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The emission line shifts of the resonance transitions (s < p) of Rb and Cs embedded in liquid He environ-
ment have been estimated using CASPT2 with quadruple-zeta basis sets. The liquid He environment has
been approximated by a spherically symmetric model cluster, with 14 He atoms placed in equidistant
positions from the central alkali atom. The emission line for the D1 transition is found to be blue shifted.
The shift is estimated to be —1.2 to —1.8 nm for Rb and —2.2 to —2.6 nm for Cs, in very good agreement
with the experimental estimates of —1.2 nm and —2.1 nm respectively obtained in liquid He.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The spectroscopic characteristics of atoms and molecules in He
[1,2] environment has been the subject of intense investigations
for decades and the subject is rich both in terms of theoretical
understanding and experimental findings [3,4]. Foreign particles
embedded inside the liquid create a cavity or bubble-like structure
due to strong Pauli repulsion, the shape and size of which are
determined by the nature of the impurity and the angular momen-
tum of the excited state [3]. The bubble size increases when the
system is excited [5,6] and the relaxed bubble size is usually much
larger compared to its initial dimension and it is also a function of
external pressure, if any [7-11].

Recently experimental investigations have been performed on
the absorption and emission spectra of alkaline-earth and alkali
atoms in liquid helium by laser spectroscopic techniques
[12-14]. Compared to the free atom the lowest s — p transition
in alkaline-earth atoms, like Mg [12], Ca, Sr and Ba [13]| embedded
in helium shows spectral shifts of —3.7 nm, —2.7 nm, —3.3 nm and
—4.3 nm, respectively. The shifts of the same transition for Rb and
Cs, are —19 nm and —22 nm [14], respectively. Theoretical inter-
pretation of the spectral line shifts and line profiles in absorption
was initiated fairly successfully using the Standard Bubble Model
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(SBM) [3]. Subsequently, relativistic cluster model calculations
and methods based on sequential use of Monte Carlo simulation
followed by quantum mechanics calculations (S-QM/MM) [15-
18] have been very successful in interpreting the change in line
positions and profiles connected with the absorption spectra of
alkali and alkaline-earth atoms in liquid He. Recently, the excita-
tion spectra involving s — s transition of Li and Na attached to
the surface of He nanodroplets have been well described with non-
relativistic CIS(D) and relativistic density functional methodologies
using an asymmetric model cluster [19]. Barranco et al. [20] esti-
mated the emission line shifts and line profiles of several alkali
atoms in He nanodroplets using density functional theory along
with Random Phase Approximation.

Although the available theoretical calculations have been suc-
cessful in describing the spectral shift in the absorption for various
atoms under liquid He, calculations for the interpretation of emis-
sion spectra of atoms under such confinement are rather scanty
and are limited to a few alkaline-earth atoms using the SBM
[13,21]. The basic difficulty for the theoretical estimation of the
emission spectra lies in the fact that after absorption, the bubble
size increases resulting in a shift of the energy minimum of the
excited state potential with a substantially higher radius of the
cluster [3]. The emission wavelength is usually red shifted with
respect to the free transition, as was found for Mg, Ca and Sr
[12,13]. Due to non-availability of accurate excited state pair
potential in liquid He environment, precise calculation of the emis-
sion spectral wavelength becomes more difficult. Moreover, such
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shifts are usually much smaller compared to those of the absorp-
tion spectra as it was observed for Ca, Sr and Ba to be less than
1nm [13]. Mg has a shift of 3.2+0.2 nm for the emission line
(3s?: 1S — 3s3p: 1P) with FWHM of 3.3 nm [12]. A calculation
using the standard bubble model (SBM) with adiabatic line-
broadening theory shows a shift in the emission of the same atom
of only 1.1 nm [21]. For Rb and Cs, the resonance emission line is
blue shifted in liquid He [14]. For Rb, the experimental D1 line
shows a shift of —1.2 + 0.2 nm with HWHM of 0.9 + 0.2 nm while
that for Cs it is —2.1 £ 0.2 nm with HWHM of 1.2 + 0.2 nm [14]. Sig-
nals of the D2 emission line of Rb in liquid He have not been
detected, while that of Cs shows a very large width with a typical
splitting [14]. Indeed, for Cs, the emission spectrum in the D2
region is composed of two bands, in which one resembles the free
atomic transition with shift of 0 + 1 nm having HWHM of 1 £ 1 nm.
The second band is shifted by 6 + 2 nm with a large width (HWHM
of 12 £ 2 nm). Similar effect was observed also in the absorption
profile. This splitting of the D2 band is interpreted as due to
dynamic Jahn-Teller effect resulting from the non-spherical distri-
bution of the liquid He surrounding with consequent symmetry
lowering of the electronic states [6,14,22].

In the current work we present the results of our investigation
for the emission spectra of Rb and Cs, embedded in liquid He(II)
using a cluster model. For the absorption spectra, the cluster model
estimates of the shifts compare well with those obtained using the
S-QM/MM [15-18] methodology. Due to dominating van der
Waals interaction between He and the central atom only nearest
neighbors are mostly effective in producing the shift. Hence, the
basic advantage here is the relatively small number of He atoms
surrounding the central foreign atom to represent the cluster and
its symmetry ensuring efficient calculation [16,23,24]. This model
ignores the structural fluctuation of the liquid He atoms around
the mean position and hence the width of the spectral lines cannot
be calculated [16]. Calculation for the line shifts in the emission
spectra is more challenging due to the larger cluster radius result-
ing in a substantial increase in the number of He atoms surround-
ing the central foreign atom. Further the angular momentum of the
excitation is likely to render non-spherical distribution of nearest
neighbors [25]. We have taken an approximate spherically sym-
metric cluster to attempt estimation of the spectral line shifts of
Rb and Cs in emission. Excited states of the gas phase and the clus-
ter have been calculated by using the Complete Active Space Per-
turbation Theory (CASPT2) [26] with large quadruple zeta basis
sets. This method has proven its efficacy to describe molecular
excited states with good accuracy and relatively low computation
cost [26,27]. Spin-orbit coupling has been incorporated in this
study to estimate the shift of the D1 and D2 lines of alkali atoms
in the emission. One major difficulty is to assign correctly the size
of the active space [28], balancing the emission in the gas phase
and in the model cluster due to surrounding He atoms. The pair
potential, existing in the literature for Rb~-He and Cs-He in their
ground and excited states [29-33], have been utilized here. We
choose the radius of the cluster based on the minimum of the
excited state potential curve (AIT, 12) of alkali-He pair, which has
a larger value compared to that of the ground state (X*X} ). The
calculated emission line position of free Rb is found to be in excel-
lent agreement with the experimental data but for Cs the results
differ by ~20 nm. The shift of the D1 line in the emission in the
embedded system will be found in good agreement with the exper-
imental data, for both Rb and Cs.

2. Methodology
The effect of the liquid He environment on the embedded alkali

atoms (Rb and Cs) has been modeled by using a symmetric cluster
with 14 He atoms arranged in two shells, Fig. 1. The first shell is

formed by eight He atoms placed at the corners of a cube of edge
length a that is taken to be equal to the He-He distance in the dimer.
The second shell contains six He atoms placed at the center of the six

faces of another larger cube of edge length a+/3, both having the cen-
ter at the position of the alkali atom. In this structure, the distance
between the alkali atom and each He atom is the same Rx_ge. This
symmetric configuration of He atoms acts as a perturbation through
the pair potential existing between He and the alkali atom and is an
approximation to the effect of bulk liquid surrounding. The efficacy
of this model has been well tested in calculating the shift of the
absorption lines for various alkali and alkaline earth atoms in liquid
He which compares well with experimental data and also with
those obtained from the more realistic S-QM/MM [15-18] calcula-
tions. In this calculation we assume that there is time enough for
the structural relaxation of the excited state to occur [14,34,35]
and hence in the emission calculation we have optimized the cluster
size using the excited state of alkali-He pair potential. To have an
accurate representation of the excited states, quantum mechanical
calculations have been performed in the following way: a Complete
Active Space Self-Consistent Field (CASSCF) calculation has been
performed first to obtain the starting wave function for a subse-
quent CASPT2 [26] calculation using the Molcas 7.8 package [36]
to yield the final result. The active space has been obtained by
selecting orbitals of s and p symmetry. The minimal space includes
one partially occupied 5s and full occupied 4p orbitals for Rb and 6s
and 5p orbitals for Cs, the next unoccupied orbital is 5p for Rb and 6p
for Cs. To supplement the active space occupied and unoccupied
orbitals have been included subsequently to improve the results
of the wavelength in emission. Different active spaces were used
and the results analyzed. All the electronic wave functions of alkali
and He atoms have been represented in terms of the atomic natural
orbital (ANO) type basis set named ANO-RCC-VQZP, where all elec-
trons have been included and the primitive and contracted forms
are (26s22p15d4f2g/9s8p4d3f2g) for Cs, (23s19p11d4f2g/8s7p4d2f1g)
for Rb [37] and (9s4p3d2f[4s3p2d1f) for He [38]. To account for the
spin-orbit coupling relativistic correction was obtained based on
the Douglas-Kroll Hamiltonian [39,40].

3. Results

First, we present the results for the free atom emission spectra
of Rb and Cs. Using different combination of active space in the
CASPT?2 calculations we obtain the wavelength of the characteristic
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Fig. 1. Symmetric cluster with the centered alkali and He atoms surrounding in two
shells. The first shell is formed by the eight He atoms at the vertices of a cube with
edge equal to a (red dashed cube). The second shell is formed by six He atoms at
face centered of cube of edge equal to av/3 (blue dashed cube). The final structure
has each pair He-alkali at the same distance. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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emission line of Rb and Cs, displayed in Tables 1 and 2 respectively.
The results compare well with the experimental findings. The
experimental D1 and D2 lines of Rb are respectively at
794.76 nm and 780.03 nm [14] with a separation of 14.73 nm. As
mentioned, in our calculation the spin-orbit coupling was
included, allowing the estimation of the D1 and D2 line separation.
The best estimate of the free line of Rb is obtained by using an
active space with 15 electrons in 11 orbitals (3p4s4p5s-5p), which
is near to our computational limit. We obtain the emission D1 line
at 795.78 nm and D2 at 786.99 nm, in very good agreement with
experiment but a slight underestimate of the separation. All the
results with different active spaces indicate good values for the cal-
culated emission, especially in the cases where a large number of
occupied orbitals have been used. Inclusion of the spin-orbit cou-
pling is still insufficient to improve the difference between the D1
and D2 lines calculated between 9 and 11 nm in comparison to the
experimental difference of 14.73 nm.

For Cs, the agreement with the experimental result for the
emission line position is not as good as for Rb. The wavelength of
the D1 line of Cs has been estimated within the range
913-943 nm depending on the active space and overestimating
the experimental result of 894.35 nm [14]. Similarly, the D2 line
position ranges from 888 nm to 913 nm, while the experimental
value is 852.11 nm [14]. This may be attributed to the more com-
plex nature of the Cs atom with its inner shell structure in which
relativistic corrections are more prominent indicating appreciable
changes compared to Rb-He system. Inclusion of spin-orbit inter-
action is insufficient to account for the difference of 42.24 nm.
However, consistent behavior is noted by changing the number
of active electrons. From the minimal active space, the emission
wavelength decreases as a function of the number of electrons
included for Cs and Rb. The increase of virtual orbitals shows
inconsistent oscillatory behavior in the emission wavelength, as
displayed in Tables 1 and 2.

The next step now is to obtain the size of the He bubble forming
the cluster that mimics the He interaction. The radius of the cluster
increases in the excited states and the electronic levels of atomic
probes are dependent of this size. As a first alternative, one can uti-
lize the CASPT2 calculation to obtain the potential for the first
excited state. However the calculations showed a discrepancy in
the potential curves for distances greater than 8 A. Consequently,
as an alternative, we used the potential energy curve of Blank
et al. [29], to obtain the size of the cluster. The alkali-He pair
potential of the ground and first excited states have been calcu-
lated using spin-orbit coupled multi-reference singles and doubles

Table 1
CASPT2 calculations of the emission spectra of free Rb and the shift under liquid He
using a cluster model. All results in nm. Different active spaces are used, as shown.

Active space Free atom Shift

D1 D2 D1 D2 D2’
4p5s-5p (7,7) 79892 790.15 —1.44 -151 -1.52
4p5s-5p6s (7,8) 797.59 788.69 143 -1.50 -1.51
4p5s-5p6s6p (7,11) 800.80 789.71 145 -154 -1.60
4p5s-5p6s6p7s (7,12) 815.19 805.75 -—1.64 -1.72  -1.72
4p5s-5p6s6p7s7p (7,15) 806.74 79584 —1.58 -165 -1.67
4s4p5s-5p (9,8) 796.50 787.70 -1.45 -153 -1.54
4s4p5s-5p6s (9,9) 799.14 78949 147 -154 -1.56
4s54p5s-5p6s6p (9,12) 803.97 79252 147 -155 -1.57
4s4p5s-5p6s6p7s (9,13) 814.99 80436 -1.81 -189 -1.89
3p4s4p5s-5p (15,11) 795.78 786.99 -1.24 -132 -1.33
3s3p4s4p5s-5p (17,12) 796.05 78725 -1.29 -137 -1.38
Experimental [14] 794.76  780.03 -1.2+0.2 nfa n/a

Active space definition: (a, b) a is the number of electrons and b is the number of
orbitals. For Rb, the 5s orbital has 1 electron and the inner orbitals are fully
occupied.

Table 2
CASPT2 calculations of the emission spectra of free Cs and the shift under liquid He
using a cluster model. All results in nm. Different active spaces are used.

Active space Free atom Shift
D1 D2 D1 D2 D2’

5p6s-6p (7,7) 92231 89694 -230 -2.63 -2.65
5p6s-6p7s (7,8) 91349 88848 231 -2.63 -3.18
5p6s-6p7s7p (7,11) 92446 892.64 -2.20 -2.57 -2.57
5p6s-6p7s7p8s (7,12) 94126 91327 -2.63 -292 -294
5s5p6s-6p (9,8) 921.98 89636 -2.24 -2.57 -2.58
5s5p6s-6p7s (9,9) 92521 897.22 -2.28 -2.62 -2.62
5s5p6s-6p7s7p (9,12) 931.99 899.06 -2.35 -271 =275
5s5p6s-6p7s7p8s (9,13) 943.33  911.78 -2.65 -294 -299
4p5s5p6s-6p (15,11) 921.13 89553 -2.44 -2.76  -2.80
4p5s5p6s-6p7s (15,12) 920.74 89382 -235 -2.62 -3.85
4s4p5s5p6s-6p (17,12) 92145 89583 -234 -2.66 —-2.68
Experimental [14] 89435 852,11 -21+02 O0+t1 6+2

Active space definition: (a, b) a is the number of electrons and b is the number of
orbitals. For Cs, the 6s orbital has 1 electron and the inner orbitals are fully
occupied.

configuration interaction (SOCI) [39,40]. Relativistic pseudo-
potential basis set for alkali and triple zeta basis set for He has been
adopted. The ground state (XZZLZ) potential of Rb-He shows a
minimum at 6.61 A. This is consistent with our previous studies
of the same cluster using time-dependent density functional the-
ory (TDDFT) with different functionals (O3LYP and PBE1PBE) and
basis sets (DZP and def2-QZVP) resulting in a cluster radius
between 6.2 A and 6.8 A [18]. For the Cs-He cluster the minimum
is found to be located at 6.93 A and TDDFT calculations indicate a
size of 6.5-6.7 A [18], while relativistic density functional calcula-
tion shows a minimum at 5.7 A [41]. Classical Monte-Carlo simula-
tions indicate [ 18] that the first solvation shell of Rb in liquid He is
composed of 53-57 He atoms, with the maximum at 6.7-7.0 A. For
Cs, the first shell is formed by as much as 58 He atoms and has a
maximum at 7.0 A [18].

The potential energy curve in the excited states is discussed
now. The A’IT;;, potential corresponding to the D1 transition
shows two minima at different places. One appears at a smaller
distance compared to that of the ground state minimum, corre-
sponding to 3.12 A for Rb-He and 3.44 A for Cs-He [29]. A cluster
with this radius appears to be inappropriate. The distance of the
second minimum is larger than that of the ground state and is at
9.10 A for Rb-He pair and 9.21 A for Cs-He pair. The potential bar-
rier at this point is very small, only 21 cm ! for Rb-He and 60 cm ™!
for Cs-He indicating the inherent difficulty in finding the minima
[29]. We believe that after absorption, the size of the cluster
increases from somewhat below 7 A to above 9 A, the minimum
obtained for the excited state alkali-He pair. The other excited
state of the pair A2H3/2, is a smooth curve without showing a
noticeable minimum beyond that of the ground state.

We investigate now the shift of the emission line in the cluster
environment. In Table 1 we display the shift of the D1 and D2 emis-
sion lines for Rb surrounded by He atoms. Experimentally, a shift of
—1.2 £0.2 nm is observed for the D1 line of Rb in liquid He, while
the D2 line has too small an intensity to be detected [14]. The val-
ues are consistent with that of the isolated alkali atom, and the
shifts are similar with different choices of the active space. Numer-
ically the spectral shift of the D1 line varies from —1.2 nm to
—1.8 nm. The inclusion of more electrons in the active space has
no effect in the estimated shift. For the D2 line, the behavior of
the shift is similar. Generally, there is an increase of at most
0.1 nm in shift values, compared to the shift in D1 line. A very small
splitting in the D2 line due to symmetry breaking is observed,
labeled as D2’ in Tables 1 and 2. The difference between D2 and
D2’ is negligible in most case, with a maximum of 0.1 meV for Rb
and 1.9 meV for Cs. In the cluster model the calculation of the
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Fig. 2. Emission shift of D1 line of Rb (black data) and Cs (red data) in cluster model
of 14 He atoms using CASPT2 and ANO-RCC-VQZP basis set. The horizontal
continuous is the experimental shift, while the dashed line is the uncertainty of the
experimental value for each alkali atom. Each circle is the emission calculated with
a specific active space defined by active space size (electrons, orbitals). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

width of the emission band is not possible directly because the
structural fluctuations of the He atoms are ignored. Hence we
report only the shifts in the emission. However, the width can be
estimated using the fluctuations of the He atoms from their equi-
librium positions due to finite temperature [24].

The D1 emission line shifts in Cs cluster are displayed in Table 2
and are found to vary from —2.2 nm to —2.6 nm. The shift shows a
similar trend, for both Rb and Cs, as can be seen in Fig. 2. The line
shift is consistent when more electrons are include in active space,
but inclusion of more unoccupied orbitals shows small variation.
Even with this small fluctuation in shift values, the shift appears
to be in excellent agreement with the experimental data
(=2.1£0.2 nm), albeit a difference exists for the emission line
position in gas phase. Actually, we believe that the difference in
the calculation for free alkali is reflected in a similar manner in
the cluster calculation. For this reason the calculation for the shift
is more accurate because the errors in gas phase and cluster calcu-
lation would likely to be canceled in a shift estimation. Interest-
ingly in this case the shift in the D2 line is observed
experimentally with a marked splitting [12]. The new line D2’
has a very large width, 12 + 2 nm, and the difference between the
splitting of the lines (D2 and D2’) is ca. 6 nm. No splitting is
observed in our calculation which incorporates the spin-orbit cou-
pling. Again, incorporation of proper symmetry in our cluster
model may give an insight of the shift of D2 and D2’ in He
environment.

As expected, increasing the radius of the cluster decreases the
calculated shifts. In the case of Cs, for instance, increasing the
radius from its calculated equilibrium value of 9.2A to 9.3 A
decreases the shift by ca. 0.3 nm, i.e.; from —2.3 nm to —2.0 nm.
An equivalent increase in the cluster radius surrounding the Rb
varies the shift from —1.5 nm to —1.3 nm. In both cases, the small
active space has been used.

4. Conclusions

Theoretical interpretation of the emission spectra of alkali
atoms Rb and Cs embedded in liquid He has been obtained using
a simple but efficient cluster model comprising 14 He atoms
arranged in a symmetric manner with respect to the central alkali
atom. The size of the cluster in the excitation was based on Blank
et al. [27] that calculated the potential energy curves for alkali-He
system using spin-orbit coupled multi-reference singles and dou-
bles configuration interaction. The CASPT2 method has been found

to be very effective in obtaining such interpretations corroborating
very well with the experimental observations, particularly for the
D1 line. The D2 line suffers a splitting due to dynamic Jahn-Teller
effect arising out of the interaction of the excited complex. The
symmetry of the current cluster does not allow splitting of the
D2 line, as observed experimentally in the case of Cs. The emission
line for the D1 transition is found to be blue shifted. The results are
independent of active spaces, since the ratio of orbitals and elec-
trons is not over balanced. The shift is estimated to be —1.2 to
—1.8 nm for Rb and —2.2 to —2.6 nm for Cs, in very good agreement
with the experimental estimates of —1.2 nm and —2.1 nm respec-
tively under liquid He confinement.

Acknowledgments

P.K.M is thankful to FAPESP for supporting a visiting Professor
position at the University of Sao Paulo. He also thanks the Depart-
ment of Science and Technology (DST), Government of India for
financial support through research grant no. SB/S2/LOP-
0017/2013. L. Modesto-Costa is thankful to CNPq for a PhD fellow-
ship. SC is supported by CNPq, CAPES and FAPESP.

References

[1] A.L. Fetter, The Physics of Liquid and Solid Helium, Part I, Wiley, New York,
1976.

[2] J. Wilks, D.S. Betts, An Introduction to Liquid Helium, Clarendon Press, Oxford,
1987.

[3] B. Tabbert, H. Giinther, G. zu Putlitz, ]. Low Temp. Phys. 109 (1997) 653.

[4] K. Coutinho, S. Canuto, P.K. Mukherjee, B. Fricke, Spectroscopy of atoms in
liquid helium environment: a theoretical perspective, in: P. Piecuch, J.
Maruani, G. Delgado-Barrio, S. Wilson (Eds.), Advances in the Theory of
Atomic and Molecular Systems: Dynamics, Spectroscopy, Clusters, and
Nanostructures, Springer Book Series Progress in Theoretical Chemistry and
Physics, vol. 20, 2009, pp. 183-200.

[5] D. Jin, W. Guo, W. Wei, HJ. Maris, J. Low Temp. Phys. 158 (2009) 307.

[6] W. Fowler, D. Dexter, Phys. Rev. 176 (1968) 337.

[7] ]. Classen, C.-K. Su, H.J. Maris, Phys. Rev. Lett. 77 (1996) 2006.

[8] T. Kinoshita, K. Fukuda, Y. Takahashi, T. Yabuzaki, Phys. Rev. A 52 (1995) 2707.

[9] S. Kanorsky, M. Arndt, R. Dziewior, A. Weis, T. Hansch, Phys. Rev. B 50 (1994)
6296.

[10] B. Tabbert, M.R. Beau, ]. Fischer, G. zu Putlitz, H. Schreck, Phys. B Phys.
Condens. Matter 194-196 (1994) 731.

[11] B. Tabbert, M. Beau, H. Giinther, W. HduRler, C. Honninger, K. Meyer, B.
Plagemann, G. Putlitz, Z. Phys. B 97 (1995) 425.

[12] Y. Moriwaki, N. Morita, Eur. Phys. J. D 5 (1999) 53.

[13] H. Bauer, M. Beau, B. Friedl, C. Marchand, K. Miltner, H.J. Reyher, Phys. Lett. A
146 (1990) 134.

[14] Y. Takahashi, K. Sano, T. Kinoshita, T. Yabuzaki, Phys. Rev. Lett. 71 (1993) 1035.

[15] L. Modesto-Costa, K. Coutinho, P.K. Mukherjee, S. Canuto, Phys. Rev. A 83
(2011) 042515.

[16] L. Modesto-Costa, K. Coutinho, P.K. Mukherjee, S. Canuto, Chem. Phys. Lett. 533
(2012) 25.

[17] V. Ludwig, P.K. Mukherjee, K. Coutinho, S. Canuto, Phys. Rev. A 72 (2005)
062714.

[18] L. Modesto-Costa, P.K. Mukherjee, S. Canuto, Chem. Phys. Lett. 633 (2015) 256.

[19] L. Modesto-Costa, S. Canuto, P.K. Mukherjee, B. Fricke, Chem. Phys. Lett. 644
(2015) 142.

[20] M. Barranco, E.S. Hernandez, Phys. Rev. B 49 (1994) 12078.

[21] J.Z. Tang, M. Kimura, I. Shimamura, Chem. Phys. Lett. 256 (1996) 327.

[22] H.J. Reyher, H. Bauer, C. Huber, R. Mayer, A. Schdfer, A. Winnacker, Phys. Lett. A
115 (1986) 238.

[23] B. Fricke, P.K. Mukherjee, Phys. Lett. A 375 (2011) 2720.

[24] J. Anton, B. Fricke, P.K. Mukherjee, S. Fritzsche, Phys. Lett. A 372 (2008) 4462.

[25] J. Dupont-Roc, Z. Phys. B 98 (1995) 383.

[26] J. Finley, P.-A. Malmqvist, B.O. Roos, L. Serrano-Andrés, Chem. Phys. Lett. 288
(1998) 299.

[27] Z. Azizi, B.O. Roos, V. Veryazov, Phys. Chem. Chem. Phys. 8 (2006) 2727.

[28] V. Veryazov, P.-A. Malmgqvist, B.O. Roos, Int. ]. Quant. Chem. 111 (2011) 3329.

[29] L. Blank, D.E. Weeks, G.S. Kedziora, J. Chem. Phys. 136 (2012) 124315.

[30] A. Chattopadhyay, J. Phys. B Atom. Mol. Opt. Phys. 45 (2012) 035101.

[31] K. Hirano, K. Enomoto, M. Kumakura, Y. Takahashi, T. Yabuzaki, Phys. Rev. A 68
(2003) 012722.

[32] J. Pascale, Phys. Rev. A 28 (1983) 632.

[33] M. Zbiri, C. Daul, J. Chem. Phys. 121 (2004) 11625.

[34] X. Zeng, D.L. Boiko, Appl. Phys. Lett. 107 (2015) 094105.

[35] E.A. Rotberg, B. Barrett, S. Beattie, S. Chudasama, M. Weel, 1. Chan, A.
Kumarakrishnan, J. Opt. Soc. Am. B 24 (2007) 671.


http://refhub.elsevier.com/S0009-2614(16)30350-5/h0005
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0005
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0005
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0010
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0010
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0010
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0015
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0020
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0025
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0030
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0035
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0040
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0045
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0045
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0050
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0050
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0055
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0055
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0060
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0065
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0065
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0070
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0075
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0075
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0080
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0080
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0085
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0085
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0090
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0095
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0095
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0100
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0105
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0110
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0110
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0115
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0120
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0125
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0130
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0130
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0135
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0140
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0145
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0150
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0155
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0155
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0160
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0165
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0170
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0175
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0175

L. Modesto-Costa et al./ Chemical Physics Letters 655-656 (2016) 91-95 95

[36] F. Aquilante, L. De Vico, N. Ferré, G. Ghigo, P.-A. Malmqvist, P. Neogrady, T.B. [38] P.-O. Widmark, P.-A. Malmqvist, B.O. Roos, Theor. Chim. Acta 77 (1990) 291.
Pedersen, M. Pitonak, M. Reiher, B.O. Roos, L. Serrano-Andrés, M. Urban, V. [39] B.O. Roos, P.-A. Malmqvist, Phys. Chem. Chem. Phys. 6 (2004) 2919.
Veryazov, R. Lindh, J. Comput. Chem. 31 (2010) 224. [40] M. Douglas, N.M. Kroll, Ann. Phys. (NY) 82 (1974) 89.

[37] V. Veryazov, P.-O. Widmark, B.O. Roos, Theor. Chem. Acc. Theory, Comput. [41] ]. Anton, P.K. Mukherjee, B. Fricke, S. Fritzsche, J. Phys. B Atom. Mol. Opt. Phys.

Model. (Theor. Chim. Acta) 111 (2004) 345, 40 (2007) 2453,


http://refhub.elsevier.com/S0009-2614(16)30350-5/h0180
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0180
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0180
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0185
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0185
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0190
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0195
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0200
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0205
http://refhub.elsevier.com/S0009-2614(16)30350-5/h0205

	A CASPT2 study of the spectral shift of the resonance emission lines of Rb and Cs embedded in liquid He
	1 Introduction
	2 Methodology
	3 Results
	4 Conclusions
	Acknowledgments
	References


