
12Δ3/2 (5d)
12Δ5/2 (5d)
42Σ+ (7s)
52Σ+ (7p)
52 S+1/2 (7p)
32Π (7p)
32Π1/2 (7p)
32Π3/2 (7p)
62Σ+ (6d)
42Π (6d)
22Δ (6d)
72Σ+ (8s)
Cs+Xe

Re

De

10.17
10.33
9.3
10.08
10.33
10.15
10.22
10.77
7.88
7.84
7.88
7.3
14.18
13.55
16.4
14.62
14.50
8.67
8.66
8.68
7.55
7.55
7.55
8.05
7.59
7.66
7.49
7.53
7.52
8.92
20.56
7.43
7.52
7.77
7.465

110
110
110
94.5
93.2
106.0
102.2
76.7
499
408
499
573/753
85
77
25.0
51
54
334
328
333
919
877
919
695
551
565
1029
936
1000
428
76
1147
951
881
1047

ωe

ωeχe

Be

6.65

0.01

0.008 809

11 160
10 881
11 345

7.9
7.1
7.5
7.3
6.6
28.21
28.77
28.19

0.59
0.69
0.60

0.014 688
0.014 830
0.014 692

11 575
11 767

5.24
4.79

0.88
0.90

0.015 921
0.015 767

4.21
4.72
18.40
18.97
18.63
38.86
38.75
38.89
28.32
33.85
30.38
41.42
40.31
40.63
20.58
2.18
43.48
39.61
36.89

0.12
0.12
0.48
0.53
0.51
0.56
0.55
0.56
0.29
1.03
1.01
0.54
0.57
0.55
0.27

0.004
0.004
0.012
0.012
0.012
0.015
0.015
0.015
0.014
0.015
0.015
0.016
0.016
0.016
0.011

0.49
0.56
0.41

0.016 528
0.016 122
0.015 082

Te

14
16
14
14
14
13
13
13
17
21
21
21
20
21
22
22
21
21
23

610
017
327
280
317
742
671
751
953
516
580
038
938
146
488
840
769
965
586

References

266
338
116
152
11
992
981
990
058
807
553
265
100
118
466

This work
Exp [44]
SEP [16]
PBE [41]
PBE/CCSD [41]
PBE/CCSD(T) [41]
LDA/CCSD(T) [41]
CCSD(T) [41]
This work
This work
This work
SEP [16]
This work
This work
SEP [16]
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
[26]

is overestimated relative to our value (13.55 a.u.), while De
(25 cm−1) is underestimated compared to our well depth
(77 cm−1). The potential energy curves of CsXe including the
spin–orbit coupling dissociating into Cs (62P1/2 and
62P3/2)+Xe, are shown in ﬁgure 6. The spin–orbit coupling
is also incorporated for the states dissociating into
Cs(5d)+Xe and Cs(7p)+Xe using the spin–orbit constant
ξ5d=39.033 56 cm−1 and ξ7p=181.046 cm−1. These states
with the inclusion of the spin–orbit coupling, to the best of
our knowledge, are presented here for the ﬁrst time. Figure 7
shows the potential energy curves with spin–orbit for the
electronic states dissociating into 72P1/2 (52 S+1/2 , 32Π3/2)
and 72P3/2 (32Π1/2). The inclusion of the spin–orbit coupling
(ξ7p=181.046 cm−1) introduces a splitting energy 63 cm−1
at equilibrium, and the dissociation energies (De) of the
32Π1/2 and 32Π3/2 components are 966 cm−1 and 1029 cm−1,
respectively. The vibrational constant and the equilibrium
distance are slightly changed, in contrast to the excitation
energy Te, which is largely affected as the splitting is about
208 cm−1. Figure 8 shows the potential energy curves

molecular splitting energy at equilibrium is found to be 91
cm−1 and the dissociation energies for the A2Π1/2 and
A2Π3/2 states are 408 cm−1 and 499 cm−1, respectively. The
vibrational constant and the equilibrium distance are slightly
changed, in contrast to the excitation energy Te, which is
largely affected. The energy splitting in Te, is about 464
cm−1. This is due to the large value of the spin–orbit constant.
Baylis [16] has also studied the ﬁrst excited state including
the spin–orbit interaction and he found the same Re for
A2Π1/2 and A2Π3/2 (7.3 a.u.). However, he found two
different values for De; 573 cm−1 for A2Π1/2 and 753 cm−1
for A2Π3/2. These values for both states are overestimated
when compared to our work. The spectroscopic constants of
the B2Σ+ state are also affected by spin–orbit coupling
through its interaction with the A2Π1/2 state. Its equilibrium
distance decreases from 14.18 to 13.55 a.u. However, its
dissociation energy decreases from 85 to 77 cm−1. By
considering the spin–orbit coupling, the present results for the
B2Σ+ state are also in a general agreement with the values
calculated by Baylis [16]. His equilibrium distance (16.4 a.u.)
7
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Figure 8. CsXe potential energy curves including spin–orbit
coupling dissociating into 52D1/2 and 52D3/2 and 52D5/2 Full lines:
states including spin–orbit coupling, dashed line: A2Π and B2Σ+
and 12Δ states without spin–orbit coupling.

Figure 6. CsXe potential energy curves including spin–orbit

coupling dissociating into 62P1/2 and 62P3/2. Full lines: states
including spin–orbit coupling, dashed line: A2Π and B2Σ+ states
without spin–orbit coupling.

including the spin–orbit coupling for the states dissociating
into 52D1/2 (32 S+1/2 and 22Π1/2) and 52D3/2 (22Π3/2,
12Δ3/2) and 52D5/2 (12Δ5/2). One can remark here the
splitting of the potential curves dissociating into Cs (5d).
However, this effect is much smaller than that observed for
the states dissociating into the Cs (6p) and Cs (7p) limits,
which is due to the small spin–orbit constant for the 5d atomic
limit. We note that the equilibrium distance of 32 S+1/2 is
decreased from 14.62 to 14.50 a.u., and the well depth is
increased by 3 cm−1. The equilibrium distances of the
remaining states, 22Π1/2, 22Π3/2, 12Δ3/2 and 12Δ5/2 are
slightly affected in contrast to the De, which is decreased for
the 22Π1/2 state by 5 cm−1 and increased by 42 cm−1 for the
12Δ3/2 state.
Neither experimental nor theoretical data on the higher
excited states of the CsXe system have been published to
date. Therefore, spectroscopic constants for these states are
presented in this study for the ﬁrst time. These states exhibit
deep potential wells located, as expected, at internuclear
distances close to that of the ground state of the ionic system
Cs+Xe (Re=7.465 a.u. and De=1047 cm−1).
As discussed in our previous works on the CsAr, RbAr,
FrAr, and MgHe+ dimers [21–25], it is expected that the
model used in these calculations will yield accurate energy for
the excited states that are comparable or better in quality than
that obtained for the ground state.
3.2. Excitation energy and transition wavelengths of RbXe and
CsXe dimers

Figure 7. CsXe potential energy curves including spin–orbit

coupling dissociating into 72P1/2 and 72P3/2. Full lines: states
including spin–orbit coupling, dashed line: 32Π and 52Σ+ states
without spin–orbit coupling.

Table 5 lists the molecular transition energies at the equilibrium distance from the ground states (dissociating into Rb
8
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Table 5. Energy shift in cm−1 of RbXe and CsXe excitation relative to the Rb and Cs atomic transition.

Energy shift4 (RbXe)

Excitation
+

5s Σ –5p Σ

+

Excitation
+

+

−82.77

6s Σ –6p Σ

5s2Σ+–5p2Π
5s2Σ+–4d2Σ+

387.23
−414.94

6s2Σ+–6p2Π
6s2Σ+–5d2Σ+

5s2Σ+–4d2Π
5s2Σ+–4d2Δ
5s2Σ+–6s2Σ+

−362.57
−208.28
−318.1

6s2Σ+–5d2Π
6s2Σ+–5d2Δ
6s2Σ+–7s2Σ+

5s2Σ+–6p2Σ+
5s2Σ+–6p2Π
5s2Σ+–5d2Σ+
5s2Σ+–5d2Π
5s2Σ+–5d2Δ

431.71
453
−2083
63
151

6s2Σ+–7p2Σ+
6s2Σ+–7p2Π
6s2Σ+–6d2Σ+
6s2Σ+–6d2Π
6s2Σ+–6d2Δ

2

4

2

Δshift=ΔE

2

2

Energy shift4 (CsXe)

Reference

396
400
150
13.4
1126
1130
1082
1125
1827
−243.84
−630
−1061
−353
−329
130.6
181.3
243.6

This work
[17]
[46]
This
[17]
[46]
This
This
This
[17]
[46]
This
This
This
This
This

work

work
work
work

work
work
work
work
work

molecular−ΔEatomic.

(5s)+Xe and Cs (6s)+Xe limits) to the higher electronic
states dissociating into Rb(5p, 4d, 6s, 6p, 6d and 7s)+Xe
and Cs(6p, 5d, 7s, 7p, 6d and 8s)+Xe. The transition frequencies are deﬁned in terms of the shift from the parent
atomic transition. For CsXe the feature of such energy difference is similar to that found by Ehara et al [17]. Our values
are also compared with the theoretical values of Ehara et al
[17] and the experiment [46]. We note that our value for the
6s2Σ+–5d2Σ+ transition (1126 nm) is in better agreement
with the experiment [46] (1082 nm) than the work of Ehara
et al [17] (1130 nm). The shifts for the RbXe dimer are
presented here for the ﬁrst time.
In addition, we have determined the transition wavelengths for the two exciplexes RbXe and CsXe. This quantity
is generated from the expression:
l (R) = hc DE (R) .

(8 )

ΔE(R) represents the transition energy for an internuclear
separation R. It is given by:
DE (R) = V ¢ (R) - V  (R) ,

(9 )

where V′(R) and V″(R) are the potential energy curves for the
B2 å1 / 2+ excited and the ground X2Σ+ electronic states,
respectively. We show in ﬁgures 9 and 10 the transition
wavelength as a function of internuclear distance of the RbXe
and CsXe dimers. The latter ﬁgures predict that the spectrum
will be conﬁned to the region 749–781 nm for RbXe, and
841–854 nm for CsXe. Note also that transitions at some
wavelengths can have contributions from dimers or collision
pairs at two different internuclear separations.

Figure 9. Transition wavelengths calculated from the difference

potential for the RbXe dimer.

transition dipole moments for RbXe and CsXe without spin–
orbit are presented in ﬁgures 11 and 12. We note that the
transition dipole between the X2Σ+ and B2Σ+ states has a
maximum of 2.93 a.u. located at a distance of 10.47 a.u. for
RbXe, and a maximum of 2.96 a.u. located at R=10.57 a.u.
for CsXe. At large distances, the transition dipoles from the
ground state to both A2Π and B2Σ+ states tend to pure atomic
transitions Rb(5s)–Rb(5p) and Cs(6s)–Cs (6p). The transition
dipole function including the spin–orbit interaction is also
presented in the same ﬁgures. This effect is introduced using
the rotational matrix resulting from the diagonalization of the

3.3. Transition dipole moment of RbXe and CsXe

We have determined the transition dipole moments of RbXe
and CsXe from the ground state, X2Σ+, to the ﬁrst higher
excited states without and with spin–orbit coupling. The
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Figure 10. Transition wavelengths calculated from the difference
potential for the CsXe dimer.

2 +
2
2 +
2 +
Figure 12. Transition dipole moments X Σ −A Π, X Σ −B Σ ,
X2Σ+−A2Π1/2, X2Σ+−A2Π3/2 and X2Σ+−B X 2S+1/2 as a
function of the internuclear distance R of CsXe dimer. The inset
shows the behavior of all the TDMs around D∞=2.81 a.u.

remarkable at intermediate distances. However, at large
internuclear distances the X2Σ+–B2 S1/2+ , X2Σ+–A2Π1/2 and
X2Σ+–A2Π3/2 transition dipole moments converge to the
same limit, which is the pure atomic transition between Rb
(5s)–Rb (5p) and Cs (6s)–Cs (6p).
Reliable and accurate transition dipole moments at longrange internuclear distance in addition to precise potential
energies are fundamental for formation prediction and design
of ultra-cold molecules production via photoassociation and
stimulated Raman adiabatic passage processes [47, 48]. The
long-range behavior of the permitted transition dipole
moment was extensively explored in the paper of Dalgarno
et al [48] and most recently by Pazyuk et al [49]. The latter
demonstrated that the asymptotic behavior of the Rb2 and Cs2
transition dipole functions at R=∞ tends to the limiting
atomic value as Bn/Rn with n=3, 4 where the coefﬁcients Bn
can be calculated using the atomic wavefunctions and energies. A quantitative ﬁtting of some transition dipole moments
showed this behavior for CsXe and RbXe dimers. A detailed
study of the transition dipole functions at long-range internuclear distances is in progress for a better understanding of
the long-range behavior. This will permit the probing of their
quality. This quality is related to that of the electronic
wavefuntions, which were also used to evaluate the molecular
energies. In addition, the accurate transition dipole functions
and energies will be used to simulate the absorption spectrum
and broadening in the D2 line for RbXe and CsXe.

Figure 11. Transition dipole moments X2Σ+−A2Π, X2Σ+−B2Σ+,

X2Σ+−A2Π1/2, X2Σ+−A2Π3/2 and X2Σ+−B X 2S+1/2 as a
function of the internuclear distance R of RbXe dimer. The inset
shows the behavior of all the TDMs around D∞=2.78 a.u.

energy matrix discussed previously [25]. As we can see, the
X2Σ+–A2Π transition moment is split into two curves for the
X2Σ+–A2Π1/2 and X2Σ+–A2Π3/2 transitions. The difference
between the spin–orbit corrected transition dipole moments is
10
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4. Conclusion
In this study, we have realized one-electron calculations for
the ground state and many excited states of the RbXe and
CsXe systems. The Rb+ and Cs+ core and the electron–Xe
interaction were represented with semi-local pseudopotentials, and the entire system was reduced to a one-electron SCF
calculation. This has allowed the use of large basis sets for the
three atoms, Rb, Cs and Xe. The Rb+Xe and Cs+Xe interaction energies were taken from the accurate CCSD (T) calculations of Hickling et al [26]. For a better description of this
potential at intermediate distances, where the minima of
several states of RbXe and CsXe are located, it was ﬁtted to
the Tang and Toennies [27] analytical form. In addition, the
spin–orbit effect was introduced using the semi-empirical
scheme of Cohen and Schneider [39]. The spin–orbit interaction results in energy level and transition moment splittings,
but the shifts in the equilibrium distances for several electronic states were insigniﬁcant. The comparison between our
spectroscopic constants and those of previous studies
[16, 41, 42], especially, for the X2Σ+ ground state, the
A2Π1/2, A2Π3/2 and B2 S+1/2 excited states, shows very good
agreement with the available experimental [44] and theoretical [16, 41] results. The very good agreement with the
experiment [44] observed for the CsXe ground state is quite
surprising, as it was not seen for lighter alkali atoms in a
previous study [19]. Furthermore, we observed that the
avoided crossings between the curves dissociating into close
atomic limits have changed the feature of some adiabatic
curves by introducing quasi-bound minima and barriers such
as in the case of the B2Σ+ state. Consequently, the oneelectron pseudopotential study for RbXe and CsXe can be
generalized to investigate the heavy Rb or Cs atoms in
clusters and matrices of Xenon. In addition, accurate data for
RbXe and CsXe are currently used to simulate the absorption
spectrum and broadening in the D2 line. These spectra are
under investigation in our experiment in King Khalid University on alkali metal–rare gas excimers used in development
of high power laser. We hope also that the potential energy
curves for the MXe (M=Rb, Cs) diatomic van der Waals
system will encourage and stimulate high resolution
spectroscopy experiments for higher excited states.
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