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Spectroscopy of AO+= XO+ and B1= XO+ transitions in CdKr
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Excitation spectra of the CdKr excimer were produced in a molecular beam employing free-jet super-
sonic expansion, crossed with a pulsed dye-laser beam. Bands arising from 81+—XO+ and AO+~XO+
vibronic transitions were analyzed, yielding spectroscopic constants for the three states. Computer
simulations of the bands yielded relative values of r„ the equilibrium internuclear separations.
Potential-energy curves constructed on the basis of the data and of the Morse potential provided a useful
comparison with theoretically calculated curves.

PACS number(s): 33.20.Lg, 33.50.Dq

I. INTRODUCTION

We have recently reported the results of experiments
on the spectroscopy of AO++—XO+ and B1+—XO+ transi-
tions in CdNe and CdAr van der Waals molecules, car-
ried out in a supersonic expansion beam crossed with a
laser beam [1]. There appears to be continuing interest in
experimental studies of group-IIb-metal —noble-gas van
der Waals molecules [2,3], which permit a direct compar-
ison with calculations of the respective molecular poten-
tials [4] and potential-energy (PE) curves [5]. In addition
to checks on theoretical potentials and ab initio calcula-
tions, spectroscopic studies of van der Waals molecules
provide important and useful information on dimer-
monomer collisions leading to energy transfer, on various
relaxation phenomena involving the gas-phase molecules,
molecular dynamics, and bulk properties of gases [6]. We
now report on the spectroscopy of the CdKr molecule
which we studied by methods of laser-induced Auores-
cence (LIF) in an expansion beam. Although the CdKr
spectrum has been investigated previously [7,8], we have
been able to eff'ect a significant improvement in the relia-
bility of the resulting molecular constants and carry out a
comparison with theoretical calculations [9]. The PE
curves for the CdKr van der Waals molecule, which are
not generally known, have been calculated ab initio by
Czuchaj and Sienkiewicz [9], who used the Baylis [4]
molecular potentials. . Here we make a comparison be-
tween the calculated PE curves and those derived from
experimental data.

II. EXPERIMENTAL PROCEDURE

The apparatus and experimental procedure have been
described elsewhere [1,10]. The spectra were excited in
an evacuated expansion chamber into which Cd atoms
seeded in a mixture of Kr and Ne as a carrier gas were in-
jected through a nozzle constituting part of the beam
source. Certain modifications were made to the source,
which were crucial to the success of the experiments.
Both the oven chamber and the nozzle were fabricated of
molybdenum, with the nozzle having a diameter 150 pm
and a channel length 350 pm. The nozzle was connected

to the oven chamber by a threaded coupling which was
sealed with a soft-iron wedge-shaped washer squeezed be-
tween two polished fIat surfaces. This arrangement was
found to be free of leaks, prevented clogging of the nozzle
orifice and could be operated at temperatures up to 1000
K, which corresponded to a Cd vapor pressure of 580
Torr at which both Cd2 and CdKr molecules could be
produced in the jet with relative ease. The carrier gas
consisted of 90 vol. %%uoN ean d 1Ovol. %Kr, sine ewe
found Ne to be very effIcient in cooling the molecules in
the beam and to have a relatively small propensity to
form CdNe molecules whose spectra, lying on the wing
on the Cd resonance line, are well separated from the
CdKr spectra. Ne turned out to be a much more satisfac-
tory carrier gas than He [10].

The molecules in the beam were irradiated with
the second-harmonic output of an in-house-built dye
laser operated with a 5.8 X 10 M solution of
4-dicyanomethylene-2 -methyl-6- (p-dimethylaminostyryl)
-4H-pyran (DCM) in dimethyl sulphoxide and pumped
with the second harmonic of a Q-switched neodymium-
doped yttrium aluminum garnet (Nd:YAG) laser. The
wavelength calibration of the dye laser was frequently
verified against a Fizeau-wedge wave meter [11],and the
spectral linewidth of its output was found to be approxi-
mately 0 2 cm ', using a Fabry Perot etalon. The
Auorescence spectrum was monitored at right angles to
the plane containing the crossed atomic and laser beams
and was detected with a Schlumberger EMR-541-N-03-
14 photomultiplier (PM) tube which had its peak sensi-
tivity in the uv and blue spectral regions and was insensi-
tive to radiation of wavelength longer than 6200 A [10].
The photomultiplier signal was registered with a EGA.G
162/166 boxcar integrator and was stored in a microcom-
puter which also controlled the scanning mechanism of
the dye laser.

The beam source was operated at a temperature of
about 760 K, which corresponded to a Cd vapor pressure
of about 12 Torr. We used a backing pressure of 11.2
atm of the Ne+Kr mixture, at which the frequency of
the collisions in the expanding beam was expected to be
relatively high [12], and consequently, we performed the

experiments using a moderately high value of the X/D
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parameter (X/D =65), where X is the distance between
the nozzle and the excitation region (-1 cm) and D is the
nozzle diameter (150 pm). Lower carrier-gas pressures
resulted in the production of insufhcient CdKr molecules.
On the other hand, an increase in X to 1.5 —2.0 cm and
an improvement of the cooling efficiency [12] resulted in
the rapid decline of the PM signal as the density of the
molecules in the beam decreased. The mechanical and
thermal stability of the whole apparatus was very satis-
factory as was the reproducibility of the data.

III. RESULTS AND DISCUSSION

A. The $1~XO+ excitation spectrum

Figure 1 shows a trace of an excitation spectrum which
consists of ten vibronic bands in the region
3250.8 —3256.7 A, and arises from B1~XO+ transitions.
The spectrum, in which it is possible to identify more vi-
brational bands than could be done previously [7], in-
cludes a u' progression as well as two "hot bands" arising
from states with u"=1, and the frequencies of the com-
ponents are listed in Table I. The trace also contains
peaks belonging to a v' progression in the Cd2 spectrum
[10]. Figure 2 shows a Birge-Sponer plot of G(v'+ —,')
against v' for the components of the v' progression,
which exhibits a considerable deviation from linearity, in-
dicating that the PE curve for the B1 state cannot be
represented by the Morse potential [13,14] and the Morse
approximation cannot be used to evaluate D,'. The plot,
extrapolated to v'=0, yielded co,'. An extrapolation of
the plot to AG=O intersects the u' axis at u'=9, which
corresponds to the actual dissociation limit. Do is direct-
ly obtainable from the area under the Birge-Sponer plot,
and the area under the extrapolated experimental plot
yielded Do(B1)=55.5+0.3 cm '. It is also sometimes
useful to plot b, G(U'+ —,

'
) against the total vibrational en-

ergy G(U') [l4]. As may be seen in Fig. 3, such a plot is

O

TABLE I. Frequencies of B1+—XO+ vibrational bands.

U+—U

0~0

1+—0

2+—0

3+—0

0

5~0

6+—0

8+—0

9+—0

v (cm ')

30 706.1

30 715.0

30 723.5

30 731.6

30 739.3

30 746.4

30 752.6

30 757.6

30 760.9

30 762.0

30 689.0
30 689.0

AG(U') (cm ')

8.9

8.5

8.1

7.7

7.0

6.3

5.0

3.3

of roughly parabolic form and its extrapolated intercept
on the G(U') axis yields directly the dissociation energy
Do(B1)=56.3+0.3 cm '. The two values are in good
agreement with one another and give the average
Do(B1)=55.7+0.7 cm '. The anharmonicity of the B 1

state had been estimated elsewhere assuming the Morse
potential and Morse's approximation

D,'=
(

t )2
(1)

4cOeXe

and using experimental values Do and coo [7]. This treat-
ment, which is evidently not appropriate in this case,
gave cooxo =0.4 cm ' and our present experimental data,
when subjected to the same treatment, yielded coo=0. 38
cm '. The curvature of the Birge-Sponer plot in Fig. 2
leads to the dissociation limit ua =9 rather than uD =22,
which had been derived from a linear extrapolation [7],
and indicates that the number of vibrational states con-

30—
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I
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I

3265
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FIG. 1. B1~XO excitation spectrum of CdKr, showing
v'+—U" assignments. The spectrum contains two (1~1 and
0~1) "hot bands. " T =760 K, Po = 11.2 atm (Kr+ Ne),
X/D =65. +, components of the Cd& spectrum.

FIG. 2. A Birge-Sponer plot of the U' progression in the
B1~XO+ excitation spectrum of CdKr, showing both "linear"
( ) and actual (o ) extrapolation.



5732 M. CZAJKOWSKI, R. BOBKOWSKI, AND L. KRAUSE

$0—

E
O

5
O

lh

0 20
G (cm ')

40
I

56.3 60
O

FIG. 3. A plot of AG(v'+ 2) against G(v') for the v' pro-
gression in the 81~XO+ spectrum of CdKr.

9

tained in the potential well and the anharmonicity mox
are very different from the values obtained from the con-
ventional Birge-Sponer analysis.

We determined the anharmonicity of the 81 state by
using the experimentally found value D,' and the Morse
potential in an unconventional way. This was done by
carrying out two computer simulations of the excitation
spectrum. In the first, we used the difference r,"—r,' as
an adjustable parameter and co,'x,'=0.38 cm' as a trial
value. In the second simulation, we held r,"—r,' at its op-
timal value and adjusted co,'x,' to obtain the best fit to the
experimental spectrum, which is shown in Fig. 4. The
modeling calculation yielded co,'x,' -0.26 cm ' and
r,'=5.07 A, which was obtained using r,"(XO+)=4.5 A,
a value calculated with the aid of the London dispersion
relation [15]and the experimentally determined D,". The
resulting value r,"—r,'=0.57 A is also consistent with the
observed degradation of the vibrational components to-
wards longer wavelengths, which may be seen in Fig. 1.

I

3260
I

3270
I

3280
I

3290

trum consists of a v' progression and the components are
listed in Table II following the assignments given by
Kvaran et al [8], .though we were able to record the
v' =3~v"=0 band, which was not observed by these au-
thors. Figure 6 shows a straightforward Birge-Sponer
plot of the spectrum. Extrapolation of the straight line to
v'=0 permitted the prediction of the frequencies of the

TABLE II. Frequencies of AO+~XO+ vibrational bands.
Asterisks indicate values obtained from extrapolation.

FIG. 5. AO+~XO+ excitation spectrum showing a v' pro-
gression. The abrupt change in background level near 3280 A is
due to a change in the ampli6cation factor of the boxcar.

B. The AO ~XO+ excitation spectrum

Figure 5 shows a trace of the excitation spectrum aris-
ing from the AO+~XO+ vibronic transitions. The vibra-
tional components are degraded towards shorter wave-
lengths, suggesting that r,'(AO+)(r,"(XO+). The spec-

7
I
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«0
2
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t

I
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t
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t

t
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FIG. 4. Computer simulation of the B1~XO+ excitation

spectrum of CdKr, showing relative intensities of the vibration-

al components. r,"—r,' was held at 0.57 A and the simulation

yielded co,'x,' =0.26 cm

V ~V

3+—0

5+—0

v (cm ')

30 281.3*

30 318.5*

30 354.3*

30 388.3

30 421.5

30 452.0

30 481.1

30 509.2

30 536.3

30 561.0

30 584.5

30 607.0

30 628.0

AG(v') (cm ')

37.2

35.8

34.0

33.2

30.5

29.1

28.1

27.1

24.7

23.5

22.5

21.0
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FIG. 6. A Birge-Sponer plot of the U' progression in the
AO+~XO+ spectrum of CdKr.

"missing" v
' =0, 1, and 2 components, and yielded coo for

the AO+ state.
The dissociation energy of the AO+ state was calculat-

ed using the relation

Do(AO+)+vo (AO ~XO )=Do'(XO+)+v(3Pi~'So)

t
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FIG. 7. Computer simulation of the AO+~XO+ excitation
spectrum showing relative intensities of the vibrational corn-
ponents.

in which the dissociation energy Do (XO+) was obtained
from the frequencies of the B1+—XO hot bands and
Do(B1). The resulting value Do(AO )=479 cm
agrees exactly with Do obtained from the extrapolation of
the Birge-Sponer plot in Fig. 6 to the dissociation limit
v'=25. 2. It is thus evident that the PE curve for the
AO+ state may be satisfactorily represented by the Morse
potential. This conclusion is further justified by the corn-
puter simulation of the AO+~XO+ excitation spectrum,
in which we calculated the Franck-Condon (FC) factors
using the experimentally determined molecular constants
in conjunction with the Morse potential [13] and varied
the difference r,' —r," to obtain the best fit; the simulated
spectrum is shown in Fig. 7. In carrying out the
computer-modeling procedure we found the intensity pat-
tern to be sensitive also to variations in co,

' and co,'x,', and
tried various v' assignments of the spectral components
obtaining the corresponding values co,'. As the result of
this exercise we were able to confirm unequivocally the
assignments of the components reported by Kvaran et al.
[8].

The computer simulation yielded r,' —r,"= —1.0 A,
which is consistent with the observed "blue-shading" (de-
gradation towards shorter wavelengths) of the vibrational
components. This result led to the estimate of r,' =3.5 A
for the AO+ state. r" for the XO+ ground state was also
calculated using the London dispersion relation [15], the
experimentally determined D," value, and the polarizabil-
ities of Cd and Kr as suggested in Ref. [16], a method
which we used previously with some success [1].

C. The Xo+ ground state of CdKr

The intensities of the two hot bands indicated in Fig. 1

and Table I were monitored in relation to the X/D pa-
rameter whose decrease caused an increase in the fre-
quency of collisions in the expanded beam and resulted in
a corresponding increase in the hot-band intensity. The
difference of the hot-band frequencies, 9.0 cm ', corre-

sponds to the value 8.9 cm ' for the energy interval be-
tween the v'=0 and 1 vibrational levels of the B1 state
derived from the v' progression. These data also yield coo

for the XO+ state:

~o =~oo ~o&

=30 706.2 cm ' —30 689.0 cm

=17.2 cm (3)

which leads to

Do'(XO+)=55. 6 cm '+30706.2 cm ' —30656 cm

=105.8 cm (5)

and mo'xo' =0.70 cm ' if the Morse potential is assumed
for the XO+ state. The various spectroscopic constants,
especially Do and D,", differ significantly from the values
reported by Kowalski, Czajkowski, and Breckenridge [7]
which were derived from measurements on a B1+—XO+
spectrum containing fewer components than are shown in

Fig. 1. The constants quoted in Refs. [8] and [17] were
derived from the same measurement [7], but Bousquet's
[18] estimate D,"=131+10cm ' agrees with our value
within the stated limits of error.

As mentioned above, we estimate the equilibrium inter-
nuclear separation in the XO ground state to be
r,"=—4.5+0.2 A using the London dispersion relation
[15]. This is significantly larger than the value r,"=3.55
or 3.63 A calculated by Czuchaj and Sienkiewicz [5,9],
who estimated it using empirical mixing rules and used it
as the initial parameter for the calculation of the CdKr

Using Do(Bl) from Sec. III A and data from Tables I
and II, we have

Do(B I)+voo(B1+—XO+)=v( P,~'So)+Do'(XO+),

(4)
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PE curves. An alternative semiempirical result was ob-
tained by Bousquet [18], who found r,"=3.75+0.2 A.
Some recent computer-modeling calculations of an exci-
tation spectrum associated with the C 'H& state of CdKr
[8,17] employed an arbitrary value r,"=3 17. A chosen as
most consistent with the measured r,"=3.61 and 3.28 A
for CdNe and CdAr, respectively. The computer simula-
tion described in Refs. [8] and [17] yielded
r,"—r,' = 1.16 A and thus a value r,"(XO+ ) =4.33 A,
which was used to construct a PE curve for the ground
state of CdKr [17]. It should be noted that the experi-
mental data points obtained by Bousquet [18],who inves-
tigated the temperature dependence of light absorption
by CdKr, can be fitted to the results of Funk, Kvaran,
and Breckenridge [17] if Bousquet's data points are shift-
ed by 0.58 A towards larger values of r, . This last result
agrees with our findings within the stated limits of accu-
racy.

We have recently carried out additional (and more ac-
curate) computer simulations of previously recorded
CdNe and CdAr spectra [1], obtaining values for
r,'( AO+) and r,"(XO ) that, as may be seen in Table III,
are in excellent agreement with the values derived from
direct measurements of the corresponding B,' and B," ro-
tational constants [8]. Data obtained from spectroscopic
measurements on CdNe, CdAr, and CdKr indicate that
the r, values for these molecules are rather larger than
those predicted by estimates derived from theoretical
mixing rules [5,9] and are also larger than the semiempir-
ical values suggested by Bousquet [18]. It would appear
that the London dispersion relation [15] provides a
reasonable means to estimate r," from spectroscopic data
and to gain additional information on these van der
Waals molecules.

D. Spectroscopic constants and PE curves
for the XO, A 0+, and B 1 states

The spectroscopic constants for the B1, AO+, and
XO+ states in CdKr, obtained from the analysis of the
spectra, are compared in Table IV with values reported
elsewhere. The table includes both co,'x,' values of 0.26
and 0.38 cm ' for the B1 state, which were used in the
computer simulation described in Sec. IIIA. We also
show in Fig. 8 the PE curves for the XO+ ground state
and the lowest excited states asymptotic to the 5 Po and
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FIG. 8. A comparison of PE diagrams for CdKr obtained
from our experimental data fitted to the Morse potential, and
from theoretical calculations (Refs. [5] and [9]). , experi-
mental; ———,theoretical.

5 P& Cd atomic states. The curves resulting from our ex-
perimental data are drawn according to the Morse ap-
proximation [13] and the theoretical curves were calcu-
lated by Czuchaj and Sienkiewicz [5,9] using Baylis's
pseudopotentials [4]. As may be seen in Fig. 8, there is a
considerable discrepancy between the theoretical and the
experimental ground-state curves. The theoretical curve

TABLE III. Equilibrium internuclear separations in the AO+ and XO+ states of CdNe and
CdAr (A).

Designation

r,' —r,"
I

re

tl
re

A 0+

—0.6+0.01'
3.50+ 0.2'
3.62+ 0.05

CdNe
Xo+

4.1+ 0.2'
4.26+ 0.05b

A 0+

-0.85+ 0.01'
3 45+ 02'
3 45+ 003

CdAr
Xo+

4.3+ 0.04'
433+ 004

'Obtained from the best fit of FC factors (calculated from the Morse potential) to the experimental data
of Ref. [l].
From Ref. [8].
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Designation

TABLE IV. Spectroscopic constants for CdKr.

A 0+ XO+

{cm ')

coo (cm ')

co,"x," (cm ')
' o(cm '}

Do' (cm ')

Do (cm ')
D," (cm ')

D,' (cm ')
- (--'}
~', (cm ')

m,"x," (cm ')
', ,' ( ')

r," (.&)
r,' (A)
T,' (cm ')

'This work.
bReference [17].
'Reference [7].
Refernece [8].

'References [5] and [9].
rReference [18].

9.2 10.3'

0.27' 0.36' 0 4'

55.6'

60.2 72'

9 38

0.26' 0.38'
0 578

5.07'
30 710.5'

380' 37.1

075' 0 65

479 4'

513' 498 9

386' 37

0.75 0.65
1',00

3 50' 3 44'
30 272. 1'

17.2. ' 16.6b

0.70 1.14' 0.58d

105 8' 118'

114.4 129" 310' 131

17.9' 16.6

0.70 0.58

4 5' 4 33 3 63' 3 75

0
indicates r,"=3.6 A and D,"=310cm ' while the experi-
mental curve indicates r,"=4.5 A and D,"=114.4 cm
The discrepancy is much less dramatic for the AO+ state
where the theoretical and experimental D,' and r,' values
difFer by 23%%uo and 2%, respectively. The 81 state ap-
pears to be weakly bound with D,'=60.2 cm ' and
r,'=5.07 cm ', while the theoretical calculation predicts
an essentially repulsive state with a shallow well at an r,
value that is inconsistent with our experimental data. It
is apparent from Fig. 8 that the relative positions on the r
axis of the theoretically calculated PE minima of the B1,
AO+, and XO states cannot be reconciled with the data
obtained from our experiment. For example, the
configuration of the calculated PE curves [5,9] suggests a
relatively large FC factor for the v' =O~U" =0
(AO+~XO+) transition, which, however, was not ob-
served in our spectrum in which the first (and very faint)
component corresponded to the U'= 3+—U" =0 transition.

No spectroscopic data have been reported for the
0 (Sp Po) state, which appears to constitute the only
channel for the depopulation (quenching) of the Cd(5 Pi )

state by inelastic collisions with ground-state Cd and
noble-gas atoms [5,9].

IV. SUMMARY AND CONCLUSIONS

AO++—XO+ and B1~XO+ excitation spectra of CdKr
were produced in a supersonic expansion beam crossed
with a laser beam. Analyses of the vibrational structures,
reinforced by computer simulation of the spectra, yielded
molecular constants including equilibrium internuclear
separations for the three states, which are summarized in
Table IV. The experimental data were used to construct
PE curves for the XO+, AO+, and B1 states, which are
compared in Fig. 8 with theoretical PE curves and clearly
indicate the extent to which the theoretical curves are
correct.
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