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Abstract

Laser-induced fluorescence excitation and dispersed fluorescence spectra of a cadmium dimer
recorded using the B11u ↔ X10+

g transition are reported. In the excitation, well-resolved
isotopic structure of several υ ′ ← υ ′′ = 0 vibrational components (υ ′ from 34 to 40) as well as
a free ← bound unstructured band was recorded. The B11u-state interatomic potential was
derived using the ‘inverse-perturbation’ fitting method. In the dispersed fluorescence after
selective excitation of the B-state υ ′ = 39 level of the 226Cd2 molecular isotopic component, a
Condon internal diffraction pattern was recorded and simulated, confirming the υ ′-assignment.
Analysis of the dispersed fluorescence spectrum yielded information on the repulsive branch
of the ground-state potential. The experimental results were compared with results of ab initio
calculations as well as with experimental results of earlier studies.

1. Introduction

In 1927, Mohler and Moore [1] reported a wide structureless
band centred at 221.2 nm observed in absorption of cadmium
at high pressure. The band was interpreted by Cram [2] as
originating from transitions starting from the X10+

g ground state
and terminating at a potential barrier of the B11u Hund’s-case-
(c) electronic state correlating with the 51P1 atomic asymptote
(228.8 nm, see figure 1). According to Cram, the barrier
should have a maximum almost directly above the ground-
state potential minimum. The existence of the potential barrier
in the B11u state was corroborated in ab initio calculations
of Cd2 interatomic potentials by Stevens [3] and Bender
et al [4]; however, they obtained surprisingly different values

3 Author to whom any correspondence should be addressed.

for the depth of the potential well D′
e (700 cm−1 versus.

8200 cm−1, respectively). The height of the barrier, E′
b, was

determined experimentally by Bousquet [5] who studied the
pressure broadening of the 228.8 nm absorption resonance
line of atomic cadmium. Bousquet found E′

b = 1300 cm−1

for a barrier centred at internuclear distance R′
b = 4.25Å.

The B11u-state potential was also studied by Grycuk et al
[6] using a similar approach. A preliminary study of the
B11u ↔ X10+

g transition was performed by Koperski et al
[7] using laser-induced fluorescence (LIF) from a free-jet
expansion beam of Cd seeded in a carrier gas. Moreover, a
partially-resolved rotational profile recorded in the (υ ′, υ ′′) =
(38, 0) vibrational band of the 228Cd2 molecular isotopic
component, consisting of 112Cd116Cd and 114Cd114Cd isotope
combinations, allowed us to obtain an estimate of the B11u-
state bond length (R′

e ≈ 2.67 Å) [8].
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Figure 1. Interatomic potentials for the ground and several excited
electronic states of Cd2 correlating with the 53P1, 53P2 and 51P1

atomic asymptotes. The potentials drawn with thin solid lines are
the results of ab initio calculations of Czuchaj [10] (states X10+

g ,
A10+

u and B11u) and Czuchaj and Krośnicki [11] (states a31u, b30+
u

and c31u). The experimentally derived potentials of this study (states
X10+

g and B11u) are drawn with thick solid lines. The X10+
g-state

potential of Łukomski et al [12] is presented with the thin dashed
line. Vertical arrows show υ ′ = 39← υ ′′ = 0 bound ← bound
transition (solid arrow) as well as free ← bound transition to the
repulsive part of the B11u-state potential barrier (dashed arrow).
Fluorescence emitted mainly to the repulsive part of the X10+

g state
potential is shown with a block arrow. The inset shows the μ(R)
dipole moment for the B11u ↔ X10+

g transition according to the
ab inito calculations [10] (thin solid line) and shifted due to a
correction resulting from a simulation of the excitation spectrum
(thick solid line). The D10+ state of CdAr correlating with the 51P1

asymptote, studied in [17], is shown with the thin dashed line.

Ab initio calculations of Cd2 interatomic potentials were
carried out by Czuchaj and coworkers [9] without spin–orbit
(SO) coupling. The SO coupling was taken into consideration
by Czuchaj [10] and Czuchaj and Krośnicki [11] in two later
calculations. In [10], an electronic dipole moment μ for
transitions from the ground to several excited states was also
calculated as functions of the internuclear distance R (e.g. see
the inset in figure 1).

Figure 1 shows the ab initio interatomic potential reported
in [10] for the B11u excited state studied here along with that for
the A10+

u state investigated in [8, 12] which correlates with the
same 51P1 atomic asymptote. From the result of the ab initio
calculations it is apparent that the barrier in the B11u state is
a result of an avoided crossing with a higher-lying 11u state
(correlating with e.g. 51D2) and that it is located almost above
the minimum of the ground-state potential energy curve. If this
is correct, in the excitation from the lowest υ ′′ = 0 level one
should expect to see both bound ← bound (to υ ′ levels close
to the top of the barrier) and free ← bound transitions (to the

repulsive part of the barrier; see figure 1 for details). The inset
in figure 1 shows the calculated transition moment function μ

[10] for the B11u ↔ X10+
g transition plotted versus R. Near

R′′
e ,μ(R) changes very rapidly, indicating yet again that the

B11u-state potential most likely embodies an avoided crossing
near the maximum of the potential energy curve, and thus that
μ(R) should have a large influence on the occurrence of the LIF
excitation and dispersed fluorescence spectra recorded using
the B11u ↔ X10+

g transition.
There is no record of an experimental determination of

the whole B11u-state potential, neither for its well nor for
the location or the shape of the barrier along its repulsive
part spreading towards large R. Knowledge of this higher-
lying excited-state potential may help, e.g. in preparation of
multi-step photoassociation schemes for Cd2 or Hg2 performed
in magneto-optical traps [13, 14] and/or intramolecular (e.g.
vibrational) cooling schemes analogous to that proposed by
Walther for Hg2 [15]. Also, it is important to have such a result
in order to compare it with results of previous experimental
investigations of other researchers [5, 6] and available ab initio
calculations [3, 4, 10, 11].

In this paper, we report a complete analysis of LIF
excitation and dispersed fluorescence spectra recorded for the
B11u ↔ X10+

g (bound ← bound, free ← bound and bound
→ free) system using a continuous free-jet expansion beam
of Cd seeded in Ar (or Kr) crossed with a pulsed dye-laser
beam. Direct laser excitation from the υ ′′ = 0 ground-
state level allowed probing of the excited-state vibrational-
energy structure (i.e. via the υ ′ ← υ ′′ = 0 bound ← bound
transitions) near the maximum of the potential barrier, as well
as by directly photodissociating the Cd2 molecules via free
← bound transitions terminating on the repulsive part of the
B11u-state potential barrier. Moreover, a spectral analysis of
the fluorescence emitted after selective excitation of υ ′ = 39
allowed us to corroborate the υ ′-assignment in the excitation
spectrum, as well as to correct the shape of the repulsive part
of the X10+

g-state potential from that reported in our earlier
study [12].

2. Experimental details

Details of the experimental procedure were presented
elsewhere [12], so only the most relevant modifications applied
in this study are discussed here. A molecular beam source
(consisting of an oven body and a cartridge with nozzle) was
fabricated from stainless steel. The source was filled with Cd
(Aldrich, purity 99.999%, natural abundance), and Ar (Linde,
purity 99.999%) or Kr (Linde, purity 99.99%) was used as
carrier gases at pressure of 10 bar. The molecular beam
source was heated up to 900–950 K. The Cd atoms seeded
in Ar or Kr were injected through the nozzle orifice (diameter
200 μm) into an evacuated expansion chamber (note: in this
study, Kr was used to verify that the observed spectra do
originate from Cd2 and not from CdRg complexes, Rg = Ar,
Kr). The vibrational temperature in the beam was estimated
[16] to be approximately 30 K. The molecules in the beam were
irradiated with a dye laser (LCR1 of Sopra with Coumarine 120
in methanol) at a distance of 5–7 mm from the nozzle. The dye
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laser was pumped with the third harmonic output of a Nd+:YAG
laser (Powerlite of Continuum, Series 7000). The frequency of
the dye laser was doubled in an Autotracker system (Radiant
Dyes Laser & Accessories) employing a BBO-I crystal. The
frequency calibration of the dye-laser fundamental output was
verified to within a 1.0 cm−1 uncertainty against a pulsed
wavemeter (WA4500, Burleigh) and an optogalvanic cell with
Ar (Sirah Laser- und Plasmatechnik). The spectral linewidth
of the dye-laser fundamental output was measured using a
Fabry–Perot etalon (FSR 0.66 cm−1) and estimated to be
approximately 0.5 cm−1.

The excitation spectra were recorded by collecting
the total LIF from the interaction region on the cathode
of a photomultiplier (PM) tube (Electron Tubes, type
9893QB/350) while tuning the laser frequency. The dispersed
fluorescence spectra were recorded with the laser frequency
centred on the υ ′ = 39 ← υ ′′ = 0 transition for the chosen
molecular isotopic component, with the LIF focused on the
entrance slit of an Ebert-500 (Jarrel Ash) monochromator
(MON) with 1800 grooves mm−1 grating that was fitted with
the above PM, while changing the MON wavelength. To
optimize resolution and/or signal intensity, the measurement
of the dispersed spectrum was divided into five parts, each
recorded with a different width of the MON slits (from
0.3 mm to 1.2 mm for the most short- and most long-
wavelength parts of the spectrum, respectively). The MON–
PM system was wavelength-calibrated using a Hg+Cd spectral
lamp. Additionally, the dye-laser second harmonic intensity
measured with a photodiode was used to normalize the
recorded LIF. The procedure also decreased the influence of
the laser shot-to-shot instability of the measured signal.

The measured LIF consists of two different kinds of
signals differing in their temporal characteristics. In the
first time interval of 0–60 ns relative to the origin of the
dye-laser pulse, the LIF was dominated by bound ← bound
transitions while in the second one from 60 ns to 1200 ns,
the LIF originated mostly from photodissociation of the Cd2

molecules (free ← bound transitions) (see discussion below).
In order to properly discriminate between the two parts
of the signal, the detection of the spectra was time-gated.
This procedure allowed us to separate the measurements into
different time windows and to obtain a lifetime separation of
the LIF signal. This is mainly because of longer persistence
of the fluorescence from free 51P1Cd atoms than that from Cd2

molecules in the B11u state.

3. Results

Traces (a) and (b) in figure 2 show the B11u ← X10+
g LIF

excitation spectrum recorded employing the above-mentioned
time-gating procedure. Figure 2(a) presents the spectrum
recorded with a short-time-interval detection. The recorded
υ ′ ← υ ′′ = 0 bound ← bound transitions extend from
221.2 nm to 224.7 nm (i.e. from 45 194 cm−1 to 44 490 cm−1

with respect to the energy of υ ′′ = 0) and consist of
eight vibrational components with well-resolved isotopic
structure (see trace (c)). The large isotopic shifts (of approx.
6 cm−1) indicate that relatively high υ ′ levels (estimated to be
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Figure 2. The LIF excitation spectrum of Cd2 recorded using the
B11u ← X10+

g transition using (a) short- and (b) long-time interval
detection method (time-gating) and obtained using a LCR1 dye
laser; (c) isotopic structure of the (υ ′, υ ′′) = (38, 0) vibrational band
with A1 + A2, depicting the A1+A2 Cd2, shown above the components;
(d) experimental and (e) simulated rotational profiles of the A1 +
A2 = 228 molecular isotopic component recorded with a narrow-
band dye laser and studied in [8]. The most long-wavelength part of
the spectra in (a) and (b) shows a part of the D10+ ← X10+ free ←
bound excitation spectrum in CdAr studied in [17]. All vibrational
level energies recorded in the excitation spectrum are collected in
table 4.

υ ′ = 33–40) are excited. Moreover, a Birge–Sponer plot for
the recorded vibrational components of the 228Cd2 molecular
isotopic combination (not shown here) revealed a distinct
positive curvature. This implies that indeed for few last υ ′

levels the excitation from the υ ′′ = 0 approaches the top of the
barrier and therefore, strong anharmonic behaviour appears in
this region of excitation. The conclusion was based on the
fact that all the recorded energies of the highest υ ′ levels are
located noticeably far (i.e. approx. 1500 cm−1) from the 51P1

atomic asymptote, and that the potential barrier was predicted
in theory [3, 4, 10] and as a result of previous experiments
[5, 6].

Figure 2(b) shows the excitation spectrum recorded with a
long-time-interval detection. In this regime, photodissociation
of the Cd2 molecules dominates, giving rise to a wide
unstructured maximum which corresponds to free ← bound
transitions most likely terminating on the outer (repulsive)
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part of the B11u-state potential barrier. Analysis of trace (b)
in figure 2 allowed us to estimate the height of the barrier (see
section 4.1). In the long-wavelength part of both traces (a)
and (b), both spectra rise up slightly. This corresponds to the
onset of a previously analysed [17] spectrum recorded using
the D10+ ← X10+ free ← bound transition in CdAr (or CdKr)
(see figure 1).

In order to verify the υ ′-assignment in the LIF excitation
spectrum presented in figure 2(a), as well as to determine
the repulsive part of the ground-state potential, a dispersed
fluorescence spectrum was recorded after a selective excitation
of the υ ′ = 39 ←υ ′′ = 0 vibrational transition, giving rise to the
so-called Condon internal diffraction (CID) pattern discussed
below (see section 4.2).

4. Analysis and discussion

4.1. The LIF excitation spectrum

To analyse the LIF excitation spectrum shown in figure 2(a),
a pointwise inverse perturbation approach (IPA) procedure
proposed by Pashov et al [18] was employed. In this
procedure, the B11u-state internuclear potential represented
by a ‘natural’ cubic spline function through a set of turning
points was optimized so as to reproduce position of energy
levels recorded experimentally for all A1+A2 Cd2 isotopic
combinations (A1 and A2 are Cd mass numbers). This
procedure required the assumption of an initial shape for the
B11u-state potential. The ab initio calculated potentials of
Czuchaj [10], and Czuchaj and Krośnicki [11] could not be
used; they reproduce the experimental energies sufficiently
poorly that the IPA procedure was not convergent. For this
reason, it was necessary to use a different approach and to
construct an initial analytical potential with parameters that
would allow manipulating of its position and shape.

Following a procedure proposed by Tellinghuisen [19],
the initial potential was defined as the result of 2 × 2 diag-
onalization involving two simple functions (see figure 3(a))
coupled by a parameter w′: (i) Ũ ′

BM(R) represents repulsive
part of the B11u-state potential barrier and is described by a
Born–Mayer function correlating with the 51P1 atomic asymp-
tote

Ũ ′
BM(R) = Ã′ exp(−b̃′R), (1)

where Ã′ and b̃′ are constants, and (ii) Ũ ′
M(R) represents

a potential well described by a Morse function correlating
with a higher atomic asymptote (e.g. here with the 51D2).
Accordingly, the Morse potential has a form

Ũ ′
M(R) = �̃′ + D̃′

e {[exp(−β̃ ′(R − R̃′
e)) − 1]2 − 1}, (2)

where �̃′ is the energy of the 51D2 asymptote relative
to the 51P1 asymptote, and R̃′

e, D̃′
e and β̃ ′ are Morse-

potential equilibrium internuclear distance, well depth (from
the bottom to the energy of the 51D2 asymptote) and a
constant, respectively. The unknown coupling parameter w′

should depend on R; however, to minimize the number of free
parameters in the final form of the potential, it was assumed
that w′(R) = constant and moreover that the two combined
representations reproduce the energies of the B11u-state υ ′
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Figure 3. (a) Construction of an analytical representation
U ′

BM−M(R) (solid line) of the B11u-state initial potential composed
of Ũ ′

BM and Ũ ′
M functions (dashed lines), see equations (3) and (4)

(detailed description in the text). (b) Ground-state potential energy
curve of Cd2 molecule. Solid and dashed lines represent potential of
this work and that of Łukomski et al [12], respectively. Longer
arrow indicates a point where the Born–Mayer and Morse–vdW
functions are joined according to [12]; inset: an origin of the R-axis
indicates a point where the functions are joined in this study. The
position of the R′′

e is depicted with a shorter arrow.

levels. The energy difference between the 51P1 and 51D2

asymptotes is finite; therefore, to compensate for the influence
of parameter w′ and to keep energies of the asymptotes at
the appropriate positions, it was necessary to add and subtract
a constant value 1

2 (�̃′ +
√

�̃′2 − 4w′2) to the Ũ ′
BM(R) and

from the Ũ ′
M(R) functions, respectively. This ensured that the

atomic asymptotes remain unchanged. The above procedure
led to a diagonalization of the following matrix:(

Ũ ′
M(R) − 1

2 (�̃′ +
√

�̃′2 − 4w′2)
w′

w′

Ũ ′
BM(R) + 1

2 (�̃′ +
√

�̃′2 − 4w′2)

)
(3)

for which the lower-energy eigenvalue

U ′
BM−M(R) = 1

2 [Ũ ′
BM(R) + Ũ ′

M(R)]

− 1
2

√
(Ũ ′

M(R) − Ũ ′
BM(R) − �̃′

√
�̃′2 − 4w′2)2 + 4w′2

(4)

represents the B11u-state potential energy curve (see
figure 3(a); note: the higher-energy eigenvalue will be the dark

4
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diabatic partner state that is responsible for both the barrier in
the adiabatic B11u state and the rapidly varying μ(R) function).

Here it has to be emphasized that equations (3) and (4)
illustrate only an approach to constructing a single analytical
function describing the investigated complex potential energy
curve with minimal number of free function-parameters (i.e.
R̃′

e, D̃′
e, β̃ ′, Ã′, b̃′ and w′). The function U ′

BM−M given by
equation (4) was fitted to ab initio points of Czuchaj [10]. The
resulting potential function parameters were then manually
modified in order to reproduce the experimentally determined
positions of vibrational energy levels for all molecular isotopes
until a further improvement was not possible. The resulting
final form of the U ′

BM−M function was then converted to a set of
turning points for representing the B11u-state initial potential
in the IPA procedure. Then, the objective was to modify eight
turning points in the B11u-state (two located on the repulsive
and six on the attractive part of potential barrier, see table 1,
points marked by superscript a) in order to improve result of
the simulation of the LIF excitation spectrum of figure 2(a).
Finally, as a result of the analysis, the shape of the B11u-
state potential energy curve was obtained in the vicinity of the
attractive part of the potential barrier (with the final 0.2 cm−1

RMS discrepancy for the vibrational spacings).
Next, it was necessary to find the absolute radial position

of the B11u-state potential and to estimate the height of
the potential barrier. An attempt was made to estimate
those quantities by simulating the LIF excitation (bound ←
bound and free ← bound) as well as dispersed fluorescence
(bound → bound and bound → free, see section 4.2) spectra.

The simulations of the excitation spectra due to the
bound ← bound and free ← bound transitions were
performed using Fortran codes LEVEL [20] and BCONT
[21], respectively. The spectra were simulated by taking
into account the natural abundances of all molecular isotopes
as well as the influence of the calculated transition moment
function μ(R). Here, the μ(R) function of Czuchaj [10] was
used as it is the only available result. As already stated, μ

changes very sharply in the region close to the R′′
e . At this

point of the analysis, above the dissociation limit the ground-
state potential energy curve was represented with a Born–
Mayer function, and below dissociation by a hybrid Morse–
van der Waals function of Łukomski et al [12], corrected by
the recently determined ground-state equilibrium bond length
R′′

e [8]. The correction to R′′
e introduced a necessary shift

of the ground-state potential energy curve to assure a smooth
connection between both parts (i.e. those above and below
the dissociation limit). An estimation of the location of the
B11u-state potential in R was previously obtained [8] using a
partially resolved rotational profile recorded in the (υ ′, υ ′′) =
(38,0) vibrational band of the 228Cd2 molecular isotopic
component (see figure 2(d)). Simulation of the profile allowed
us to obtain an estimate of Bυ ′ = 38 rotational constant by
comparing a simulated profile with experiment agreement (see
figures 2(d) and (e)), which in turn yielded the estimated
excited-state bond length R′

e(B
11u) = 2.67 ± 0.05 Å [8].

Next, the absolute values of R′′
e = 3.76 ± 0.04 Å and

R′
e(B

11u) were used together with μ(R) [10] to simulate the
excitation spectrum. In order to reach satisfactory simulation-
to-experiment agreement (see figures 2(a) and (b)) the function

Table 1. The U′(R) turning points for the B11u electronic state
obtained in this work; see text for details.

R (Å) U′ (cm−1)

1.876 34 536.99
1.947 24 874.91
2.019 17 223.36
2.090 11 226.09
2.162 6585.46
2.233 3055.69
2.305 452.18a

2.376 −1427.12a

2.447 −2732.36
2.519 −3515.75
2.590 −3952.99
2.662 −4098.67
2.733 −4016.90
2.805 −3796.45
2.876 −3422.77
2.947 −2964.78
3.019 −2455.54
3.090 −1907.95
3.162 −1371.95
3.233 −854.95
3.305 −368.08
3.376 56.06a

3.447 438.99a

3.519 732.72a

3.590 930.54a

3.662 1079.77a

3.733 1144.01a,b

3.805 1176.90b

3.876 1190.32b

3.947 1189.88b

4.019 1178.69b

4.090 1155.64b

4.162 1126.55b

4.233 1073.97b

4.305 1007.96b

4.376 913.54b

4.447 807.70b

4.519 690.23b

4.590 598.48b

4.662 518.60b

4.733 447.61
4.805 391.21
4.876 340.46
4.947 294.99
5.019 254.47
5.090 218.52
5.162 186.71
5.233 158.57
5.305 133.97
5.376 112.80

a Points modified with a
help of the IPA procedure
[18] in order to reproduce
the excitation spectrum
of figure 2(a).
b Points modified
manually to reproduce
the photodissociation
spectrum of figures 2(b)
and 4(c).

μ(R) had to be shifted by 0.2 Å towards shorter R as shown
in the inset in figure 1. The resulting simulation is presented
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Figure 4. The LIF excitation spectrum of Cd2 recorded at the
B11u ← X10+

g transition using (a) short-time interval detection
(mostly bound ← bound transition, as in figures 2(a)) and
(c) long-time interval detection (mostly free ← bound transition, as
in figure 2(b)); (b) and (d) simulations of bound ← bound (Fortran
code LEVEL [19]) and free ← bound (Fortran code BCONT [20])
transitions, respectively. In the simulations, a 0.02 nm (FWHM)
Gaussian convolution was applied. A comparison between traces
(a) and (b) reveals differences as the latter shows only bound ←
bound transitions. A comparison between traces (c) and (d) shows
differences in the presence of bound ← bound transitions; it results
more likely from a tunnelling process through the B11u-state
potential barrier—the process that in the simulation was not
accounted for.

in figure 4(b). During the simulation, tunnelling through the
potential barrier was not taken into consideration, as it is less
relevant for heavy Cd atoms. However, it was assumed that
predissociation could occur just below the top of the barrier
(see discussion below).

After correcting the radial position of the B11u-state
potential and μ(R), it was possible to determine the height
of the potential barrier. For this purpose, the free ← bound
excitation spectrum shown in figures 2(b) and (c) was used.
Several turning points obtained from the IPA procedure in
the region near the top and on the repulsive outer part of
the potential barrier were manually modified (see table 1,
points marked by superscript b) until a simulated spectrum
reproduced the experimental one (see the best fit in figure 4(d)).
As mentioned above, predissociation could cause a broadening
of the υ ′ levels, and hence a lowering of the LIF intensity of
the recorded transitions in the short-wavelength part of the
excitation spectrum (i.e. for the bound ← bound transitions
for large υ ′) shown in detail in figure 4(a), and an increase in the
LIF intensity in figure 4(c) (i.e. for free ← bound transitions).
During the simulation of the free ← bound transitions, the
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Figure 5. The LIF dispersed fluorescence spectrum of Cd2 recorded
using the B11u → X10+

g transition after a selective excitation of the
υ ′ = 39 level in the A1 + A2 = 226 molecular isotopic component.
(a) Experimental spectrum and (b) simulation of the bound → free
((RPOT code [22], solid line) and bound → bound (vertical bars)
parts. Two insets (1 and 2) show expanded short-wavelength parts.
Arrows indicate places where fragments of the spectrum that were
recorded with different resolutions are joined. The asterisk depicts
the 51P1 → 51S0 atomic fluorescence occurring after a tunnelling
process from the excited υ ′ level through the potential barrier to the
region of dissociation. The atomic line obscures one node in the
spectrum, therefore the uncertainty in the determined υ ′-assignment
was determined to be ±1. All emission intensity extrema positions
recorded in the fluorescence spectrum are collected in table 5.

results of the simulation of the bound ← bound part of the
spectrum (figure 4(b)) were constantly monitored in order to
ensure good simulation-to-experiment agreement. As a result,
a height of the barrier E′

b = 1190 cm−1 was estimated with
an estimated uncertainty of around ±10 cm−1 which, however,
did not include any possible effect of a shifting of μ(R). As was
already mentioned, μ(R) changes very steeply in the region
of the barrier, and any small variations of its shape radial
position would have a large influence on the simulated free ←
bound spectrum. This gives rise to an additional ±10 cm−1

uncertainty in the determination of the barrier height. The
B11u-state characteristics obtained in this study are collected
in table 2 and compared with results of ab initio calculations,
as well as with previous experimental results.

4.2. The LIF dispersed fluorescence spectrum

In the final step, which (as mentioned above) had also an
influence on the simulation of the LIF excitation spectrum,
a correction to the ground-state potential was determined
as a result of modelling of the LIF dispersed fluorescence
spectrum. The spectrum was recorded using the B11u → X10+

g
transition after selective excitation of the υ ′ = 39 level (the
spectrum was also briefly presented in [7], but was mistakenly
reported as being due to excitation of the υ ′ = 38 level).
The procedure was similar to that presented by Łukomski
et al [12] where a dispersed fluorescence recorded using the
A10+

u → X10+
g transition was analysed. The spectrum reported

here is shown in figure 5(a). Based on the recorded oscillatory
bound-continuum spectra (minima and maxima) as well as

6
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Table 2. Comparison of B11u-state potential parameters obtained in this work with the ab initio results of Stevens [3], Bender et al [4] and
Czuchaj [10], as well as with experimental values reported by Bousquet [5] and Grycuk et al [6].

E′
b (cm−1)a R′

b (Å) D′
e (cm−1)a Bυ ′ = 38 (cm−1) R′

e (Å)

B11u (51P1) 1190 ± 20b 3.90 ± 0.10b 4100 ± 100b 0.0317 ± 0.0002c 2.67 ± 0.05c

1300 ± 50d 4.25 ± 0.10d 700f 3.5f

1250e 3.85e 8200g 2.95g

1385 ± 60f 4.55 ± 0.10f 4910h 2.69h

1050g 5.29g

1449 ± 5h 3.92 ± 0.03h

a With respect to the 51P1 atomic asymptote.
b This work.
c Reference [8], expt.
d Reference [5], expt.
e Reference [6], expt.
f Reference [3], ab initio.
g Reference [4], ab initio.
h Reference [10], ab initio.

on knowledge of the B11u-state potential energy curve, the
repulsive part of the ground-state potential was determined
using Fortran code RPOT [22]. One minimum and one
maximum had to be omitted from the analysis because they
are obscured by the 51P1–51S0 atomic line at 228.8 nm (as
indicated by an asterisk in figure 5). As a result, the RPOT
code returned a repulsive part of the ground-state potential as
a set of turning points to which a Born–Mayer formula

U ′′
BM = A′′ exp(−b′′R) − C ′′

0 (5)

was fitted with A′′ = 108.5 cm−1, b′′ = 4.06 Å−1 and
C ′′

0 = 264.1 cm−1 (see table 3). Next, to represent the whole
ground-state potential energy curve, the Born–Mayer function
was combined with a Morse–vdW function

U ′′
MvdW = D′′

e [(1 − e−β ′′(R−R′′
e ))2 − 1] − (1 − e−(R/R′′

c )12
)
C ′′

6

R6
,

(6)

where D′′
e = 330.5 cm−1, β ′′ = 1.1531 Å−1, R′′

e = 3.76 Å,

R′′
c = 9.34 Å and C ′′

6 = 2.4529 × 106 cm−1 Å
6

(see table 3).
Parameters of the Morse–vdW hybrid potential were adopted
from Łukomski et al [12] (D′′

e , β ′′, R′′
c ), and Czajkowski

and Koperski [23] (C ′′
6 ) with above-mentioned correction of

Strojecki et al [8] for the R′′
e . The Born–Mayer and Morse–

vdW representations were joined together at R = 3.13 Å where
they cross each other. The crossing point was about 50 cm−1

above the ground-state dissociation limit (see figure 3(b)).
There are two significant differences as compared to the

ground-state representation of Łukomski et al. Firstly, the
repulsive part of the potential of [12] joins the Morse potential
of Czajkowski and Koperski [23] very close to its minimum
(see the arrow in the inset of figure 3(b)). Secondly, if the
repulsive part of potential of Łukomski et al is shifted by
0.2 Å towards longer R, the difference between that
potential and the potential of this work would be negligible.
The conclusion is evident: in [12] the equilibrium
distance displacement �Re = R′′

e − R′
e

(
A10+

u

)
was slightly

underestimated, as it was deducted from the envelope of
the simulated Franck–Condon factors for the A10+

u ← X10+
g

transition. In the work of Strojecki et al [8], �Re was
determined using analysis of the rotational profiles recorded

Table 3. The X10+
g-state potential parameters obtained in this work

compared with those obtained by Łukomski et al [12] with the R′′
e

correction of Strojecki et al [8] (original values before the correcting
shift by 0.2 Å are shown in parentheses).

X10+
g(5

1S0) This work Reference [12]

Range of U ′′
BM 2.30 < R < 3.13 2.20 < R < 3.70

function (Å) (2.50 < R < 4.00)
C ′′

0 (cm−1) 264.1 ± 8.2 362.91 ± 6.04
A′′ (106 cm−1) 108.5 ± 4.3 20.8 ± 1.0

(61.78 ± 2.76)

b′′ (Å−1) 4.06 ± 0.02 3.63 ± 0.01
Range of U ′′

MvdW R > 3.13 R > 3.70

function (Å) (R > 4.00)
D′′

e (cm−1) 330.5

β ′′ (Å−1) 1.1531

R′′
e (Å) 3.76 ± 0.04 4.07

R′′
c (Å) 9.34

C ′′
6 (106 cm−1 Å6) 2.4529

in the A10+
u ← X10+

g transition and assumption that the A10+
u-

state potential is not represented by a Morse function.

5. Conclusions

The LIF excitation spectrum recorded using the B11u ← X10+
g

transition in Cd2 was spectroscopically investigated using a
method of free-jet expansion beam and techniques of laser
spectroscopy. To distinguish between the photodissociation
process (free ← bound transitions) and bound ← bound
transitions in the excitation, the signal was time-gated.
A well-resolved vibrational structure was recorded along
with the isotopic structure for each vibrational component.
Observation of the free ← bound transitions in the excitation
allowed us to estimate the height and position of the B11u-
state potential barrier to be E′

b = 1190 ± 20 cm−1 and
R′

b = 3.90 ± 0.10 Å, respectively. This is a significant
improvement over the experimental values of Bousquet
1300 ± 50 cm−1 and 4.25 ± 0.10 Å, respectively [5], as well
as provides a sharper test of the ab initio values of Czuchaj

7



J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 245101 M Ruszczak et al

Table 4. Experimental wavenumbers ν(υ ′) listed with respect to the
E(υ ′′) energy of the ground-state υ ′′ = 0 vibrational level, and E(υ ′)
energies of the υ ′ vibrational levels shown with respect to the 51P1

atomic asymptote for all A1 + A2 isotopologues and υ ′ levels
recorded at the B11u ← X10+

g , υ ′ ← υ ′′ = 0 bound ← bound
transitions of the excitation spectrum of Cd2 (reference: figure 2(a)).

ν(υ ′) (cm–1) with E(υ ′) (cm–1) with
respect to the respect to the

υ ′ A1 + A2 E(υ ′′ = 0) 51P1 asymptote

33 220 44 574.2 561.1
33 221 44 564.8 551.7
33 222 44 556.9 543.8
33 223 44 549.1 535.9
33 224 44 541.8 528.6
33 225 44 533.7 520.5
33 226 44 526.0 512.7
33 227 44 518.7 505.5
33 228 44 511.3 498.0
33 229 44 504.8 491.5
33 230 44 497.5 484.2
34 220 44 675.6 662.5
34 221 44 667.1 654.0
34 222 44 659.8 646.7
34 223 44 651.6 638.4
34 224 44 643.5 630.3
34 225 44 635.8 622.6
34 226 44 628.4 615.1
34 227 44 620.7 607.4
34 228 44 613.1 599.8
34 229 44 606.1 592.8
34 230 44 598.0 584.6
35 218 44 789.6 776.6
35 219 44 781.9 768.8
35 220 44 774.5 761.4
35 221 44 767.2 754.1
35 222 44 759.3 746.1
35 223 44 751.7 738.6
35 224 44 744.3 731.1
35 225 44 736.3 723.1
35 226 44 728.3 715.0
35 227 44 720.6 707.3
35 228 44 713.5 700.2
35 229 44 707.1 693.8
35 230 44 698.7 685.4
36 220 44 873.1 860.0
36 221 44 863.1 850.0
36 222 44 855.8 842.6
36 223 44 847.9 834.7
36 224 44 840.4 827.3
36 225 44 832.9 819.7
36 226 44 825.2 811.9
36 227 44 817.6 804.4
36 228 44 810.1 796.8
36 229 44 802.8 789.5
36 230 44 795.7 782.4
37 220 44 964.0 950.9
37 221 44 955.1 942.0
37 222 44 948.0 934.8
37 223 44 941.3 928.2
37 224 44 932.8 919.6
37 225 44 924.9 911.7
37 226 44 918.6 905.4
37 227 44 910.9 897.7
37 228 44 902.8 889.5
37 229 44 895.9 882.6
37 230 44 888.6 875.3
38 220 45 050.8 1037.7

Table 4. (Continued.)

ν(υ ′) (cm–1) with E(υ ′) (cm–1) with
respect to the respect to the

υ ′ A1 + A2 E(υ ′′ = 0) 51P1 asymptote

38 221 45 042.3 1029.2
38 222 45 036.1 1022.9
38 223 45 028.6 1015.5
38 224 45 021.2 1008.0
38 225 45 013.2 1000.0
38 226 45 006.5 993.2
38 227 44 999.7 986.4
38 228 44 992.2 978.9
38 229 44 985.0 971.7
38 230 44 977.8 964.4
39 220 45 128.9 1115.9
39 221 45 122.6 1109.5
39 222 45 115.9 1102.8
39 223 45 108.7 1095.5
39 224 45 101.6 1088.4
39 225 45 094.6 1081.4
39 226 45 088.3 1075.0
39 227 45 081.8 1068.6
39 228 45 075.0 1061.8
39 229 45 068.2 1054.9
39 230 45 060.9 1047.6
40 220 45 193.3 1180.2
40 221 45 187.2 1174.0
40 222 45 182.1 1169.0
40 223 45 176.6 1163.4
40 224 45 171.6 1158.4
40 225 45 166.5 1153.3
40 226 45 160.8 1147.5
40 227 45 154.6 1141.4
40 228 45 148.8 1135.5
40 229 45 142.3 1129.0
40 230 45 136.3 1122.9
41 230 45 200.1 1186.7

1449 ± 5 cm−1 and 3.92 ± 0.03 Å, respectively [10] (see
also figure 1 and table 2). An inverse perturbation approach
(IPA) method was employed to obtain the B11u-state potential
in the region R = 1.8–5.4 Å (see table 1), starting from
a model potential with a barrier generated by a two-state
diagonalization procedure. The results obtained in this
paper were supported by the ground- and B11u-state bond
lengths estimated from a partially resolved rotational structure
recorded in a (38, 0) vibrational band of the 228Cd2 molecular
isotopic component and reported in [8]. The LIF dispersed
fluorescence spectrum recorded using the B11u → X10+

g
transition after selective excitation of the υ ′ = 39 level
was recorded and analysed providing information about the
repulsive part of the ground state X10+

g potential and correcting
previous result of Łukomski et al [12].

Data concerning experimental wavenumbers ν(υ ′) listed
with respect to the E(υ ′′ = 0) energy, and the E(υ ′) energies
listed with respect to the 51P1 atomic asymptote for all A1 +
A2 isotopologues and υ ′ levels recorded at the B11u ← X10+

g
bound ← bound transitions of the excitation spectrum, as
well as data concerning ν(υ ′) listed for all intensity extrema
positions recorded at the B11u, υ ′ = 39 → X10+

g transitions
of the fluorescence spectrum are collected in table 4 and
table 5, respectively.
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Table 5. Wavenumbers ν(υ ′) of intensity extrema positions
recorded at the B11u, υ

′ = 39 → X10+
g transition of the fluorescence

spectrum of Cd2 (:figure 5(a)).

ν of maxima ν of minima
positions (cm–1) positions (cm–1)

35 336.3 35 937.9
36 339.3 36 745.1
37 036.8 37 330.7
37 581.3 37 833.6
38 067.9 38 303.6
38 501.3 38 700.0
38 899.7 39 100.5
39 272.1 39 444.5
39 610.4 39 777.1
39 930.3 40 084.0
40 232.9 40 382.3
40 529.9 40 678.0
40 801.2 40 924.7
41 068.2 41 212.1
41 332.7 41 453.5
41 569.4 41 685.6
41 788.2 41 891.1
42 005.8 42 120.9
42 224.4 42 328.2
42 426.6 42 525.1
42 605.5 42 686.0
42 772.1 42 858.3
42 945.0 43 031.9
43 109.0 43 186.3
43 275.6 43 365.1
43 444.3 43 523.7
–a –a

–a 43 796.5
43 868.4 43 940.4
44 010.1 44 079.9
44 136.4 44 193.0
44 259.4 44 325.8
44 373.6 44 421.3
44 471.9 44 522.6
44 572.0 44 621.5
44 669.9 44 718.3
44 762.7 44 807.1
44 851.6 44 896.2
44 938.1 44 980.0
45 032.5

a Maxima/minimum obscured by
the 51P1 → 51S0 atomic transition.
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