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Profiles of (υ ′;υ ′′ = 0) bands recorded in excitation spectra using b30+
u ← X10+

g transitions
in Cd2 and B31 ← X10+ transitions in CdAr

T. Urbanczyk and J. Koperski∗

Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland

(Received 13 January 2014; accepted 7 June 2014)

Profiles of the (υ ′;υ ′′ = 0) vibrational bands recorded using the b30+
u ← X10+

g and B31 ← X10+ transitions in Cd2 and CdAr
complexes, respectively, are presented and analysed. Specifically, CdAr and Cd2 complexes are simultaneously propagating
in a supersonic beam. Transitions in these complexes can be used to provide the conditions for selective detection of one of
the complexes in the expansion. Extended analysis of the B31- and b30+

u -state vibrational progressions provided improved
values for ω′

ex
′
e and ω′

e vibrational characteristics, as well as D′
e well depths and Re

′ bond lengths of the B31- and b30+
u -state

potentials. Several of the CdAr bands were recorded with partly resolved rotational structure. The new characterisation of the
B31 state, along with results of the rotational and isotopic analyses of the band profiles, agrees with the most recent results
of ab initio calculations, while results obtained for the b30+

u state call for improvement in the ab initio calculations for Cd2.

Keywords: Cd2 and CdAr van der Waals complexes; vibrational energy structure; rotational energy structure; molecular
potentials; supersonic expansion beam

1. Introduction

CdNg (Ng = noble gas) and Cd2 van der Waals (vdW)
complexes have been the subject of numerous experimen-
tal studies [1–3] and the investigation of CdAr by sev-
eral groups has been extensive. The X10+ ground state
of CdAr, as well as its A30+ and B31 lowest lying ex-
cited electronic energy states are correlated with the (5s)1S0

ground state and (5p)3P1 asymptote in Cd, and these have
been spectroscopically well characterised [4–6]. Recently,
the free ← bound and bound ← bound profiles in excitation
spectra of the B31 ← X10+ transition in CdAr were stud-
ied in our laboratory [7] and a partially resolved rotational
structure of the (υ ′ = 2;υ ′′ = 0) vibrational band has been
reported for the first time. Subsequently, data on four other
partially resolved bands, (υ ′ = 0;υ ′′ = 0), (1;0), (4;0) and
(5;0) were added to the analysis [8]. In this work, we ex-
tend the analysis to the bands (υ ′ = 3;υ ′′ = 0), (6;0) and
(7;0) which were omitted in [8] because they overlap with
neighbouring bands or other bands of Cd2.

In Cd2, the low-lying a31u, b30+
u and c31u excited states

(which are correlated with the (5p)3P1 and (5p)3P2 asymp-
totes in Cd) and the X10+

g (51S0) ground state were also
investigated in several laboratories (see, e.g. [9,10]). In par-
ticular, vibrational parameters of the b30+

u -state potential
were determined using spectra recorded with vibrational
resolution [9,10,11,12].

∗
Corresponding author. Email: ufkopers@cyf-kr.edu.pl

The B31 ← X10+ transition in CdAr overlaps in part
with the b30+

u ← X10+
g transition in Cd2 making the anal-

ysis difficult (see Figure 1). The situation urgently called
for additional investigation under conditions permitting the
selective detection of the different complexes in the simul-
taneous measurement of the vibrational bands originating
from both CdAr and Cd2.

The situation illustrated in Figure 1 was the main mo-
tivation for conducting this new experimental study. Our
objective was to resolve in part the rotational energy struc-
ture in the (υ ′;υ ′′ = 0) bands, while paying special attention
to those which overlap each other [7,10]. Consequently, we
searched for detection conditions to discriminate between
bands originating from CdAr and Cd2.

In this article, we present the following:

(1) A determination of the conditions needed for
the selective detection of particular complexes in
the beam, subtraction of unwanted background
from the recorded spectra and determination of
the vibrational characteristics of both excited
states.

(2) Revised and extended vibrational analyses of the
B31 and b30+

u states (taking into account isotopic
composition and the results of prior studies). These
results provide new and more reliable values of

C© 2014 Taylor & Francis
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Figure 1. Interatomic potentials of the X10+ and B31 electronic
energy states in CdAr (black solid lines), and X10+

g and b30+
u states

in Cd2 (red dashed lines). These were drawn according to the po-
tential parameters of Refs [7] and [10]. Excitations corresponding
to the detection of (3,0) and (6,0) bands in the B31 ← X10+ ,
and of (0,0) and (1,0) bands in the b30+

u ← X10+
g transitions

are shown with vertical arrows. Wavenumbers for the υ ′ = 3 ←
υ ′′ = 0 and 0 ← 0 transitions in CdAr and Cd2, respectively, are
depicted (compare with Table 1). (The colour version of the figure
is available online.)

both the ω′
e vibrational frequencies and the D′

e well
depths for the B31 and b30+

u states.
(3) A rotational analysis of the (υ ′ = 3,6,7;υ ′′ = 0)

vibrational-band profiles recorded using the
B31 ← X10+ transitions, and including the iso-
topic composition of CdAr.

2. Experimental procedure and results

Details of the experimental procedure were reported else-
where [7,8,13,14] and the reader is referred to these pre-
vious studies by the authors. Details of the experimen-
tal procedure and the measurement parameters employed
in this study are located in the captions of Figures 2, 3
and 5.

2.1. Data acquisition and waveform analyses

Figure 2 presents a method of extracting the spectrum
originating from a particular molecule (CdAr or Cd2) from
a single collection of data by proper selection of a so-called
time-gate interval. Traces (a), (b) and (c) present samples
of typical waveforms that were saved during the experi-
ment (the arrows above the graphs (d), (e) and (f) indicate
the precise place in the spectra which corresponded to the
waveform shown in (a), (b) and (c), respectively). More
importantly, the rectangles on graphs (a), (b) and (c), show
parameters of time-gate intervals which were applied to
obtain spectra presented on traces (d), (e) and (f), respec-
tively. An immediate conclusion that can be drawn from the
above is that short (a) or long (c) time-gating intervals that
start immediately (a) or adequately after (c) the laser pulse
discriminate the short- or long-living fluorescing species in
the beam (here the Cd2 or CdAr, respectively). The inter-
mediate time-gating window (b) leads to a spectrum that
contains contributions from both molecules (e).

The observations given here agree with the conclu-
sions of Refs [11] and [15], where lifetimes of the Cd2

and CdAr complexes in various υ ′ vibrational levels of
the B31 and b30+

u states were reported. Those results for
τCd2 (υ ′ = 0–7) and τCdAr(υ ′ = 0–7) were in the 0.84–
1.18 μs [11] and 2.0–2.7 μs [15] ranges, respectively. Con-
sequently, the method described here can be recommended
as a useful tool for selection of the short- or long-lived com-
plexes that are propagating and fluorescing in the molecular
beam.

The waveform integration and the time-gating proce-
dures were also used for subtraction of the unwanted back-
ground from the recorded spectra. Figure 3 shows an exam-
ple of such a subtraction performed on the excitation spec-
trum that was recorded for the b30+

u ← X10+
g transition in

Cd2. The narrow [blue in trace (a)] and wide [grey in trace
(b)] time-gating windows correspond to the spectra shown
in traces (c) and (d), respectively. The spectrum shown in
trace (e) presents transitions in Cd2 as a result of subtraction
of the ‘pure’ CdAr spectrum shown in trace (d). The latter
was multiplied by an adjustment factor which was based on
the ‘mixed’ spectrum shown in trace (a) and which was cho-
sen to minimise the contribution of ‘unwanted’ components
to the final spectrum (in this case those of the B31 ← X10+

transition).

2.2. Vibrational analysis of B31 and b30+
u states

Table 1 collects the frequencies v of all the (υ ′;υ ′′ =
0) vibrational-band heads recorded in the B31 ← X10+

and b30+
u ← X10+

g transitions. These frequencies are com-
pared with those reported in Refs [8,15,16] (see also table
footnotea) and [9,11] for CdAr and Cd2, respectively. For
the B31 ← X10+ transition, the frequencies v of this work
and Ref. [15] show consistently increasing shifts i.e. from
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2488 T. Urbanczyk and J. Koperski

Figure 2. (a), (b) and (c) Samples of typical waveforms (i.e. the averaged photomultiplier signals recorded for a single laser-frequency
step) in the measured spectrum of (d) Cd2 with certain admixture of CdAr, (e) Cd2 equally mixed with CdAr and (f) ‘pure’ CdAr; the
rectangles represent time-gate intervals having (all values are approximate): (a) width of 0.2 μs, starting at 0.1 μs after the laser pulse
(blue rectangle), (b) width of 6.1 μs, starting at 0.1 μs after the laser pulse (grey rectangle) and (c) width of 4.4 μs, starting at 2.2 μs after
the laser pulse (red rectangle); the time-gate intervals of (a), (b) and (c) were used to obtain spectra presented in (d), (e) and (f) using the
b30+

u ← X10+
g and B31 ← X10+ transitions in CdAr and Cd2, respectively. Arrows above the spectra indicate the components for which

waveforms are shown below. υ ′ ← υ ′′ = 0 progressions are depicted. (The colour version of the figure is available online.)

8.1 to 12.2 cm−1. The shift is not present for the frequencies
v reported for the b30+

u ← X10+
g transition [11]. Further-

more, it is evident that the frequencies v for the (3,0) and
(6,0) bands in the B31 ← X10+ transitions in CdAr are
close to the frequencies for the (0,0) and (1,0) bands in the
b30+

u ← X10+
g transitions in Cd2, respectively. As a result,

in the excitation spectra, these bands may overlap, provided
they were recorded under conditions favourable to their
simultaneous detection. The frequencies v from Table 1 as
well as the results reported in Refs [15,16] and Ref. [11] for
the B31 and b30+

u states, respectively, were used to construct
the Birge–Sponer (B–S) plots [17] presented in Figure 4(a)
and 4(b). The linearity of the B–S plot is equivalent to a
Morse representation of the interatomic potential. It is ob-
vious in Figure 4 that this is the case for the B31 and b30+

u
-state potentials for υ ′ in the range from 0 to 9 and from 0
to 14, respectively. According to Refs [11] and [16] (with
a LeRoy–Bernstein analysis), the maximum values of υ ′ at
dissociation (i.e. υ ′

max) are 11 and 27 for the B31 and b30+
u

states, respectively. Thus, Morse representations are valid
for almost the entire D′

e in the B31 state and for 70% of D′
e

in the b30+
u state.

In Figure 4, the B–S plots of this work are compared
with those reported in Refs [15,16] (Figure 4(a)) and Ref.
[11] (Figure 4(b)). For the B31 and b30+

u states, the plots
exhibit differences in slopes (2ω′

0x
′
0) and points of inter-

section with the vertical axis (ω′
0), respectively. Here, B–S

analyses were supplemented with plots showing correla-
tions between recorded vibrational spectra and the results
of simulations performed for various combinations of pos-
sible values of the ω′

e and ω′
ex

′
e vibrational constants. For

the correlation analyses, a computer program was designed.
It uses the LEVEL 8.0 program [18] to collect the frequen-
cies v of the (υ ′;υ ′′ = 0) vibrational transitions for several
thousand combinations of ω′

e and ω′
ex

′
e. As a next step,

the program compares the results of the simulations with
experimental data. For each combination of ω′

e and ω′
ex

′
e,

it calculates two correlation parameters. The first describes
the extent of the agreement between the simulated and mea-
sured absolute frequencies of the υ ′ = 0 ← υ ′′ = 0 tran-
sition. The second describes the extent of the agreement
between the simulated and measured spacings between vi-
brational components (see the vertical axis in Figure 4).
These correlation parameters are shown in the insets of
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Molecular Physics 2489

Figure 3. Background subtraction procedure illustrated with an
example of the Cd2 excitation spectrum. (a) Time-gating window
(blue) employed in the detection of Cd2 using the b30+

u ← X10+
g

transition with an unwanted admixture of CdAr excitation spec-
trum shown in (c), (b) time-gating window (grey) used for the
detection of CdAr excitation spectrum using the B31 ← X10+

transition shown in (d), and (e) the resulting background-free
spectrum of Cd2, i.e. spectrum with subtracted admixture orig-
inating from CdAr (i.e. trace (c) minus trace (d)). (The colour
version of the figure is available online.)

Figure 4 (traces (c) and (d)). For an accurate ω′
e and ω′

ex
′
e,

both of these correlation parameters should possess high
values. It should be noted that the frequency v of the υ ′ =
0 ← υ ′′ = 0 transition depends on the energy of υ ′′ = 0,
but this energy was considered as a fixed constant in the
simulation. It is important to emphasise that the ω′

e and
ω′

ex
′
e values obtained from the B–S plots for both the B31

and b30+
u states were confirmed using correlation plots;

this made the analyses for both states much more consis-
tent and reliable. The resulting vibrational characteristics
that were obtained are collected in Table 2. In conclusion,
this vibrational analysis of the B31 ← X10+ transition in
CdAr introduced no substantial change in the molecular

Table 1. Frequencies v (in cm−1) of (υ ′;υ ′′ = 0) vibrational-
band heads determined experimentally from the B31 ← X10+

and b30+
u ← X10+

g transitions in CdAr and Cd2 complexes, re-
spectively. Frequencies of overlapping CdAr and Cd2 bands are
underlined. Results of this work are compared with those obtained
in Refs [8,15,16] for CdAr, and Refs [9,11] for Cd2.

CdAr: B31 ← X10+

υ ′ This work Ref. [15] Ref. [16]

0 30,699.72 ± 0.02a 30,707.8 30,700.4 ± 0.5
1 30,709.61 ± 0.02a 30,718.4 –
2 30,718.54 ± 0.02a 30,727.7 –
3 30,726.23 ± 0.10a 30,736.1 –
4 30,732.85 ± 0.02a 30,743.0 –
5 30,738.34 ± 0.02a 30,748.9 –
6 30,742.62 ± 0.02 30,753.8 –
7 30,745.93 ± 0.02 30,757.3 –
8 30,748.13 ± 0.15 30,759.7 –
9 30,749.25 ± 0.15 30,761.5 –
10 – 30,761.9 –

Cd2: b30+
u ← X10+

g

υ ′ This work Ref. [11] Ref. [9]

0 30,723.11 ± 0.25 30,724.5 30,724.5
1 30,740.90 ± 0.25 30,742.6 30,742.2
2 30,758.04 ± 0.25 – –
3 30,774.51 ± 0.25 30,776.0 –
4 30,790.33 ± 0.25 30,791.8 –
5 30,805.49 ± 0.25 30,806.3 –
6 30,819.99 ± 0.30 30,820.3 –
7 30,833.83 ± 0.40 30,833.3 –
8 – 30,846.2 –
9 – 30,858.7 –
10 – 30,870.4 –
11 – 30,881.7 –
12 – 30,891.9 –
13 – 30,901.5 –
14 – 30,909.8 –

aReported in Ref. [8].

parameters given by Refs [7] and [8]. However, new values
have been introduced for the b30+

u ← X10+
g transition in

Cd2.

2.3. Overlapped rotational profiles of the (υ ′ = 3;
υ ′′ = 0) and (υ ′ = 6;υ ′′ = 0) bands in
B31 ← X10+ transitions, and of the (υ ′ = 0;
υ ′′ = 0) and (υ ′ = 1;υ ′′ = 0) bands in
b30+

u ← X10+
g transitions

During the experiment, the (υ ′ = 3;υ ′′ = 0), (6;0) and (7;0)
vibrational bands of the B31 ← X10+ transition in CdAr
were recorded. This completed measurements performed
earlier in this laboratory for υ ′ = 2 and for υ ′ = 0, 1, 4,
5 that have been reported in Refs [7] and [8], respectively.
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2490 T. Urbanczyk and J. Koperski

Figure 4. B–S plots for the (a) B31 and (b) b30+
u states in CdAr

and Cd2, respectively. Plots include comparison of the results of
this work (black full circles, data from Table 1) with those of (a)
Bobkowski et al. [15] (blue full squares) and Koperski et al. [16]
(red full triangles) for the B31 state, as well as (b) Czajkowski
et al. [11] (blue full squares) for the b30+

u state. The solid lines
represent a linear fit through the points, yielding the Morse pa-
rameters, i.e. the vibrational frequency ω′

0 (at the intersection with
the vertical axis) and the anharmonicity ω′

0x
′
0 (the slope) listed in

Table 2. Insets in (a) and (b) show correlation plots corresponding
to the degree of agreement (higher values go with colour scales)
between: (c) the simulated and measured absolute positions of the
υ ′ = 0 ← υ ′ ′ = 0 transition and (d) frequencies of the simulated
and measured spacings between different (υ ′;υ ′′ = 0) band heads.
(The colour version of the figure is available online.)

Traces (a) in both the A and B parts of Figure 5 present
profiles showing the overlap of the (3;0) and (6;0) bands
in the B31 ← X10+ transition in CdAr (shown as traces
(b)) with the (0;0) and (1;0) bands in the b30+

u ← X10+
g

transitions in Cd2 (shown as traces (c)), i.e. in both the A
and B parts of Figure 5, traces (a) are the overlap of traces
(b) and (c).

The profiles shown in traces (a) were recorded under
different sets of experimental conditions (significant dif-
ferences between their rotational temperatures Trot – see
caption of Figure 5). The profiles were recorded employing

time-gating intervals similar to those shown in Figure 2(b).
The applied intervals make it possible to separately de-
tect the fluorescence that originates from each species in
the beam (i.e. Cd2 and CdAr). The profiles presented in
traces (b) and (c) were recorded using time-gating intervals
similar to these shown in Figure 2(a) and 2(c), respectively,
and using a background subtraction procedure illustrated in
Figure 3. Measurement of the fluorescence originating from
one complex only (i.e. either Cd2 or CdAr) was obtained as
a result of this approach.

The profiles presented in traces (a), (b) and (c) of Fig-
ure 5 were simulated (see traces (d), (e) and (f), respectively)
using the LEVEL-to-PGOPHER procedure [19], and the
LEVEL 8.0 and PGOPHER [20] programs described in Ref.
[8]. Based on the Morse potential parameters which employ
values of ω′

e and ω′
ex

′
e obtained from vibrational analysis

(see Figure 4), and value of R′
e = R′′

e + �Re, where R′′
e

was taken from Refs [5] and [10] for CdAr and Cd2, re-
spectively, and �Re was obtained from simulation of exci-
tation spectra shown in Figure 2(d) and 2(f), LEVEL 8.0
was used to determine: (1) frequencies of the υ ′ ← υ ′′ = 0
transitions, (2) Franck–Condon (F–C) factors of the vibra-
tional components and (3) the values of rotational constants
employing an algorithm of Ref. [21]. At this point, it is nec-
essary to analyse simulations of the (0;0) and (1;0) bands
of the b30+

u ← X10+
g transitions in Cd2 with respect to the

(3;0) and (6;0) bands of CdAr; the former are shown as
traces (f) and the latter as traces (e) in parts (A) and (B)
of Figure 5. In the simulation, including the A1 CdA2 Cd iso-
topologues, 1

∑+
g and 3�u symmetries were assumed for

the X10+
g and b30+

u states, respectively. For the simulated
profiles shown in traces (f), every J′ ← J′′ rotational transi-
tion was convoluted with Gaussian (�G) and Lorentzian
(�L) profiles. The simulations were obtained assuming
Trot = 6.5 and 13 K for the (0,0) and (1,0) bands, respec-
tively, in Cd2; for CdAr, the assumptions were Trot = 3
and 6 K for the (3,0) and (6,0) bands, respectively. It is ex-
pected that the cooling process in the supersonic expansion
occurs at different rates for different complexes; specifi-
cally, cooling of the lighter complex is more efficient than
cooling of the heavier one. It is consistent here since the
Cd2 complex is heavier than CdAr (the reduced masses are
56.45 and 29.45 amu, respectively).

The main intention of the simulation performed for
Cd2 was to present a plausible distribution of the rota-
tional branch components within the (0;0) and (1;0) bands
which produced its shape. In the analysis of the electronic
transition in Cd2 (� = 0 ← � = 0), it was found that the Q-
branch was absent, and that the components of the P-branch
formed the head while those of the R-branch formed the tail
of the recorded profile (see insets of Figure 5(A) and 5(B)).

Table 3 collects the B31-state rotational B ′
υ and the cen-

trifugal distortion D′
υ constants determined for 114Cd40Ar.

The rotational constants obtained in this work complete
those of Refs [7] and [8].
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Molecular Physics 2491

Figure 5. (A) and (B) (a) Rotational profiles (red lines) of the (υ ′;υ ′′ = 0) vibrational bands recorded for υ ′ = 3 and 6 using the
B31 ← X10+ transition in CdAr complex. The (3,0) and (6,0) profiles in CdAr are overlapped with the (0,0) and (1,0) bands, respectively,
which belong to the b30+

u ← X10+
g transition in Cd2. The profiles (a) in (A) and (B) were recorded for supersonic source nozzle orifice

diameters D = 0.30 and 18 mm, pressures of the carrier gas pargon = 2.5 and 2 bar, distances of the excitation region from the nozzle x
= 11 and 20 mm, temperatures of the source Tsource = 823 and 853 K, respectively, as well as with time-gating intervals similar to those
shown in Figure 2(b). Experimental conditions in (b) and (c) are as in (a); the spectra in traces (b) and (c) are obtained for time-gating
intervals similar to those shown in Figure 2(a) and (c), using of the background subtraction procedure presented in Figure 3. (d), (e) and
(f) are simulations (black lines) of the (υ ′;υ ′′ = 0) experimental profiles from (a), (b) and (c), respectively, that were performed for (Trot;
�L; �G) parameters in part (A): (e) (3 K; 0.07 cm−1; 0.13 cm−1), (f) (6.5 K; 0.07 cm−1; 0.13 cm−1) and in part (B): (e) (6 K; 0.1 cm−1;
0.12 cm−1), (f) (13 K; 0.1 cm−1; 0.12 cm−1). Simulation in (d) is a sum of those in (e) and (f). �L and �G are full width in half maximum
(FWHM). Insets show traces (f) with the distribution of P- and R-branch components represented by black and blue bars, respectively.
(The colour version of the figure is available online.)
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Table 2. Spectroscopic characteristics of the B31 and b30+
u electronic energy states in CdAr and Cd2 complexes, respectively. Results

of this work are compared with those obtained in Refs [7], [15], [16] and [8] for CdAr, and Refs [12], [11], [9] and [10] for Cd2.
�Re = R′

e − R′′
e . All values are in cm−1, except �Re and R′

e which are in Å.

CdAr: B31 ← X10+

This work Ref. [7] Ref. [15] Ref. [16] Ref. [8]

ω′
0 10.50 ± 0.05a – 11.1a 10.7a11.1 ± 0.1g –

ω′
0x

′
0 0.555 ± 0.006a – 0.51a 0.56a0.57 ± 0.02g –

ω′
e 11.06 ± 0.06b 11.10 ± 0.1c 11.1 ± 0.1 11.7 11.8 ± 0.1 11.10 ± 0.05

ω′
ex

′
e 0.555 ± 0.006b 0.56 ± 0.01c 0.56 ± 0.02 0.57 0.57 ± 0.02 0.56 ± 0.01

D′
0 49.7 ± 1.3 a,d 49.6 ± 0.8 – – –

D′
e 55.1 ± 1.3b,d 55.0 ± 2.0c,d 55.0 ± 0.8 59.7 59.7 ± 1.5 55.0 ± 0.5

B ′
e 0.02225 ± 0.00110h 0.02270 ± 0.00110i – – – –

α′
e (1.47 ± 0.16) × 10−3h (1.11 ± 0.03) × 10−3j – – – –

B ′′
υ=0 0.03002 ± 0.00150k – – – –

�Re 0.70 ± 0.05 0.70 ± 0.05 – –
R′

e 5.01 ± 0.05e 5.01 ± 0.05 5.03 ± 0.03 5.01 ± 0.02 5.01±0.02

Cd2: b30+
u ← X10+

g

This work Ref. [12] Ref. [11] Ref. [9] Ref. [10]

ω′
0 17.99 ± 0.05a 17.8 18.0 ± 0.2 18.2 –

ω′
0x

′
0 0.311 ± 0.006a 0.34 0.33 – –

ω′
e 18.30 ± 0.06b 18.40 ± 0.10c 18.1 18.3 ± 0.2 18.5 ± 0.02 18.7 ± 0.2

ω′
ex

′
e 0.311 ± 0.006b 0.327 ± 0.010c – – 0.33 ± 0.005 0.34 ± 0.01

D′
0 260.1 ± 7.1a,d 235 243.3 ± 0.4 – 250.1 ± 6.1

D′
e 269.2 ± 7.1b,d 258.8 ± 11.1 c,d – – 260.0 ± 1 259.0 ± 2.9

B ′′
υ=0 0.02071 ± 0.00100k – – – –

�Re 0.27 ± 0.05 – 0.26 0.26 ± 0.03 0.24 ± 0.06
R′

e 4.05 ± 0.05f – – 4.33 4.02 ± 0.03

aB–S plot (Figure 4).
bω′

ex
′
e ≈ ω′

0x
′
0, ω′

e ≈ ω′
0 + ω′

ex
′
e.

cCorrelation plots (insets in Figure 4); recommended value.
dD′

e ≈ (ω′
e)2/(4ω′

ex
′
e).

eFor R′′
e (CdAr) = 4.31 ± 0.03 Å; in this work adopted from Ref. [5]; the other source of R′′

e (CdAr) = 4.33 ± 0.04 Å [4] was published earlier.
fFor R′′

e (Cd2) = 3.78 Å; in this work adopted from Ref. [10].
gLeRoy–Bernstein method.
hObtained from a polynomial fit to the Bυ

′ vs. υ ′ plot; recommended value.
iB ′

e ≈ h/(8π2μcR′2
e ).

jPekeris relation α′
e = {6[ω′

ex
′
e(B ′

e)3]1/2/ω′
e} − [6(B ′

e)2/ω′
e] [17].

kResult from the LEVEL 8.0 program employing a numerical algorithm of Ref. [21].

2.4. Interatomic potential of the B31 and b30+
u

states

Results obtained in this work were used to construct the
B31- and b30+

u -state interatomic potentials in CdAr and
Cd2, respectively. They are presented in Figure 6(a) and
6(b), and compared with results of previous experimen-
tal studies [9,16] as well as results of available ab initio
calculations [10,22–25]. The experimental potentials are
represented using Morse functions.

Comparisons for the B31 state in CdAr shown in Fig-
ure 6(a) include the experimental interatomic potentials of
Koperski et al. [16] (grey dashed line) and of this work
(black solid line) as well as the ab initio calculations of
Czuchaj and Stoll [23] (red full circles), Czuchaj et al. [24]

(green full circles) and Strojecki et al. [22] (blue full cir-
cles); the latter are the most recent and most accurate to
date. It is clear that the B31-state potential of this work as
well as that of Refs [7] and [8] (see the potentials parame-
ters collected in Table 2) almost overlaps with the ab initio
potential of Strojecki et al. The exception is in the region
close to the dissociation limit where the ab initio calculated
potential indicates a much less repulsive inner wall than
the Morse curve derived here. Extensive discussion on the
subject was presented in Ref. [7].

In contrast to the above, the comparison provided by
Figure 6(b) leads to a very different conclusion. The exper-
imentally determined potentials of the b30+

u state in Cd2 in
this work (black solid line) as well as that of Czajkowski
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Figure 6. (a) Comparison between results obtained for the
B31 electronic energy state in CdAr from ab initio calculations
[22,23,24], Ref. [16] and this work. The interatomic potential of
Czuchaj and Stoll [23] (red full circles and solid line), Czuchaj
et al. [24] (green full circles and solid line) and Strojecki et al.
[22] (blue full circles and solid line) is compared with the exper-
imental results for the vibrational and rotational characterisation
by Koperski et al. [16] (grey dashed line) and in this work (black
solid line). Experimental potentials are represented using Morse
functions with parameters from Table 2. The positions of υ ′ =
3, 6 and 7 are shown; these were used to perform the rotational
characterisation in this work. The deviation of the ab initio calcu-
lated potentials of Refs [22,24] above the dissociation limit from
those experimentally determined has been discussed in Ref. [7].
(b) Comparison between results obtained for the b30+

u electronic
energy state in Cd2 from ab initio calculations [10,25] and from
experiments – Ref. [9] and this work. The interatomic potential of
Strojecki et al. [10] (red full circles and solid line) and Koperski
et al. [25] (green full circles and solid line) are compared with
the experimental results of Czajkowski and Koperski [9] (grey
dashed line) and of this work (black solid line). Experimental
potentials are represented with Morse functions with parameters
from Table 2. Positions of υ ′ = 0, 7 and 14, between which the
vibrational characterisation was performed in Ref. [9] and in this
work, respectively, are depicted. (The colour version of the figure
is available online.)

Table 3. Rotational characteristics of the B31 electronic energy
state in CdAr obtained for the most abundant 114Cd40Ar isotopo-
logue. Bυ ′ and Dυ ′ are expressed in cm−1. The rotational constants
of this work complete those of Refs [7] and [8].

114Cd40Ar: B31 ← X10+

υ ′ Bυ ′ Dυ ′ × 10−7

0 0.02214b 4.1004b

1 0.02099b 4.6380b

2 0.01976c 5.3340c

3 0.01844a 6.2153a

4 0.01705b 7.5527b

5 0.01550b 9.4436b

6 0.01373a 12.605a

7 0.01172a 18.363a

aThis work.
bRef. [8].
cRef. [7].

and Koperski [9] (grey dashed line) are too much shallow
compared to the ab initio calculations by Strojecki et al.
[10] (red full circles) and by Koperski et al. [25] (green full
circles). The authors believe that the experiment-to-theory
agreement can be improved by the more advanced ab initio
calculations being planned in our laboratory.

3. Conclusions

Profiles of (υ ′;υ ′′ = 0) vibrational bands of Cd2 and
CdAr complexes were obtained – specifically those of the
B31 ← X10+ transition in CdAr and of the b30+

u ← X10+
g

transition in Cd2. Profiles in CdAr were recorded with partly
resolved rotational structure. By detecting vibrational bands
belonging to transitions in CdAr and Cd2 that are simulta-
neously propagating in a supersonic expansion beam, one
could:

(1) accurately determine conditions for the selective
detection of fluorescence originating from either
CdAr or Cd2;

(2) subtract unwanted background from the recorded
spectra;

(3) determine the vibrational characteristics of both ex-
cited states;

(4) perform a rotational analysis (with an isotopic com-
position of CdAr) of the (υ ′ = 3;υ ′′ = 0), (6;0) and
(7;0) vibrational-band profiles recorded using the
B31 ← X10+ transition; this completed the data
obtained in Refs [7] and [8];

(5) perform a rotational simulation (with an isotopic
composition of Cd2) of the (υ ′ = 0;υ ′′ = 0) and
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2494 T. Urbanczyk and J. Koperski

(1;0) vibrational-band profiles recorded using the
b30+

u ← X10+
g transition in order to obtain a plau-

sible distribution of the rotational branch compo-
nents within the bands.

A revised and extended vibrational analyses of the
B31 and b30+

u states provided new, more reliable values
of ω′

ex
′
e anharmonicities, ω′

e vibrational frequencies, D′
e

well depths and R′
e bond lengths for the B31 and b30+

u
states. The results of this work were compared with those
of previous experimental studies as well as with the re-
sults of ab initio calculations. The results showed a satis-
factory experiment-to-theory agreement for the B31 state
potential in CdAr, but they also showed the necessity for
more advanced calculations of the b30+

u -state potential in
Cd2.
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