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Spectroscopic rotational characterization of two t0 ¼ 0 and t0 ¼ 1 vibrational components of the
E3Rþ1 ð5s6s 3S1) Rydberg state of CdNe van der Waals (vdW) complex has been performed using specially
designed approach. In optical–optical double resonance (OODR) process, a selective J-excitation has been
realized using the E3Rþ1  A3P0þ ð5s5p 3P1) transition, with t00 ¼ 0 level of the A3P0þ state as an interme-
diate in the excitation from t ¼ 0 of the X1R0þ ð5s2 1S0) state. As a result, B0t¼0 and B0t¼1 rotational constants
have been determined as well as the R0e equilibrium internuclear separation in the E3Rþ1 - state potential
well.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Studies of lower-lying Rydberg electronic energy states of 12-
group metal (M = Zn,Cd,Hg) and rare gas (Rg = Ne,Ar,Kr) MRg van
der Waals (vdW) complexes have been conducted employing laser
spectroscopy in supersonic beams. To excite the Rydberg states,
one of the two techniques has been explored: a selective optical–
optical double resonance (OODR) process where the Rydberg state
is reached from the ground state by applying two consecutive laser
pulses via an intermediate state, or less-selective vaporization-
optical (VO) process that utilizes a vaporization laser pulse in the
first-step excitation and produces a number of atoms in metastable
states that form complexes in the intermediate electronic states for
the second-step excitation.

The OODR process has been employed for HgRg in an investiga-
tion of the lowest-lying triplet E3Rþð6sns 3S1, n ¼ 7� 10Þ [1,2] and
singlet 1Rþð6sns 1S0, n ¼ 7� 9Þ Rydberg states [3] in HgNe, and the
E3Rþð6s7s 3S1) [4] and E3Rþð6s8s 3S1) states in HgAr [2]. In case of
CdRg, the E3Rþ1 ð5s6s 3S1) state in CdNe [5], CdAr [6] and CdKr [7]
have been studied. In turn, the VO process has been applied in
studies of the e3Rþð5s6s 3S1) state in CdAr [8] and E3Rþð4s5s 3S1)
state in ZnAr [9].

The lower-lying Rydberg state E3Rþ1 in CdNe has been investi-
gated spectroscopically only once [5] and with vibrational resolu-
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tion only. In that study, two intermediate energy states, the

A3P0þ ð5s5p 3P1) and B3Rþ1 ð5s5p 3P1) have been used to indepen-

dently probe the E3Rþ1 state potential in a widest possible range
of R internucelar separations. As a result, t0 ¼ 0;1;2 t00 ¼ 0;1

bound bound excitation spectra of the E3Rþ1  A3P0þ transition
were recorded. From that study, spectroscopical parameters of the
E3Rþ1 - state potential well were determined. In the excitation spec-

trum of the E3Rþ1  B3Rþ1 transition, a nodal structure of free  
bound transitions was observed and described as a projection of
the B3Rþ1 - state vibrational wave-function onto the E3Rþ1 - state
potential barrier, in accordance with the prediction of ab initio cal-
culations [10,11]. Studies with rotational resolution have never
been performed. Here, we propose to fill this gap in a specially
designed experimental approach that in its nature overcomes lim-
itation associated with spectral resolution imposed by our lasers.
2. Experimental set-up

The experimental set-up is similar to that employed in our pre-
vious studies of CdRg molecules using OODR method [12,13] so
here, we limit the description only to necessary details. The source
of supersonic beam with CdNe complexes was filled with cadmium
pellets (purity 99.95%, natural abundance). The high purity neon
(99.999%) carrier gas was delivered to the source at the pressure
of 8–9 bars. The frequency-doubled pulsed dye laser (TDL90, Quan-
tel, with a dye mixture of LDS and DCM in methanol) pumped with
a 2nd harmonic of Nd:YAG laser (YG981C, Quantel) was used to
first-step excitation of CdNe from the ground X1R0þ ðt ¼ 0; JÞ to
the specified ro-vibrational level in the intermediate

A3P0þ ðt00 ¼ 0; J00Þ state. Second-step excitation from the A3P0þ to
the E3Rþ1 ðt0; J0Þ state was realized using the second-step dye laser
(TDL90, Quantel, with Coumarin 102 in methanol) pumped with
a 3rd harmonic of Nd:YAG laser (Powerlite 7010, Continuum).
With the help of a wavemeter (WSU30, High Finesse), the spectral
bandwidth of both dye lasers was estimated to be 0.1 cm�1(-
FWHM). The pulses of two Nd:YAG lasers were synchronized with
the pulsed molecular beam source with the help of the digital
delay generator (DG645, Stanford Research Systems). Both
counter-propagating laser beams intersected the molecular beam
at the distance of 19 mm from the source nozzle. During the exper-
iment, the wavenumber of the first-step excitation laser was fixed,
whereas the second-step excitation laser was tuned with a 0.05–
0.15 cm�1 step. The laser induced fluorescence (LIF) signals associ-
ated with both OODR transitions were registered by two photo-
multipliers (PMT) oriented perpendicularly to the direction of
molecular beam. Details of the detection procedure as well as the
integration and data accumulation processes can be found in [14].
3. Results

3.1. Determination of rotational constants B0t¼0 and B0t¼1

Fig. 1a) presents the profile of vibrational component in LIF

excitation spectrum recorded using the A3P0þ ðt00 ¼ 0; J00Þ  
X1R0þ ðt ¼ 0; JÞ transition in which the rotational structure was
partly resolved. The spectrum was reported, e.g. by Kvaran et al.
[15] and Funk et al. [16]. The characteristics of the X1R0þ and

A3P0þ - state potentials, as well as of the E3Rþ1 - state, are collected
in Table 1.

Due to the narrow spectral bandwidth of the first-step excita-
tion laser (compare with blue vertical bars in Fig. 1), for each cho-
sen laser wavenumber, CdNe complexes were excited to one J00

rotational level in the A3P0þ ðt00 ¼ 0Þ component (compare with
2

Table 2). Fig. 2 presents LIF excitation spectra recorded using the

E3Rþ1 ðt0 ¼ 0;1Þ  A3P0þ ðt00 ¼ 0Þ transitions in CdNe for second-
step excitations starting from different J00 selectively excited in
the first step of OODR process (see Fig. 1). Each spectrum contains
two distinctive lines with increasing distance between them as J00

increases. The lines in the spectra can be identified as belonging
to two rotational P- and R- branches which correspond to the exci-
tation associated with the change the initial J00 by �1 and +1,
respectively. Due to the selection rules, the spectra should contain
three rotational P-,Q- and R- branches. However, Okunishi et. al. [1]
showed, that in case of analogous HgNe complex the intensity of Q-
branch can be significantly lower than, e.g. P- branch (compare the
intensities of bandheads in Fig. 4 of Ref. [1]). In fact, in few cases of
spectra registered in our experiment, there exists an additional line
with low intensity located between two more intense lines
assigned to P- and R- branches (compare with Fig. 2(b)).

Measuring separations between P- and R- branch lines shown in
Fig. 2 allows for determination of the E3Rþ1 - state rotational con-
stant B0t for a particular vibrational level t0. Limiting the reasoning
to the first order of approximation in the expression for the E0rot
rotational energy component in the total energy, we define

E0rot ¼ B0tJ
0ðJ0 þ 1Þ: ð1Þ

During the excitation from J00 rotational level, J0R ¼ J00 þ 1 and
J0P ¼ J00 � 1 for R- and P- branches, respectively. Consequently, we
obtain

E0rot R ¼ B0tðJ00 þ 1ÞðJ00 þ 2Þ;
E0rot P ¼ B0tJ

00ðJ00 � 1Þ; ð2Þ

which leads to D defined as the difference between energies of two
rotational lines originating from the same J00 and associated with P-
and R- branches. It can be expressed as

D ¼ E0rot R � E0rot P ¼ 4B0t � J00 þ 2B0t : ð3Þ
According to Eq. (3), the separation D increases linearly with J00,

which here, due to the first-step selective excitation, is J00R. The rota-
tional constants B0t can be determined from the slope ð4B0tÞ of the
linear regression of DðJ00RÞ dependency as well as from its intersec-
tion with the vertical axis ð2B0tÞ. Fig. 3 shows the linear regression
of DðJ00RÞ plotted for t0 ¼ 0 and t0 ¼ 1 according to the experimental
data presented in Figs. 2(a) and 2(b), respectively. The determined
B0t¼0 and B0t¼1 rotational constants for the E3Rþ1 Rydberg state are
collected in Table 3.

It should be noticed that the isotopic structure of CdNe has not
been resolved in the experiment due to small t0 in the recorded
transitions. Consequently, we assumed the obtained vibrational
constants as these corresponding to the most abundant CdNe iso-
topologue, i.e. 114Cd20Ne. Simulation shows that for CdNe isotopo-
logues with abundances larger than 3% the isotopic shifts between
the most separated isotopologues (i.e. 110Cd20Ne and 116Cd20Ne)

are equal 0.042 cm�1 for the intermediate A3P0þ ðt00 ¼ 0Þ, and
0.096 cm�1 (t0= 0) or 0.181 cm�1 (t0= 1) for the final E3Rþ1 states.
For the same isotopologues, isotopic shifts simulated for the

observed transitions E3Rþ1 ðt0Þ  A3P0þ ðt00 ¼ 0Þ are even smaller:
0.054 cm�1 and 0.14 cm�1 for t0 = 0 and t0 = 1, respectively.

3.2. Simulation of profile of the t0 ¼ 1 t00 ¼ 0 vibrational
component

To verify the correctness of the obtained E3Rþ1 - state rotational
constants, we recorded the profile of the t0 ¼ 1 t00 ¼ 0 vibra-

tional component of the E3Rþ1  A3P0þ transition with the first-



Fig. 1. Profile of the vibrational component of LIF excitation spectrum of the A3P0þ ðt00 ¼ 0; J00RÞ  X1R0þ ðt ¼ 0; JÞ transition in CdNe complex (a) recorded in experiment and
(b) simulated. The simulation was made using Level [18] and Pgopher [19] programs assuming: Trot ¼ 5 K rotational temperature, DGauss ¼ DLorentz=0.1 cm �1 Gaussian
(responsible for a residual Doppler broadening associated with the transversal divergence of the molecular beam) and Lorentzian (responsible for a bandwidth of the laser
beam) broadenings, and a Morse - function representations of the X1R0þ and A3P0þ states with characteristics from Table 1. The assignment of J00R quantum numbers in the
resolved rotational structure of the R-branch is shown above the spectra. Rotational levels used as intermediate in OODR process (blue tics, compare with Fig. 2) and and three
vertical bars representing the laser bandwidth (�0.1 cm�1) are also depicted.

Table 1
Spectroscopic characteristics of the E3Rþ1 (6

3S1), A
3P0þ ð53P1Þ and X1R0þ ð51S0Þ states in

CdNe. All parameters are expressed in (cm�1), except the Re which is expressed in (Å).

E3Rþ1 A3P0þ
X1R0þ

xe 56.6 � 3.0a 22.6b 13.2d

xexe 8.8 � 0.4a 1.6b 1.15d

Re 3.21 � 0.05a 3.62b 4.26b

3.04 � 0.07e

2.86 � 0.07f

3.00 � 0.07g

2.98 � 0.06h

De 91.0 � 4.0a 79.8c 37.9c

a Ref. [5].
b Ref. [15].
c De � x2

e
4xexe

.
d Ref. [16].
e Ref. [11], ab initio result, the Re uncertainty determined as a half of difference

between R of neighbouring points.
f Ref. [10], ab initio result, the Re uncertainty determined as in e.
g Ref. [17], ab initio result, the Re uncertainty determined as in e.
h This work, determined from B0t¼0 and B0t¼1 (recommended value).

Table 2
The excited rotational levels of the A3P0þ ðt00 ¼ 0Þ vibrational component in CdNe for
different laser wavenumbers in (cm�1) used in the A3P0þ ðt00 ¼ 0; J00RÞ  X1R0þ ðt ¼ 0; JÞ
transition.

Laser wavenumber Excited J00R

30623.9 5
30624.2 6
30624.6 7
30625.1 8
30625.5 9
30626.0 10
30626.6 11
30627.2 12
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step excitation laser set at the band-head of the A3P0þ ðt00 ¼ 0Þ  
X1R0þ ðt ¼ 0Þ transition (m= 30622.6 cm�1). The recorded profile
along with its simulation is shown in Fig. 4. In this case, not a single
3

but several lower-lying rotational levels J00 are excited in the A3P0þ

- state t00 ¼ 0 level. The simulation performed using Level [18] and
Pgopher [19] programs, employing potential parameters (Table 1)
and and rotational constants obtained here (Table 3), shows a very
good agreement with the experimental profile confirming reliabil-
ity of results obtained in this study.

3.3. Determination of the R0e for the E3Rþ1 state

The rotational constants Bt can be expressed as

Bt ¼ Be � ae tþ 1
2

� �
; ð4Þ

where Be is a rotational constant at the equilibrium internuclear
distance (R ¼ Re) and ae is a constant. Having determined the Bt¼0
and Bt¼1, one can express rotational constant Be as

Be ¼ 3Bt¼0 � Bt¼1
2

: ð5Þ

The constant Be is related with the Re using formula:

Re ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h
8p2clBe

s
; ð6Þ

where h; c and l are Planck constant, the speed of light and CdNe
reduced mass, respectively. Using the B0t¼0 and B0t¼1 determined in
this work, we calculated B0e=0.112�0.002 cm�1 which lead to

R0e ¼ 2:98� 0:06 Å for the E3Rþ1 Rydberg state of CdNe. As one can
see in Table 1, R0e obtained in this work agrees more with results
of ab initio calculation of [11,10,17] than with previous result [5]
obtained from the analysis of intensities of vibrational components.

3.4. Conclusions

We presented a direct experimental rotational characterization
of two t0 ¼ 0 and t0 ¼ 1 vibrational components of the E3Rþ1 (63S1)
Rydberg state of CdNe vdW complex. It relied on a selective J-level



Fig. 2. The experimental LIF excitation spectra recorded using the E3Rþ1  A3P0þ transition in CdNe for (a) ðt0 ¼ 0; J0Þ  ðt00 ¼ 0; J00RÞ and (b) ðt0 ¼ 1; J0Þ  ðt00 ¼ 0; J00RÞ. For
ðt0 ¼ 0; J00R ¼ 8Þ and ðt0 ¼ 1; J00R ¼ 8Þ, assignment of J0 belonging to rotational branches is shown. (c) Rotational energy structure of the vibrational components involved in the
analyzed selective J0 excitation. Details in text.

Fig. 3. Experimental separations DðJ00RÞ between energies of rotational transitions
belonging to PðJ00R � 1Þ and RðJ00R þ 1Þ branches (compare with Fig. 2 and Eq. 3).
Results for t0 ¼ 0 t00 ¼ 0 and t0 ¼ 1 t00 ¼ 0 vibrational components of the
E3Rþ1  A3P0þ transition are shown. Rotational constants B0t¼0 and B0t¼1 obtained
from the linear regression of the plot are collected in Table 3. Details in text.

Table 3
Rotational characteristics of the E3Rþ1 (6

3S1) Rydberg state in CdNe determined in this
study. B0t and B0e are expressed in (cm�1).

B0t¼0 B0t¼1 Be

0.106�0.001a 0.095� 0.001a 0.112�0.002c

0.092b 0.080b

a From a slope of the linear regression of DðJ00RÞ plot, recommended value.
b Obtained using Level program [18] from characteristics of the E3Rþ1 - state

potential (see Table 1).
c This work (see Eq. 5).
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excitation realized using the E3Rþ1  A3P0þ ð53P1Þ transition, with

t00 ¼ 0 level of the A3P0þ state as an intermediate in the excitation
from t ¼ 0 of the X1R0þ ð51S0Þ state in OODR process. The study
resulted in B0t¼0 and B0t¼1 rotational constants as well as the R0e equi-

librium internuclear separation for the E3Rþ1 - state potential well.
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Fig. 4. (a) LIF excitation spectrum recorded using the E3Rþ1 ðt0 ¼ 1Þ  A3P0þ ðt00 ¼ 0Þ transition in CdNe with first-step excitation of lower-lying J00 levels in the A3P0þ ðt00 ¼ 0Þ.
(b) Simulation of rotational P-, Q- and R- branches for CdNe isotopologues with abundances larger than 3%, performed using Pgopher [19] program, with potential parameters
from Table 1 and rotational constant from Table 3, for J00max ¼ 6, rotational temperature Trot=5 K, and DGauss ¼ DLorentz=0.15 cm�1 Gaussian and Lorentzian broadenings. (c), (d)
and (e) Contributions from P-,Q- and R- branches, respectively. Intensity of the Q-branch was adjusted according to these of P- and R- branches as observed in the experiment
(see Fig. 2b). All simulations take into account an isotopic shift between considered CdNe isotopologues as approximately one order of magnitude smaller than their
rotational structure.
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