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ABSTRACT

The potential energy and spectroscopic constants of the ground and many excited states of the Be+ He
van der Waals system have been investigated using a one-electron pseudo-potential approach, which
is used to replace the effect of the Be2+ core and the electron-He interactions by effective potentials.
Furthermore, the core–core interactions are incorporated. This permits the reduction of the number
of active electrons of the Be+ He van der Waals system to only one electron. Therefore, the potential
energy of the ground state as well as the excited states is performed at the SCF level and considering the spin–orbit interaction. The core–core interaction for Be2+ He ground state is included using
accurate CCSD (T) calculations. Then, the spectroscopic properties of the Be+ He electronic states are
extracted and compared with the previous theoretical and experimental studies. This comparison
has shown a very good agreement for the ground and the first excited states. Moreover, the transition dipole moment has been determined for a large and dense grid of internuclear distances including the spin orbit effect. In addition, a vibrational spacing analysis for the Be2+ He and Be+ He ground
states is performed to extract the He atomic polarisability.

Introduction
Experimental and theoretical investigations of alkali
dimers and alkaline earth interacting with rare gas atoms
have attracted researchers. The study of these systems is
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mainly inspired by a desire to obtain information about
interactions potentials, which have a great interest in the
upper atmosphere [1,2], in biological processes [3] and in
industrial applications [4,5].

2

J. DHIFLAOUI ET AL.

In the ground state, there are very weak interactions
between the closed shell atoms, while much stronger electronic bonding can be found in the excited states. The
ground and several excited states of these systems have
been studied by various methods, ab initio and semiempirical [6–11], and with model potentials [12–20] or
pseudo-potential [21–27] methods.
For the alkaline earth atoms, most of the experiments have been performed for Ca, Sr and Ba interacting
with rage gas atoms. In particular, for the barium atom
pressure-broadening effects were measured by Kielkopf
[28], Harima et al. [29], Ehrlacher and Huennekens [30]
and Kanorsky et al. [31]. Breckenridge and Merrow [32]
and Visticot et al. [33] studied spin-changing collisions.
However, polarisation effects were investigated by Alford
et al. [34], Visticot et al. [35] and Ni et al. [36].
To our best knowledge, there have been no experimental studies on the Be+ -He nor Be+ -Ne species, because
the experimental characterisation of these states would
be difficult as well as dangerous, given the extremely toxic
nature of Be dust. A preliminary study reported the observation of an unidentified emission in a microwave discharge of BeCl2 in Ar [37]. Later work identified the
spectrum as being due to Be+ -Ar [38] with the mechanism for production of such species. This has been discussed in the work of Subbaram et al. [38] and also by
Goble et al. [39]. Follow-on studies also identified the
spectra of Be+ -Kr [38] and Be+ -Xe [40]. The analysis of
high-resolution spectra for Be+ -Ar [41] and Be+ -Kr [42]
allowed the determination of precise spectroscopic constants for the ground and first excited states.
From the theoretical point of view, the ground state
potentials of alkaline-earth atoms interacting with the
rare-gas atoms are not known very well, especially in the
well region. As part of a wider study of the interactions
between singly and doubly charged first row cations with
He, Frenking et al. [43,44] have reported the results of
MP4(SDTQ) calculations employing 6-311G(2df, 2pd)
basis sets. Leung and Breckenridge [45] have reported
spectroscopic constants for Be+ -He and Be+ -Ne at the
QCISD(T) level of calculation using quite large basis sets,
both for the ground and some excited states. In addition, Be+ -He has been studied by Bu et al. [46,47] at the
MP2/6-311+G(3df,3pd) level as part of a study investigating Be+ Hen clusters. In addition, we note that the spectroscopic data from the emission spectroscopy studies
[38,40–42] have been employed to investigate the potential and interactions in the Be+ -RG species [48–51].
The objectives of the present study are to determine
the potential energy interaction of the Be2+ -He doubly charged system using the Molpro program; and to
evaluate the potential energy curves for the ground and
excited states of Be+ He. The accurate produced Be2+ He

potential interaction and a simple model that reduce the
singly charged molecule to a one valence electron system will be used for this purpose. From these curves, we
will extract the spectroscopic constants: equilibrium distance Re , potential well depth De , vibrational constant ωe ,
anharmonic constant ωe χ e , rotational constant Be and
vertical transition energy Te . The comparison of these
constants with the other available results can prove the
accuracy of our results and validate the used model. Furthermore, transition dipole moments are also performed
and a vibrational spacing analysis is realised to evaluate
the He atom polarisability. In addition the accurate potential energy interactions between Be2+ -He and Be+ -He are
under use in our group to study the interaction and solvation of the ionic system Be2+ and Be+ with/in He droplets.

2. Method of calculation
As in our previous works on CsAr [26], RbAr [27]
and FrAr [52], the calculation of energies of alkaline earth, interacting with rare-gas atoms using
Born−Oppenheimer approximation requires solving
the electronic Schrodinger equation. Pseudo-potentials,
initially proposed by Barthelat and Durand [53], are
used to restrict the number of active electrons to be
effectively treated in the system to one active electron for
the ionic molecule Be+ He. The core polarisation pseudopotentials VCCP are incorporated using the l-dependent
formulation of Foucrault et al. [54] generalising the initial
method of Müller and Meyer [55]. For each atom (λ =
Be or He) the core polarisation effects are described by
the effective potential:
VCPP = −

1 →→
αλ f λ f λ
2 λ

(1)

where α λ is the electric dipole polarisability of atomic
→

core λ and fλ is the electric field created at centre λ produced by the valence electrons and all other cores. The
latter is modified by the l-dependant cut-off function F as
defined in Ref. [54] by

F (riλ , ρλ ) =

+l
∞ 




Fl riλ , ρλl |lmλ lmλ|

(2)

l=0 m=−l

where |lmλ is the spherical harmonic centred on λ, and
the cut-off Fl is written as


Fl riλ , ρλl




=

0,
1,

riλ ρλ
riλ ρλ

(3)
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Table . Calculated and experimental energy levels for
Be+ in cm− . |E| the diﬀerence between the experimental [] and our theoretical values.
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For the Beryllium atom we used the same contracted basis
of Farjallah et al. [56] used recently to study the beryllium
hydride ion (BeH)+ . For the He atom, we used the same
uncontracted (3s/2p) basis as in reference [57]. The use
of a basis set on the He atom is indispensable to treat the
steric distortion of the Be+ valence orbitals, which results
from their orthogonality with the rare-gas closed shells,
represented by the pseudo-potential. Since there are no
active electrons on the helium atom, the exponents were
determined in order to provide correct overlap with the
3s and 2p orbitals of He, and to extend toward the diffuse
range.
In the present work, the cores polarisability α λ of Be2+
and He are α Be2+ = 0.0519a30 [55] and α He = 1.3834a30
[58], respectively, and the optimised cut-off parameters
for the lowest valence s, p and d one-electron states of the
Be atom are 0.889, 0.882, and 1.14 a.u., respectively.
The calculated ionisation potential and the differences
of the lowest atomic energy levels from the ground state
of the Be+ ion are listed in Table 1 and compared with
the experimental data [59]. The largest absolute error is
46 cm−1 , which is found for the 2p atomic levels.
The e-He interaction effects have been replaced by a
semi-local pseudo-potential. In this case, we have interpolated the numerical pseudo-potential given by Czuhaj
et al. [60] using the analytical form according to
Wl (r) = exp(−αr2 )

n


Ci rni

(4)

i=1

3

The pseudo-potential parameters α, Ci , and ni of He are
obtained for different values of l (l = 0 s orbital and l =
1p orbital). They are listed in Ref. [64] for Mg+ He.
In the calculation of Be+ He, the core–core interaction
corresponding to the interaction between the Be2+ core
and the He atom is needed because the total energy is
obtained by addition of the core–core energy and the
electronic energy resulting from the one-electron SCF
ab initio calculations. The Be2+ -He potential considered
as core−core interaction is obtained from our calculation at the coupled clusters with the iterative treatment of
the single and double excitation amplitudes and the perturbative treatment of triples (CCSD (T)) level of theory
as implemented in the Molpro program [61–63]. Standard aug-cc-pvqz and aug-cc-pv5z basis sets are used
for the Be and the He atoms, respectively. The Be2+ -He
ground state spectroscopic constants are extracted and
summarised in Table 2. The better agreement is obtained
with the spectroscopic constants found by Ref. [43]. This
good agreement is observed for the equilibrium distance
as well as the well depth. Our equilibrium distance Re of
1.44 Å compares very well with the 1.428 Å of Ref. [43].
Similarly, our binding energy of 7358 cm−1 is close to
that of Ref. [43] of 7574.5 cm−1 . In contrast, the spectroscopic constants of Ref. [44] are underestimated for
Re and overestimated for De . In this case the comparison of IE`s of Be and Be+ and the IE of He suggests
that Be is really expected to be doubly charged in Be2+ He
species. The accuracy of the Be2+ He ground state potential energy is crucial for the study of the Be+ He and
BeHe. The precision of all electronic states of the latter will depend on it. For a better representation of the
doubly charged ground state, we calculated the potential energy for a wide and dense range of internuclear
distances. In addition, to improve the representation of
the potential in the region of interest for the Be+ He simply charged system, the Be2+ He potential energy curve
is fitted using the analytical form of Tang and Toennies [64]. This potential is the sum of three terms, an
exponential short-range repulsion Aeff exp(−bR) (with
A = 51.4088 a.u. and b = 2.26725 a.u.), a longrange −D6 R−6 − D8 R−8 − D10 R−10 − D12 R−12 attractive

Table . Spectroscopic constants: equilibrium distance Re , potential
well depth De , vibrational constant ωe , anharmonic constant ωe χ e
and rotational constant Be compared with the available results for the
ground state of Be+ He.
Re (Å)

De (cm− )

ωe (cm− )

ωe χ e (cm− )

Be (cm− )

Reference
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.
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Figure . Comparison between the analytical potential using the
Tang and Toennies [] form and the original CCSD (T) one for the
ground state of the Be+ He.

term (with D6 = 92.3242 a.u., D8 = −421.977 a.u.,
D10 = 806.761 a.u. and D12 = −611.176 a.u.) and
the helium polarisation contribution −1/2αHe R−4 (with
α He = 1.3834 a30 [58]). Figure 1 presents the numerical potential of Be2+ He compared to the analytical one.
We have shown on this figure the relative importance of
the different terms of the analytical potential VBe2+He (R).
The difference between the analytical and the numerical potentials for all internuclear distances did not exceed
10−5 a.u., which is smaller than 3 cm−1 .

3. Results and discussion
3.1. Potential energy curves and spectroscopic
constants
There are various interesting aspects in the potential
energy curves of the ionic or neutral alkaline earth interacting with a rare-gas atom. In this work and using the
pseudo-potential method, we have determined the potential energy curves of 15 electronic states of 2  + , 2 and
2
 symmetries for the ionic molecule Be+ He dissociating
into Be+ (2s, 2p, 3s, 3p and 3d) + He. The potential energy
curves have been calculated for a large and dense grid of
intermolecular distance from 2.0 to 200 a.u.
The 2  + electronic states are displayed in Figure 2,
while the 2 , 2  states are displayed in Figure 3. We

Figure . Potential energy curves of the electronic states   + of
the Be+ He ion.

note that the potential energy curves of B2  + and A2
states dissociating into Be+ (2p) + He limits tend to the
same asymptotic energy. The ground state is weakly
bound with a well depth of 209 cm−1 , located at Re =
5.91 a.u. The B2  + state dissociating into Be+ (2p) + He,
which is mostly repulsive, has a minimum located at large
internuclear distance Re = 8.12 a.u. Most of the other
excited states are more attractive compared to the X2  +
and B2  + states. They have potential wells of hundreds
of cm−1 located at internuclear distances, which are close
to that of the ionic system Be2+ He (Re = 2.72 a.u.).
A very remarkable behaviour is observed in the potential energy curves for the highly Rydberg excited electronic states 52  + and 82  + . These states, exhibit potential barriers, which can be explained by the repulsive
interaction between the electron and the helium atom.
Various states present a double-well structure; however, the second well is almost invisible because it is shallow and located at a large distance. For example, for the
62  + state the second well depth and equilibrium distance are De = 1 cm−1 at an internuclear distance of
27.5 a.u. This structure is the result of the high penetration of Helium atom in the electronic cloud through
the Rydberg electron in these states. That gives rise to an
inner well assigned to the equilibrium between attractive
and repulsive forces. Contrary to other states, the second
excited state B2  + is almost repulsive, since it has a shallow well (De = 44 cm−1 ) compared to the other 2  + states
such as the 32  + for which De = 3821 cm−1 .

MOLECULAR PHYSICS

Figure . Potential energy curves of the electronic states 

 of the Be+ He ion.

and

We also observe various avoided crossings between
the excited states, which are associated with the interplay between repulsive and attractive effects. This produces avoided crossings between the 52  + and 62  + and
72  + and 82  + states as they dissociate to the Be+ (3d) +
He, Be+ (4s) + He, Be+ (4p) + He and Be+ (4d) + He limits,
respectively.
To verify the accuracy of our calculated potential
energy curves for the 15 studied states, we have derived
their spectroscopic constants: the equilibrium distance
(Re ), the well depth (De ), the vertical transition energy
(Te ), the harmonic frequency (ωe ), the anharmonic constant (ωe xe ) and the rotational constant (Be ). They are
extracted for all studied states from their numerical
potential energy curves data. These spectroscopic constants, for the ground and the low-lying states, are presented in Table 3 and compared with the available theoretical works.
To our best knowledge, there is no experimental data
on the ground and higher excited states of the Be+ He
system that have been published to date. As can be seen
in Table 3 for Be+ He, our Re and ωe values, using the
pseudo-potential approach, are in excellent agreement
with the constants given by Frenking et al. [43,44]. The
differences between our and their results are 0.0 a.u and
1.4 cm−1 for Re and ωe , respectively. The anharmonic
constant ωe χ e and rotational constant Be have been

5

determined by Gardner et al. [65] and the comparison
shows a rather good agreement. Our results for the same
state (X2  + ) are in reasonable agreement with the more
recent theoretical calculations of Leung and Brekenridge
[45]. However, our well depth, De , is overestimated compared with available theoretical calculations.
In addition to the pseudo-potential calculations performed for Be+ He, the ground state potential energy
(X2  + ) for this ionic molecule is also investigated using
the coupled cluster simple, double and triple excitation
(RCCSD(T)) theory as implemented in the Molpro program [61–63]. Moreover, the CASPT3 method is also
used to determine the potential energy curves of the
ground X2  + , B2  + , and several more excited states.
These potential energy curves are presented in Figures
4 and 5 for ,  and  symmetries. In Figure 6 we
compare the potential energy curve of the ground state,
X2  + , obtained using the RCCSD(T), CASPT3 and the
pseudo-potential methods. As it seems from this figure
the agreement between the CASPT3 and the pseudopotential calculations is better than the RCCSD(T). The
spectroscopic constants extracted from the curves of the
three calculations for the ground state X2  + (see Table
3) are in general good agreement. The differences for Re
and De between our pseudo-potential and CASPT3 calculations are 15 cm−1 and 0.27 a.u., respectively. There is
a good agreement between our two calculations for the
ground state. Although a better agreement is observed
between our RCCSD(T) calculation and Ref. [45], as we
found for Re = 5,57 a.u. and De = 127 cm−1 and they
found Re = 5.54 a.u. and De = 124 cm−1 , both calculations seem to be underestimating the dissociation energy
as well as the equilibrium distance. An excellent agreement is observed between the well depth De obtained with
the CASPT3 (De = 43.9 cm−1 ) and the pseudo-potential
approach (De = 44 cm−1 ) for the B2  + state. In fact, we
used the CASPT method to study some excited states of
Be+ He and to validate the pseudo-potential approach for
the ground state as well for the excited states. Standard
aug-cc-pvqz and aug-cc-pv5z basis sets were used for Be
and He, respectively.
The spectroscopic constants of the 2 and 2  states
are also gathered in Table 3, where they are compared with other theoretical predictions [43,45]. The
first excited state A2 exhibits a potential well depth of
5264 cm−1 located at 3.0 a.u., which is in accordance with
the one found by Frenking et al. [43] of 5460 cm−1 located
at 2.68 a.u. Our results for this state are also in good agreement with the theoretical values obtained by Ref. [45] (see
Table 3).
The spin–orbit interaction is determined for the A2
and B2  + molecular states using the atomic spin–orbit
constant ξ 2p = 6.57 cm−1 . However, this constant is
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Table . Spectroscopic constant for the   + ,  and   states of Be+ He
MOlecule (Re in atomic units, De , Te , ωe , ωe χ e and Be in cm− ).
States
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very small, which leads to insignificant correction on
the energy and the molecular constants. Therefore, the
spin−orbit coupling has no effect on the spectroscopic
constant of Be+ He because they remain the same when
this correction is included. To our best knowledge, there
are neither theoretical nor experimental references to
compare with for the highest excited 2  + , 2 and 2 
states, which have been studied here for the first time.

3.2. Vibrational analysis and transition dipole
moment
The vibrational energy levels of the Be2+ He (11  + ) and
Be+ He (12  + ) ground states have been determined using
the Numerov algorithm. In Table 4, we report the vibrational energy level spacings for the X1  + and X2  +
ground states of Be2+ He and Be+ He. We remark that

Figure . (Colour online) Potential energy curves of the electronic states   + of the Be+ He ion using the CASPT method.
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Table . Vibrational energy level spacing (E (υ)–E (υ–
)) (in cm− ) for the X  + of Be+ He and X  + of Be+ He
ground states.
Be+ He

Figure . (Colour online) Potential energy curves of the electronic
states  and   of the Be+ He ion using the CASPT method.

Figure . (Colour online) Potential energy curves of the ground
excited state X  + of the Be+ He ion using the pseudo-potential,
RCCSD(T) and CASPT methods.

the ground state of the Be2+ He (11  + ) system presents
more vibrational levels than Be+ He (12  + ), which can be
explained by the difference in the well depths. A vibrational energy level spacing analysis will be performed for
the ground state of the both ionic molecules Be2+ He and
Be+ He to estimate the atomic polarisability of the helium

Be+ He

υ

This work

υ

This work























.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.






.
.
.
.

atom, which is determined in this study using three different methods. First, we use the semi-classical approximation, which gives additional information on the longrange potential through an analysis of the preliminary
vibrational level progression and based on the remarkable adequacy of the linear fit of Equation (4) cited in Ref.
[67] for LiK+ molecule. The (Eν − D)1/4 functions for the
Be2+ He and Be+ He ground states are shown in Figure 7.
According to the latter relation, a plot of (Eν − D)1/4 versus υ should be purely linear. Second, the polarisability of
He atom is determined by an analytical fit of our potential energy curves. Third, it is determined using a pure ab
initio calculation at MP2/aug-cc-pv5z and CCSD(T)/augcc-dav6z level using the Molpro program. In Figure 8,
we present a comparison between the ab initio potential
energies and the long-range analytical fitting for X1  +
and X2  + ground states of the Be2+ He and Be+ He systems. An excellent agreement between the two curves is
observed at long-range internuclear distances.
The found values of α are presented in Table 5 and
compared with the other theoretical [58,67–74] works. As
it seems a general agreement between the different works
is observed for the He atom. Our polarisabilities for the
He ground state obtained by pure ab initio analytical fitting (1.3856 a.u.) is in excellent agreement with the theoretical [66–74] values. A similar good accord is obtained
with our ab initio MP2 calculation (1.359479 a.u.).
The quality of the required optical spectra is largely
based on the accuracy of the computationally generated
potential energy curves and transition dipole moment.
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Figure . Comparison between the ab initio calculated and the long-range analytical potential energies for X  + and X  + ground states
of the Be+ He and Be+ He systems.

Table . Comparison of our static dipole polarisabilitie (in a.u.) of He (in their ground states)
with the available theoretical and experimental
works.
.
.,
.,
.,
.
.,
.,
.,
.
.
.
.

This worka
This workb
This workc
This workd
[]
[]
[]
[]
[]
[]
[]
[]

a polarisability of He using analytical ﬁt, b polarisability
of He using vibrational level, c polarisability of He

using Molpro at MP/aug-cc-davz level,
d polarability of He using Molpro at

Figure . Plot of (Eν − D)1/4 versus υ for X  + and X  + ground
states of the Be+ He and Be+ He systems.

The computations of the potential curves and dipole
moments are performed over the interval 2  R  200 a.u.
for all considered electronic states. The corresponding
transition dipole moments  + − and  + − + , related
to the transitions from the ground X2  + state to the
excited A2 and B2  + states, respectively, are computed
using the wave functions issued from the one-electron
SCF calculations. The accuracy of such dipole moment
function will validate again the used model in this study,
especially for the excited states.
Figure 9 presents the transition dipole moments, as a
function of internuclear distance, from the ground state

CCSD(T)/aug-cc-davz level.

to the A2 and B2  + states. We note that the transition
dipole moment between the X2  + and B2  + states has
a maximum of 1.32 a.u. located at a distance of 7.0 a.u.
At large distances, the transition dipole from the ground
state to both A2 and B2  + states corresponds to a pure
atomic transition, Be+ (2s)−Be+ (2p) that equals 1.311 a.u.
The transition dipole moments from the ground state to
the higher 22 and 32  + excited states are presented in
Figure 10. We note that the transitions from the X +
to the 32  + states have two maxima located at 2.24
and 2.67 a.u. In addition, the transition dipole from the
ground state to both 22 and 32  + states tends to two
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due to the small spin–orbit constant, which is equal to
6.57 cm−1 .

4. Conclusion

Figure . Transition dipole moment from the X  + to the higher
excited states A and B  + of Be+ He.

Figure . Transition dipole moment from the X  + to the higher
excited states  and   + of Be+ He.

constants 0.29 and −0.0016 a.u., respectively. The dipole
moment including the spin–orbit interaction has been
also computed. However, no difference in the absence of
this effect, as expected, is observed. Once more, this is

In this study, we have computed the ground state potential
interaction between Be2+ or Be+ with the neutral helium
atom using the Molpro suite of programs [62,63] at CCSD
(T) level of calculations. The spectroscopic constants for
the ground state were compared with available spectroscopic data showing that such calculations are too accurate to be used for modelling the interaction between Be+
and the helium atom in the ground state as well as in
the higher excited states where data are quite square. The
aim of using this model is to provide accurate interaction
potential for the first time that can be used for further
simulations and applications.
Using the accurate core–core potential interaction and
the simple model developed and used in the previous
studies, we performed one-electron SCF study for nearly
15 electronic states for the Be+ He molecule. We have
performed one calculation using the pseudo-potential
technique and core polarisation potential correction. The
core–core Be2+ He potential interactions were fitted to
a Tang and Toennies [64] analytical form for a better
description at intermediate distances where the minimum of several states of Be+ He are located. The potential
energy curves have been performed for a large and dense
grid of internuclear distances varying from 2 to 200 a.u.
The spectroscopic constants of the (1–8) 2 + , (1–5) 2 ,
(1-2) 2  electronic states have been extracted and compared with the available theoretical [43–45,65] works. A
very good agreement is observed for the X2  + ground
state with the theoretical works. Our result for the A2
excited states was compared with the work of Frenking
et al. [43]. Such comparison has shown a good agreement
for the equilibrium distance and well depth. However, the
spectroscopic constants of many higher excited states are
presented in this study for the first time. These states have
shown undulations related to avoided crossings or undulating orbitals of the atomic Rydberg states. To our best
knowledge, there have been no experimental studies on
the Be+ -He ground state and higher excited states.
The comparison of the potential curves for the Be2+ He,
+
Be He, molecules clearly shows the repulsive character of the electron−helium interaction, particularly in
2 +
 symmetries when orbitals along the molecular axis
are involved. For the 2 and 2  symmetries, the repulsive effects are weaker since orbitals perpendicular to
the molecular axis are involved. The accurate data produced for the ground state of the Be2+ He and Be + He
ionic dimers will be used to generalise structural and
dynamical studies of large Be2+ Hen and Be+ Hen clusters
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and immersion of the Be2+ and Be+ ions into helium
nano-droplets. However, the results of the excited states
of the Be+ He dimer will be used to investigate the
broadening effect of the Be+ spectrum by collision with
the He gas. This will stimulate experimental investigations for these dimers and clusters.

Disclosure statement
No potential conflict of interest was reported by the authors.

References
[1] R.J. Plowright, T.J. McDonnell, T.G. Wright, and
J.M.C. Plane, J. Phys. Chem. A 113, 933 (2009).
doi:10.1021/jp905642h.
[2] R.J. Plowright, T.G. Wright, and J.M.C. Plane, J. Phys.
Chem. A 112, 6550 (2008). doi:10.1021/jp8022343.
[3] R.A. Kumpf and D.A. Dougherty, Science. 261, 1708
(1993). doi:10.1126/science.8378771.
[4] R.P. Andres, R.S. Averback, W.L. Brown, L.E. Brus, W.A.
Goddard, A. Kaldor, S.G. Louie, M. Moscovits, P.S.
Peercy, S.J. Riley, R.W. Siegel, F. Spaepen, and Y. Wang.
J. Mater. Res. 4, 704 (1989). doi:10.1557/JMR.1989.0704.
[5] M.A. Duncan, Phys. Chem. 48, 69 (1997).
doi:10.1146/annurev.physchem.48.1.69.
[6] R.P. Saxon, R.E. Olson, and B. Liu, J. Chem. Phys. 67, 2692
(1977). doi:10.1063/1.435183.
[7] B.C. Laskowski, S.R. Langhoff, and J.R. Stallcop, Chem.
Phys. 75, 815 (1981).
[8] J.P. Gu, G. Hirsch, R.J. Buenker, and I.D. Petsalakis,
Chem. Phys. Lett. 230, 473 (1994). doi:10.1016/00092614(94)01198-2.
[9] J. Sadlej and W.D. Edwards, Int. J. Quant. Chem. 53, 607
(1995). doi:10.1002/qua.560530604.
[10] S.J. Park, Y.S. Lee, and G.H. Jeungr, Chem. Phys. Lett. 277,
208 (1997). doi:10.1016/S0009-2614(97)00887-7.
[11] J. Ahokas, T. Kiljunen, J. Eloranta, and H. Kunttu,
J. Chem. Phys. 112, 2420, (2000). doi:10.1063/1.480825.
[12] W. Baylis, J. Chem. Phys. 51, 2665 (1996).
doi:10.1063/1.1672393.
[13] F. Masnou-Seeuws, M. Philippe, and P. Valiron, Phys. Rev.
Lett. 41, 395 (1978). doi:10.1103/PhysRevLett.41.395.
[14] M. Philippe, F. Masnou-Seeuws, and P. Valiron, J. Phys. B.
12, 2493 (1979). doi:10.1088/0022-3700/12/15/012.
[15] J. Hanssen, R. McCarroll, and P. Valiron, J. Phys. B 12, 899
(1979). doi:10.1088/0022-3700/12/6/009.
[16] P. Valiron, R. Gayet, R. Mc Carrol, F. Masnou-Seeuws, and
M. Philippe, J. Phys. B 12, 53 (1979). doi:10.1088/00223700/12/1/014.
[17] E. Czuchaj and J. Sienkiwicz, Z. Naturforsch. A 34,
694 (1979). doi:10.1515/zna-1979-0604.
[18] R. Düren and G. Moritz, J. Chem. Phys. 73, 5147 (1980).
doi:10.1063/1.439994.
[19] R. Düren, E. Hasselbrink, and G. Moritz, Z. Phys. A 307,
1 (1982). doi:10.1007/BF01416066.
[20] A.C. Guerra, Ph. D. Thesis, University of Orsay, 1982.
[21] J. Pascale and J. Vandeplanque, J. Chem. Phys. 60, 2278
(1974). doi:10.1063/1.1681360.

[22] J. Pascale, J. Phys. Rev. A 26, 3709 (1982).
doi:10.1103/PhysRevA.26.3709.
[23] J. Pascale, Phys. Rev. A 28, 632 (1983).
doi:10.1103/PhysRevA.28.632.
[24] E. Czuchaj, F. Rebentrost, H. Stoll, and H. Preuss, Chem.
Phys. 136, 79 (1989). doi:10.1016/0301-0104(89)80130-2.
[25] M. Ben Hadj El Rhouma, H. Berriche, Z. Ben Lakhdar,
and F. Spiegelman, J. Chem. Phys. 116, 1839 (2002).
doi:10.1063/1.1429247.
[26] J. Dhiflaoui and H. Berriche, J. Phys. Chem. A 114, 7139
(2010). doi:10.1021/jp101957s.
[27] J. Dhiflaoui, H. Berriche, M. Herbane, M.H. Al Sehimi,
and M.C. Heaven, J. Phys. Chem. A 116, 10589 (2012).
doi:10.1021/jp301486t.
[28] J. Kielkopf, J. Phys. B 11, 25 (1978). doi:10.1088/00223700/11/1/009.
[29] H. Harima, K. Tachibana, and Y. Urano, J. Phys. B 15,
3679 (1982). doi:10.1088/0022-3700/15/20/015.
[30] E. Ehrlacher and J. Huennekens, J. Phys. Rev. A 50, 4786
(1994). doi:10.1103/PhysRevA.50.4786.
[31] S.I. Kanorsky, M. Arndt, R. Dziewior, A. Weis,
and T.W. Hänsch, Phys. Rev. B 50, 6296 (1994).
doi:10.1103/PhysRevB.50.6296.
[32] W.H. Breckenridge and C.N. Merrow, J. Chem. Phys. 88,
2329 (1988). doi:10.1063/1.454068.
[33] J.P. Visticot, J. Berlande, J. Cuvellier, J.M. Mestdagh,
P. Meynadier, P. Pujo, O. Sublemontier, A.J. Bell,
and J.G. Frey, J. Chem. Phys. 93, 5354 (1990).
doi:10.1063/1.459657.
[34] W.J. Alford, N. Andersen, K. Burnett, and J. Cooper, Phys.
Rev. A 30, 2366 (1984). doi:10.1103/PhysRevA.30.2366.
[35] J.P. Visticot, O. Sublemontier, A. Bell, J. Berlande, J. Cuvellier, T. Gustavsson, A. Lallement, J.M. Mestdagh, P. Meynadier, and A.G. Suits, Phys. Rev. A 45, 6371 (1992).
doi:10.1103/PhysRevA.45.6371.
[36] S.Y. Ni, W. Goetz, H. Meijer, and N.Z. Phys. D 38, 303
(1996). doi:10.1007/s004600050095.
[37] K.V. Subbaram, R. Vasudev, and W.E. Jones, J. Opt. Soc.
Am. 65, 318 (1975). doi:10.1364/JOSA.65.000318.
[38] K.V. Subbaram, J.A. Coxon, and W.E, Can, J. Phys. 53,
2016 (1975).
[39] J.H. Goble, D.C. Hartman, and J.S. Winn, J. Chem. Phys.
66, 363 (1977). doi:10.1063/1.433639.
[40] J.A. Coxon, W.E. Jones, and K.V. Subbaram, Can. J. Phys.
53, 2321 (1975). doi:10.1139/p75-280.
[41] K.V. Subbaram, J.A. Coxon, and W.E. Jones, Can. J. Phys.
54, 1535 (1976). doi:10.1139/p76-182.
[42] J.A. Coxon, W.E. Jones, and K.V. Subbaram, Can. J. Phys.
55, 254 (1977). doi:10.1139/p77-037.
[43] G. Frenking, W. Koch, D. Cremer, J. Gauss, and
J.F. Liebman, J. Phys. Chem. 93, 3397 (1989).
doi:10.1021/j100346a007.
[44] G. Frenking, W. Koch, D. Cremer, J. Gauss, and
J.F. Liebman, J. Phys. Chem. 93, 3410 (1989).
doi:10.1021/j100346a008.
[45] A.W. Leung, R.J. Ryan, and W.H. Breckenridge, J. Chem.
Phys. 111, 4999 (1999). doi:10.1063/1.479737.
[46] X. Bu, C. Zhong, and F. Jalbout, Chem. Phys. Lett. 387,
410 (2004). doi:10.1016/j.cplett.2004.02.062.
[47] X. Bu, C. Zhong, and F. Jalbout, Chem. Phys. Lett. 392,
181 (2004). doi:10.1016/j.cplett.2004.05.079.

MOLECULAR PHYSICS

[48] J.H. Goble, D.C. Hartman, and J.S. Winn, J. Chem. Phys.
67, 4206 (1977). doi:10.1063/1.435400.
[49] R.J. LeRoy and W.H. Lam, Chem. Phys. Lett. 71, 544
(1980). doi:10.1016/0009-2614(80)80221-1.
[50] J.S. Winn, Acc. Chem. Res. 14, 341 (1981).
doi:10.1021/ar00071a003.
[51] A.K. Rai, S.B. Rai, and D.K. Rai, Ind. J. Pure Appl. Phys.
19, 1119 (1981).
[52] H. Berriche (2013), Int. J. Quant. Chem. 113, 1349 (2013).
doi:10.1002/qua.24302.
[53] Ph. Durand and J.C. Barthelat, Theor. Chem. Acta. 38,
283 (1975). doi:10.1007/BF00963468.
[54] M. Foucrault, Ph. Millié, and J.P. Daudey, J. Chem. Phys.
96, 1257 (1992). doi:10.1063/1.462162.
[55] W. Müller, J. Flesh, and W. Meyer, J. Chem. Phys. 80, 3297
(1984). doi:10.1063/1.447083.
[56] M. Farjallah, C. Ghanmi, and H. Berriche, Eur. Phys. J. D
67, 245 (2013). doi:10.1140/epjd/e2013-40141-3.
[57] K. Balasubramanian, M.Z. Liao, and S.H. Lin,
Chem. Phys. Lett. 142, 349 (1987). doi:10.1016/00092614(87)85121-7.
[58] M.A. Thomas and J.W. Humberston, J. Phys. B 5, L229
(1972). doi:10.1088/0022-3700/5/11/002.
[59] C.E. Moore, Atomic Energy Levels NSRDS-NBS No
467 (US Govt Printing Office, Washington, DC,
1971).
[60] E. Czuchaj, H. Stoll, and H. Preuss, J. Phys. B 20, 1487
(1989). doi:10.1088/0022-3700/20/7/017.
[61] H. -J. Wener, P.J. Knowles, G. Knizia, F.R Manby, M.
Schütz,, P. Celani, T. Korona, R. Lindh, A. Mitrushenkov,
G. Rauhut, K. R. Shamasundar, T. B. Adler, R. D. Amos,
A. Bernhardsson, A. Berning, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, E. Goll, C. Hampel, A. Hesselmann, G. Hetzer, T. Hrenar, G. Jansen, C. Köppl, Y. Liu,
A. W. Lloyd, R. A. Mata, A. J. May, S. J. McNicholas, W.
Meyer, M. E. Mura, A. Nicklass, D. P. O’Neill, P. Palmieri,

[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]

11

K. Pflüger, R. Pitzer, M. Reiher, T. Shiozaki, H. Stoll, A.
J. Stone, R. Tarroni, T. Thorsteinsson, M. Wang and A.
Wolf, MOLPRO, Version 2010.1, A Package of ab Initio
Programs, 2010. <http://www.molpro.net >.
M. Urban, J. Noga, S.J. Cole, and R.J. Bartlet, J. Chem.
Phys. 83, 4041 (1985). doi:10.1063/1.449067.
K. Raghavachari, G.W. Trucks, J.A. Pople, and M.
Head-Gordon, Chem. Phys. Lett. 157, 479 (1989).
doi:10.1016/S0009-2614(89)87395-6.
K.T. Tang and J P. Toennies, Chem. Phys. 80, 3726 (1984).
M.G. Adrian, D.W. Carolyn, B.G. Graneek, G.W. Timothy, A.V. Larry, and W.H. Breckenridge, J. Phys. Chem. A
114, 7631 (2010).
M. Bejaoui, J. Dhiflaoui, N. Mabrouk, R. El Ouelhazi,
and H. Berriche, J. Phys. Chem. A 120, 747 (2016).
doi:10.1021/acs.jpca.5b10089.
C.
Ghanmi,
H.
Berriche,
and
H.
Ben
Ouada, Comp. Mater. Sci. 38, 494 (2007).
doi:10.1016/j.commatsci.2005.08.011.
G. Lach, B. Jeziorski, and K. Szalewicz, Phys. Rev. Lett. 92,
233001 (2004). doi:10.1103/PhysRevLett.92.233001.
D. Gugan and G.W. Michel, Metrologia. 16, 149 (1980).
doi:10.1088/0026-1394/16/4/002.
P. Soldan, E.P.F. Lee, and T.G. Wright, Phys. Chem. Chem.
Phys. 4, 661 (2001).
A. Dalgarno and A.E. Kingston, Proc. R. Soc. London A
259, 424 (1960). doi:10.1098/rspa.1960.0237.
P.W. Langhoff and M. Karplus, J. Opt. Soc. Am. 59, 863
(1969). doi:10.1364/JOSA.59.000863.
W.R. Johnson, D. Kolb, and K. Huang, At. Data.
Nucl. Data Tables 28, 333 (1983). doi:10.1016/0092640X(83)90020-7.
F. Holka, P. Neogrády, V. Kellö, M. Urban, and
G.H.F. Diercksen, J. Mol. Phys. 103, 2747 (2005).
doi:10.1080/00268970500181160.

