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An excitation spectrum of the Bl < XO07T transition in CdXe has
been recorded in a supersonic beam crossed with a pulsed dye laser beam.
A thorough analysis of the data yielded the bond strength D! = (227.9 +
5.0) cm~!, fundamental frequency w! = (18.3 £ 0.3) cm™!, anharmonicity
wla! = 0.37cm™!, and internuclear equilibrium separation R, = (4.26 +
0.05) A in the excited B1(5%P;) state of the molecule. Molecular spectro-
scopic constants of the X07(51Sy) ground state were also determined from
the experimental data: D! = (276.0 £5.0)cm™!, w” = (33.1 £ 0.6) cm™1,
w!'z” = (0.99+0.02) cm™!, and R” = (4.2140.05) A. The ground-state re-
sults were obtained from a direct observation of various “hot” bands in the
B1+ X07 transition. A repeat of earlier work of Funk and Breckenridge
J. Chem. Phys. 90, 2927 (1989), and Helmi et al., Chem. Phys. 209,
53 (1996), relating to the A0" < X0% transition yielded improved results
which were essential for the correct spectroscopic characterisation of the
A07T (5% P;) state of the molecule.

PACS numbers: 33.20.Lg, 33.20.Tp, 33.15.Fm
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1. Introduction

Among numerous articles on the formation and spectroscopic charac-
terisation of CdRG (RG — Rare Gas) van der Waals (vdW) molecules
which appeared over the last decade, there are only two reports related
to the CdXe complex studied in a free supersonic jet crossed with a laser
beam [1,2]. An explanation for the paucity of studies on this molecule may
be that whilst lighter rare gases (He, Ne or Ar) used as carriers in the jet
expansion techniques are relatively inexpensive, the heavier ones (Kr, Xe)
are very expensive, dramatically increasing experimental cost. The situa-
tion is even worse for the CdXe complex, which can only be produced (for
experimental reasons) in a continuous supersonic beam and with a relatively
large consumption of the carrier gas. Without a proper description of the
heaviest molecule our knowledge about these weakly bound complexes is
incomplete and a reliable formulation of a general theoretical description
of the whole CdRG family is difficult. Generally, all what is available on
the subject in the literature are early articles of Kvaran et al. [1], Funk and
Breckenridge [2], and recent paper of Helmi et al. [3] with an essentially
different experimental approach. Kvaran et al. [1] recorded the vibrational
excitation spectrum of the A0T <« X0* transition (shown schematically
in Fig. 1) and using a Birge-Sponer (B-S) analysis deduced spectroscopic
constants related to the excited A0 (5% P;) state. No information was avail-
able on the ground X0%(51S) nor on the other excited B1(5°P;) state.
Funk and Breckenridge [2] investigated two excited states C1IT; and D' X
correlated to the 5' P; Cd-atomic asymptote, and from the “action spectrum”
for excitation of the Dlz’{f state the ground-state dissociation energy was
evaluated to be D = 176 £ 5cm~'. Helmi et al. [3] studied the tempera-
ture dependence of the absorption profile of the Cd 326.1 nm line perturbed
by Xe collisions. The experiment was performed in a fluorescence cell and
values of dissociation energies of particular molecular states were obtained
indirectly, in a not convincing way and are, therefore, suspect. It is expected
that the B1 excited state in the CdXe complex should be possible to observe
as it is in fact in the CdHe [4], CdNe [5,6], CdAr [5,7], and CdKr [5,8,9]
molecules. From our experience, the B1 <— X0* transition is difficult to pro-
duce using experimental conditions, which are suitable for the A0" + X0T
absorption reported in Ref. [1] (i.e., 1% Xe admixture with Ar). A knowl-
edge on the B1 + X07T transition is of great importance. Both A0™ and
B1 molecular states asymptotically converge to the same 5%P; Cd-atomic
asymptote. Dissociation energies (i.e., D{(A0") and D{(B1)) combined
with the vgo(v' = 0 < v” = 0) and E,; energies (see Fig. 1) yield the ground
state dissociation energy D{. The value of the latter must be the same as
values deduced from both spectra separately. Therefore, we have a sensitive
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Fig. 1. Potential energy curves for CdXe molecule and transitions involved in the
experiment. All potentials are represented by Morse functions. The A0T + X0T
transition, v transitions as well as dissociation energies and D’ dissociation limit
are depicted.

tool for verification of the spectroscopic constants of both excited states.
These can be obtained independently from the excited-state characteristics
once direct experimental information on the ground state is available [§8]. In
Ref. [8] a different than in Ref. [1] value of D! was predicted and eventually
it generated the D.(B1). However, all of this was based on semi-empirical
speculations with little experimental merit.

In this report, we present for the first time results of experimental stud-
ies on the B1 < X07T transition in CdXe complex formed in a supersonic
continuous beams. We observed not only the excitation spectrum mentioned
above, but we have also created favourable conditions [10] for the formation
of “hot” bands providing valuable information on the energy structure of the
CdXe ground state. Hence, we report the reliable spectroscopical charac-
terisation of the ground X0 and excited B1 states. Finally, we present
a corrected set of spectroscopic constants for the A0' state showing the
relationships between both excited and ground states.
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2. Experimental

The arrangement of apparatus and details of measurements were de-
scribed previously [4,7,9]. The experiment was performed independently in
two laboratories (in Windsor [4,9] and in Krakow [7,9]) on similar exper-
imental setups. Here, we present only these characteristics that differ the
two arrangements (in square brackets those related to the experiment in
Krakow). The Laser Induced Fluorescence (LIF) was observed in an evac-
uated expansion chamber into which the CdXe molecules, seeded in a gas
mixture of 10 % Xe in pure Ne (research grade, Linde) [10 % Xe in pure He
(Linde Gaz Polska)| were injected through a nozzle of D = 150 ym [115 pm]
in diameter. The nozzle was a part of a molecular beam source made of
solid molybdenum. The molybdenum was chosen in spite of the fact that it
is very difficult to machine because it has superior qualities at high temper-
atures. The surface of molybdenum is in contact with metallic Cd or Zn at
high temperatures (= of 1000 K) but is chemically inactive. By comparison,
a stainless steel source begins to corrode soon after the oven reaches approx-
imately 750 K and the nozzle is severely damaged and eventually clogged by
the metal sample, whereas the molybdenum source keeps the nozzle clear
for many hours and the source can be recharged many times.

The CdXe molecules in the beam were irradiated with a second harmonic
output (KDP-C doubling crystal) of an in-house-built [Sopra, commercial]
dye laser utilising a 6.0 x10=% M/~! [8.7x10~* M/~!] solution of DCM in
a dimethyl sulphoxide [methanol]. The dye laser was pumped with a second
harmonic output from the Nd:YAG laser. The dye laser and the crystal
were synchronously scanned over the range from 3250 A t0 3262 A and from
3261 A to 3300 A in case of the Bl < X0t and A0T < X0% transitions,
respectively. The wavelength calibration of the dye laser was frequently
verified against a Fizeau [WA 4500 Burleigh| wavemeter and the spectral
linewidth of 1/3 em ™! [1/4 cm™!] was determined by monitoring the funda-
mental frequency of the dye laser output with a Fabry—Perot etalon.

The resulting excitation spectrum was recorded at right angles to the
plane containing the crossed molecular and laser beams and it was detected
using a Schlumberger EMR-541-N-03-14 [Electron Tubes 9893QB/350] pho-
tomultiplier tube (PMT) with a photocathode which has maximum sensitiv-
ity in the UV and blue spectral regions. Additionally, in Windsor a narrow-
band filter with AX = 100 A FWHM centred at A = 3260 A was placed in
front of the PMT to reject stray light and hence to improve the signal-to-
noise ratio. The PMT signal was recorded with a Hewlett—Packard transient
digitiser, model HP 54510 [Tektronix TDS-210| digitising scope and stored
in a PC computer.
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The beam source was operated at low pressure of about 10 torr inside
the chamber. The carrier gas backing pressure, Py, was maintained in the
range of 6 to 7atm, which is lower than usual (e.g. [4]). The reason for
this is that when observing the excitation spectrum of the Bl <+ X0T
transition, we were aware of the fact that traces of the signal from the
0 (II,) + X0/ (' ;) transition of Cdy [11] may appear as unwanted bands
in our spectrum of CdXe. Hence, we kept the temperature low, below the
threshold of Cds spectral visibility. Similarly, we were very cautious in not
using a high pressure of the carrier gas which could introduce unwanted
bands of the B1 < X0V transition in the CdNe [6] [CdHe [4]] molecule.
Thus, we could be certain that the formation of CdNe |[CdHe| and Cdy
molecules is at low and insignificant rate. We also took the extra precau-
tion of running the experiment in the spectral region corresponding to the
B1 + X07 transition in CdXe with pure Ne [He| as the carrier gas and,
therefore, did not observe any significant signal which may “contaminate”
the CdXe spectrum. In order to detect transitions from vibrational levels
higher than v"” = 0, we varied the X/D parameter from 15 to about 40 [from
26 to 61]. This caused a change of the excitation distance X, measured from
the nozzle to the focused laser beam region, from 2mm to 6 mm [from 3 mm
to 7mm]|. Such changes in the distance X permitted observations of the LIF
in different regions of the supersonic beam [10], corresponding to different
conditions of temperature and an appropriate number of collisions between
CdXe molecule and the carrier gas atoms. As a result, we observed “hot”
vibrational bands originating from v"” = 0, 1, 2, 3 in the B1 < X0 transi-
tion. In order to record a meaningful excitation spectrum for the B1 state we
needed to average several laser-frequency scans of the corresponding spec-
tral region because the signal was very weak. We considered it necessary
to repeat the excitation spectrum of the A0T< X0T transition in CdXe
reported earlier in Ref. [1] and this was done using a less expensive mixture
of the carrier gas, i.e., 1 % Xe in pure Ne (Linde) [5% Xe in pure He (Linde
Gaz Polska)|. In this experiment we had to use higher Py backing pressure.
For all experiments carried out, the mechanical and thermal stability of our
apparatus and the reproducibility of the spectra were satisfactory.

3. Results and discussion

3.1. Excitation spectrum of the B1(5°Py) + X0 (58y) transition

Fig. 2(a) shows the excitation spectrum of the B1 + X0* transition
in CdXe molecule recorded using 10 % Xe in Ne as a carrier gas. It should
be stressed that an almost identical spectrum was recorded using 10 % Xe
in He. The spectrum spans the wavelength region from A = 3254.5 A up
to about A = 3262 A (i.e., to the Cd-atomic resonance transition), and it
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Fig.2. Excitation spectrum of the B1T < X0% transition in CdXe. 10% Xe in
pure Ne mixture used as a carrier gas. (a) Experimental trace, X = 6 mm, Py =
7atm. (b) Theoretical simulation of the spectrum (F-C factors). (c¢) Theoretical
simulation of the total experimental spectrum, Lorentzian of 0.6 cm™! (FWHM)
was used for the laser convolution function, and Morse functions were assumed to
represent the excited and the ground states. Ty;,=70K. The same spectrum was
obtained with 10% Xe in pure He mixture used as a carrier gas.

shows two pronounced vibrational bands together with a total of eleven
bands of much weaker intensity. All vibrational-band frequencies are listed
in Table I. The spectrum is an average of 8 consecutive scans because in a
single scan we observed the two strongest bands only. Because of the poor
signal-to-noise ratio we were not able to record a fluorescence spectrum of
either of these bands and, therefore, an identification of their v’-values based
on a Condon Internal Diffraction (CID) pattern was not possible. We ob-
tained the v'-assignment of recorded bands by a careful simulation procedure
based on calculation of Franck-Condon (F-C) factors. The result is shown
in Fig. 2(b) in the form of vertical bars. The height of the bars represents
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TABLE 1

Vibrational components of the B1 + X0 transition in CdXe molecule.
[\ and v are stated in air and vacuum, respectively]|

v " | XN[A] v [em™]

00 3256.69  30696.8
10 3254.82 307144

0+1 3259.99  30665.7
11 3258.13  30683.3
2+1 3256.34  30700.1
3+1 3254.63  30716.3

12 3261.22  30654.2
22 3259.43  30671.0
32 3257.72  30687.1
42 3256.09  30702.5

33 3260.60  30660.0
43 3258.97  30675.4
53 3257.41  30690.0
63 3255.94  30703.9

an intensity of the corresponding transition, therefore, in the case of “hot”
bands they carry information about a vibrational temperature, Ty, of the
molecule. We found that T,;,=70K is consistent with the observed inten-
sity ratios. Fig. 2(c) shows a simulation of the total spectrum assuming
a realistic excitation linewidth and profile. The estimated linewidth of the
excitation laser was less than lem™!, and a Lorentzian line profile was as-
sumed. The simulation indicates some overlapping of closely located bands
and their possible deformation in shape and position of peak intensity. The
calculation of the F—C factors was performed under the assumption that
both (ground and excited) potential energy curves of the CdXe molecule
are represented by a Morse potential with parameters obtained in this in-
vestigation (see Table IV). Therefore, the simulation procedure generated
an additional parameter (related to the Morse potential), i.e., a difference
between the equilibrium internuclear separations AR, = R.(B1) — RY of the
corresponding molecular states. From the best simulation we obtained the
value of AR, = (0.05 + 0.01) A. This relatively small value of AR, agrees
with our observed spectrum characterised by a relatively high intensity of
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the v’ = 0 + v” = 0 transition and a rapid decrease of the F-C factors for
higher v’ levels. A spectrum with similarly small AR, = 0.02 A and compa-
rable features, though more pronounced than presented here, has previously
been reported [12,13].

3.2. The v" = 0-progression of the Bl < X0 transition
3.2.1. Birge—Sponer plot

The analysis of data from Table I leads to vibrational-energy compo-
nents, which define the various v”-progressions in the B1 <— X071 transition.
All components of the v” = 0-progression can be deduced from the spectrum
and Table I. The v/ = 0 < v” = 0 and v/ = 1 < v” = 0 components have
been obtained directly from the experimental traces, while the next (i.e.
v' = 2 « v" = 0) and the following (i.e. v = 3, 4,5, 6 < v” = 0) com-
ponents have been extracted from the various “hot” bands observed in the
experiment. For example the v’ =2 <+ v” =0 component has been derived
by taking the difference AGy =wva(v' = 2+ 0" =1)—1 (v =1+2"=1)
and adding it to the proceeding frequency of the v/ = 1 < v” = 0 band.
Next, the v = 3 < v” = 0 component has been obtained by adding the
AGy =v3(v) =3« 0" =1) —1u(v =2« v" = 1) to the frequency of
the v’ = 2 <= v” = 0 band, etc. Using the B-S analysis we obtained a linear
dependence of the AG\ 11/, as a function of v' +1/2 (see Fig. 3(a)). From
the graph we obtained the fundamental frequency wfj = (18.0 £ 0.2) cm ™!
(short extrapolation), anharmonicity whzf = (0.37£0.01) cm ™! (slope), the
value of v}, = 24.3 at the dissociation limit (long extrapolation), and the
dissociation energy Dj = (218.9 + 5.0)cm~'. Using rg0(B1) = 30696.8
em™! as the frequency of v/ = 0 < o” = 0 transition from Table I,
E,(5%Py) = 30656.0cm~! [14] as the energy of the atomic transition in
Cd, and the relationship

DY 4 Ex (52 P1) = voo(B1) + D§(B1) (1)

we obtained a value of the ground-state dissociation energy of CdXe molecule,
D} = (259.7+5.0) cm™!. Our result differs significantly from those reported
in Refs. [2] and [3] (see Table IV below). We discuss these differences in
Section 3.5.

3.2.2. LeRoy—Bernstein method

It is well known that weakly bound vdW complexes may frequently de-
part from being represented by a simple Morse potential leading to a failure
(or serious errors) when using only the B-S method in order to obtain spec-
troscopic parameters from experimental data. This departure from a Morse
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Fig.3. (a) Birge-Sponer plots for the: B1 (filled circles), X0 (filled trian-
gles), and A0" (open circles) states of CdXe. (b) LeRoy-Bernstein plot for the:
B1 (filled circles), and A0 (open circles) states of CdXe.

representation is usually manifested by a significant error in evaluation of
the dissociation energy of the molecule. The long-range part of a Morse po-
tential (R > R.) does not describe properly the dissociation energy of the
molecule. As a rule, the dissociation energies (if different from the “true”
bond strength) are always larger than the value of D, measured and eval-
uated by means of the linear B-S method. Consequently, a Morse function
cannot represent correctly dispersive (attractive) forces near the dissocia-
tion limit. These forces may provide a substantial contribution to the total
bonding. The long-range behaviour of the Bl-state PE curve can be approx-
imated by an expression Up(R) = D'->", C,R™™, where D’ is a dissociation
energy of the B1 state (here, with respect to v"” = 0), C,, are constants, and
n are determined by the nature of the long range attractive interaction be-
tween atomic partners in the complex. In the case of B1 state of the CdXe
we can assume that an interaction of the primary importance is that of
an induced dipole-induced dipole type [6,7,9]. It leads to n = 6 [15, 16].
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Therefore, we approximated the long-range part of the Up(R) potential
by the CgR~° leading term and we employed a limiting LeRoy-Bernstein
(LR-B) method [15] to analyse our results. According to the LR-B theory,
the vibrational first differences

where constant K, is defined as K,, = [AinI'(1 + 1/n)]/[pCpnI’(1/2 + 1/n)],
u is a reduced mass of CdXe, and I is a gamma function. Fig. 3(b) presents

the LR-B (i.e., AG?},/2 versus E,) plot for the B1 state. The plot determines
the Bl-state dissociation limit (intercept with the FE, axis). The value
obtained is D' = 30915 + 5cm™!, and it is in a good agreement with our
B-S estimation. However, we stress that this should only be treated as
a result which s not in contradiction to the B-S extrapolation. The small
number of contributing vibrational levels makes the results of the analysis
uncertain [15].

3.8. Spectroscopic characterisation of the CdXe ground state

The v” = 0, 1, 2, 3 vibrational components of the X0 state of the CdXe
molecule have been extracted from the experimentally found “hot” bands
in the Bl < X0 transition (see Table I) giving three AG, /o values
(i.e. AGyj9, AGgjy and AG5)5). An additional two values of AG,i )9
(i.e. AGrj9, AGy/y) were calculated within an anharmonic oscillator ap-
proximation to show the correlation between the experimental and calcu-
lated differences (calculated values were based on w! and w!z” obtained
from the experiment: wy — 2wiz;(v" + 1)). The plot of AGyi 19 versus
v" +1/2 is presented in Fig. 3(a) and shows an exact linear dependence.
The plot defines well the ground-state fundamental frequency wj and anhar-
monicity wjz{, and the relationship wy/2w(zy gives the quantum number
v, for which AG = 0. The area under the graph can be evaluated and it
yields the dissociation energy D = 259.7cm 1. The obtained value coin-
cides exactly with that derived using the elementary summation expressed
by Eq. (1) discussed above. To our knowledge, this is the first time that
the ground-state spectroscopical constants of CdARG molecule have been ob-
tained directly from experimental data by means of the B-S method. Usually
the ground-state spectroscopic characterisation for this family of molecules
is derived indirectly using Eq. (1) only, and employing additional assump-
tions on either the fundamental frequency w! or the anharmonicity w?z”

[e.g. [2]].
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3.4. Estimate of the Rl and R, (B1)

The R ground-state equilibrium internuclear separation was estimated
using a method proposed by Liuti and Pirani [17], and Cambi et al. [18].
They show that properties mainly responsible for the vdW forces are the
polarisabilities a of the interacting atomic partners, which therefore, also
determine the long-range dispersive attraction and should be related to the
molecular size. Using many examples they tested the validity of the simple
relationship

(3)

DI _Cl) [Rz@r
D)~ i@ " [Rm]

where the D?(1) and D!(2) are well-depths of molecule “1” and “2”, C{(1)
and C{(2) stand for their vdW constants, and R/ (1) and R!(2) represent
bond lengths of the molecule “1” and “2”, respectively. To estimate the R
of CdXe complex we used three “reference” molecules with well known and
established characteristics. Table II shows data used in the estimate. The
C¢ parameters were calculated using Slater-Kirkwood (S-K) formula [19]

and corrected version of this formula proposed in Ref. [18]. According to
the S-K formula C{(a,b) = 3/2 x azap/ (\/aa/Na + \/oeb/Nb), where «,
and «y are polarisabilities, and N, and N, are numbers of electrons in

the outer shells of atoms “a” and “b”, respectively. The corrections pro-
posed in Ref. [18] introduces so called “effective electron numbers”, Neg,

TABLE II
Estimation of the R!(CdXe) using method of Refs. [17] and [18]

Reference | D”[em™"] R [A] €Y [au]® CJ [au]® R” (1) [A]® R” (2) [A]®

molecule corrected

HgNe | 41.4®) 3890 2885 37.8 4.20 4.21

HgAr | 133.7(® 3.99®)  106.43 142.6 4.20 4.22

CdAr | 107.0¢9 4319  134.06 172.7 4.206 4.22
R! (average) 4.20+0.01 4.224+0.01

CdXe 276.0 — 298.0 399.0 R!!(average) = 4.21 £ 0.05

(a)This work
(P)Ref. [29]
() Refs. [1,2]
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defined as (Neff/Next) =1+ (1 - Next/Jvint) X (Nint/Ntot)Qa where Nin¢ and
Nyt are numbers of total inner and outer electrons in particular atom, and
Niot = Nint + Next- The Neg describes a deviation of the effective number of
electrons with respect to the overall outer electrons. Therefore, the Nog must
be calculated for the particular atom and then it should replace the value of
N, or Ny in the S—K formula. Results of our calculation are summarised in
Table II. We took the average value based on all “reference” molecules and
two values of the Cf parameters (i.e., with and without corrections for the
N, and Nj values). As an average result for the ground-state equilibrium
internuclear separation we obtained R” = (4.21 + 0.05) A. It can be seen
from Table II that the correction introduced into the S-K formula makes
the C{ coeflicients larger by approximately 30% on average but this change
is not reflected in the final values for the R, which differ by a mere 0.2%.
In Section 3.1 we reported the difference AR, = RL(B1) — R! = (0.05 £
0.01) A as the result of simulation of the B1 < X0 excitation spectrum.
Using the AR, we can estimate the absolute value for the equilibrium
internuclear separation of CdXe molecule in its Bl state as RL(B1) =
(4.26 £0.05) A. The spectroscopic parameters, which contribute to the over-
all characterisation of the X0 and B1 states are shown in Table IV. Our
result is very different from that reported by Helmi et al. [3]. For the B1 and
X07 states they reported D!, = (152+15)cm~! and D = (1924 18) cm ™!,
respectively. In order to confirm that those results cannot be correct we did
the following. We accurately measured the vp9(B1) energy and from Ref. [1]
we deduced the vpo(A0T) for the A0 state (this value is consistent with our
earlier estimate shown in Table IV). Both quantities can be combined with
the result of Ref. [3] in the simple relationship

voo(A0%) + Dj(A0*) = voo(B1) + Dj(B1). (4)

Substituting the values of vg9 and D.(B1) = 152cm ™!, for the D{(A0™)
dissociation energy we obtained a value of 1105cm™!, ¢f 988cm™! from
Ref. [3]. Similarly, when D’(A0") = 988 cm ! is used and the small correc-
tion of w, /2 is introduced (Df = D.,—wl/2), then D{(A0") = 962cm ™!, and
finally, we arrive at Dj(B1) = 9.3cm ™! which cannot be correct. It is pos-
sible to perform a similar test with respect to the value of the ground-state
bond strength. The appropriate sums are

E.(3P1) + D} = vo(B1) + Dy(B1), (5a)
E.(*P1) + D = v90(A0T) + D{(A0T). (5b)

Using results of Ref. [3] (with the appropriate small corrections for w! /2 in
the B1 and A0" states) and substituting into (5a) and (5b), we obtained
D} = 184 cm™! by substituting Dj(B1) = 143cm™!, and D = 50.1cm™! by
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substituting D{(A0T)=962cm~!. Again, we obtained two different values
for the same molecular characteristic. The results of the present study are
also in conflict with those of Breckenridge and his group (i.e., Kvaran et al.
[1], and Funk and Breckenridge [2]). Moreover, they do not corroborate the
result of Helmi et al. [3]. Therefore, we decided to examine the A0" < X0
transition, repeating the experiment carried out in Ref. [1].

3.5. Excitation spectrum of the A0T <+ X0 transition

Excitation spectrum of the A0 <~ X0 transition was observed under dif-
ferent conditions to those of the B1T <+ X0 transition. We used a mixture
of Xe in pure Ne [He| but with a smaller fraction of Xe. Therefore, amuch
higher total pressure of the carrier gas was used and, as a result several
components of CdNe [6] [CdHe [4]] A0T < X0T transition were seen in the
recorded excitation spectrum. The spectrum is presented in Fig. 4(a).
All recorded v’-bands are listed in Table ITI. We accepted the v'-assignment
of Ref. [1]. As can be seen in Fig. 4(a) the isotope splitting inside the v'-
bands was partially resolved and well reproduced (e.g. for v' = 19, see Fig. 5)
by taking account of the various isotopomers of CdXe. The B-S analysis of
the spectrum is shown in Fig. 3(a). It yielded values of w!, wliz., D! and
v),. Simulation and graphical methods also provided the 1go(A0T) energy.

23 22 21 20 19 18 17 16 15 14<v"=0
1T I I

| (arb. units)

T T
3261 3271 3281 3291 3301
laser wavelength (A)

Fig. 4. Excitation spectrum of the A0T «+ X071 transition in CdXe. 1% Xe in pure
Ne mixture used as a carrier gas. (a) Experimental trace, (b) theoretical simulation
of the spectrum (F-C factors). Morse functions were assumed to represent the
excited and ground states;CdNe bands depicted with asterisks. A similar spectrum
(although with slightly weaker v’ + v” = 0 components and without the CdNe
bands) was obtained with 5% Xe in pure He mixture used as a carrier gas.
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TABLE III

Vibrational components of the v’ < v" = 0 progression of the A0T < X0F
transition in CdXe molecule.
[A and v are stated in air and vacuum, respectively.]

v 0" =0 A[A] v [em ]

14 3294.6 30343.5
15 3290.9 30376.9
16 3287.6 30407.9
17 3284.2 30439.9
18 3282.0 30469.5
19 32779 30497.9
20 3275.0 30525.0
21 3272.2 30550.8
22 3269.6 30575.4
23 3267.1 30598.7
24 3264.8 30620.7
“Hot” bands*
v v =1 AA] v][em™] Av[em™1]
15 3294.3 30345.8 Av{vi(15+ 0) —1r(15+ 1)} =31.1
16 3291.1 30376.0 Av {11 (16 ¢ 0) — 15(16 < 1)} = 31.0

"Hot” bands assigned with an aid of the simulation procedure assuming Morse represen-
tations for the A0 and X0V energy states.

A thorough simulation procedure based on the calculation of F—C factors
yielded a value for AR,=R.(A0")-R” and confirmed our earlier assumption
on the value of 199(A0™). The calculated F-C factors are shown in Fig. 4(b).
The result of the B-S analysis is summarized in Table IV and compared with
that of Kvaran et al. [1]. It shows that our new values for spectroscopic con-
stants are close to those measured earlier, however when we employ Eq. (5b)
and substitute values of Table IV we obtain D?=189.1 cm~!, which is too
small when compared with the results discussed above. Evidently, there
is a region in the spectrum at the large v’ side (i.e., for R >R/, near
the dissociation limit), which does not obey the linear B-S approximation.
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v'=19

(a)

A

T T T
3277 3278 3279
laser wavelength (A)

Fig.5. (a) Partially resolved isotopic structure of the A0* (v' = 19) + X0* band,
and (b) gross structure of the v’ = 19 band and its isotopic structure simulated
using a Lorentzian laser convolution function with spectral width corresponding to
1.4cm~! and 0.15cm ! (FWHM), respectively.

As stated above, the B-S method tends to decrease the true values of the
dissociation energy. In our case the difference is about 6% with respect to
the result that we believe to be correct. In order to justify our reasoning,
we applied the limiting LR-B method [15,16] to the raw data of this study
and this yielded the graphical result presented in Fig. 3(b). As shown,
the energy D’ at the dissociation limit is the same as that obtained from
the analysis of the B1 <— X0V transition. We consider this a plausible re-
sult since both A0™ and B1 excited states are asymptotically correlated to
the same 52P; Cd-atomic asymptote. For a more exact analysis, close to
the dissociation of the AQ™-state, we employed a generalized Near Dissocia-
tion Expansion (NDE) method and used a G,NDE program of LeRoy [20].
A detailed description of this method will not be repeated here. However,
it is necessary to state that the program for fitting vibrational energies to
the NDE allows to determine the long-range potential characteristics, even
when the close-to-dissociation limit vibrational transitions are not measured
in the experiment. The G,NDE program proved itself to be a useful tool
supplementing the B-S and the limiting LR-B methods [6,7,9,21]. As in-
put parameters we used the measured E, energies of the AQT state, the
value for the dissociation limit D’ (as from the analysis of the B1 + X0T
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TABLE 1V
Spectroscopic constants of the X07, B1 and A0 states of CdXe molecule.
All constants are stated in [ecm '] unless specified otherwise.

Designation | X071 (5'5,)® B1(5°P)®  A0t(53P) @ A0t (5°P)@®
wo 32.14+0.3 18.0 £ 0.2 — 51.44+0.4
WoTo 0.99 & 0.01 0.37 £ 0.01 — 0.6 + 0.01
259.7 £ 5.0 1170.8 £ 10.0
Do 17645 218.9+5.0 1171.6© 1101 &+ 10
259.0(®) 1171 £ 7.3
We 33.1+0.6 18.3+0.3 — 52.3 + 0.5; 50.7(®
WeTe 0.99 +0.01 0.37 — 0.60 &+ 0.01; 0.6®
276 + 5 227.9 £5.0 1196 =+ 10 1127 + 11
D. 192 + 18M™ 152 +£15®  1197.5 £8.9M 1086 + 40(®
988 4+ 41™
AR[A] — +0.05 £ 0.01 — -1.19 £0.01
4.28(M 4.41M — 3.02 £ 0.05®
R.[A] 4.21 +0.05" 4.26 +0.05
Voo — 30696.8 + 1.0 — 29744.1 + 1.0
Tuin [K] 70 70 — 30
D' — 30915 + 5 30915 £ 5 —
vD 16 24 59 42
cy
x10° [em ™" A®] | 1.43710; 1.922(0 — — —

(@ From the “best fit” of simulated spectra and from B-S analysis;

(®From “hot” bands of the B1 + X0V transition with assumption of a Morse potential;

()From LR-B analysis, Refs. [15,16];

(DRef. [2];

©Eq. (5);

OFrom G,NDE program, Ref. [20];

(®)Ref. [1];

(MRef. [3];

() Calculated using correlation method and AR, from the “best fit” of the F-C factors;

@ Calculated using S-K formula, Ref. [19];

) As in @ but obtained with an aid of corrections proposed by Cambi et al. [18].
Polarizablities acq=49.7 au and ax.=27.3 au were taken from Ref. [30] and Ref. [31],
respectively.
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transition), and an estimate for the C§(A0") vdW constant. We evaluated
the latter in a semi-empirical way from the work of Grycuk and coworkers
cited in Ref. [22], which reports experimental results for ACg. According
to these authors ACs = C¢(B1) — Cf = 150 au. We took our ground-state
C{ coefficient from Table IT and, therefore, as an input value we tested the
C4(A0T) in the range from 540 au to 620 au. We obtained the best result
for C4L(A0T) ~ 580au (i.e., 2.9 x 10cm~"A%). The results of G,NDE
analysis are listed in Table IV. They are consistent with the result of the
limited LR-B analysis. The dissociation energies are about 6% larger than
those obtained using the B-S method. It is easy to see that all the values
are in good agreement and they yield the same value for the ground-state
dissociation energy.

4. Conclusions

Two independent experiments have been performed to characterise for
the first time the B1 excited and X07 ground states as well as to correct
characterisation of the A0™ excited state of CdXe molecule. Table IV collects
all results obtained from the analysis of the CdXe excitation spectra related
to both molecular states correlating to the 5P, Cd-atomic asymptote. For
comparison, it lists also results reported in Refs. [1-3]. The successful char-
acterisation of the CdXe ground state completes the description of the CARG
family. Taking into consideration the ground-state dissociation energies of
all molecules within this family, we may arrive at interesting conclusions as
it was shown in Ref. [8]. If we plot the D values for various CdRG com-
plexes versus polarizabilities of the RG atomic partners we obtain a linear
dependence with a well defined slope DY /agg as it is shown in Fig. 6.

300 - De"0rg=67.6 [cm "/AS] Xe
5
£ 200 | Kr
O, °
. - Ar -
O A [ ] - this work
100 - o Ne S -Ref.[]
A -Ref.[5]
i B -Ref. [25]
0 " 1 " 1 " 1 " 1 "
(] 1 2 3 4 5
o
3
g [A%]

Fig.6. Dissociation energy, D, plotted versus RG polarizability, arg.
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Such a dependence has been observed previously [8,21] and it may be ex-
plained partially on the basis of a simple theoretical description of the dis-
persion interaction within a London-Drude model of vdW complexes [8,23].
We believe this empirical result expresses a general property of molecules
within which neutral atom—neutral atom interaction is in effect only, and it
may be a useful tool for estimation of an unknown bond strengths within
other families of vdW complexes of such a kind. We consider this behaviour
to be also true with respect to the ZnRG [21,23] and HgRG [23, 25, 27|
families of vdW molecules. To support this statement, we refer to Fig. 6.
It can be seen that the CdKr dissociation energy, as reported in Refs. [1,5],
shows a considerable departure from the linear dependence. We examined
this discrepancy very carefully, repeating previous investigations using bet-
ter experimental tools, and we were able to show [9] that the ground-state
dissociation energy of the CdKr molecule was most probably erroneously
evaluated in the past. Our corrected value of D?(CdKr) is consistent with
the value of 67.6 cm A3 defined by the slope of the graph in Fig. 6.
A theory of dispersion-forces [26] lead us to a conclusion [8] (which appears
to be correct for the case of the CARG and ZnRG molecules) that the R/
equilibrium internuclear distance of the vdW complexes is decreasing slowly
as the RG atom becomes heavier. However, this observation seems to fail
in the case of the HgRG molecules [23]. This may suggest that some more
complicated mechanisms of interaction are to be involved. Indeed there is
a possibility of some ionic interaction of the outer electronic shells and the
positively charged atomic cores [23,27,28].

This research was supported by the Polish State Committee for Scientific
Research (KBN) grant no. 2 P03B 037 20 (J.K. and M.L., experiment in
Krakow) and by the Natural Science and Engineering Research Council of
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